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i
GENERAL CONSIDERATIONS

This paper describes the progress that has been made into the theoretical
development of the transducer elements for a multi-element array which has the
form of a spherical cap; by a particular choice of excitation function this
array has a constant beamwidth over a wide range of freguencies. A major
requirement is for the minimum variation in the sensitivities on transmission
and reception over the freguency range 27 to 54 kHz; the array itself is
designed to meet this specification provided that the individual elements have
a reasonably uniform response. The Marine Laboratory at Aberdeen carried out
the basic design of the array according to the theory developed by Rogers and
Van Buren [1), assuming ideal elements, and the present investigation was
concerned solely with the elements under the constraint of their working into
the radiation load on this array. '

The design of the element is based on the traditional "Tonpilz" element, comp-
rising essentially a head mass radiating into water, a compliant stack of
piezo-electric rings and a tail mass acting as a counter-mass with modifications
for achieving an extended bandwidth. By the use of electro-mechanical analogies
this structure can be regarded as being similar to an electrical filter, and
the design of the element with an octave bandwidth proceeds by adding sections
to the basic filter structure, a mechanical section between the basic head
mass and the radiation load and an electrical section at the electrical
terminals of the ceramic stack. This kind of arrangement was investigated
many years ago [2]; although the work was not fully published to the present
authors' knowledge, brief reference was made to it [3]. An alternative, but
essentially similar, solution has been described recently [4], in which one or
two quarter-wave coupling sections are used between the basic head and the
load. This was a purely theoretical analysis which ignored practical consid-
erations such as bending modes of vibration of the head sections and, more,
seriously, the variations of radiation load with frequency and with the arrang-
ement of elements in an array; however the results indicated that bandwidths
exceeding one octave can bhe achieved. :

THE RADIATION LOAD

Because each element has a radiating face with a diameter which is small in
wavelengths, this being a condition for the avoidance of bending resonances in
the head of the element and for cobtaining a smooth directionral response from
the array, the radiation load on each element varies significantly with
frequency and with the geometry of the array.

The two limiting conditions which can be readily analysed theoretically are
for an isolated single element in an infinite rigid baffle and for a completely
filled infinite planar surface; fortunately the Rogers and Van Buren array has
similar loading characteristics to the latter. However in a practical array
the individual elements must be separated in some degree for purely mechanical

5§ Proc.i.0.A. Vol 9 Part 2 (1987)




Proceedings of The Institute of Acoustics

OCTAVE BANDWIDTH TRANSDUCER

reasons, and therefore the radiation load on each is variable and complex,
being basically that on an isolated element modified due to inter-element coup-
ling. This load can be estimated from some data given by Stansfield for planar
arrays [5] as that for the single element corrected by terms dependent on the
proportion of the array surface covered by active transducer faces, i.e, on the
packing factor. The array design produced by the Marine Laboratory specified
elements of 20 mm diameter, equivalent to 0.36 and (.72 wavelengths at the

ends of the frequency band, and with an inter-element spacing of 25 mm centre
to centre, the elements being arranged in concentric circles. This gives a
packing factor of 0.4B4, resulting in a rather poor radiation load on each
element. If the elements can be packed on a hexagonal pattern with a centre

to centre spacing of 22 mm, the packing factor is improved to 0.845; the
radiation load on each element is then rather greater with a much reduced reac-
tive component.

The radiation 1loads for the three conditions are shown in fig.3, as plots of
resistance against reactance. The array loads were calculated from Stansfield's
data at four frequencies and interpolated as cubic functions of frequency, and
that on a single element from standard formulae [8}, The design of the element
is based on the meore closely packed arrangement, but it is recognised that
some modifications will be needed to the original mechanical design of the
array and to its excitation function.

EQUIVALENT CIRCUITS FOR "TONPILZ" ELEMENTS

The conventional element

The basic element as mentioned earlier comprises essentially two masses con-
nected by a compliant member, cne mass being loaded by radiation into water.
The compliance is coupled to the electrical circuit through piezo-electric
effects, and this coupling is represented in the equivalent circuit by a trans-
former. By using the electro-mechanical impedance analogies of inductance
being equivalent to mass and capacitance equivalent to compliance, a "lumped"
version of the "Mason" equivalent circuit can be derived [6] for the case
where the lengths of the different sections are small in wavelengths, which is
generally the case for wide-band "Tonpilz" elements. This is shown in fig.1,
where Mh is the sum of the head mass, half the mass of the bolt and half the
mass of the ceramic stack. Similarly Mt is the sum of the tail mass and half
the bolt and stack masses. Cc, Cb and Ct are respectively the compliances of
the stack, the bolt and the bonds (the compliances associated with the head
and tail masses are neglected in the circuit shown). Zr is the complex
radiation lead, C1' is the total clamped capacitance of the stack and N is its
electro-mechanical transformation ratio. If the bandwidth is relatively small
{(Q > 5) and the tail mass is appreciably heavier than the head , the circuit
can be simplified by combining the head and tail masses in parallel and mod-
ifying the load resistance [7]. The form of the resulting equivalent circuit,
including a parallel tuning inductance can be shown to be that of a single
half-section band-pass filter having a low-pass equivalent. The element can
now be designed using conventional filter Lhedry, as long as it can be reasonably
assumed that the radiation load is constant over the working band. Two simplifi-
cations have been made in this arsument; “irstly the bonds and connections within
the stacl: have been included by implicaticon using values for the compliance and
clarped capacitance for the stac': which are effective values, not those for the
ceramic alone, and secendly by assuning that the usual pre-stressing bolt has-

been decoupled from both head and tail
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{this is necessary for mechanical reasons as discussed in a later section).

The element with coupling sections

In electrical filter design, the characteristics of simple filters can be imp~-
roved by the addition of more sections, although the design process from first
principles becomes more complicated due to interaction between the sections.
The same ideas can be applied to "Tonpilz" elements; purely electrical sections
can be added at the electrical terminals with very few limitations on their
form, which can be of lowpass, band pass or high pass type, but there are
severe restrictions on the form of sections added on the mechanical side. If
the mechanical elements are short in wavelengths, so that they can be regarded
as "lumped”" compliances or masses rather than as short lengths of transmission
line, then added masses can only appear in the series arms in the equivalent
circuits, and added compliances, while appearing to be mechanically in

series, can form only shunt arms. The only exceptions to this rule are the
shunt mass representing the unbacked tail mass and the series compliance
arising in the piezo-electric part of the circuit. Therefore in general the
added mechanical sections can only be of low pass form, and this suggests that
for symmetry the added electrical sections could also be of low pass form.
Thus the general form of the complete equivalent circuit does not conform to
any of the basic types of electrical filter, and so standard design procedures
cannct be applied directly.

If a mechanical coupling section comprising an extra head mass and a compliant
tube are connected to the head of the basic sandwich structure as illustrated
in fig.2, then additional components are introduced into the circuit. These
are depicted in fig.4{a), where Mf is the mass of the extra head, Cf is the
compliance of the tube connecting the two heads and Zr is the radiation load
impedance. Electrical sections can be added at the electrical terminals, also
shown in fig.4(a). These may comprise one or more of a shunt tuning induct-
ance L1, a series tuning inductance Ls and a parallel tuned circuit Cp and Lp.
Although direct analysis of the circuit of fig.4(a} by computer enables
admittance loci to be readily evaluated and hence bandwidths deduced, it is
initially necessary to make some intelligent guesses regarding the likely
values of the circuit components. Optimisation is then achieved by an iter-
ative process as discussed in the next section. Another approach is to reduce

 the circuit by further transformations into a recognisable filter section se
that optimisation by synthesis can be attempted, and this is discussed in a
later section.

THE APPROACH BY ANALYSIS - OPTIMISATION

General principles :
The basis of the optimisation was t¢ aim for the smallest variation in conduc-
tance over the bandwidth of 27 to 54 kHz, so that on transmission from a
constant voltage source the radiated acoustic power would be most nearly
constant. Since the width of the beam and its shape are constant within fine
limits, this should lead to the lemst variation in source level on axis. It is
highly desirable that the susceptance is kept low, and this can be corrected
to some extent by the addition of a carefully chosen parallel tuned circuit
at the input, thereby reducing the reactive power demanded from the power
amplifier. The variation in response can also be reduced by matching the
source resistance to the load presented by the array, and by reciprocity the
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best response as a receiver is obtained by feeding the array into a matched
electrical load.

The starting point in the design was a conventional "Tonpilz" element,
designed for a modest bandwidth and including a constraint that the effective
coupling coefficient of the piezo-electric stack should be significantly less
than that of the ceramic alone as given in the manufacturer's data. The
reasons for this were firstly that the stack includes electrical contacts and
a number of bonds which are relatively compliant and secondly that head and
tail masses are not rigid in practice so that their compliances have to be
allowed for. Therefore the ratio of the clamped to the motional compliances
C1/Cm was taken as 4.0 compared with the theoretical value for PZT-4 in the
longitudinal mode of approximately 1.0; the effective coupling coefficient is
thus 0.45, which is a practical value found for conventional elements resonant
around 40 to 50 kHz, compared with 0.70 for PZT-4 alone. If the coupling
coefficient in the actual element is found to be higher than this, then it can
be easily reduced by the addition of parallel capacitance on the electrical
side.

Internal resonant frequencies

It is obvious from the equivalent circuit that there are a large number of
variables, and from some general rules for the setting up of electrical ladder
filters and from trial runs specific rules were formulated for internal reson-
ances in the equivalent circuit. The characteristic frequency used was the
arithmetic mid fregquency 40.5 kHz, since the response was found to be approx-
imately symmetrical on a linear, not a logarithmic, scale of frequency, and
various combinations of components were made to resonate at this frequency.
The first combination was the outer (radiating) head mass Mf, including a
contribution from the reactive part of the radiation load, with the coupling
compliance Cf, this corresponding to the mechanical anti-rescnance of the
unloaded coupling section. The next rescnance is for the parallel combination -
of the head and tail masses of the basic element, Mh and Mt, with the series
combination of the motional and clamped compliances, Cm and C1, and this
corresponds to the electrical anti-resonance without the coupling section.

The final combination is the added series tuning mass Ms, corresponding to the
inductance Ls transferred from the electrical side to the mechanical through the
electro-mechanical transformer, with the clamped compliance C1, and this
corresponds to the electrical tuning of the series inductance with. the clamped
capacitance. Parallel tuning of the clamped capacitance is not used in this
version of the circuit. This series tuning was however subject to small
adjustments, of the order of 5%, in order to equalise the two outer peak cond-
uctances; since in the final realisation Ms is represented by an inductance,
this is an entirely practical adjustment with no mechanical implicaticns. The
parallel tuned circuit Mp and Cp (the mechanical equivalents of the electrical
components Lp and Cp'), which is added for the compensation of the overall
susceptance, would be designed on slightly different lines so as to minimise
the variation in the phase angle of the admittance over the working bandwidth,
but its rescnant frequency is likely to be close to the mid frequency.

Design guidelines

The parameters which were varied in the search for optimum performance were
the outer and inner head masses, the tail to head ratio Mt/Mh and the coupling
coefficient represented by the ratio C1/Cm; the remaining components were
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determined by the internal resonances described in the previous section. The
basic masses Mh and Mt were initially kept to a minimum with the aim of max-
imising the bandwidth of the basic "Tonpilz" structure, but in the end this
minimum is dictated rather by practical limitations on the physical dimensions
of the piezo-electric stack. The compliance of the stack is a function of the
area/length ratio and its mass is a function of the length x area. Thus the
size of the stack can be varied for constanct compliance, but its mass must be
included by corrections to the actual masses of the head and tail. So that
these corrections are kept to a minimum, .the stack needs to be kept small, and
the required shabe in small sizes proved to be impractical at the frequencies
under consideration. Hence the actual head and tail masses chosen for the
final design were somewhat greater than desired, leading to greater variations
in the conductance over the middle part of the frequency range. In the
conventional "Tonpilz" design the tail/head mass ratio is generally much larger
than unity, even as high as 10:1, but it was found that in this design a ratio
1.2 to 1.3 was optimum. The principal effect is that with a high ratio the
response is essentially double peaked and with a low ratio it is triple

peaked with an increased bandwidth. The correct choice of Mt/Mh should give
three equal peaks (subject to some adjustment by the series tunign Ms); there
was a negligible effect on the bandwidth when Mt and Mh were varied by 20%
keeping the coupling section unchanged and adjusting Ct and Cm for correct
tuning. The value chosen for the compliance ratioc C1/Cm, namely 4.0, seems

to be a suitable value, but large changes, from 3.3 to 5.0, have only small
effects on the bandwidth. Increasing the ratio, thereby reducing the effective
coupling coefficient of the stack, leads to marginally reduced bandwidth, but
it also raises the conductance of the central peak. The design of the coupling
section has the greatest effect on the overall performance, effecting both the
bandwidth (to a small degree) and the "peakiness" of the response {to a large
degree). In terms of its behaviour as an impedance transformer in increasing
the effective radiation load presented to the basic element, as outlined
previously, only modest step-up ratios were considered, of the order of 2.0,
because for high ratios the variation in the impedance presented over the pass
band would be too great.

THE APPROACH BY SYNTHESIS - FILTER THEORY

The strategy of the synthesis technique is to convert the mechanical components
in the circuit of fig.4(a) into a half-section filter and then to match the
load and source resistances to the characteristic resistance of the filter.
With this in mind the T-network comprising Mh, Cs, Mt and Cm is transformed
into a half-section with an ideal transformer, as shown in fig.4(b). Only the
mechanical components of the equivalent circuit are shown for convenience in
this figure. In this derivation the reasonable approximation is made that the
parallel resonance of the tail mass, Mt, with the bond compliances, Cs, is
very much higher than the operating frequency. p is the ratio of the ideal
transformer introduced inthe network transformation; it is expressed in terms
of the parameter m, the ratio of tail to head mass. Finally the parallel
components can be transformed into the parallel circuit shown in fig.4(c),
which has the desired ‘form of a half-section bandpass filter.

However, in this filter the load resistance, RC and mass, MO, are unfortunately
frequency dependent. Therefore, matching the load resistance to the character-
istic resistance of the filter at the centre frequency, in order to optimize
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the bandwidth, will only be an approximation. Nevertheless, it does give some
guidance as to the choice of component values and the results obtained by this
method are in reasonable agreement with those obtained from the computer
analysis.

For a matched design with specified resonant frequency, radiation load and
ceramic stack compliance and fed from a matched source it may be shown that the
ratio, m, between the tail and head masses of the basic sandwich, i.e. Mt/Mh,
is given by:
1
n o L1+ WQ) * (3WQ - W' + WO+ Q/W)?
- (1 + 1/W* - QW)

where W is a filter parameter given by the square root of the ratio of the
ratio of the series to parallel compliances in fig.4{c), and the parameter Q
depends upon the radiation resistance, Rr, the centre frequency, fo, and the
compliance of the stack:

Q= (Ronf ¢ )
r om

The value of W defines the filter bandwidth; for example for a one octave band
W should equal 0.5. For a bandwidth greater than one octave W > 0.5. There-
fore for a specified Q and bandwidth the ratio m may be determined. Setting
the resonances of the series and parallel tuned circuits of fig.4(c) to fg,
then enables the values of the components in the circuit to be evaluated. In
this synthesis fo was chosen to be the geometric mean of the two half=power
frequencies.

For example; with W = 0.5 and with the following specifications:

R, = 312 rayls, f_ = 38.2 kiiz and C, = 7.6 x 10~ m/N
then @ = 1.76. Using these values in equation{l)gives m = 1.06. From this
the component values shown in Table 1 may be evaluated. ‘ )

If different values of stack compliances are specified then alternative designs
will be obtained. The merits of any particular design would then be judged
upon its ability to be realised practically.

RESULTS OF THE THEORETICAL DESIGN

The component values selected as the result of the two approaches are listed in
table 1, and the calculated admittances, referred to the mechanical side of

the electro-mechanical transformer, are shown in fig.5. In fig.6 there is
shown the admittance for the analytical design with an extra parallel tuned
circuit for correction of the susceptance; this has been optimised for the
minimum phase angle over the working bandwidth.

It is important to note that the design by analysis has series tuning {(without
susceptance compensation for fig.5(a)), whereas that by synthesis has parallel
tuning of the clamped compliance; in all other respects the two desighs are
very similar. These calculations are with a radiation load corresponding to a
packing factor of 0.845 as shown in fig.3, and substantially different curves
{not included here} are obtained for the load on an isolated element in a
rigid baffle and for a constant resistive load without a reactive component.
These are important practical considerations for the testing of individual
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elements, since in the absence of the complete array this can be done readily
either by mounting a single element in a housing for radiation into water or
by loading it by a long rod of a suitable material such as "Perspex", with a
diameter chosen to present the right resistive load. The analytical design,
which as noted earlier is not quite optimum due to restraints in the practical
realisation, has almost exactly the required octave bandwidth between the
points at which the conductance falls to half the outer peak values, and the
variation in conductance within the passband is Just within a range of 2:1
equivalent to a 3 dB change in sensitivity. By the fortuitous choice of the
initial component values there were no difficulties in achieving this bandwidth,
once it was realised that a near-unity value for the tail/head ratio is
required. In fact it is not immediately obviocus how the design can be medified
for either a much wider bandwidth or a much narrower one; on the other hand
the design by synthesis gives a direct indication of how to proceed in this way.

For the results by synthesis the bandwidth from the locus of fig.5(b}) is appar-
ently less than the desired one octave., This arises because the synthesis is
based upon the transfer from a matched source to the load, and the manner in
which fig.5(b) was computed takes no account of this. If the value of W is
increased then for the same value of C1/Cm there is a considerable change in
the shape of fig.5(b), although the bandwidth based on the variation of
conductance is increased as expected. The synthesis shows that an increase in
W requires an increase in m and a decrease in the ratio of C1 to Cm (if
parallel tuning is used), i.e. a larger bandwidth requires a larger value for
the ratio of tail to head mass and a higher coupling coefficient. It may be
shown that the basic sandwich element, without the mechanical filter, obeys
the same criteria.

PRACTICAL CONSIDERATIONS

At the time of writing no elements have been made, but some thoughts have been
put into practical realisation. The basic element, without the coupling
section, is not expected to present any problems, although the dimensions are
quite small. The coupling section does introduce difficulties, because the
level of the mechanical impedances is quite low. It is proposed to use a low
acoustic impedance, low density material, such as "Perspex", for both the
compliant section and the outer head mass. The mass of the compliant section
can be easily allowed for by corrections to the masses of the inner and outer
heads, but the compliance of the outer head is more of a problem. The effective
resonance of the coupling section as a whole is being investigated by finite
element techniques, which will also demonstrate whether the bending of the
head is likely ot be significant. An added difficulty in the structure is that
the usual pre-stressing bolt would add too much stiffness and mass if it is
attached solidly to the head, and also its overall length is likely to be a
quarter of a wavelength or more {it is used to retain the element in the hous-
ing and so it is appreciably longer than the element). Therefore it is
intended that the bolt should be decoupled by the use of disc spring washers
from both heads and from the tail, although this does lead to problems in the
detailed design at the outer head.

Another practical point concerns the electrical loading. Ideally it would be
advantageous to drive the array from a conjugately matched source, but a
resistively matched one would be simpler and nearly as good if the susceptance
correction referred to earlier is optimised. In this way the variation in
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source level could perhaps be reduced to 2 dB or less. On reception the
array should be matched in the same way, and by reciprocity it should have the
same small variation in sensitivity.
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Table 1: Component values

Design Method Analysis Synthesis
Component

Mf gm 1.6183 1.67
Cf 1E-9 m/N 8.0504 8.09
Mh gm 4.80 4.43
Mt gm 5.40 - 4.70
Cm 1E-9 m/N 7.5964 7.60
C1 non 30.3854 30.40
M1 gnm - 0.5710
Ms 0.4900 0
Mp v ‘ 0.2240 -
Cp 1E-9 m/N 83.43 -
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fig.1
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(b) Design by synthesis

Mechanical admittances of the two designs
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fig. 6 Modified admittance for the design by analysis
(Units as in Fig. 5)
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