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ABSTRACT

For the communications systems the parametric block diagram of the multilayer electromagnetoelastic
actuator micro and nanodisplacement or the multilayer piezoactuator is determined in contrast to Cady
and Mason'’s electrical equivalent circuits for the calculation of the piezoelectric transmitter and receiver,
the vibration piezomotor. The decision matrix equation of the multilayer electromagnetoelastic actuator
is used. The parametric block diagram of multilayer electromagnetoelastic actuator is obtained with the
mechanical parameters the displacement and the force. The transfer functions of the multilayer
electroelastic actuator are determined. The the generalized parametric block diagram, the generalized
matrix equation for the multilayer electromagnetoelastic actuator micro and nanodisplacement are
obtained. The deformations of the multilayer electroelastic actuator for the nanotechnology are described
by the matrix equation. Block diagram and structural-parametric model of multilayer
electromagnetoelastic actuator micro and nanodisplacement of the communications systems are
obtained, its transfer functions are bult. Effects of geometric and physical parameters of multilayer
electromagnetoelastic actuators and external load on its dynamic characteristics are determined. For
calculations the communications systems with the multilayer piezoactuator for micro and
nanodisplacement the parametric block diagram and the transfer functions of the multilayer
piezoactuator are obtained.

Keywords: Multilayer electromagnetoelastic actuator; Parametric block diagram; Matrix transfer
function; Multilayer piezoactuator.

1 Introduction

The multilayer electromagnetoelastic actuator is used for precise alignment in the range of movement
from nanometers to tens of micrometers in nanotechnology, adaptive optics, communications systems.
In the work the block diagram of multilayer electromagnetoelastic actuator for micro and
nanodisplacement on the piezoelectric, piezomagnetic, electrostriction, magnetostriction effects, for
example, the block diagram of the multilayer piezoactuator is determined in contrast to Cady and Mason's
electrical equivalent circuits for the calculation of the piezotransmitter and piezoreceiver, the vibration
piezomotor [1 — 11]. The block diagram of multilayer electromagnetoelastic actuator is obtained with the

mechanical parameters the displacement and the force. Piezoactuator is piezomechanical device intended
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for actuation of mechanisms, systems or management based on the piezoeffect, converts the electrical
signals into the mechanical movement or the force [11 - 15].

The investigation of the static and dynamic characteristics of the multilayer piezoactuator is necessary for
the calculation mechatronics systems of the micro and nanometric movements for the communications
systems. The multilayer piezoactuators are used in the micro and nanomanipulators for scanning
tunneling microscopes and atomic force microscopes [7 - 23].

By decision matrix equation of the multilayer electromagnetoelastic actuator with allowance for the
corresponding equation of the electromagnetoelasticity, the boundary conditions on loaded working
surfaces of the multilayer electromagnetoelastic actuators, and the strains along the coordinate axes, it is
possible to construct a structural parametric model of the multilayer electromagnetoelastic actuator [8,
9, 16]. The transfer functions and the parametric block diagrams of the multilayer electromagnetoelastic
actuators are obtained from the set of equations describing the corresponding structural parametric
model of the multilayer actuator for the communications systems. The solution of the matrix equation of
the multilayer electromagnetoelastic actuator with the Laplace transform are used for the construction
the parametric block diagram of the electromagnetoelastic actuator. As the result of the joint solution of
the matrix equation of the multilayer actuator with the Laplace transform, the equation of the
electromagnetoelasticity, the boundary conditions on the two loaded working surfaces of the multilayer
actuator, we obtain the corresponding structural-parametric model and the parametric block diagram of
the multilayer electromagnetoelastic actuator.

2 Block diagram of multilayer electromagnetoelastic actuator

For the communications systems the parametric block diagram and the matrix transfer functions of the
multilayer electromagnetoelastic actuator are obtained from the structural-parametric model of the
multilayer actuator with the mechanical parameters the displacement and the force. The parametric block
diagrams of the voltage or current-controlled multilayer piezoactuator are determined using the equation
of the inverse piezoeffect in the form [8, 11]:

for the voltage control

S, =d,E,, + 55T, (1)

i
for the current control
Si =0mDy + SinDTj (2)

where theindexesi=1,2,...,6,j=1,2,..,6,m=1,2,3,with 1, 2, 3 are mutually perpendicular coordinate
axes, S; is relative deformation with index /, d; is the piezoelectric module, E is electric field strength

and D, is the electric induction along the axis m, g, is the piezoelectric constant; s{, s are the elastic
compliances with E =const and D =const, T; is the mechanical stress with index j, therefore we obtain
¥ = E,D generalized control parameter in the form of the electric field strength or the electric induction
for the voltage or current-controlled of the multilayer piezoactuator.

The equation of the direct piezoeffect has the form [8, 11]
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D,=d.T +& E, (3)

where the indexesm=1,2,3,k=1, 2,3, ¢ is the dielectric constants for T = const .

Accordingly in general the equation of the electromagnetoelasticity of the multilayer
electromagnetoelastic actuator [11, 14, 16, 20] has the form

S =V ¥n(t)+5T,(x.t) (4)

where S; =dg(x,t)/ox is the relative displacement along axis i of the cross section of the actuator,
therefore we obtain W =E,D,H generalized control parameter in the form E_ for the voltage control,
D,, for the current control, H, for magnetic field strength control along axis m, T; is the mechanical
stress along axis j, v, is the coefficient of electromagnetoelasticity, for example, piezoelectric module or
magnetostriction coefficient, si}y is the elastic compliance with ¥ =const. The multilayer piezoactuator

on Figure 1 consist from the piezolayers or the piezoplates connected electrically in parallel and
mechanically in series.
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Figure 1. The multilayer piezoactuator a) for the longitudinal piezoeffect, b) for the transverse piezoeffect

For example, we consider the matrix equation for the Laplace transforms of the forces and of the
displacements [7] at the input and output ends of the k-th piezolayer of the multilayer piezoactuator from
n the layers. The equivalent T-shaped quadripole of the k-th piezolayer is shown on Figure 2.
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Figure 2. The quadripole for k-th piezolayer

The circuit of the multilayer piezoactuator on Fugure 3 is compiled from the equivalent T-shaped
qguadripole for the k-th piezolayer and the forces equations, acting on the faces the piezolayer. Therefore
on Fugure 2 and Fugure 3 we have the Laplace transforms of the corresponding forces on the input and

output faces of the k-th piezolayer of the multilayer piezoactuator in the form of the system of the
equations for the equivalent T-shaped quadripole

Finp (5)=—Z, +Z, )B4 (s)+ Z,5,,4(5)

- Fkout (S) = _ZZEK (S)+ (Zl + ZZ )Ek+1(s)

where Z, :—Soyth(Sy) z _ St

T L, = are the resistance of the equivalent quadripole of the k-th piezolayer,
Sj Sij Sh(SV)

& is the thickness on Figure 1a, y=—+a_ is the coefficient of wave propagation, F, (), Fi(s) are the
C n|

Laplace transform of the forces at the input and output ends of the k-th piezolayer, Z,(s), E,.,(s) are the
Laplace transforms of the displacements at input and output ends of the k-th piezolayer, s is the Laplace

operator, ¢’ is the speed of sound in the piezoceramics with ¥ = const, o is the attenuation coefficient,

s is the elastic compliance with W = const .
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Figure 3. The circuit of the multilayer piezoactuator with the quadripoles for k-th and (k+1)-th piezolayers

Accordingly we have for Figure 2 the Laplace transforms the following system of the equations for the k-
th piezolayer in the form

URL :http://dx.doi.org/10.14738/tnc.73.6564


http://dx.doi.org/10.14738/tnc.73.6564

Transactions on Networks and Communications; Volume 7, No. 3, June 2019

z 7,
~Fi (s)= [1+ Z—ijout (s)+ 21(2 + Z—ljnm(s)

2

Ee

and the matrix [M] in the form

m.m 1+i 21[2+£]
[M ]:{ 11 12:| _ z, Z ®)
my My i 1+£
Z, Z,

where m;, =m,, _14 4 ch(&y), m,=2, 24| Z,sh(sy), m,, _1. Sh(SY), Z, _Sor.
22 Zl 22 ZO S..

For the multilayer piezoactuator of the Laplace transform the displacement =, ,(s) and the force Fiou (s)

acting on the output face of the k-th layer on Figure 3 are corresponded to Laplace transforms of
displacement and force acting on the input face of the (k + 1)-th layer.

The force on the output face for the k-th piezolayer is equal in magnitude and opposite in direction to the
force on the input face for the (k + 1)-th piezolayer, hence

Fkout (S) = _Fk+1inp (S)

From equation (7) the matrix equation for n piezolayers of the multilayer piezoactuator has the form

e

E‘1 S Zna S
with the matrix of the multilayer piezoactuator

ch éné}y; Z,sh(ndy)

M = _SthSy ch(ndy)

0

Accordingly in general the matrix for the equivalent quadripole of the multilayer electromagnetoelastic
actuator has the form

chgly; Z,sh(ly)

M=) )

0
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Therefore we have from the equation (9) the equivalent quadripole of the multilayer piezoactuator on
Figure 1 for the longitudinal piezoeffect with length of the multilayer piezoactuator | =nd, for the
transverse piezoeffect with length | = nh, for the shift piezoeffect with length | =nb, where §,h,bare the

thickness, the height, the width for the k-th piezolayer.

Equations of the forces acting on the faces of the multilayer piezoactuator:

at x=0, T,(0,5)S, = Fy(s)+ M, p’E,(s)
(10)

at x=1, T,(1,5)S, = —F,(s)— M, pZ, (s)

where T, (0,5), T (1,s) are the Laplace transforms of mechanical stresses at the two ends of the multilayer

piezoactuator.

The Laplace transform of the displacement and the force for the first face of the multilayer piezoactuator
has the form

at x=0 and Z,(s), F.(s)

the Laplace transforms of the displacement and the forces for the the second face of the piezoactuator
has the following form

at x=1 and EZ(S)ZEml(S)I FZ(S)z I:nout (S)

Let us construct the structural-parametric model of the multilayer electromagnetoelastic actuator. From
equation (4) the Laplace transform of the force, which causes the deformation, has the form

F(s)= mSitale) (1)
i

Accordingly we have the equations for the structural-parametric model and the generalized block diagram

of the multilayer electromagnetoelastic actuator on Figure 4. The structural-parametric model is obtained

in result analysis of the equation of the force that causes deformation, of the system of the equations for

the equivalent quadripole of the multilayer electromagnetoelastic actuator, the equation of the forces on

its faces in the following form

(15)
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Figure 4. The generalized block diagram of the electromagnetoelastic actuator
The generalized block diagram of the electromagnetoelastic actuator is constructed using the generalized

structural-parametric model of the multilayer electromagnetoelastic actuator micro and
nanodisplacement for the communications systems.

3 Matrix transfer function of multilayer electromagnetoelastic actuator

The matrix transfer function of the multilayer electromagnetoelastic actuator determined from its
structural-parametric model (15) has the form

El(S) W11(5) le(s) Wla(s) le(S)
{Ez(s)}:{wm(s) W,,(s) Was(s) '222)) (16)

Therefore in general the matrix transfer function of the multilayer electromagnetoelastic actuator is
obtained in following form

EG)=WE)PE)] (17)

[a@)]{w] [vv@)]{WH‘S) Wi () W“(S)] P(s)- i?(%

W,, (S) W, (S) Was (S) F, (S
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where [Z(s)] is the column-matrix of the Laplace transforms of the displacements, [W(s)] is the matrix
transfer function, [P(s)] the column-matrix of the Laplace transforms of the control parameter and the

forces.

The generalized transfer functions of the electromagnetoelastic actuator are the ratio of the Laplace
transform of the displacement of the face and the Laplace transform of the corresponding control
parameter or the force at zero initial conditions

Wll(s) = E1(5)/\Ijm (5) = Vi [M inTSZ + yth(ly/Z)] /Aij

2t =57 /S,

A = |V|1|V|2(Xi\}/)zs4 + {(Ml + M2))(;1?/[C\yth(l“/)]}S3 +
+ [(M1 + M2))(i‘}’oc/th(ly)+1/(c”’)Z]s2 +2as/c? +a?

W21(S): B ( )/‘P [M1XiT52 +Yth(|Y/2)] /Aij
Wal5)- = ORE) =y M + /)]

Wy (s)=E,(s)/F ()
Ez(s) [Xu Y/Sh |Y]/

Wy (5)= 2, 6)/F6) =~y My /)]

From generalized structural-parametric model of the multilayer electromagnetoelastic actuator its
generalized block diagram and generalized matrix transfer function are determined to calculate the
characteristics of the multilayer electromagnetoelastic actuator micro and nanodisplacement for the
communications system.

For the approximation of the hyperbolic cotangent by two terms of the power series in the transfer
function of the multilayer piezoactuator (16) for the elastic-inertial load with one fixed face at M, — «,

m << M, and for the longitudinal piezoeffect with the voltage control of the multilayer piezoactuator its

block diagram on Figure 5 and expression of the transfer function are obtained in following form

EZ(S) _ dgsn
U(s) (i+c,/cE) (T2 + 2T s +1)

T, :Jl\Az/ice .CE ), g =al’CE [3cE,/|v|zice +CE i}

W(s)= (18)
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where Z,(s), U(s) are the Laplace transforms the displacement face of the multilayer piezoactuator and

the voltage, T, is the time constant and &, is the damping coefficient of the multilayer piezoactuator,

Cs = SO/(sfgl) is the is rigidity of the multilayer piezoactuator for the longitudinal piezoeffect for E = const

U6) 7 1 %,6)
’ 1+C,/CE | A +21E,5+1 ’

Figure 5. The block diagram of the voltage-controlled multilayer piezoactuator for the longitudinal
piezoeffect and elastic-inertial load

Let us construct from (18) the transient response of the multilayer piezoactuator for the longitudinal
piezoelectric effect with the voltage control. The expression for the transient response of the voltage-
controlled the multilayer piezoactuator for the longitudinal piezoeffect and elastic-inertial load is
determined in the form

UGt
Tt

&)= | L~ —
g

sin(ot +¢,)

g, :—1?_3(3;785 ;o =y1-E /Tt ;B :arctg(vl—éf /E«*tj
e 33

where g is the steady-state value of displacement of the multilayer piezoactuator and U is the

amplitude of the voltage.

For the voltage-controlled multilayer piezoactuator from the piezoceramics type of the lead zirconate
titanate PZT under the longitudinal piezoelectric effect for the elastic-inertial load with one fixed face at
M, -, m<<M,, the amplitude of the voltage U, =50V, d;; =410 m/V, n =10, M = 1kg, C, =
6-:10” N/m, C, = 0.4-10” N/m, values the steady-state value of displacement & _ = 200 nm and the time
constant T, =0.125-103 s are obtained.

4 Conclusion
The generalized parametric block diagram and the generalized structural-parametric model of the
multilayer electromagnetoelastic actuator micro and nanodisplacement are constructed with the
mechanical parameters the displacement and the force.

The parametric block diagrams of the multilayer piezoactuator for the transverse, longitudinal, shift
piezoelectric effects are determined. The matrix transfer function of the multilayer electromagnetoelastic
actuator is determined for the communications systems.

From the equation of the electromagnetoelasticity, the equation of the force that causes the deformation,
the system of the equations for the equivalent quadripole of the multilayer actuator, the equations of the

Copyright © Society for Science and Education, United Kingdom
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forces on its faces we obtain the structural-parametric model of the multilayer electromagnetoelastic
actuator micro and nanodisplacement.

The parametric structural schematic diagram and the transfer functions of the multilayer piezoactuator
are considered using the structural-parametric model of the piezoactuator for the communications
systems.
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