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Abstract:

Metal-endings are integral part of different ultrasonic sandwich transducers. In this
paper a new Matlab/Simulink 3D model of of the finite metal rings and discs of various
dimensions is realized. With this model, which describes both the thickness and the radial
resonant modes, and the coupling between them, mechanical impedance of the sample can be
easily computed. Resonance frequency-length curves for rings and disks with various
materials and for different selected dimensions are given. Also, comparisons of the different
approaches in determining of their resonant frequencies are shown. The proposed
Matlab/Simulink model requires simpler implementation than other analytical models. That
enabled modifying of 1D theory and simplified modelling and projecting of the ultrasonic
sandwich transducers with short-endings. Finally, the computed and experimental results are
compared.

Keywords: Metal ring/disc, Matlab/Simulink model, Resonance frequency characteristics,
Frequency spectrum.

1. Introduction

Metal rings and discs, in along with piezoceramic rings and metal bolt, are the main
constituents of power ultrasonic sandwich transducers. For precise design of such complex
resonant structure is necessary to know its own resonant frequency of all these components of
ultrasonic transducers, and especially resonant frequency of metal ending in the form of rings
and discs [1, 2].

In ultrasound practice so far, the most often applied to determine the resonant
frequency of such structures are numerical methods. The calculation procedures of numerical
methods are very slow, and main goal was to find a simpler, but sufficiently accurate, method
for determining the resonant frequencies of these metal parts of the transducer [3]. These
methods are always implied the introduction of additional approximations in solving three-
dimensional problems of linear elasticity, so that the mentioned method is always tied to the
metal samples of negligible diameter in relation to their length, and samples of negligible
thickness in comparison with their diameter. Thereby is rarely considering the impact of the
size of the ring holes to its resonant frequency characteristics.

This paper is an attempt to arrive at a satisfactory model of metal rings and discs, for
samples which not have some negligible dimensions, but the patterns that have some minor
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dimensions, i.e. samples in which the dimensions in the diameter and the radial direction can
be mutually compared. This paper presents a new Matlab/Simulink model witch use 3D
model of metal rings and discs of finite length, for different values of the inner radius and the
length (thickness). Using this model, which describes the thickness and the radial resonant
modes of samples witch are loaded on all of its boundary surfaces, as well as their mutual
coupling, the mechanical impedance of the metal ending can be easily calculated. The
proposed model is suitable for the analysis of resonant modes of the samples in a wide
frequency range. Curves between the resonant frequency and length are presented for rings
and disks of different materials, as well as for different selected dimensions. Compared with
numerical methods designing are significantly accelerated. Also a comparison between the
calculated and experimental results is shown.

2. Description of Leading Equations

Based on the 3D model of piezoceramic rings presented in [4], proposed model
relates to the metal rings whose appearance and dimensions are presented in Fig 1.

As mentioned in the introduction, the proposed model refers to the metal rings that
represent the components of the ultrasonic sandwich transducers, although it can be used in
the design of metal cylindrical resonators in other areas of their application. Analysis of
ultrasonic vibration of metal rings in the literature has not received sufficient attention, like
metal cylinders which are already been generally analyzed. The reason for this was that the
ultrasonic transducers for the lower resonant frequency with large lengths metal endings are
only analyzed, in which the inner diameter of cylinder with a hole does not have great
influence in determining the resonant frequency for analysis of the longitudinal oscillation
modes. However, the analysis of oscillations of ultrasonic transducers for higher operating
resonant frequency, with a short metal rings, which are the subject of this paper, a shape of
endings has great influence on the basic resonant frequency. Differences in the frequency
spectrum of the metal discs and rings of the same outer diameter and thickness, i.e. the impact
of the inner diameter of the rings, will be illustrated using the proposed 3D Matlab/Simulink
model of metal rings of finite length. This model is general, because the model of the metal
disk or solid cylinder of finite lengt may be obtained by neglecting hole of the ring.
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Fig. 1. Loaded metal ring: (a) geometry and dimensions; (b) metal ring as a 4-access network.
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Dimensions of the ring and polar-cylindrical coordinate system with origin in the
ring centre, are defined in Fig. la. Every ring surface is loaded by acoustic impedance Z,,
where v; and F; are velocities and forces on those contour surfaces S; (i=1, 2, 3, 4). Where the
Fi=-Z; vi. These metal rings, with the outer diameter a, inner diameter b and thickness (length)
2L, in power ultrasonic transducers are used as a reflector and emitter endings. It is assumed
that the central plane of the ring located at z=0, so that its and circular-curved surfaces lying
on the z=+L.

Using this model, metal ring is modeled with electromechanical circuit by 4-access
network (Fig. 1b), whereat are F; and v; (i=1, 2, 3, 4) forces and velocities on outer surfaces of
the ring, as in the case of piezoceramic rings. The model is obtained simply, based on the
derived model of piezoceramic rings, by neglecting the piezoelectric constants h;; and hs; in
the linear system of equations, using the matrix dimensions of 5x5 describing the behavior of
the piezoceramic rings. In this system of equations the electrical values (voltage V and current
I) with mechanical values (forces F; and velocity v;) are related in the frequency domain, a
detailed implementation of these expressions is shown in the literature [5]. Besides that,
expressions are simplified in a way that, due to the material isotropy, following relations are
adopted for material constants:

¢ =03 =4, +24, € =C3 =Ap» (1)
where are A and p Lame’s coefficients, and c;; constants of elastic deformation.

With these assumptions, linear equations that connect mechanical values on the
external ring surfaces are simpler, and are reduced to the following equation system:
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where the impedance matrix elements are defined by the following expressions:
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In the previous expressions J; and Y; are Bessel’s functions of first and second rank,
order i, respectively; o is the angular frequency, and k=w/v=27/A is the axial wave number (v
is the phase velocity of the wave and A is wavelength).
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The values of introduced integration constants A, A, By, and B, are:
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3. Matlab/Simulink Model

Matlab/Simulink is interactive software which has been used recently as design and
development environment for model implementation in various areas of engineering and
scientific applications [6]. Matlab/Simulink is an environment for multi-domain simulation
and model-based design for dynamic and embedded systems. It provides an interactive
graphical environment and a customizable set of block libraries. The graphical representation
of models in Matlab/Simulink is based on block communication diagrams. Simulink is
integrated with Matlab, providing immediate access to an extensive range of tools that let
engineer to develop algorithms, analyze and visualize simulations, create batch processing
scripts, customize the modeling environment, and define signal, parameter, and test data [4].

This section presents how the mathematical model of the metal ring or disc,
described in previous section, is implemented in Matlab/Simulink. As mentioned above, the
graphical representation of models is based on block communication diagrams. Internally, the
model is split into smaller separate functions blocks. In order to demonstrate the advantages
of this process, the Matlab/Simulink model of a metal ring and disc are developed. At this
point, it is possible to encapsulate the whole model in a Simulink blocks. A general schematic
of this model is presented in Fig. 2.
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Fig. 2. Matlab/Simulink model of the metal ring or disc.

In the ultrasonic transducers, such a metal ring is connected through one of its
circular-ring (flat) surface with piezoceramic ring, and therefore an essential is mechanical
input impedance of the metal ring, which is a load to the piezoceramic ring. By introducing
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the relation between force and velocity on the external surface via acoustic impedance (F;=-
Zvi, 1=1,2,3,4), and their replacement in the system of Eq. (2), one can determine any

mechanical impedance.

Eqgs. (1), (2), (3) and (4) fully describe the model of the metal ring, which has been
used for the simulation. Realized Matlab/Simulink model consist of two main blocks (Fig. 2).
The first block gives all elements of the matrix in Eq. (2) as well as all the required
coefficients a customized set of Eq. (5), which has been obtained through a series of simple
mathematical operations. Calculating of these elements is based on entered characteristics and

dimensions of used metal.
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Z; (i=1,2,3;

4 v /v,
14
v, /v,
a; | /
b V31 Vy
12
1

Jj=123,4 i#j)

(i=1,23 j=1234; i=}))
l]+l Av+11 All A7+lj+l (l

=G TG ( =

=1,2,3; j=1,23,4 i=j)
L2; j=123)

)

(6)

The second part of the model use corresponding value obtained in the first block and
solves the system of Eq. (5) and determines all of the needed values for computing
mechanical impedance on metal ring surface, Eq. (7).

Z,=F,/v,=2z,

The second block for model of a metal ring is shown in Fig. 3.
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Fig. 3. Matlab/Simulink subsystem (Block2) for determining values for mechanical

impedance of metal ring/disc
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Another powerful feature of the Matlab/Simulink, called masking, is that it can
simplify the use of the model by replacing many dialog boxes in a subsystem with a single
dialog box. Instead of requiring the user of the model to open each block and enter metal
parameter values, those parameter values can be entered on the mask dialog block and passed
to the blocks in the masked subsystem. Fig. 4 illustrates how the mask dialog block for the
metal ring looks like. The user has just to change the values of the parameters for different
types of metal endings.

E Function Block Parameters: Steel [ﬁ

Three-dimensional Model of the Metal Ring (mask)

Enter metal ring characteristics
Parameters
Thickness
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Fig. 4. Mask dialog block for the enter metal ending dimensions and parameters.

Thus development of the Matlab/Simulink model of the metal ring has been
completed. The model provides numerous possibilities for the investigation of metal ring
properties. Verification of the created Matlab/Simulink model will be considered in the next
section.

4. Numerical results

As mentioned above, by introducing the relation between force and velocity on the
external surface via acoustic impedance (Fi=-Z;v;, i=1,2,3,4), and their replacement in the
system of Eq. (2), one can determine whether the mechanical impedance. Fig. 5 shows the
input mechanical impedance Z,,=F/v,4 for the ring of duralumin with dimensions: 2a=40mm,
2b=8mm, 2L=18mm, and the steel ring of the same outer and inner diameter, with thickness
2L=11mm. Metal rings of this size are components of ultrasonic transducers which are
operating at a resonant frequency of 40kHz.

For design and optimization of high power ultrasound, dependence the resonant
frequency by the dimensions of metal rings shows important properties than the characteristic
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shown in Fig. 5, which can also be determined by applying the proposed model. In Fig. 6 are
simultaneously presented frequency spectrums for a steel ring and steel disk with same outer
diameter, obtained by the proposed model. Thereby is confirmed the statement obtained
applying the numerical method that differences in frequency spectrums increase with increase
of the inner opening diameter of the ring, which in endmost case generates changes of the
resonant frequencies of the ultrasonic sandwich transducers modes.
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Fig. 5. Simulated input mechanical impedance versus frequency for the dural and steel
sample.
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Fig. 6. Frequency spectrum of a steel ring in function of its length and opening dimensions,
for the case of a ring b/a=8/40 and disk b/a=0.
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Fig. 6 also shows the frequency spectra of the steel ring and steel disc of the same
outer diameter, obtained by the proposed Matlab/Simulink model. This confirmed the
conclusion obtained by numerical method [7], the differences in the frequency spectra
increases with increasing inner diameter of the ring, which ultimately causes a change of
resonant frequency modes of ultrasonic sandwich transducers.
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Fig. 7. Frequency spectrum of a duralumin ring with ratio b/a=8/40 in function of its length.

In order to present the improvements obtained by quoted modeling approach, in
Fig. 7 is also presented the frequency spectrum obtained applying the apparent elasticity
method [3]. It is obvious that the first resonant modes for both models almost identical, which
was logical to expect, because the apparent elasticity method reduces to determination of the
first resonant mode. However, higher resonant modes obtained by the proposed model predict
the mode coupling, so the resonant curves are not uniform as in case of application of the
apparent elasticity method, which is closer to the real case. The apparent elasticity method
represents modification of the 1D line theory, so that its application in equivalent circuits
would reduce to a two-access network, with artificially modified line parameters. Thus, one
may not realize analyses of oscillation in radial direction that is enabled by the proposed
model, especially in complex devices with several serial-parallel connections of the
mechanical accesses that exist in the field of power ultrasound.

The conclusion as mentioned above, the dependence of the resonant frequency from
the ring length may be even better confirmed based on the Fig. 8. Namely, beside the
mentioned conclusion, it is also essential the dependence of the resonant frequency from the
ratio of inner and outer ring radius. In Fig. 8 is presented quoted dependence for the case of
duralumin ring with thickness of 18mm. In the presented figure, frequencies of the lowest
resonant mode decrease with increase of b/a, frequencies of the second resonant mode do not
depend much from the inner opening dimension of the ring, while the frequencies of the third
and higher resonant modes grow with increase of ratio b/a.
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Fig. 8. Frequency spectrum of a duralumin ring with thickness 2h=18mm in function

of ratio b/a.

As in case of piezoceramic ring [5], one may here also observe the influence of
specific mechanical loads on different surfaces of the metal ring onto the input mechanical
impedance and resonant frequency spectrum; however, such analysis for an isolated metal
ring is not too interesting. This analysis may be performed in modeling of complete sandwich
transducers, when much more interesting is the influence of mechanical load of metal rings,
because they will be consisting parts of the complete ultrasonic sandwich transducers.

5. Comparison of Numerical and experimental Results

In order to test the validity of the proposed Simulink model of metal rings, there are
experimentally determined resonant frequencies of metal rings and solid cylinders with
different dimensions and made of different materials (duralumin and steel). Finally, Fig. 9 and
Fig. 10 shows the frequency spectra of only the lowest (first few) resonant modes of different
rings and cylinders of duralumin and steel, respectively, using the proposed Matlab/Simulink
model. Measurements are performed using vibration platform of the company Herfurth.
Material parameters, which are used in modeling (simulation) metal rings, are shown in the
literature [7].

Obviously, the proposed Matlab/Simulink model is able to predict the frequency
spectra of metal rings of any size, and to an accuracy of no less than in the case of application
of numerical methods [7]. So, we kept the high accuracy in determining the resonant
frequency, and more importantly than that are obtained ability to determining the different
transfer functions of loaded metal ring. Getting good results in the case of analysis unloaded
metal rings is justification for using this model in the case of loaded rings, when modeling the
complete ultrasonic sandwich transducers.
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Fig. 9. Simulated frequency spectrum for duralumin ending parts for first resonance
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Fig. 10. Simulated frequency spectrum for steel ending parts for first resonance frequencies.
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6. Conclusion

Modeling of the power ultrasonic transducers is conditioned by the development of
suitable models piezoceramic rings and discs, and, in parallel with this, by the development of
models of metal endings of the transducers with same or similar shape.

This paper presents a new approach to modeling a metal ending in a ring, disk or
cylinder shape. In this paper an accurate metal ring model valid to any diameter to thickness
ratio is realized and demonstrated in Matlab/Simulink. This model taking the interaction with
the surrounding media into account is able to compute all the ring transfer functions, such as
the mechanical impedance or frequency spectrum. External behavior of the metal ring is
described in frequency domain by a system with four mechanical ports (one for each external
surface).

Comparing the spectrum obtained using the described Matlab/Simulink model of
metal rings and discs, with the experimental measurements of resonant frequencies for
different rings and discs of duralumin and steel, obtained by using vibrating platform. It is
evident that the Matlab/Simulink model gives a very good prediction of the metal ring
behavior in all cases. Obtained resonant frequency which depending of the size of endings is
compared with analogous results obtained using the apparent elasticity method, which has so
far represented the best 1D model of metal endings. It is shown the frequency range which is
commonly used in practical applications in the field of power ultrasound.

The Matlab/Simulink model gives a very good prediction of the metal ring behavior.
It can be applied successfully to design and optimize ultrasonic sandwich transducers for
industrial applications. In a future work our aim is to improve the performance of the model
in order to obtain a reliable tool for more complex Langevine ultrasonic sandwich transducer
design.
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Caoporcaj: Memannu nacmasyu cy cacmasHiu 0€0 paIUdUmMux YimpazeyuHux CeHosud
npemsapaua. Y oeom pady npukasau je nHoeu mpooumenzuonarnu Matlab/Simulink mooden
MEMAnHUX NPCMeno8a U OUCK08a KOHAUHUX OumMeH3uja. Y3 nomoh o6oe moodena, koju onucyje
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U O0ebmuncKe U paoujanme pe3oHanmue mooose, Kao u mehycobny cnpeey osa 08a mooa,
MOdHCe ce 6eoMA NAKO U3PAUYHAMU MeXaHU4Ka uMneoanca Hexkoe y3opka. [lpukazare cy kpuse
3a8UCHOCIU De30HAHMHe (ppeKseHyuje y QyHKYuju OydcuHe MemaiHux HNpCmeHosd u
OUCKOB8A, 00 PAIUYUMUX Mamepujara u 3a pasiuuume odabpane oumensuje. Ilpeonodcenu
Matlab/Simulink mooen je jeonocmasnuju 3a umniemenmayujy 00 OCMAAUX AHATUMUYKUX
mooena. Ha oeaj mawun je omocyheno moougurosarwe jednooumensuone meopuje u
NOJEOHOCMABHEHO MOOEN06AIbe U NPOJEeKmMOoBarbe YIMPA3eyuHUX CEHO8UY Npemeapaid ca
Kpamkum memannum Hacmagyuma. Ilopefera pezyimama 0obujeHux 08uM, npeoroitceHum
MOOeNoM, U eKCRepUMEHMATHUX Pe3yImama NPUKa3ana ¢y Ha Kpajy paod.

Kwyune peuu: Memannu  npecmen/ouck, Matlab/Simulink  moden,  pezonanmmua
KApakmepucmuxa, QpekeeHmHu Cnekmap.




