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This paper introduces a novel harvester to store the electrical power, which comes from the
power of external applied electrical voltage. In the last decade, most of the energy harvesters
have been designed and analyzed in the form of cantilever beams. In the present article, the
harvesters are analyzed as a cantilever beam with the Euler-Bernoulli beam assumptions. The
beam of energy harvester consists of an active Magneto-electro-elastic (MEE) layer attached to
the piezoelectric layer. Assuming that the connection of these layers is perfect, the uni-morph
configuration is investigated. The magneto-electro-elastic governing coupled equations of the
MEE energy harvester are derived for a harmonic external applied electrical voltage in the
transversal direction based on Euler-Bernoulli theory, Gaussian law, and Faraday law. These
equations are solved analytically to find out the amount of harvested power and voltage. The
obtained results state that by adjusting the electromechanical parameters, up to 66% of the
input power and 27% of the applied voltage can be harvested. Choosing the right geometric
parameters can increase the harvested power and voltages connected to the electrodes and
external coil by 120.31%, 49.05% and 60.98%, respectively. Finally, the results prove the
usefulness and efficiency of the dual-usage (actuator-harvester) of the new energy harvester.
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NOMENCLATURE

B; Components of magnetic flux (Wh/m?) z Direction along thickness of beam

Cyj Elastic stiffness tensor (N/m?) Greek Symbols

D; Components of electric displacement(C-m2) n Normalized natural frequency(-)

E; Components of electric field(V/m) Ui Magnetic permittivity constants(N/A?)

H; Components of magnetic field(A/m) vEM Mechanical to magnetic modal coupling term(V.s/A)

L Length of MEE microbeam(m) W, Natural frequency(rad/s)

M Bending moment(N.m) g;j Components of stress(N/m?)

w Transverse displacement(m) Ogm Magneto- mechanical coupled term(N.m/V)

Subscripts Ave Ratio of harvested to the input power(W/W)

x Direction along length of beam
INTRODUCTION primary energy sources to produce electrical energy.

Therefore, the optimal use of these resources is a

Electrical energy is a valuable type of energy because of desirable task because they are a non-recyclable source
its ease of use and efficiency. Today, fossil fuels are the of energy and have a role in the pollution of the
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environment [1]. Recently, use of wasted energy has
become an option to produce electrical energy [2, 3]. This
was led to energy harvesting technology. The electrical
power produced by this promising technology is usually
recyclable and contributes to the sustainability of the
system’s infrastructure. It is usable in cooling and
heating, electricity generation, and health monitoring
structures.

One of the most common energy sources for energy
harvesting systems is ambient vibrations, which have
high energy capacity and are suitable for small-scale
devices. The kinetic energy is converted into electricity
in three different ways: active materials (such as
piezoelectric ~ [4]),  electromechanical  coupling
mechanisms  (such as electrostatic [5], and
electromagnetism [6]), and the use of special instruments
and materials that combine the above [7].

The basis of the work of electrostatic generators is
capacitors with variable capacitance. Unfortunately,
these generators require an initial polarization voltage or
charge. Therefore, they need a battery at the start [5]. A
permanent magnet and a coil are used as a converter in
electromagnetic generators and work better on the
macro-scale [6]. The advantage of these generators is
their relatively high output current. The piezoelectric
effect is a characteristic of some materials (like material
which is called PZT, PVDF, and MFC) that in response
to mechanical stresses, the electrical potential created and
vice versa. Using each of these three methods to convert
the vibration oscillations into electrical power has been
separately investigated. The energy harvesting system
used one of these methods is called a vibrational energy
harvester (VEH).

Using composite and functionally graded, and smart
materials attract many researchers due to their special
vibrational behaviours [8]. Among them, some smart
materials known as MEE composites have received
significant interest in material science recently. These
materials have both piezoelectric and piezo magnetic
properties, and they can convert electrical, magnetic, and
mechanical energy into each other. Thus, using MEE
composites in energy harvesting systems are
recommended [9].

To the best of the author’s knowledge, no one was
used the energy harvester system under both the electrical
excitation and the ambient vibration. One can import an
electrical excitation to the energy harvester to amplify the
system’s vibration and harvest more energy. The results
prove that there is an opportunity to save the remaining
output voltage in addition to the ambient vibration source
of energy.

MODELLING OF AN MEE ENERGY HARVESTER
UNDER ELECTRICAL EXCITATION

An electrically excited MEE energy harvester is shown
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in Figure 1. In this figure, Vin, Ve, and Vi represent input
voltage, generated voltages on the electrodes attached to
the MEE layer and the voltage induced in the N-turn coil,
respectively.

A Cartesian coordinate system (X,y,z)=(X1,X2,X3) is
used to derive the governing constitutive equations. The
coupled constitutive equations for an anisotropic and
three-dimensional linear MEE energy harvester beam
may be expressed as follows [10]:

ot = Clelt — el — fi
i = €€k ikEk — itk k=123 (¢))]

Bl = fik &' + gikEx' + wicHy!

where i, Di and B are the stress, electric displacement,
and magnetic induction (i.e., magnetic flux); &, Ei and H;
are the strain, electric and magnetic fields; Ci;, hij, and wij
are the elastic, dielectric, and magnetic permeability
coefficients; e, fij and g are the piezoelectric,
piezomagnetic and  magnetoelectric  coefficients,
respectively. The standard contraction indices have been
used for the elastic variables (i.e., 4= &23, €tc.).

Because the thickness of the beam is significantly less
than its radius of curvature under different loads, the in-
plane electric and magnetic fields can be ignored (i.e., E:
= E> = 0 and H; = Hy = 0). So, the coupled constitutive
Equations (1) reduced into Equations (2). and the
analytical equations are derived using Euler-Bernoulli
beam theory [10].

ol = Clier — exi B3’ — fi{HY! (2a)
DY = effel! + hgsEY — giHY! (2b)
B3' = fiiel’ + g35Es" + pih Hyf (20)

The constitutive equation of the piezoelectric layer is as
follows [10]:

D_ D P _ PP
op = (118 —e3E;

®

Assuming the electric field is uniform throughout the
constant piezoelectric layer thickness hy, then the electric
field EX, exist in terms of the input voltage Vi, (connected
to the resistive loads Rin) across the thickness of the

Electric and magnetic
poling direction

Piezoelectric layer I

MEE layer |}

4 External coil Vel +
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{
|
Base of the beam I—. y
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I

Figure 1. The MEE energy harvester under the electrical
excitation
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piezoelectric layer. Also, the electrical field of the MEE
layer EY, in terms of the voltage Ve can be expressed as
follows [8]:

EaP(t) = =22

(4a)

Es (t) _E®

M
With the help of Faraday’s law, the magnetic field Hs (t)
can be obtained in terms of the current iu (t) and the
number of turns of the coil N as expressed in the
following relation [11].

(4b)

\473
Rm NV (t)

Rmhm

iy
Niy(t)
hm

®)

H3(t) = =
The basic equations listed will be used to derive the
coupled  magneto-electro-elastic  equations  from
investigating the performance of a MEE energy
harvester.

The relative deflection of the neutral axis, w(xt), is
caused by electrical excitation, Vi,. The following
equation is the governing equation of vibration of the
beam under base excitation [12]:

My + CdWsxxx + CpWw + mw =0

©

where 1 is the moment of the cross section of the beam,
Cm Viscous air damping coefficient, ckl equivalent
composite structural damping coefficient, and m is the
mass per unit length of the beam. Also, M(x,t) is the
internal bending moment of the beam which is calculated
for Uni-morph configuration of the MEE energy
harvester by Equation (7) .

M(x,t) = —b (fh

where b is the width of the beam, ha, hp, he, hw, and hp,
are defined in Figure 2, and Z is the location of the neutral
axis.

Substituting Equations (2) and Equation (3) into
Equations (7), the internal bending moment for each
configuration is obtained as follows [12]:

Mzdz + f)"o o} zdz) (7a)

M(x,t) = c1 22D 2D
MEtas(X t)
OV (OIH (%) — H(x — L)] +
MEec(x,t) (8)
OumVuOH () — H(x — L)] + 0;Vi, () [H(x) —

MMag(x;t) Min(x,t)

H(x —L)]

where 6;,,, Oy and 0,,, are the electro- and magneto-
mechancial coupled terms and defined as follows:

O = 222 = [(h)? = (ha)’] (92)
Orm = ’;‘;f [(he)? = (hn)?] (9b)
Ouns = — L [(h)? = ()?] (9)
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Figure 2. The cross-section area of the Unimorph
configuration MEE energy harvester

Also, the equivalent composite structural damping
coefficient (CI) and mass per unit length of the beam (m)
are defined by Equations (10) :

€1 = S [(h)? — (h)) + E2[(h)? — (hp)?] (208)

m = b(puhy + pphyp) (10b)

where pn and pp are the density of MEE and piezoelectric
layers, respectively.

By substituting Equations (8-10) into Equation (6),
the governing differential equation of the harvester beam
for each configuration is achieved.

cl o*w (x t) + QEMVE (t) [d&(x) dé(x— L)]
as(x)  d&(x-L
@MMVM(t) [ - o )] (1)
ds( ) ds(x—L a5 13
@me(t) [ - Scx )] Ck ;‘;45; 2
ow (x,t) 2w (x,t)
mT e T m? atz =0

Using the separation of variables method, one can write
the relative deflection as follows [13]:

w(x, ) = Sioo W ()T, ()

where T(t) and Wy(x) are the time response and the r-th
normal mode shape of the cantilever beam, respectively.
Then, the motion equation in modal space can be written
as Equation (12).

(12)

d*Ty(t) an@
dt? + 26wy dt

ApymrVyu (£) = FVip (1)

where FVin((t) is the electrical excitation induced force
and expressed as follows:

+ WfTe(t) + agyrVe(t) + (13)

FVin e () = ~inVin () (14a)
where;
iy = 2 [()? = (1)) 2]
Gy = S0 [(h)? — ()1 2] (140)
G = = B [(1)? - ()1 22|

Now, the differential equation of the electrical circuit of
the two ends of the electrodes used around the MEE
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layers is extracted. Initially, the two ends of the
electrodes and external coils were connected to external
electrical resistors Re and Rw to use the voltages
generated by Veand V.

Using Equation (4), the second constitutive Equation
(2b), is reduced to Equation (15) for the MEE energy
harvester.

?w  (x,t)
0x?

hM
DY (x,t) = —e3ihyc - ﬁVE(t) +
M (15)

M
oV (6)
where hyc is the distance between the neutral and mid
axes of the active MEE and sgn(z) is the sign function.
Next, integrating the electric displacement in
Equation (14) over the surface of the electrodes, using
Gauss’s law, the electrical charge Qg (t) appearing on the

electrode attached to the MEE layer can be expressed as
follows [12]:

Q:(t) = ffAe Déw(x' t)dA, dA, =

16
dxdy (16)

By imposing Equation (15) into Equation (16), for each
configuration, and calculating the integral, an expression
for the charge is obtained as a function of time.

dVE(f) an( |

CM dat (17)

dVM(f)
XME—;

o0
r=1 19MEr

Cwm denotes the internal capacitance of the MEE layer,
and 9" and y,,. are the coefficients of modal and
magnetic to electric coupling terms in the circuit
connected to the electrodes, respectively. That are
obtained in the following forms:

nYibL

Cy = o (18a)
aw,
Oy = —eMhych T . (18b)
N bL
XME = g;; ir (18¢c)

One can rewrite Equations (17) into general form as
Equation (19).

Avi(t AT, (¢
Cu—— E( ) + VE(t) = Yr=1Oumer di 2y
dVM(t) (19)
ME " g;

Faraday's law states that the voltage V is induced
proportional to the time derivative of magnetic flux
linkage, ¢, [14]. As a result, the voltage induced in the N-
turn coil Vi may be calculated as follows:

— N
Vu(t) = —N—= (20)
Generally, ¢, is calculated as follows:
¢ =X, B.dA (21)
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According to substitution of Equation (5) into Equation
(2c) and using Table 2, the magnetic field flux density,
B}, is obtained as:

a2 g

B (x,t) = _fsthc%_

Sy, )+ v, 1) @

e E Ruhy M
Using Equations (20), (21), and (22), the below
differential equations are obtained as follows:

Lo——= dVM(t) + Ry Vi (t) = X5z1 Oumr dT;Et) +

V(o) (23)
EM dt

Here, L, 3", and Xy TEPresent self-inductance of the

coil, the coefficient of modal and electric to magnetic
coupling terms, respectively. That are obtained in the
following forms:

zbl

Lo = u&N (24a)
aw,
Oumr = —fFINRybhyc (X)| (24b)
bl
Xem = 935NRy o (24c)

One can reduce Equations (24) into general form as
follows:

AV (t AT, (t
Le M( 24 RyVu () = Xr=1 Oumr di 2
e (25)
EM g,

Finally, the governing differential equations of the
electrically excited MEE energy harvester are classified
as follows:

2
ddT—;z(t) + Z{Twrd%t) + T, (6) + aEMTVE(t) +
dVg(t
Ay Vg (t) = FVipr (£) Cyy——= E( ) + VE( )=

0 19 dT'r(t)_l_ dVM(t) dVM(t)
r=1YMEr dt ME dt [

aty(t avi(t
RuVu(t) = ()+ EM ;t()

(26)

o0
r=1 19MMr

Next, in order to derive analytical expressions for the
dynamic response of the MEE energy harvester, it is
assumed that the applied voltage, Vin(t), is defined as
Vin () = Vyinel®t (where Vain is the amplitude of the
applied voltage). Similarly, the time response expression
of the beam in modal space (Equation (12)), T«(t), and the
generated voltages, Ve(t) and Vu(t), can be expressed as
follows:

Vg (t) = Vapel®* (27a)
Vi (£) = Vane!®* (27b)
T, (t) = Tprel®* (27c)

where Tar, Vae and Vaum are the temporal response and
generated voltage amplitudes, respectively. Thus, one
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can rewrite the electrical excitation induced force

(Equation (14)) as follows:

FVin,r(t) = FVArejwt (28)
where;
FVAT = _aEMTVAin

Substituting Equations (27) and (28) into Equation (26):
[(wrz - wZ) +j(2{;wrw)]TAr + aEMTVAE +
AvmrVam = FVar (E +jwCy)Vag =
JolXy=1 OmerTar + XmueVam] (Ru +joL)Vay =
JolX=1 OvmrTar + XEmVar]

By solving the Equation (29) and substituting the results
in Equation (27):

(29)

o Jj@OMErFV ar ejwt
T=1(wr2=w?)+jrwr)]

1. o JOOMEr@EMr
(RE+J(DCM)+2r:1[(wTZ—m2)+j(2(rwrﬂ))]]

Ve(t) = [ (30a)

o joOIMEramMmMr
””E[Zf:l[(wrz—w2>+1(z<rwrw>] XME]

o joIMmrFYar
"=Hwr?-0?)+j@irorw)]

; w JOOIMMraMmr
(Ratjwle) +Zr:1[(wr2—w2)+1(2{rmrﬁ’)]]

jowt

Vu () = [ (30b)

o joOIMMraEMr
”EM[Zf:l[(wrz—uﬂ)+1(zzrwrw>] XEM]

o JOIMEraEMyFY arel
r=1 2 2. 2
[@r2-0H)+j@rorw)

1, o JOOIMEr@EMr
[(RE+ijM)+Er:1[(wrz—wz)+j(2(rwrw)]

n [Z:x: JwIMEraMMy —x ]
T, (t) = ME| 2T =1[(w, 2-0?)+j2Grwrw)] AME (1)
r e JOIMMraMMrFY arel©t
" @r2-w?)ti@iroro)

; o JOOMMrEMMr
[(RM HOL Y =120 el rwrw]

o JOIMMreEMY
”EM[Zm[(wrz—w2)+j<z<rwrw>] XEM

where electromagnetic voltage ratio, Ve, is obtained as
follows:

1 . .
1 Vu [f?fvllNRM(E"’]wCM)_lw(e?{V{XEM)]

_V (32)

T Ve [joUMNRuxme)—eX (Ru+iwLo)]

Nye = -
Substituting Equation (31) into Equation (12), the
displacement of each point on the MEE energy harvester
under electrical excitation is obtained. The electric
current frequency response functions are obtained by
dividing the resulting voltages by the load resistance of
the electrical circuits.

In order to compute the MEE energy harvester
efficiency under electrical excitations, the input and
output power must be compared. Thus, using Ohm’s law
(V =iR), and P = 0.5Vi, the total power made by
energy harvester , Ptal(t), are expressed as follows:

Pe(t) = - (Vi)* (33a)
Pu(8) = 5= (Va)? (33a)
Protar(t) = Pe(t) + Py (t) (33b)
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The MEE energy harvester efficiencies under electric
excitation, Ag, Am and Awmg, are introduced as the ratio of
harvested to the input parameters and expressed as
follows:

_ Ve@®)

E = Vin® (342)
Ay = _VV;((?) (34b)
Ayg = —P;Oi:zlg ) (34c)

RESULTS AND DISCUSSION

In this section, the results obtained from the analytical
solutions in the previous section are presented.
Numerical results will be carried out for BaTiO3-
CoFe;0, composite as the MEE layer with a volume
fractionv, = 0.5. The geometry and material properties
used in the following case studies are listed in Table 1.

The performance of the MEE energy harvesting
system under external electrical excitation is considered.
The effect of the parameters extracted from the previous
section, Ry, Re, Rin, hp and hy on the MEE energy
harvester efficiencies, Ag, Am and Awme has been
investigated.

The effects of the non-dimensional electrical
excitation frequency, 5, on the power efficiency, Awe, for
four different values of the electrical load resistances
connected to the applied circuit voltage (Rin = 10%Q,

Table 1. Material properties and geometric dimensions of the
layers of the harvester

Item Value
CP (Nm?)  Piezoelectric Young’s modulus 117x10°
cM (Nm?)  MEE material Young’s modulus 215x10°
e§1 (Cm?) . Piezoelectric coefficient of the 65
Piezoelectric layer

el (Cm?)  Piezoelectric coefficient of the MEE 28
layer

fa (N A Piezomagnetic coefficient 220
hss (C2 Nt m?) Dielectric coefficient 6.3x10°
g3 (Ns V1 C?h Magnetoelectric coefficient 2750%x1012
uss (N s> C?) Magnetic permeability 83.5x10°
pp (kgm?®) Piezoelectric density 7500
pw (kgm?®)  MEE material density 5550

I (mm) Length of the beam 80

b (mm) Width of the beam 16

hp (mm) Thickness of the piezoelectric layer 0.5

hy (mm)  Thickness of the MEE layer 0.5
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1055Q), 10%Q, and 10*Q) are plotted in Figure 3. It is
evident that an increase in n and Rin, leads to an increase
in the Ame. Figure 3 shows that the maximum value of
Awe is calculated for Rin = 108Q (Ame = 0.4758 W/W). In
other words, 47.58% of the input power can be stored.
While this ratio is only equal to 0.51% for the
amount of Ri, =10*Q. Due to the fact that electrical
load resistance Rin, has no effect on the values of voltage
efficiency, only its effect on the power efficiency has
been investigated.

In Figures 4 to 6 the effects of the # and Rg, on the
Awe, 4e and Aw for four different values of the electrical
load resistances connected to the electrical circuit of the
electrodes (Re = 10%Q, 10%°Q, 10°Q, and 10%Q) are
plotted. The plotted results show the different effect of
each value of electrical resistance Re in increasing or
decreasing efficiencies. From the drawn results, it can be

0.4

R, =10°
’ 0.4
55 0.3
i R, =10° ;
0.4 0.4
= u =R, =10° 0.1

- - R, =10 0.997 0,999 1.001 1.003

0.34

AW /W)

0.2

0.1

0.98 101
Figure 3. Frequency response curves of the harvested power
ratio Ame , of the unimorph MEE beam around the first
natural frequency for different values of Rin

concluded that in order to harvest the maximum power,
the range 10°2 < R < 105502 should have a higher
priority in the choice of Re. It is obvious from Figure 5
that for Re = 10°Q, 26.87% of the applied voltage can be
stored in the circuit connected to the electrodes, which is
a significant amount to reduce the consumption of
electronic circuits. In order to store higher voltage values,
the range 105°02 < Ry < 10°02 must be selected. Also,
the maximum efficiency Am occur in Re = 10°Q to the
numerical value of A= 0.0014 V/V that is insignificant
compared to the Ae.

Figures 7 to 9 illustrate the effects of the # and Rw, on
the Ame, 4e and Awm for four different values of the
electrical load resistances connected to the electrical
circuit of the external coil (Rw = 108Q, 10*Q, 10%Q, and
10'Q). The results show the better performance of the
MEE harvester in the range of 10102 < R, < 1020 for

0.251 R, =10° 0.2
R, =10°* 0.2 /\
. 0.23
= « = R =10° ——
0.201 02y~ *
=== R,=10" S
0.19/

0997 1 1.002

0.151

A(V/V)

0.051"

- -
—_— — —

0.99 1 1.01 1.02

n
Figure 5. Frequency response curves of the generated voltage
over electrodes ratio Ag, of the unimorph MEE beam around
the first natural frequency for different values of Re

0.98

R, =10° ¥ 0.4 Vil
| ! ;
0.4 Re=10% § %
* = = R=10° ‘. oy /
J 3
4 F] o
o === R=10' ; ol A o
3 ;- = O
= !
2 : 0.996 1 1.008
T ;
< s
0.2 :

T T T e
0.99 1 1.01 1.02

n

e
0.98

Figure 4. Frequency response curves of the harvested power
ratio Ame, of the unimorph MEE beam around the first
natural frequency for different values of Re

A
0.0013 R —10° P/ 0.0013q .
0.0012+ s i
S n 0.0013q :
0.0011 o« » = R —10° j’ p
; 0.00124 }
0.0010{ === R,=10' % X ]
s e '.‘) 0.997 11.002
= 0.0009 A .
3 k4 T
= 0.00081 7 %
< _,J ‘3‘_
0.0007+ F 4 )
0.0006 j \
& %
& 9
0.0005+ P Y
/ \
0.00041 ¥ “
~ .
| e
0.98 0.99 1.01 1.02

Figure 6. Frequency response curves of the generated voltage
over external coil ratio Am, of the unimorph MEE beam
around the first natural frequency for different values of Re
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harvesting electric power. The maximum value of Awe is
calculated for Ry = 10'Q (Ame = 0.6596 W/W) that this
value is 36.78% better than the value obtained from the
results of Figure 4. As a result, the load resistance Ru
connected to the external coil can have a decisive
role on the power efficiency Ame. It can be seen that
electrical resistance Ry has little effect on changes in
electrical voltage efficiencies. The changes of Rw
improve the values of Ag and Aw by 15.98% and
6.21%, respectively.

Finally by considering that the thickness of harvesters
is the limiting parameter of the design, harvester
efficiencies Ave , Ae and Aw were checked for different
thickness ratios in Figures 10 to 12, respectively. The
obtained results show that the equal thickness of the
piezoelectric and MEE layers has a better effect on
the power and voltage efficiencies of the discussed
harvester.

0.99 1

0.98

Figure 7. Frequency response curves of the harvested power
ratio Ame, of the unimorph MEE beam around the first natural
frequency for different values of Rm

— R, —10° GO
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0.00134
0.0013;
0.00131
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0.00124
a R, =107

R, =10 0.0012:
0.0012

0.0010+

0.0008

AV /V)

0.99 1 1.01

n
Figure 9. Frequency response curves of the generated voltage
over external coil ratio Awm, of the unimorph MEE beam
around the first natural frequency for different values of Rm
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Figure 10. Frequency response curves of the harvested power
ratio Ame, of the unimorph MEE beam around the first natural
frequency for different thickness ratios
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Figure 8. Frequency response curves of the generated voltage
over electrodes ratio Ag, of the unimorph MEE beam around
the first natural frequency for different values of Rm
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Figure 12. Frequency response curves of the generated
voltage over external coil ratio Am, of the unimorph MEE
beam around the first natural frequency for different thickness
ratios

CONCLUSION

In this paper the performance of the energy harvesters
made of active MEE layers and under electrical
excitation was analyzed. The MEE beam consisted of the
piezoelectric material as the substrate layer and MEE
composite as the active layer. The unimorph and
bimorph configurations of the MEE layers (including
serial, parallel, and single-layer connections) were
studied, assuming that the connections between these
layers are perfect. The coupled magneto-electro-elastic
governing equations were obtained using Euler-Bernoulli
theory, Faraday laws and Gauss, and then, these
equations were solved analytically to obtain the
generated electrical power and voltage. The effects of Ry,
Re, and Rin, on the MEE energy harvester efficiencies,
have been investigated. The results show that a
significant amount of electrical excitation voltage can be
stored from the circuits connected to the electrodes. Also,
the load resistance Rm connected to the external coil can
have a decisive role on the power efficiency. For energy
harvesting purposes, one can use the electrical excitation
as the second source added to the ambient vibration.
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