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Vi bration energy harvester, optimzed by electronically
enul at ed nmechani cal tuning technique
TECHNI CAL FI ELD
The present i nvention relates to a resonant vi bration ener gy

harvest er capable of optimzing the conversion of wvibrational

kinetic energy generated by an external source into electrical
ener gy. Furt her nor e, the present i nvention relates to a system
conpri si ng said resonant vi bration ener gy harvester. The
pr esent i nvention further relates to a nmethod for optimzing

the operation of said resonant harvester.
STATE OF THE ART
Resonant vi bration ener gy harvesters ( REVEHS) are devices

capable of exploiting energy deriving from vibrations of the

ext ernal envi ronment t hat woul d ot herw se remain unused.
Energy can be extracted through transduction mechani sns t hat
bel ong mai nl y to three br oad cat egori es: pi ezoel ectri c,

el ectromagnetic and electrostatic transducti on.

In recent years, REVEHs have been proposed for a variety of
applicati ons, such as i ndustri al applicati ons, medi cal

i mpl ant s, sensors i nsi de bui | di ngs or other constructions
(bridges), wirel ess sensor net wor ks, etc. The wuse of energy
harvesters el im nates all the disadvantages of using batteries
to power sensors or other devi ces (expensi ve mai nt enance,

i nsufficient or unpr edi ct abl e oper at i onal life cycl e,
difficulty in replacing batteries, di sposal pr obl ens, etc.).
On the other hand, however, the performance of these energy
harvesters is closely linked to the vibration frequency at
pl ay. In other words, REVEHs are able to operate efficiently
only when the vibration frequency of the external sour ce
corresponds to the nechanical resonance frequency of the
harvest er itself. This means that i f the resonant vi bration
harvest er was initially configured to oscillate at a given
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resonance frequency, this should be used for those applications
characterized by a doni nant frequency coinciding wth the
resonance frequency. In practice, however, this is difficult
t o achi eve because the environnental vibrations show a variable
frequency pattern, wherein the energy content is distributed
over a very w de frequency spectrum

Various solutions have been proposed in the literature to
increase the operating frequency range for resonant vibration
energy harvesters. For exanple, arrays of resonant harvesters
at different frequencies, non-linear harvesters and resonance
frequency adj ust nent methods or tuning nethods have been
proposed

Among the various tuning nethods, the electric tuning nethod
(ETT) is known which tends to adapt the electric l|oad of the
harvester by acting on the electronic parameters of the system
and the nmechanical tuning nethod (MIT) which instead tends to
adj ust the resonance frequency acting on the nmechanical
paraneters of the system such as the value of the oscillating
mass and / or the stiffness of the spring.

Mechani cal tuning nethods can in turn be divided into passive
met hods, which do not require external energy and therefore
are uncontroll able and not nuch accurate, and active nethods
that are nore accurate but require external energy instead. In
the latter case, closed-loop control schemes are used so as to
guarantee automatic and roughly accurate frequency tracking.

However, although energy harvesters using active nmechanical
tuning systems are able to achieve good results in terms of
frequency tracking, in nost cases the energy consunmed to
achieve this goal exceeds that produced by the sane harvester
thus making a system of this kind not advantageous in ternms of

total yield as a negative final energy balance is determn ned.
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Therefore, it is the object of the present invention to provide
a resonant vibration energy harvester wherein the energy
conversion is optimzed by nmeans of a new active tuning nethod,
obt ai ning however a positive final energy bal ance.

DI SCLOSURE OF | NVENTI ON

These objects are achieved by an energy harvester, by a system
and by a nmethod according to the clains at the end of the
present description.

The harvester according to the present invention is a resonant
device used to optimze the conversion of vibrational Kkinetic
energy generated by an external source into electrical energy.
The harvester conprises a supporting housing capable of
vi brating in response to the external source and an
el ectromagneti c generator coupled to the housing and having a
given resonance frequency. The harvester conprises elastic
means placed within the housing and fixed to a wall of said
housing, at |east one magnetic elenent having a mass and
coupled to the housing by said elastic nmeans, wherein the
elastic nmeans create a relative nmotion anong the nagnetic
element and the housing itself, wherein the magnetic el enent
is a permanent rmagnet and the resonance frequency of the
el ectromagneti c gener at or is the mechani cal resonance
frequency of the magnetic element with respect to the housing,
and a first conductive wnding, nmagnetically coupled to the
magnetic element and fixed to the housing such that the
vi brational kinetic energy generated by the external source
determnes a relative displacenent between the magnetic
element and the first winding causing a potential difference
to be generated at the ends of the first w nding.

The harvester is characterized in that it further conprises a
second wi nding, or coil, fixed to a non-vibrating support and

being stationary wth respect to said support and separated
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from the housing, wherein the distance between the first
winding and the second winding is such as to nmke a mutual

magneti c coupling between said first and second winding
negligible, as well as control neans connected to the ends of
the second winding to inject an electric current wthin the
second winding and regulate the intensity of said electric
current so as to adapt the resonance frequency of the
el ectromagneti c gener at or to t he vi bration frequency
associated to the vibrational kinetic energy generated by the
external source.

In this way, a Mechanical Tuning Technique (MIT) is determ ned
for REVEHs based on the ermulation of the desired mass-spring-

danmper system Such a technique <can be referred to as SME
( Spri ng- Mass- Danper Ermul at i on- based) MIT. Furt her nore, t he
SMDE technique is an active MIT that can achieve a positive
net energy bal ance.

The presence of a fixed external coil, added to a standard
REVEH, determines a system that can be referred to as SME
REVEH. A suitable current is circulated in such an outer coil
so as to enulate, at the sane tine, the effects of the desired
stiffness, of the desired nmss and of the desired danping
coefficient. Ther ef or e, both the resonance frequency of the
SVMDE REVEH and its net power balance can (and nust) be nodified
by suitably controlling the current flowing in the outer coil
described above. |In this way, the nagnetic force that the
current passing through the external coil exerts on the novable

magnet of the SMDE REVEH comes to be equal to the nechanical

force that would be exerted by a "virtual" spring (with the
desired stiffness) on a "virtual" mnagnet (with the desired
mass) that vibrates in a "virtual" fluid (with the desired

viscous friction coefficient)
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It should be noted that the two coils (or w ndings) do not
necessarily have to be identical in shape and size. According
to alternative enbodinents, it is possible to use a second
coil different fromthe first one, however ensuring that it is
fixed and that it is at a distance from the first coil such
that the nmutual coupling between them can be considered
negligible. In the same way, it is possible to consider any
configuration between the magnetic elenment and the two coils.
Specifically, the configuration between the magnetic el enment
and the two windings nust sinply conply with the condition
that the second winding is fixed and that it is at such a
distance from the first wnding that the nutual coupling
between the two wi ndings can be considered negligible.

The proposed technique is applicable regardl ess of the features
of the magnet and of the first wnding (or internal coil) . As
to the size and features of the second winding (external coil) ,
in the case of two identical w ndings, these are dictated by
the first winding (internal coil) and then defined at the tinme
of the identification of the harvester to be optimzed.
According to an enbodi ment of the harvester, the elastic neans
may conprise a couple of coil springs each having one end fixed
to the housing and the other end fixed to the magnetic elenent.
In this way, the nmagnetic elenent is novable and free to
vibrate inside the housing. The elastic neans can be any type
of means able to guarantee the relative novenent between the
magnetic elenment and the housing in response to the vibration
of the generator. Depending on the particular configuration of
the housing and / or the nagnet, the elastic neans may vary in
number .

According to a further enbodinent, in order to extract the
electric current produced as a result of the vibration of the

ext er nal source, the harvester can further conprise an
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extraction electrical circuit and a storage circuit coupled to
the ends of the first w nding.

In one enbodinment of the harvester according to the present
description, the first and second w ndings can be positioned
at opposite sides with respect to the magnetic elenment. In
this way, the electromagnetic coupling between the two coils
or windings can be reduced.

In particular, the control nmeans may conprise a control
electrical ~circuit for the generation of electrical current
and the consequent enulation of a nmass-spring-danper system
Furthernmore, the control electrical <circuit is configured to
determ ne an enulated resonance frequency with a value that is
hi gher than the vibration frequency (of the external source)
and lower than the nechanical resonance frequency of the
el ectromagnetic generator.

The system according to the present invention conprises a
resonant vibration energy harvester according to one of the
preceding clainms and an electronic device coupled to said
har vest er

The nmethod for optimzing the conversion of vibrational kinetic
energy generated by an external source into electrical energy
according to the present invention conprises the step of
providing a supporting housing capable of vibrating in response
to the external source and of coupling to the housing an
el ectromagnetic gener at or having a resonance frequency,
wherein the harvester conprises elastic neans placed wthin
the housing and fixed to a wall of said housing, at |east one
magnetic elenment having a nmass and coupled to the housing by
said elastic nmeans, wherein the elastic nmeans create a relative
noti on anong the magnetic elenent and the housing itself and
wherein the magnetic elenment is a permanent magnet and the

resonance frequency of the electromagnetic generator is the
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mechani cal resonance frequency of the magnetic elenent wth
respect to the housing and a first conductive w nding,
magnetically coupled to the magnetic elenent and fixed to the
housi ng such that the vibrational kinetic energy generated by
the external source determnes a relative displacenent between
the magnetic elenment and the first w nding causing a potenti al
difference to be generated at the ends of the first w nding.
The nmethod is characterized by providing a second w nding,
fixed to a non-vibrating support and being stationary wth
respect to said support and separated from the housing, wherein
the distance between the first winding and the second w nding
is such as to make a nutual magnetic coupling between said
first and second winding negligible, as well as connecting
control nmeans to the ends of the second winding to inject an
electric current within the second winding and regulate the
intensity of said electric current so as to adapt the resonance
frequency of the electromagnetic generator to the frequency or
frequencies associated to the vibrational ki netic energy
generated by the external source.

This nmethod is used to optimze the conversion of vibrational
energy into electrical energy on the basis of an energy
har vest er as previously descri bed. Ther ef or e, al | t he
advantages and features of the harvester also apply to the
associ ated optimzation nmethod.

According to an enbodi ment, the step of connecting the control
means to the ends of the second wnding determnes the
enmul ation of a mass-spring-danper system

These and other aspects of the present invention wll becone
nore apparent by reading the followng description of sone
preferred enbodi nents described bel ow

Fig. 1 shows a schematic representation of a conventional

REVEH;
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Figs. 2a-b show a single degree of freedom nodel of a
conventional REVEH (a , a corresponding equivalent circuit (b)
and the qualitative pattern of power as a function of frequency
(c)

Fig. 3 is a schematic representation of an energy harvester

according to an enbodinment of the present invention;

Figs. 4a-b show the forces acting on the novable nagnet of
the harvester according to an enbodinment of the present
i nvention (a) and the corresponding equi val ent el ectri cal

circuit (b)) ;

Fig. 5 shows the architecture of an SMDE MIT REVEH system

according to an enbodinment of the present invention;

Fig. 6 shows in a graph the value of AP% as a function of
m/m and ksVks; c*/c = -1.6 and fvipf ot = 0.8;

Figs. 7a-d show in a graph the value of AP, % as a function
of c*/c at fvibit opt = 0.8 (a), the value of mgs;"/m as a function
of c'/c at f,,/fe, = 0.8 (b, the value of ksyS/ks as a
function of c'/c at typ/fee = 0.8 (¢) and the value of

fropt_BEST/fvib as a function of c*/c;

Fig. 8 shows the pattern of AP% as a function of m'/m and
ksVks; cVC = CggVC = -0.4 and f./f . = 0.8

Figs. 9a-c show the pattern, as a function of frequency,
of the main powers taken into consideration, c"/c = CgST*/C =
-0.4 and fy/f,, = 0.8 (a), the load voltages v ,Dswe and V,
the output voltage of the electronic power converter V.., c'/c
= Cgestve = -0.4 and f,/f,, = 0.8 (b) and the load currents
Isse and 1, current in the external coil |I,,, ¢c/c = -0.4 and
fvib/ fopt = 0.8 (c);

Fig. 10 shows the pattern of AP% as a function of m'/m and

ksVks; cVC = CggVC = -0.2 and fyn/f . = 0.7,
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Figs, Illa-c show the pattern as a function of frequency of

the main powers taken into consideration, c"/c = cp; Vv Cc =-0.2

and f,,/fo, = 0.7 (a), the load voltages V 4, o and v, the
output voltage of the electronic power converter V,,, c'/c =
Cgesr V C = -0.2 and fy,/f,, = 0.7 (b) and the load currents g,
and 1, current in the external coil | C'/c = Cype “1C = -0.2

ext s BEST

and f,,/fo = 0.7 (o)

As highlighted earlier, the SMDE technique is an active MIT.
This neans that, obviously, it will only be useful from the
practical point of view in those operating conditions wherein
the power required for the inplementation of the technique

itself (p is less than the power that SVDE REVEH provides

swoe )

at its optimal load (P gy ) - It should be noted that the

requirement that the extracted net power P P i's

LOAD _ SMDE SMDE

positive is not sufficient. |In particular, due to the fact
that a second coil is added to the starting REVEH, t he
performance of the resulting harvester (SVMDE REVEH) cannot be
conpared only wth those of the ORIGNAL REVEH i.e. the
conventi onal harvester without an external coil. In the
followng, the REVEH obtained by connecting in series the
original coil wth the external <coil wll be called SERES
REVEH and the power it provides to its optimal load wll be

referred to as P The REVEH obtained by replacing the

SERI ES

original coil with the external coil wll be called EXTERNAL
REVEH and the power it provides to its optimal load wll be

referred to as P - FOr a correct performance analysis, the

ref erence power P must coincide with the maxi num between

BENCHVARK

the powers p P and Pyugw  (POWer that the ORI G NAL

REVEH supplies to its optimal load) . This neans that the SMXE

SERIES '’ EXTERNAL

technique wll be useful from a practical point of view only
if the extracted net power (P sux Pae ) 1S Qreater than
the reference power P w - The present invention shows how
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to maximze the quantity P oopswe - Pswoe - Peeoawrc at @ desired
vibration frequency fib-

Figure 1 schematically shows the structure of a conventional
REVEH energy harvester 11. A permanent nagnet 13 having a nass

m is connected to a system of springs 12 (the springs 12 are

positioned on the sides of the magnet 13) and noves, in the
presence of the vibrations, into the housing 10 of the REVEH
A coil 14 (or internal coil in Fig. 1) is fixed to the housing

10 and a load 18 is present on its ends. Followng the
vi brati ons, a relative displacenent x(t) is created between
the magnet 13 and the coil 14. This relative displacenent x(t)
allows the conversion of mechanical energy into electrical

energy. vy(t) represents the displacenent of the base of the
housing 10 with respect to a fixed reference.

The device in figure 1 can be represented by a Single Degree
of Freedom (SDOF) nodel shown in Figure 2(a) where the forces
acting on the magnet are represented by nmeans of appropriate
arrows. In particular, c-x(t) represents the viscous friction
force (wherein c is the viscous friction coefficient), kg -x(t)
represents the elastic force exerted by the spring system
(wherein k, is the equivalent elastic constant of the spring
system in Fig. 1), 6;,-i(t) represents the electromgnetic
force due to the coil (wherein d,  is the electronechanical

coupling coefficient of the coil inside the harvester)

The application of the second |aw of Newton, along the axis =z,
to the SDOF system of Fig. 2 leads to the witing of the
followng equation which regulates the behaviour in tinme of
the relative displacenent x(t)

Mg () (1) + s x(0)+()=-5(1)

eint int int int

Equation (1)

10
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wherein m represents the value of the oscillating mass (mass
of the magnet 13) and y (t) represents the acceleration to which
the housing 10 of the REVEH is subjected. Since each addend of
equat i on (1) is an electrical current, it is possible to
identify the equivalent electrical circuit of the REVEH as
shown in figure 2 (b .

In particular, in figure 2(b) , L., and R, ;,, respectively
represent the inductance and resistance of the internal coil
14, i (t) represents the current flowing into the load 18 and
€(t) is the electronotive force (enf) induced in the inner
coil 14. The expression of this enf is as follows:

e()=X (1) 0,1

Equati on (2)

If we consider a sinusoidal type acceleration of the housing
10 y (t) with a pulsation w (i.e. y (t) = a-cos(cot)), equations
(1) and (2) can be rewitten in the domain of frequency and

becone equations (3) and (4), respectively:

l[.co?x (@) 1+- L] 1 OX(r 0)] +- A~ X(r 0) +1 (r0) =- - a
nt S ' nt nt

Equati on (3)

E(w) = jwX (w) -0y,

Equati on (4)

wherein X(w, | (W and E (w) respectively represent the Fourier
transform of x(t), i (t) and €(t) and j is the imaginary wunit.
By analysing the circuit of figure 2 it is possible to

obtain :
E(w)=I(w)- [RCJm R4 (Xc; nt (€0) +X_(c0))]

Equati on (5)
where :
Xe i@ = Lcint

1

X (@=0-L; ——
r(©) L ©-C,

11
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Equation (6)
From equations (4 and (5) it is possible to wit:e the

following expression of the relative displacenment X (w :

|:Rc int+RL+j ) (Xc int(m)—i_XL((D))—‘

X (w) = 1(w) -
MO,
Equation (7)
Therefore, inserting the equation (790 in (3), we obtain:
-m-a- job,

()=

|:Rc7int +RL +j ) (Xciint (0))+XL ((D)):| ) (ks —m- ('02 + j(DC) +j('oeint2

Equation (8)

Finally, the power transferred to the load is equal to:
1 2

Pload (RL’ XL’ (D) = ERL ‘I((D)‘

Equation (9)
The optinal load, i.e. the load that maxinizes Piguq % %) at

a certain frequency is:

nt

(ks m-’ )2 Jr(coa)2

0, 2(m-oaz-ks)oa

XLiopt (0‘)): 'Xciint (0*))

Equation (10.1)
0, c- o

(ks -m-* )2 +(co)’
Equation (10.2)

As a consequence, the expression of the maxi num power

R L opt (@):R c int +

PRI G yaL (w) Supplied by the conventional REVEH to the load is

as foll ows:

2 2
2126izntm w

2
R int [(ks-mmz ) + (cco) 2} +¢(c00;, )?

PoriGiNaL ((D) =Pioaa (R L opt{®@).X [ opr(®),® ) =

00 | —

Equation (11)

Figure 2c shows the typical P pattern as a function of

ORI G NAL

frequency. Due to the resonant nature of the REVEH, naxinmm

12
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power is supplied to the optimal |oad only at the resonance

frequency f,, of the mass-spring-danper system The values of

such resonance frequency (f,, = wg,/ (2n) ) and of the maxi mum
extractable power Pgagnmx - Pomam (@) a@re as follows:
k
o, =2-nf_ =.]—
opt opt m

Equation (12)

202 .2
a“0;,m

2 2
cint "€ +c- eint

1
Porioivar max ~Foricivar (mopt ) - SR

Equati on (13)

In practice, if the vibration frequency f,;, varies with tine,
any ETT technique ideally allows to extract only the power
that is given by the curve shown in Fig. 2c at the vibration
frequency f,,;,- On the contrary, since the SMDE technique is an
MIT, when it is coupled to any ETT technique, it ideally allows
(i.e. when Pgy is null) to extract the power peak Peggna wx
at each frequency. 1In other words, it allows to extract the
power peak of the tine-varying curve which is obtained by
moving the curve of Fig. 2c, right or left, as desired. |In
practice, however, due to the presence of a non-zero Pg. (w),
the net power extracted P oy Spe(2nfy,) - Pgee (2nfyp) at the
frequency f.:;,, is Iess than Pyggn wx - HOWwever, this net power
is greater than Pyggn (2nf ;). As shown below, due to the
particular trends of P opgoe (@), Pgoe (®) and Pgomex (@), in
order to obtain the maxinmum value of P oy Spe(2nfyp)
Pace (2nf yin) - Peonomm (2Nfuin) it is necessary to regulate
appropriately the values of the equivalent stiffness, of the
equi val ent mass and of the equival ent Vi scous friction
coefficient. Through this adjustnent, an optiml nechanical
resonance frequency fopt* (greater than f,;,) of the SMDE REVEH
is obtained. In other words, if the vibration frequency f,;,

varies over time, the joint use of SMDE MIT and of any ETT is

13
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necessary in order to fully optim ze the performance of a REVEH
har vest er

According to the present invention, a SMDE MIT technique is
proposed. This technique is based on the use of an external

coil 15 through which an appropriate current passes with the

aim of enulating adjustable stiffness, mass and viscous
friction coefficient values. In particular, the adjustable
stiffness will be expressed as kg + kg, the adjustable nmass as

m + m" and the adjustable viscous friction coefficient as c +

*

c*. It should be noted that k.*

¢, m and c” can be greater than

or less than zero as they represent suitable variations wth
respect to the corresponding original quantities (k,, m and
c). The desired current which nust flow into the external coil
15 can be regulated by the wuse of an appropriate power
el ectronics circuit or electrical control circuit 17. 1t should
be noted that the control of the harvester according to the
present invention, i.e. the SMDE REVEH (and its architecture)
is certainly easier to inplenment than the mechanical actuators
belonging to the state of the art. The paranmeters of the
external coil 15 are as follows: resistance R; .., inductance

L and el ectronmechani cal coupling coefficient @ A

C_ext
schematic representation of the harvester according to the
present invention (SMDE REVEH) is shown in figure 3. 1In
addition to the elenments present in a conventional harvester
shown in figure 1, the harvester SVDE REVEH conprises a coil
15 outside the housing 10.

The substantial difference between the inner coil 14 and the
outer coil 15 is represented by the fact that the first is
connected to the housing 10 of the REVEH and noves integral
with it, while the second is anchored to a fixed point. In
practice, this has repercussions on the enf induced in the two

coils. In particular, the enf induced in the internal coil 14
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wll be equal to 0i, Xgpe(t) (the SMDE subscript is used to
indicate the fact that the SVDE MIT technique is applied) ,
while that induced in the external «coil 15 will be given by
Oext * [Xgpe (t)+y (t)]. 1t should be noted that in the follow ng
the mutual electromagnetic coupling between the two coils wll
be considered negligible. This sinplifying hypothesis is
reasonabl e because the two coils are placed at opposite sides
of the magnet 13 which vibrates and therefore at a relatively
| arge distance from each other (see Fig. 3). In fact, as is
wel | known, to maximze the el ectronmechanical coupling
coefficient © between each coil 14, 15 and the magnet 13, the
di stance between each of these and the magnet itself cannot be
less than a certain optiml distance.

The injection of current into the external coil 15 is intended
to enulate, through the electromagnetic force Ogyrijext (1)
exerted on the nmagnet 13, the sum of three additional forces
as shown in Fig. 4a. These forces are k., -xgp(t) (elastic
force), m - [Xgpe (1) +Y (1) ] (inertial force) and  c"-Xgpe (1)
(viscous friction force)

The application along the axis z of Newton's second law to the
system of Fig. 4a leads to the witing of the followng
equation which regulates the pattern in tinme of the relative
di spl acement  Xgpe (t) between the magnet 13 and the internal

coil 14:

x

m+m” cte k¢ + kg . mtm” .
9 XSMDE (t)+ 9 XSMDE (t)+ 9 XSMDE (t)+1SMDE (t):_ 0 y(t)

int int int

Equation (14)

In the equation (14) the SMDE subscript was used to underline
the fact that the SMDE MIT technique is applied. 1In practice,
equation (14) was obtained from equation (1) substituting Kg
with kg + kg, mwith m + m" and ¢ with ¢ + c*. The enf which

is induced in the inner coil 14 is therefore:
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esvpe (D=XsmpE (t) Bint

Equati on (15)

*

opt W I be:

So the new resonance frequency f

*
* * k.+k
— _ ’ s s
Wopt _2nf0pt Al w
m-+m

Equati on (16)

In conclusion, the objective of the SVMDE MIT technique is to
apply a Lorentz force Ogy jext (1) to the magnet 13 in order to
enulate the three desired additional forces (Fig. 4a). This
result can be achieved by regulating the current i, (t) in the
external coil 15 so that the electromagnetic force exerted by
it on the magnet Og  jext (1) s exactly equal to the desired

force (equation (17)):

Fet = By ey (1) = —kg +Xgpp (1) — ¢ Xy (0 — M- (Rgpp () + (1)

Equation (17)

The electrical circuit equivalent to the equation (14) is shown
in Fig. 4b. Note that the circuit in Fig. 4b coincides wth
the circuit of Fig. 2b provided that the inductance 6;,2/k. is

replaced with the inductance 6;,,%/ (k. + k.), the capacity

mdi 2 is replaced with the capacity m + m")/6;,,2 and the

resistance 0,,2/c is replaced with the resistance 6,,2%/ (c +
c’). In the case where k.,” = o, m" = 0 and c* = 0, Xgp (t) = X
(t) is obtained;, otherw se, Xgpoe (t) # x(t).

The current in the load in Fig. 4b takes the follow ng

expr essi on

-(rn+rn*) a-job;,

e [[Rgm PR (X @)X @) ]| (ke k)= (mem) 02 + jeo(ore’) |+ ZJ

Equati on (18)

In practice, equation (18) was obtained from equation (8)

*

replacing kg with kg + kg, mwith m+ m" and ¢ with ¢ + ¢". The
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| oad inpedance that nmaximzes the power supplied to the | oad

at a given frequency assunmes the follow ng expression:
0, > [(mﬂn*) -k, + ks*ﬂm
[(ks +k)-(mtm")- oazT +((eteo)

Equation (19.1)

X L opt SVIDE (0)=

2 ““*c_int

eim2 (C+C*) ®

[(ks +k,)-(mem’”) (DZT +((c+c*)m)2

R opt svpE ((D):Rciint +

Equation (19.2)

In practice, equati ons (19.1 and 19.2) were obtained from

*

equations (10.1 and 10.2) by replacing kg with kg + k", mwith

m + m" and c with c + c”. The power
PLO,D_SME (R opt _Sppe (W) 4 X[ gpt _svpe (W) , @)  supplied to this optimal

load is equal to:

Proap smpE (RLioptisMDE (©),X |, opt svDE (W) W)=
1 a%0,,>(m+m*)2p 2
8

2 2
Rcﬁint |:('< stkgr- (m+m *)g2) + ((C+C* )(D) :|+(C+C*)(r09int)2

Equation (20)
In practice, al so equation (200 was obtained from equation
mwith m+ m'" and ¢ with c +

(11) replacing kg with kg + k.*,

c”. Note that, at the new resonance frequency fopt*, we have:
1LOAD SMDE MAX ™ . .
- - 8 R -(c+c™)2+(c+c*)- 02,

c_int
Equation (21)

By using equation (17) it is possible to obtain the expression
of the current which nust be injected into the external coil
15 in order to obtain the enulation of the desired additional

force :

* * *
.y ks rsupe (D+C ksvpem + m(k smpe(®) - v(t)
1ext()

®ext
Equation (22)
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Qovi ousl y, in order to inplenent the SVMDE MIT technique, a
certain non-zero power PSME s required. It is therefore
necessary to evaluate this power. |In particular, wusing the <p>

synbol to identify the average of the time-varying quantity
B¢ty (over a tinme interval of 2m/w), it must be:

. diext (t) -0

dt ext " (Rgmpr () + }"(t))} >=

lympE _ < 1ed(D) v i (b) >.< ieXt(t)'|:R ¢ ext-iext(t) + Lc ext

1 2 . ) .
=2R c_ext ‘Iext (('0)‘ —< eext ) (XSMDE (t) + Y(t)) “lext (t) >
Equation (23)
where v, (t) represents the voltage at the output of the power

el ectronics converter which regulates the current in the

external coil 15 (see Fig. 5). We have:

< eext ) (XSMDE (t) + Y(t)) ) ieXt (t) >=

g Xgympg (b + ¢ Xgypg (b + m - (Xgupe (D) + ¥(1)) o
eext

=<k, Xgupr (O VO +¢ - Kgupe (D) + ¢ Xgypp (D ¥() >

Equati on (24)

=< Oy - Rgypr (D) + ¥(1) - K,

Then :
1 2 1. « .a 1 = 2 1 =
%MDE:_Rciext‘Iext(O))‘ ——k; -Res Xgupp(®) - j—¢—=¢ "O)XSMDE(O))‘ Y 'Re{_XSMDE((D)"
2 2 o] 2 2
Equati on (25)
Since p,e depends on |, (w) and xomEe (W), it is necessary to

evaluate the final expression of such quantities. The equations

(14) and (15 witten in the frequency domain becone:

& &

. k, +k m+m’
[ioXgupe(®)]+ 5 Xsmpg (@) Hgypg (©)=- 5
int

rn+rn* ctc

0

|:_0)2XSMDE (OJ)J + a

int int int

Equation (26)

Egvpe (@) = joXgvpg (0) - Oy

Equation (27)

Fur t her nor e, the loop equation represented by the internal

coil 14 is:
18
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Ismpe(©) - |:Rciint+RL(('0)+j : (chim(w)jLXL(w))] = Egmpe(0) = joXgypg (®) - Oiy
Equati on (28)
Then the following relation is obtained:

100;...
| Re iR (0)H+ (X im (@)X (0) ]

Isvpe (©) = Xgypg (©) -

Equati on (29)
Using equations (26) and (29), the following expression of

Xooe (W) is obtained:

« (m+m") -a

SMDEC®)~ — )
j(Deim

[Re i RO (X, (@)X ()]

o7 - (mtm’ ) Ho - (c+c*)+kS + ks*+

Equati on (30)
At this point 1., (w) can be evaluated by rewiting the equation

(22) in the frequency donain:

I (@)= ks* - Xgmpe(®) + ¢ JoXgvpg(®) + m - (_(92XSMDE(03) +a)
ext -
0

ext

Equati on (31)

Equati ons (30) and (31) provide the desired expressions of
ot () and Xg (W) that are necessary to evaluate the power
Pooe (see equation (25) ).

As di scussed above, the practical wutility of the proposed SME
MIT technique is closely Ilinked to the values assuned by
Plooswoe (2nf i) - Pome (2nfy;,) (net nean power extracted by
applying SMDE MIT) and by Peomre (20fvip) o Pomcamrce (20F 4ip)
represents the maxi num anmdng Pgges (2nf ip), Poana (2nf,) and

P (2nf ;). In the followng, for sinplicity but wthout

EXTERNAL

any loss of generality, an external <coil 15 identical to the

internal coil 14 (Rcext = Rcintr Rcext = Lc:int and Qext = Qint)
will be considered. If the external coil 15 is identical to
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the internal coil 14 then Pggw (2nfyip) = Pegerar (20 ) and
therefore Peenoavere (2NF yin)  wil be the nmaxinmum  between
Pseries (2nf yin) and Pggana (2nf,;n) only. In practice, the need to

consider Pggres (2nf;p), in addition to Pgygan (2nfn), is linked
to the fact that, since the use of an additional coil is
intended for the inplenentation of the SMDE MIT technique, it
is also fair to consider the possible i npr ovenent of
performance that can be obtained by using also this external

coil 15 in the standard way. Note that, in the case of the
SERIES REVEH, both the external and the internal coil, which
are connected in series, are anchored to the housing of the
harvester. This neans that there is no relative displacenent

between the two coils as it happens in the case of SMDE REVEH

Qovi ousl y, the series connection of the coils in the SERIES
REVEH involves the increase of the el ectronechanical coupling
coefficient (desired effect) but also the increase of
resistance (undesired effect) . On the basis of the previous
di scussion, the expression of Pgye (wW) can be easily obtained
considering that the el ectromechanical coupling coefficient of

SERIES REVEH is equal to d;,, + O, the total inductance of

its coil is equal to L.;,, + L., and the total resistance of
its coil is R. iyt + Reexy-
Then :
2
2 2 2

_1 a’(®int+®ext) m-co

Pypries (©)= ] 2
(Rcfint R ¢ ext )|:(ks-mC02) +(CCO)2:|+C ((*)e(.'ul + weex1')2

Equation (32)
Qobviously, for the SERIES REVEH to extract the power Py (w),

it is necessary to use the following optimal load R, series (W)

+ J XL_opt_series (@) :
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(B, +0g¢ )2 (M-®2-k) ®
X L opt series (W)= ) " (chm @ * }(ciCXt *)
(k ¢-m-co 2 ) + (cco) 2

Equation (33.1)

(eim + epxt )2 C '(*)2_

R L opt series (CO):Rciint + Rciext + 2
(ks -m -coZ) + (cco) 2

Equation (33.2)
In conclusion, the SMDE MIT technique is only useful if:

PLOAD7 svpE (27f iy ) — Povpr (27E 4, ) > PBENCHMARK (2 Tifvib)

Equation (34)

Furthermore, in order to maximze the quantity P o, g (2nf ;1)
Pawe (20f yin) - Pemoma (20fin), in general it must be f,, ° +
fuip- In other words, as shown below, in order to obtain the

optimal performance of the SMDE MIT technique at the frequency
fuip, it is necessary to set the new nechanical resonance
frequency f,,” to a different wvalue with respect to the
vibration frequency f;,-

Fig. 5 shows the architecture of the entire SVMDE MIT REVEH 20
system Applications of this type of system include, for
exanple, the supply of sensors for environnental nonitoring,
the powering of nonitoring and industrial control and safety
systens, the feeding of wireless sensor networks and the power
supply of electronic devices for the Internet of Things.
Mor eover, the greater availability of energy, which the
proposed system guarantees conpared to existing systens, nakes
it possible to extend the practical uses of existing vibration
harvesters to wuser systens that require higher levels of
energy .

It is worth noting that the conponents of the architecture
shown in Figure 5 enclosed within the dotted box at the bottom

constitute the control circuit 25 of the current to be injected
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into the second coil or external coil 15 so as to obtain the
emul ati on of the nass-spring-danper system

The system includes the ORIG@ NAL REVEH energy harvester as
previously described, the equival ent circuit of which is
indicated by the reference 24 in figure 5 and an external «coil.
A battery 21 is powered by an internal active AC/ DC converter
22 (the AC/DC converter connected to the internal «coil 14,
AC/DC Converter 1). The direction of the energy flow through
this converter 22 is from the internal coil 14 to the battery
/ load (PO,DswE > 0). Moreover, this battery 21 is also
connected to the external coi l 15 by nmeans of a second
el ectronic power converter 23 (AC/DC Converter 2). As shown
successi vel y, the direction of the energy flow through this
converter 23 may be from the battery 21 towards the external
coil 15 (Psvwe > o) or from the external <coil 15 towards the
battery / load (psme < o0). Cbviously, in order to inplenent
the SVMDE MIT technique, as shown in Fig. 5, it is necessary to
know XxsmoE (t), xspe(t), Xspe(t) and y(t) (see equation (22)). In
practice, in order to obtain such quantities, it is sufficient
to know XsvpE (t) and X ME (t) + y(t) . X e (t) can be obtained by

measuring the open circuit voltage (Seasure | XSpe(t)) of a

sensing coil 1 operating in an open circuit and anchored to
the SMDE REVEH housing 10 (like the internal coil 14) . Ogasure 1
is the electronechanical coupling coefficient of this sensing
coil 1. Instead, xsvE(t) + y(t) can be obtained by neasuring

the open circuit voltage  (Oppasyre2- [XSME (1) + y(t)]) of a
sensing coil 2 operating in open circuit and anchored to a
fixed point (like the outer coil 15) . Opeasure 2 18 the

el ect r omechani cal coupling coefficient of this sensing coil 2.
VWhat will be analysed in detail later is the energy balance of
the system of Fig. 5. The results that are shown and di scussed

have been obtained assuming an ideal functioning of both the
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internal active AC/DC converter and the one connected to the
external coil 15. In other words, it will be assuned that the
currents that circulate both in the external coil 15 and in
the internal coil 14 are perfectly sinusoidal.

Wth the help of the results of a series of nunerical
simulations it is possible to denonstrate the validity of the
SMDE MIT technique. |In particular, tw REVEH harvesters are
consi der ed. The first considered REVEH (REVEH 1) has the
foll owing nechanical paranmeters: m = 0.022 kg, kg = 3371 Nm
c = 0.345 Ns/m Gint = 5.64 NA R

1.6 0, L = 250 pH.

c-Int c-int

Its resonance frequency is f,, = 62.3 Hz. At a = 1 g (peak
accel eration value) and at the resonance frequency, REVEH 1 is
able to supply to its optimal |oad a power equal to Py, = 16.5
mN In the followng, the AP%synbol wll indicate the quantity

defined as follows:

APY% = Proap swor (Fyin ) = Pomps (Fuin ) _M(fwb) 100

PgEncEMARK (fvib )

Equation (35)

AP% depends on c¢*, m*, k,° and obviously on f,,. For exanple,
in Fig. 6, the pattern of AP%as a function of m' and k", for
a fixed value of c¢" and f,,, is reported. For reasons of clarity
of representation, in Fig. 6 the surface portion characterized
by negative values of AP%has been replaced with a flat surface
of zero value. This neans that only the operating region has
been highlighted where the SMDE MIT technique is of practical
use. In Fig. 6, the horizontal axes report the nornalized
quantities kg /kg and m/m while the used fixed nornalized
values of c¢* and f,;, are: c¢’/c = -1.6 and f,/f,, = 0.8. This
nmeans that a vibration frequency that is less (809 than the

original resonance frequency f of REVEH 1 was consi dered.

opt
The maxi rum value AP, % of AP% in Fig. 6 is about 47% and is

obtai ned at kg'/kg = -0.76 and m'/m = -0.94. In fact, for every
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*

value of c¢°, a pair of values of ks* and m" exists for which

AP% assunes its nmaxi num value AP,,%. In the followng, the

*

values of k., and m" which, for a given value of c*, lead to
the maxi mum value of AP% will be indicated respectively as
Kg gest” @and My, . In practice, since the identification of the
best performances that can be obtained when the SVDE MIT
t echni que is applied to REVEH 1 is of interest, t he
identification of the absolute maxi mum apuax roT% Of apvax% is Of
i nt erest. Thus, a nunber of nunerical simul ati ons have been
performed with different values of c*. For each value of c7,
the pair of values Kgg* and m g * have been nunerically

identified by neans of appropriate scans of each of the two
parameters (k,° and m'). In Fig. 7a, the curve apuaxw vs. C*/C
is reported at f,./f,. = 0.8 The value C’/C = Cgg'/C = -0.4
(cBEST* indicates the value of c* which, for a given frequency

f

obtain apuax TO% = 79% (as shown in Fig. 7a) . The corresponding

vab ! allows to obtain the mximum value of AP»w) allows to

values of My /m and K gegr'/ kg are: My;/m = -0.51 (as shown

in Fig. 7b) and k “Ikg = -0.58 (as shown in Fig. 7c)

s BEST
Figure 7d also shows the pattern of normalized frequency

f* 1f,., as a function of c*/ c at = 0.8. The value

opt _BEST f Vi b/ f opt

of f*opLBEST has been identified according to equation (16) by

using, for each value of c”, the corresponding values of K¢ g *

and mBEST*- In practice, Fig. 7d clearly indicates that, for
each value of c", in order to obtain the best performance, it

. *
is necessary to set the fopt,BEST resonance frequency of the

system to a value higher than the vibration frequency f For

vtb

exanple, at f  /f 0.8, in the optinmal operating point of

opt
the SMDE REVEH 1 (Cyst/c = -0.4, Kcgegr /ks = -0.58, My /m =
-0.51, APy 1or% = 79% see Figures 7a-d) it is f . geet/f 0=
1.18 (Fig. 7d) . This is a conpletely unexpected result, as one
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could intuitively expect that f* . Best should be chosen to be

opt
coincident with f,,-

Figure 8, on the other hand, shows the pattern of m‘/m and

ks*/kg (c’/c = ceesm/c = -0.4 and f,/f,, = 0.8).

The curves shown in figure 9a, which refer to the naxi mum of
the case shown in Fig. 8 (c’/c = cgesm/ic = -0.4, f,,/f,; = 0.8,
ks gest 1 kg =-0.58, mgr*/m = -0.51), clearly indicate that AP%

takes on its maxi num value (AP,

TOT% = 799 at f/f ;= 1 when

f *opt-gest / fyip = 1.18 and f,/f,, = 1/0.8 = 1.25. In other words,

opt

the best perfornmances are obtained with an ermulated resonance
frequency f* . Best which is greater than f ., but snaller than

of REVEH. Note

opt

the original mechanical resonance frequency f .,

that, at f = f,,, PO,Dswe is positive and therefore represents
a power that is supplied to the load. In other words, the flow
direction of pPoDswe goes from the internal <coil 14 of the

SMDE REVEH 1 towards the battery. Moreover, at f = f , , PSVE
is negative. This nmeans that the electronic power converter

that regulates the current in the external coi l (Fig. 5)
absorbs (and does not inject) power from this coil. Thus, the
direction of the power flow of psvE goes from the external coil
15 of the SVDE REVEH 1 towards the battery. In concl usion,

under the considered operating condi tions, the power is
supplied to the battery by both coils.

For conpleteness, Fig. 9b shows the patterns (Fourier transform
modul e) , depending on the frequency, the |oad voltage (v g D swve)
of the internal coil 14 of the SMDE REVEH 1 and that (v of
the internal coil of the ORIGNAL REVEH 1, i.e. of the
conventional harvester. The same figure also shows the pattern
as a function of the voltage frequency (V) to the output of
the electronic power converter which regulates the current in

the external coil 15 of SMDE REVEH 1.
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Furthernmore, Fig. 9c reports the patterns (Fourier transform
nodule) as a function of the load current frequency (i1 oE oOf
the internal coil 14 of the SMDE REVEH 1 and of the |oad
current (1) of the internal coil of the ORIGNAL REVEH 1, i.e.
of the conventional harvester. The sane figure also shows the
pattern as a function of the frequency of the current (i)
injected by the power electronics converter into the external
coil 15 of the SMDE REVEH 1.

As for the second considered harvester (REVEH 2), this is a
device with the follow ng nmechanical paraneters: m = 0.83 kg,
ke = 2906 kNm ¢ = 1.882 N-s/m 6%, = 552.25 NA R. i = 99.5

S
Q, Loy = 4 H. Its nechanical resonance frequency is f =

opt
95.1 Hz. At a = 100 mg (peak acceleration value) and at its
resonance frequency, REVEH 2 is able to supply its maxinmm
load with a power Py = 2.7 mN In Fig. 10, the pattern of AP%
is reported as a function of m/me k."/k, at fVib/fQpt = 0.7 and
c'/c = cBEsT*/c = -0.2 (which is the optimal value of c*/c for
SMDE REVEH 2) . The corresponding maxi mum value AP, (% in Fig.
10 is equal to 161% and is obtained with K g/ k, = -0.656 and
Mgesr/m = -0.625. In Fig. 1la, all the average powers of
interest are reported (K geS;/kg = -0.656, mgsy'/m= -0.625 c*/c
= cBest*/ ¢ = -0. 2, fvib/fopt = 0.7) . It is possible to make simlar
considerations to those that have already been discussed wth
reference to Fig. 9a and which are not repeated here for
conci seness. For conpleteness, Figures lib and 11lc also report
the frequency patterns (Fourier transform nodule) of the main
vol tages and currents.

The conparison of figures 9(c) and 11(c) shows that the order
of magnitude of the currents circulating in the two coils is
al nost the sane.

In concl usion, the nmethod to optimze the conversion of

vi brati onal kinetic energy generated by an external source,
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into electrical energy, uses the SMDE MIT technique to be
applied to a REVEHtype har vester. The aforenentioned

technique is based on the adoption of an external coil to be
added to the standard architecture of a REVEH The resulting
REVEH (SMDE REVEH) is conposed of two coils: an external coil

15 anchored to a fixed non-vibrating point and an internal

coil 14 anchored to the REVEH casing 10. The current which
circulates in the external «coil 15 nust be appropriately

adjusted by neans of a specific power electronics converter 17
(or electrical <control circuit) so as to allow the enulation
of the desired mass-spring-danper system |In this description
the guidelines for the identification of operating conditions
have also been proposed, leading to a positive net energy
bal ance for the SVMDE REVEH. Two different REVEHs were anal ysed
nunerically. The results of the nunerical sinulations have
clearly shown that, in both cases, the proposed technique is
efficient for vibration frequencies f,,, that are |ower than

t he nmechanical resonance frequency f originating from the

opt
REVEH. In particular, in order to optimze the performance of
the SMDE REVEH, the new mechanical resonance frequency f7,, Best

must be set lower than the frequency f but higher than the

opt
vibration frequency f, ;.

The proposed nethod is also applicable to other types of
harvesters such as magnetostrictive or piezoelectric types. In
the case of piezoelectric har vest er applications, it is
possible to place a nmagnetic element at the tip of the
pi ezoelectric cantilever and use a fixed coil whose current,

appropriately controlled, allows to apply to the nmagnet a force
necessary to vary the resonance frequency of the harvester by
emul ating an appropriate mass-spring-danper system

A person skilled in the art can perform several and further

modi fications and variants to the harvester and the nethod

27



WO 2019/175413 PCT/EP2019/056601

described above, in order to satisfy further and contingent
needs, all said nodifications and variants being however
included wthin the scope of protection of the present

invention as defined by the appended clains.
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CLAIMS

1. Resonant vibration energy harvester (1) for optimzing the
conversion of vibrational kinetic energy generated by an
ext er nal source into electrical ener gy, the harvester
conpri sing:

a supporting housing (10) capable of vibrating in response
to the external source; and

an electromagnetic generator (11) coupled to the housing
(10) and having a resonance frequency, wherein the generator
(11) conpri ses:

el astic neans (12) placed within the housing (10) and fixed
to a wall of said housing (10);

at | east one magnetic elenment (13), having a nmass (m and
coupled to the housing (100 by said elastic neans (12),
wherein said elastic nmeans (12) create a relative notion
between the magnetic element (13) and the housing (10)
itself and wherein the magnetic element (13) is a pernanent
magnet and the resonance frequency of the electromagnetic
generator (11) is the mechani cal resonance frequency of the
magnetic elenment (13) with respect to the housing (10); and
a first conductive winding (14) magnetically coupled to the
magnetic elenent (13) and fixed to the housing (10) such
that the vibrational kinetic energy generated by the
external source determnes a relative displacenent (x)
bet ween the magnetic elenment (13) and the first w nding (14)
causing a potential difference to be generated at the ends
of the first winding (14),

characterized by the fact that

the harvester (1) further conprises a second conductive
wi nding (15) fixed to a non-vibrating support (16 and being

stationary with respect to said support (16) and separated
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from the housing (10), wherein the distance between the
first winding (14) and the second winding (15 is such as
to make a mutual nagnetic coupling between said first and
second wi nding (14, 15) negligible; and

control nmeans (17) connected to the ends of the second
winding (15 to introduce an electric current within the
second winding (15) and regulate the intensity of said
electric current so as to adapt the resonance frequency of
the electromagnetic gener at or (11) to the wvibration
frequency associated to the vibrational ki netic energy
generated by the external source.

2. Harvester (1 according to claim 1, wherein the elastic
nmeans (12) conprise a couple of coil springs each having
one end fixed to the housing (100 and the other end fixed
to the magnetic elenment (13)

3. Harvester (1) according to one of the preceding clains,
further conprising an extraction electrical circuit and a
storage circuit coupled to the ends of the first w nding
(14)

4. Harvester (1) according to one of the preceding clains,
wherein the first and the second winding (14, 15) are
positioned on the opposite sides wth respect to the
magnetic el ement (13)

5. Harvester (1) according to one of the preceding clains,
wherein the control means (17) conprise a control electrical
circuit for the generation of electrical current and the
consequent enul ation of a mass-spring-danper system

6. Harvester (1) according to claim s, wherein the control
el ectrical circuit (17) is configured to determne an
enul ated resonance frequency with a value that is higher
than the vibration frequency and |lower than the resonance

frequency of the electromagnetic generator (11).
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7. Harvester (1) according to one of the preceding clains,
wherein the dinmensions of the first wnding (14) are
different from those of the second w nding (15)

8. System conprising a resonant vibration energy harvester (1)
according to one of the clains from1l to 7 and an el ectronic
device coupled to said harvester (1) .

9. Method for optimzing the conversion of vibrational kinetic
energy generated by an external source into electrica
energy, wherein the method conpri ses:
provi ding a supporting housing (10) capable of vibrating in
response to the external source; and
coupling an el ectromagnetic gener at or (11) having a
resonance frequency to the housing (10), wherein the
generator (11) conprises elastic neans (12) placed within
the housing (100 and fixed to a wall of said housing (10),
at least one magnetic elenment (13) having a mass (m and
coupled to the housing (100 by said elastic nmeans (12),
wherein said elastic nmeans (12) create a relative notion
anong the nagnetic elenent (13) and the housing (10) itself
and wherein the magnetic element (13) is a pernmanent nagnet
and the resonance frequency of the el ectromagnetic generator
(11) is the mechanical resonance frequency of the magnetic
el enent (13) with respect to the housing (100 and a first
conductive w nding (14), magnetically coupled to the
magnetic elenent (13) and fixed to the housing (10) such
that the vibrational kinetic energy generated by the
external source determnes a relative displacenent ()
bet ween the magnetic elenment (13) and the first w nding (14)
causing a potential difference to be generated at the ends
of the first winding (14),

characterized by:
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10.

providing a second conductive winding (15 fixed to a non-
vi brating support (16) and being stationary with respect to
said support (16) and separated from the housing (10),
wherein the distance between the first winding (14) and the
second winding (150 is such as to nmake a mutual nmagnetic
coupling between said first and second w nding (14, 15)
negligible; and
connecting control neans (17) to the ends of the second
winding (15, to inject an electric current wthin the
second winding (15 and regulate the intensity of said
electric current so as to adapt the resonance frequency of
the electromagnetic generator (11) to the frequency or to
the frequencies associated to the vibrational Kkinetic energy
generated by the external source.

Met hod according to claimo, further conprising enulating
a nmass-spring-danper system as a consequence of the
introduction of electric current within the second w nding
(15) by connecting the control nmeans (17) to the ends of

the second wi nding (15)
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