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Magnetoelectric coupling, efficiency, and voltage
gain effect in piezoelectric-piezomagnetic laminate

composites
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The magnetoelectric (ME) effect of piezoelectric-magnetostrictive laminate composites, which
is a product tensor, has been studied. Based on piezoelectric and piezomagnetic constituent
equations, the longitudinal-mode vibration and equivalent circuits have been derived. The
effective magnetoelectric coupling coefficient, voltage-gain, and output efficiency have been
determined. Our results show: (i) that there is an extreme high voltage gain effect of >260
under resonance drive: the induced ME voltage is much higher than the input voltage to the
coils for magnetic excitation; (ii) that there is an optimum ratio of the piezoelectric to
piezomagnetic layer thicknesses, which results in maximum effective magnetoelectric coupling;
and (iii) that the maximum output efficiency of magnetoelectric laminate at resonance drive is
~98%, if eddy currents are neglected. This high ME voltage gain effect offers potential for
power transformer applications. © 2006 Springer Science + Business Media, Inc.

1. Introduction

The magnetoelectric effect is a polarization response to an
applied magnetic field H, or conversely a spin response
to an applied electric field £ [1]. Ferroelectromagnetic
materials have been studied [2-5] such as BiFeOs; and
Pb(Fe;/»2Nby,,)O3; however to date, a single phase ma-
terial with a high inherent coupling between spin and
polarization has yet to be found.

Magneto-electric behavior has also been studied as a
composite effect in multi-phase systems consisting of
both piezoelectric and magnetostrictive materials [6—32].
Piezoelectric/ magnetostrictive composites have been the
topic of numerous investigations, both experimentally
and analytically. Various composite connectivities of
the two phases have been studied including: 3-3 (i.e.,
ceramic-ceramic particle composite [6, 7]; ceramic,
rare-earth iron alloys and polymer composites [8, 9]) and
2-2 (laminate composites [10-32]). These studies have
confirmed the existence of magnetoelectric effects in
composites; however, the magnitude of the coupling was
low for both connectivities.

Analytical and experimental investigations have fo-
cused on 2-2 type laminate composites of magnetostric-
tive/piezoelectric bi-materials operated at both low and
resonance frequency ranges [9—17]. Recently, we have
designed and prototyped several resonance-type lami-

0022-2461 © 2006 Springer Science + Business Media, Inc.
DOI: 10.1007/s10853-005-5930-8

nate geometries, and a strong resonance ME effect and
ME voltage gain effect were observed [11, 15-17].
Resonance-type magnetoelectric devices are needed in
applications as high-power solid-state devices. Such ap-
plications require high voltage gains and high output ef-
ficiencies. In this paper, we will further treat the reso-
nance ME effect using an analytical approach. Our ap-
proach is based on an equation of motion to couple the
two constitutive equations of the piezoelectric and piezo-
magnetic bi-materials, and an equivalent circuit method.
This method is significantly different than prior analyt-
ical method [8,17-19, 22, 23]. Our analysis was devel-
oped for a long-plate-type magnetostrictive/piezoelectric
laminate, operated in a longitudinal-mode vibration. The
purpose was to extend the analytical approach for a res-
onance type ME transformer. The effective ME coupling
coefficient, voltage gain, and output efficiency at reso-
nance have been derived. The results show the presence
of extremely high magnetoelectric voltage gain effects,
suitable for solid-state transformer applications.

2. Analysis of Piezoelectric-magnetostrictive
laminate composites under longitudinal
excitation

Fig. 1 shows the schematic of the composite geome-

try used in this investigation. It is a long plate type
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Figure 1 (a) Schematic of the geometry of the magnetostric-
tive/piezoelectric laminate composite, the polarization direction of the two
piezoelectric plates is along the longitudinal direction, the magnetic field
is applied along longitudinal direction; and (b) schematic and operational
principle of the ME transformer. An N-turn coil carrying current /j, around
the magnetoelectric laminate is used to produce a magnetizing field.

piezoelectric/magnetostrictive laminate composite, in
which the piezoelectric layer (PZT) is sandwiched
between two magnetostrictive ones (Terfenol-D,
Tb;_.DyFe,_,). More complicated geometries of this
general type, such as a thin multi-layer type, are possible,
but that given in Fig. la readily allows for equivalent
circuit analysis. Conductive magnetostrictive layers are
separated from a piezoelectric one by thin insulating lay-
ers. Thus, eddy currents are effectively eliminated. This
long-type ME laminate design intensifies the longitudinal
direction vibrations along which fields are applied. The
two piezoelectric layers are longitudinally polarized
reversely (push-pull type [11]), which maximizes the
voltage and power outputs.

The working principle is as follows. A harmonic ac
magnetic field H is applied along the longitudinal direc-
tion of the composite. This causes the two magnetostric-
tive layers to shrink/expand in response to H. The magne-
tostrictive strain acts upon the piezoelectric layer that is
bonded between the two magnetostrictive layers, causing
the piezoelectric layer to strain, producing a voltage out-
put. This transduction of magnetic to electrical energy is
what we designate as the magnetoelectric coupling effect.

A solenoid with N turns around the laminate that carries
a current of Iy,g (or [;,) was used to excite an ac magnetic
field H,., as shown in Fig. 1b. An input ac voltage applied
to the coils was Vi, (0r Vip), and its frequency was f. This
excites a H,. of the same frequency f, along the longitudi-
nal direction of the laminate. When the frequency of H,.
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is equal to the resonance frequency of the laminate, the
magnetoelectric coupling effect is so strong that the out-
put ME voltage V,, induced in the piezoelectric layer is
much higher than V ;5. Thus, under resonant drive, there
is a high voltage gain, due to the magnetoelectric effect.

To obtain a maximum magnetoelectric voltage gain,
the polarization direction of the piezoelectric layer was
chosen to be along its length direction under longitudi-
nal vibration, as shown in Fig. 1a. This is because both
the piezoelectric constant g33 and electromechanical cou-
pling coefficient k33 in the longitudinal mode are 2x that
of the transverse g3; and ks3; coefficients [33]. Conse-
quently, higher output voltages V,; can be obtained from
the magnetoelectric laminate. Magnetostrictive Terfenol-
D also has the highest coupling in the longitudinal mode
[34]. Thus, to obtain the maximum magnetoelectric ef-
fect, the magnetization direction was chosen to be along
its length direction under longitudinal vibration, as shown
in Fig. 1a.

2.1. Constitutive equations of the laminate
composite
Application of H along the length direction of the laminate
excites a longitudinal (d33 ) mode in the magnetostric-
tive layer. Two sets of constitutive linearized equations are
required to describe the coupled responses of the piezo-
electric and magnetostrictive layers. These are [33]
(Piezoelectric constitutive equation)

E; = —g33,03p + P13 D3
@.1.1)

D )
£3p = $3303, + 833, D3;

(Piezomagnetism constitutive equations)

O3m = é83n7_)"3333; H3 = —A3383,+v3,B3 (2.1.2)

1
s . 3 T 2.
Vi3 = —5 > Wi = M33(1 - k33,m)’

H33
d3s
B _ H 2 . 2 _ ,m
S33 = 533(1 - k33,m)’ k33,m = —SH,LLT )
33M33
d33,m
A3 =
S33M33

where &3, and &3, are the longitudinal piezoelectric and
piezomagnetic strains; D3 is the dielectric displacement;
5% is the elastic compliance of the piezoelectric material
under constant D; g33 , and d33 , are the piezoelectric
and piezomagnetic constants; o3, and o3, are the longi-
tudinal stresses in the piezoelectric and magnetostrictive
layers; A1, is the dielectric stiffness under constant stress;



V35 is the magnetic stiffness (reluctivity) under constant
strain; p%; and ,u§3 are the magnetic permeabilities un-
der constant strain and stress; s% and s3H3 are the elastic
compliances of the magnetostrictive layer under constant
B3 and H3; k33, and k33, are the coupling coefficients
of the piezoelectric and magnetostrictive layers; A33 is the
magnetostrictive coefficient; and Bj is the magnetization.

Upon considering the insulating layer in the laminate,
we have to introduce a third constitutive equation:

1
&3 = Fﬁzl

where €3, 03, and Y are longitudinal strain, stresses and
Young’s modulus of the insulating layer, respectively.

For Terfenol-D, although strain due to magnetostriction
is AH?, under appropriate magnetic biases pseudo-linear
piezomagnetic equations can be used to express their mag-
netostrictive performances [21, 34]. The optimum mag-
netic bias will have Terfenol-D working in its optimum
magnetostrictive state, but operating in its pseudo-linear
piezomagnetic range. In addition, the constitutive equa-
tionns. (2.1.1), (2.1.2) and (2.1.3) do not account for loss
factors. Significant energy dissipation and nonlinearity
in both piezoelectric and magnetostrictive materials are
known, in particular under resonant operation. Accord-
ingly, a better analysis would include a mechanical quality
factor Oy, to account for dissipation.

(2.1.3)

2.2. Magneto-elastic-electric coupling

Under an applied H,, a longitudinal vibration mode is ex-
cited by magnetostrictive effect in the Terfenol-D layers of
the laminate. Under harmonic motion along 2 (longitudi-
nal direction), it will be supposed that all small mass units
Am; in the magnetostrictive, piezoelectric and insulation
layers of the laminate at z have the same displacement
u(z) or strain &,, given as

Mp(Z) =up(z) =u; = u(z)
or

u(z)

€3p(2) = &3m(2) = €31 = €3(2) = 2.2.1)

This follows from Fig. 1a by assuming that the layers
in the laminate act only in a coupled manner, without any
sliding between layers. Following Newton’s Second Law,
we then have

(2.2.2)

2
Z Ami% = 2031'14:
i i

where i denotes the layer number, and A; cross-section
area of ith layer. We can then use this motion equation to
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couple the two piezoelectric and piezomagnetism equa-
tions (2.1.1) and (2.1.2).

We have previously derived a solution to the equation
of motion for the laminate design shown in Fig. 1 given
as

— 1 kl
u(e) = 1 coskz 4 2T HCSK ke 223)
jow Jjwsinkl
2 w? =2 _ nm —
ke = —3 U —|— £ 4 n1Y /P; 2.2.4)
v 23 533

where u(z) is the mechanical displacement, ; and i,
are the mechanical displacement velocities (i.e., mechan-
ical currents) at the two ends (z = 0 and z = /) of the
laminate; U is the average sound velocity in the lami-

An _ A _ A
Ao Mo = g1 = - are geometrical

nate; n, = -

factors descrlbmg the cross-sectional area ratio (or vol-
ume fraction) of the magnetostrictive, piezoelectric and
insulation layers, respectively; Ajym = Ay + Ay + Ap is
cross-sectional area of the laminate; andp = iy o + 71,0p
+ nypp is the average mass density of the laminate. In ad-
dition, the forces acting on the end faces of the laminate

(at z = 0 and z = 1) can be determined as

A, Ay — 11y coskl
Fi=F0) =- —+—+Y Ay
33 33 JjUsinkl
A A
+ 2e88ep, g By (2.2.5)
s33 joN

A A tocoskl —u
:F(l):_<_§+—B+Y’A,>;

S35 Sy JjU sinkl
A A
+ OB By e (226)
533 joN

The strain in the piezoelectric layer caused by the mag-
netostrictive layers produces a corresponding voltage and
current in the piezoelectric one. By eliminating o in Equa-
tion 2.1.1, the electric field across the piezoelectric layers
can be determined as

g33 p

E3=——F"¢e3,+ ﬁ33D3 2.2.7)

S5

g§3
Bz =P |1+ L.
S3%ﬂ3T3

The output voltage V,,; produced between the middle
and one end of the piezoelectric layer due to the

where,
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magnetostrictive strain can then be determined as

!

—833p . . =

Voutl =/ E3dz = — Dp(uz —1to) + B33 D3l /2
1/2 JwS33

or

0

833p . . 5

Vour = / —Esdz = =2 (ity — iig) — B33 D3l /2
12 J W33

(2.2.8)

where ¢ is mechanical displacement velocity at middle
point of the laminate. For a A/2 resonator, the middle is
a nodal position, i.e., itg = 0, and #t; = —iip. Corre-
spondingly, the induced dielectric displacement current
lgisp1 from one end to the middle or center in one half
piezoelectric layer is

Liispt = jowCoVourt + ¢, (tia — tio)
or

Liispr = — jwCoVour + ¢p (it — tio)

Because the two output end electrodes of the piezoelectric
layer are connected together, and the middle electrode
is common ground, the induced current from the whole
piezoelectric layer should be

Low = Idispl + (_IdispZ) = jw(ZCO)Vout + wp(l'ZZ — 1)

Com 22 o — Ao8p (2.2.9)
ﬂ33l/2 S£ﬂ33l/2

where Cy is the clamped capacitance, and ¢, is elasto-
electric coupling factor for the piezoelectric layer.

The forces exerted on the two end faces of the laminate
at z = 0 and z = [ can now be related to the exciting
voltage Vinae, the mechanical displacement velocities i
andii,, and the output voltage V,,; from the piezoelectric
layer, given as

2
@
Fi = Zu V4 A — 11 — U
1 1M1+( 2+jw(—2C0)>(ul 17)

+ $p Vout + ¢m Vmag

2
. @y . .
Frh=-Z Z I S _
> 1 + ( 2+ ja)(—2C0)> (it — 1)

+ (p]) VOllt + (pm Vmag
100

o kil
Zy = jpUAum -8 5 )

PUAm A33

2= Tangy T vt FHO)
where Z; and Z, are the mechanical impedances of the
laminate; and ¢, and ¢, are the magneto-elastic and
elasto-electric coupling factors. In addition, the input cur-
rent L, to coils excites a “mechanical current” (it — it5)
in the laminate. From Equation 2.1.2b and using Fara-
day’s law, the coupling relation between /lnag, Vimae and
(11 — 112) can be derived as

A33 Vmag
Inag = ——— (i) — 11y) + ——=
s ij( 1~ ik2) joLS
LS = Amps; N?/1;

(2.2.11)

where L* is the clamped inductance, and N is the coils
number.

Equations 2.2.9-2.2.11 completely describe the
magneto(-elastic-)electric coupling between the magne-
tostrictive and piezoelectric layers under an exciting cur-
rent /i, Or voltage Vg, via the mechanical displacement
velocities 1 and 5.

2.3. Magnetoelectric equivalent circuit under
resonance drive

Based upon the magnetoelectric coupling equations

2.2.9-2.2.11, a magnetoelectric equivalent circuit can be

derived for the longitudinal vibration mode of the geom-

etry shown in Fig. 1. This equivalent circuit is shown in

Fig. 2a.

Under free boundary conditions, the force acting on the
end faces are F; = 0 and F» = 0. Thus, we can short the
two channels to ground. Under this condition, the circuit
of Fig. 2a is simplified to that shown in Fig. 2b. Note that Z
inthe Fig. 2bis: Z = pUAm/j2 tan (kI /2). In this simpli-
fied circuit, the input current L, (or voltage Vi, ) excites
a “mechanical current”/, = 1, — i, via the magneto-
elastic coupling factor ¢,. Subsequently, I, induces an
output voltage V, via the elasto-electric coupling.

Assuming the laminate composite to be a A/2-resonator,
operating in a length extensional mode, the series angular
resonance frequency is w, = ”TD Under resonant drive
the mechanical impedance Z in the equivalent circuit of
Fig. 2b can be approximated by a Taylor series expansion
of the frequency f{w) about ws, given as

z
f@) = =2 = fw) + fl@) - )
J2tan =
+lf’/(ws)(w — ) .~ — n.ZO (0 — wy)
2 4 jws

= —2jLy(w — wy)



FRONTIERS OF FERROELECTRICITY

Z Z u,

— 0

1)
0
O I (TIT)
Magnetic section Elastic section 0 Electric section
I=u, —u, 0 <«

Iin 'C—’ ‘ T) IOU[
Vin LS T 2C0 Vout
o | 0

1: O \ @p:1
WA lam
j2tan kl /2
(b)
()] (1D (11T)

Magnetic section Elastic section Electric section

a =i -, b 2C0 o
«— | Tout
i 2Co
i Rioad Vout
a : ’
!

l: om Rimech  Linech Cmr:cl (Ppil

(©)

Figure 2 Magnetoelectric equivalent circuits. (a) Magnetoelectric equivalent circuit for a longitudinal-extension vibration mode under applied ac voltage
Vin and (b) under free-free boundary condition, and (c) under resonance drive with load Ry oaqd-

Then, compared with the impedance expansion of a series where Lyecn and Cpeen are the motional mechanical in-
Ly, Cpy circuit, we finally obtain ductance and capacitance.

At resonance, this equation yields an approximation
for the mechanical impedance Z. The mechanical quality

w? = ;; Linech = n_ZO; factor Qy, of the laminate under resonance drive is finite,
L nechCrmech 8ws due to dissipation [35]. This limitation of the vibration
1 o amplitude must also be included, in order to accurately
Crnech = ;0 Zo= ;OUAlam (232)

@2 Lnech predict the resonant response. Finite values of Qpecp result
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in an effective motional mechanical resistance Ryecn Of

Wy L mech nZ 0
Q mech 8 Q mech

Rimech = (2.3.3)

Accordingly, the equivalent circuit of the laminate un-
der resonance drive is given in Fig. 2c, where Ry o4 is an
external load.

3. Calculating results and discussion

3.1. Magnetoelectric coupling

The magnetoelectric coupling effect is a product property
between the magneto-elastic and elasto-electric coupling
coefficients. We can define the effective magnetoelectric
coupling km-ec (eff) in terms of energy (U) as

out Uslored
2 __ " electrical elastic
kmag—elastic(eff) = Ustored Uinpul
elastic magnetic
~ 1,2
~ kmag-elastlc (eff) X kelasto -elec (eff) (311)

where kmag-castic (€ff) and kejasto-clec (€ff) are the magneto-
elastic and elasto-electric coupling factors.

3.1.1. Efffective magneto-elastic coupling
factor

By setting the elasto-electric coupling factor ¢, to zero

(i.e., no piezoelectric phase), the laminate shown in Fig.1a

becomes a magneto-elastic transducer or resonator. From

Fig. 2c, the magnetic-elastic coupling factor is then given

as [34]

[3S]
[\S]

2
k mag-elastic

W, — g
(eff) = ———; (3.1.2)
)

where w,, and w; are parallel resonance and series reso-
nance frequencies of the magneto-elastic resonator with
infinite Qech and zero load. From the circuit in Fig. 2c
(b-b in short circuit), w, and s can be related to the input
admittance Y., as

1 1 1 n
and a) = —(c-+3r 33 ). Following equation

( 31 '3 we obtam the magneto- elastlc coupling factor as

Cmech

k - 0
ch + Cmechk33 m

(eff) = (3.14)

mag-elastic k33 m
where C® = (1 — k3, ,)CH is the elastic compliance of

H
Is33
Am

the magnetostrictive layers at constant B, and C! =
is the compliance at constant H.

3.1.2. Effective elasto-electric coupling factor
To obtain keldstO electric (eff), the magnetic section of the
equivalent circuit is electrically shorted (i.e., ¢, = O,
and a-a is shorted in Fig. 2c). Thus, the magnetoelectric
equivalent circuit becomes the standard equivalent circuit
of a piezoelectric resonator, near its resonance frequency

;. The electromechanical coupling is [33]
w2 2

p @5
kelastofelectric (eff) = T;

p

(3.1.5)

where w, and g are parallel resonance and series res-
onance frequencies of the elastic-electric vibrator with
infinite Qmeen and zero external load. From the circuit in
Fig. 2c, w, and w; can be related to the output admittance
Y,, as
2
Y, = jw(2Co) + i :
Rmech + /a)LmeCh +

jwcmech
(3.1.6)
where , and s can be obtained as w? = ﬁ and
2 1 . — Cmcch'(ch) _
O)S - LmechC/mech andC/meCh - (2C0)_Cmcch(ﬂ[2, : Thus’ the ef
fective elasto-electric coupling factor is

Cmech(pz

_ P
kelasto electric (eff) - 2C0 . (317)

3.1.3. Effective magneto-electric coupling
factor

The effective magnetoelectric coupling factor

kmag—elec(€ff) can now be obtained by inserting equations

(3.1.4) and (3.1.7) into (3.1.1), and simplifying to

B2 2
64533k33 m&33p/ImMp

K2 e (eff) =
e 72 B33 (M3 + npssy + Y sghsR) w2 2 (nmss + npssy + ni Y sEsR) + 8nmkis, s
933 = 933( k3% m) 932 = Y33( k3% p) (3.1.8)
Y= i 3.13 )
= Tl + R & ool 1 (3.1.3) If ny = 0 or ny = 0, then kg, e (eff) = 0.
JeCrmech Thus, there is an optimum geometric parameter
. . . . Nopy at whlchkmag elec(eff) is maximum. This occurs
At resonance, the input admittance Y, is purely resis- L (eff) (et _
tive, i.€, Ye(imaginary) = O fOr Riech = 0. This gives w? =  at—=5"— = 0 (or "“g = 0). Assuming the
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Figure 3  Effective magneto-elastic (Kmag—elas, eff), €lasto-electric
(Kelas—elec, eff), and magnetoelectric coupling factors (Kimag—eclec, eff)-

insulating layer to be thin, the optimum geometric
parameter for the magnetostrictive layer is then

1
1+ y(1 + 8k3,, /)2

(3.1.9)

Nm,opt =

D
N . . .
where y = 5 is a ratio of the compliance constants of

the piezoelect?ic and magnetostrictive layers.

Fig. 3 shows a calculation of Apag-ciec (eff) as a
function of the geometric parameter n, for a lam-
inate of piezoelectric PZT-8 (APC-841) and mag-
netostrictive Terfenol-D. When n, = 0, this lami-
nate composite contains no magnetostrictive material,
thuskimag-ciec (€ff) is zero. Correspondingly, when n, =
1, the laminate contains only magnetostrictive mate-
rial, and againky,g-ciec (€ff) is zero. Between these two
geometric limits, a maximum value ofkyag-clec (eff) ~
0.2 is found, as can be seen in Fig. 3 near
nm ~ 0.61.

3.2. Magnetoelectric voltage gain under
resonance drive

A magnetoelectric voltage gain was found by analysis of

the equivalent circuit in Fig. 2c. Assuming that the circuit

is unloaded and by applying Ohm’s law to the mechanical

loop (elastic section), the voltage gain (Vou/Vin, and Vi,

= Vinag) can be estimated as

FRONTIERS OF FERROELECTRICITY

1/2
: _ (1
Under resonant drive, where wy, = ( / Lmechcmech> ,the
maximum voltage gain V g,y is

4 n
Vgainl,max = M- 3.1.12)

T g C()Z 0

From this relationship, it can be seen that the maximum
voltage gain is strongly dependent on mechanical quality
factor Qy,. Calculations for a Terfenol-D/PZT laminate
composite based on Equation 3.1.11 show that the maxi-
mum voltage gains at resonance are 1.54x10° for Qp,, =
1000, 1.55x 10* for Q,, = 100, and 7.7 x 10> for Oy, = 50,
respectively. These calculated values are far higher than
experimental data.

However, we can further simplify the equivalent circuit
from Fig. 2c into Fig. 4a, and it can be seen that the ratio
of output voltage to input voltage (voltage gain Vg,in2) is
proportional to the impedance ratio (according to Ohm’s
Law). Thus, the modified voltage gain is

1%
Vgain2 = ‘ V(ZUI
1
—u joC 1
Ry + joL + —
Lo TS Cl T jec
(3.1.13)
where C = Cogn/2¢5;R1 = Rmean/¢p;L1 =

L nech/ go%; C, = (piC r’nqch,a. is a dimensiopless ratio fac-
tor, relating dc magnetic bias. If we choice o = 1, the
maximum voltage gain V,in» under resonance drive is

4 Qmech(plzg

3.1.14)
JTCL)XC()Z()

Vgainz, max —

From this relationship, it can be seen that the maxi-
mum voltage gain is mainly related to the piezoelectric
section of the equivalent circuit in Fig. 4a. The voltage
gain is directly proportional to Quech and ¢>p2 (or g§3’p)
in piezoelectric layer. This is because the output voltage
is generated by this section. The function of the magnetic
section of the circuit is to transducer the magnetic energy
into a mechanical vibration. The piezoelectric one subse-
quently transduces this vibration to an electric output.

Fig. 4b shows the calculated voltage gain Vg, as a
function of frequency for O, = 100, 500 and 1400. These

§0pvout N (pf,/ja)(2C0)
or
Vou m 1
P P .4 _ : (3.1.11)
Vin .]a)(ZCO) Rm + .]a)Lm + 1/J('()Cm

calculations were performed using Equations 3.1.11 and
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3.1.13, assuming a Terfenol-D/PZT laminate length of
70 mm, width of 10 mm, and thickness of 6 mm. The
voltage gain for Qy, = /00 was only ~20. However, for
Omech = 500, the gain was ~100. A typical value of Qpecn
for PZT-8 is 1400; using this value, a maximum voltage
gain of 280 can be estimated. Calculation values using
Equation 3.1.13 are much close to our measured voltage
gain ones.

This voltage gain is significantly larger than that of
other voltage gain devices, such as electromagnetic and
piezoelectric transformers [36, 37]. The ME voltage gain
effect is quite purposeful for power electronics, such as
transformer application.

3.3. Efficiency

To estimate the efficiency of magnetoelectric transduc-
tion, the equivalent circuit in Fig. 4a was converted by an
impedance method to that shown in Fig. 5a. In so doing,
it was assumed that the losses in the laminate are only
mechanical, i.e., electrical losses (eddy current loss) were
neglected. Assuming a load of Z 4,4, the magnetoelectric

efficiency of the laminate at resonance is

Pout _ 12 : Re(ZLoad)

" Pa T I?-Re(Zn)
_ RLoad
Rioad + (@m/@p)*[1 + 2w;CoRicad)* 1R

(3.1.15)

By setting 61/6Ry oaqg = 0, the optimum load can be
estimated asRyoad,opt = T0.Co When Ryad = Rioad, opt>
the circuit has maximum output power. Under resonant
operation, the maximum efficiency is given as Nmax =

2
——# Clearly, ahigher Oecn results in a higher trans-

duction efficiency.

Fig. 5b shows the calculated value of 1 as a function
of Ry o, for different values of Qy,. n can be seen to vary
significantly with Ry ¢,9. A maximum efficiency npax was
found for Ry aq & 2 x 10° ohms. The value of 9,y at this
Ry a4 1s dependent on Q. For O, = 100, np.x was less
than 90%; however, for Qnech = 1000, nmax Was ~98%.
However, for a bulk Terfenol-D material operated of a

= Vew | g, Kont o)

R; L;

(a)

300 ‘
fo =21.2kHz
250 L=70mm, nm=0.61

200
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Figure 4 Simplified equivalent circuit and voltage gain calculated using Equation 3.1.13. (a) Equivalent circuit, and (b) calculated voltage gain.
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Figure 5 Simplified equivalent circuit illustrating magnetoelectric effi-
ciency, and magnetoelectric efficiency calculated using equation 3.1.15.
(a) Equivalent circuit, and (b) calculated efficiency. (Eddy current ef-
fects and electric loss in stored energy elements, L°, C; and C,
are neglected). In Fig.5a, R/poad Cr =

Load .
[14+Q2wCo RLoad)*1om /9p)?

[14+Q0CoR100)] ¢m |2
SCO R (o )7 (2C0).

high frequency of >20 kHz, the eddy current losses will
be serious, resulting in that the effective magnetoelectric
efficiency far lower than the theoretical value. To over-
come the eddy current losses, a thin multi-layer design
is necessary for high-power magnetoelectric transformer
applications.

4. Experiments

We designed and fabricated one long-type of Terfenol-
D/PZT magneto-electric laminates with dimensions of
70 mm in length, 10 mm in width, and 6 mm in thick-
ness. The Terfenol-D layers were grain-oriented in the
length direction, and the PZT layer (PZT-8) was polar-
ized in length direction too. The PZT plate was laminated
between two Terfenol-D plates and insulated with thin
glass layers using an epoxy resin, and cured at 80°C for
3—4 h under load. The induced voltages across the two
electrodes of PZT layer under a drive by coils around
the laminate were then measured using an oscilloscope.
Fig. 6 shows the measured voltage gain, the ratio of in-
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Figure 6 Measured magneto-electric voltage gain effect under resonance
drive.

duced voltage V to inputted voltage Vi, to coils, of our
ME transformer as a function of the drive frequency f.
A maximum voltage gain of ~260 was found at a reso-
nance frequency of 21.3 kHz. In addition, at the resonance
state, the maximum voltage gain of the ME transformer
was strongly dependent on an applied dc magnetic bias
Hgc. For Hy.~300 Oe, our prototype exhibited a maxi-
mum voltage gain of ~300, which is quite close to the
predicted value using (3.1.14).

Compared with conventional electromagnetic trans-
formers, our ME transformer (i) does not require sec-
ondary coils with a high-turns ratio in order to obtain a
step-up voltage output; and (ii) it has significantly higher
voltage gains and a notably wider frequency bandwidth
due to low O, of Terfenol-D materials. For example, the
voltage gain and frequency bandwidth for a typical piezo-
electric transformer are only 10-100 and 0.1 kHz [36, 37],
which are far lower than the 300 and 1.5 kHz observed
for our ME transformer, respectively.

5. Summary

Effective magneotelectric couplings, output efficiencies
and voltage gains have been analyzed based on a ME
equivalent circuit method for laminate composites of
piezoelectric PZT and magnetostrictive Terfenol-D. The
analysis predicts: (i) there is an optimum geometric pa-
rameter g, Which maximizes kmag-clec (€ff); (ii) a high
voltage gain occurs under resonance drive, exceeding val-
ues of 280 for Oech = 1400; (iii) a maximum efficiency
occurs when the external load equals the impedance of
the static capacitance, yax~98% for Qpecn = 1000 for a
multi-thin-layer design; and (iv) higher values of Qpecp in
piezoelectric material result in higher voltage gains and
maximum efficiencies. Our experimental results confirm
that the ME laminate has a strong voltage gain effect.
This is an important finding, as there are many potential
applications for high-power solid-state ME transformers.
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