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A universal method for selecting piezoceramic transducers used in high power ultrasonic devices such as
ultrasonic welding and cutting systems has been presented. The key element of such systems is a high power
ultrasonic sandwich transducer comnsisting of a stack of piezoceramic transducers mounted between two masses.
Because of relatively large dispersion of piezoceramic transducer parameters between production lots, they must

be selected in order to obtain a high quality and long-life sandwich transducer.

Presented selection method

consists of three stages. First, the parametric identification of the Butterworth—Van Dyke equivalent circuit model
is performed based on piezoceramic transducer electrical impedance measurements. Next, the electrical impedance
frequency samples are estimated using the identified Butterworth—Van Dyke model. Finally, the k-means clustering
algorithm is used to select the best fitted piezoceramic transducer sets.

DOI: 10.12693/APhysPolA.127.719

PACS: 43.35.+d, 43.35.—c, 43.35.Zc, 43.38.Fx, 43.38.+n, 43.38.—p

1. Introduction

Piezoceramic transducers (rings) are the main building
blocks of high power ultrasonic sandwich transducers [1].
A batch sample of piezoceramic transducers has been pre-
sented in Fig. 1. Usually, the sandwich transducer is com-
posed of a stack of two, four or six piezoceramic trans-
ducers mounted between two cylindrical metal resonators
(an emitter and a reflector). Examples of sandwich trans-
ducer physical models have been presented in Fig. 2. This
kind of ultrasonic transducer is one of the most vital parts
of high power ultrasonic devices, such as contemporary
ultrasonic welding and cutting systems. These transduc-
ers deserve to be called “heavy duty” transducers tak-
ing into account their following working conditions: real
power up to 2-6 kW, RMS voltage up to 3.2 kV, RMS cur-
rent up to 3 A, in a frequency range of 18 kHz to 80 kHz.
To manufacture a high quality and long-life sandwich
transducer we need to iteratively optimize its geometry
and select adequate piezoceramic material type in the de-
sign process [1-3]. But, even if we do it perfectly, there is
a one important problem left, i.e. relatively large disper-
sion of parameters in piezoceramic transducers produc-
tion lots (batches). To illustrate this problem, impedance
characteristics for a batch sample of 19 piezoceramic
transducers (piezoceramic material type: NCE40, dimen-
sions: 20 x 10 x 1 mm?®) have been presented in Fig. 3.
The impedance characteristics have been measured using
measurement system presented in [4]. It is not difficult
to note that a random selection of transducers from this
batch sample is not a good idea. For example, the resul-
tant sandwich transducer quality factor should be as high
as possible which can be achieved only if all the piezo-
ceramic transducers in the stack have similar resonance
frequencies and quality factors.

*corresponding author; e-mail: piotr.kluk@itr.org.pl

Fig. 1. Piezoceramic transducers batch sample.

Fig. 2. Sandwich transducer physical models.

2. Electrical impedance compatibility as the
selection criterion

For the same geometry (shape and dimensions) of
piezoceramic transducers and infinite homogeneity of
given piezoceramic material the impedance characteris-
tics presented in Fig. 3 should be identical (overlapping
each other), which corresponds to ideal compatibility
of transducers parameters. For example, let us try to
select the best-matched and worst-matched pairs in the
batch sample. There is a pair whose impedance curves
are overlapping each other, i.e. they are best-matched,
which has been presented in Fig. 4. The impedance
curves of the worst-matched transducer pair have been
presented in Fig. 5.
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Fig. 3. Impedance curves of 19 piezoceramic transduc-
ers batch sample.
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Fig. 4. Overlapping impedance curves indicate best-
matched transducers.
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Fig. 5. The most distant impedance curves indicate
worst-matched transducers.

2.1. Using series and parallel resonance parameters as
the selection criteria

For the best-matched pair the following relations are
true:

(fs101Zs,11) = (fs,2,1Zs,2]) 5 (1)

(fo.1:1Zpal) = (fp.2,1Zp.2]) (2)
where the points (fs,|Zs|) and (fp,|Z,|) denote the se-
ries and parallel resonances, respectively. So, one can
try to match the series and parallel resonance points
only, as it has been proposed in [5], but generally, it
leads to not-easy-to-deal multi-objective optimization
and Pareto-optimal points. Let us take a look to the
worst-matched pair to explain such a situation. For the
worst-matched pair the following relations are true:

(fs,l 7é fs,2) A (‘Zs71| 7é |Zs,2|)7 (3)

(foa # fo2) N1 Zpal # 1Zp.2]) - (4)
That is, for the worst-matched pair their corresponding
resonance frequencies are different as well as the abso-
lute values of impedances at those frequencies are differ-
ent. So, if we try to improve impedance compatibility of
a randomly selected pair we can find pairs with better
resonance-frequency compatibility but worse absolute-
value-of-impedance compatibility, and vice versa, which
leads us to not easy task of looking for Pareto-optimal
points.

2.2. Using Euclidean distance to measure impedance
compatibility
In practice, we have a series of N impedance samples,
as has been presented in Fig. 6, measured over a specified
frequency range

|Z (fn)|, forn=1...N. (5)

If we treat the discrete impedance characteristic as a
point & of N-dimensional Euclidean space R, i.e.

= (Z|(f) 12 (), 1Z (8D (6)

then we can use the following metric (distance function)
to measure distance between two points « and y:

N

dp (2,y) = |z -yl = \| Y (@0 —n)”. (7)

n=1

The Euclidean metric (7) is a good objective function
for selecting well-matched transducer pairs but is not
directly applicable for matching more numerous sets of
transducers.

2.3. Using k-means clustering algorithm to measure
impedance compatibility

Given a set of P points {x1,z1,...,2p} of N-
dimensional Euclidean space R", find K (K < P) sub-
sets S = {S51,51,...,Sk} in the following way [6]:

. K
e {Z 3 ||mm—uk||2}, (8)

k=1x,, ESg
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Fig. 6. Series of N = 33 impedance samples, fi =
65 kHZ, f33 =81 kHz.
1 M
Mk = M Z Lm, (9)
m=1

where the pj vector is co called “mean” or “centroid” of
the k-th cluster. We can use other clustering algorithm,
such as SOM neural network, fuzzy c-means or tradi-
tional hierarchical clustering algorithms, as well, but the
k-means algorithm is widely used and gives good out-
comes [6].

The meaning (interpretation) of k-means algorithm pa-
rameters in our problem is the following: P — number of
piezoceramic transducers for selection, N — number of
impedance curve samples, K — number of best-matched
transducer groups (clusters), M — number of transduc-
ers per cluster (known a priori), pur — expected values
of impedance curve samples for k-th cluster (impedance
curve pattern or reference impedance curve).

Therefore, we can use the standard k-means clustering
algorithm directly with one additional constraint, i.e. a
fixed number of members per cluster.

Minimizing the functional (8) gives the best parti-
tioning of a given transducers batch in the least-squares
sense. It is a good solution if we want to effectively utilize
the entire transducers batch. But sometimes, e.g. for ex-
amination purposes, we want to select the best-matched
groups of transducers. For example, let us partition
the set of 19 (P = 19) piezoceramic transducers into 4-
element subsets (M = 4), starting from the best-matched
set and ending with the worst-matched set. To do so, we
can use the k-means algorithm in the following way:

e For each 4-combination without repetition of
the piezoceramic transducer set compute the
“distance” d; according to the following formulae:

d; =

2
[@m — psll” 5 =

1

T, for j=1,...,J. (10)

M- 1-

e

1

3
I

e Sort the distances d; in ascending order;

e The smallest distance corresponds to the best-
matched group;

e The greatest distance corresponds to the worst-
matched group;

e Select K transducer groups starting from the
best-matched one and rejecting groups including
transducers already selected

K = floor(P/M) = 4. (11)

The main problem is the numerical complexity because
of the number J of all possible M-combinations, which
can be evaluated in the following way:

J:<P>:<19>:93024 (12)
M 4

For example, impedance curves of the best-matched and
worst-matched quadruplets of the batch sample have
been presented in Fig. 7, along with their normalized
mismatch measure values.
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Fig. 7. Best-matched and worst-matched quadruplets
of the batch sample.

3. Using the BVD model for measurement data
preprocessing (smoothing and resampling)

It should be noted that presented method assumes ex-
plicitly equinumerous impedance samples sets taken at
the same frequency points, according to (5). In some cir-
cumstances, the raw measurement data from measure-
ment system cannot meet these requirements. In such
a case, we should approximate the raw measurement
data using, for example, the well known Butterworth—
Van Dyke equivalent circuit (BVD model) [1-3]. There
is no need to use more sophisticated, i.e. modified or
generalized BVD [7], models. The BVD model leads to
the following formula for impedance:
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- R+j(2nfL - 345)

2 fCl (ﬁ + grker — 27rfL+jR>
An exemplary impedance curve approximation has been
presented in Fig. 8. The BVD model parametric iden-
tification has been conducted using the Levenberg—
Marquardt optimization algorithm [8]. The starting
point has been evaluated using formulae presented in [9].
As we can see, an additional parasite resonance (near the
right side of the series resonance), generated as a conse-
quence of non-neglible test-fixture clamping force, has
been efficiently smoothed.

(13)
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Fig. 8.
model.

Impedance curve approximation using BVD

4. Conclusions

The presented method allows the automatic and fast
selection of piezoceramic transducer sets designed to op-
erate in a stack, resulting in an improvement of “Sand-
wich” transducer parameters. This made it possible to
improve the performance and uptime of high-power ul-
trasonic devices, e.g. ultrasonic welding and cutting sys-
tems, in industrial applications.
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