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Abstract

The influence of the excitation current on the resonant
frequency and its mathematical description makes
necessary fo introduce a non-linear impedance
characteristic of the piezoelectric resonator. This
influence was modeled by the non-linear electrical
equivalent circuit, in which the equivalent series
resistance and equivalent motional capacitance are taken
to be functions of the amplitude of the excitation current
by means of the relations derived in the work. The
equivalent circuit was analyzed by the method of
equivalent linearisation.

The relationships between the amplitudes of voltage
applied on the AT-cut resonator and the first current
harmonics  or  phases-frequency dependence of the
excited resonator respectively, are derived. Amplitude
jumps and dynamical temperature change phenomena
are discussed.

Keywords: non-linearities of the BAW quartz resonators,
amplitude-frequency effect.

1. Introduction

An accurate description of the different modes of motion
in AT- and doubly rotated SC- cuts has been of interest
for many years.

An analysis of non-linear resonance in contoured quartz
resonators was performed by Tiersten and Stevens [1). In
the last time, the attention is given to the different modes
of motion and their coupling, in the quartz strip
resonators, too [2].

The linear theory of piezoelectricity is a suitable tool for
describing the propagation of acoustic waves with small
amplitudes, without any elastic or strong electric field
prestressing. In general, the non-linear theory takes into
consideration the electroelastic equations containing
terms up to cubic in the small mechanical displacement
field, but no higher than linear in the electric variables

[1].

This type of nonlinearity and accurate determination of
its influence on the resonant frequency of the resonator
makes the main difficulty in the solution.

In this work, a new form of solution resulting from
nonlinear equivalent electrical circuit of the piezoelectric
resonator is given.

2. Non-linear electro-elastic equations

The non-linear theory takes into consideration the final
deformation 1, . Elastic stiffness of higher order can be

derived from the internal energy U relating to a unit
volume of the given substance by
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where n is the order of stiffness. As shown in [3], the
elastic coefficients of n-order, as well as higher order
coefficients characterising the dielectric, piezoelectric
and pyroelectric properties of crystals, can be derived
from various thermodynamic potentials. The electro-
optical, electrostriction and other coefficients can be
specified by the same method. The thermodynamic stress
tus, the thermodynamic electric displacement 2y and the
thermo-dynamic intensity of electric field £y can be
taken as the basis for the study of non-linear
electroelastic properties of piezoelectric substances, the
material co-ordinates a, are denoted by capital letters for
the study of material properties of piezoelectric
substances. The relationships between the thermo-
dynamic parameters Dy , Ey and D, E, (electric
displacement and intensity of the electric field), in a
space -coordinate x, are the following:
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where symbols ¢}y, and C,,...denote elastic

stiffness of the second and third order, symbols "'_:'_w
and €}7;-, denote linear and quadratic piezoelectric

stress-tensor components, symbol H:M_” denotes the

.o

electrostriction coefficients, and the symbols € ,;, and

€, denote the components of the tensor of linear
and quadratic permittivities. The non-linear piezoelectric

stresses €y, read
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The stress equations of motion and charge equation of
electroelastics for an electroelastic solid with small
piezoelectric coupling may be written in the form

Kmu. = p”;.;:” (7)
p}.,f. =0, (8)

where the symbols p”, i K s and Dy, respectively

denote the reference mass density, the mechanical
displacement, the Piola-Kirchhoff stress tensor, and the
electric displacement vector.

In the view of small piezoelectric coupling in quartz, we
have included nonlinear elastic terms only and kept the
electric and electroelastic terms linear. The substitution
with coordinate arrangement of Eqs. (3) and (4) into Eqgs.
(7) and (8) yields four differential equations in the four
dependent variables ﬁ.u and @, three of which are

nonlinear in the ﬁu and linear in @ and the fourth of
which is linear in both 1, and @ .

The steady-state solutions to the nonlinear forced
vibration problems are obtained by Tiersten [1].

The analysis is employed in the determination of the
frequency change caused by driving voltage, showing the
influence of quality factor, load resistance and harmonic
overtone, for the AT-cut quartz resonator.

A very interesting and valuable relation giving the
change Af.\- from the linear resonant frequency at

maximum current due to the nonlinearity is given by
relation (100) in the [1].
In the simplified pure elastic case, the description of
propagation of a finite amplitude wave in a non-linear
medium leads to the wave propagation equation with
effective non-linear elastic constants of the 3rd and 4th
orders. In the presented problem these non-linearities are
at the origin  of harmonic generation with its
consequences

- amplitude - frequency effect, and

- intermodulation.

3. Amplitude-frequency effect

To some extent, the resonant frequency of piezoelectric
resonators depends on the magnitude of excitation
current passing through the resonator. Considering the
results of [4], the following approximate relationship
for the relative change in the resonant frequency of AT-
cut and traped energy plan-convex resonator is used:
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is effective elastic stiffness,
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and 2a is the center resonator thickness,
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and fourth orders, respectively, measured under a
constant electric field, A is order of the harmonics,

€5 is the piezo-electric stress, ky; is the electro-
mechanical coupling coefficient, £,, is the permitivity
along the thickness axis of the plate, S, . is the reduced
surface of the electrode of traped energy AT-cut
resonator ,

@, is the angular resonant frequency, Fx is the voltage
applied to the resonator and /i is the excitation current.
In the Eqn. (9) . the first term in the square brackets is
usually negligible compared to the second term, and
Eqn. (9) acquires the form

A-—’_(:Blj . (11)
i
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The influence of the excitation current on the frequency
and its mathematical description makes necessary to
introduce a non-linear impedance characteristic of the
piezoelectric resonator (Nosek in [3]). This influence
was modeled by the non-linear equivalent circuit, with
non-linear capacitance, resistance and inductance in
general.

4. Non-linear electrical equvalent circuit

We research the dominant non-linear elements of
dynamical branch of electrical equivalent circuit.
We express the angular frequency

uf:mi(l+231’f+82!:), (13)

where @, is angular frequency in the linear case
(infinitly small amplitude of excitation), the term 31{:
can be neglected.

Ifo=0, = (r)(f:). the non-linear elements € and
depend on the current [, | too.

The Eqn. (9) is an analytical description of non-linear
dependence of frequency vs. voltage and current on the
resonator. In this case, a small electromechanical
coupling and dominant elastic stiffness including
stiffness of 3" and 4" order are supposed.

Its follows, that only C¢/, ), which depend on the elastic
stiffeness, and R([,) with a complicated origin of
dependence, are considered to be a dominant non-

linearity of the dynamical branch of the electrical
equivalent circuit:
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the dependence on current is
E (L) =(1+2BI)E . =ag+al;, (15)

where

]* is amplitude of the excitation current (in the serial
resonance),

Cy, is the dynamical linear capacitance (for infinitely
small amplitude of excitation).

The second considered, non-linear element is the non-
linear resistance R( /, ).

It is difficult to determine the R(/,) characteristic
analytically. In accordance with experimental results, we
can approximate the measured dependence R( [ & ) in the
area of 10 t0 2*10™ A by the function

N
y=by+b -x+b,-x*+..= ) bx" (16)
=0

with constant coefficients b;.b,.b,....b, .

If we suppose an absence of dumping coefficient of 3
order and a limite influence of the coefficient rggs of 4™
order, it follows that

R(I)=R,(0+PBI;)=b, +b,1; (17)

for b,=0.

It is obvious from comparaison of C(ly) with R(ly), that
the dominant influence of Cfly) is valid for the resonator
with high quality coefficient Q.

The dependence of parallel capacitance C, on the current
/i , in consequence of nonlinear permitivity coefficient
£,,5, and his slight influence on the elements of
dynamical branch, is negligible.

The non-linear equivalent electrical circuit valid for a
piezoelectric BAW resonator is shown in Fig. 1.

Ln  C(l) R(l)
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Fig. 1: Non-linear electrical equivalent circuit for
piezoelectric BAW resonator vibrating on the harmonics
overton h

5. Analyse of non-linear electrical equivalent circuit

The presented electrical equivalent circuit is a non-linear
circuit of the second order. If we are interested only in 1™
harmonics of current and voltage of this selective circuit,
we can utilize a method of equivalent linearisation.

This method consists in determining the average values
R,. C, of the resistance R(l,) and the capacitance Cily),
which fulfil the condition of equal voltage drops across
the non-linear elements for the first harmonics of the
excitation current.

Otherwise the non-linear electrical elements Rl and
C(l) are replaced by equivalent electrical elements R,(7;)
and C.(I;), which depend on the 1" harmonics of the
applied current or voltage amplitude. The behaviour of
the elements R, and C, is linear (with constant
parameter). After the replacement the non-linear circuit
is described by a linear equation.

The analyse is provided in 2 steps.

Firstly, we would like to set the equivalent parameters R,
and C, of the circuit, secondly, the solution of linear
equation of a non-linear electrical equivalent circuit is
shown.

Determination of equivalent resistance R(1,)
A current-voltage characteristic of non-linear resistance

is
U, (i) = R(i)-i, from which

= wal
R(i) = b, + byi’ = "’,” . (18)
= i
The voltage on the resistance
Uy (i) = byi + byi”. (19)

A harmonic current i =/ cOS®! creates a non-

harmonic voltage on the resistance

uy = 1\bycosot + b, I} cos’ ot =

3 1 Qo)
= (b, +szfﬂ)cosm: +Eb31,3 cos3mt

The first harmonics of the voltage on resistance is
expressed by the equation

3
Uy =b1 +=bI}

4 (21)

The equivalent resistance R ([,)valid for the first
harmonics of current and voltage is given by

U’ 3
R(l)="L=b+=b1] (22)
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with

by=R, , b =p-R&,

Determination of equivalent capacitance C,(1,)

An aproximative quadratic dependence of capacitance on
the current is

y ] 2
I'.(i)= m =a, +a,i (23)

The relation between the harmonic  current
i = I, cosmf and the non-linear inverse capacitance

i
11(!)=C—.(5

is given by the following equation

T.(1)=a, +a,l; cos’ ot . (24)
t
We express the immediate voltage u (1) = % .

It is known that the charge on the capacitance

L]
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L]

A non-harmonic voltage expressed by
u (1) = 0N (1) =

l, - 2 2
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After the arrangement and comparison of the parts of
harmonics, we obtain the relative for the first harmonics
of voltage U, :

u.(t)y |1 1 5
—‘i— =—'(2a, +a,I} +a,I] cos2ot) =
sinof 20 Z

U, sinot +U,, cosot +U,, sin2or +U,, cos2ot

sin@f
- - 1, a; .
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The equivalent capacitance is expressed by the function

ol ay
L. .(L)= 7 =a0+?[|' (28)
with
1
dy= 1—”' = a » 4y = 231—(.& -

In the second step of analysis, the electric equivalent
circuit including equivalent elements in the dynamic
branch, which determine a series resonant frequency, is
created.

Rs
A A 1
Iy U, Cs=—
Ies
Ln
Fig. 2 Non-linear electrical model of the dynamic

branch including the equivalent elements R, and C,

The linear equation including the complex values of the

first harmonics of tension U, is given by

S T
U=Z;-1 = {R, + j(oL, - A}] (29)

[}

where Z_ is a complex equivalent impedance.

The current amplitude for first harmonics is

(30)

Eqn. 30 makes possible to compute a set of parametric

0]
characteristics [, [—] with the parameter U,
)[F

The expression for the complex equivalent impedance
Z_ makes possible to determinate the phases-frequency

5

characteristics with the parameter £/, too :
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The computed dependencies of Eqn. 30 and 31 are given
in Fig. 3 and Fig, 4 respectively.
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Fig. 3 Dependence fl(u) mu] with the parameter U,
for a AT-cut resonator (), =27 25.10° [1/s], U=0.1 'V,

d,=0.0533 V, n=7, R,=165 Q, B=50000 A”, Ly=4 H,
B=0.572 A7)

fildeq]

0969 998

Fig. 4 Phases-frequency dependences of the excited
AT-cut resonator 5 MHz.

The measurements of the characteristics in Fig. 5 show,
that the jump effects of amplitude arise for continuous
frequency changes.

[
1,imA]

0.996 999 10

Fig. 5 A measured characteristic of the non-linear
equvalent circuit
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Fig. 6 A set of resonant characteristics L'[EJ with
| 0

the parameter U, with marked area of non-stability.
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It follows from the Fig. 5 that function [I[—-]
Wy

increases to the point 4, from which it goes with a jump

©
effect to the point A, for ratio—— .
W

. w ) - M
If we reduce the ratio ——, the function |/,| —
Wy oy

L]
increase to the point 4; (for —t ), from which it goes
(1]
with a jump to the point A; and for the following
L]
reducing of — it continuously decreases.
o

. wl’: (l}f . . .
In the interval o €\ ——,— |, the characteristic is
W, O,

ambiguous.
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-

A set of resonant characteristics 1(—} with the
wU

parameter U/, is shown in Fig. 6. It is obvious from this

figure, that the characteristics are ambiguous for certain
parameter U,

o o

- 1 : - ;

For > , the amplitude jumps appear in the area
o, O,

of non-stability.

6. Temperature influence on the resonant frequency

In this work, the resonant frequency change in the
consequence of level of excitation of resonators is
studied under the presumption, that the temperature
distribution in a resonator in homogeneous.

The resonators of crystal units with extreme frequency
precision are therefore placed in the thermostat with the
temperature @, where (3f, /00), o, =0 . The

resonator has a zero frequency temperature coefficient at




the temperature @, i.e. its resonant frequency remains
constant within a narrow band of temperatures around
=

Only for very small temperature changes it is possible to
assume, that the surface temperature ®, of the
resonator is very close to the temperature (:)m.

In the case of dynamical temperature changes, the heat is
propagated by connection wires and the temperature
space distribution in the resonator is non-homogeneous.
These dynamical changes are expressed by the dynamical
frequency/temperature coefficient @ with direct impact
to resonant frequency or the frequency fluctuations.

The complete and very known temperature dependence
of resonant frequency is modeled by the first three terms
of the following power series

, (32)

fb—fnn : () n -d@
= (B S ) e
. RAG=e) v

where

(n} _ l [ﬂ-"’]
a.fh = n! 2 6('9"

is the frequency/temperature coefficient of n-th order,
f, is the resonant frequency at the temperature © ,

,(33)

0=6,

[, is the resonant frequency at the temperature ® . in

narrow band which of the temperature dependence is
approximated, h is order of vibrations (harmonics
overton) and n is order of power series.

The value of the dynamical frequency/temperature
coefficient is in the order 107 Ks™ (for AT-cut quartz
resonator),

The thermodynamic behaviour may also be influenced by
the effects, which are possible to be explained by an
impact of heat sources inside the resonator.

These sources have the origin in the looses at elastic
vibrations, whose amplitude depends on excitation level.
The friction looses, i.e. sources of heat are the biggest in
the places with maximum of mechanical vibrations.

The heat diffusion arrise and the crystal reach a new heat
balance at non-homogeneous temperature distribution.
As a consequence to this effect, the temperature stress
coupled with the elastic waves propagation arrises. This
coupling is realised by means of non-linear elastic
coefficients of 3" order with direct impact to the
frequency changes.

The changes in the dimensions and material density are
desirable to be considered for theoretic analyse.

7. Measuring system and experimental results

The determination of coefficients of approximate
characteristics (Eqn. 14 and 17) is a very serious
question in our modeling method. For the AT-cut quartz
plan-konvex resonator (with the parameters: diameter
d=17mm, 2a=1,696mm, Ag electrode diameter d.=5mm,
curvature r=100mm),

the constant B=0,574A7 and P=5*10'A" were
experimentaly obtained. The linear parameters L,=4H,
R,=165Q, Q=0,8*10°, ®, =2m-5- 105",

In the 1993 the measuring system based on the standard
IEEE 488.1 Digital Interface for Programmable
Instrumentation (GPIB-General Purpose Interface Bus,
IMS 2, OEC 625, HPIB), which consists of autonomous
instruments for laboratory testing conditions was created.
The measuring system is controlled by a computer of
IBM-PC standard that functions as a control unit.
Besides the measuring process control, the control unit
ensures also the processing and presentation of measured
values.

BLUS IEEE 488 o PRINTER
» PC
PLOTTER
% LOY
DIGITAL
DISPLAY
GENERATOR
B

VECTOR
ANALYZER

Fig. 7 Laboratory measuring system




The following program products have been prepared:
MERENILPAS for the resonant frequency searching

GRAF.PAS for the graphical processing of measured
data

NAHRADA PAS for the computation of the equivalent
circuit parameters

NELIN.PAS for the non-linear resonator performance
modeling.

The program MERENLPAS is used for the resonant
frequency searching and measurement in the range from
300 kHz to 100 MHz. The range of the individual
measurement can be set up arbitrary. The frequency
searching is made by a step of 2 Hz and uses the
amplitude criterion. When the resonance is found, the
system is switched into the phase criterion, it searchers

[, (for zero immaginary part of Zb ) with a step of 0.1
Hz.

The measured data are stored in a file name.DAT and the
resonant frequencies, which were found, in a file
name.REZ. The last file can be printed out or displayed
on the screen as a column of the measured resonant
frequencies and values of voltages Vy or phase
differencies ¢ ,, at the resonance.

The program GRAF.PAS was prepared for the graphical
processing of measured data. Afier its loading the user
selects the file name and the data stored in the file
name.DAT are displayed. The program displays an
unlimited number of screens. In the basic scale the band
of 100 kHz is always displayed and screens can be
inspected by the keys PgUp and PgDw. If the
measurement is made in the band narrower than 100
kHz, then the width of this band is taken as the basic
scale. The program has a possibility to refine the basic
band up to the value of | kHz per screen. This means that
the displayed bandwidth can vary from 100 kHz to 1 kHz
per screen, therefore, a great variability of displayed
results can be achieved.

The program NAHRADA PAS computers the equivalent
circuit parameters at the resonant frequency that has been
found and with an aid of the defined mistunning by the
series capacitive reactance.

The program NELIN.PAS is used for the graphical
processing of the model for non-linear properties of the
AT-cut piezoelectric resonator depending on the
excitation level. The program is based on Eqn. (30) and
(31) and the parameter {/, ranges from 0.1 to 0.5 V. Up
to 7 curves can be displayed on the screen for different
resonator voltages U/, that are in the range of the
mathematical model validity. After the program loading
the user types the coefficients

a,=T,.L,.b, = R,.B.B,

the initial and final voltage and the number of curves in
the chart. The print of the actual screen (WYSIWYG) is
also possible.

The calculated values of the current as a function of the
angular frequency for a plane-convex AT resonator
operating at SMHz and vibrating of the fifth harmonics
are given in the Fig. 3. The solid line in Fig. 3 relates to
the extreme values of the current amplitude, giving the
resonant frequency vs. excitation current characteristics
of the resonator.

The measurement accuracy depends on the stability of
the generator frequency standard and on the method used
for the resonant frequency searching. The generator
stability is 1*10™ per day. If the generator of frequency
setup accuracy of 0.01 Hz in the measuring range is used,
and, the deviation of the phase measurement by the
vector analyser is 0.5°, we can expect the accuracy of the
resonant frequency f,, setup of an order of 107, This

accuracy in not influenced by the generator frequency
setting by the step of of 0.1 Hz. The time constant of 1
measurement was found to be 1 ms. The duration of the
measurement in the narrower 100 kHz band is 3 minutes.
The generator stability and the method accruracy are
satisfactory also for the investigation of non-linear
properties of AT resonators with a relatively frequency
change in the order of 107,

The Tesla Digital generator BM 597 and Vector analyzer
BM 3553 are used in this task.

Thanks to a Grant of Ministery of Education of the
Czech Republic, our Resonance Methods Laboratory
was equipped by HP 4195A Network / Spectrum
Analyzer and test temperature chamber Saunders 4220A
in this year. This equipment is a suitable tool i.e. for the
precious Impedance Measurements, when the HP
41951 A impedance test kit is used, including a device
impedance parameter between 100 kHz and 500 MHz.
With the equivalent circuit function of the HP 4195A,
parameters Ly, R;, C, and C, of the crystal resonators
equivalent circuit are calculated. The calculation is
performed using the measured impedance data. The
change of parameters L, R, C under the voltage applied
on a crystal is studied in this month.

8. Conclusion

A non-linear dependence of the resonant frequency of the
BAW piezoelectric resonator is modeled by the relative
single method based on the non-linear electric circuits
theory. The results are compared with the measured
values and are in a good agreement.

The measuring system for the resonant frequency
searching is an interesting task for the specialized
students’ training and a good tool for a laboratory work,
The system can be upgraded by both hardware and
software.




Now, the HP Network/Spectrum analyser with Test
temperature chamber is prepared for our study.

Acknowledgement

This work was supported by the Grant of Ministery of
Education of the Czech Republic (Code VS96006),
1996.

References

[1] H.F. Tiersten, D.S. Stevens, “An analysis of
nonlinear resonance in contoured-quartz crystal
resonators.”, J. Acoust. Soc. Am. Vol. 80, pp.
1122-1132, October 1986.

[2]1 1. Nosek, J. Zelenka, J., “Quartz Strip Resonators
as Temperature Sensors for Mechatronics. ™, in
Proc. of the 3rd International Conference
Mechatronics 96 and M2VIP96, Guimaraes,
Portugal, 18-20 September 1996, pp. 233-237

[3] 1. Zelenka, “Piezoelectric Resonators and their
Applications”, Prague: Academia, Amsterdam:
Elsevier Science Publishers, 1986. ch. 2.5, pp. 34-
37 and ch. 5.5.3, pp. 179-181.

[4] ). Nosek, “Some higher order effects in the
electromechanical systems based on volume and
surface acoustic waves®, 11" European Frequency
and Time Forum, Neuchatel, Switzerland, 4-5-6
March 1997. To be published in the Proceedings.

[5] HP 4195 A Network / Spectrum analyser,
Operation Manual




2nd European Workshop on Piezoelectric Materials, Montpellier, France, Sept.23-24,1997
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Abstract

The attention was focused to the three groups of problems during last three years.

In the framework of the study of the new construction of the transducers and sensors, the
new knowledge was obtained in the area of the SAW force, pressure and displacement
sensors working on the principle of the frequency change of SAW oscillator. The advantage of
the sensors are small dimensions, great stability and sensitivity and the linear dependence of
the change of the frequency on the measured quantity. A relative simple method of the design
of the sensor was prepared. The obtained compute results agree good with experimental data
in spite of the neglecting of the influence of the second order phenomena.

Some procedure and methods of measurement of the non-linear material constants of
piezoelectric crystals were improved and an attention was given also to the measurement of
the intermodulation products namely on quartz crystals. The influence of the electric field
intensity on the SAW propagation velocity was utilised by the design of the electric field
Sensor.

In the area of the study of the piezoelectric resonator vibration, the influence of the
dimensions and arrangement of electrodes on the parameters of the electrical equivalent
circuit of the quartz resonators vibrating in the thickness-shear mode was more precise
expressed. The influence of the tabs of electrodes and also the symmetry of electrodes on the
resonant frequency temperature dependence of he resonators structure realised on the langasit
plates was also studied.

The paper is also focused to the new experimental possibilities of investigation of basic
properties of crystals and smart materials. These possibilities are based on grant support of
Ministry of Education of Czech Republic to development of:

- laser interferometrie - two beam laser interferometer build in this year,
Oxford Instruments optical cryostat for the temperature range of
T=10 Kto330K and
- resonant methods - network/spectrum analyser HP 4195A,
temperature test systems Saunders for T =210 K to 400 K
in the second laboratory.

These methods are used for determination of elastic, dielectric and piezoelectric constants.

An example shows the investigation of the electric field influence on resonant frequency
of BAW resonators of AT- and BT- cuts, and phase velocity change of SAW for ST - cut
transducer due to the elastic modules of higher range.
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Extreme sensitive sensors using BAW and SAW
Jaroslav Nosek
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Summary

Properties of piezoelectric sensors of physical medium using bulk acoustic waves
(BAW) are given in the form of a short summary. The current state of the art is
presented.

Further on, the attention is devoted to a group of surface acoustic wave (SAW)
sensors. Basic relations concerning the characterization of medium effect on the
SAW propagation and the frequency of a resonator structure are discussed. The
arrangement of electric field sensor is presented.

Introduction

Electroelastic body of a defined shape exhibits a complicated spectrum of resonant
frequencies related to corresponding types of vibration and their harmonics. Very
detailed studies led to the description with the aid of state equations, some works
considered non-linear effects, too [1].

The goal of the most of application is to get a suitable resonant frequency of a high
stability, e.g. with minimum influence of temperature, force or electric field on the
resonant frequency.

However, the detailed study allows to define also the modification of the
piezoelectric resonator design that results in the measurable dependence of the
resonant frequency on a suitable acting quantity. Bulk acoustic wave (BAW)
resonator and, in the last time, surface acoustic wave (SAW) resonator becomes a
sensing element, and, if electrical circuits for signal processing are added. a sensor is
created.

Attention is devoted to the following piezoelectric sensors of
* physical

¢ chemical and
e biological




quantities utilizing the quartz resonators. The quartz choice as the resonator material
is justified by its properties. first of all by the stability of electro-elastic parameters
and by the well defined dependencies on acting fields.

In the rest of the paper selected sensors of physical or chemical quantities will be
considered.

1 Temperature Sensors

The temperature dependence of the resonant frequency of BAW quartz resonator is
influenced by the type of vibration, resonator shape and, especially. by cut
orientation. In case of very often used resonators of the YXlise15.00 cut with
thickness shear vibrations, known as AT resonators, the temperature dependence of
resonant frequency f, exhibits a parabolic shape with its inflex point at temperature
T in the range from 25° to 30° C.

As a result of the change of coupling between thickness shear vibration of given
order and other types of vibration of the limited dimensions plate, the shape of the
£.(T) dependence changes when the plate orientation is changed. The temperature

dependence of resonant frequency of piezoelectric resonator is usually modelied by
the first members of power series:

- f of L m
fito % oy adl
anr) fnr; m=1 I dr

with the following meaning of the used symbols:

f,  resonant frequency at temperature T

/f,, resonant frequency at temperature T,

{m) e s - .
T;™  m-th order temperature coefficient of resonant frequency f,

a dynamic temperature coefficient.

For electronic applications. predominantly the control piezoelectric crystal units
(PCU) of oscillators. usually cuts of small temperature dependence of resonant
frequency f, are searched, while for temperature sensors cuts of strong and
preferentially linear temperature dependence j,(T} are asked for. It follows from
equation (1) that the linear dependence can be achieved if the second and the third
order temperature coefficients, TI,".”:' and T, . are of zero values. Such condition is
valid for double rotated cut YXbl gag13= . noted as LC cut. of the temperature
coefficient 7;'-"“ =4.79x10°K"" and typical frequency change of 1000 Hz K.

Such a resonator is arranged similarly as PCUs of usual types. The more detailed

study. however. must consider the heat transmission into a resonator positioned in the
holder or the temperature tield distribution in the resonator.
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Figure 1: Typical temperature dependence of resonant frequency of Y-cut resonator

Our department has experience with LC resonators fixed in the KK-2/19 holder. The
resonator was used as the temperature sensor in temperature chamber for the
measurement of the temperature dependence of resonant frequency of 7 resonators.
The temperature was measured in the range from -65° C to +80° C with the accuracy
of 0.1° C. The resonator properties were examined with an aid of temperature
chamber in the range from -85° C to +100° C. also the accuracy of 0.1° C at the
department [2].

Professional equipment is for instance the HP 2802 system containing LC resonator
of thickness shear vibrations, sensitivity of 0.0001° C at the open gate for 10 s
duration and nominal accuracy of 0.04° C in the temperature range 0-200° C. The
price of the system is also insteresting: instrumental part of 9600 $ and the additional
sonde of 2600 § (from year 1995).

Rules of thumb for temperature sensors [6]:
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A
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2 Sensors of Mass Change

Thev are based on the fact that the mass added to electrodes of vibrating resonator
decreases its resonant frequency. The effect can be used in following fields:

e thin film monitoring
e study of electro-chemical micro-balanced states in liquids.

In the first case, is is possible to determine the thickness of vacuum deposited thin
film from the change of the resonant frequency.

By such a mean the thickness of vacuum deposited (107 torr, e.g. = 0.5x10™ mbar)
Al thin film was checked. From the frequency decrease from f, =4173 kHz to f,=
4152 kHz. the corresponding thickness of deposited aluminium film A = 0.84 um [3]
was found. Relative frequency change of

—jTj =0.6x10"/ 4 (4)

can be expected for AT quartz resonator of thickness shear vibrations at basic
harmonics at the frequency of 10 MHz.

The possibility of the detection of gas adsorbed at a thin layer on electrodes is a new
and especially studied problem. With respect to the fact that gas molecules. due to
their mass. contribute only little to the resonator electrode load. the frequency
changes are very smali and the requirements of frequency stability of electronic
control circuits are extreme.

The possibility of identification of micro-balanced state in liquids another is the
second interesting case. The frequency of vibrating system correlates with the
changes of mass on the boundary electrode - electrolyte in the arrangement with one
electrode in contact with a liquid medium. The explanation is that viscoelastic
properties of given medium affect the mechanical loss of vibrating resonator. The
frequency changes are not connected with the changes of vibrating mass only, but
also with other factors. Especially, the attention should be devoted to

s viscoelastic interaction of liquid and resonator surface
» roughness of resonator surface

¢ controlling electronic circuit

* surface tension

¢ chemical interaction of resonator surface with liquid.

In the use of the resonant frequency dependece on viscoelastic properties of liquid
medium we will be limited to the liquids of negligible chemical reaction with a
resonator surface.

Mechanical loss of quartz piezoelectric resonator can be presented with the aid of
electrical equivalent circuit. In its dynamic branch the series connected with electric
elements L, C, and R, correspond to inertia mass, elasticity and internal loss of
resonator, respectively. Parallel connected capacitor C, of the equivalent circuit




corresponds to the static capacitance of the capacitor consisting of electrodes and
dielectrics. The effect of viscoelastic liquid load can be included into the equivalent
circuit by the changes of inductance L, and resistance R, of series branch that
determine the resonant frequency.

Impedance of considered two-pole is dependent strongly on frequency. The
impedance reaches its minimum for the series resonant frequency £, and reaches the
value R if the condition

is valid. The parallel frequency f,is defined for impedance maximum. It is clear that
control electronic circuit must perform the requirement of good stability. low noise
and the possibility of wvalue R, determination under the condition of varying
impedance.

The theoretical dependence of frequency on the liquid density and viscosity and also
the theoretical dependence of R, on these variables can be found. Values Af and
AR, are measured. The dependence Af, =hAR, is linear [4] and makes possible to
evaluate different Newton liquids of varying viscosity and density. Their separation
of one from another is very good.

3 Electric Field Sensors

The electric field sensor is based on the idea that the effect of electric field on the
frequency can be described with an aid of non-linear piezoelectric modules
d yiuep [3]. Their definition supposes constant entropy.

The effect of strong static or slowly varying electric field on the frequency of
vibrating piezoelectric cut can be characterized by elastic displacement u. and the
electric field by components of its strenght €, = —®,, . In comparison with the

linear description it is clear that elastic module ¢/, ,, changes to the value Chs

and
the piezoelectric module e,,,, to e, . Since these modules are linear functions of
electric field. the amplitude of this change will be also a function of the field
amplitude. The order of the e, /€, ratio that determines module ¢,
for example, in the case of Bi;;GeOsy crystal the value of 107" mV™'.

Let's system of interdigital transducers for SAW generation arranged on the surface
of piezoelectric plate that contains two receiving transducers and ahsyslem of control
electrodes, as shown in Fig. 2. The change of elastic modules due to the electric field
affects the SAW velocity in the ratio

has.

AMCD
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In the above equation. the velocity v corresponds to linear case and considered elastic
module ¢,,,., while the velocity v’ corresponds to the changed SAW velocity due to
the electric field effect that changes elastic module ¢, 10 ¢}, -

When the elastic modules are obtained from piezoelectric modules, we get electric
field €, = —®, . It follows that by application of voltage at control electrodes the
electric field affects resonators’ frequencies. The difference of these frequencies is
the function of control voltage and can be very well evaluated numerically.

The frequency change of tens of Hz is due by control voltage of some volts.
Resonator frequency is 30 MHz.

Conclusion

The principle based on the utilization of the fact that change of some quantity results
in the change of piezoelectric resonator frequency is very effective for a lot of
applications. The digital signal is obtained directly and no A/D converter is
necessary. Another advantage is the high accuracy of measurement and high stability
of used elements and circuits. The sensing elements exhibit an advanced ratio of
power/price. The design and development costs are acceptable also. The reason is
that these effects are studied in connection with the main use of piezoelectric
resonators as elements of pronounced selective ability suitable for oscillators, filters.
delay lines etc.

Successful development of piezoelectric sensors market is confirmed by its turnover
in 1995 - 4 billions of USD.

0OSCy

IDT, IDTs

Ul

Figure 2: Principal arrangement of piezoelectric sensor of electric field with surface
acoustic wave
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Abstract

The nitrogen cryostat construction is described below. The cryostat is used for measuring
of ferroelectric and piezoelectric materials and devices properties in the temperature range
between 78 K and 300 K. Measured temperatures and measured variables of crystal are
archived for control and future evaluation. The temperature inside vacuum chamber is
regulated by feedback control of the power of an electrical heater that surrounds
measurement chamber and also by position of measurement chamber in the dewar-bottle.

1 Introduction

The behaviour of piezoelectric materials is usually defined for adiabatic or isotermic plot.
Experimental study of material properties of such materials and circuit properties of selective
elements are controlled in wide temperature area, in which we expect important change of physical
properties ( for example: phase transition ). Measurements are very important for technical
applications of the piezoelectric devices, based on the knowledge of

* complex dielectric response
e complex piezoelectric response
® circuit properties

with defined conditions ( temperature, control levels, wiring ) of experiment. The requirement to
guarantee defined temperatures between 78 K and 300 K with accuracy 0,1 K lead to designing and
constructing of the nitrogen cryostat.

2 Construction of the nitrogen cryostat

A relatively inexpensively and easily built cryostat for measuring crystals is described below. It
combines rapid cool-down, changes of temperature with a good temperature stability. The cryostat
can be used continuously between 78 and 300 K. The cryostat consists of several basic units:




reservoirs and a tube for coolant A , mechanics move of the vacuum chamber B , the vacuum
chamber with a measuring unit C . and control elements D . The basic construction structures of the

cryostat are given in Figure 1.

Figure 1: Basic units of the Cryostat

2.1 Reservoirs and Tube for Coolant

All the units are shown in Figure 2. The reservoir for measurement is the dewar-bottle 1 made of
glass. This bottle is isolated by polystyrene 2. Stainless steel tube 3 connects the dewar-bottle and the
nitrogen dewar-bottle 4. Air is pumped to the nitrogen dewar-bottle by the manual pump 5. Air
pressure pushes the liquid nitrogen 6 though stainless steel tube into the dewar-bottle. By this way the
contact of a person with the liquid nitrogen is prevented. Quantity of the liquid nitrogen in the dewar-
bottle is measured and saved for future evaluation. The total liquid capacity of nitrogen in the dewar-
bottle is 10 dm3.

—




Figure 2: Reservoirs and tube for coolant

2.2 Mechanics for Moving of the Vacuum Chamber

All units are given in Figure 3 . In the lifting platform 1 the hardware of the vacuum chamber 2 is
riveted. This platform is moving up and down between two interposer bars 3 which prevent variations
of the vacuum chamber hardware and the mechanical damage the dewar-bottle. The hardware of the
vacuum chamber is riveted by a sleeve 4 . Four steel twisted wires 5 fix the platform to a link chain 6 .
Moving of the platform up and down is done by the electric motor with a chain drive 7 . A mass of
platform and the vacuum chamber hardware is equilibrated by the steel weight 8 . Charge of the
electric motor is reduced in this way. Terminal positions of the platform are indicated by the bottom
and top terminal switches 9 . This prevents damages to the electric motor. The direction of feed and
the bracing of terminal switches are indicated by the light diodes on the control panel. We can direct
the move of the platform either manually or by PC.

6

Figure 3: Mechanics for moving of the vacuum chamber

A2 NDOYW

23 Vacuum Chamber with Measuring Units

All units are shown in Figure 4. All the hardware of vacuum chamber consist of upper chamber with
tube for connecting all measuring signals 1, that is not dipped into thermos bottle, and bottom
chamber 2, that is dipped into thermos bottle during measuring. Both chambers and their covers are
made of copper. There are vacuum BNC connectors 3 on the cover of the upper chamber 4. The
measured signals are drawn through BNC connectors. The upper cover and the upper chamber are
connected by the nut bold and they are tightened by the rubber gland 5. Teflon hanks with the line
wires are pressed into the tubes to connect measuring. The line wires are made of copper with the
teflon insulation. Two-wire valve 6 is connected to the upper chamber. This valve is connected to the
vacuum pump 7. The stainless steel tube 8 connects the upper chamber and the bottom chamber. All
measuring line wires are led through this tube. The bottom cover and the bottom chamber are
connected by the copper nut bold; they are tightened by the indium glad 9. Inside this bottom chamber
there is measuring chamber 10. The copper resistive wire with teflon beads 11 is wound around
measuring chamber ( resistive heating ). This wire adjusts the temperature inside the measuring




chamber by means of feedback control. The cover of measuring chamber and the measuring chamber
are connected by the copper nut bold.

All units of the measuring chamber are given in Figure 5. Inside the measuring chamber 1 there is
the crystal 2 and the measuring sensors. The measuring sensors and vacuum BNC connectors on the
gmcr-uppcr chamber are connected by the copper line wire with teflon insulation. The thermocouple
3 scans the temperature increase between resistive heating and surrounding of the crystal. The
platinum sensor Pt 100 4 scan temperature inside the measuring chamber.

1L L 3
rl1 5
8

Figure 4: Vacuum chamber with measuring units

Figure 5: Measuring chamber

2.4 Control Elements

The copper line wire with teflon insulation connects the thermocouple, the thermometers, and the tube
on upper chamber. The direction of feed platform is controlled by PC or manually. Manually feed is
superior to PC. The direction of feed and the bracing of terminal position of switches are indicated by
the light diodes on control panel. The control centre includes the voltage source for the electric
motor, the logic for the direction of feed, the processor board with output to PC ( RS 232) and the
control panel. The processor board directs all measuring and feedback control temperature inside
measuring chamber. All measuring values are written PC files for future evaluation and processing.




3 Properties of the Cryostat

Heating requires an DC power source of 9 V + 5 %, power consumption is 35 VA maximum. Gear of
move requires an DC power source of 9 V + 5 %, power consumption is 18 VA maximum. It was
checked by first experiment, that the technological resolution of the cryostat was right. We detected

following basic properties of the cryostat :

e minimum attained temperature 78 K

e minimum time for attained temperature 78 K 25 min

e maximum steepness of curve by the temperature drop 10 K / min

e minimum steepness of curve by the temperature drop 2 K /min

e average consumption the liquid nitrogen for the one measurement experiment 8 litters
¢ maximum number of specimens for the one measurement experiment 2

e maximum size of specimen ( measurement of only one specimen ) 30 x 30 x 50 mm

4  Option of the Measurement

We want to study the feroelectric and piezoelectric materials ( including relaxors ) intended for smart
sensors and actuators. We are interested in :
e  the complex dielectric response, it means dependencies
P(T), P(E), ds; (E), ko{T), tg 5(T), pi (T) for defined vibrations, where symbols indicate

P polarisation

E electric field

ds3 piezoelectric coefficient

K coefficient of the electromechanical coupling
tg & loss factor

P pyroelectric coefficient

T temperature,

e  the electromechanical deformation and the hysteresis S(E),
e  the complex piezoelectric response

ds:( V) for Ve bias,

dss(f), non-linearity of dss,

piezoelectric loss factor vs. frequency for E = cons.

5 Recommendation for Further

By building the nitrogen cryostat, we gained a lot of experience from the area of control temperature
from 78 K to 300 K with potentiality expansion to 360 K. Our solution is original in terms of
realisation the position loop of the automatic feedback control of temperature. The cryostat was built
with less expenses than common commercial devices and the replicas of the cryostat may be offered
to partner laboratories. The study of the material and circuit characteristics of piezoelectric devices
are being published on expert conferences.
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INTRODUCTION

EFTF Conference

The European Frequency and Time Forum (EFTF) is an
international conference dealing with the latest findings
and trends in science and industrial development in areas
such as:

- piezoelectric materials, resonators and sensars

- quanz crystal oscillators and filters

- surface acoustic wave devices (SAW)

- atomic frequency standards and clocks

- laser references

- receivers for standard frequency and time signals
including GPS and GLONASS

- frequency generating and timing systems

- synchronisation, acquisition and tracking equipments

- frequency synthesis and signal processing

for applications in fields such as
- metrology

- navigation and pesitioning

- telecommunications

- measurement instrumentation
- space

- basic science

EFTF Exhibition

An exhibition on the premises will be organized, during the
Conference, for the presentation of relevant products and
equipments. Detailed information can be obtained from the
Cenference Secretariat.

EFTF Tutorial

A tutorial will be coupled with the European Frequency and
Time Forum. It will be held the day before the opening of
the Forum:

Monday 3 March 1997 in Neuchatel/Switzerland
at Conference location
from 10 a.m. until 6 p.m.

The topic of the tutorial is Global Positioning System.
See separate programme

Workshop
A one-day Workshop, entitled “New Generation of Space
Clocks”, will be held the day after the closing of the Forum:

Friday 7 March 1997 in Neuchatel/Switzerland
at Conference location
from 8:30 a.m. until 4 p.m.
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ABSTRACT

The paper deals with proparties of piezoelectric
resonators and resonant mode sensors and
focused on non-linear effects, especially in elastic
domain. The effects of these nonlinearities in
electrical circuits are considered together with the
possibilities of using them in the sensors. The
effect of excitation and intermodulation in the
BAW aquartz resonators is described and
measured.Further, an attention is paid to the
change of velocity of SAW propagation on the
quartz delay line, caused by electric field. The
arrangement of new electric field sensor is
presented.The optimal orientation and dimensions
of X-length strip quartz resonator as a
temperature sensor are found.

Keywords: non-linearities of the EAW and SAW
quartz resonalors, some resulls

1. NON-LINEAR ELECTRO-ELASTIC
EQUATIONS

The linear theory of piezoelectricity is a suitable
tool for describing the propagation of acoustic
waves with small amplitudes. Also, the vibrating
solids must be subjected o any elastic
prestressing or strong electric field. The non-linear
theory 1{akes into consideration the final
deformation 7, . Elastic stiffness of higher order

can be derived from the internal energy U
relating to a unit volume of the given substance
by

g'u
Codl_pg = [W] Mz2 (1)

D,o=konst.

where n is the order of stiffness. As shown in
(Ref. 1), the elastic coefficients of n-order, as
well as higher order coefficients characterising
the dielectric, piezoelectric and pyroelectric
properties of crystals, can be derived from
various thermodynamic potentials. The electro-
optical, electrostriction and other coefficients can
be specified by the same method. The
thermodynamic stress t,, the thermodynamic
€electric displacement 2y, and the thermo-dynamic
intensity of electric field £, can be taken as the
basis for the study of non-linear electroelastic
properties of piezoeleclric substances, the

material co-ordinates ay are denoted by capital
letters for the study of malerial properties of
piezoelectric  substances. The relationships
between the thermodynamic parameters Dy , Ex
and D, E; (electric displacement and intensity of
the electric field), in a space -coordinate x; are the
following:

Jda, A%
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2oy Dr.:n Jday, & @

@N = J
where J is the functional determinant (Jacobean).

For an adiabatic process, the components 1} of
thermodynamic stress tensor can be expressed
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and compenents of electric displacement Dy
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where symbols ¢y, and C . scper denole
elastic stiffness of the second and third order,
symbols ej,; and ey, denote linear and
quadratic piezoelectric stress-tensor components,

symbol H,,, denotes the electrostriction
coefficients, and the symbols €} and

€hp denote the components of the fensor of



linear and quadratic permittivities. The non-linear
piezoelectric stresses €j, -, read

2.0
a 'FLM
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and non-linear piezoelectric strains

4o -9 i
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In the simplified pure elastic case, the description
of propagation of a finite amplitude wave in a non-
linear medium leads to the wave propagation
equation with effective non-linear elastic constants
of the 3rd and 4th orders. In the presented
problem these non-linearities are at the origin  of
harmonic generation with its consequences

- amplitude - frequency effect, and

- intermodulation.

2. AMPLITUDE-FREQUENCY EFFECT

To some extent, the resonant frequency of
piezoelectric  resonators depends on the
magnitude of excitation current  passing through
the resonator. Considering the results of (Ref. 2),
the following approximate relationship for the
relative change in the resonant frequency of AT
resonators (in shape of a the plate) is used:

il
2 (7)
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is effective elastic stiffness,

nl ks
k= ’“1 (8)
=k
and 2a is the resonator thickness,

¢k, ek, b, are elastic stiffness of the
second, third and fourth orders, respectively,
measured under a constant electric field, ¢, is the
piezo-electric stress, kg is the electromechanical
coupling coefficient, €,, the permitivity along the
thickness axis of the plate, 2b, 21 are the width and
length, respectively, of a fully plated resonator,

W, is the angular resonant frequency, Vi is the

voltage and Ik is the excitation current applied to
the resonator.

In Egn. (7) , the first term in the square brackets
is usually negligible compared to the second term,
and Egn. (7) acquires the form

Af 3
T = BI; ; (9)

where

i hin? 1 (10)

16 co 8el, wy(2b-21)°
The influence of the excitation current on the
frequency and its mathematical description makes
necessary to introduce a non-linear impedance
characteristic of the piezoelectric resonator
(Nosek in Ref 1). This influence was modelled
by the non-linear equivalent circuit, as shown in
Fig. 1.

Ln Cn R
ekt ] L—o
i}
Co

Fig. 1: Non-linear equivalent electrical circuit for
piezoelectric resonator

The equivalent series resistance Ry(l) and
dynamic capacitance Cy(l) are taken to be
functions of the amplitude of the excitation current;

R.(1)= R, (1+BI?) (11)

[

C(Hh=C,——— 12

WD =G e 5
Ry and C, are the equivalent series resistance
and dynamic capacitance relating to infinitely smali
amplitudes of excitation current, the magnitudes of
the constants } and B depend on vibration mode,
elastic and piezoelectric properties of the
resonator and the dimensions of the electrodes.
The constant B relating to AT resonator is
defined by Eqn.(10).
* We analysed the above equivalent circuit by the
method of equivalent linearisation. This method
consists of determining the average values R,
Chs of the resistance R,(l) and the capacitance
Cafl), which fulfil the condition of equal voltage
drops across the non-linear elements for first
harmonics of the excitation current. It follows from
this condition that




At
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where /; is the amplitude of the first harmonic of
the current flowing through the dynamic branch of
the equivaient circuits, i.e. through Ry, Cps and Ly
in series. The relationships between the
amplitudes of the voltage V;and the first current
harmonics /, read
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(15)
and is shown in Fig. 2.
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Fig. 2:.Computed dependence [(m /) with
parameter V; (AT resonator 5 MHz).

Calculated dependence of the phases - frequency
with parameter V, is given in Fig.3.

Fig. 3.Phases- frequency dependence of the
excited AT resonator 5 MHz.

3.INTERMODULATION OF PIEZOELECTRIC
RESONATORS
It two (or more) harmonic signal levels V; and V;
and frequencies ®, and w, positioned uniformly
with respect to resonant frequency w, act
simultaneously, the intermodulation signal of the
voltage V;,and angular frequency € = 2w, — o,
is created due to the cubic non-linearities. This

frequency £ will be located also within the
bandwidth, and, therefore wi[l not be filtered.

- n

D =

Ru
Vg=0

Fig. 4: Circuit with intermodulation current

The complex value of the intermodulation voltage
for the circuit in Fig. 4 can be derived from (Ref.
5). After a simple arrangement we get an

interesting relation for /, :
- el Vsl
fg=— Vo+jd A, 23 (16)
Q a Vg T A Ay QQJ (

where );“ is the resonator admittance at angular
frequency 2. The significance of symbols for

admittance ¥,, A, A,and AQ are shown in
(Ref. 5),

* It follows from Eqn. (16), that the intermodulation
current consist of a component dependent on the

admittance 1, and a component affected by

control signals of levels V,, V., and effective
elastic stiffness yin Ay, which include the linear
and non-linear elastic stiffness of 2nd, 3rd and 4th
order.

- The formulae given above makes the selection
of a suitable method for the measurement of the
intermodulation signal magnitude possible.

* A measuring set schematically showing Fig. 5
contains generators in the part IM. The used
generalors are crystal controlled oscillators of 10
MHz with mistuning of + 1 kHz and stability of the
order (107 +107)/ day.

* Mixing circuit SO is a key part of the control
signal block. It makes possible to increase the
insertion loss of channel A with respect to
generator approximately to 40 dB and the second
harmonic rejection increases to -- 85 dB. The

forward direction insertion loss is approximately 1
dB.

-



« The mixing network consists of the crystal
bandpass filters of central frequencies fa =
9 097.7 kHz and fz = 10.002,3 kHz symmetrical
with respect to the nominal frequency 10 MHz.

Insertion loss characteristic of realised mixing

circuit are in Fig. 6.
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Fig. 5 Measurements of IM products
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Fig. 6: Measured insertion loss characteristic of
mixing circuit.

Evaluation part consist of commercial set with
measuring transmitter, generator and measuring
receiver.

The measured values V, = -98 dB and
¢! = 76x10" Nm? (V, =4,5dB, Af =

thhh

+-1kHz, fy = 9.99535kHz, R, = 135 Q)
are valid for the AT-cut quartz resonator of 10
MHz.

4.PIEZOELECTRIC SUBSTRATE SUBJECTED
TO ELECTROSTATIC FIELD

The effect of a strong electroelastic field acting
simultaneously with a small varying field was
studied for the first time for GT - cut quartz
resonators at the TU Liberec in 1961. The
resulting effect was termed by Hruska as a
polarisation effect (Ref. 7 and other papers). In a
later work (Ref. 4).

+ The effect of a strong electrostatic or slowly
varying electric field acting on a piezoelectric cut
vibrating near its resonance was described with
ihe aid of a change of elastic modules. The elastic

modules ¢, change on the value of c;‘(.m, and

LAMCD

piezoelectric modules ¢, ,,, change on €, and,
are expressed by these relations

e
. —nE » NLMCD
Ciuen = € LMC {{] e ] (17)

C” Len
and
. | Hyarm
eNIM = ENLM [’ T E——“' O A , (18)
ENLM

The symbol ¢}, Was used for the components
of the second order linear elastic modules
measured at constant thermodynamic electric field
strength. The symbol ¢ is the potential related to

the electric field components by €, = —q)'N

and Hyau are components of the electrostriction
coefficient. Due to the fact that elastic modules
C,emp @nd piezoelectric modules ey, are linear
functions of the electric field £, the above
mentioned module will change by the activity of
the electric field, and the amplitude of the change
will be a linear function of the field.

Let us assume a thin piezoelectric plate with
orthogonal co-ordinate system as in Fig. 7.

|
[ : I

o= - = -, =

DTy 107 Xy

1
I
] b ]
1%
Fig.7: Control electrodes on piezoelectric plate

Two interdigital transducers IDTs and TDT are
on its surface, in the x; x; - plane. An important
part of the arrangement is that there is a pair of

electrodes A,, A/ deposited both on top and the

bottom plate surfaces between the interdigital
transducers. These electrodes create an electric
field in the plate volume. The field results in a
change of the elastic module in the plate between

electrodes A,, A] from the value ¢, to
Cpeun - Also due to the piezoelectric effect , the

length [ is changed by Al. The relative length
change can be given by the relation




—=dy,E; ' (19)

where d_,, are the components of tensor of
piezoelectric coefficients. As a consequence of

the SAW velocity change from the value « to «”

and the relative length change Al , the time T

for SAW transmission between transmitting and
receiving transducers is changed by

=T+ AT (20)

where T=1/v . The ratio of velocities v and v' is
a complicated function of linear and non-linear

elastic modules ¢;ycp. Crucp @nd piezoelectric
modules e,,,and €y, . Let us assume the
simplified equation
v JCiue
=== e (21)
e \ C.L.U("D
After substitution and arrangement, it is possible

to obtain the dependence of the transmission time
on electric field

-
3 F
T, .= dess < Crucp

P-r_l = dt'.-w = _]' RFDAB ¢.r_’ Ty l Lo ] (22)

where Rcpsg are the electrostriction coefficients.

Using the DC or slowly varying voltage u= ¢, it
makes the possibility to change the SAW time
transmission continuously. In principle, an A/D
converter of linear dependence of time delay on
control voltage with large  stability can be
realised

DT

:
|

%

- -

ul

I,
Fig. 8 An SAW sensor with two delay lines and
two mistuned oscillators

5. TEMPERATURE DEPENDENCE OF
RESONANT FREQUENCY

The behaviour of resonators submitted to
temperature variations described by means of
thermal expansion coefficients and temperature
coefficients of the elastic constants. The non-
linear elastic constants combined  with the
fundamental temperature derivatives coefficients
are necessary for describing  nonuniformly
heated resonators. In this case, the temperature
gradients induce thermal stresses and strains
which, in addition to thermal expansion and
temperature dependence of the fundamental
elastic constants, contribute to the frequency
shifts by non-linear elastic effects(Ref.3):

f_fu = }rfli\(r_;r;l)_!_rflu(?—-_n)! d

S0 {23}

SFO(T-T) +a L
di

TF . 7 Tf ¥ represent the 1st, 2nd and 3rd
order static temperature coefficients of frequency,
and @ the dynamic temperature coefficient. It
follows from a static case from the Egn. (23) that
the linear dependence, which is useful for a
temperature sensor, can be achieved if the 2nd
and 3rd order temperature coefficients and a
have been zero values. Such condition is valid for
double rotated cut YXbl 8°26'/13° noted as LC cut,
of the temperature coefficient
Tf"=4,79 x 10”° K" and typically frequency change
fo 1000 Hz K.

+ The progress in the analysis and in the design of
the strip resonators will enable a large reduction
of the resonator dimensions in the field of the
frequency - temperature sensitive quarz
resonators. The reduction of the strip resonator in
dimensions is accompanied by the elastic coupling
of the thickness-shear vibration with other modes.
+ Considering these effects, we investigate the
influence of the thickness - length flexure, width-
shear and width-length flexure modes of vibration.
The rotated Y-cut and LC-cut quarz strip
resonalors are selected as a suitable temperature
- sensitive sensors. The aim of the theoretical
consideration is to optimise the dimensions and
the orientations of the strip to determine the
parameters leading to the minimum impact of the
coupled modes, high temperature coefficient and
the smooth curve expressing the frequency-
temperature  characteristic  in  the given
temperature range.

The linear elastic equations for small vibrations
superimposed on  the thermal induced
deformation by steady state and uniform
temperature changes were used by the derivation




of the resonant frequency -temperature
characteristic of strip resonators (Ref.6). The
thermally biased homogenous strain was included
in the constitutive equations by means of the
thermal expansions coefficients and thermally
dependent elastic stiffness. The incremental one
dimensional equations of motion are solved for the
modes of vibration in the strip width. The
description of the vibrations of the strip was done
by including the fundamental thickness-shear
mode vibration and expanding the mechanical
displacement and electric potential in series of
trigonometric functions of the width co-ordinate.
The incremental equations of motion were solved
by neglecting the piezoelectric effect for the
traction-free ends of the strip. Considering the
equations for the displacement, many procedures
provide the linear homogenous equation in the
amplilude A,

(&) Ve~ Ay =0, min=1,2.3145 (24)

where gm, Is ¥, is an amplitude
ratio, r = 1,2,3,4. The nontrivial solution of Egn.
(24) is obtained, when the determinant of the
coefficient g, vanishes, i.e. when

gl =0 - (25)

The roots of the transcendental Eqn.(25) enable to
determine the normalised frequency €2 vs
dimensions ratio of the strip resonator read

=1
= m[i 5'—'-] (26)
2bY p

The frequency - temperature coefficients
7", 7, 7f ' can be found from the obtained
frequency - temperature dependence.

The experimental investigation showed, that
for frequency fy = 4.197 MHz the coefficients
are

Tt =58,914-10°K™",
1™ = 65,032-10°K 7,

T = 87.67-1072 K,

The optimal size of the frequency - temperature
sensor in the form of a small quartz strip
‘esonator was determined for one orientation of
‘he strip and the width/thickness ratio c/b = 3.1 .
=or the orientation YX/ss» the optimal I/b ratices
length/thickness) are 159, 19,5 and 20.9.
¥Xls 5+ -cut strip have the largest first order

emperature coefficient Tf'and k. The
soefficients of the 2nd and 3rd order are

TF Y =82.18 - 107 K% and
TP ——176 00105 K

6.CONCLUSION

The phenomena of the non-linear behaviour of
the quartz resonators is topical because the
influences of the non-linearites have a large
significance for the applications of resonators
both in the oscillators and in the sensors.

This behaviour is described rather by effective
constants with 2nd, 3rd and 4th order fundamental
constants The theoretical and experimental
evaluation of some fundamental constants of 3rd
and 4th order was realised (after more years)
mainly for quartz.
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ABSTRACT

The optimal size and orientation of the frequency-temperature sensor in the form
of a small quartz strip resonator is determine on the base of analysis of the
coupled thickness-shear, thickness-length flexure, width-shear and width-length
flexure vibration of the strip. YXlyo- orientation of the strip is considered and
the resonant frequency temperature coefficients are computed and compared with
the measured ones on the circular plates of the same orientation.

1 INTRODUCTION

Quartz resonators have been used as the
very sensitive sensors for the accurate
measurement of the temperature of the solids
with the temperature steady state for more
than thirty years [1]. The magnitude of
the temperature or the temperature change
is determined from the magnitude or the
change of the resonant frequency of a
quartz resonator placed at the measured
space. The resonators with the linear reso-
nant frequency temperature characteristic in
the large temperature range are especially
suitable for this measurement. The resonator
has the shape of the circular or square plate
with the diameter or the edge from 6 to 14
mm. The progress in the analysis and the
design of the quartz strip resonators [2], [3]
will enable a great reduction of the resonator
dimensions in the field of the frequency-
temperature sensitive quartz resonators.

In the paper, the strip resonator is a rec-
tangular piezoelectric resonator with the
width much smaller than the length in
which the thickness-shear vibrations are uti-
lized. The great reduction of the strip reso-
nator width dimension is accompanied with

the elastic coupling of the thickness-shear
vibration with other modes. Considering
these effects we investigate the influence
of the thickness-length flexure, width-shear
and width-length flexure modes of vibration.
The rotated Y-cut and LC-cut quartz
strip resonator are selected as a suitable
temperature-sensitive resonators. The aim
of the theoretical consideration given in the
paper is to optimise the dimensions and the
orientation of the strip to determine the
parameters leading to the minimal influence
of the coupled modes, high temperature
coefficient and the smooth curve expressing
the frequency-temperature characteristic in
the given temperature range (for instance
from -50 °C to 100 °C).

2 PROCEDURE OF THE SOLVING

The procedure described in [3] was applied
by the analysis of the vibration and the
design of the temperature-sensitive strip
resonator. The linear elastic equations for
small vibrations superimposed on the thermal
induced deformation by steady state and
uniform temperature changes were used by
the derivation of the resonant frequency
temperature characteristics of strip resona-




fors. The thermally biased homogenious
strain was included to the constitutive
equations by means of the thermal expansions
coefficients (;; and thermally dependent
elastic stiffnesses Di;u

3" — 6\: +0|Ja
e () (2) 52 (3)n3
o;; = a;;'0 + ;' 0° + 05’07,
D = Cisui + D,!;i!-:e wr DS:!JOZ ar fo:@a-.

D) == o5 e o

where &; is Kronecker delia, cr{“) are n-th
order thermal expansion coefﬁczents (given by
Kosinski, Gualtieri and Ballato [4]), © is the
temperature change © = T' — T, and the tem-
perature T, = 25°C, Ciu and Cijpmn are
the second and third order ela=lic stiffness
of quartz while C};ﬂh C{_i]‘, and C( are the
first temperature derivatives, second and third
effective derivatives of elastic stiffnesses (given
by Lee and Yong [5]), respectively.

The incremental one dimensional equations of
motion for the modes of vibration in the strip
width and for frequencies up to and including
the fundamental thickness-shear by expanding
of the mechanical displacements and electric
potencial in serie of trigonometric functions
of the width coordinate derived by Lee and
Wang [2] were used for the description of the
vibration of the strip.

Let the thickness of the strip 2b is parallel with
the z, axis, the length 2/ is parallel with the 1,
axis, the width 2¢ is parallel with the z3 axis
and the z; axis is identical with the X axis of
the ortogonzal system of axis of quartz. Then
the governing incremental equation on stresses
T and electrical displacement D; are

1 4 2
(L33 + —F™) = = (1 + R)i{™”
c K3
1 4
P TS3 + —F™) = —0(1 + RYif™,
fa

T =

.311(].'1{_0” Tf(-'” ae F(m])

= 2p(1 + R)ii} ‘°”

K 1
;311(-7‘1(,110J % _blTs‘DU) =x st(m)) =

= 29(1 + 2R}l

r—— ik
o (1)} 0]
D&‘ll}— —“'CDé }“"' "CD{a ) = 0.,

- 1= 1
DY - 2D 4~ D 4+ 2000 =0, (1)

where the correction factors x; are given by
the relations

T 4 [ o
=i— CAnid K== Ufi———y
e ,/é § Ci2s2

p is the mass density of quartz (p = 2649 kg
m~?%), Ris a mass loading given by the relation

e
ab

¢~ is the mass density of electrodes, b" is
the thickness of electrode on one side of
the strip, v is the phase velocity of the
surface waves. The surface loading F,-I’" and
electrical displacement D;’"} are defined by

F&) = T(e) — (=1 T (=e),

D("J) D("J(c) ~{= 1) D(")(_c)

The incremental equations of motion were
solved by the neglecting of the piezoelectric
effect (e = 0, ¢©®) = 09 = 0) for the
traction-free ends of the strip that required
(at 13 =1)

T(m) T{w] T(m) T(m) 0. (2}
The elastic stress components T( ) are
function of the displacement u(”) and are
given by the relations
len == anllug?:}s
T,“o) = 2-51'111“9]0]1
T(WJ = 4[D (00) , X1 (01)
1313( Fasuy, +'—ﬁnuj )+

+Dy312( B2ty Lathit '—'»3 u (m})]}
T.:[UOJ = “’[Dmn(ﬁaaug_?) o 7;'31114‘?’”-%

+ Dmaumfﬂ] i %“33 :H{;w‘)] (3)
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Consider the following displacement as a so-
lution of the differential equations (1)

01 ;
ug U= A coséxye’™,

10 -.
ui ) = Ajcosfzie™,

00, : :
ug ) = Ajsin fzye™t,

0 : :
ug ) = Agsinéze™, (4)

The substitution of (4) into (1) provides the
linear homogenious equation in A,

{ 0as I ds J=bramn=1.224:(5)

which yields nontrivial solution when the
determinant of the coefficient vanishes i.e.
when

|ﬂr\‘|r|’ = (6)
The equation (6) is fourth order in w?. Hence
for a given w or normalized frequency 0

7T Cin =
Ao )= (7)

there are four wave numbers §,, each of which
yields amplitude ratio yn, = An /A4 (r =
1,2,3,4) when substituted in any three of the
four equations (5).

All four solutions (4) of the differential
equations (1) are required in order to satisfy
the boundary condition (2). Hence we take

4
03 1
u{ b E A, cos £, 1y,
r=1

4
10 T
Tl‘; ) = E Az cos £, xyeM™,

r=1

4
0o : 7
ul® = E Az sin €, zie™,
r=1

4
utf” - Z Aqrsin €, zre’™, (8)
r=1
as a solution of our problem. Substituting
from (8) into (3) and from (3) into (2), we
obtain four equations

( Jmn ) ( 7mrA4r ) — 0: {9)
which yield the nontrivial solution when
[gmn| = 0. (10)

The roots of the transcendental equation (10)
enable to determine the ) vs. £ relation of the
strip resonator.

3 OPTIMAL SIZE AND ORIENTA-
TION OF STRIP

The frequency spectrum of the coupled
thickness-shear (TSh), thickness-length fle-
xure (TIF), width-shear (WSh) and width-
length flexure (WIF) vibrations given as a
function of the normalized frequency 1 and
the length to thickness ratio ({/b) of the strip
for the given width to thickness ratio (c/b)
can be calculated from the equations (6) and
(10). The calculated frequency spectrum of
the strip with the orientation YXlyz03e is
given in Figure 1 for two ratios ¢/b (2.5 and
3.1) and !/b in the range from 15 to 23 and
in Figure 2 for the orientation YXls3s. and
¢/b = 3.1. From Figure 1b it is clear that
the thickness shear vibration without collision
with any other type of vibration in the large
temperature range can be obtained only in the
marked regions.

The deposition of conducting electrodes
causes the mass-loading of the strip surface
and it shifts the frequency spectrum. The
influence of the mass-loading on the frequency
spectrum of the strip follows from the
comparison of Figure 1b and Figure 3.

The {requency-temperature characteristic of
the piezoelectric resonators is usuvaly ex-
pressed by the relation

[ =L+ TN+ 02+ 71207, (11)




where f and f, are the resonant frequencies at
the temperatures I and T, respectively, @ =
T —T, and Tf‘“’ are n-th order temperature
coefficients of frequency.

Two orientation of the strip resonator in
the range of rotated Y-cuts are suitable for
the consideration. The first is YX/55., the
second YXI;z03e. The resonator of the cut
YXlsse and have the highest coefficient of
the electomechanical coupling kzs will have
the lowest series resistance in the resonant
frequency. But they are not suitable for
the manufacturing using etching technology.
The resonator of the cut YXl;0se have
the lowest resonant f{requency temperature
coefficient Tf®). They are more suitable for
the application of the etching technology of
the manufacturing.

The frequency-temperature dependence of the
considered strip resonator can be obtained
when D;;u a jB;; are computed for the chosen
teperature and substituted in the equations
(6) and (10). The frequency temperature
coefficients T/, T71® and T/ than
can be found from the obtained frequency-
temperature dependence.

The computed resonant frequency tempera-
ture coefficients of the strip with the orien-
tation YX/p; 030 and suitable ¢/b and /b ratio
are given in Table 1. The computed frequency
temperature coefficients ware compare with
the temperature coefficients measured by
Suchanek [6] on the circular quartz resonators
with the orientation YXl303e and with the
diameter 2d = 8.95 mm and the tickness of the
slanc 2b = 0.407 mm. The ratio of dimensions
f the resonator was d/b = 21.99 and the
liameter of electrodes was 2d, = 6 mm. The
esults of the measurement were f, = 4.197
MHz, Tf0) = 58914 x 10~¢ K-!, Tf@ =
Bi32 « 1077 162, TN — 8767 x 10712
{~3. The measured and computed values
) and TF1? are in a good agreement when
e consider the increasing this temperature
oefficients with the reduction of the width of
he strip.

4 CONCLUSION

The optimal size of the {requency-temperature
sepsor in the form of a small quartz strip
resonator was determined for two orientation
of the strip and the ratio ¢/b = 3.1. For the
orientation YX/s se the optimal !/ ratios are
15.9, 19.5 and 20.9. The resonant frequency-
temperature coefficient T f!) is approximately
91x10"°K-1. For the orientation YXls;03e
the optimal !/b ratios are 16.3, 17.8 and
19.5. The resonant frequency-temperature
coefficient T 1) can be obtained 65x107°K~'.
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Table 1. Computed resonant {requency fem- us
perature coefficients of strip resonators with e
the orientation YX/l;;03 for two ratios ¢/b and f

R = 0.0. g
100
1/ (1) 7ri2) 77t
11076 %11 {10°? x"2) 10"12k"}) 0ss
c/b = 2.5 — . : " )
15.60 69.55081 75.62437 - 7.91600 L3 L B
16.30 68.91214 74.53925 - 28.30556
17.80 69.26160 $1.71469 - 20.065%5&
19.50 69.71257 F4.14357  -137.58B14
c/b = 3.1 Figure 2. Frequency spectrum of the coupled
16.30 65.00345 £9.59160 4.41066 : : : :
17,80 65.57011 71.27660 6.84266 vibrations of the quartz strip resonator with
19.50 65.95079 71.71040 9.45266 : .
the orientation YXl/5 5. and R = 0.0 for ¢/b =
3415
s
o
t o
s
RS
0es
15 7 19 2 23
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Figure 3. Frequency spectrum of the coupled
vibrations of the quartz strip resonator with
the orientation YX/l203c and B = 0.02 for
¢lii=3.1

(b)

figure 1. Frequency spectrum of the coupled
ibrations of the quartz strip resonator with
he orientation YX/33030 and R = 0.0. (a) for
¥b= 2.5, (b) for c¢/b=13.1,
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ABSTRACT

The main focus in the
contribution is put to the deformation
of a piezoelectric substrate and the
velocity change of the propagating
surface acoustic wave (SAW) caused
by a strong electric field.

These effects are used to design
a SAW sensor. We have derived
equations describing these effects with
respect to electrostatic or slowly
changing electric field. A practical
application in a sensor utilises an
analog variable input signal to control

the output signal frequency.

INTRODUCTION

It has been shown in Ref.], that
characteristics of a real SAW element

differ from characteristics of ideal

SAW element as a result of a lot of
disturbing effects. Usually, these
effects are known as the second order
effects and they are due to the
transducer arrangement, way of SAW
excitation and conditions of SAW
propagation. The most important

second order effects are

- difference of directions of group and
phase velocity

- SAW diffraction

- reflection of SAW from transducer
finger edges

- SAW waveform distortion during its

propagation at the apodized transducer

- BAW excitation both in the

transducer and reflector

- SAW attenuation, and other effects.

In order to improve real SAW

element characteristic we try to reduce




all these effects by suitable
precautions. However, there is a group
of effects of no less importance as for

their results that needs a deeper study:

- non-linear effects due to the high
amplitude SAW propagation
- influence of SAW propagation by a

strong electric field.

We study the second problem to
applications in the electric field -
frequency transducer working with

extremal frequency stability.

PIEZOELECTRIC
SUBJECTED TO
STATIC FIELD

SUBSTRATE
ELECTRO-

The effects of a strong
electrostatic or slowly varying electric
field acting to a piezoelectric cut
vibrating near its resonance Wwas
described with an aid of the change of

elastic modules c¢;.,, to the value
€,np and piezoelectric modules e,

to e;,, by relations.

. e
Cremp = Cfﬂm (l = %ﬂ D, NJ (1)

CL(.’.& D

,\Mf[l*lmmn{] (2)

.
Enum = En
€

where symbol ¢}, was used for
components of the second rank linear
modules  measured  at constant
thermodynamic electric field strength,
@ is potential related to the electric
field components by &, =-®., and

Hyy,, are components of the

electrostriction coefficient. Due to the
fact that elastic modules ©tcwp and
piezoelectric modules €nvim are linear

functions of electric field 5 the above
mentioned module will change by
acting electric field and the amplitude
of the change will be a linear function

of the field.

TRANSMISSION TIME DELAY
DUE TO ELECTRIC FIELD

DT A ol ] %

Xz
Figure 1: Arrangement of control
electrodes on piezoelectric substrate
with interdigital transducers IDTs and

IDT




The field results in the change
of elastic module in the plate volume

‘41, 4 from the

between electrodes
value €wemp to Crowp. Also due to the
piezoelectric effect the length s

changed Al The relative length

change can be given by the relation

Al .

— =d,,,E, 3
; 3 (3)

i

i

where d,., are components of tensor
of piezoelectric coefficients.

As a consequence of the SAW
velocity change from the value v to v’

)

and the relative length change A% the

time T  necessary for SAW
transmission between transmitting and
receiving transducers is changed by

ART
=ttt AT (4)

S P - P
where T=1/V _The ration of velocities
v and v’ is a complicated function of
linear and non-linear elastic module

£ .
0 ; y .
wemp and  Cremp and  piezoelectric

€ping :

module €M to

* If we suppose for simplicity

Cir'.l.‘ﬂ ( 5 ]

.
C.l’.(".* 1D

after the substitution and arrangement
it is possible to obtain the dependence
of the transmission time on electric

field

At 1 R ) E e
LT dACR[l-—-_L"EQQ)__C__ .~§mmJ (6)
T 2 deyy 2 ¢ienp

Using the DC or slowly varying
voltage #=® it makes possible to
change continuously the SAW time
transmission. In principle, an A/D
converter of linear dependence of time
delay on control voltage can be

realised.

REDUCTION OF SOME SECOND
ORDER EFFECTS

A transmission characteristic
and attenuation of SAW delay line may
be influenced by plate geometry and
design of transducer. In this case, the
axis of delay line is different from
crystallographic axis.The difference is
angle 9 (Fig.2). The difference 9
between energy flux direction and

wave vector must be minimalized.
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where &,and &, are the substrate
material constants. The optimum
choice of plate orientation and
direction of SAW propagation may be
obtained by

e minimisation of temperature

dependence of SAW propagation

e maximisation getting coefficient of

the electromechanical coupling

bulk waves suppression.

crystaiographics
axs

Fig. 2. Plane geometry and design of

transducer

With respect to our possibility
of getting a sample of substrate and
with respect to minimal temperature
dependence of phases velocity, we
decided to use ST-cut quartz plate
with the orientation of YXje4s0. For
this orientation we suppose the SAW
propagation in the X axis direction. In
this direction the energy flux is parallel

with wave-vector.

Phases velocity is 3,158 m.s™,

relative change of phases velocity
is

-0.058, attenuation of delay line is 8,4
dB.cm™.

The delay line parameters are in
good agreement with the theory in
temperature range of tens K also for a
grand number of transducer fingers.
CONCLUSIONS

Analog-digital converter
working as an electric field sensor in
configuration according to Fig. 3 was
prepared on ST cut quartz. It can be
used for DC voltages up to tens volts.
It does not require any reference
voltage source and operates with stable
elements. Control voltage of 10 V
produces frequency change of 12 Hz at

resonant frequency of 30 MHz.
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QUARTZ STRIP RESONATOR AS A TEMPERATURE SENSOR

JAROSLAV NOSEK , JIRT ZELENKA
Technical University in Liberec, Faculty of Mechatronics and
Interdisciplinary Studies, Héalkova 6, Liberec, Czech Republic

Abstract The optimal orientation and dimensions of X-length strip quartz
resonator as a lemperature Sensor are fDund.

The resonant frequency temperature dependence of quartz resonators has been
utilised for the measurement of the temperature for a long time. The advantage
of this method is a great sensitivity which makes possible to determine the
temperature with the accuracy 10° K. The disadvantage of the utilisation of the
quartz resonator as a temperature sensor is relatively a long period of time
necessary for the transmission of the heat between the measured object and the
resonator. This time period depends on the volume of the resonator, thickness
of an air gap between the resonator and its case and the heat conductivity of the
wire leads of the resonator. The shorting of the time period requires the
miniaturisation of the resonator and its case and a good exchange of the heat
between the measured object and the resonator.

An optimal construction of the miniature resonator as a temperature
sensor was described by Dinger . A small quartz tuning fork vibrated on the
resonant frequency approximately 262 kHz is supported in the ceramic frame,
The relatively big supporting of the tuning fork in the frame practically holds
the resonator on the temperature of the ceramic case. The only disadvantage of
this temperature sensor is its relatively low resonant frequency which limits
accuracy of the measurement.

In the present paper the miniature quartz strip resonator vibrated in the




thickness shear mode at the resonant frequency in the range from 4 to 8 MHz is
considered. The optimal orientation and size suitable for the manufacturing of

the strip by means of an etching technology are derived.

ORIENTATION OF THE STRIP RESONATOR

Two types of quartz strip resonators have been described in literature. The
rotated Y-cut quartz strip vibrated in the thickness-shear mode in the plane xx,
has been considered in both case with x; axis identical with the principal X axis
of a quartz. The first type of the strip resonator was reported originally by
Zumsteg © and fully explained by a three-dimensional theory described by
Milsom, Elliot, Terry-Wood and Redwood °. The orientation of the strip in the
co-ordinate system is shown in Fig. 1a. The electrodes cover the full width but
only the central region in the length of major faces. The strip is normally

mounted rigidly at each end ( x,=*l) on metal supports which also form the

electrical connections to the pins.

2b Z5 =
S 2l
%
(a) (b)

FIGURE 1 Two types of the rotated Y-cut quartz resonators

The second type of the resonator which will be considered in this paper is

illustrated in Fig. 1b. The ends of the strip ( x,=%1) are free and the resonator is
supported in the points at x,=fc and x,= 0. One-dimensional equations of

motion by expanding the mechanical displacement in series of trigonometric

functions of the width co-ordinate were used by Lee and Wang* for the




description of the coupled vibrations of the strip. It was shown by Lee ° that for
the small width of the strip the cut-off frequency of width-shear vibration is
higher than the cut-off frequency of thickness-shear mode and it is sufficient to
consider only the coupled thickness shear, thickness-length flexure,
width-shear and width-length flexure modes by the description of the vibration
of the strip when the width of the strip is small. When the piezoelectric
constants ¢, were neglected the displacement equations of motion for this
coupled vibrations of the narrow strip were given by Zelenka and Lee °.

Three important parameters were considered by the selection of an
optimal orientation of the strip in the orthogonal system of axis of a quartz:

- The admittance of the resonator has to be low as possible.

- The frequency-temperature characteristic in the considered temperature
range has to be without local extremes and have high steepness.

- The possibility to apply the etching technology by the shaping of the

strip.

FIGURE 2 Rotated Y-cut quartz strip resonator in the orthogonal

system of axis

The position of the strip in orthogonal system of axis of the quartz crystal

is given in Fig. 2.. As it was shown by Tiersten ° the admittance of the quartz




resonator vibrated in the thickness-shear mode is proportional to the square of
the electromechanical coefficient k.. and to the area of electrodes. It follows

=6

from Fig. 3 that k,, has the highest value for ® =5.3° and decreses on a

half
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c
k3 e (hm
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FIGURE 3 The dependence of the electromechanical coupling
coefficient k,, and the maximal value of the width to thickness ratio

(c¢/b),, of the strip resonator on the orientation angle.

of this highest value for @ = -28° or for ® = 32°. The interval -28°< @ < 32° is

the possible range for the consideration of the strip orientation.

One-dimensional equations of motion for AT-cut quartz strip resonators with
narrow width and finite length and for frequencies up to and including the
fundamental thickness-shear have been derived by Lee and Wang * . The
equations of motion are convenient for all rotated Y-cut quartz strip resonators.

By the derivation of the one-dimensional equations was supposed, that the

strip resonator has four free edges (at x, =t/ and x, = +b). For the strips with the




width to thickness ratio ¢/b smaller then

%<[£) =’E‘. (1)

is the cut-off frequency for anti-symmetric width-stretch vibrations higher then
the cut-off frequency of the thickness-shear vibrations. Then the coupling
between anti-symmetric width-stretch mode and coupled thickness-shear and

thickness-length flexure modes can be neglected °, For the traction free surface
at x, = +b we obtain six reduced governing equations on stresses and electric
displacements which described coupled thickness-shear, thickness-length

flexure, width-shear and width-length flexure vibrations. The displacement
equations of motion of this four coupled vibrations when the piezoelectric

coupling is dropped (¢, = 0) are given as eq. (6) in Ref. 5.

The frequency spectrum of the strip resonator with the width to thickness ratio
¢/b < ( ¢/b), vibrated in coupled thickness-shear thickness-length flexure,
width-shear and width-length flexure modes was computed from the equations
of motion (eq. (6) Ref. 5) and the boundary conditions (eq. (13) Ref. 5) for the
strip orientation in the range -28° < @ < 32°. The computed dependencies of

the normalised frequency Q (Q is related to the resonant frequency of
thickness-shear vibration of the infinite plate of thickness 2b) as a function of
the dimensions ratio I/b is given in Fig. 4 for ® =5.3° and ® = 22° and mass
loading R = 0.0. The influence of the temperature on the frequency spectrum is
seen in Fig. 5 where the dependence € on I/b is given for the strip with the
orientation @ = 27.4° and the temperatures @ =-50°Cand O =100° C. For the
negative orientation angle @ the frequency spectrum is denser and the strip
with @ < 0 are therefore inconvenient for the construction of the temperature

Sensors.
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FIGURE 5 Frequency spectrum of YXI,, ,-cut quartz strip resonator

with traction free edge condition at x1 = +I and zero mass loading R

for the temperatures: (a) @ = -50 °C, (b) © = 100°C.

YXI -cut strips have the largest first order temperature coefficient Tf"
and k,.. But they are not suitable for the application of the etching process. The
strips with the orientation YXI,, have the smallest third order temperature

coefficient Tf*. YXI,, ,-cut strips have the largest ratio (c/b),, but k., is small.




TABLE 1 Computed resonant frequency temperature coefficients Tf"
of YXI,-cut quartz strip resonators for © = 25 °C and the different ®

and dimensions ratio l/b.

® /b 1/b T ™ e
[10° K] [10° K7 {1072 K7

19.40 91.78 79.52 -126.30

53 32 20.80 92.28 §2.13 -114.40
22.30 9212 8218 -126.00

17.74 64.62 70.22 11.34

220 34 19.54 64.89 70.35 11.15
21.00 65.14 71.56 13.63

18.10 40,63 48.89 63.34

274 34 19.80 40.84 4939 64.27
21.45 40.97 4974 654.59

The YXI,-cut strip resonators have acceptable low series resistance, the small
number of unwanted resonances and the relatively good condition for the
application of the etching process. The optimal dimensions ratios are ¢/b = 3.4

and I/b = 21.0.
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NON-CONVENTIONAL PIEZOELECTRIC SENSORS USING
RESONATORS WITH BULK- AND SURFACE ACOUSTIC WAVES

JAROSLAV NOSEK
Technical University in Liberec, Faculty of Mechatronics and Interdisciplinar
Studies, Héalkova 6, 461 17 Liberec, Czech Republic

Abstract Properties of piezoelectric sensors of temperature using bulk acoustic
waves (BAW) are given in the form of short summary.

Futher, an attention is devoted to a surface acoustic wave (SAW) sensors. Basic
relations concerning the characterisation of the influence of electric field on the
SAW propagation and the frequency of a resonator structure are discussed. The
arangement of new electric field sensor is presented.

INTRODUCTION

Electroelastic body of a defined shape exhibits a complicated spectrum of resonant
frequencies related to corresponding types of vibration and their harmonics. Very
detailed studies led to description with an aid of state equations, some works considered
non-linear effects too .The goal of the most of applications is to get a suitable resonant
frequency of high stability, e.g. with minimum influence of temperature, force or
electric field on the resonant frequency. However, the detailed study allows to define
also the modification of the piezoelectric resonator design that results in the
measurable dependance of resonant frequency on a suitable acting quantity. Bulk
acoustic wave (BAW) resonator and, in the last time, surface acoustic wave (SAW)
resonator or delay lines becomes sensig element and, if electrical circuits for signal
processing are added to it, a sensor is created. A sensor is a transducer that transform a
mesurand quantity into an measurement value , in this case usually frequency. The term
digital sensor is sometimes used, although we still have an analog change of the output
with the measurand. However, the frequency can be easily digitized by use of a counter
with an appropriate time base. Quartz resonators have been used as the very sensitive
sensors for the accurate measurement of the physical, chemical and biological
quantities. The quartz choice as the resonator material is justified by its properties, first
of all by the stability of electro-elastic parameters and by the well defined

dependencies on acting fields.




TEMPERATURE SENSORS

The temperature dependance of resonant frequency of BAW quartz resonator is
influenced by the type of vibration, resonator shape and, especially, by cut orientation.

In the case of very often used resonators of the YXI.. . . cut with thickness-shear

vibrations, known as AT resonators, the temperature dependance of resonant frequency
f; exibits a parabolic shape with its inflex point at tempearture T in the range from 25°
to 30° . As a result of the change of coupling between thicknees-shear vibration of given

order and other vibration of the limited dimensions plate, the shape of the f(T)

dependance changes when the plate orientation is changed.The temperature dependance
of resonant frequency of piezoelectric resonator is usuelly modelled by first members of

power series:

f -f, Af = 1
n LI i T{m) T A= - ( )
an fnU ; . ( 'D)

where the symbols have folloving meaning
e resonant frequency at temperature T,

foo resonat frequency at temperature T,

T{™  m-th order temparature coefficient of resonant frequency f;,.

For electronic applications, predominantly the control piezoelectric crystal units (PCU)
of oscillators, usually cuts of small temperature dependence of resonant frequency f; are
searched, while for temperature sensors cuts of strong and preferentially linear
temperature dependence f; (T) are asked for.It follows from equation (1) that the linear
dependence can be achieved if the second and thrit order temperature coefficients,

TPand T, have been zero values. Such condition is valid for double rotated

culYXbls.mu., noted as LC cut, of the temperature coefficients

T = 4.79x10°K ' and typical frequency change of 1000 Hz K.

The progress in the analysis and the design of the sirip resonators 2, 3 will enable a
grate reduction of the resonator dimensions in the field of the frequency - temperature
sensitive quartz resonators. The strip resonator is a rectangular piezoelectric resonator
with the width much smaller then the length in which the thicknees-shear vibrations are

utilised. The reduction of the strip resonator in dimension is accompanied by the elastic




coupling of the thicknees-shear vibration with other modes. Considering these effects
we investigate the influence of the thicknees-length flexure, width-shear and width-
length flexure modes of vibration. The rotated Y-cut and LC-cut quartz strip resonator
are selected as a suitable temperature - sensitive resonators. The aim of the theoretical
consideration is the optimise the dimensions and the orientations of the strip to
determine the parameters leading to the minimal influence of the coupled modes,high
temperature coefficient and the smooth curve expressing the frequency-temperature
characteristic in the given temperature range.

The linear elastic equations for small vibrations superimposed on the thermal induced
deformation by steady state and uniform temperature changes were used by the
derivation of the resonant frequency temperature characteristic of strip resonators 3. The
thermally biased homogenious strain was included to the constitutive equations by
means of the thermal expansions coefficients and thermally dependent elastic
stiffnesses. The incremental one dimensional equations of motion for the modes of
vibration in the strip width and for frequencies up to and including the fundamental
thickess-shear by expanding of the mechanical displacement and electric potential in
serie of trigonometric functions of the width coordinate were used for the description of
the vibration of the strip. The incremental equations of motion were solved by
neglecting of the piezoelectric effect ( e, = 0, $°"= "= 0) for the traction-fre ends of
the strip. Consider the equations for displacement, many procedure provides the linear

homogenous equation in Ap
(2 ) Ve Ai)=0 5 )
(where Ymr = Ame /A4 is amplitude ratio, r=1, 2, 3, 4,
= are four wave numbers ),

which yelds nontrivial solution when the determinant of the coefficient wanishes, i.e.

when

|8 =0, (3)

The roots of the trancendental equation (3) enable to determinethe normalized frequency
Q vs. relation & of the strip resonator. The frequency-temperature coefficiets Tf ", Tf®

and Tf ® can be found from the obtained frequency-temperature dependance.




The results of measurement were fo = 4.197 MHz,
TEM=58914x 10° K", Tf® =65.032x 10° K?,

T =87.67x 10" K.
The optimal size of the frequency - temperature sensor in the form of a small quartz
strip resonator was determined for one orienation of the strip and the width/thickness

ratio ¢/b = 3.1. For the orientation YXI,,. the optimal I/b ratios (lenght/thickness) are

159, 19.5 and 209. The resonant frequency-temperature coefficient Tf" is

91 x 108K,

SAW SENSOR OF ELECTRIC FIELD

The effect of a strong electrostatic or slowly varying electric field acting to a

piezoelectric cut vibraiting near the resonance was described in 4 with an aid of the

change of elastic modulus cf,,cp to the value ¢ pand piezomodulus e, t0 €},n by

relations
CinD = cinm(“'———i?“m ¢N} @
LCMD
- 1H,
Crm =ehw(1_‘2";’:'ﬁ¢,a] s (5)
NLM

where symbol c},,., was used for components of the second rank linear elastic modulus

measured at constant thermodynamic electric field strangth ,

¢ is potential related to the eletric field components by £, = —¢ ,Hy, yand R, are
components of the electrostriction coefficients. Due to the fact that elastic modulus
Ciovp and piezoelectric modulus ey, are linear functions of electric field &,,, the
above mentioned module will change by acting electric field and the amplitude of the

change will be a linear function of the field.

Let us suppose a thin piezoelectric plate with orthogonal coordinate system as in
Fig. 1.




FIGURE 1 SAW sensor containing two delay lines and two mistuned oscillators

Set of interdigital transducers, one as a SAW transmittel IDTg and the other as a SAW
receivers IDT, and 1DT; , are on its surface. An important part of the arrangement there
are pairs of electrodes A; and A; deposited both on top and bottom plate surfaces
between the interdigital transducers. These electrodes create electric field in the plate
volume. The field results in the change of elastic module in the plate volume between

electrodes from the value ¢y, 10 Ciyep - Also due the piezoelectric effect the length

l; is changed by A l;. The relative length change can be given by the relation
Al (6)
—=d;, E;

where d,; are components of tensor of piezoelectric coefficients. As a consequence of
SAW velocity change from the value v to v’. If we suppose for simlicity
=
25T (ciMCDJ @
V! Cimep
after the substitutions and arrangement it is possible to obtain the dependence of the

transmission time on electric field

ﬁ:dcm(l—l&c—mﬁ—m _leTMcn) _ (8)
% 2 deas 2 ciyep

Using the DC or slowly varying voltage it makes possible to change continuously the
SAW time transmission. In principle, an A/D converter of linear dependence of time

delay on control voltage can be realized. It does not require any reference voltage source




and operates with stable elements. Control voltage of 10 V produce frequency change of

11 Hz at resonant frequency of 28 MHz on ST cut quartz.

CONCLUSION

The principle based on the utilisation of the fact that change of some quantity results in
the change of piezoelectric resonator frequency is very effective for a lot of applications.
The digital signal is obtained directly and no A/D converter is necessary. Another
advantage is the high accuracy of measurement and high stability of used elements and
circuits. The sensing elements exhibit an advanced ratio price and power and the design
and developpement costs is acceptable also. The reason is that these effects are studied
in connection with the main use of piezoelectric resonator as elements of pronounced

selective ability suitable for oscillators, filters, delay lines etc.
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Y Méfeni a diagnostika textilnich stroji 2/2zk KEL
N Inf. systémy v textilnich provozech 2/1 KEL
P Pfeddiplomni praxe 0/6
p Diplomova price 4 tydny
VS - Pruzné vyrobni systémy pro strojirenskou vyrobu
7 P Poéitade a mikropocitace 2R zk KES
AT Pfevodniky fyzikalnich veli¢in 2/2zk KEL
KS - Tepelna technika
g PV Silnoprouda el. zafizeni energetickych provozi 2R zk KEL
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AM - Aplikovani mechanika

9. PV Senzory a akéni éleny 22 zk KEL
FT - zikladni studium:

4. P Elektrotechnika ( a textilni elektronika) 2127k~ KEL

5. Mikroelektronika 12kl KES

FT - oborové studium:

TTE - Rizeni technologickych procesii (zaméfeni garantované katedrou elektrotechniky)

1% Automatizované textilni stroje a technologie 22 zk KEL
P Technologické projekty 1/3 zk KEL
P Diagnostika a méfeni na textilnich strojich 212 zks S ICEE VI
O PV Specialni méfeni na textilnich strojich 2/2 7k SKEBICSICTT
B Diplomova prace 0/4 KEL
JO: BV Robotika v textilni a odévni vyrobé 22zk KEL,KOD
iz Diplomova prace 0/10
OTE - ovp, pkv
8. PV Senzory a akéni éleny odévnich stroji 2/2zk KEL
10. PV Robotika v textilni a odévni vyrobé 22 zk KEL, KOD
TTE - Tkani
9. PV Specializovana méfeni a regulace na textilnich strojich ~ 2/2zk  KEL, KTT

B: Bakaliarské studium

FS (Liberec, Mlad4 Boleslav):
3. Elektrotechnika a méfeni 3{2 zk " KEL
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PREDMETY ZAJISTOVANE PUVODNI KATEDROU
ELEKTROTECHNIKY NA FM V NOVYCH OBORECH

» Automatické fizeni a inZenyrska informatika (AR)

» Mechatronika (MECH)

» Prirodovédné inZenyrstvi (PI)
Sem.: Obor: Typ: Ndzev pFedmétu: Roesalic Gt
Zakladni studium:

4, (vBechny obory) P Elektrotechnika 2+2 zk Nosek
5. P  Analogova elektronika 2+2 zk Dolezal
6. P Cislicové elektronika 2+2zk Novak
P Meéfici technika I 2+2 zk Svoboda
P Meérici technika II 2+2 zk Svoboda
. P ElL vykonové éleny 2+2 zk Nosek
Oborové studium:
i AR P Zpracovéni,pfenos a identifikace signala 2+2zk Nouza
7. ARMECHPI V Cislicové méfici systémy 2+2 zk Jaksch
7. V  Bezdotykové metody méfeni 2+2 zk Kopecky
8. MECH p  Elektrické pfevodniky fyzikélnich veli¢in 342 zk Nosek
9. AR V  Zaklady fotoniky 2+2 zk Kopecky
9. AR P Metody rozpoznévéni 2+2 zk Nouza
P Programové prostiedky méfeni 2+2 zk Svoboda,
- Kopecky
P Aplikace spektralnf analyzy 2+2 zk Jaksch
P Diagnostika a spolehliost 2+2 zk Novak
). MECH P Rizeni akénich ¢lent 2+2zk Richter
). ARMECH P Diplomové prace 0+6
). ARMECHPI V Projektovéni elektronickych systému 2+2 zk Kolar
). ARMECHPI V Méfenia diagnostika stroji 2+2 zk Kosek
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FM - doktorandské studium:

V roce 1996 ziskala FM akreditaci na doktorandské studium v oboru Technicka kybernetika
s uz$im zaméfenim na oblasti

- identifikace systému a jejich modelovani

. automatizovana méfeni a vyhodnocovani

- moderni automatizaéni prostredky

- aplikace védniho zdkladu ve vyrobé .

Nase katedra vypisuje v konkursnim fizeni pro rok 1996/97 zaméieni

- Elektromechnické vlastnosti latek

- Rizeni energetickych tok a EMC.

Tyto dvé oblasti se opiraji o védecko-vyzkumnou prici katedry s grantovou podporou:

- grant GACR &. 102/94/1571 (1994 - 1996), s nazvem Piezoelektrické rezondtory s
objemovymi a povrchovymi akustickymi vinami,

- grant MSMT v rdmci programu Posileni védy a vyzkumu na vysokych skoldch , s nazvem
Elektromechanické vlastnosti latek a jejich vyuZiti ve védé a technice (1996 - 2000),

- podan je projekt FRVS Laborator analyzy elektromechanickych systéma (LAMS) - 1997. FM
je pak podporovdna grantem MSMT s internim é&islem 1074 (1995 - 1996), ze kterého
v soudasnosti erpdme investi¢ni prostfedky.

ZAVER

Technické obory soucasnosti je tfeba pfizplisobovat nejen svétovym trendim ve védé a
iechnické praxi, ale téZ poptdvce studentii. Ukazuje se, Ze v tomto sméru prace vénovand novému
arofilu Technické univerzity v Liberci miZe pfinést v relativné kratké dobé dobré vysledky.
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Ceskoslovensky &asopis pro fyziku [sekce A] 35 (1985). 143— 148.
Meéfeni intermodulace kiemennych rezonatora typu AT
Jaroslav Nosek
Vysokd §kola strojni a textilni, Halkova 6, 461 17 Liberec 1
62.00

V Elanku jsou strucné popsany vychozi vztahy pro vipodet intermodulaénich produkii kiemen-
nych rezonatori typu AT. Popsano je méFici pracovifté pro rezonatory 10 MHz a uvedeny prikla-
dy vysledko

Measurement of intermodulation of the AT-cut quartz resoratars

The relations used for expression of the intermodulation products of AT-cut quartz resonators
are described shortly in this paper. The measuring set for the resonators vibrating at 10 MHz is
described and the examples of the experimental verifications are given in a very short form.

1. Uvod

Jak ukazala prace. je potfebné sledovat v piezoelektrickém rezondtoru takové jevy, jako je zi-
vislost rezonantniho kmitoétu na Grovni buzeni a intermodulace. Tyto jevy nelze vysvEtlit pomoci
linearnich rovnic piezoclekirického prostredi a teprve formulace nelinearnich elektroelastickych
rovnic Tierstenem [ 1] (viz rovnéZ [2]) vmoZnila za uréitych zjednoduSujicich predpokladi obtiznou
problematiku fedit.

Abychom mohli popsat zavislost rezonanéniho kmitoétu piezoelektrickeho rezonitoru zapoje-
ného v elektrickém obvodu na Urovni buzeni, je tfeba jej chapat jako nelinearni dvojpel s virazny-
mi imitaéninui vlastnostmi [3].

V dalSim se zamérime na vznik intermodulaéniho signalu v jedné rezonanéni oblasti kfemen-
neho piezoelektrického rezonatoru fezu AT a stanoveni zdkladnich podminek pro jeho méfeni.
Seznamime se s vysledky ziskanymi na rezonatorech &. p. TESLA Hradec Krdlové pomoci métici
soupravy, réalizované na naSem pracovisti.

2. Intermodulace piezoelektrickych rezonitori

Nelinedrni chovani kfemennych rezonatord typu AT kmitajicich tlouStkové stfiznymi kmity
miZeme, vzhledem ke slabé elektroakustické vazbé, povaZovat za disledek nelinearnich elastic-
kych vlastnosti kfemene.

Dosadime-li ze stavové rovnice pro Piolov-Kirchhoffuy tenzor do pohybovich rovnic elektro-
elastickeho kontinua a zavedeme-li vhodné zjednodusujici predpoklady, redukuje se nad problém
na fefeni soustavy nelinearnich pohybovyeh diferencialnich rovnic a linedrni eletrostaticke rovnice.
Z této soustavy lze zplsobem, popsanym napi. v [1], odvodit vziah pro admitanci rezonatoru ve
tvaru

; Bk3? 5 A
(1) 1+ K +———= = JAi, (A1 + 3)
N?n? ﬂ -1 4o
W
kde
£, o 8kye Wy
dig=wS 22 4, =14k dai=—t = ]
g2 T i f0 g et w?
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: lgEE
rmodulat
144 s, 2as. fyz. A 35 (1983) X, Now ]
i provd je vofen
\( \mhu (1) je symboly S, oznafena plocha elektrod, 2k tloustka rezonatoru, ¢, , Permitiyiiy rmll| a by

k3, koeficient souvisejici s koeficientem clektromechanické vazby vztahem
o ke
26 = Rl&
N je tad harmonicke. Symbolem e jsme oznatili Ghlovy Kkmitodet blizk§ rezonanénimu thlopén,
kmitoftn ey
Vo a

Ay

= A Obr. L. Obyod s intremodulaénim proudem.

Pti soufasném pisobeni dvou harmonickych signali s drovnémi ¥y a ¥, a kmitolty e o,
rozlofenymi rovnomérng kolem rezonanéniho kmitoftu @y, vznikd v disledku nelineime:
elastickych vlastnosti rezonitoru prostiednictvim piezoelektrického jevu intermodulacni sl!ml
o napéti ¥V a dhlovém kmitoftu 8 = 2o, — o, Elektricky obvod, ve kterém pisobi e
dulacni signal, je vyznaden na obr. 1. V obvodu piedstavuje Rg vnitini odpor generdtor, By
odpor zatéze, kierou proiekd intermodulagni proud .

Komplexni velitinu intermodulaéniho napéti lze pro obvod na obr, | na zakladé price ||}
vyjadiit ve tvaru

(2) A __R Alﬂ 12;!‘14 +jR*‘|,;_,A4

1+ R2A19A13
kde R= R, + Ry,

(3} Ajp = 802 == Fa2 !
2h "eal pll
b gl g
2 Pricné
@) Az =1+ K32 + Szl A, + s idovéhg ¢
N*n? A, B
(5} A = _].B}'kipeiuyllrz = ]"lll”:
":fath“ﬂddm A Qe
6 2
( J 44 = EBN —1
Qz

() Anee (92 o 1)(‘“_5 B ek
Wy U); wi

Nelinedrni elasticky madul ¥ Je pritom vyjadren vztahem

()

Obvod podle abr, 1, :
k A ;
rovnici terfm nyni proték intermodulatini proud Jg o kmitoftu 2, je reprezentovat

(9)

Vyjadtime-li proyg r

= }cE E 1 E
1, + €266 t §o0as

Pa+ (Rg + R) o = 0

ziskiime po malé tprave zajimavy vztah, z n¥ho? vyplivé, e intermod”
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Méteni intermodulace ... Cs. Zas. fyz. A 35 (1985) 147
10 MHz. Sitka propustného pasma pfi ttlumu 3 dB je volena hodnotou B, = +1 kHz. SluGovaci
obvod tedy vymezuje kmitoftové pasmo kanilu A v rozmezi f; = 9996,7 a3 fa= 99987 kHz
a kandlu B v rozmezi f5 = (10 001,3 = 10 003,3) kHz.

Krystalové propusti obsahuji jednoduchy symetricky kiiZovy Elanek se dvéma rezonatory
v zapajeni, které je ekvivalentni kfiZovemu Clanku. Realizuji pfenosovou funkei se dvéma itlu-
mov§mi poly. Uspofadani tohoto typu dovoluje provést filtry se Sirfim propustn$m péasmem, vy-
sok§m Gtlumem v nepropustné &asti a velkou strmosti boki Gtlumové charakteristiky.

Pro dosaZeni jediného propustného pasma je nutné, aby rezonance obvodu jedné vétve odpo-
vidala antirezonanénimu kmitoftu vétve druhé. V takovém pripadg maji reaktance v jednotlivich
vétvich opatnd znaménka. Maximalni Sifka propustného pasma filtru se pfitom rovna dvojna-
sobku vzdalenosti rezonanéniho a antirezonantniho kmitottu jednoho rezondtoru. RozloZeni
poli a nul prenosovych funkei podeine a prigné vétve kiiZoveho Elanku je znizornéno na obr. 3.

Zapojeni krystalov¥ch propusti slufovaciho obvodu ukazuje obr. 4.

Poukité rezonatory Krystalovich propusti jsou typu AT, tvaru planparalelnich kruhovich
destifek s napafenymi elektrodami. Jsou navrZeny tak, aby bylo dosaZeno dostateéné Grovné
potladeni anharmonickych moda tlouStkovE stfifnych kmith. Pro zamezeni rufivich ofinkd na
tlumevou charakteristiku propusti je totiz Zadouci potladeni nejméné 40 dB.

Utlumové charakteristiky realizovaného sluéovaciho obvodu jsou na obr. 5.

4, Experimentélrei vysledky
Méfici soupravou podle obr. 1 byly méfeny piezoelekirické kiemenné rezonatory s charakte-

ristickymi Udaji uvedenymi v tabulee 1.
Priklady vysledkn udava tabulka 2.

Tabulka 1. Zakladni (daje méfenych rezonatord s rezonanénim kmitoctem 10 MHz.

Rad Jmenovity
Vzorek  Oznaleni Drzak harmonické kmitoget Rez
[kHaz]
I U 41977 H 1 9.999,493 AT
12 g 17 TO 8§ 1 9 999,765 AT
13 403073 H sklo 3 10 000,243 AT
I4 927359 H sklo 3 10 000,157 AT
15 SC7 H sklo 3 9 999,897 sSC
16 SC4 H sklo 3 10 000,022 SC
Tabulka 2. Intermodulatni napéti rezondtori méfené na realné impedanci &y = 1350
8 VG1,: f 7 Fi
Veork e [kHz] [kHz] (@B
I 4,5 40,732 6997,24 — 108
+1 9996,5 —113
2 9993,5 —124
T4 4,5 +1 9995,35 —98
I5 4,5 41,129 9991,52 —178
—2:5]1
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ratorem BM 501, méficim prijimadem BM 503 a zobrazovaci jednotkou BM 504; je doplnin
externim normalem 5 MHz (pfesny krystalovy oscilator ! PKQ 13). ?'—"b*’az““al‘i Jednotka
soupravy umoZfiuje pii pouZiti rozmitaného provozu zn_azornélm kr'n{lmlovych charakteristi
v pasmu (10 kHz <= 30 MHz), méficim prijimacem lze méfit ofekavané drovné v oblasti (—g) =
+ —110) dB. R bt

StE7ejni Esti bloku Fidicich signall je slufovaci obvod, ktery musi umoZnit naroénou paralelnj
spolupraci dvou generatord pracujicich na velmi blizk¥ch kmitogtech pfi definované drovni vi-
stupniho napéti ka#dého kanalu. Cilem je dosaZeni malého vleineho atlumu v pFenosoveé cestt
z kanalového generdtoru na méfici obvod s rezondtorem a naopak dosaZeni velkého viofnénp
tlumu mezi obéma kanaly. Zapojeni slufovaciho obvodu vyuZiva proto krystalovich pasmovich
propusti, které navic zlepsi kvalitu Fidicich signalu tim, e zvEtSi Uroven potladeni harmonickéhp
zkresleni a zv¥8i odstup bilého fazového Sumu na vystupu generatoru.

Vlastni sluCovaci obvod tyofi dvé krystalové pasmové propusti se stfednimi kmitodty f, =
= 9997,7 kHz a fg = 10 002,3 kHz umisténymi symetricky vzhledem k jmenovitému kmitoéu

Obr. 4. Zapojeni Krystalovych propusti slufova-
ciho obvodu s propustnymi pismy kanili: 4 —
(9996,7 = 9998,7) kHz, B — (10 001,3 + 10003.3)

kHz.
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Obr. 5. Zmétené g i
Tené Gtlumove charakteristiky filtr sluCovaciho obvodu.
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lagni proud je tvofen sloZkou zavislou na admitanci ¥Yg a sloZkou ovlivaEnou ridicimi signaly o
grovnich ¥y a P

> AN o . ViV - 2
(10) fh= —j-4:n(A3 =+ A-‘) ko + A, == _(?nysl + jA1pAds I:: h)

@ e v
Admitance rezonatoru Yo pii kmitodtu £2 je zde vyjadiena virazem
o - Ay
(11) Yo —idial A+ ==
Ag

Uvedené vztahy umodinii volbu vhodne metody méfeni velikosti intermodulagniho signdlu.
7e xmiteného napéti 1 — R_l_fu vypolieme diky zname velikosti resistoru Ry intermodulani
proud fy. Poté dosadime za I do (9) a urCime napéti Vg. Jeho velikost lze ovéfit vypodtem,
smame-li prisluiné materidlové konstanty, rozloZeni kmitotta a urovné budicich signala.

Z.
,
P
G

|
méreny
S o ; . | objeki
Obr. 2. Méfeni intermodulaénich produkta generator [M | ;
piezoelekirickych rezonatora. vyhodnocovani
23kHz 23kHz
| ] 1,35 kHz
1.35kHz;1.3g<qHz 1.335*_4_2: il
i i H : H H
Obr. 3, RozloZeni poli a nul prenosovych ] ! : i i
funkei podélné a pficné vétve filtrd tvaru —$— 31 ;;2_*_ ! b _L:H’
kizového élanku. 15 kHz g kL2
B
A

3. Souprava pro méferi intermodulaénich produkti

p

Pro experimentdlni. zjisfovéni intermodulagnich produktd bylo sestaveno pracoviSié, které je
blokavé znazornéno na obr. 2
S 3 z i £ fizené
Pracovidté obsahuje v Gasti generator IM generatory Gy a Gy reai[?.'o\‘ﬂnclfto Fryl:;‘il:m Eﬁ,e-
oscilatory 10 MHz s moZnosti rozladéni o =1. 107 # a stabilitou v r'adL_1'(!0 4 5 ;. J;' n;ila-
ritory G, Gy jsou uloZeny v termostatu 7K 1. Kanalove zesilovade divaji .slgl'.\ﬂ] : ntno;' ]J- SIGB
veni amplitudy (0 = 3) V na impedanci 75 Q@ s potlafenim druhé harmonické — 38 dB pfi +
na vistupu. fibli
i ; — blizné
Slucovaci obvod SO umo¥iuje zv§it viozny tlum signalu kandlu 4 ke gemrawru.ﬁ:&:l‘m;m
na 40 dB a potlageni druhé harmonické zvydi na —b5 dB. VloZng Ly
je priblizng 1 dB t
: y - : . - . § prenosem
Meéfici ptipravek MP pro piezoelektricky rezonator je pruu_eden Ja}o lr’ujbr:nﬁ; uDH i
WaZovanym mezi branami /—3. V brané 2 je zapojen rezonitor umistén§ v -'r|crmurc.gulal¥-
krystalovi jednotka je v teplotni komore TK 2 udr¥ovana na bodu obratu pomoc
niho zatizeni s tyristorovou proporcionalni regulaci.

SEli o 1 502, gene-
Vyhodnocovaci &st tvoFi tovarni souprava Tesla BM 506 s meficim vysilacem BN &
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5. Diskuse

Vlastni méreni se zatim neobedlo bez urfitych tézkosti zpisobenych redlnymi vlastnosimi méfici
““g:‘.‘:j::é — kmitoétove spektrum, kterg jsme v rozmitaném F:'(‘:vozu Jsleduv;.xli’na {“Pfﬂ?\‘vaci
jednotce, obsahovalo kromé zikladnich signalli fy. /5 s L.Ir.u\.'Tléml Vi, a Vi, Qal\a‘-] vyzrta_une Mgnav]y._

Jejich pritomnost jsme po rozboru spektra vysvBtlili jednak vznikem zrtadh?v)-r.h kmitodtn
phijimade, jednak (a to je mimoradné dulezitéy vznikem intermodulace na vstupnim krystalovém
filtru méficiho prijimade.

Dalgi obnif spofivala v tom, Je zvladi pro nizké drovné fid
intermodulagniho produktu jif znaéng a navic je v blizkosti dominantniho Ffidiciho signily
& jeho zreadlového obrazu v daném pasmu vstupniho filtru. Pii drovni ¥} [predpokladane napt.
v oblasti (—80 = — 100} dB] v kmitoftové blizkosti signalu o Grovni —35 dB, kdy bylo treba
prepinaézm znacné zvySit vstupni citlivost méficiho prijimade, znamenalo neopatrné naladEni
na jedne stran pasma bud rorkmitani vstupnich obvodi, nebo jejich znigeni.

Pro usnadnéni méfeni bylo navrfeno doplnéni méficiho Fetdzce o daldi vstupni krystaloy
filtr, zafazeny mezi mérici trojbran a méfici piijimad. Cilem této Gpravy je potlacit Uroyné fi-
dicich signalii na vstupu méficiho prijimade a vyu#it tak plné jeho citlivosti v dzkem pasmu.

Prikladem uvadéné naméfene vysledky je tfeba interpretovat s jistou opatrnosti. Na preni
pohled prekvapuji znainé odstupy namétenych intermodulacnich produktu ¥y od Grovné fidickh
signala Vg, 5.

Vysvétleni viak plyne ze zapojeni méficiho trojbranu.

Pruchodem signdlu o kmitoftech fy, f; vstupnim déliem trojbranu se vytvoli abytky napét,
o které se sniZi Grovei l}ﬂ‘}, Tim se vSak sniZi i ridici nap&ti V; a ¥ na vlastnim rezonitor,
tedy 1 intermoduladni napéti Fp o kmitottu 2 = 2, w5

Hodnot€ ¥y 5, — 0,805 ¥, kierd jiZ viznamnéji ovlivni drovei produktu Vg, resp. I’J_-ndr‘t“rl‘”‘
napt. droved b, 5= 11,75 dB.

V daném oboru souhlasi viak naméfené hodnaty s vypodtenymi.

ich signala je odstup drovng

Intermodulagni napéti vzorku fezu SC nzbylo vypodtem ovéfovano, ponéyadz pouity model
pl?li pro fezy AT. V uvedeném pripadé je zileZitost navic netypicka svim nesymetrickym roe
Ef_JZCI_Hm kmitoftu /; a f;; mimo to se domnivame, e dodlo ke koincidenci intermodulaéniio
f-u;n'ﬂl_u -‘-'nikl':!frm zrcadlovim kmitottem méfici soupravy & modem SC fezu, U tak specighnith
fezil, jakym SC bezesporu je, by pravé nezadouci n*linearni projevy mély byt minimalni

6. Zavir

Experimentaln® byl prokazan vznik intermodulacnich produkti na kfemenngych rezonatorech
typu AT vyrobenjch v k. p. TESLA Hradec Krilove.
Jejich relativng nizka droved vzriasta se
kmitoftovym odstupem od sérioveh
Naméfene hodnoty umozi
=76. 10" N . m~?

zvySujici se Grovni Fidicich signalh a se smizujicim
0 rezonanéniho kmitottu.

! Wi stanovit nelinedrni elasticky modul &vrtého Fadu tCEgsa]E
kfemenného rezondtoru typu AT,
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Analogové Cislicovy prevodnik vyuZivajici povrchovych ultrazvu-
kovych vin
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Vysoki Skola strojni a textilni, katedra elektrotochiniky, Liberec

Deformace piezoelekirického viibrusu a zména rychlosti sifeni
vyvolané silngm e!elksrickyrz polem jsou vyudity pro konstrukei
{el pﬁf:h!.né viréﬂtuwdené vlivy elektrostatického nebo ;mwlu pro-

)

Jsou y vztahy i
miénného elektrického pole, Analog

681.34
.Polf-"'dloygf?t 'uﬂrﬂ:wl;wg'rqh_?ln

pr

prevednikem pfeménén na zménu kmitod

i signdl privddény na Hdick elektrody je

F
fiho

a zménou kmitoétu vijstupniho signdlu je linedrni vztah.

Uvod

V souvislosti se studiem nelinedrnich vlastnosti piezo-
eleltrickyeh litek byly v poslednim obdobi prohloubeny
té poznatky o chovini piezoelektrickych vybrust vysta-
venych pii pasobeni slabych zpracovdvanych signdli
sonfasné vliva silnyeh elckirostatickyeh poli [1], [2].
Studium pusobeni  silnych elektrostatickych poli se
pritom neomezilo jon na piezoelelktrické litky uvaZované
v podminkdch &ifeni ultrazvukovych objemovych vin,
ale pozornost byla vénovdna téZ ultrazvukovym po-
wehovim vindm. Jak bylo ukdzino napk. v praci (3],
dochizi v disledku piisobeni elektrostatického pole ke
zméné rychlosti &ifeni povrehovyceh ultrazvukovyeh vin,
piiéemi je soutasné prenos povrchovyeh ultrazvukovych
vin ovlivnén, jak bylo ukdzino napi. v prici [4], i defor-
mac padlozky vyvolané prostrednictvim lineirniho piezo-
elektrického jevu elektrostatickym polem.

V daliim si viimneme moznosti vyuit vlivu silného
 elektrického pole na piezoelektrickou podloZku, na je-
]ilm? povrehu se Sif{ povrchové ultrazvukové viny pro
Z-MPBaCi analogové Gislicového prevodniku previdéjiciho
Stejnosmérné napéti, nebo analogové proménny signil na
(HmEnu kmitoftu vystupniho napéti prevodniku.

IV elektrostatického pole na
Plezoelektrickou desticku

¥ velkého elektrostatického pole pisobiciho soudas-
proménnym elektrickym polem byl popl_'vé
nna kiemennych rezonatorech typu GT uréenycl
vity kmitoéet 100 kHz na Vysoké skole strojni
¥ Liberci v roce 1961 [5). Vysledny jev byl na-
atnim jevem a byl vyjadiovdn pomoci zmény
modulii nebo koeficientii vyvolané elektro-
m. Pozdiji byl tento jev Tolmanem vyuZit
systému fasové jednotnosti v CSSR.

signdiu. Mezi velikosti vstupniho signalu

Vliv eloktrostatického pole na piezoelektrickou destitku
v dalsim vyjidiime pomoci nelinedrnich piezoelektrickych
modulil expyep & nelinedrnich piezoelektrickych koeficien-
ti dypyep definovanych za piedpokladu konstantni
entropie takto

ok 3%t a
eNLMCD = — amg , (1)
1
d = ; 9
NLMCD X O (2)

kde fpp vyjadiuje sloiky tenzoru termodymamickéhe
napéti, &y slozky vektoru termodynamické intenzity
elektrického pole, ncp slezky tenzoru termodynamické
deformace. Mezi nelinedrnimi piczoelektrickymi moduly
a koeficienty plati vatah [6]

£ £ A £
€ancpE = GaFcHE CPGBC CNEDE + @ ALM CLMBCDE - (3)

kde chpep jsou sloiky tenzoru linedrniho elastického
modulu zméfené pii konstantni termodynamické inten-
zité elektrického pole, ciBCDEF slozky nelinedrniho elastic-
Jého modulu (modulu 3. Fédu) a dpeslozky tenzoru linedr-
niho piezoelektrického koeficientu.

Slozky tenzoru termodynamického napéti {4y miZeme
v souladu s praci [6] a [7] vyjadiit takto:

1
i = (cf‘,jc,_, + expatc® ) dep 1 (Exia = Hygum®,) %

1% £ (Mol r-+
X P+ 5 [CLucp Yop By + crycogr \YCDUEF T
: 2

+ ug o ugn uryll (4)

kde symbolem @ jsme oznatili derivaci potencidly @
d,luysuul‘adnice 2Py = —fx)a _Symbolom Hoiiu

slozky tenzoru elektrostrikiniho koeficientu.
Srovnejme uvedené vyjédieni termodynamického na-
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piti 8 vyjddfenim uvddénym v souvislosti s linedrnimi
stavovymi Tovnicemi, z kterych se vychazi pH uréovani
rezonanéniho kmitoétu piezoelektrickyeh rezondtors.
Podle téchto linedrnich stavovych rownic je

L E
Try = cLucp¥en + expy@y , (5)

kde symbolem Tpy jsme oznaéili slozky tenzoru elastic-
kého napéti a symbolem ey slozky tenzoru elastického
modulu pi1 konstantnim elektrickém poli.

Pii pusoheni silného elektrostatického nebo pomalu
proménného elektrického pole na piezoelektricky vybrus
kmitajici v blizkosti svého rezonaniniho kmitodtu, mi.-
jeme kmity charakterizovat elastickym posunutim wu.
a elektrické pole sloikami intenzity £y = —®, .. Pokud
kmity v¥brusu jsou velmi malé, miZeme ziejmé na pravé
strané rovnice (4) zanedbat posledni élen v hranaté za-
vorce. Ve srovndni s linedrnim vyjddfenim se zfejms
vlivem piisobeni elektrického pole zméni elasticky modul
cFyep na hodnotu cfyep a piezoelektricky modul egpy na
hodnotu €%py, pritemi ze srovnini vztahii (4) a (5) vy-
p]lf”.'ii

= ExLMCD
- 3
Craep = CLMCD ‘1 S (b,.\' '

“Lacp ®)
. )
1 "Hy
LaoRY =".\'Ln(1 =y Drumar r]r__\] .
. “ EnNiy

Vhledem k tomu, Ze elasticky modul ¢fyop a piezo-
elektricky modul e¥;y jsou linedrnimi funkcemi piisobici-
ho elektrického pole £y, budou se zfejmé uvedenéd moduly
ménit v rytmu pfil ¢ho elektrického pole a amplituda
této zmény bude linedrni funkei amplitudy tohoto pole.
Pro piedstava o velikosti prispévku elektrického pole
na zmény elastickyeh a piezoelektrickych moduli uved-
me. i pomeér exyyen/ ;..Hl’.‘[! dosahuje napf. u krystalu
Bi,Gedy, hodnoty fadu 107W m V-1 a pomér Hyypy/
Jexr hodnoty Fada 108 m V-1,

X3

+ Az

Ubr, 1. Prineip uspofdddni interdigitdinich méni¢d a fidicich
elektrod na piezoelektrické destifce.

Ovlivnéni doby prenosu signalu elektrickym
polem

l'f'l-tl[:r-];la'.doj me, % na tenkou piczoelektrickou destic-
ku, orientovanou v ortogondlnim systému o0s pOdl'{
obr, 1 je uspofidin jednak interdigitdlni méni¢ B huc\]ia'n
Povrchové ultrazvukové viny, jednak snimaci interdigi-
filni ménic S, ktery povrchové ultrazvukové viny
Phjimi. Predpoklddejme, Ze destitka je orientovina tak,
by povreliové ultrazvukové vilny se od ménice B sifily

l_‘f)vnulmzné s oson X, se skupinovou rychlosti » vyhovu-
jiei pro B, C = 1, 2, 3 soustavé rovnic

(I — dycor®) ay — Mhyay =0,
|‘H~’1u i 11:464 = U. {TJ

kde koeficienty I'f,. jsou definoviny vztahy

FEC = bybptipen(l + K3 jen),
F'Lu = babpetyn, (8)
It = babpeap,

pfitemz «, jsou sloZky vlastniho vektoru reprezentujiciho
fedeni pro tfi diléi rovinné viny, «, je koeficient v rovnici
vyjadujici potencidl jako funkei posunuti, b, jsou hod-
noty tlumeni povrchovych ultrazvukovych vin ve smérm
08 Xy, Kypep jsou slozky koeficientu elektromechanické
vazby a e, jsou sloiky permitivity. V" nafem pfipadé
povrehovych ultrazvukovyceh vin &ificich se ve sméru osy
X,jeb;=1,b,=0ab; = b.

ReSeni popisujiei Sifeni povrchovyeh ultrazvukovyel
vin musi vyhovovat téZ okrajovym podminkim. Pro
nis pripad maZeme napf. pro povrch destiéhy poklidar
dile uvedend elastickd napéti za nulovi

T'.n i Ta-.' = T.’m =0 (9)

a elektricke posunuti Dy na povrehu desticky poklidat za
spojité.

Dobu, za kterou dospéje povrchovi ultrazvukovi vina
z osy budiciho ménite do osy snimaeiho ménice, oznaéme
T, piitemi zicjmé

T = — (10)

=
kde [ je vzdilenost os budiciho a snimaciho ménice.

Podstatnon édsti usporidani uvedeného na obr. I jsou
elektrody A, (ddle oznatované jako fidici elektrody) na-
nesené mezi budici a snimaci ménié. Tato dvojice elektrod
md v prifezu destitky vytvofit elektrické pole. Elektrody
jsou proto naneseny na horni i spodni plochu desticky.
Rozmér elektrod ve sméru Sifeni povrchovyeh ultrazvu-
kovych vin oznaéme [;.

Pii piipojeni stejnosmérného nebo pomalu proménneho
napéti na dvojici fidicich elektrod se zméni, jak jiz bylo
ukdzino drive, elastické moduly @isti desticky pokryté
dvojicl Fidicich elektrod z hodnoty ¢fuep = ciyen na
hodnotu e} yen = €iyep danou prvnim vztahem (6). Sou-
tasné dojde v ditsledku piezoelektrického jevu ke zméné
délky [, pokovené ¢dsti desticky o hodnotu Af;. Pomérnou
zmeénu délky pokovené fasti desticky mizeme z deformace
8,g piczoelektrického vybrusu vyvolané elekrickym po-
lem E¢ (nebo napétim mezi elektrodami @) a dané vzta-
hem

Sy = dl pnBe = dian®e (11)

pro dané usporadini desticky podle obr. I vyjadiit takto:
Al ;
T ain

kde d3,y jsou slozky tenzoru piezoelektrickych koeficientn

definovanych analogicky k druhému wvztahu (6) takto:

*Ec_v-aﬂ.]

dean )’

(12)

1
d;_“,.—_-d.m,[l =5 (13)
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kde Repan jsou elektrostrikéni koeficienty, jojich# hod-
noty hyly napf. pro krystaly Biy,GeO,, uvefejnény v pra-
i [6].

o Ei Jd.'lslud.ku zmény rychlosti sifeni povrehové ultrazyu-
kové viny z bodnoty v na hodnotu v’ a pomémé zmény
déllcy fasti destiky opatiené dvojicf FHdicich elektrod se
gméni doba potiebnd pro prichod povrehové ultrazvuko-
vé viny mezi budicim meénitem a snimacim ménitem
o hodnotu At;, pritemz ziejmé

+ - T

i

A L L LTwe

pif o= R e u[?[l
kde pomér LJv vyjadinje &as r; potfebny pro prichod
povrchové ultrazvukové viny po povrchu &isti destidky
opatfené Fidicimi elektrodami.

Pomér rychlosti &ifeni povrchovych ultrazvukovych
vinvat' je, jak vyplyvd ze vztahti (7) a (8) sloZitou funkef
elastickych modulli cturp & cfuep & piezoelektrickych
modulli expy & expy & je zpravidla nutné tento pomér
pro danon orientaci desticky a dany smér ifeni povrcho-
vych ultrazvukovych vin urfit na poéitadi. Abychom
naznadili dalsi postup feSeni, pro jednoduchost pfedpo-
klidejme, Ze pro uvaZovany vybrus se vatahy prova o
zjednodudi tak, Ze pomér rychlosti lze vyjédtit jednodu-
chym vztahem

S ch:mm : (15)
v DLHCD
Po dosazen{ z prvniho vztahu (6) obdrZime
2 1 1 exzuop
e
14 2= LMCD
I Ciaen P x
(16)

Obr, 2. Principidlni uspofdddn{ analogové Piﬁhcm’éhﬂ pie-
vodniku na pi lektrickd destit

Fo dosazeni ze vztahu (11) a vztahu (16) do vztahu (14)
& po zanedbéni lenu -

%_ZIZLMCD gD.N‘ _;_JZCD&B Q.c

cL\l(u oz

obdriimp
Ary * [I 1 chu] 1 exnuen
T A i E _dCAB 4 2 c;LMCD

(17)

Usporadani analogove ¢islicového prevodniku

Ze vztahu (17) vyplyvé, Ze stejnosmémym nebo pomalu
proménnym napétim u — @ lze plynule ménit dobu pre-
nosu signilu mezi budicim a snimacm ménitem. Pro vy-
uzitf zmény doby pfenosu Fidiefm napétfm pro konstrukei
analogové &fslicového prevodniku predpoklédejme sy-
metrické uspofddéni podle obr. 2.

: Uprostied tenké piezoelektrické desticky je usporfidin
interdigitdlni ménié¢ B budici povrchové ultrazvukové
viny tak, aby se sifily na obé strany od ménide ve sméru

-0sy X;. Na okrajich destitky jsou umistény snimaci inter-
«digitdIni ménite S, a 8,. Mezi budicim a snimacimi méniéi

jsou usporddiny dvojice Fidicieh elektrod A, a A,. Ridici
elektrody jsou propojeny tak, aby jejich polarita byla

pravé opatnd. Zplsobi-li pfi takovém propojeni elektrod

tidicf napéti w na paru elektrod A, prodlouzeni doby pri-
chodu signdlu o Ary, potom pérem elektrod A, zplsobi

“toto napéti zkrdcenf doby pienosu o stejnou hodnotu.

Obr. 3. Blokové schéma vyhodnoceni vystupni &islicové
velitiny prevodniku.

Budou-li prenosové cesty mezi budicim B a snimacimi
S, a 8, ménié souddsti dvou oscilitord OSC, a 0SC,,
potom prodlouzeni doby pfenosu zpiisobi sniZeni Jmi-
tottu oscilitoru a zkriceni doby prenosu zvyfeni kmi-
toctu oscilitoru. Rozdil kmitoétd oscildtoria OSC, a OSC,
je potom funkei Fidiciho napéti ¥ a mize byt Gislicove
vyhodnocovin napt. v obvodu, jehoZ blokové schéma jo
uvedeno na obr. 3.

Zavér

Analogové dislicovy prevodnik vychdzejiel z naznade-
ného principu je vhodny pro vstupni napéti az do nékolika
desitek volti.. Nevyzaduje referentni zdroj napéti a pra-
cuje 8 podstatné stabilnéjiimi prvky. Pri fidicim napéti
10 V a jmenovitém kmitottu oscildtorit 30 MHz lze ote-
kdvat celkovou zménu kmitoétu priblizné 40 Hz.
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Nelineérni elektricky nahradni obvod
piezoelektrického rezonatoru

Ing. JAROSLAV NOSEK, CSc.,
Vysokd Ekola strojni a textilni, katedra elektrotechniky, Liberee

621.372.412

¥V :‘,.l‘an'ku A€ venovana pozornost modelovdni nelinedrnich vlastnosti piezoeleltrického kfemenné-
ho rezondtori, 2 ﬂ}d!;' Jjsme vybrali zdvislost rezonanéniho kmitoftu na trovni buzeni, Je sestaven
nelinedrni elektricly ndhradni obvod rezondtoru s dominujicimi elastickymi nelincaritams.
Obvod je analyzovdn metodou ekvivalentnd linearizace a vyjeledly jeou zpracovdny pomoct poditade.

l_:lvod

Nelinedrni vlastnosti piezoelektricky'ch rezonatort mo-
hou viznamné ovlivnit stabilitu kmitottu a Eumoré
spektrum oscildtort s velkou stabilitou, v dasledku vzniku
intermodulaénich produkti viak rovnéZ sniZit jakost
selektivnich pfenosovych blokl. Z téchto diveda je
w posledni dobé vénovéna znaind pozornost jejich analyze
a zatlenéni vysledkii této analyzy do soucasné struktury
teorie elektrickych obvodi.

Piezoelektricky rezondtor kmitajiel vynucenymi kmity
mé zdsluhou vazby mezi harmonicky proménnym elektric-
kym polem a mechanickou deformaci vybrusu pfi kmi-
toitech blizkych mechanické rezonanci vyrazné elektrické
imitanéni charakteristiky. S cilem zallenit tyto viastnosti
do systému elektricky'ch obvedi byly vytvifeny elek-
trické ndhradni obvodové modely, vyjadfujiei chovéni
piezoelektrického rezondtoru v uréitém kmitottovém
pasmu, Nejzndméjéi z elektrickych ndhradnich obvodi je
linedrf obvad se soustfedényini parametry, sestdvajicl
2¢ sériové spojeného rezistoru, induktoru a kapacitoru,
8 paralelnd pripojenym kapacitorem [1], [9]. Takovy
obvod je platny pro okoli h-tého rezonanéniho kmitottu.
Uvedeny linedrnf elektricky nahradni obvod sestivd
z obvodovych prvka nezdvislych na velikosti napéti
aplikovaného na elektroddch rezondtoru nebo na proudu,
ktery rezondtorem protékd, je modelem, vyhovujicim pro
malé ztritové vykony na rezondtoru (<< 5 uW). Pri vét-
tich zdtézich ze projevujf nelinedrni vlastnosti, z nich
NeJvEtd] vyznam maji zdvislost rezonanéniho kmitoftu
4 drovni buzeni a zména nédhradniho odporu Ry, resp.
tinitele jakosti & trovni buzeni. Pfi zna¢ném zvyeni
lirovné buzeni se objevuji deformace rezonanéni kfivky
amplitudy a fize, skokovd zména amplitudy a relativni
rozkifent spektrdlni linie [1], [2].

Zévislost rezonanénfho kmitoftu na drovni buzeni
{&nizochronismus) 1ze u kfemennych rezondtori vysvétlit
Mménay elasticky’ch modult a teplotnimi jevy v samot-
ném Tezondtarn.

,P°P5nné nelinedmi vlastnosti byly modelovdny napf.

trstenem [3] a Gagnepainem [1], ktery uvazoval nd-
hraduf ohyod g prvky Ry, Oy, Ly a C zévislymi na proudu

mitorem,

Nadim cilem viak bude zjednoduseni nelinedrniho nd-

dniho obvodu na z4kladé odlifného piistupu ke stano-

Charakteristik dominujicich nelinedmich obvodovych
kit, i zjednodugenf matematické reprezentace.

Nelinedrni elektricky nahradni obvod
rezonatoru

Z nelinedrnich projevi piezoelektrického kfemenného
rezondtoru lze za stéZejni povaZovat zménu rezonanéniho
kmitoétu v zdvislosti na urovni buzeni. Tato zména byla
v minulosti zjifténa experimentdlné, napf. [4], a po apro-
ximaci vyhodnocena jako parabolickd zdvislost rezonané-
nilio kmitoftu na proudu protékajicim rezondtorem.

Kmitottovd zména je v zdsadé funkef nejen proudu, ale
i napéti na rezondtoru [3]. Vzhledem k tomu, Ze prispévek
¢lenu s napétim na rezonatoru U§ lze zanedbat [5], vychd-
zi zdvislost pomérné kmitoltové zmény plankonvexnilio
rezondtoru na proudu ve tvaru

W—wy _ .
A Dql?, (1
kde
. KK, 8 yNr? 5
L= w? 1) 6055, rea - Sedp (=

Ve vztazich (1) a (2) jsme pfitom symbolem

I oznatili amplitudu proudu rezondtorem, w, vlastni
rezonanéni kmitofet rezondtorn, y nelinedrni elasticky
modul, definovany v [3), N fdd harmonické, ¢l linedrni
elasticky modul druhého fadu (tenzor 4. fddu), uréeny pfi
konstantni elektrické indukei. S, ;.4 je redukovand plocha
elektrod plankonvexniho rezondtoru [5], ey piezoelektric-
ky modul.

Vyjddiime 2 =
w? = wi(l + 2DI* + DRIY) (3)

a zanedbdme v daliim &len D%

Uvedeny matematicky model lze reprezentovat pomocei
elektrického ndhradniho obvedu s nelinedrnimi prvky
R LC dynamické vétve, zdvislymi v sériové rezonanci
na proudu rezonatorem. UvaZme vEak, které prvky budon
mit svou nelinearitou vliv dominantni.

Je.li w = wy = f(I2), budou obecné i nelinedrni prvky
L a C zdviset na proudu rezonitorem. Pro sériovy rezo.
nanénf kmitodet, pfi kterém je admitance rezondtoru

redlnd, plati 1

wf = L) 0) )
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Enitel jakosti rezonitoru je urfen vztaliem

_ ) L) 4

o SR (8)

Jestlize jsme uvaZovali pfi¢inu nelinedrnich projeva
“mlcktrického rezonitoru se slabou elektromechanic-
ju vazhou ¥ elastické o"bIastll a vyjadrili je elastickymi
pduly vyssich Fdda, pfisuzujeme nyni nelinedrni zévis-
st rezonantniho kmitottu pa proudu predeviim vlivu
Jinearniho kapacitoru C(I) dlynam.ické vétve, I v linedr-
analyze totiZ pouze 'y zdvisi, kromé rozméru rezong-
ru AT, fidu harmonické a piezoelektrickém modulu,
s fiéinném elastickém modulu cfy. Pro tlouStkov stiizné
ity poototenych fezl _} jsou piitom moduly tietiho
du nulové. VyuZijeme-li analytické zdvislosti (1), ddle
gahu (2), (3) a (4), vychdzi pro L = Ly, proudové z4-
&ly nelinedrnf kapacitor ve tvaru

1 > P -
Tl + 20;0% — 14 2o 9

o) =

1o daldi tvahy je vyhodné zavést inverzni kapacity

1 1
F:='E'a Pcb="'_' (M)

yatah (6) pfepsat do tvaru
Fc“)'__'rch“ +2D'l'fq)=au+azlﬁi (8)

e [ je amplituda proudu rezondtorem v sériové rezo-
anei.

Daliim nelineirnim obvodovym prvkem uvaZovaného
aondtoru je proudové zdvisly nelinedrni rezistor R(f).
tho nelinedrni charakteristiku je obtiZné uréit analytic-
¥ Z experimentdlnich vysledkd [2], [6] lze vSak zmére-
ou zdvislost v oblasti proudi 107%az 2.107% A aproximo-
at funkei ve tvaru moeninového mnohoélenu

N
— ¥ byan (9)
n=0

y=by+bx+ b2+ ...

konstantnimi koeficienty by, ... by a moZnosti urtit
teficienty aproximaéni funkee nejlépe metodou inter-
olaini ¢ metodou nejmensiho souétu étverct odchylek.
Ivaivjeme-li vliv nelinedrniho koeficientu tlumeni reee
g7yl itvrtého fadu [1], préavé tak jako absenci koe-
tientu tlumeni tfetiho fddu, lze v aproximaéni funkei
2t v ivahu nejvyse &len b,x?, polozit b, = 0 a nelinedrnf
Bvislost rezistoru na proudu formulovat ve tvara
R = Ry(l + BI%) = by -+ b,I%. (10)
Vahledem ke skuteénosti, Ze initel jakosti (5) piezo-
lektrickych kiemennyeh rezondtorh uvaZovaného typu
2 obvykle velmi vysoky (Q~109), je opravnénd vaha
! dominantnim piispévku nelinedrntho kapacitoru ke
WENE rezonandniho kmitoftu. Vlastni zména Cinitele
tkosti v disledku vysoké vrovné buzeni je rovnéz funkef
foudu @ = f(J2),
itoltovd zména ovlivnénd Cinitelem jakosti v dii-
¥dku zivislosti nelinedrniho rezistorn na proudu je
¥0to zanedbatelnd.
vislost, paralelni kapacity €y na proudu, zprostl"ed—
¥R nelinedrnim koeficientem permitivity £z, 12€ pro
B¢ okolf 1, zanedbat, prévé tak jako jeji vliv na hod-
¥ dynamickych prvka [7).

Elektricky nelinedimni obvodory meodel rezonatoru je
na ziklada ‘téchtc dvah na obr. 1. Dilefitou otizkou je
uréeni koeficientt aproximaénich zavislosti (8) a (10).
Pro kiemenny plankonvexni rezonitor AT o priméru
17 mm, tlouifce v misté vrchliku 2h' = 1,696 mm, prii-
méru zlaté elektrody 2, = 5 mm, poloméru zakfiveni
r = 100 mm, kmitajici na pité harmonické tloustkovs
stiiZnymi kmity, vychdzi podle nagich zjifténi [5] koe-
ficient 2Dy = 2.0,574 A2, zdvisly na poloméru zakfiveni
vypuklé plochy. Stejny typ rezondtoru byl méfen v préci
(1], z &ehoi mlZeme pro nelinedrni rezistor vyvodit
koeficient f~5.104 A% Linedrni parametry Ly, Cy, Ry
uréime vypottem nebo méfenim (L, = 4 H, R, = 1650,
Q@ =08.10% w, = 2=.5.100s"1),

Analyza nelinedrniho selektivniho obvodu

Nelineirni obvodovy model podle obr. I je vzhledem
k pritomnosti nelineirniho akumulaéniho prvku nelinedr-
nfm obvodem druhého fédu. K jeho analyze Ize pouiit
metodu ekvivalentni linearizace jiz vzhledem ke skutei-
nosti, Ze nas zajimaji prvni harmonické proudy a napéti

]

C,

u-b{,s:'nm, ol R}

o

Obr. 1. Nelinedrni obvodovy model rezondtoru buzeného
harmenickym napétim wu(t). Dynamickoun wvétvi protékd
proud it), I je jeho amplituda.

selektivniho obvodu. Podstata kvazilinedrni metody spo-
¢ivi v zdméné nelinedrniho prvku fiktivnim prvkem,
ktery reaguje svym parametrem na amplitudu prochdze-
jiciho proudu nebo napéti [8]. Pri konstantni amplitudé
se chovi nelinedrni prvek jako prvek linedrni s konstant-
nim parametrem. Pro pryni harmonickou slozku zavadi-
me proto stfedni parametr prvku, definovany tvarem
- Y

PuXy) = %= (1
kde ¥, je amplituda harmonické slozky vystupni veliéi-
ny ¥(t). X, je amplituda nezdvislé harmonické vstupni
velitiny z(t). Po nihradé je nelinedrni obvod popsdn li-
nearnf rovnici.

Nelinedrnost charakteristiky prvku je pfi¢inou vzniku
novych harmonickyeh slofek a projevuje se v nelinedrni
zavislosti stfedniho parametru na amplitudé elektrické
veliciny.

Vlastnf analyzu provedeme ve dvou etapich. Nejprve
stanovime ekvivalentni stfedni parametry nelinedrnich
prvki obvodu R,(I;) & Jes(ly), ve druhé etapé sestavime
linearni rovnici obvodu se stfednimi parametry a prvni
harmonické slozky napéti a proudu. Refenim rovnice
vzhledem k amplitudé proudu [, ziskime rezonantni
kivky I,(w) s parametrem U,, popiipadé fizové charak-
teristiky g(w) s parametrem U; nebo proudu 1,.

Vzhledem k vyrazné selektivnim viastnostemn obvodu
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dle obr. 1 pfi sériové rezonanci (odpovidajici vlastnimu
mechanickému kmitoﬁt}: rsmuét-cru) je proud i(f) & dyna-
pickymi parametry priblizné harmonicky. Stfedni para-
metry Rully) 8 Tully) se proto nebudou pili§ ligit od
nelinedrnich zévislosti R(I) a I'(I), popsanych vztahy
(8) a (10).

v souladu s principem harmonické rovnovédhy uréime
R, linedrniho ekvivalentniho rezistoru a Tea=1/C, linear-
ntho ckvivalentniho kapacitoru tak, aby pfi prichodu
harmonického prondu

i=1Icos(wt+¢)=1Icosx 12)
byly amplitudy prvnich harmonickych slozek napéti na
ekvivalentnim linedrnim a nelinedrnim prvku stejné.
Harmonicky proud i(a) vytvofi na nelineirnim prvku
neharmonické napéti u(a) s periodou 2=, které lze vy-
jadrit pomoci Fourierovy fady

u(a) = Z Uy cos na, (13)
n=0
s amplitudami jednotlivych harmonickych sloZek
ek
U,‘=-__—J‘ u(a) cos nxda, n= ey (14)
0

2 nich# nds zajimd prvni harmonickd slozka napéti na
prvku U,y Uréeni ekvivalentniho prvku zévisi na porov-
péni amplitudy napéti na tomto prrku s napétim U,.

Ekvivalentni rezistor R.(l1)

Z aproximaéni zdvislosti pro okamZitou hodnotu prou-
du
R{i) = by + byi* = by + by(t) I* (15)
stanovime voltampérovou charakteristiku nelinedarniho
rezistoru.
Ry = 2 = b+ b,

(16)

z toho 3
(i) = b + byi®. a7
Rezistor napdjime ze zdroje harmonického proudu
i=1I, cos a, ktery vytvoif na prvku neharmonické na-
péti
w = I, by cos & + b,l} cos® &. (18)
Vztah upravime

1
= (blrfl_ A —i‘b:Ig] cos a + Ebg!i cos Ja U.Q:I

& vyjédifme prvni harmonickou slozku napét{ na re-
Zistory

T — beloe %5215. (20)

Ekvivalentnf rezistor pro prvnf harmonické slozky vychd-
2i ve tvary

3
R(L) = —L}il = by + 7 beli- (21
1

Ekvivalentni kapacitor I'(I;)

Aproximaéni kvadratickd zdvislost kapacity na proudu
mé tvar
I (i) = a, + agi®. (22)
Nelinedrmim prvkem prochdzi harmonicky proud i =
= I, cos ot, takZe zdvislost kapacity prvku na case

R 1
Fc[f)=ﬂa+f121i€05"m=m- (23)
Vyjddieme napéti na prvku vztahem
Qit)
1) = —— 24
u(l) o)’ (24)
kde
L} 3
@) = Ir’{r} Ay Ifl cos wr dr = —IJ‘- sinwt. (25)
L¢
[ o
Neharmonické napéti, vyjidiené vztahem
dyer g iadiy
u(t) = —sin wh(a, + ali cos® wl), (26)
mé obecny tvar fady
wlt) = Z (Uyn sin nowt + Usy, cos nawt) =
=0
= 3 U, sin (nwt + @) (27)
n=0

Daléi tipravou a porovndnim pifslufnych slozek ziskdme
prvnf harmonickou sloZku napéti U,;.

u(f) fi [n +a,1§{1—';—c05'2w1}]
TR R g, ] —“—-———_2 '

sin wt (4}
uft I = 28
—s-i;()a—-_zf){%—l—azlf—i-azficostt). (28)
Zfejmé
(Uy sin ot + Uy cos wt + Uy sin 2wt + Uy, cos 20f)
sin wi o
(29)

= I (20, + a1t + T} cos 200),
=

Heh b
Uy, sin of + chosmt=-2—;’5mwi[ao_+-§=-ﬂ], (30)

z tehok -
- a,
U, sin wt = :1- smmf[aa + —2’-1"1‘], (31)
I a,
U= Un= ":l[ao o -2113] (32)
Ekvivalentni kapacitor je pak vyjédfen funkef
U a,
Fally) = 2722 = 0 + - 11, (33)
I 2
Lde
PR
ol s CI .




Uriend ekvivalentnich prvka R, a I', umoini sestaveni
neli:w-if”-ﬂm obvodoveého modelu dynamické vitve elek.
trického néhrad:ﬁho_ ohl\'odu, u1'E‘}1jic‘i sériovy rezonaning
kmitotet piezoc]e!ﬂnltkeho rezondtoru. Obvod je napajen
26 zdroje harmonického proudu o kmitodtu preni harmo-
Eicks s]oik}'v' Proud I, vytvifi na prveich piisluiné
ibytky napéti-

e |
T :
I Psﬂ | e (1)
; | Ue f1)
|

[
h @ U-'|rcs

Ui
I

Obr. 2. Nelinedrni obvedovy mcdel dynamické vétve
& ekvivalentnimi prvky Fya Te!

Nelinedrni neautonomni obvod dynamické vétve uriu-
jfef sériovy rezonanéni kmitoet w s piisluinymi ekviva-
lentnimi prvky podle obr. 2 je reprezentovén linedrni
rovnici se stiednimi parametry ekvivalentnich linedrnfch
prvkit, S vyhodou uZijeme komplexniho symbolického
zdpisu

; 1
vz [R, + jwL 4 'Im_'] g

C. (34)
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Obr. 3. Vypotitand zdviclosti I = flowlw,) s parametrem Ug.

dmplituda proudu
= Uy %)
2 1 X
VR- & [‘“"‘" wC.] (35)
= Ul

5 Y T ahi)
V[bn = -;b,fi] -+ [wL-———"——QZ-——L]

Rovnice (35) umoitinje ziskat parametrickou skupinu
antnfch kiivek I(w) s parametrem U;.
Komplexn{ stfednf ekvivalentni impedance Z(l)

Pl:l

Z,=R,+j [wL _T] (36)

Nosek: Nelinedrni elektricky néhradnt obvod

Sleboproud§ ohzer
= 5 [188¢] &islo 3

je ndm vychodiskem pro vyjidient argumentovych cha-
rakteristik ¢ (w) s parametrem proudu I,

2a, + a,l3
] 21

Im Z, 2
= i = & e b g
¥ = aretg o 7, = arctg R (37)
b+ 'Ibaff

Rovnice (35) a (37) byly fefeny pro parametry nahrad-
niho plankenvexniho kfemenného rezondtoru typu AT,

THr
rezandior AT plonkonvezni
wr2n 5.10° 4" NeS

Obr. 4. Vypolitand zdvislosti ¢ = {{w/w,) & parametrem L.

kmitajiciho tlouitkové stiiZnymi kmity na pdté harmo-
nické jmenovitym kmitoétem 5 MHz, pomoci poéitade
EC 1033 a rezonanind, resp. fizové kiivky byly zakresle-
ny na ebr. 3 a obr. 4.

Zavér

Nelinedrni elektricky ndhradni obved kfemenného
rezonatorn, ktery byl sestaven, je podstatné jednoduif
nez model Gagnepaintiv [1]. Byly stanoveny charakte-
ristiky dominantnich nelinedrnich obvodovych prvka
a analyticky vyjadfeny parametrické zdvislosti amplitudy
a fdze na normovaném hlovém kmitottu, Dosazené vy-
sledky byly na pracoviiti potvrzeny experimentem, a to
pro kiemenné plankonvexni rezondtory typu AT, kmi-
tajici tlousfkové stiiZnymi kmity na pdté harmonické
kmitoétem 5 MHz.
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Nosek: Nelinedrni elektricky ndhradnf obvod . .. S

— T
nonlinéaires. ,'\:11u-,h'°~_" l"r-.-,u(;ni‘f_s da c]]l”f{nramélrie ctde piezoelcktrischen Resonators, besonders der Frequez®
microméeanique. Besancon 1973, s, 10 a3 21, abhingigkeit vom Strom, der durch den Resonator fiiefit,

roufil, F. - Vrba, K.: Teorie nelinedmich a parametric.
I8 obvodd. Praha, SNTL, ALFA 1081, | e
9) Peiriilka, V. a ‘J;u].': Piezoelektiina a jeii technické
"~ pouziti. Praha, CSAV 1960,

Heanueiiuam 2IeETPHYCCRNT IANACHAT CXCMA NTHed0-
2IRTPIRACCIOTO e3onaTopa. B CTATHE YIEIACTCA BHIIMA-
jqne MOIETPOBAHIIO HETHHE{HBIX CBOMCTE mMBeaoadak-
TpUUECKOTO KBAPLEBOT0 PE3OHATOPA, 113 HOTOPLIX MBI 113Y-
ya71 33BN CHMOCTL PE3OHAHCOBOMN YACTOTH OT YPOBHA BO3-
Gyaaenna. TTOCTPOEHA HEANHEIHAR 3I3KTPHYECKAA cxeMa
p'eaoua'mpa ¢ T1aBHBIMI HEINHEHOCTAMI 3,1aCTHYECKOTO
XapaKTepa. AHATIN3 CXEMBl TIPOBEIEH METOI0M IEEBH-
paneHTHON JHEAPNIALNN M PE3YVILTATH NOIVYCHHM ¢ MTa-
MOUIBI0 BHHNCINTEIEHON MALINHEL

Die nichtlineare elektrische Ersatzschaltung des piezo-
glektrischen Resonators. Die Aufmerksambkeit im Artikel
ist der Modellierung des nichtlinearen Eigenschaften des

gewidmet. Es ist nichtlineare elektrische Ersatzschaltung
des Resonators mit domin’crenden elastischen nichtlinearen
Abhéngigkeiten formiert. Die Ersatzschaltung ist annlysiert
mit der Methode der ekvivalenten Linearisation analyeiert
und die Ergebnizse sind mit Hilfe des Rechners bearbeitet,

Nonlinear electrie equivalent circnit of the piezoelectric
resonator. The attention in the contribution is given to the
modeling of the nonlinear properties of the piezoelectric
resonator, from which we have drawn the dopendanca of
the resonant frequency on the current through the resona-
tor. The nonlinear electric equivalent eircuit of the resona-
tor with the dominant nonlinearities is put together. The
circuit is analysed utilizing the method of the equivalent
linearisation and the results are obtained by means of the
computer,

Schéma electrique non-linéaire equivalent du resonateur
piezoelectrique, L'article s'occupe de modelage des pro-
priétés non-lindaires du résonateur 4 quartz, surtout de la
dépendance de la fréquence résonnante du niveau de volta-
ge appliqué sur le résonateur. Il apporte un schéma non-
-linéaire électrique du résonateur aux non-linéarités élasti-
ques dominantes, Le schéma est analysé par la méthode de
lindarisation équivalente et les résultats sont traités
& I'aide de I'ordinateur.

Pfistroje pro védecké dGcely

Ridgithovd, 4. - Kaplan, J.: Tel:‘hnickcl{_‘konomické‘.smér{
ve vyvoji piistroji pro védecké ulely. Vydalo UVTE
tsek 4, Praha 1983, ev. ozn. SIVO 1857. 78 str., 5 tab,,
tena broi. vyt. Kes 42,—.

Védecké piistroje mizeme definovat jako piistroje pro
védecké tlely, pro védeckd badéni (v cizich jazyeich
shauinyje a scientifie’). Vedle tohoto pojmu se Zasto
vyekytuje oznadeni ,,laboratorni', piitem:z hranice mezi
témito dvéma pojmy neni vidy zcela zfejmd. Mezi charak-
teristické vlastnosti viédeckych piistrojd patii zejména
velké mnodstvi typld pH jejicf) pomérné malé vyuzitelnosti,
vysoké poiadavky na technické parametry a pomérné
krétkd typovd Zivotnost. Tyto vlastnosti pfindse]i z eko-
fomického hlediska vétd nékladovost a pii_organizac
ViTaby specifické obtize; jejich vyroba vyZfaduje velky
fortiment materidl i prvkd vypofetni techniky, ¢aston
Iménu zatizeni a technologickéhio vybaveni a daleko vy
kvalifikaci odborniku, utastnfcich se procesu vyTeby.
tale vice se prosazuje modulovy a stavebnicovy charakter
Plistrojt, jejich# produkei je moino poklédat za samo-
statny virobni obor. '
zvoli védeckych piistrojii se dostdvé soustfedéné
Pozornosti zejména v poslednich péti letech, coZ, vedla
6 oddéleni progresivni techniky praiského UVTEL
Vydéni studie vénovené této epecifické problematice.
LT navazuje na dvé studie o vyrobé piistrojd, které
]-“bg.]-'l”" letech 1980 a2 1082 v UVTEI napsdny: SIVO 1730
A technickoekonomické tendence v rozvoji vyroby pristro-
" o 8IVO 1776 Vyvojové smiry veédeckotechnickych
h mat.kﬁ ve vyrobd pristroju'’. . _ o
0 Wvodnim vykladu pojmu ,,védecké piistroje’ a vy-
teni jejich charakteristickyeh rysi jeou déle m'gde_n.‘f_
Avnf Pofadavky na védecké pristroje, pokusy o kln&ﬁl-.avu[
C, ts. t#ideng priimyslovych oborl & vyrobki, tlenén

BE1.5

podle sovétekych prameni a materidli RVHP) a informace
o technickoekonomickém rozveji védeckych pristroji
v zemich RVHP, a zejména v 855R. Na pidd RVHP byl
vypracovan tzv. ,,Dlouhodeby program epcluprdee zemi
R:$HP v oblasti védeckych pfistrojii a automatizace vy
zkumu' & cilem vymanit tento obor ze zdvislosti na

rimyslové a technicky vyspélych kapitalistickych zemich.
% SSSR lze zaznamenat zejména pro prigti pétiletky inten.
zivnd ndstup k dobudovéni nezdvislé a ve svétovém méfitku
Epitkové zdkladny videckych piistroji. Toto vyvojové
1sil{ je dobfe patrné na dosavadnim i plinovaném rozvoji
skupiny analytickyech pifstrojit. Zde md byt v 11. péti-
letee podstatnd rozéifena nomenklatura téchto pristroji,
posilen prévé podil analytickych piistroji pro védecky
vyzkum, velmi intenzivné rozvijeny pristroje pro kontrolu
#ivotniho a pracovniho prostiedi a zdokonalovéna metro-
logickd & etalonovd bdze.

V dalgich kapitoldch ndsleduje vyklad o progresivnich
technickych smérech uplatiiovanych ve vyvoji védeckych
phistroji, jako jsou mikroelektronika, integrovand opto-
elektronika, laserovd technika, elektroluminiscence, mikro-
PTocesory, piidavné paméti, technika elektronového pa-
preku, supravodivost, vldknovd optika, knEaIné krystaly
apod. Soulfasnou technickou trovefi videckych piistroj

e svité ukazuje kapitola sestavend z 1idaji o konkrétnich
jif vyvinutych a vyrobenych typech (optické a elektronové
mikroskopy, spektrdlni fotometry, laserovd technika, fluo-
rescenéni a luminiscenini technika, hmotové epektro-
metry, chromatografy, rentgenovéd spekirometrie, radio-

rafie a analyza). Préci uzavird ntkolik ekonomickych
?annabkl:l k problematice védeckych piistroji, excerpo-
vanych ze za wranidnich, zejména americkych odbornych
Zasopist a firemnich udaji. e
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HIGHLY-PRECISE AND STABLE SENSORS WITH
SURFACE ACOUSTIC WAVE

Jaroslav Nosek
Technical University of Liberec, Department of Electrical Engineering,
Halkova str. 6, CZ-.46117 Liberec 1, Czech Republic.

SUMMARY

The deformation of a piezoelectric substrate and the velocity change of the propagating
surface acoustic wave (SAW) caused by a strong electric field are used to design an analog-
digital converter and SAW sensor. The relations are derived facilitating the approximate
determination of the mentioned effects of the electrostatic or slowly changing electric field.
The analog variable input signal fed to the control electrodes is converted to a variation
of the output signal frequency. The relation between the input signal value and the signal
frequency variation is linear.

INTRODUCTION

The study of properties of piezoelectric materials and conditions of bulk acoustic wave
(BAW) and surface acoustic wave (SAW) propagation in piezoelectric medium makes pos-
sible the realization of a lot of extreme sensitive sensors used at the present time both
in laboratories and industry. However, there are less-known applications based on the
utilization of non-linear properties of piezoelectric substrate subjected to a strong electric
field at the presence of small signals [1]. In the paper we take an attention to the possi-
bility of the use of the effect of strong electric field on piezoelectric substrate with SAW

propagating on its surface.

PIEZOELECTRIC SUBSTRATE SUBJECTED TO ELEC-
TROSTATIC FIELD

The effect of a strong electrostatic field acting simultaneously with a small‘ varying field
was studied at the first time for GT cut quartz resonators in TU Liberec in 1961. The

resulting effects was termed a polarization effect [2]. In a later work [3] the effect of a

strong electrostatic or slowly varying electric field acting to a piezoelectric cut vibrating

; . E
fear its resonarce Was dascibed with an aid of the change of elastic modulus ¢fycp to
the value ¢} o) and piezoelectric modulus ezan 1o €1y by relations

ENLMCD
. 3 ] o .
clemp = CLemMD (1 + -——-—-CEC " ,.\) (1)
= - 1 lH,-\-',aL_’\f 3 4) @)
EN LM = ENEM 2 entm
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where symbol cpyrep Was used for components of the second rank linear elastic modulus
measured at constant thermodynamic electric field strength, & is potential related to the

-tric field components by £, = —® : BT ey
clectr! I S ® v and Hy s are com ponents of the electrostriction

oefficient. Due to the fact t asti - : . :

noeff_lfl ’11 e o .hawt elastic modulus ¢}y, p and piezoelectric modulus ey
are hnmlr unctions of e ectlrlc field £y the above mentioned module will change by acting
electric field and the amplitude of the change will be a linear function of the field.

TRANSMISSION TIME DELAY DUE TO ELECTRIC FIELD

Let us suppose a thin piezoelectric plate with orthogonal coordinate system as in Fig. 1.
Two interdigital transducers, one as a SAW transmitter (IDTs) and the other as a SAW

Figure 1: Arrangement of control electrodes on piezoelectric substrate with interdigital

transducers IDTg and IDT

receiver (IDT), are on its surface.

An important part of the arrangement there is a pair of electrodes A, A} deposited
both on top and bottom plate surfaces between the interdigital transducers. These elec-
trodes create electric field in the plate volume. The field results in the change of elastic
module in the plate volume between electrodes A;, A; from the value ezprep to €iyep-
Also due to the piezoelectric effect the length [, is changed by Al The relative length
change can be given by the relation

Al :

T" = danEC* (3}
1

where d. ,; are components of tensor of piezoelectric coefficients.

elocity change from the value v to v and the relative

As a consequence of the SAW v 0 i
for SAW transmission between transmitting and

length change ALl the time 7 necessary
Teceiving transducers is changed by AT;
= AT (4)

where 7 = l/v. The ration of velocities v and v is a complicated f;mc!mu ol 1L;I1r*ar and
€ : 1 . : Firs dule ey and €5y
nonlinear elastic module *”i_.\f('f) and ¢ pep and piezoelectric mo NLM NLM
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If we suppose for simplicity

e

2 _ | Cimco "

oA (5)
LMCD

after the substitution and arrangement it is possible

o _ ; to obtain the dependence of the
transmission time on electric field

AT S :
She deap (1 - Il,Rf DAB g i 1enimen (6)
- 2 deas 2 ¢ mep

Using the DC or slowly varying voltage u = @ it makes possible to change continuously
the SAW time transmission. In principle, an A/D converter of linear dependence of time
delay on control voltage can be realized.

USE AS AN ELECTRIC FIELD SENSOR

In principle the SAW sensor can work either as a SAW delay line oscillator or a SAW
cavity resonator. We have considered the first type device consisting of SAW delay line
and amplifier in positive feedback loop. A good performance of the SAW delay line
oscillator requires: )

o At the resonant frequency the amplifier amplification W4 must exceed the SAW
delay line loss W, e.g. [W,4Wi| > 1 (amplitude condition).

» An integral number SAW of half-wavelengths must be on the delay line path (phase
condition). Because the number is high a lot of frequency modes is possible.

e The main resonant frequency mode, corresponding to the resonant frequency of
transducers, is the only one mode possible. This condition can be fulfilled by a
suitable design of delay line and transducers’ length to give a theoretically zero
transmission at other {requencies.

One possible arrangement of the field sensor is in Fig. 2. It is a difference circuit
with a phase or frequency output. The circuit uses two lines, one of them is the reference
line and the other the control one. The phase change due to the change of control delay
line parameters is proportional to the number of wavelengths on the delay path and can
achieve units or tens of radians. The phase change measurement accuracy 1s in the order
of 0.1 - 1%.

At the present time the sensor with frequency output and an arrangement given in
Fig. 3 has been realized. In this arrangement both lines work as control elements.

CONCLUSIONS
Analog-digital convertor working as an electric field sensor in configuration according to

Fig. 3 was prepared on ST cut quartz. It can be used for DC voltages up to tens volts. It
does not require any reference voltage source and operates with stable elements. Control
voltage of 10 V proauces frequency change of 12 Hz at resonant frequency of 30 MHz.
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Figure 3: SAW sensor containing two delay lines and two mistuned oscillators
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INTERMODULATION PRODUCTS OF QUARTZ
RESONATORS AND THEIR MEASUREMENT

Jaroslav Nosek

Technical University in Liberec, Liberee, Czech Republic

Abstract

The relations used for expression of the intermodulalion products
of quartz resonators are described in this paper. The measuring
st for the resonalors vibrating at 10 Mllz is described and the
examples of experimental verifications are given briclly.

1 Introduction

Intermodulation products of AT cul quartz resonalors were stud-
ied Wicoretically namely by Ticrsten [1]. This paper is based on
his work and defines the intermodulation current Iy of frequency
in a circuit containing the resonator. 1t also derives its depen-
dence on the resonator admillance ¥y and the value of control
signals V) and V3. A measuring station for intermodulation prod-
ucls measurement is described and reccived resulls are discussed.

2 Intermodulation of Piezoelectric

Resonators

Iftwo hiarmonic signal of Jevels V; and V4 and frequencies wy and
w pasitioned uniformly with respect to resonant {requency wy
acks simultancously, the intermodulation signal of vollage Vg and
angular frequency ) = 2w, —w; is created duc Lo the piczoclectric
ellect. Electrical circuit the intermodulation signal is acting in is
given in Fig. 1. In the circuit fig is Lhe inlernal resislance of the
gencrator, fly, is the load resistance the intermodulation current
In is flowing through,

Figure 1: Circuit with intermodulation current

_T_h': complex value of the intermedulation voltage for the cir-
it in Fig. 1 can be given in the form according to the work

1]
§r = 2P A na + iR A :
L+ FEAL, As )

where it = g + Hp and

€22

A = Senﬂ‘ (*J)
8k 1 A
= -1 n 2 3
A;a—1+L,6+N,xm—n_A,+E—‘—]- 3)
b 18yk3. 3V, VW )
q.‘:JﬂN‘ﬂ"ﬂn, i Ane
2
wt
Ap=2t-] (s)

n 1 ¢l
Ope= (—; = 1) (..;i.fll) (w,’,fll) (6)
w - -
The non-lincar clastic module 5 is given by formula
e 4 cE l g 4
T = g%+ Gee + oo (7

The circuit in Fig 1 with intermodulation current Jn and frc-
quency {1 that is lowing in it is described by equation .
Vo + (fig + fip)ia = 0 (8)

If we calculate the current fﬂ‘ alter simple arrangement we gel
an interesting relation

" ; Ay W
.In =—jAn (,-1, + &_n') Va+ 4, A
iy P
=- (Yn o +J'A..m.-§—‘) (9)
fe
where
o d Aa)
n=ja (Az+ e (10)

is Lhe resonator admittance at frequency 0. IL follows [rom equa-
tion (9) that the intermodulation current consists of a component
dependent on admillance Yq and a component affected by control
signals of levels V; and V3.

Formulae given above make possible the scleclion of a suit-
able method for the measurement of the imermodulation signal
masn]l.udc, As Lhe resistance Jy is known, we ca!r.ul_.\lu: the in-
termodulation current o from the measured voltage Vi, = Ry lq.
Then we substitule into cquation (8] and dcl.clrminc the vollage
Vo. Iis value can be verified by calr.ulal.n_m E{ we know corre-
sponding malerial paramelers, frequency distribution and levels

of exciling signals.




3 Intermodulation Products Mea-
suring Set

A measuring station schematically shown in Fig. 2 was arranged
for the intermodulation products measurcment,

[ ¢ ]
B

measured c

sample

IM generator

evaluation

Figure 2: Measurement of intermodulation preducts of piczoclec-
\ric resonators

The measuring station contains generators in part IM. The
used generators are crystal controlled oscillators of 10 Mllz with
mistuning of £1.107 and stability of the order (107% + 1077).
Generators G4 and G are in the thermostalt TH1. Channcl
amplifiers produce output signal of controlled amplitude (0 + 3)
V al impedance of 75 €1 wilth harmonic rejection of -38 dDB at 45
dB in oulput.

Mixing circuit SO makes possible o increase the inserlion
loss of channel A with respect to gencrator Gy approximately
1040 dB and the sccond harmonic rejection increases Lo -85 dB.
The forward direction insertion loss is approximalely 1 dB.

The measuring equipment M P for piezoclectric resonator is
made as a Lhree-port. The transmission is assumed belween porls
1-3. The resonator connecled to porl 2 is positioned into the
liolder 1f. The crystal unit in the temperature chamber TH2 is
bold at the reversing point temperature with an aid of thermo-
tegulating device conlaining Lhyristor propertional regulation.

Evaluation part consists of commercial sct Tesla BM 506 with
measuring transmitter BM 502, gencralor BM 501, measuring
teceiver BM 503 and display unit IM 504. The sct is completed
by external normal of 5 MHaz (precision crystal escillator I PKO
13). Display unit of the sct makes possible to visualize [requency
fharactc:]atics in the band from 10 kllz to 30 M1z by the use of
Yobbulalion regime. The expected levels in the range from -80
4B to -110 dB can be measured by the measuring receiver.

_Tl"-' key parl of the control signals block is the mixing cir-
cult that must provide a diflicult co-operation of two generalors
“peraling in two very near frequencies ab defined level of oul-
Pub vollage from cach channel. The goal is the achicvement of a
small insertion loss in the transmission path from channel gencra-
tor ko the measuring circuit with resonator and on the other hand
Hhe achievement of a high inserlion loss between both channels.

ciclore, the mixed circuit arrangement utilizes crystal band-
Pass flters that improve furlhermorc the control signals ‘I“‘l_”')’
¥ the increase of the level of rejection of harmonic distortion

‘"f Ncrease the separation of while phase noise al generators
Wipul,

9th EFTF 1995, Besancon,

The mixing network consists of he erystal bandpass fillers
of centre frequencics f4 = 9997.7 klz and Js = 10002.3 killz
symmetrical will respect the nominal frequency 10 Mllz. The 3
dB bandwidth is given by Iy = 41 kllz. Therelore mixing circuil
scleets the channcl A bandwidth in range from f; = 9996.7 kllz
lo f3 = 9998.7 kilz and channcl I bandwidth from f3 = 10 001.3
kllz to fy = 10 003.4 kllz.

Crystal bandpass filters conlain simple symmetric lallice net-
work with two resonators in conneclion that is equivalent Lo lal-
tice nelwork. They realize the transmission function with Lwo
poles. This type arrangement make possible to create filters of
liigher bandpass, high attenuation in the rejection band and high
steepness of skirls of inscrlion loss characteristics.

To make only one transmission band, it is necessary the res-
onanl frequency of the first branch to correspond Lo Lhe antires-
onant frequency of the second branch. In such a case the indi-
vidual branch reactances have apposite signs. The result is that
the maximum filter bandwidth is equal Lo twice of the dilference
of resonant and antiresonant frequency of one resonalor. The
distribution of poles and zcroes of Lransmission function of lon-
gitudinal and cross branch of laltice nctwork is shown in Fig.

3.

2.3 kHz 23kHz

135kHz | 135kHz 1,35 kHz } 135 kHz

- T

EET H e
Q15 kHz L 015 kHz
A 8

Figure 3: Positions of poles and zeroes of transmission functions
of longitudinal and cross branch of latlice nelwork Lype filters

The crystal bandpass filler arrangement in the mixing circuil
is shown in Fig. 4.

L t in the mixing cir-
Figure 4: Crystal bandj filler arrang in
1;:1?: Channel bandwidths are: A — (9996.7 + 9998.7) kllz, B
— (10 001.3 + 10 0003.3) kllz

AT cut resonators of crystal bandplan.ss filters have a form of
p]au-parallcl circular plales with dcpgsntcd clectrodes. TluI:y are
designed in order o achieve a sn:mclc:}l Im:cl of suppression of
anharmonic modes of Lhickness shear vlhlalho‘ns. To prevent Lhe
disturbing cffects in insertion loss dm_rutcnshu of the bandpass
filter, the rejection at least of 40 dB} is necessary.

Iuscrlion loss characleristics of realized mixing circuit are in

Fig. 5
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Figure 5: Measured insertion loss characherislics of mixing circuit

4 Experimental Results

Piczoclectric quartz resonatlors of paramclers given in Table 1
were measured by measuring station in Fig. 1.

Some resulls as examples are given in Table 2,

Nominal
[requency | Cul

kilz] | |

Harm.

Specimen | Type Holder | order

Il U 41977 || 1T 1 9 999.493 | AT
12 No 17 TO 8 1 9 999.765 | AT
13 403073 || 1 glass 3 10 000.243 | AT
14 027359 || 11 glass 3 10 000.157 | AT
15 5C 7 1 glass 3 9990.897 | 5C
L 16 5C4 11 glass 3 10 000.022 | 5C

Table 1: Basic parameters of measured resonalors of resonant
[requency of 10 Mllz

Specimen | Vi T T Vi
[@B] || [kiiz) | (ki) | [4B)]
[l 4.5 || £0.732 [ 9997.24 [ -108
+1 9996.5 | -113

£2 0993.5 |[-124
4 4.5 | 1 0095.35 | -98

15 4.5 || +1.120 [9001.52 | -78
-3.511
Table 2: Intermodulation voltage measurcd at real impedance
ﬁ';_ =150

5 Discussion
The Measurement was performed with some problems. They were
U510 real propertics of measuring apparalus.
First of al] — Irequency spectrum Lhal was investigated at the

" . ; . : I d
_:nbb_"hl.mn regime on display unit exhibited lﬂ?fcui"oi‘l‘l’r':‘tc‘

Aller }hc spectrum analysis their prescice was explained by both
the mirror [requencics of receiver and (it is exceplionally impor-

l-ﬂl.'ll) by intermodulation al input crystal filter of mceasuring re-
ceiver,

Further difficully was based on the fact that namcly for low
levels of control signals the scparation of intermodulation prod-
uels level is already large and, in addition, is near the dominant
control signal or its mirror image in given frequency band of in-
put filter. AL the level of Vy, (supposcd for example in the range
from -80 dB Lo -100 dB) near the frequency of the signal with

level of -5 dB, when the receiver sensitivily had to be consider-
ably increased by switch, the negligible mistuning on one side of
1.]_1(: b.aud.pass had a consequence cither the oscillation of input
circuits or their damage.

In order Lo make the measurement easier, the suggestion was
made Lo add [urther crystal filter to the measuring nct. It should
be between the measuring threeport and the measuring recciver.
The goal of this change is Lo depress the level of contral signals
al Lhe measuring recciver input and the usc of its full sensitivily
in narrow band.

The interprelation of measured resulls shown as an cxample
takes some care. AL the first insight, considerable scparations
of measured inlermodulation products V, from levels of conlrol
signals Vi, are surprising.

However, the cxplanation follows from Lhe measuring three-
port circuit. By passing of signals of frequencics [y, fi through
input threcport divider a voltage decreases are made. The level
of Vigy 2 decreases by the same amount. 1lowever, control voltages
Vi and V5 at the resonator decrcase, Lherefore also the intermod-
ulation vollage Vy of [requency {1 = Zuy — wy decreases. Value
Vi2 =0.805 V efliciently affecls the level of the product Vy or
V. For example, level Vi 2 = +11.75 dB} corresponds Lo Lhal
level. llowever in a given range the measured values agree with
compuled oncs.

Intermodulation veltage of SC specimens has nol been veri-
fied by computation because the used model is valid for AT cuts.
In a given case the problem is furthermore atypical due Lo its
asymmetric distribution of frequencics iy Ja- We also supposc
thal the coincidence of intermodulalion signal with some of mir-
ror frequencics of measuring apparatus or SC cut mede look a
place. In the casc of such special culs, as the SC cul is with no
doubts, the unwanted nenlinear eflects should be minimum.

6 Conclusion

The existence of intermodulation products of AT cul quarlz res-
onators produced in Tesla Warks, 1Ira_dcc I(r_alovc, Cazech re-
public has proved cxperimentally. Thclir relalive Io_w valuc in-
ercascs with increasing level of control signals and with decreas-
ing scparalion from serics rcsonalnL [requency. Mmur_od values
make possible lo determine nonlincar forth order clastic module

cEpg = 76.10" N.m~? of AT cul quarlz resonator.
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A Veriﬁcati-on of Non-Linear Impedance of
Piezoelectric Resonator in the Automated
Measurement Regime

Jaroslav Nosek

Technical University of Liberec, Department of Electrical Engineering
Halkova 6, CZ 46117 Liberec 1, Czech Republic

Abstract The non-linear impedance of piezoelectric AT-cut quartz resonator is modelled. The
dominant feature of the model is the dependence of resonant frequency on the ezcitation level.
The measuring equipment is presented. It can search resonant frequencies and tdentify frequency
shift in the order of 1078 to 1077 of the relative frequency change.

Introduction

A very important property of quartz piezoelectric resonator is the dependence of resonant
frequency on the excitation level given by the resonator current. The resonator excitation
level influences both the stability of the oscillator controlled by piezoelectric resonator and
the noise spectrum on the oscillator output. Therefore, the modelling of the considered
dependence is also the subject of our work. Especially, we concentrate to the description
of the non-linear resonator impedance.

1 Influence of Excitation Current

The resonant frequency of piezoelectric resonators depends to some extent on the
magnitude of excitation current [ passing through the resonator. Considering the results
of Tiersten [2], the following approximate relationship for the relative change in the

resonant frequency of AT resonators is used:

Af 9 9 k'] en 72 11/2 It 1
T =g (e T Ly v
where 2
I 1 2 _ ke 5
Ty 3+ Ces + gfgeas: kag = 1- k% @)

and 2a is the resonator thickness, _
5 CzEser Cﬁsss are elastic stiffnesses of the second, third and fourt
measured under a constant electric field,

€35 is the piezoelectric stress,

kzs is the electromechanical coupling coefficient,

€ is the permittivity along the thickness axis of the plate, :
%, 21 are the with and length, respectively, of a fully plated resonator,

h orders, respectively,
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,, is the angular resonant frequency,
V, is the voltage and Jj is the excitation current applied to the resonator.
In Eqn. (1), the first term in the square brackets js us
second term, and Eqn. (1) acquires the form
o

=

ually negligible compared to the

bk 3)

where
Sl )

~ 16 5, SeZ, w2601 (4)

The influence of the excitation current on the resonant frequency and its mathematical
description make it necessary to introduce a non-linear impedance characteristics of the
pgezoe]ectrzc resonator.

The piezoelectric resonator as a non-linear impedance was considered by Nosek in
3], where the influence of the excitation current on the resonant frequency and other
parameters of the resonator were derived from the non-linear equivalent circuit. The
non-linear equivalent electrical circuit is shown in Fig. 1.

Ly Ch R
I kS
: I —
o = =0
o
If
|1}

Figure 1: Non-linear equivalent electrical circuit for piezoelectric resonator

The equivalent series resistance Rx(/) and dynamic capacitance Ch(I) are taken to be
functions of the amplitude of of the excitation current:

Ri(I) = Ri(1 + BI%)

! (3)
Oull) = OB
e and dynamic capacitance relating to

f and C) are the equivalent series resistanc ¢
infinitely small amplitudes of the excitation current, the magnitudes of the constants

A and B depend on vibration mode, elastic and piezoelectric properties of the resonator
and the dimensions of the electrodes. The constant B relating to AT resonator is defined
by Eqn. (4).

_ The above equivalent circuit
lnearization, used there, consist

The method of equivalent

. Jysed in [3].
el aIues Rhn Cﬁ: Of the

f determining the average v
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resistance Ru(1) and the capacitance Cy(/), which fulfill the condition of equal voltage

drops across the non-linear and linear elements for first harmoni itati
. ", . . on]
current. From this condition it follows that e

Ras = Ra(1+361))

(6)

Ch; = C;,—-—l——
1+ BIY)

where I is the amplitude of the first harmonic of the current flowing through the dynamic

pranch of the equi_valent circuits, i.e. through Ry,, Cy, and Ly in series. The relationship
between the amplitudes of voltage 1} and of the first current harmonic I; reads

Vi

I =
VR (1 308"+ (o - 225)’

(M)

9 Measuring System

The measuring system based on the standard IEEE 488.1, Digital Interface for
Programable Instrumentation (GPIB — General Purpose Interface Bus, IMS 2, OEC
625, HPIB), consists of autonomous instruments for laboratory testing conditions. The
measuring system is controlled by a computer of IBM-PC standard that functions as
» control unit. Besides the measuring process control the control unit ensures also the
processing and presentation of measured values. Bus IEEE 488.1 is used for the mutual
communication, i.e. the transmission of control commands between the control unit and
function units. The measuring instruments are connected to the measuring system bus of
the GPIB standard. With respect to the control unit this bus acts as one of its peripheries.

The compatibility of the control unit and measuring system is performed by the
insertion of a suitable interface circuit between the system bus and control unit. Function
units have also interface circuits. The standard uses the asymmetrical bus of 16+1 signal
conductors and 8 conductors working as individual logical earths:

DIO 1 - 8 Information Conductors Transition of data by bytes

DAV Data Valid =
' ionals for the transmission through
NDRD Not Ready for Data Control signals for

J DIO1-8

NDAC  Not Data Accepted .

IFC Interface Clear Switching into qulESCE].:IL state

ATN Attention Determining the meaning of bytes on DIO 1 -8
SRQ Service Request Interrupting sig.nal

REN Remote Enable Switching of unit to remote control state

EQI End of Identity Last byte of the series transmission

The group of IFC, ATN, SRq and REN conductors is used for individual reports.
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DICGITRAL
DISFLAY
GENERATCR

[ I8

VECTCR
RNALYZER

Figure 2: Laboratory measuring system

Both measured values and programming symbols are in the code ISO 7. The
{ransmission speed of data on each conductor is up to 1 Mbit/s. The distance between
two function units should be less than 2 m. The maximum number of function units is

15.

2.1 Control Unit of the IEEE 488 Bus

nal computer of the type IBM PC AT

The standard control unit of the bus is the perso
unit uses interface GPIB

385X containing the microprocessor Intel 3865X. The control
and uses busses described in Table 1.

(e T0e v [Vomon]

date bus data transmission i 32/16

address bus | addressing memory 24 16 MB
2ddress bus | extended memory 8 MB

ntrol unit

Table 1; Parameters of co

ferent priority of interrupt servicing.

3 : oy di
i JETULE gen - e i flerent priority of servicing. When the

The DMA system is a multichannel one, againof a di
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request to DMA was accepted, the controller takes
{ransmission required with no participation of a com
Jength of transmitted data block is 64 kB.

the PC bus control and performs the
puter microprocessor. The maximum

2.2 Interface Board of the Control Unijt

Following requirements are put on the interface board
» compatibility with IEEE 488
» maximum speed of transmission

» programming support of the producer (the compatibility with programming sets for
the data measurement and processing) D

e acceptable cost

The board of the GPIB - PC II (National Instruments) interface is used. The board
contains the bus controller NEC 7210 that has implemented interface functions according
to the standard IEEE 488.1 (SH1, AH1, T5, L3, SR1, RL], C1-5). The board does not
contain EPROM memory, the driver is in the hard disk and is loaded from the disk to

the PC operating memory. The transmission speed is till 400 kB/s or 1 MB/s.

2.3 Instrument Interface IEEE 488 (GPIB)

The instruments’ interface performs the realization of the required interface functions. It
receives both remote reports from the bus and local messages from the instrument and
transmits interface reports and local messages from the instrument into the bus with an
aid of an exciter. In the instrument interface the received interface records are decoded
and the transmitted records are coded.

The controlled instrument must react to the signal ATN and EOI changes at the
interface till 100 ns. The language SCPI is used. The specialized controller uses the
circuit NAT 488.1 (National Semiconductors). The processor controlling the instrument

must perform
¢ communication through the interface
* measuring process

* communication with an operator

24 System Operation

alization in an automated mode. The advantage

The maj ' is the task re
main goal of system is the taskr be. especially in the solution of the problem of

of the computer controlled test should
%esonant frequencies seeking in a broad frequency band. .
e GPIB board ensures in programming mode the

T 5 o th »
he control unit containing ate and he control unit.

Mansmission of messages between autonomous instrume

51




o Frequency standard of 10 MHz with a thermostat
e Digital display
o Frequency deviation of 1.1076 for 1 year

» Output voltage of 1 V,,/50 O

¢ Attenuator of output voltage in the range of 0 - 125.9 dB with a step of 0.1
dB :

The instrument is. connected to the control system according to the standard IEC
621.1 and its equipment consists of functions AHI, L2, PP2, RL1, DC1. Selected
characters of ASCII code correspond to buttons according to the table. The
instrument programming is performed by programme words.

Vector analyzer TESLA BM 553

¢ Frequency range 0.1 - 1000 MHz

» Important functions
— voltage measurement in channels A and B
— phase measurement between inputs A, B
— measurement of voltage ratio B/A

The instrument interface is realized by the standard IEC 625.1. The analyzer is
controlled through the bus by interface functions T2, L3, SR1, DC1, DT1 and RL1.

3.2 Software Equipment of Measuring System

The following programme products have been prepared:

MERENLPAS for the resonant frequency searching
GRAF.PAS for the graphical processing of data measured
NAHRADA.PAS for the computation of the equivalent circuit parameters

NELIN.PAS for the non-linear resonator performance modelling

The programme MERENILPAS is used for the resonant frequency sear?hirfg. and
measurement in the range from 300 kHz to 100 MHz. The range of the individual
mezsurement can be set up arbitrary. The frequency searching is made by'a step o.f 2 Hz
and uses the amplitude criterion. When the resonance is found, the system is switched
into the phase criterion, it searchers fu, with a step of 0.1 Hz. :

The measured data are stored in a file name.DAT and the resonant frequencies, which
were found, in a file name.REZ. The last file can be printed or displayed on the screen
s a columln of the measured resonant frequencies and values of voltages Vg or phase
differences 445 at the resonance.

The programme GRAF.PAS was prep
dita. After its loading the user selects the

ared for the graphical processing of measured
file name name and the data stored in the file
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aame.DAT are displayed. The programme displays an unlimited number of screens. In
the basic scale the band of 100 kHz is always displayed and screens can be jns ecteé by
keys PgUp and PgDw. If the measurement is made in the band narrower thar;plOU kH:
then the Widt.h of this band is taken as the basic scale. Programme has a possibility to
refine the basic band up to the value of 1 kHz per screen. This means that Tl,:’he di l-' d
bandwidth can vary from 100 kHz to 1 kHz per screen, bility

displayed results is achieved therefore a great variability of
1splay! ;

The programme NAHRADA.PAS computes the equivalent circuit parameters at the
resonant frequency that has been found and with an aid of the defined mistuning by the
series capacitive reactance. The relations given in the theoretical part 3 of this paper are
used.

The programme NELIN.PAS is used for the graphical processing of the model for
non-linear properties of the type AT piezoelectric resonator depending on the excitation
level. The program is based on Eqn. (1) and the parameter V; ranges from 0.1 to 0.5 V.
Up to 7 curves can be displayed on the screen for different resonator voltages Vj that are
in the range of the mathematical model validity. After the programme loading the user
types into the table the coefficients

ao= (27 f)’Ly, Li, "bo=Ry, B, B,

the initial and final voltage and the number of curves. The print of the actual screen is
also possible.

4 Results

s

Only some typical results is presented at this section. The measurement in the region of .
the first harmonics is in Fig. 3. If the voltage U; decreases bellow the level of channel
performance the inaccuracy in the phase ¢ measurement appears.

The measurement in the range of the third harmonics is in Fig. 4. It is possible to
find the frequency range for a more precise re-measurement of resonant frequencies from
the change of voltage U; and phase ¢.

The calculated values of the current as a function of the relative angular frequency for
2 plane-convex AT resonator operating at 3 MHz and vibrating on the fifth harmonics
ate given in the following Fig. 5. The solid line in Fig. 5 relates to the extreme values of
the current amplitude, giving the resonant {requency | excitation current characteristics
of the resonator. The phase characteristics is in Fig. 6.

5> Measurement Accuracy

The measurement accuracy depends on the stability of the generator frequency standard

and on the method used for the resonant frequency searching. The generator stability s
L107® per day. If the generator of frequency setup accuracy of 0.01 Hz in the mez.xsun_nog
Tange is used and the deviation of the phase measurement by the vector analyser is 0,_3'_,
Ve can expect the accuracy of the resonant frequency far sctup of an order of 107",

54



FC*3
+90.0 -

-90.0 o \E—JJ
uy LU
p.030000

v

0.0
6.83500000 6€.8600000 6.8700000
fLrHz )
Jnero : H6HBUZOO.HMER Napeti gen. ! 200 nV Krok rmereni ! 10.0 Hz

Figure 3: Measurement near the first harmonics. File M6M8V200, frequency 6.85 MHz
= 6.875 MHz, step 10 Hz, voltage U; = 200 mV, resonant frequency Fj, = 6854.22 kHz,
resonant frequency Fi in the range 6834.22 = 6854.35 kHz. In the file M6M8V200.PAR
the maximum value of U, was corrected by the value from the file M6M8V300.PAR.

This accuracy in not influenced by the generator frequency setting by the step of 0.1
Hz. The time constant of 1 measurement was found to be 1 ms. The duration of the
measurement in the narrower 100 kHz band is 3 minutes. The generator stability and the
method accuracy are satisfactory also for the investigation of non-linear properties of AT

resonators with a relatively frequency change in the order of 1077,

Conclusion
The measuring system for the resonant frequency searching is an interesting task for the

specialized students’ training and 2 good tool for a laboratory work. The system can be
Upgraded by both hardware and software.
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Figure 4: Measurement near the third harmonics. File M20M21, frequency 20 MHz = 21
MHz, step 1 kHz, voltage U; = 300 mV
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Computer Controlled Search of Resonant
Frequencies of BAW Resonators

Jaroslav Nosek

Technical University of Liberec
Department of Electrical Engineering
Halkova str. 6, CZ 46117 Liberec 1, Czech Republic

Abstract

The paper gives information on a measuring system controlled by a PC 386 bus. The
measuring system makes possible to search for resonant frequencies of bulk acoustic
wave (BAW) piezoelectric resonator in a wide frequency range from 0.1 to 8 MHz
at given temperature. In the case of thickness-shear vibrations of quartz resonators
the system can be switched into the mode of modelling the frequency dependence
on the level of excitation. Output values are processed graphically.

Advantages of the measuring system are a comparatively low cost and a
satisfactory accuracy of measurements that gives a possibility to identify non-linear
effects in the order of 107° till 1077 of relative frequency change.

1 Introduction

At present time the measurement of the resonant frequency and other parameters
of piezoelectric resonators is standardized by IRE and if modern microcomputer
controlled measuring instruments are used, this measurement can be performed with
no complications both in the laboratory work and producer. A great disadvantage
of advanced measuring systems of Network Analyzer type is their price.

An university site that, according to its study programme, introduces students
into methods of the measurement of high selective elements and circuits, can c.hoose
a way of the realization of an automated measuring set. During the realizatw::n of
such a set, students use their knowledge {rom the field of computers, programming,
electronics and measurement.

2 Resonant Frequency Measurement

The standard passive method of the amplitude and p.ha.se indication is ba...setc! on the
in3‘1uency dependence of the piezoelectric resonator 1mPedance character}s.lcs near
its h-th harmonics. The measured resonator is inserted into x-network as it is shown
in Fig. 1.
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Figure 1: Electric equivalent circuit of piezoelectric resonator and transmitting -
network used for the measurement of important frequencies

A signal generator is connected to input connectors, while a selective voltmeter
joined with the input generator is connected to output connectors in the most often
used arrangement. We corisider as a resonant frequency of the resonator either the
frequency frm, for which the impedance | Zm;,| reaches its minimum, or the frequency
fir corresponding to zero resonator reactance. In the second case the phase shift
between voltages V) and V; measured by a phase-meter is zero, see Fig. 2.

It is well-known, that the lower difference between frequencies fum and fi, (or
between fin, and fin), the higher the quality factor Q4. Symbols fi; and fan were
used for the antiparallel frequency corresponding to the condition Xx(f) = 0 and
the frequency of the impedance maximum absolute value, respectively.

If Ry =0, then the equation
fhm = fhr = fh!

is valid, where fi, is the series resonant frequency given by the well-known formula

B (1)
R 2x/LnCh

The assumption Ry =0 is acceptable in the case of the high quality’fz-ic:or Qh of
quartz resonators. For quartz resonators the following condition is valid

Qn > 20\fr: (2

Where e 3)
Th = &
Ch
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Figure 2: Frequency dependence of impedance Zn(f) and its components and
positions of piezoelectric resonator important frequencies near the A-th harmonics

If the assumption Ry = 0 is not acceptable, we can determine the frequency fun of
minimum impedance absolute value or the frequency f, of zero value of reactance.
In both cases the frequency dependence on Qy and ry is used [1].

Near the characteristic {requencies f,, and fi, the impedance Z, becomes real
and the phase difference of voltages V; and V; has low value. The measurement of the
dependence of the phase between resonator voltage and current on mistuning é f has
important advantage in comparison with the amplitude measurement in the area of
the critical frequency fi.. The slope of the phase characteristics near fxr is nonzero
and constant. The phase continuously goes through the zero value of mistuninig,
the setting of the resonant frequency is easier and faster. The accuracy is usually 1
or 2 rows higher than in the case of the amplitude indication of {requency. It is also
important that the phase characteristics is an odd function of the mistuning §f.
The phase sign indicates the generator setting with respect the critical resonator
{requency. It is possible to increase the accuracy of the resonator frequency fi
setting by the increasing the phase indicator sensitivity.

The knowledge of fa, makes further possible to determine dynarpica.l parameters
Ch, Ly of the electric equivalent circuit by the method of mistuning by using ?he
additional series reactance X. or by the computation based on the determination
of frequency deviation Af = f — fas near fs. The quality factor of the measured
circuit is given by the formula

Uk:Lh ™ Etanzﬁ (4)
Qest = Ry+Rr 2 %‘E

n the measuring 7-network. Therefore,

wh i the voltage Vup 0
Mo S e om the measured values ¢, f, fas. The

the quality factor Q.s; can be calculated {r
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resistance R .0[ the dynamic branch of the equivalent circuit can be determined
{from the relation
A=
Rh = Rj"—‘;;— (5)
or by the use of substitution method. Using Eqn. (1), values of Ly and C} can be
determined.

The measuring system described later searches the resonant frequency in the
frequency spectrum first of all by the use of the amplitude criterion and in the near
surroundings of fxr by applying the phase criterion,

For the frequency fi, and defined level of excitation it is possible to switch into
the mode of phase characteristics measurement.

3 Influence of Excitation Current

The resonant {requency of piezoelectric resonators depends to some extent on the
magnitude of excitation current [; passing through the resonator. Considering the
results of Tiersten [2], the following approximate relationship for the relative change
in the resonant frequency of AT resonators is used:

Af 8 My if & £9 7173 I
— = — | (14 k)t ——— 6
f 16l Bek (2a)=( * k)i wo(2b.21)? ()
where 1 . K2
? 26
7= ‘2"0;:2 + Cfss + '6'66566& k;s = o kgs (7)

and 2a is the resonator thickness,
¢f, L, cLg are elastic stiffnesses of the second, third and fourth orders,
respectively, measured under a constant electric field,
ez6 15 the piezoelectric stress,
kyg is the electromechanical coupling coefficient,
€22 is the permittivity along the thickness axis of the plate,
2b, 21 are the with and length, respectively, of a fully plated resonator,
w, is the angular resonant frequency, _
Vi is the voltage and i is the excitation current applied to the resonator.
In Eqn. (6), the first term in the square brackets is usually negligible compared
to the second term, and Eqn. (6) acquires the form

A
_fi =B.I} (8)
where 5y kit 1 (9)

B = 1§28 8els wo(20.21)
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The influence of the excitation current on the resonant frequency and its

mathema.tlc'al descnptl.on make it necessary to introduce a non-linear impedance
characteristics of the piezoelectric resonator.

The piezoelectric resonator as a non-linear impedance was considered by Nosek in
(3], where the influence of the excitation current on the resonant frequency and other
parameters of the resonator were derived from the non-linear equivalent circuit. The
non-linear equivalent electrical circuit is shown in Fig.3. '

Figure 3: Non-linear equivalent electrical circuit for piezoelectric resonator

The equivalent series resistance Rx(I) and dynamic capacitance Cy(I) are taken
to be functions of the amplitude of of the excitation current:

Ra(I) = Ra(1 + B17)

(10)
1

O
Cill) = Cny ropm
Ry and C} are the equivalent series resistance and dynamic capacitance relating to
infinitely small amplitudes of the excitation current, the magnitudes of the‘constants
A and B depend on vibration mode, elastic and piezoelectric properties of the
resonator and the dimensions of the electrodes. The constant B relating to AT

resonafor is defined by Eqn. (9).

The above equivalent circuit was analysed in [3]. The method of equivalent
linearisation, used there, consist of determining the average values R.,,,., Chs of the
tesistance Ry() and the capacitance Cy(I), which fulfill the condmon. of equal
voltage drops across the non-linear and linear elements for first harmonics of the

excitation current. From this condition it follows that
4)
Rns = Ra(1+ 3810)
(11)
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Chs = Ch—l—-n

1+ BR3)
where I is the amplitude of the first harmonic of i
_ the current flow th h
the dynamic branch of the equivalent circuits, i.e. through Ry, c(',“:.mgnd T:Sin

ceries. The relationship between the amplitudes of voltage V3 and of the first current
harmonic 1y reads

i = Vi (12
VR (14 380)" + (wba - 225)’ )

4 Measuring System

The measuring system based on the standard IEEE 488.1, Digital Interface for
Programable Instrumentation (GPIB — General Purpose Interface Bus, IMS 2, OEC
625, HPIB), consists of autonomous instruments for laboratory testing conditions.
The measuring system is controlled by a computer of IBM-PC standard that
{unctions as a control unit. Besides the measuring process control the control unit
ensures also the processing and presentation of measured values. Bus IEEE 488.11s
used for the mutual communication, i.e. the transmission of control commands
between the control unit and function units.. The measuring instruments are
connected to the measuring system bus of the GPIB standard. With respect to
the control unit this bus acts as one of its peripheries.

The compatibility of the control unit and measuring system is performed by the
insertion of a suitable interface circuit between the system bus and control unit.
Function units have also interface circuits. The standard uses the asymmetrical bus
of 16 4 1 signal conductors and 8 conductors working as individual logical earths:

DIO1-38 Information Conductors Transition of data by bytes
DAV Data Valid

| signals for the transmission through
NDRD  Not Ready for Data Colrols\ene

DIO1-8
NDAC  Not Data Accepted _ :
IFC Interface Clear Switching into quiescent state
ATN Attention Determining the meaning of bytes on DIO 1 -8
SRQ Service Request Interrupting signal
REN Remote Enable Switching of unit to remote cgntfol state
EOI End of Identity Last byte of the series transmission

nd REN conductors is used for individual reports.
symbols are in the code ISO 7. The
up to 1 Mbit/s. The distance

The group of IFC, ATN, SRq 3

Both measured values and programming 57
transmission speed of data on each conductor 18
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Figure 4: Laboratory measuring system

between two function units should be less than 2 m. The maximum number of
function units is 15.

4,1 Control Unit of the IEEE 488 Bus

The standard control unit of the bus is the personal computer of the type IBM
PC AT 3865X containing the microprocessor Intel 3865X. The control unit uses
interface GPIB and uses busses described in Table 1.

Type [ Use Width | Memory |
date bus data transmission | 32/16

address bus | addressing memory | 24 16 MB
address bus | extended memory 8 MB

Table 1: Parameters of control unit
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The interrupt system is a multilevel one of 2 different priority of int t
servicing. The DMA system is a multichanne] one, again of a dif)fTere t] e_rm):
of servicing. When the request to DMA was accepted, the cc:ntro]!ernt:j:rmrt.lh-Y
PG bus control and performs the transmission required with no participation of a
computer microprocessor. The maximur length of transmitted data blocpk is 64 kB

4.2 Interface Board of the Control Unit
Following requirements are put on the interface board

o compatibility with IEEE 488
e maximum speed of transmission

¢ programming support of the producer (the compatibility with programming
sets for the data measurement and processing)

o acceptable cost

The board of the GPIB - PC II (National Instruments) interface is used. The board
contains the bus controller NEC 7210 that has implemented interface functions
according to the standard IEEE 488.1 (SH1, AH1, T5, L3, SR1, RL1, C1-5). The
board does not contain EPROM memory, the driver is in the hard disk and is loaded
from the disk to the PC operating memory. The transmission speed is till 400 kB/s
or 1 MB/s.

4,3 Instrument Interface IEEE 488 (GPIB)

The instruments’ interface performs the realization of the required interface
functions. It receives both remote reports from the bus and local messages from the
instrument and transmits interface reports and local messages from the instrument
into the bus with an aid of an exciter. In the instrument interface the received

interface records are decoded and the transmitted records are coded.

The controlled instrument must react to the signal ATN and EOI changes at the
interface till 100 ns. The language SCPI is used. The specialized controll.er uses
the circuit NAT 488.1 (National Semiconductors). The processor controlling the

instrument must perform

¢ communication through the interface
* measuring process

* communication with an operator
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4.4 System Operation

The main goal of system is the task realization in an automated mode. The
advantage of the computer controlled test should be especially in the solu;io
the problem of resonant {requencies seeking in a broad frequency band

’I‘he. cc.:ntrol unit containing the GPIB board ensures in programming mode the
transmission of messages between autonomous instruments and the control unit

n of

4.4.1 Initial Instrument Setting

The control unit is addressed as a speaker, it addresses individual measuring
instruments as hearers and sends the information on required settings as a string
of characters to each instrument. At the begin of every measurement, the control
unit sends to the hearer the command for starting by the signal TRIGGER. The
transmitting and receiving of measuring results is ensured by the following. The
control unit addresses as a hearer the instrument that should receive the measuring
value and then addresses as a speaker the instrument that made the measurement.
More than one instrument can be addressed as a hearer, however, the speaker can
be only one.

44.2 Message Transmission

The message transmission is performed on the data bus by the handshake manner.
This manner ensures that the message transmission from the speaker to hearers is
correct also in the case that hearers receive messages by a different speed. The
transmission speed in controlled by the slowest instrument from connected ones
either in the case that the message in not send to it.

44.3 Error Messages

Series and parallel reports are used in the control unit for the receiving an
information about the instruments’ state. The series report is produced by the
control unit. In the case that certain instrument asks for servicing, its imerfa:?e must
perform the function SR and the control unit interface must provide the function (.14,
he instrument interface must be able to do function
ace must work with the function C. Because the data
stinguish 8 instruments

In the case of parallel report, t
PP, while the control unit interf : :
bus has 8 conductors, the parallel report makes possible to di

immediately,
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5 Task Realization

51 Hardware Equipment of Measuring System

The measuring system is arranged according to Fig. 4

; : Indivi
instruments have following parameters: e

Programmable generator TESLA BM 5907

» Range: 10 Hz - 110 MHz with step of 0.1 Hz
» Programmable functions:
— {requency
— output voltage
— modulation depth
— frequency shift
e Frequency standard of 10 MHz with a thermostat
¢ Digital display
¢ Frequency deviation of 1.107% for 1 year
¢ Output voltage of 1 V,;/50 0

o Attenuator of output voltage in the range of 0 ~ 125.9 dB with a step of
0.1dB

L]

The instrument is connected to the control system according to the standard
IEC 621.1 and its equipment consists of functions AH1, L2, PP2, RL1, DC1.
Selected characters of ASCII code correspond to buttons according to the
table. The instrument programming is performed by programme words.

Vector analyzer TESLA BM 553

¢ Frequency range 0.1 ~ 1000 MHz
o Important functions
— voltage measurement in channels A and B
— phase measurement between inputs A, B
— measurement of voltage ratio B/A
The instrument interface is realized by the standard IEC 625.1. The analyzer
is controlled through the bus by interface functions T2, L3, SR1, DC1, DT1
and RL1.
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5.2 Software Equipment of Measuring System
The following programme products have beep prepared:

MERENILPAS for the resonant frequency searching

GRAF.PAS for the graphical processing of data measured
NAHRADA.PAS for the computation of the equivalent circuit parameters

NELIN.PAS for the non-linear resonator performance modelling

The programme MERENILPAS is used for the resonant frequency searching and
measurement in the range from 300 kHz to 100 MHz. The range of the individual
measurement can be set up arbitrary. The {requency searching is made by a step of
2 Hz and uses the amplitude criterion. When the resonance is found, the system is
switched into the phase criterion, it searchers f;, with a step of 0.1 Hz.

The measured data are stored in a file name DAT and the resonant frequencies,
which were found, in a file name.REZ. The last file can be printed or displayed on
the screen as a column of the measured resonant frequencies and values of voltages
Vp or phase differences ¢4p at the resonance.

The programme GRAF.PAS was prepared for the graphical processing of
measured data. After its loading the user selects the file name name and the data
stored in the file name.DAT are displayed. The programme displays an unlimited
number of screens. In the basic scale the band of 100 kHz is always displayed and
screens can be inspected by keys PgUp and PgDw. If the measurement is made in
the band narrower than 100 kHz, then the width of this band is taken as the basic
scale. Programme has a possibility to refine the basic band up to the value of 1 kHz
per screen. This means that the displayed bandwidth can vary from 100 kHz to 1
kHz per screen, therefore a great variability of displayed results is achieved.

The programme NAHRADA PAS computes the equivalent circuit para.m.elers‘ at
the resonant frequency that has been found and with an aid of the deﬁn.ed mistuning
by the series capacitive reactance. The relations given in the theoretical part 3 of
this paper are used.

The programme NELIN.PAS is used for the gra]?hical processing cf'the model
for non-linear properties of the type AT piezoelectric resonator depending on the
excitation level. The program is based on Eqn. (6) and the parameter V; ranges from
0.1 to 0.5 V. Up to T curves can be displayed on th(.e screen for d]ﬂe;ent re{sonat}?r
voltages V; that are in the range of the mathematical model validity. After the

programme loading the user types into the table the coefficients
ag = (QIf)th, Lh: bﬂ =Rll‘l ﬂr B?

the initial and final voltage and the number of curves. The print of the actual screen

is also possible.
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The calculated values of the current as )

a function of the ]
plane-convex. AT resonator operating at 5 MHz and sibrating on the S1th hamorics
are given in the following Fig. 5. The solid line in Fig. 5 relates to the extreme

values of the current amplitude, giving the re
adn sonant frequ itati
characteristics of the resonator. SEICT Excitation GuEeTs

6 Measurement Accuracy

The measurement accuracy depends on the stability of the generator frequency
standard and on the method used for the resonant frequency searching. The
generator stability is 1.107° per day. If the generator of frequency setup accu.racy of
0.01 Hz in the measuring range is used and the deviation of the phase measurement
by the vector analyser is 0.5% we can expect the accuracy of the resonant frequency
fir setup of an order of 10~". This accuracy in not influenced by the generator
{requency setting by the step of 0.1 Hz. The time constant of 1 measurement was
found to be 1 ms. The duration of the measurement in the narrower 100 kHz band
is 3 minutes. The generator stability and the method accuracy are satisfactory
also for the investigation of non-linear properties of AT resonators with a relatively
frequency change in the order of 1077

7 Conclusion

The measuring system for the resonant frequency searching is an interesting task
for the specialized students’ training and a good tool for a laboratory work. The
system can be upgraded by both hardware and software.
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Figure 5: Relationship between the amplitude
the resonant frequency of AT plane-convex 1eso
of thickness-shear vibrations
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Figure 6: Relationship between the p
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AT QUARTZ RESONATOR: TESLA “Kg*

FILE NAHE: FREQ-K8.REZ

FREQUENCIES KHZ VOLTAGES HV

4451 . 072.

6 190
4543 . 448 .2 10
4583.321 .4 52
4693.694.9 36
A7 75 A3 20
13296.975.5 130

Figure 7: An example of the print of file name.REZ generated

by programme HERENI.PAS
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7, velin kmendrne
termindlom s obrazom dopravnygch ciest a signa-

sediskom riadenid je velin kmendrne. Vo velf- lizdciou ich stavu;

i umiestnené vsetky ‘Ovladaclc a informatng ° Systém pre prenus ddajov o navdZengch mnoZ-
*ky spolu s riadiacim systémom a jednotkou sty- stvdch surovin a kmefia na nadriadeny pocitad:

I Srostredim. Z vellna je moZné robif zdsah do 4. jednotka styku s prostredim- Y
spomatizovaného  systému kmendrne. Dispeter 5. dispecersky telefon; '

\mendrne musi mat telefonické spojenie s jednotli- O P0Katka pre signalizdciu poruchy v automatic-

| o oblastaml kmendrne, s nadriadenym pracovni- kom systéme.
g @ technologom. PretoZe obvykle byva sklad Velin sa umiestiiuje v blizkosti navaZovacieho

orovin oddeleny od vlastnej kmendrne, doporuguje systému. Miestnost velina vyZaduje len bezne vyku-
,a priadit v sklade surovin druhy velin, odkial je ravanie a vytvorenie minimélne| pretlakovej atma-

~dené doprava surovia, sféry za Glelom zniZenia prasnosti v miestnosti a
"o velime skladu surovin musi byt zabudované: zabezpetenie velina proti poZiaru,
¥ fodnacovacie za’riadenie nakladnych vah s vg- St definované nasledujice poZiadavky na velin:
" oisom a zarladenim pre prenos ddajov vdh na Plocha velina: min 30 m?2
nadriadeny po&itag; Teplota vo veline: 20°C + 3°C
7, oviddaci panel pre ruZné riadenie dopravy suro- Vlhkost vo veline: normalna -
vin z nasypiek do skladu surovin; Prasnost vo veline: minimilna — zabezpetena
1 signdlne svetelné lflhIrJ alebo obrazovkovy moni- ! filtrovangm szuchomp
wr so zndzornenymi dopravnymi cestami so Podlaha vo veline: dvojitd, nehorlava, pokrytd
signaliziciou €innosti jednotlivich prvkov do- " PVC, s
pravngch ciest. PretoZe pracovnik v sklade su- Vstup do velina: cez dvojité dvere z priestoru
rovin je zodpovedn§ za stav zdsob surovin v den- mimo kmendrei alebo skla-
nich zdsobnikoch, je vyhodné ked tablo zobrazu- U
e aj stav surovin v dennych zasobnikoch; Osvetlenie: normélne Ziarovkové
4 dispetersky telelon. El. pripojka: 4 ks zasuviek 220 V/10 A,
vo veline kmendrne musi byt zabudovany: PoZiarna ochrana: poZiarny hlasié, pofiarne
1 mikropotitacovy riadiaci navaZovaci systém s va- dvere, has’acl pristroj.
tovimi indikdtormi, s ovladacimi pultami pre

rutngé navaZovanie, s monitorom a tlagiarfiou; LITERATURA
kropotitatovy systém pre riadenie dopravnych

dest so svetelngm tablom alebo obrazovkovjm i) YALENTA. I — BUSIK. F.: Nové smery v riadent skldc-

skych kmendrni, 5kla> a keramik, 33, 1983, & 1, str. 9

POUZITIi REGULACNICH OBVODU PRO POHON
PRESOUVACE OBALOVEHO SKLA

Iy, Jaroslay NOSEK, CSe.
i dkola strojni a textilni v Liberci, katedra elektrotechniky

i s A #88.1.031.2/ 652
Iy Jaroslav NOSEK, CSe. ﬁ aaé.f:a%&.;a

Tyeskd skola strojni @ textilni v Liberci, katedra sklitskijeh a keramickych strojii 666.17.002.71
T tldnku jo popsdn zkudebni model piesouvace. Na zi-  jeme o pouZiti 1'cgn'lm',’>uich obvodi se zajisténim syn
provoznich poznathi wvaiujeme o koncepei elek-  chronizace piesouvini.

ho requlaéniho pokonu presonvaie, ktery vyuiivd

trainiho pohonu s cize buzenym stejnosmérnym  Piesouvat fefeny v soudasnosti

o a synchronizuje pohyb piesourace s rychlosti
Portniho pasu Fadového stroje.

Ukolem mechanismu piesouvate je piesunuti obald,
které jsou ve stejnych roztedich, z ndstavee transport-
niho pdsu fadového stroje na dopravnik zasouvate.

fr Piitom je nutné zajistit, aby Cinnost mechanismu pre-

| naprosto spolehlivi a vyhovovala ne-

kterym dilezitym funkénim i provoznim potadavkim:

a) musi zajistit rychlé a stabilni presunuti obalil

ve stejnyeh roztetich z transportniho pisu na pricny
dopravnik zasouvate, ; :

b) musi byt zajisténa synchronizace pre

rovacim eyklem, g P -

¢) musi vvkonem a technickymi parametry odpovidat
zafizenim linky, na kteréd navazuje,

souvale byl

romadud, vyroba sklenénych obali prindsi jisté
v synchronizaci pohybii diavkovade skloviny,
vactho stroje, piesouvate a zakladade vyrobkit
" Msové chladici pece.

"Il']"'ﬁlum ke skutefnosti, ze v fadé pripadi jsou
I piesouvage omezujicim  Einitelem rychlosti
vnujeme pozornost modelovému uspoiddini
HW¥afe, vyznatujeme jeho nedostatky a uvan-

souvani s tva-
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d) musi byt jednoduché konstrukce s minimdlni

‘ : konstru né-
roénosti na vyrobu, sefizeni, idribu a obsluhu

¢} musi vyhovovat celému vyrobnimn programu stroje
AL 118,

§) musi vyhovovat pofadavkim bezpetnosti price
a ochrany zdravi pfi préci.

Na zakladé téchto pozadavki byly na Vysoké skole
strojni & textilni v Liberci navrieny, konstrukén&
gpracoviny a \',\'fobeny presouvate: lopatkovy, vaéko-
vy a fetézovy. Nivrhy vychdzeji z analyzy presouvate
PL - 3, kterd naznatila, ze dosavadni systém jiZ nevy-
hovuje novym pozadavkam, které jsou v dasledku roz-
voje sklenénych obali na strojni zafizeni kladeny.

Pro provéfeni funkénich a technickych parametri
byla sestavena zkufebni presouvacl stanice, kterd se
sklada ze dvou va&i sobé nastavitelnych maket pasi
délky asi 2000 mm. Bylo pouZito koncovych #dsti
dopravnikil, spojenych pomoci stfedového dilce, ktery
tvoif nosnou ¢dst dopravniku. Celkové schéma do-
pravniku s vatkovym piesouvatem je na obr. 1.

I b |

I :—!_,_-.—-_\
et 1 —a L

Ly :f/{_—J—J) \\' b

; r o,

. |
5 Il\2 /

) « oG

Obr. 1 — Koncepee stivajiei pfesouvaci stanice

Dopravnik I, ktery simuluje dopravnik fadového
stroje, je pohdnén trojfizovym asynchronnim moto-
rem { pies varidtor 5, Stejné je pohanén dopravnik 3,
simulujici dopravnik zasouvadée. Pohon presouvace 2
zajidfuje jednofizovy komutdtorovy motorek 6, jehoZ
otdtky lze nastavit stifdavym jednofizovym méni-
tem 7 jednoduché konstrukee. .

Dopravnik 2 se pohybuje piimofarym, p:‘-ihliine
Tynomérnym pohybem rychlosti »,, na ném jsou
Vroztetich, odpovidajicich vyrobnosti stroje, umisteny
sklenéné obaly; hifdel pfesouvate 2 md hlovon
rychlost e, . Od této rychlosti a tvarn vatky je odvoze-
1 rychlost piesouvacich lopatek vy v misté uné§epl
obalu lopatkou, Obaly json piesonviny na doprav nils
4, jehoZ rychlost je v,. b

Zimirem bylo takové nastaveni rychlosti v, varid-
torem § a rychlosti v, ménitem 7, pii kterém by lo-
Pitky piesouvade podle tvaru vacky najizdély mezl
ohaly a po zvolené dréze je presouvaly na dopravaik 3.

Zkousky ukézaly, %e realizovany model zkusebni
Fiesouvaei stanice nent schopen piesouvat obaly spo-
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lehlive v delfim asovém obdobi, nebof v kratdim
nebo delifm ¢asovém intervalu dojde k nesynehronni-
mu pohybu dopravniku I a otddivého pohybu presou-
vace, na ktery je superponovin pohyb p‘i'esouvacl'l:h
lopatek s proménnym zrychlenim pii ndbéhu na pre-
souvaci drihu. Pfi¢inou je to — kromé mékké charak-
teristiky jednofdzového komutdtorového motorn, po-
hinéjiciho presouvadé —, e chybi vazba, zajidtujiei
5}'1:1chmnizaci mezi pohybem dopravniku 1 a piesou-
vatem. V pfipadé pevné mechanické vazby dochdzi
¢asem k nesynchronnimu pohybu vlivem iracionality
mechanického prevodu presouvade.

Jedna z moznosti, jak problematiku feit, je vyuziti
prostiedkii z oblasti elektrickych pohoni.

Pro pfesnou synchronizaci hlové rychlosti pohonu
dopravniku I w,; a rychlosti w,, lze v zdsadé poukit
tzv. elektrického hiidele. Stavajici konstrukéni uspo-
iddni viak toto zapojeni vylutuje, ponévadi polo-
mér hnaciho vilee r, dopravniku 1 je rizny od polo-
méru kruinice r,, po jejiz édsti se pohybuji lopatky
presouvaie. Tedy i obvodové rychlosti budou rizné.

Regulované pohony pesouvadi

Dile je uvazovina koncepee elektrického regulad-
niho pohonu presouvaée, a to s chledem na ekonomicky
unosné feSeni. Z tohoto hlediska byly jako nevhodné
odlozeny regulaéni pohony s asynchronnim motorem
a piimym ménitem kmitoétu (eyklokonvertory)
regulace zménou vnueeného rotorového napéti &
pomoci polovedifové kaskddy. Tyto zplsoby regulace
vychdzeji znaéné slozité.

Jistou sloZitosti v Fizeni, i kdyZ vysokou presnosti
v nastaveni polohy rotoru se vyznaduji krokové moto-
ry. Neni viak redlné zizkdni takového motoru pro po-
zadovany kroutici moment na hiideli.

Nutnou podminkou ulohy je dostateiné piesné za-
jigténi polohy kaZdého obalu. Pokud tato podminka
nebude splnéna, stavd se wloha sloZitéjil vzhledem
k nutnosti identifikace okamzité polohy obalu v urtité
vzddlenosti pfed piesouvaci polohou lopatky a dore-
gulovéni ryehlosti pohybu lopatky. Uvazujme v dalsim
regulatni, nereverzaéni pohon se stejnosmérnym, cize
buzenym motorem, pracujicim v oblasti konstantniho
buzeni pfi proménném napéti kotvy. Ridief velitinon
je napéti u,, Gmérné otitkim e, hiidele na vystupu
varidtoru, superponované na nastavitelnou trovei
fidici veliéiny [y regulaéni soustavy.

Uhlové rychlost o, hiidele cize buzeného motoru je
urdena velikosti napéti kotvy motoru, ziskaného z po-
lo- ¢ plné fizen¢ho usmérfovale, UvaZovina je regu-
lovana soustava se smyikou napéfovou a proudovou,
proudovym a otdtkovym reguldtorem v obvodu fizeni
napéti kotvy. o . )

Volba typu pohonu byla ovh\jnlena- vyznamnou vyho-
dou, kterou je konstantnikrouticl rpoment str?]cv obla-'
stifizeni otidek napétim kotvy apflkqnst-an‘rmmjbuzpu
v girokém rozsahu otdéek. Zéadouei je oblast mzk):ch
otatek vzhledem ke skuteénym nt{tﬁkém v_\’-‘stu]_ampo
hiidele varidtoru e, . Pii zméné zatéde na hiideli pie-
souvade se uplatni regulaini obvody CB motoru a 1:!n-
reguluji oticky na liodnotu nastavenou vstupnim

#idieim obvodem soustavy.
Chovéni rotoru stroje je popsino rovnici

M, =M.+ Tpr. 1)



;.icJ{iicd:'nirjéi moment na hiideli v pom&rnych
sadnotiatil,
jodn 2 o,
=M (2)

., pormélni doba rozbéhu, ve které

I nati moment setrvadnosti,

] S el ;

0, ie jmcnontu. mechanickd, ihlova rychlost,

i, i jmenovit}‘ moment,

v ) I n

jsou pomerne otitky, » = —

ﬂn

" ]

Lap!acefw operitor.
Bl.ektmma.gnetick_\? moment CB stroje lze piitom
1diit ve tvaru
M, = —k M i, (3)

i

kde iy, iy jsou pomérné hodnoty prouda kotvou, resp.
buzenim,
M, je soutinitel vinuti rotoru, uréujici induko-
vané napéti do rotoru vlivem otdéeni.

i ustaleném stavu (p = 0) je budiei proud Gmérny
pudicimu napéti a vnittni napéti rotoru imérné budi-
dmu toku Mty a otickdm rotoru »:
ug = —Mpvip + roig . (4)
Pro posouzeni spravné funkee regulovaného pohonu,
s chledem na stabilitu, pfesnost regulace a zvlasté
dmamickou presnost regulace, rovnéz jakost regu-
lsiafho obvodu, je dileZité stanovit pfenosy jednotli-
rfch ¢dsti regulaéniho obvodu. UvaZovano je blokové
upojeni podle obr. 2. Obvod rotoru je napdjen fizove
fzenym tyristorovym ménidem A. Soustava obsahuje
dra regulatory.

| Wehut

Ay, @ - = i v
“1']-- — Jednoduchy nereverzafni pohon s cize buzenym
Horem

Pienos OB motoru je
Q(p) 1

gt ——————,
Uilp) eP[(1 + pTy) pra — 11

i, 1 - .
b~ Blokové sehéma stejnosmérného motoru

kde ty = (rfp{;;“_{_'

a jeho blokové schéma je na obr. 3
i .
by celd regulovani soustava, popisovani linedrni

diferenci:ilni rovnief i 2
i, byla stabilni, j u
: Al ablni, je n tnt‘., aby cel

(=]

I(p) o Euﬁmwk 2

= (6)
k
k-_.oau_k‘p

mél ve jmenovateli pol i y
g polynom N(p), ktery neobsahuje
l;.!adlly redlny kofen ani komplexni kofen s re:llnc.}u
[:i“ kl?dnou'ne{ﬂo nulovou. Gili stabilitu posuzujeme
‘:zer}x‘m, l-_:orenu polynomu N(p). Pfiklonili bychom
se ke kritériu symetrického optima.

V nasem piipadé spotivd specifikum:

a) ve y}:tvoi'eni zdvésu na otddky hfidele w,, a to
8 ?lul{rr{élni tasovou odezvou. Z‘apojcni je n; obr, 4.
DL}IBZItR je zminénd dynamickd pfesnost regulace
urf:ep-é odehylkon, s niZ regulovana velitina ::ledujf;
ménici se fidiei velidinu;

E T Sr
i | ri
b e b e i
‘ (-S"'s { A
\
Y
N Y 2

i _ aQTD =

A REGULACHI
oavooy

Obr. 4 — Blokové sehéma regulovaného pohonu pie=
souvaie se zivésem na otdfky

b) sniméni otdfek o, lze realizovat rovnéz bezkon-
taktnimi snimaci. Vzhledem k tomu, Ze vlastni
regulaéni obvody zpracovivaji analogové velitiny,
bylo by nutné digitdlni idaj pievadét na analogo-
v¥;

¢) v pripadé, Ze by musel byt brdn v tivahu uréity
prokluz mezi pohonnym valeem dopravniku a vlast-
nim metalickym pdsem, je tteba snimat rychlost v,
piimo z pisu pomoci vedeného kotoute bez prevodu
na tachodynamo.

d) obecné lze jisté uvazovab i daldi principy snimdni
rychlosti vy, Tesp. o,

Zaver

Predlofend studie pouZiti regulaénich obvodi pro
pohon piesouvade obalového skla ukazuje nékteré
mo¥nosti zajisténi synchronni funkce dopravniku fa-
dového stroje a piesouvace, piesouvajici obaly na do-

pravoik zasouvace. ! g
Varianta elektrického reguladniho nereverzaéniho
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chonu se stejnosmérnym cize buzenym motorem
s konstantnim buzenim by mohla pomaci zajistit
jeden Z pozadavki na mechanismy pesouvaé tj.
synchronizaci piesouvini & tvarovacim eyklem, ;
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SILIKATOVA VLAKNA A NOVE zZPUSOBY TAVENI

Ing. Jan LEHNER, CSe.

Stdtni vgzkumny dstav skldrsky, Hradee Krdlové, pobotka Praha

K taveni surovin pro vyrobu silikdtovijch vldken se
stdle vice poulivd elekfricks energie, Dosavadni
zkufenosti a vgvoj v oblasti paliv signalizuji, %e
p nedaleké budoucnosti zaujmou elekirické tavici
agregdty dominantni postaveni a to pro svoje ne-
sporné prednosti oproti pecim kupolovgim a vano-
pgm na tuhd, kapalnd nebo plynnd paliva. Pojed-
ndnt upddi provozni zkuSenosti a porovndni plamen-
njch vanovgch peci, elektrickych vanovych peci,
maloprostorovgch elekirickgch peci a odporavgch-
-obloukovich tavicich pecl.

Ovod

K taveni surovin pro vyrobu sklenénych, hornino-
vich, struskovych [minerdlnich] i Zdrovzdornych
vlaken se stdle vice pouZivd elektricka energie. Je
to zplisob hospoddrny, dosahuje se jim vysoké te-
pelné Gtinnosti, je snadno ovliadatelny a poskytuje
homagenni taveninu poZadovanych vlastnosti, Elek-
trické tavici pece jsou jednodu3si neZ dosud pouZi-
vané pece plamenné nebo kupolové a pro stejny
tavici vikon jsou i mensi, CimZ jsou investitn& méné
nakladné, a to se tykd jak vlastni pece, tak i sta-
vebnich investic. Tavenim v elektrick¥ch pecich se
oviem také podstatn® sni?uje znecisténi ovzdusi
nejen s chledem na spaliny, ale i s chledem na pra-
chovy dlet a na Gnik tékavych sloZek taveniny.

Da se oCekdvat, ¥e s vysokou zdvislosti dodévek
plynu a ropy na dovozu a s ubytkem koksovatel-
ného uhli a uhlf viibec, bude tfeba nade energetické
wroje stale vice orientovat k elektrické energii
ziskané v atomovych elektrdrnach a to i pro tavici
igreedty na vyrobu silikAtovych vldknitych mate-
rialn,

V nasi republice mdme dlouholeté zkuenosti s ta-
venim sklafského kmeune pro vyrobu sklenéngch
vliken v plamennych vanovfch pecich, s tavenim
strusek a struskohorninovfch smési pro vyrobu
Struskovgch (minerdlnich vldken) v kupolovych pe-
tich § s tavenim hornin v $achtovanovych plyno-
Vfch pecich,

Ie sice pravdou, Ze pro taveni strusek a strusko-
-h-arm‘nnvg;-ch smési stale jestd pouZivajl zndmé a
Standardni kupolové pece, ale pofet a podil va-
ovich peci neni zanedbatelny.

Yamenng va nové pece

Fro vgrobu staplovéhn sklendného izalatniho
"“akna ji delsf dobu pouZivame rekuperativnich pla-
Tennfch peci. Vidkna se vyrdbgji pneumatickou
Métadou. Agregat je vyt4pin generdtorovym plynem
* e pouzito | elektrického pfihfevu. Tavici plocha
"M 141 m? a primérny denni vikon 14 t stiedné
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alkalické skloviny
4,2 kWh kg1,

x) Dobré zkuSenosti mame s rekuperativni vano-
Sachtovou peci na taveni Cedife. Cedicové vldkno
bylo vyrdbéno pneumatickoun metodou. Jako paliva
bylo pouzito svitiplynu a mérna spotfeba byla ne-
celych 3,8 kWh.kg 1.

Vysokych kvalitativnich ukazateld vyroby mine-
ralnich vldken dosahuje na svém zafizeni firma
Grﬁ{;zweig Hartman v NSR. Tato firma pouZiva k ta-
venl pouze vanovych peci a rozvlakiiovani provadi
pneumaticky. V minulosti byly pouZivany také ku-
polové pece.

Za podstatnou vyhodu vanovych peci povaZuji do-
saZeni vysoké kvality vyrobkil a maly podil odpadi.
Firma pouZivd v soucasné dob# pece s celkovou plo-
chou 28—35 m? namisto dfive budovanych pect
s plochou 18—20 m?, Zv&tSeni pece ptispélo podstat-
né k zviseni produkce na 1500 — 1700 kg.h'1 vyro-
beného mineralniho vlakna a aZ 2000 kg.h™1 dedifto-
vého vldkna Mérnd spotfeba energie se pohybuje
v rozmezich 3,0—55 kWh.kg™l. Pece jsou typu re-
kuperativniho s podkovovitym plamenem s tfemi
hotaky. Bazén mé malou hloubku a je to zdiivodnéno
tim, %e tavené suroviny [hlavné cedice] obsahuji
veétsi mnoZstvi oxida Zeleza, kieré z1&Zuji prohfivéni
taveniny do hlaubky. V misteth nejvyssich teplot ma
bazén hloubku jen 200 mm. Zaklddani surovin se
provadi Sesti zakladati, po ifech z kaZdé strany.
Hlavni pozornost je vénovdna pfesnosti davkovéni
surovin a pfesnému chemickémn sloZeni.

Ve Voskresenském kombindtlg v SSSR pracuje va-
nova pec o vikonu aZ 2000 kg h! a tavi kmen skl4-
dajici se z 95 % hmot. dolomitnjilového slinu a
z 59 hmol, mletého vdpna. Pec je vytdpéna zem-
nim plynem. Suroviny jsou zaklddany pfi vihkosti
15 05 hmot. Mérna spotieba £ini 6 kWh.kg™ tave-
niny.

VY polském Trembesi pracuji dvé vanové pece
regenerativnl. Maji celkovou plochu 48 m? a galén
paliva se pouzivd mazutu. Vsdzka obsahuje 78 il
hmot, hofeénatého slinu a 22 % hmot. vapence. Tep-
lota v pracovni Casti je 1480°C, v ddvkovati pfes
1500 °C. Primérny denni vykon 40—50 t a mérnd
spotieba je 6—7 KWh. kg ! taveniny.

a mérnd spotfeba energie je

Elektrické vanové pece

Celoelektrické vanove pece pra ta\-e,ni s_k]éi‘skeho
kmene se stavaji celusvilovia héZnou zélezitosti. Jed-
nim z obord, kde velmi rychle slr_n‘Jpé e1ektrmk‘é tg-
veni, je viroba vldknitych 1na1er1.':11':: v naé; repub-
lice hyla celoelektricka vana pos@\en; ii \.lr‘]m%e
1867 a to pro lechnu]ngi’i viroby .?tdplo\-ého. sl;_l ET
ného vldkna rozfukovanim za rotace. Jmenovity ta
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ReSeni se tjka prevodniku napéti na
{rekvenci. Sestava z destiéky (1) z
ikeramiky nebo piezoelektrickeho krystalu,
terd i; pna jednom koncl opatfenma prvoimi

i elektrodami (3) a na drubhém ko-
1wl je opatfena drubjmi snimacimi elektro-
dari (4) a uprostfed je opatifena budicimi
elektrodami (2). lezi budicimi elektrodami
(2) a prvoimi snimacimi elektrodami (3) je
wisténa prvoi horni fidici elektroda (5)
e proti ni na opacéné strané destiéky (1)
jo unisténa prvoni dolni Ffidici elektroda
(15), Mezi budicimi elektrodami (2) a
drehjoi snimacimi elektrodami (4) je umi-
sténa druba horni Fidiei elektroda (6; a
ireti i pa opadné strané destidky (1
Llsténa druba dolni Fidici elektroda il&).
do2f prvn{ snimaci elektrody .(3) a budici

soimac

Prevodonik napéti na frekvenci

pie-

Jje

?hktrodj (2) je pripojen prvoi oscilator
\7) & mezi druhé snimaci elektrody (4)

& budici glektrody (2)
‘ellétor (8) a prvoi privodn

- d '
L8vEank avorky (12)

Mot paraleln spojené gr\rni doloi Fidi-

*l elektroda (15) a druh

horni Fidici

tlsktroda (6) a druhou privodni svorku
13) tyopq gualelné spojené prvoi hor—

U Fidied o

ektroda (5

a druba dolpi Fi-

aigi elektroda (16). Prvni oscilator (7)
u fuby oscilator (8) jsou piipojeny ke
.?50\‘&61(9). k n&muz je pfipojena doloof~

ovengni
dyr propust
kd

(10), spojena se zesilo-
(11). Prevodnik je vyuZzitelny tam,
¢ de tfeba vstupni napiti vyBci nei

YV pfevédét na frekvenci
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Nynales se. Lika prevodaiiy nap&t{ na frekvenci.

PFi konstrukci dnes b&inych prevodnfkd napsti na frekvenci
se zpravidla vyuZivé premény stejnosm&rného nebo analogové pro-
nénného nap&t{ na kmitoZet st¥idavého napstf, pridems kmitolet
stt{davého napdti je umérny velikosti analogové proménného nap&-
t{. Pro tuto preménu se vyuifvaj{ rizné integrovené obvody, je-
jich podstatnou &ésti je zesilova&, pracujfcf ve funkei integra-
toru, dédle kompardtor, referendni zdroj stejnosmérného napéti a
generdtor impulsd. Takto konstruované analogové &islicové prevod-
nfky jsou urdeny zpravidla pro vstupnf napdt{ O a% 10 V a pracu-
ji 8 v¥stupnim st¥fdavym nap3tfm o kmito&tu ndkolik desitek kHz.
*fesnd funkce prevodnikl je podminéna uZitim teplotné i &asova
velmi stabilnfich stZZejnich prvkil a obvodd.

Uvedené nedostatky odstranuje prevodnik napst{ na frekvenci,
sestévajfci! z prvnfho oscilétoru a druhého oscilétoru, které jsou
phipojeny ke sm&Zovali, k ndmu? je pripojena dolnofrekvenni pro-
mst, spojend se zesilovadem, podle vynélezu. Jeho podstata spo- )
4vd v tom, %e sestévd z destidky z piezokerariky nebo piezo-
tlektrického kryataiu, na které je na jednom konci opatrena prvni-
i snfmac{mi elektrodami a na druhém konci je opatfena druhymi
mimacfmi elektrodami a uprostfed je opatiena budfcfmi elektroda-
. Mezi budfcfmi elektrodami a prvnimi snimacimi elektrodami je
\nfstdng prvnf hornf rfdfci elektroda a proti ni na opalné stra-
1 desti¥ky je umfsténa prvni dolnf f{dfc{ elektroda a mezi budf-
‘o elektrodami a druhymi snfmacimi elektrodami je umisténa
fruhé horn{ #fdfcf elektroda a proti ni na opaéné strané destic-
9 je umtetina druhé dolnf ¥fdfci elektroda. Mezi pI‘VI?i snimaci
Hektrody a budfc? elektrody mize byt s vyhodou pripojen prvaf
Scildtor a mezi druhé snimaci elektrody a budfci elektrody Je
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pripojen druhy oscilétor a jednu privodnt svorku mehou tvoPit pa-
salelné spojené prvni doln{ Ffdtcy elektroda a druh4 horn{ ¥{di-
¢{ elextroda a druhou pF{vodni svorku mohou tvofit paralelns spo-
jen¢ prvnf horni Ffdiel elektroda a druhé dolnf #{dfef elektroda.

prevodnik nap&ti na frekvenci podle vynédlezu pracuje na bé-
7 prevodu analogové proménného napétf na kmitofet a umo#nuje
vét5it vstupni napétf aZ na nékolik desitek V a nevyZaduje re-

rarenéni zdroj napé&tf.

prevodnik podle vynélezu a jeho uinky jsou bliZe popsény
na pFikladu jeho provedeni pomoci vykresu, kde obr. 1 predstavu-
je schéma zapojeni prevodniku nep#ti na frekvenci podle vynélezu
s cbr. 2 predstavuje schéma zapojent doplrikové vyhodnocovac! &ds-
ti prevodniku napgti na frekvenci podle vyndlezu, opatieného sm&-

fovadem, dolnofrekvenéni propusti a zesilovadem.

Pfevodnik nap&ti na frekvenci podle vynédlezu sestévd z des-~
titky 1 z piezokeramiky nebo piezoelektrického krystalu. Destié-~
ta 1l je na jednom konci opatfena prvnimi snimacimi elektirodami 3,
ns druhém konci je opatfena druhymi snimacimi elektrodami 4 a
iprostfed jsou na nf umistZny budici elektrody 2. Mezi budfcimi
tlektrodani 2 a prvnimi snimac{mi elektrodami 3 je umfsténa prvni
tern{ #idfcf elektroda 5 a proti ni na opa¥né strand destilky 1
® unist3na prvnf doln{ ¥{dici elektroda 15. Mezi budfcimi elektro-
‘1l 2 a druhymi snimacfmi elektrodami 4 je umfsténa druhé horni
Hdfc{ elektroda 6 a proti ni na opalné stran& destilky 1 Je umis- J
t¥na druhé dolnf Pfdfcf elektroda 16. Mezi prvni snimaci elektro-
i3 a budfc{ elektrody 2 je pFipojen prvni oscilétor 7. Mezi
itihé snimact elektrody 4 a budfc{ elektrody 2 je pripojen druhy
%cildtor 8. prvn{ piivodni svorku 12 tvoff paralelnd spojené
rvnt dcln; #{dfci elektroda 15 a druhd horni ridfci elektroda
§ druhou pftvodni svorku 13 tvori paralelné spojené prvni hor-
Il Hdfc{ elektroda 5 a drund doln{ Ffdfcf elektroda 16. e
“cilétor 7 a druhy gscilétor 8 jsou pripojeny ke amé?ovaé; fi
‘0¥muZ je pripojena dolnofrekven¥ni propust 10 a zesilovac 2.
DestiZka 1, na které je realizovén pi"evodnik, mizZe b.itl:y-
Tou¥ena bud z_piezaelektricb’t"h krystald, napfiklad krysta

—ee
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gremene, LiNbOs, LlTa?% BijoGe0yq, Bi)1Si03q, berlinity nebo mi-
te byt vybrousena z piezokeramiky. Pritom je Zadouct aby prislui-
nf lineérni a nelineérnf piezoelektricky modyl pro u;azovan;u
orientaci destilky 1 byl co nejvitss,

Tek napffiklad p¥i realizaci prevodnfku na desti&ce 1 z krys-
talu z LiNDOg o tloustce destidky 1 rovnob&#né s osou Y ; pfi ose
desti®ky rovnob&Zné s osou X pri Jmenovitém kmitodtu prvniho osci-
14toru 7 a druhého oscilétoru 8 25 MHz, analogovém napét! 25 V
ptivedeném na prvni horn{ #fdfc{ elektrodu %, prvni dolni fidfct
elektrodu 15, druhou horni ¥idfcf elektrodu 6 a druhou dolni #i-
dfcf elektrodu 16 bude na vystupu sméZovade 9 napétf o kmito&tu
2 f =50 Hz. Vzhledem k tomu, Ze oba na desti&ce 1 realizované
prenosové systémy plsobf proti sob&, zmé&na rychlosti &{feni ultra-
zvukovych v1n vyvoland zm2nou teploty nebo stérnutim se neuplatni.

Na prvni hornf ¥fdfc{ elektrodu 5, prvni dolnf ¥fdfcf elek-
trodu 15, druhou horn{ rfdfci elektrodu 6 a druhou dolni ridfc{
elektrodu 16 se pfivédi vstupn{ analogové nap&tf, které pisobenim
vzniklého elektrického pole prostifednictvim lineérniho a neli-
nedrntho piezoelektrického jevu jednak méni vzddlenost mezi budf-
cimi elektrodami 2 a snimac{mi elektrodami 3 a 4, jednak rychlost
8ffenf povrchovych ultrazvukovych vln. Prvni horni Pidfci elektro-
da 5, prvn{ doln{ Ffdfcf elektroda 15, druhé horni ridici elekt-
roda 6 a druhd dolnt r{dfci elektroda 16 jsou propojeny tak, aby
se pri ptiloZeni analogového napét{f vzdélenost mezl budfcimi
elektrodami 2 a prvnimi snimacimi elektrodami 3 zvé&t$ila a sou-
tasnd, aby s; vzdélenost mezi budfcimi elektrodami 2 a druhymi
snfmacimi elektrodami 4 zmen3ila. Tfm se dosdhne zpoZdéni signd-
lu na prvnim snimacich elektrodéach 3 o +A}ﬂ a na druhych snima-
¢fch elektrodéch 4 o -Af . Prenosovy systém mezi budlcimi e‘lex—
trodami 2 a prvnfmi snfmac{mi elektrodami 3 je soutésti prveho
oscilétoru 7 a prenosovy systém mezi budfcimi elektrodami 2 a
druhymi mi;acimi elektrodami 4 je soutdsti druhého oscilétoru
§. V disledku pom#rné zmény zpoZdéni mezi budfcimi elektr‘odan.li’
2a snfmacfmi elektrodami 3, 4 se zmén{ kmitodet prvniho oscila-
{4 7 o hodnotu ~A f a druhého oscilétoru 8 o hodnotu + A f.
Wstu;ni napst{ dvou oscilétord 7 a 8 jsou privedena do sméSova-
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te 9, na jehoZ vystupu dostaneme napéti{ o kmito¥tu 2 A f.

Prevodnik napé&tf{ na frekvenci podle vynédlezu je vyufitelny:

tam, kde je treba prevddst nap#t{ na frekvenci a vstupni napét{
je vy&&1 neZ 10 V.
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prevodni% napét% na frekvenci, seStévajic{ z prvniho osci-
ks a-dru??ho.osc11étopu’ které jsou pripojeny ke smé3ovadi,
x ndmu? Je prlgﬁJena dolnofrekven&n{ propusi spojend se zesilo-
vafem, vyznatujici se tim, Ze sestévd z destilky /1/ z piezokera-
siky nebo piezoelektrického krystalu, kteréd je na jednom konci
opatfena prvnimi snimacimi elektrodami /3/ a na druhém konci Je
opatfena druhymi snimacfmi elektrodami /4/ a uprostfed je opat-
yena budicimi elektrodami /2/ a mezi budfcimi elektrodami /2/ a
prvnimi snimacimi elektrodami /3/ je umistna prvn{ hornf ¥fdf-
¢f elektroda /5/ a proti ni na opadné stran& destidky /1/ je
unfst&na prvni dolni £{dici elektroda ,/15/ a mezi budfcimi elek-
trodami /2/ a druhymi snimacimi elektrodami /4/ je umistdna dru-
né hornf ¥idf{ci elektroda /6/ a proti ni na opaéné strand destié-
ky /1/ je umist®na druhd doln{ tidfc{ elektroda /16/, prilem%
zezi prvnf snimaci elektrody /3/ a budici elektrody /2/ je pfi-
pojen prvni oscilétor /7/ a mezi druhé snimac{ elektrody /4/ a
budfc{ elektrody /2/ je pripojen druhy oscilédtor /8/ a prvni
p*fvodnf svorku /12/ tvof{ paraleln spojend prvni dolni ridfci
elektroda /15/ a druhé horni Pidfc{ elektroda /6/ a druhou pfi-
vodn{ svorku /13/ tvoPi paralelnd spojené prvni horn{ fidiec{
elektroda /5/ a druhd dolni Pidfci elektroda /16/.

1 vykres
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Some Possibilities of Computer Picture
Analysis of Flat Textile Structure

JAROSLAV NOSEK
Department of Electrical Engineering
Faculty of Textile Engineering
Technical University of Liberec, Czech Republic

Introduction

The visual information is a very rich source of knowledge. Its computer
processing, dependent on the development of instruments and methods, is used
in a lot of areas of human activity. Typical areas of the visual information are
pictures, graphics and texts. They can be processed by the use of optical,
digital and, possibly, hybrid methods. We will take an attention to the field
of digital picture processing with an aid of a personal computer.

The use of the digital picture processing in the textile area is supposed in
the field of the analysis of fibre structures, the analysis of fabrics and
for the identification of the scene of a robotized site. A typical area of
its possible practical use is the check of products quality.

1 Image Processing

The system of digital image processing ensures the picture scanning, its
digitization, recording, computer processing and back reproducti.on of the
picture on an output device, the monitor. The processing is complicated not
due to the algorithmus complexity but as a result of the data volume (fron:} 0.06
to 70 MBytes per photograph) and an amount of operations. The processing of
a visual information consists of a sequence of fransformations of matrices with
gray levels of a picture. Degenerative effects of the tra.nsforn:! of a redund.a.nt
information are suppressed by methods of imag::: preprocessing: s:mooth1ng,
focusing, filtering and gray-level and geometrical operations serving to the

picture reconstruction, when it was corrupted.
r frequencies (noise), but also

The image smoothing suppresses highe: ‘
other fast changes in the picture (thin curves, edges).’ The focusmg p.roc:‘;lss
is an oposite operation, its goal is the enhancing of higher frequencies in

1
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picture. To optimize both operations, some filterin
These methods transform original values of gray le
Jevels in the output picture with the goal to enhanc
The choice of the transformation depends on the

g methods can be applied.
vels to other values of gray
€ oI suppress some features,
. size of picture objects.

The segmeutat.lon of the picture is an operation suitable for the analysis
of the contents of image data. From a lot of segmantation procedures' we

use the segmentation based of the edge detection found in the picture by the
application of some edge operator,

One of very important steps of understanding the image data is an area
recognition that were found in a picture. The recognition requires an
exact area description in order to be evaluated by the classifier. A necessary
assumption for the area description is its identification, e.g. the possibility of
its unambiguous reference for each image area.

2 Application to Textile Products

The fabrics (wovens, nonwovens, knitted fabrics) are presented by a regular
structure of the weave and by a colour pattern. As for as field studied, we
limit the study to the pictures represented by different levels of the gray and
extract the nonrepeated motifs. It seems suitable to use for the description of
areas the characteristics termed a texture.

The plain object is termed the texture, if a set of local image characteristics
of the area is constant, slowly changing or approximately periodic. There
are two features of the texture important for the computer image processing:
shade and structure. As a shade primitivum of the texture we understand
the continuous set of cells with a given shade. Texture of the image is described
by the number and types of primitives. The description may have attribute,
syntactic or hybrid form.

Then the image recognition can be performed in three steps:

a — extraction of primitives from the digitalized image and their classification

b — determination of relations among goups of primitives and sorting into

texture classes

¢ — classification of unknown textures entering the input of the lerned

recognition system

w.



The result of the above procedures is the alternative description of

image of edges

image of the important edges
e texture primitives
e original image.

The analysis of the flat structure of the fabrics or the fault identification consist
of the realization of procedures given above,

3 Experiment
The experimental equipment consists of

e The camera BISCHKE CCD 1004 containing

— the chip of 256 times 256 image elements (pixels) of 75 levels of
brightness and

— digital series output of image information.

o The personal computer DMS 386 SX 16 MHz with a coprocessor 80386
and VGA monitor.

¢ The SW equipment containing the simplest functions of image
processing.

The camera was positioned vertically, about 400 mm above the sup;?ort
plate with specimens that were illuminated by two side placed white light
lamps of 150 W placed at the distance of about 800 mm. The angle between
beam axis and the support plate was about 45°.

4 Results and Discussion

ecimens of plane weave fabrics

ed the images of sp :
We have scanned and process ag the following limitations

and wool dresswear. The first experiences show

Y



The image processing by the personal computer of 386
make possible to observe dynamical effects, But the

valid for fast computers with a series architecture he
complicated parallel computer architectures, :

type does not
e limitation is
The solution is the

An unsuitable focus length of the objective
mﬂkfa problems_with identification of vertically distributed structures of
fabrics. More informations can be received for plain wovens then for
grosser knitts. The loss of informations due to the scanning conditions
cannot be corrected by SW operations.

used and a low acute depth

The depend.ence of the acute depth of the verctically structured textile
on the conditions of the scene illumination.

The limitation of the identification of vertically distributed faults of
fabrics.

The transformation of the color composition of material into gray-shaded
image.

The more difficult interpretation of gray-shaded image.

The properties of the used experimental apparatus are far from

parameters of present-day optoelectronic systems, for instance
Bullmerwerk.

Conclusion

The experiment shoud be understood as the introductory one. Althoug_h the
camera parameters are not optimum ones, computer images of specimens
of fabrics with horizonatlly distributed errors were scanned, processed and
evaluated.

References

[1 ] Hlavéz, V. and Sonka, M.: Computer aided image analysis. [in czech]

Scriptum CVUT-FEL, Prague 1991.
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A New SAW Sensor of Electric Field

Jaroslav Nosek

Technical University of Liberec
Department of Electrical Engineering
Halkova str. 6, CZ 46117 Liberec 1, Czech Republic

Abstract

Most of the non-electric quantity transducers give an output DC voltage that
is proportional to the physical quantity however a digital form of such signal is
more convenient for further signal processing. The article describes a possibility
to realize a nonconventional voltage/frequency transducer with linear characteristic
and high stability of frequency using speed change of propagation of surface acoustic
waves between interdigital transducers located on a piezoelectric substrate plate.
The patented principle has been offered to the textile industry for development of
nonconventional automatic stop - motion or for units of automated control systems.

1 Analog-Digital Transducers

Analog/digital transducers A/D are part of a standard measuring channel of an
automatically controlled system. The A/D transducers designed as V/{ converters
convert input voltage V to frequency f of the output pulse signal with conversion
constant and defined non-linearity. The main parameters are conversion velocity
and a word length, in special cases also its stability. Classical.fast paraHe.'. A/D
transducers are usually created by differential comparators, which compare input
voltage with uniformly distributed reference voltages. The comparator output value
is fed into registers by the means of sampling inputs.

The values in the registers are coded by the binary code. ‘The parallel trafnsducelzs
are usually fabricated as 4 or 8 bits wide. The sampling [rgqu?ncy ;sl of t T
fange 10 - 100 MHz. Approzimative A/D transducers use the principle o mtir:ae
mpensation, the internal voltage is discriminated by the means of reference voltag

i . : : conclude
¥hich is generated in D/A converter with approximation reg!s‘uerl;;{\:e n}ayarameters
that A/D transducers are intricate electronic circuits with the stability of p

given by the stability of reference voltages and the stability T[ uf:e:n:w;;::jl;:l;);
trcuits. This properties could not be suitable fRra e OEE mé hi‘her accuracy
dea 1o use electronic elements with higher frequency dai d cgcrs of chosen
of conversion as A/D transducers of electrical variables or transcy

thysical ‘varsables.

v/



2 Piezoelectric Transducers

Piezoelectric resonators with bulk acoustic w

[BAV) ere used for this applirations, Tlie Genuedey citios of s s o
1esONAtOr SeNsors 1s a digital signal because frequency countin :gs Od' I'}tmlme e
No A/D conversion, no inherent measurement accuracy isg & lg]da e
resonators with bulk acoustic waves are presently used as secondI:.rres:'”e .t 3“11-’-
They work mainly in CPU's of computers and in the feld of time moscoore,
g Tth are used as transducers of different physical uars’abn‘:: :ure;]em
of the commercial successful examples of piezoelectric sensors with lheo}‘xi im:
precision of measurement are given in the following: ghes

aves (BAW) or surface acoustic wares

e temperature sensors

resolution 5.10~1°C

accuracy over one year 0.05 °C
» mass measurement with resolution of 0.62107° {for quartz and used

— thin film thickness monitor
— detection of gases by absorption

— mass exchange in liquid reaction, etc.
s acceleration measurement in the range from —75g to +75¢

o pressure measurement with resolution of 107* of full scale, etc.

Resonators with surface acoustic waves (SAW) use piezoelectric materials too.
They can be advantageously used in electronic applications. In the comparison with
BAW resonators, the surface acoustic wave transmission could be easily controlled
in the given environment. Due to the fact that the transmission of SAW is 5
orders slower than that for electromagnetic waves we can use microwave methods

owever fabricating the interdigital transducers on the surface

for signal analysis. H
g J more difficult

of piezoelectric plate by the means of photolithographic methods is
because of the technological problems.

ric Field

locity induced by strong
[ construction. As it was
he range of values v and
ctrode pair. The delay
d for At

3 SAW A/D Transducer of Elect

ate and change of SAW ve
bution for A/D transduce
AW can be changed in t
ltage on the control electro
nterdigital transducers 15 change

Deformation of piezoelectric pl
electric field are used in this contri
theoretically derived the velocity of §
v by the means of applying a d. c. volta
of SAW between emitting and sensing )

e



because of the length change of the part of the plate with controlling electrodes. We

obtain following relative transmission dela i i i
j ¥y of SAW if we consi
caused by the material elasticity changes only: e

ﬂf,‘ 1
~- =dcus (1--@"_{)@0_1@13‘:9 (1)
v 2 dC.AB 2 cimcp

Symbol meaning:

deaB piezoelectric coeficient tensor components
Rcpap electrostriction coefficients

enrMcp Piezoelectric module tensor components
5, electric potential derivation

L

czucp  elastic module tensor components.

It is clear that even in the simple arrangement of transducers we can change the
signal transmission time.

We have designed a symmetric arrangement with two oscillators controlled by
SAW resonators. The oscillators {requencies change due to the transmission delay
in accordance with following formula:

fol = f,;; = function(U) (2)

For the control input voltage of tens of V we obtain linear response in tens of Hz
for oscillator frequency f = 30 MHz. The plate is created by germanium-bismuth
oxide (Bi'uGeOzo).

4 Conclusion

used as a high stabile A/D transducer. Simply

Proposed V/f transducer can be .
as a electrostatic voltage sensor.

arranged transducer can also serve

References

[1] Nosek,J., Zelenka, J.: CS patent No: 240 102. Praha 1985,
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Develop.ment of Solar Cells and Experimental
Experiences in the Laboratory and Sahara
Conditions

Jaroslav Nosek

Technical University of Liberec
Halkova 6, 46117 Liberec 1
Czech Republic

Introduction

Sun radiation power meeting the external surface of the Earth atmospheric environment
is 1350 of W/m2 About 1000 W/m? of this value reaches the Earth surface in the
perpendicular direction at cloudless weather in the daytime. However, this value changes
in a great extent depending on the geographic latitude. The year average at the 50th
degree of north latitude (Prague) is about 130 W/m?, while in Sahara in the area of
the 23rd degree of north latitude there is an important value of 520 W/m?2. This fact
together with a need of electrical energy in areas of bad acceptance leads to the realization
of autonomous Sun photovoltaic sources of electrical energy.

A direct conversion of light energy into electrical power, known as the photoelectric
effect, is performed in a photovoltaic cell. The most known silicon cell uses the properties
of P-N junction formed between areas of P-type conductivity (Si with boron impurity)
and N-type conductivity (a thin layer Si with phosphorus impurity). It is well-known that
electric field is formed on the P-N junction. As a consequence of the light radiation, electric
charges are released that, due to the action of the above mentioned electric field, create
a voltage between the external surfaces of layers. With and aid of collectil?g electrodes
deposited on these surfaces the electric current can flow in an external circuit.

Parameters of Modules in Sun Photoelectric Power
Stations

Typical silica cell of area of 100 cm? at the radiation of 1000 W /m? gives voltage of about
0.5V, current of 2 A and power of 1 W, which corresponds to conversion power }aﬂic1enc]3.}r
of about 10%. In the laboratory environment this value can increase up to 23% if the ce

is made from silica monocrystal.

Cells are connected into flat plate modules .
to some kW). Panels are placed into a supporting

(up to 100 W) and modules into panels.(up
frames and protected by covers against

e /i



contamination and damage.

Panels oriented in the south direction and usually incli
horizontal plane are the simplest ones as for produgtilc]:m m’]‘?ﬁ i
more energy than panels placed into the horizontal lanne. If ifly AC
invertors are used, usually thyristor invertors cxhibi};in {he f’ﬁe 'AC
at the present time advanced pulse convertors with efﬁiencyreof?lizc

with respect to the
produce up to 19%
current is asked for,
y of about 54%, but
‘ e ut 90% are preferred.
A high energy consumption is typical for the solar photocell power station (SPPS)

fonstru?tmn. However, last years information shows encouraging values regarding basi
economical SPPS parameters: garding basic

o energetic recovery T, that is defined as the time during which the SPPS produced
the same amount of energy @, that was exhausted at its construction and

. 5:1elc.1 ratio R T:hat gives how many times the SPPS produces more energy during its
lifetime than it was used for its construction.

Some basic data concerning commercial SPPSs are in the following table 1.

Cell Type Monocrystal | Polycrystal | Amorphous

Qo -
cost of SPPS construction 1228 150 a0

Panel efficiency in %
(commercially available) 12 10 6

T, in years
Pl 12.0 11.7 4.2
at 2000 kWh m~2year™!

R
for lifetime Ty, = 21years 2.9 3.0 8.1

at 2000 kWh m~2year™"

(1994)

Table 1: Selected basic data on SPPSs

e, during their life time the SPPSs

tral Euro :
ns of Centra . hausted at their

Due to the solar light conditio ]
¥ at is 2 to 5 times large than energy ex

are able to produce only energy th

/s
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construction (without taking into account the overall economjcal complexity). Therefore,
we cannot expect that SPPSs will participate in the energy production for
energy net by a non-negligible extent. At the conditions of the yield ratio R = 3, the life
time Ty, = 21 years and continuous construction of new SPPSs, in the steady state the
SPPS produces energy 2Q, each 7 years that is not encouraging,

The present time module cost, which is more than 60
expenses, see table 2, is high and limits the SPPS use for
module cost should decrease in a long time scale, as it
we suppose that also in Europe there will be a little deve
with power from 2000 to 3000 kW.

the electrical

% of the all SPPS construction
special purposes. However, the
is shown in table 3. Therefore,
lopment in construction of units

USA up to 5 § per kWh

Germany 12.5 DM per kWh

Table 2: Typical panel costs

Year 1990 2000 2010

Module 12.5 6.5 3.5
1

Overall 20 12 5

Table 3: Expected SPPS component cost time tendency

UST Alger

Y y p telecommu-
Ia‘old]nal rich o a solar ene a.ﬂd IeIl]OteneSS Of ]l\']'ﬂg laCES or el CO;
h { Sah ara s l l'g :

: impulse
Nication and meterological stations are the imp




laboratories of South Africa. In the Unir ot
ger, laboratory of semiconductors, the researc
of solar energy conversion.

y of Sciences and Technology (UST) in Al-
h was concentrated to increase the efficiency

The incoming material was a single crystal sili
, ; ) silicon cut of (111 ientati ;
shape and 4 inches d]ameier. The substrate was doped by b({)ron}a‘;zeﬁazu&ne 31;;1=rt§???r
Ky N i . stivity
of 3 -6 Q.cm. The:‘ Sl({\ ) layer was prepared by the action of HiPO,. The lower Al
electrode e deposited in vacuum while the lattice type upper electrode from SnQ., w
deposited in the argon atmosphere. i T

At the laboratory conditions the structure optimization was performed and jm
tant parameters were investigated as for example lifetime 7 and diffusion depth ]L }:;1;
their dependence on temperature and conditions of junction preparation. T‘hefe parame-
ters influences immediately the efficiency of photoelectric conversion. Effectively utilized
methods are for example

o the determination of lifetime  from the decrease of open circuit voltage due to the
acting of light impulse energy (OVCD)

o the determination of diffusion depth by the method of surface potential (SPV)

Electrical parameters 7 and L are dependent on the conditions of the Si(N*) - Si(P)
junction preparation. Even at difficult laboratory conditions a lot of interesting exper-
iments were performed. As an example there was the realization of the temperature
chamber for the investigation of the temperature lifetime 7 dependence. Achieved values
are 7 = 3 — —6us and L = 20 — —30um. These values depend also on the temperature.
The overall efficiency was 6 — 8% (in 1986).

In Sahara conditions autonomous SPPSs of power from 500 to 2000 kW are realized.
They serve to supply the communication junctions and meteorological stations. (Electric
energy in oases is obtained from diesel-generators.) As an instance there is the station
in Hoggane (the 23rd degree of north latitude, Platteau d’Assekrem in elevation of 2728
m over sea level). SPPSs in specific application and Sahara conditions are practicajily
non-replaceable. Nevertheless, a big amount of solar energy does not lead to construction

of large SPPS systems. The reasons are first of all:

s high finance consumption (high Q.)

e short lifetime of SPPSs as a result of enormous sand abrasion at sandstorm

s difficult maintenance of systems distributed on a large area

Conclusion

A higher perspective is supposed to applications in richer countries, where at.tlza;;]r:;ent
time units of power 700 - 5200 kW (USA) and 300 ~ 3000 kW (Europe) are installed.
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c-25 ZAVISLCST REZONANENTHO KMITOSTY PIEZOELE
NA VELIKCSTI BUDICIHO PROUDU

Noeek J., (USSR

KTRICKYCH REZCNATORY

The experimentaly obtained the rescnant frequency dependence on the
current through the crystal of AT-cut 2,5 and 5 Mc type is compared
with the theoretical one given by Tieraten. The theoreticaly and
experimentaly obtained results are in good agreement if the
equivalent electrod dimensions are considered.

¥V minuloati bylo experimentdln# tjiBténo /2/, /3/, %e rezonandn{ kmitofet piezo-
elektrickych kfemennych AT rezondtord zdvis{ na velikosti proudu I protékajiciho re-
zondtorem. Z experimentd byl pro pomfrnou zmfnu kmitoftu
vztah

odvozen empiricky

% = 1° (1)
kde konstanta D zéviel na rezonaninim kmitoZtu a na velikosti rezondtoru. Pokud byly
vléstnosti piezoelektrickfch krystald popisovény linedrnimi stavovimi rovnicemi, ne-
bylo moiné tuto skutefnost teoreticky wvysviEtlit. Teprve formulovdn{ nelinedrnich
piezoelektrickych stavovich rovnic umo®nile vyjddfit zdvislost rezonsnfniho kmitodtu
piezoelektrickych rezondtord na protékajicim proudu i teoreticky /6/, /4/, /1/.

Pro Zist#® tlouZikové kmity tenké destiiky odvozuje Tiersten redlnou slgebraickou
rovnieci (/1/, str, 870). Nalezeni extrémd této pozitivni funkce pro ridznd napéti ge-
nerdtoru V_ umoZnuje zfejm& ziskat zdvislost, srovnatelnou s experimentdlné z,jis:.é-
nfn vztahem (1). Predpckléddme-1i, fe hodnoty nap&ti na rezondtoru V a amplituda Ay
p* meximdln{m proudu I jeou pFibliZn® stejné jako v linedrnim pfipadé, lze pfimo

urfit kmitoZtové odchylky:

gro g g Gl *
€ 2N I ayo iom el NSRS \
= Bt h i€ (1 + kgsiw + = (2}
16 D 2 2 G B
Ceg B e2g (2n) HO e - |

V tomte vztah é = - ) ového kmit &tu &J , max mdlnf nelinedrn
a e o0zdfl dhl h 1 ? 1 Al 1
s wR NO - E E'h E

&5 AL
odezvy a gy e kmito&tu linedrni rezonance. j¥= 2,22~ 3266 6 4666

elasticky koefjcient, cherakterizujici nelinedrni vlsstnoati kryat.alvjl i:/;nd"kci
cgs =ch. + —;2-5— je elasticky modul mdfeny pii konstantni elektric .
E6

; itivi #4d kmitd, 2h tloudifka planperalel-
825 Piezoelektricky kosf.‘ncaent, E 5 permitivita, N ,

nf destitky, o = k26 , Xde ky. je koeficient e iyl
B 1 - k2 ektrod, V napét{ pa elektroddch (V™ Je

. Pro danou orientaci apoéiiime- Se Je plocha el (2) upravime & spofftéme hodnoty
komplexnd sdruené &{slo), | proud krystalem. Viteh B

lektromechanické vazby, ktery

konstant,
B £ Ky x (3)
N NO Gy sz* i I'l
- K, -
“yo “xo
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Porovnejme v¥Taz (3) 8 vislediy méfen{ u
imitajicich na pété harmonické a urfenge

57). DileZitd ddaje t¥chto rezondtory Jeou uvedeny v tap, ¥

ZmEfend hodnety D Plankonvexnich Tezondtord AT

Tab. 1
Emitofet | Pemér Primér Folomir InEfené D T
v¥brusu | elektrod zek?ivent
1 mz) (mn) (=) (mm) =)
259 30 10 100 0,174
5,0 17 5 100 0,584
5,0 17 5 70 0,751
5,0 17 5 50 0,886

Vzhledem k tomu, e u uvafovanych plankonvexnich rezonétord Jeou kmity soustie-
dény do stfedni Z4sti vibrusu (/3/, str. 48 a% 50), nebudeme uvaZovat skuteZné plozhy
eiektmd, ele plochy ekvivalentni, zmenfenéd v piipadé rezondtoru s polomirem zakfive—
ni vypuklé Zdsti vybrusu 100 mm na 64 % skutednéd hodnoty. Vypo&tené hodnoty rovmice
(3) jsocu uvedeny v tab. 2.

Hodnoty pro AT rezonétor 2,5 a 5,0 MHz (r=100 mm)

Tab. 2
FritoZet Ekvival.ploJ 5L El_z_xl 1 J"""N“;N:"l«lo
cha elektrod Wyp
(1z) (ma?) v?) w2 | i
2,5 50,2 tetiacnl 0,545 | aco 92,8.1077
5,0 12,6 5,66.10""" | 0,574 | 800 (367 .1077
q

Z vysledkd vyplyvd:
j lektrod a zé-
&) kmitofet z4vie{ pfedeviim na proudu rezonétorem, Je funkei rozmérd ele

Kledn{ harmonické . XV
b) napé:i ne elektroddch ovlivhuje kmitofet zcela zanedbateln¥, pokud je p

pouZit{ rezonétoru rddové desetiny Tnltu BARIRG S e 0
i i jentaci a na
¢) kmitodtovd zména zévisi na orien

iezoelektrickfeh
Elent je uvést vysledky neméFené na nékterych dalﬁ(chh:x;:ké o
Cilem sd .en ctilsen @mlkée koeficientem elektromechen
Irystalech, zejména na kry
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DER EINSATZ DER ELEKTRONIK UND MIKROELEKTRONIK
IN DER TEXTILINDUSTRIE

Nosek,J., Werner,K., Zelenka,J.
(seminar V3ST Liberec - TU Karl=Marx-Stadt, 1984)

Einleitung

Auch wie in anderen Bereichen der Industrie, kommt es
besonders in der letzten Zeit zu intensiven Anwendung der
Elektronik und Mikroelektronik auch in der Textilindustrie.

Es werden dabei Ziele gestellt, wie zum Beispiel Funktijons=
prdzisierung der Textilmaschinen, Erh8hung der Maschinenparameters,
Verkleinerung der Anzahl mechanischer Teile und ihre Vereinfachung,
Einsparung von Energie aller Art und nicht zuletzt auch eine
operative Datenerfassung der Qualitdt des Sertiments und der
hergestellten Menge der Textilprodukte. Im folgenden Beitrag
michten wir die Aufmerksamkeit auf die Grundrichtungen der
Elektronik = Mikroelektronik und =~ Mikroprezesserapplikationen

bei der Textilmaschinenkenstruktion und auch breiter bei der
Textilwarenherstellung Uberhaupt, richten. In Hinsicht darauf,

dass sich mit den Applikationen der Mikreelektronik beim
WebstUhlen Ing. V. Sedlicky, CSc in einem selbstindigen Beitrag
befassen wird, Lassen wir diese Maschinen aus unseren (berlegungen
aus. Wir werden allmdhlich die Aufmerksamkeit den gesamtweltlichen
Tendenzen, weiter einigen Erfahrungen die auf diesem Gebiete in

der CSFR zur Geltung gebracht wurden, widmen und schliesslich
werden wir kurz Uber die Arbeiten, die in dieser Richtung an der
v3ST beim Einsatz der Mikroelektronik in der Textilindustrie

unternommen wurden, informieren.

Wie aus Firmenliteratur, verbffentlichungen in verschiedenen

ften hervorgeht und auch nach der Konstruktien auf
kann man fest-

Fachzeitschri .
vorderen Weltausstellungen vorgeflhrten Maschinen,
stellen, dass sich Elektrenik, Mikroelektronik und Mikroprezessor

technik heutzutage verwiegend im folgenden Richtungen der Textil=-

industrie durchsetzt:



1. Bei der Steuerung von technolegischen Prozessen, wo
besonders bei Strickmaschinen der Einsatz ven Elektrenik
und Mikroelektronik eine Vereinfachung der mechanischen
Teile bei ErhBhung ihrer technischen Parameter bietet.

2. Bei der Kentrolle des Technologieablaufes wie zum Beispiel
der Garngleichm¥ssigkeit beim Spinnen oder Spulen, bei der
Temperaturkentrolle an Fixiermaschinen und dhnlich.

3. Bei der Darstellung von Technologieergebnissen und =ver=
Ldufen.

4. Bei Erfassung von Bkonemischen Daten und Betriebsdaten.

5. Bei der Indikation von momentaner Maschinenbetriebsparameter.

Die Elektronik wird heutzutage praktisch im ganzen Quer=
schnitt der Textilproduktien genutzt, beginnend vem Spinnen
bis zu den Konfektionsmaschinen. Immerhin die grlsste Verbreitung
und auch der gr¥sste Beitrag ist im Bereich der Strickmaschinen
sichtbar. Bei diesen Maschinen wird die Elektronik und Mikro=-
elektronik vor allem bei der Musterung und Musterverbereitung
genutzt. Immerhin werden auch Einrichtungen angebeten, welche
durchgehend den eventuellen Nadelbruch kontrollieren und die
Maschine stopen und den Fehlerert anzeigen. Integrierte elektro-
nische Kreise in Verbindung mit Kelbenpumpen werden bei der
Steuerung der Funktionteileschmierung angewendet. Betrdchlich
sind auch die elektrenischen Systeme fUr Datenerfassung an Strick~-
maschinen erarbeitet. Man kann beim Strickmaschinen auf drei

6rundtendenzen hinweisen:

a/ Wesentliche Erh¥hung der Arbeitsgeschwindigkeit der Zwei=-
zylindermaschinen und eine bedeutsame Vereinfachung der

Mechanik durch breite Anwandung mikroelektronischer Steuerung

und Anwendung elektromechanischer Wandler.



b/ ErhbBhung des Elektrenikanteils bei Einzylindermaschinen

fUr Steuerungsaufgaben wie Pregramierung, Musterung
und Mustervorbereitung.

¢/ Schnelllaufende Einzylindermaschinen fdr Herstellung ven
Strumpfwaren mit einer Betriebsgeschwindigkeit 800 bis 1 000
Umdrehungen pre Minute erzielen mit elektronischen Elementen
eine totale Eliminierung einiger mechanischer Teile.

Zur Zeit setzen sich elektronische Elemente und Kreise
auch bedeutend bei den Veredelungsmaschinen durch. Als Ziele
werden Forderungen an die optimale Energiewirtschaft dieser
Maschinen gestellt, und auf Grund der Betriebsparameter eine
Mlglichkeit der Betriebssteuerung zuhaben. Neben den bekannten
Prinzip der kentaktloesen Temperaturmessung fUr die Temperatur-
kontrolle des verdelten Gewebes, kann man elektronische Elemente
zur Geschwindigkeitskontrelle der Spannkette, des Transport-
zylinders benutzen, weiter fUr die Indikation der Gewebebreite
eder der Schussfadenverschiebung, und auch fUr die Einstellung
des betriebsbedingten Vorlaufes der Veredelungsmaschinen.

Bei Konfektionsmaschinen, vor allem bei N&hmaschinen wird
neben der Indikation von Teilrdndern und der automatischen Druck=
fussgestellhebung die Elektronik und Mikroélektronik fUr die
Steuerung der HeftgrBsse und Heftform genutzt, wobei zumeist der
Nadelstabausschlag und der Teilverschub gesteuert wird. FUr diese
Funktionen sind heutzutage die Maschinen mit elektrenischen Ein~ .. -
heiten ausgerlstet, die zumeist fest programiert in einer grossen
Anzahl von N4hvarianten sind und weiter mit entsprechenden
elektromechanischen Wandlern fUr die gesteurten mechanischen
Maschinenteile ausgerlstet sind.

Grosse MBglichkeiten des Elektronikeinsatzes bieten heute

noch die Firbermaschinen, wo ein programmgesteurter Ablauf des

Firbprozesses und die stetige Kontrelle des Prozesses, einige

Materialeinsparungen und in nicht vernachldssigbarem Mase eine

Energieeinsparung bringen knnte.



Im nicht grossen Umfang wird die Elektronik beim Spinnen
genutzt. Breiterer Elektronikeinsatz ist offenbar an die
Entwicklung und Erarbeitung geeigneter Kentroll= und Indikations=-

einrichtungen fUr die relativ anspruchsvollen Steuerfunktionen
gebunden.

§iEiﬂ£-2!£EHi!!E!QSEQ!iEEisLE-QsE-EL25LE!EIE-QEE-QSE-IE&EIL:-
masghipenkonstruktion_in_der CSFR

Ein bedeutsamer Erfolg auf der Ausstellung ITMA 83
verzeichnete der Strumpfstrickautomat EDIS, von ELITEX, Kenzern-
betrieb Tfebié. An der Maschine wird die komplexe Mikrorechner-
steuerung eingesetzt. Die Anwendung der Elektrenik hatt die
Vereinfachung des mechanischen Maschinenteiles erlaubt, es wurden
Teile wie die Nachschubeinrichtung, Steuertrommel, Ketten, Hebel,
Bowdenfdhrung und Trommeln ausgelassen. Die Maschine erstattet,
auf Grund der Mikrorechnersteuerung eine einfache Sortiment-
gnderung und eine vielfalt dar -Musterkombinationen fUr die ein=
zelnen Halbfabrikate /Sitz, Wade, Saum/ durch die Programm&nderung
an einer Tastatur. Durch eine Rnderung der eingegebenen Daten
ist es mBglich die Art, GrUsse und andere Eigenschaften der Ware
kontrollieren und 4ndern. Bei einer fehlerhafter Funktion beliebiger
Teile oder der Steuerelektronik, wird die Maschine stillgelegt
und an einem Display wird die Stelle und Art der Stdrung angezeigt.
Gleichzeitig vor jedem Anfang des Maschinenbetriebs, fuhrt das
System eine Selbstkontrolle aller Kreise durch, und bei einem
Fehler blockiert das System die Maschine.

Im Bereich der Veredelungsmaschinen, wird bei uns eine Spann=
n= und Fixiermaschine des Types 4580.3 in ELITEX Chrastava
Es handelt sich um eine flachartige Maschine mit

Trocke

hergestellt. :
horizontal angeordneter Kette, mit DUsentrockensystem in Bauk

konstruktion, mit einer Kette mit kombinierten Klappen=- und Nader=
gliedern, mit pampfheizung oder elektrischer Heizung, eventuell
mit indirekter OlLheizung. pie elektronischen Kreise werden vor=

wiegend wie folgt genutzt:

asten=-



a/ Zur Steuerung und Anzeige der Haschinengeschuindigkeit

der Abhdngigkeit von Parametern die die Okonomie des
Betriebes und die Qualit¥t der Ware beeinflussen.

in

b/ Zur Anzeige und automatischer Breiteeinstellung der ver=-
arbeiteten Ware.

¢/ Zur Steuerung und Anzeige des Vorlaufes in Abhlngigkeit

von Vorgegebenen Technologieablaufes oder Eigenschaften
der Ware.

d/ Zur Steuerung und Anzeige der Temperatur in der Fixierzone.

e/ Zur Steuerung und Anzeige der Luftfeutigkeit der abgesangten
Luft fdr die Gewdhrleistung eines wirtschaftlichen Betriebes.

f/ Zur Steuerung der Einleiteinrichtung fUr die Gew&hrleistung
einer guten Einleitung der Ware auf die Nadeln oder Klappen
der Transportkette.

Auch wenn bei dieser Maschineversion einzelne Steuerungs=-
kreise unabhdngig arbeiten wird fUr die Zukunft mit einer
zentralen Steuerung gerechnet. Die Wertgeber fdr die Steuerungs~
prozesse werde ihre Ausgangsignale in der digitalen Form im BCD
Kod erzeugen und diese Daten werden direkt an den Databus ange-
schlossen.

FUr die digitale Anzeige der Maschinenbreite wird ein
Selsyn /Bild 1/ mit mechanischer Kopplung an eine Stellschraube.
Der Selsyn arbeitet als elektrischer Zerleger und gibt ein Signal,
der mit dem zweiten in der Phase vergleichen ist. In einem Phase-
detektor /Bild 2/ werden sie zur einem breitemodulierten Impuls
verarbeitet, desen Breite mit einem digitalen Zdhler gemessen
wird. Die mechanische Ubersetzung, die Ganghlhe der Stellschraube,
und Frequenz des Oszillators ist so gewdhlt dass die Anzeige=~

einheit einem Millimeter entspricht.



FUr die Bkonomische Funktion der Veredelungmaschinen
ist es wichtig genau die Temperature messen und kontrollieren.
FUr diesen Zweck wurde durch Doz. Hes ein kontaktloses Thermo-
meter BMT-20 entwickelt, welches auf denm Prinzip eines Pyrometers
arbeitet. Es ist fUr Temperaturmessungen von 50 bis 250° ¢
bestimmt mit einer Genauigkeit % 1° C. Das Thermometer eignet
sich fUr Messungen in schweren klimatischen Bedingungen in
Umgebung mit Wasser=- und Old4mpfen. Der Eigangsteil ist Selbst=-
sdubernd. Die gemessene Temperatur ist in digitaler Form in
BCD Kod vorhanden. Das Thermometer wird im Konzernbetrieb ELITEX
Chrastava hergestellt und kann auch flr andere Zwecke angewendet
werden. AusflUhrliche Information kann hier anwesender Autor
Doz. Ing. L. Hes, CSc geben.

Der Anteil der Arbeitspl#tze der TU Liberec_an_den Elektronik-
einsatz_in _der Textilindustrie und_bei der Textilmaschinen=
konstruktion

Die einzelnen Arbeitspldtze unserer Hochschule sind bestrebt
den Einsatz der Elektronik in die Textilherstellung und bei der
Konstruktion von Textilmaschinen in maximalen Mase behilflich
zu ein und in durchsetzen. Auch wenn die komplexe LYsung elektro-
mechanischer Einheiten nicht in der Kapazitdtmlglichkeiten unserer
Arbeitspl&tze ist, sind wir bestrebt in Rahmen der Diplomarbeiten,
Fach=- und Wissenschaftlichen-Arbeiten der Studenten und in Rahmen
eigener Forschund%rbeiten und Tdtigkeiten die mglichen Wege
fUr die LBsung einiger Knotenprobleme zu suchen.

In dieser Richtung wurde an unserem Lehrstuhl fUr Elektro-
technik folgender Mikrorechnereinsatz vorgeschlagen:

a/ FlUr die Steuerung von Schrittmotoren geeignet fUr den Einsatz

bei Web= und Bekleidungsmaschinen.

b/ FUr die Steuerung eines Laufkranes fUr die Bedienung in der

Iwirnerei.



¢/ FUr die Steuerung und Registrierung mehr facher Daten=-
erfassung einschliesslich der analog-digitaler Umwandlung.

d/ FlUr die Steuerung einer Schaffmaschine.

Sdmtlich wurden auch die folgenden elektronischen Leistungs-
teile und die elektromechanischen Ausgangswandler bearbeitet.

Unsere BemlUhungen sind nicht nur in der angegebenen Richtung,
sondern wir wollen auch unsere Studenten zum Mikroelektronik=
einsatz Uberall dort fUhren wo es Bkonomische Einsparungen bringt,
wo es um Erh8hung technischer Parameter geht oder es schwere,
gefdhrliche und der Gesundheit drohende Arbeit gibt. Zur Erreichung
dieses Zieles wurde seit Studienjahr 1984/85 fUr alle unsere
Studenten in die Lehre der Gegenstand "Mikroelektronik"” eingeflhrt.
Der neue Gegenstand stellt sich als Ziel die Kenntnisse der
Studenten in Aplikationen der Elektronik und Mikroelektronik
zu vertiefen. Mit dem Unterricht haben wir noch keine Erfahrumgen.
Wir werden auch ihnen dankbar fUr jeden Rat, in welchem Richtungen
die Vertiefung der Kenntnisse der Studenten fUr die Praxis am
wirksamsten sein kann.
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