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Abstract

In the work the structural model and the structural scheme of a piezoengine are calculated
for aeronautics and aerospace. The matrix equation of a piezoactuator is determined. The
mechanical characteristic and the parameters of the PZT piezoactuator are obtained in
control systems for aeronautics and aerospace. A piezoengine is used for nanoalignment and
nanopositioning, compensation of temperature and gravitational deformations in acronautics
and aerospace, nanoresearh for tunel microscopy, adaptive optics, astronomy for compound
telescope and satellite telescope. The linear change in the size of a piezoengine occurs by the
electric field changes. A piezoengine is a piezomechanical device for converting electrical
energy into mechanical energy and for actuating mechanisms, systems or its controlling
by using inverse piezoeeffect. Piezoceramics include barium titanate or ferroelectric
ceramics, based on lead zirconate titanate type PZT, are widely used for the production
of piezoengines. The PZT piezoengine is characterized by high accuracy, small overall
dimensions, simple design and control, reliability and cost effectiveness. The structural
general model, the scheme and the functions a piezoengine are obtained for aeronautics
and aerospace. Method of applied mathematical physics is applied for determinations the
characteristics of a piezoengine with using the piezoelasticity equation and the differential
equation. The static and dynamic characteristics of the PZT piezoengine are determined.

Keywords: piezoengine, structural model and scheme

Volume 8 Issue 4 - 2024

SM Afonin

National Research University of Electronic Technology, MIET,
Russia

Correspondence: SM Afonin, National Research University of
Electronic Technology, MIET, Moscow, Russia, Tel +74997314441,
Email learner0 | @mail.ru

Received: December 06,2024 | Published: December 18,
2024

‘ ") CrossMark

Introduction

A piezoengine is used for aeronautics and aerospace.'' This
piezoengine is applied in adaptive optics system for compound
telescope and satellite telescope, astrophysics, deformable mirrors,
interferometers, damping vibration, scanning microscopy.'** The
structural model and scheme of a piezoengine are constructed.

Method

Model and scheme

Its transverse solution is written
E(x,5)= {El (s)sh[(h - x);/] +32, (s)sh(xy)}/sh(hy)

here Z,(s), E,(s) are the transforms its end displacements.

The system equations of the boundary conditions for the transverse

For the structural model a piezoengine is used method of
mathematical physics with the solution the piezoelasticity equationfor
reverse piezoeffect and differential equation at the voltage control.®#!

S,=d,E

mi—m

+SET,
and at current the control

Si :gmiDm+SijDTj

here S;, E, . dyis T; s Aoy 8 s sijE. are the relative displacement,

mi >
the electric field strength, the electric induction, the mechanical field
strength, its modules, the elastic compliance, the indexes i, j, m. The
ordinary differential equation a piezoengine **! has form

d*= X,s
%)— }/zE(x,s) =0
dx
here E(x,s) , x, s, y are the transform of the displacement, its
coordinate and parameter, the propagation coefficient and the general

length :{ 1,0,ban engine. For the transverse engine forx=0,

2(0,5)=E,(s) and x=/h, B(h,s)=5,(s).

piezoengine is determined

1 dE(x,s) dy
T7(0,s)=———4 -—-—F
1( S) Sﬁ dx -, Sﬁ 3(S)
1 d2(x,s) dy,
T(h,s)=———* —-—F
1( s) Sl};; dx - Slﬁ 3(5)

From the reverse piezoeffect of a piezoengine at the voltage control
the Laplace transform of the force causes displacement is determined
_dySoE, (s)

F(s) o
:

here S, is cross sectional area.

The transform of the force causes displacement for the transverse
piezoengine at the voltage control is written

F(s) _ dBISOfS (S)
51

Then the reverse coefficient at the voltage control with

U(s)=E, (s)5 isdetermined in the form
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— F(S) — dmiSO

"TU(s) a8t

The transverse reverse coefficient at the voltage control is obtained

_ F(s) _ 438
"TU(s) osk
Its transverse model is determined
-1
—Fl(s)+(zfl)

=, (5)= (1) [d )-[rfsn(a)] }
x[ch hy)E (s)-E, (s)]

-1

_F2(5)+(ZIE1)
22 (9) = (M) [dyyBy(s)-[/sh ()]

XL[ch (hy)2,(s)-& (s)ﬂ
=5t /S,

For the longitudinal piezoengine its longitudinal solution of the
differential equation is written

=(x s):{El (s)sh[(é‘ y]+_2 sh(x;/)}/sh(é'y)
The system of the boundary conditions for the longitudinal
piezoengine is obtained

1 dE(x,s) ds;
.,(0,5)=——)  _Ssp
3( S) S3E3 dx -, S3E3 3(3)
1 dE(x,s) ds;
.,(8,5)=——  _I3p
3( s) s3E3 dx s s3E3 S(S)

The transform of the force causes displacement for the longitudinal
piezo engine at the voltage control is written
dy3SyE; (s)
F(s)= E
$33

The longitudinal reverse coefficient at the voltage control is
obtained

_ F(s) _ 43S,
" U(s)  Osi
Its longitudinal structural model is determined
-1
~F(s)+(x5)

=,(5) = (45°) {dSsE ~[7/sh(er)] 1
[ch )2, (s)-E, (s)]

-1

. —Fz(s)+(;(3E3)
Ez(S)z(Mzsz) X[ dy;E5(s [;//sh ]
[ch 87)E, (s )fEl(s)]_

E E
X33 2333/50

From the differential equation of for the shift piezoengine its shift
solution is written

E(x,s)= { sh[b X 7]+

sh(x}f)}/sh(b}/)
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The system of the boundary conditions for the shift piezoengine is
obtained

1 dE(x,s) dlS
7,(0,5) = ———) E
5( S) sSE5 dx -0 s55 1()
1 d=(x,s d
)= S g
55 b 555

The transform of the force causes displacement for the shift piezo
engine at the voltage control is written

F(S) — dlSSOf3 (S)
Ss5
The shif reverse coefficient at the voltage control is obtained
_F(s) _
TUGs)

dl SSO

E
OS5

Its structural shift model is determined

} F(s)+(25)
EI(S):(MISZ) x[dlsE [7/5}1 ] }
x[ch by zl(s)—:2 (s)]

L ~Fy(s )"'(Zss)
=)= (1) Jrsso-bhmo |
x[eh(b7)25(5)=E1(s)]

E E
Xss :Sss/So

The equation of inverse piezo effect **' is written in the general
form

S, = V‘P+ST

mi m

here V¥,
control.

=E,, D, is control parameter at the voltage or current

At x=0 and x=/ for Z:{ 6, h,b the system of the boundary

conditions for a piezoengine is obtained

1 d=(x,s)
T- 0, — __mi
H00) = = )
1 d=(x,s) v
T,(Ls)=— Y,
=T = )

The transform of the force causes displacement has the general
form

The general structural model and scheme are obtained on Figure 1

| (s)+(xz-7-’ )

VmILPm

-1

)-[7/sh(17)]
x[ch Iy)E, (s )—zz(s)]
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7 =5y [

here

{d333d31>d15 {ES’ES’EI
Vi = > v, =
833-831-815 Dy, D, Dy

Sij D D D’

E E E
g _ [ 533>5115555
53358115855

:{7E’}/D Y :{ CE,CD

The general structural model and scheme of a piezoengine on
Figure 1 are used to calculate systems in aeronautics and aerospace.
The displacement matrix is written

15 B :
_1.05) 50 56 =6
1 - 1 1 1
O o M, ™ =M =IT™

¥
5 sh( )
=
#,()
d=
o
sh( &) chity)
T LT
ST S0 a vl e e B e
~1,0.5) | ENSIR-ROWENG)
()
Figure | General scheme engine
- ¥, (s)
RGO
2,(s) £ (s)
Wll(s) le(s) W13(S)J
w =
) [Wzm als) s(5)
here its functions
/ll” Vi |:M2/'{1S +}/th(1}//2):|/Alj

Ay :MIMZ(;(;/)Z st +{(M] +M2);(;'/[c\yth(l}/)} }33 +
+[(M, +M2);(;'a/th(ly)+l/(cw)2}s2+2as/cqj+a2
Wy (5) =25 (5)/ ¥ () = vy [Myz) s+ yth(1y/2)] /A_

=_ZI;.P [MZZ;‘SZ +7/th(l;/):|/Aij
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W13(S):El(s)/F2(S):
=Wy (s)=E,(s)/A (S):[Zf;yy/Sh(l?’)J/A

$)/Fy(s)=

i
—)(;/ [Mlz;sz + 7/th(17)J/Aij

The settled longitudinal displacements at the voltage control are
used

& =d33UM2/(M1 +M2)

&y =dysUM, [ (M, + M)

To the PZT piezoengine dy; =4-10"m/V, U =50V, M, =0.5
kg, M, =2 kg we have displacements & +&, =20 nm, & =16 nm,
&, =4 nm with 10% error.

For the voltage control the equation of the direct piezo effect is
written® !

- dmlT + gmkE
here i, m, k are the indexes, &, is the permittivity. The direct
coefficient &, for the engine at the voltage control is founded

_ dwiSy
SsE

g

ky =

At the voltage control the transform of the voltage for the feedback
on Figure 2 is obtained

chif)

shifv)

) Fuls) &l

T
sh(ky)

Figure 2 Scheme engine with two feedbacks.

d
Ud (S) ml

here the number 7 of the ends engine.

Let us consider the elastic compliance of a piezoengine. At voltage
control its maximum parameters are written

m mz/st/

EydSy]s;

At current control the maximum force is founded

/ max
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Fmax:gdn1iig+Fmax miSc Tl 1 miig
s "MsEos, gl S )55 ™ sk

) g

here S., C, are the sectional area of the capacitor, its capacitance.

Then at current control the parameters are written
E d

—__—mZmi_

(1 )sE

E_T
kmi = dmi/ Sij Emkc
here k,,; is the coefficient of electromechanical coupling.
At current control of the parameters are founded

T

J max

=E,d,;/sg.s] =(1—kn)s;

m“mi ij 20

. . . . E D
The elastic compliance s; is written s; >s; >s; , here

sijE./siJ[.) <12. ThenC; = SO/(S;EZ) is the stiffness of the engine at

voltage control, le =35, / (sijp l) is the stiffness at current control,

E D
Cl.j <C i< C:

i Cy= SO/(sl-jl) is a general stiffness of an engine.

The mechanical characteristic of a piezoengine **!

Si (Tj )| WY =const

The adjustment characteristic

S (¥ )| rmcons= V¥ + 5 T,

T=const ™

_ v
- Vmilljml‘{‘:const + Sif TJ

| T=const

Then the mechanical characteristic is written

Al = Almax (1 - F/F;nax )

Alma\x = Vm[lljml > Fmax = Tj SO = Vmi\PmSO/s;l

max

here Al F

max > Fmax are the maximum of the displacement and the

force. The transverse mechanical characteristic is founded

Al = Ny (1= [ Fy)

Al = ds Esh , Fppy = d31E3SO/51El

To the PZT piezoengine dy; =2:10"°m/V, E; =0.25:10° V/m, h
=2.5-107m, S, =1.5-10° m?, lel =15-10""> m*N the parameters are
determined Ak, =125nmand F, =5 N with 10% error..

The relative displacement at elastic load

s;?Ce
LA, F=C,Al
So

Al
= Vi \Pm -
/
The adjustment characteristic
_ vdY,
1+¢,/c

The general elastic compliance

. E
8 —kssij ,

(1-Fp ) <k <1

The scheme on Figure 3 we have at the voltage control the
piezoengine with first fixed end and elastic-inertial load.
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—
RCys+1 i

Figure 3 Scheme engine with one feedback.

The function at the voltage control with fixed first end and elastic-
inertial load on second end for Figure 3 has the form

W(s)=E, (s)/U(s) = kr/(a3P3 +ap’ap+ ao)
ay=RC\M, , a, =M, +RCyk,

a; =k, + RC,C;+RC\C +Rk,k; , ay=C +C;
The function with R = 0 is obtained

W(S):E(S) ks,

U(s) T7s?+2T&s+1

Ky =dy, (h/8)1(1+C,/Ch)

7;=\[M2/(CZ+C1E1)= o, =1/T,

To the PZT piezoengine M, =4 kg, C, =0.1-10’ N/m, C}; =

1.5-107 N/m the parameters are founded 7, =0.5-107s, ®, = 2-10°
s with 10% error.

To dy; =2:10°m/V, h/& =22, C,/C] =0.1 the coefficient is
determined k3U] =4 nm/V with 10% error.

Discussion

A piezoengine is used for aeronautics and aerospace in system
of adaptive optics for compound telescope and satellite telescope,
deformable mirrors, interferometers, damping vibration, astrophysics
for displacements of mirrors and scanning microscopy. The structural
model and scheme of a piezoengine are constructed by applied method
mathematical physics. For a piezoengine its displacement matrix is
obtained. The schemes with the feedbacks at the voltage control are
determined.

The structural model and scheme of a piezoengine for aeronautics
and aerospace are obtained taking into account equation of piezoeffects
and decision wave equation. We have the general structural model
and scheme of a piezoengine for the longitudinal, transverse and
shift deformations. The structural scheme of the piezoactuator for
longitudinal, transverse, shift piezoelectric effects at voltage control
converts to the general structural scheme of the piezoactuator for
aeronautics and aerospace with the replacement of the following
parameters:

VY, =E. BB, v, =dy.dy.ds

m

Y _E E E
Sy =5833,811,855, [ =0, h,b.
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It is possible to construct the general structural model and scheme,
the transfer functions in matrix form of the piezoengine, using the
solutions of the wave equation of the piezoactuator and taking into
account the features of the deformations actuator along the coordinate
axes. The general structural model and scheme of the piezoengine after
algebraic transformations are produced the transfer functions of the
piezoengine. The piezoengine with the transverse piezoeffect compared
to the piezoengine for the longitudinal piezoeffect provides greater
range its displacement and less force.

Conclusion

The general structural model model and the scheme of a
piezoengine are obtained. The systems of equations are determined
for the structural models of the piezoengines for aeronautics and
aerospace. Using the obtained solutions of the wave equation
and taking into account the features of the deformations along the
coordinate axes, it is possible to construct the general structural model
and scheme of a piezoengine for systems of adaptive optics and to
describe its dynamic and static properties. The transfer functions in
matrix form are described the deformations of the piezoengines during
its operation as a part of systems of adaptive optics.

The general structural scheme and the transfer functions of a
piezoengine for aeronautics and aerospace are obtained from the
structural model of a piezoengine for the transverse, longitudinal,
shift piezoelectric effects. The displacement matrix is founded. The
parameters of the piezoengine at the voltage control are determined for
aeronautics and aerospace. The static and dynamic characteristics of
the PZT piezoengine are obtained.
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