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LUMP CIRCUIT MODELING AND MATCHING
CONSIDERATION ON ACOUSTICAL
TRANSMITTERS FOR UNDERWATER

APPLICATION

Yeong-Chin Chen*, Sean Wu, and Cheng-Che Tsai
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ABSTRACT

In underwater environment the acoustical wave can transmit a
long ranges away from the transmitter than the electromagnetic wave
does. So far, the piezoelectric ceramic is still the best candidate as
acoustical telemetry transmitters in underwater applications. The
impedance matching on the interface between electro-acoustical trans-
ducer and electrical transmitter has been the most important subject to
confirm the high transmitting efficiency. In this research, a lumped
equivalent circuit of electro-acoustic transducer is proposed. Then,
the network theorem is implemented to design a high power trans-
former for impedance matching, and to improve the electro-acoustic
efficiency of the transducer. In the developing procedure, the
transducer’ s impedance is measured and the circuit element of equiva-
lent circuit is deduced from the measured data to correlated the
simulated values of the equivalent circuit. Then the matching trans-
former is developed to meet the specifications of impedance matching
and high power operation. The equivalent circuit of the electro-
acoustic transducer with matching transformer was developed and
simulated using Hp-Vee program. The simulated results quite agree
with the measured results. This approach really develops an effective
method for impedance matching design and reduced the time for trial
and error.

INTRODUCTION

Underwater acoustical transducer is utilized as the
physical element for sound wave transmitting and re-
ceiving in sonar system. By transmitting a sound wave
from the transducers, the surface or underwater objects
ranging several miles away from the sonar transducers
can be located by detected the reflected sound wave
from the objectsitself. For the high power application,
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the transducer is typical structured like a“Tonpilz” to
produce reinforced mechanical motion of high-power
sound generation. Detailed discussion of these longitu-
dinal vibrators may be found in literatures[5, 8, 10, 12,
13]. However, Tonpilz transducer possesses character-
istics of high dielectric resistance and capacitance and
is hard to be driven by the electrical amplifier. A self-
coupled transformer is implemented to link the electri-
cal driving system and the transducer to improve the
transmitting efficiency.

An equivalent circuit based on lumped constant
mode [4] is proposed as an analogy to electromechani-
cal characteristics of the Tonpilz transducer. Then, the
circuit elements were deduced from the impedance prop-
erties of the transducer. A PC-based automatic testing
system is built to measure the transducer’ s properties.

Since the testing program is programmed by Hp-
Vee [6] software, the matching transformer is also
designed and simulated using the same software. The
impedance properties of the matched transducer could
be obtained from the testing system and as areference to
the transformer design.

LUMPED CIRCUIT MODELING

A cross-section of the Tonpilz transducer is shown
in Fig. 1, along with the simplest spring-mass [1]
idealization. The device consists of a stack of eight
PZT4 ring transducer elements electrically connected in
parallel, a steel tail mass, aflared aluminum head mass
and a steel compression bolt [15]. The sphere volumein
the spring-mass model indicates relative lumped mass
of the tail M'r and head M'y, for the device. The
mechanical compliance and vibration loss of ceramic
segments are indicated by C,, and Ry,

If the transducer is vibrating longitudinally in the
fundamental mode, there exists a node, X,, where the
vibrating displacement is zero at all times. If friction
loss and other mechanical losses are ignored, according
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to the “conservation of energy” theorem, the node can
be derived by [2]

M’ X = My (1 = Xo)?, @
M't = M7+ McXp, M'y = M+ Mc(1 - Xp), )

where My is the head mass, M. is the mass of ceramic
segments, and M+ is the tail mass.

The equivalent network of the Tonpiltz transducer
is described in Fig. 2, where the electrical system is
composed of the clamped capacitance (Cp) and the
dielectric resistance (Rg) the mechanical systemis com-
posed of the spring-mass model described in Fig. 1, and
Nc (Newton/voltage) are the electromechanical trans-
formation ratio between the electrical and mechanical
systems.

In underwater applications, the Tonpiltz trans-
ducer is encapsulated in polyurethane to render it water-
resistant where it acts as a projector in the water medium.
The effective radiating impedance (Z,,) of a baffled
piston in water can be expressed by [9, 16]

Zy = Rw + jXw = pcAyRy(2Ka) + jpcAyX (2Ka),
(3)

where p is density of water, ¢ is sound velocity in water,
Ay isthe radiating surface area, a is radius of radiating
surface, A is wavelength of sound in water, and K = %
is phase velocity. The functions of X;(2Ka) and R,
(2Ka) are represented by
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Fig. 1. Tonpiltz transducer cross-section and simple spring-mass
model.

In some cases, the radiating surface is a square.
Considering the boundary condition, eg. (3) is modified
as

Zy=aRy+jfXw=Ry+j Xy, (6)

where the modified factors o and S are obtained from
several experimental procedures. If the transducer is
working under water, the radiating load should be in-
cluded in the equivalent circuit shown in Fig. 3, where

R = R, M=% (7)

Reducing the mechanical portion of Fig. 3, the
equivalent circuit of the transducer is described by Fig.
4, where the electromechanical transformation ratio is
given as

Ne=/Cwe_ (8)
IMPEDANCE MATCHING

The input electrical admittance of the transducer
can be written as

YIN:YE+YM:RL+J.Q)CO+ 1 1\
0 Ry +j(wly——=—)
wCy

9

where Y is the electrical admittance, Yy, is mechanical
admittance, Ry is the dielectric resistance, Cy is the
clamped capacitance, Ry is the motional resistance, Ly
is the motional inductance, Cy, is the motional capac-
itance.

When the transducer is operating on its mechani-
cal resonance frequency, the admittance Y,y becomes

% +jwCy+ % . A self-coupled transformer with the
0 M

secondary inductance value Lt shown in the dark area of
Fig. 4 is developed to cancel out the clamped capaci-
tance Cy and make the phase angle (6) of the transducer’ s

‘N¢ \NV\—|
!
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Mechanical

Electrical

system system

Fig. 2. Equivalent circuit of tonpiltz transducer workingin air.
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impedance zero [3]. By tuning the turns ratio of the
transformer, the impedance value (|Zy]) is also modi-
fied to the specific value so as to improve the efficiency
of the electric driving system. The electrical admittance
of the resonating transducer after tuning becomes

@ =Y in=loCo+ L

josl
+ 1 1 ](nl;nz
Ry +j(wsk v — !
m+i(wsk wsCM)
-1 Mm+np
_RiM(T) (10)

The primary inductance (L;) and the secondary
inductance (Lt) has the relation given by

+

n n,.2
L= Ly, (12)

1

where n; and n, are winding turns of L, and L,
respectively. The secondary inductance Ly is derived
from

L= .

T Cowg (12)
According to the networking theorem, the voltage

and current relations of input (Vq, I1) an

d output(V5,, I,) in Figs. 3 can be given by

n,
lvl}_ n,+n, 0 1 0
| ny+n, 1 4 + 1
0 Ny jol JoCo R, 1
1 1,
Ng O b jec, *Rm
0 Ngc 0 1
Matching
transformer
I ]:NC
_|. -
v !
: Li

_ L.
YN Lz? J(

Rm Cl‘l‘l

1 0
. 1' 1
JoM+

1 0

. ' 1 1
joMy+M,) +R;
Y
|2:20 : (13a)

From eq. (13a), the input impedance of transducer
Vi
Il )

DESIGN PROCEDURE

Z|N = (13b)

For a specific underwater high power electro-
acoustical transducer, the maximum operating power
(Pmax) is 800 W, impedance value (Z;\) at resonant
frequency (3.3 kHz) is 145 Q and the phase angle(6) is
+ 10°, a practical design flow chart is shown in Fig. 5
and the detailed procedure is described in the following:

1. Transducer measurement and cir cuit el ement evalua-
tion

Before the matching transformer is applied on it,
the transducer is dipped in the water tank and measured
by HP 4194A impedance/gain phase analyzer. The
transducer’ s properties are measured and listed asfollow:
the electrical capacitance of transducer at DC is Ct =
8.747 nF, the dielectric loss of piezoelectric ceramicis
tand = 0.2%, the frequency of motional (series) reso-

’
M'u I,

Fig. 3. Equivalent circuit of tonpiltz transducer working in water.
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nance is fs = 3.3 kHz, the parallel resonance frequency
isfp = 3.7 kHz, the electrical conductance at motional
resonanceis Gg= 1.543E-4 Q*, the electrical susceptance
at motional resonanceis Bs= 1.085E-4 S, the el ectrome-
chanical coupling factor is K¢ = 0.313.

From the measured data, the elements value of the
transducer’s equivalent circuit shown in Fig. 4 is de-
rived [7, 17], where Cy =7889 pF, Ry, = 11.1 kQ, Cy, =
858 pF, Ly = 2.71 H, Ry = 6.3 MQ.

2. Inductance and turnsratio evaluation

To improvethe transmitting efficiency, the matched
transducer’ s phase angle of impedance is tuned to zero
at resonance frequency, the secondary inductance of the
transformer is obtained by

L= Zlc

=294.7mH . (14)
wsto

Taking Z,y = 145 Q, the turnsratio is cal culated by

LU TV 145 _ 1
N+ \/ Ry 11.1x10° 875" (15)

The primary inductance of the transducer is

- Ny _

THE WINDING DESIGN AND CORE
DETERMINATION

1. Wiresize evaluation
The maximum primary-winding current is derived

from the maximum operation power, 800 W, and the
impedance,

_ Pmax — 800 —
=\ /Tm =\/ 145 =2.349 Amp a7

And, the maximum secondary-winding current is

|2=|1x%=2.349Ampr=o.268Amp

8.75 (18)

Assuming the safety current density D in circular
mil per Ampere is 500 c.m./A, the minimum wire size
for the primary-winding is 500 x 2.349 = 1175 c.m., and
for the secondary is 500 x 0.268 = 134 c.m.. So AWG19
wire (1,290 c.m.) is used for the primary, and AWG28
wire (159 c.m.) is used for the secondary.

2. Core determination

If temperature is the principal limitation for the
high power transformer, this product of Ag and A,, must
meet the specification

_275x Py xD . 4
AeAW - meaxkp [In ] 1 (19)

where A,, iswindow area, A. is the cross-sectional area
of the core flux path, Py is output power, f is frequency
of the applied voltage, k, is winding space factor.

According to the deduction result, a National-
Arnold [14] Silectron tape-wound C core is chosen for
the transformer design. If the primary winding space
factor (kp) is 0.14, which is more less than 0.5. The
minimum AA,, product will be

A x A ‘ = 2.75 x 800 x 500 =0.17in4
20) ™ 33x10’x 14000 0.14

Thus the available National-Arnold (type CZ-7-J)
tape-wound C core with A, = 0.703 in* and A, = 1.75in?
(Ae x A, = 1.23in% is the candidate for this transformer

Matching
Transformer ' C I
I, i ~M 2
o . : =0
4 o= ¢ | I +
Vi L :
— Ly Ro T Cof RM% v,
YN ’
Y[N L2 ¢ IN E _

L r 0

* , el
Electrical port <!~ Mechanical port

Fig. 4. Simplified equivalent circuit of tonpiltz transducer with matching transformer.
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design. _ (145 x 2.349) x 10°
4.44 x 33 x 10° x 14,000 x 0.703 x (2.54)°
=37 Turns (21)

3. Winding-turns evaluation

The primary turns will be [11] The secondary turns is

Vp x 10°
N.=n,=— P>
Po T 4448, Afcm?) Ng=n,=n,x (%—1):287Turns (22)
Input Design Flow Output

Cr=8.747 uF, tand=0.2%, f;=3.3
kHz, /»=3.7 kHz, K,;=0.313,
Gs=1.543E-4 Q'], Bs=1.085E-4 S

Impedance measurement

1

(without matching)

Cr=8.747 nF |, tan6=0.2%, fs=3.3
kHz, fp=3.7 kHz, K,;=0.313,
Gs:1543E-4 Q' | Bs=1.085E-4 S

Co=7889 pF, Ry=11.1 kQ, Cy =858 pF,
Ly=2.71 H, Ry =6.3 MQ

Circuit element
evaluation

N\

1=294.7 mH , Ny/( N, +N;) =8.75,
1:3.85 mH

Zin=145Q, fs=3.3 kHz,
Co=7889 pF, Ryy=11.1 kQ

Secondary inductance &
turns ratio evaluation

ol

1p=2.349 Amp, pimarywire =1175
c.m. (AWG19), [s=0.268 Amp,
secondary wire =134 c.m. (AWG28)

L-294.7 mH , N/( N, +N,)-8.75,
L,:3.85 mH, Cy=7889 pF,

Rz 1.1 KQ, Cp=858 pF, Ly=2.71
H, Ro=6.3 MQ

Wire size determination

>=0.17in*, chose

min

A.=0.703 in%, Ay =1.75

A(’A\\

Safty current density D =500
cm./A, P, =800 W, Z;,=145Q

Winding —turns
evaluation

Np =N, =37 Turns,

k,=0.14, f,=3.3 kHz, D =500 Ne=N, = 287 Turns

c.m./A, Bua, = 14000, P;, = 800 W

A N A A A

T 145 Q. f—33 ki, ;2349 7| Mir gap for inductance
o 000, A 0,703 design ! =
AP, Brax = 14000, A.=0.703 in’ g . =0.228 mm
Np =37 Turns, A, =0.703 in’, Modification on / F=1.06, N, =38 Turns,
L,=3.85mH winding-turns —I N; =296 Turns
Dimension of core, £,=0228 Measurement (with Measured data &
mm, A, =0.703 in’, matching) & simulation Simulated data

L
,
7|
7
%
F

End

Fig. 5. Matching transformer design flow.
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4. Air gap determination for specified inductance

The air-gap for primary inductance L, = 3.42 x
10 will be [11]

_ 04N ZAcm?d) x 1078

lq L

_ 047 x N x 0.703x (254)*x 10°°
342x107°

=0.0228cm = 0.228 mm (23)
5. Modification of winding-turns

The dimension of C coreis shownin Fig. 6, that we
obtain

(;=2(G+F+2E)=8inch=20.32cm. (24)

Core CZ-7-J showed that u; = 6,000(Linear) at
3.3kHz, thus

{ _ /
o =34x1077em, [g+ gl ~0;=0228mm  (25)

The ringing flux effect [17] F is determined from
the data deduced above and gives

(
F=(1+2¢,25)=1
VA "l

+ 0.0228 ¢ 2x1.75x 254

,/0.703x (2542 " 00228

=1+0.01071x ¢,389.91=1.0639 (26)

Since a winding turns possess an inductor and
could be calculated as [11]

_N¢ _NBA,__ _F x 0.47N%A, x 1078
I N T l;
€g+u7i

L H )

(27)

F is proportional to the square of turns, the wind-
ing turns is modified as

N,=37/v1.0693 =36 Turns and
N,=287/v/1.0693 = 278. (28)
RESULTS AND DISCUSSION

Figures 7 and 8 show the impedance value and

phase angle of the transducer, before and after imped-
ance are matched. Before impedance tuning, the imped-
ance is 5.3kQ@3.3kHz, and the phase angle is -61°@
3.3kHz. After impedance matching, the transducer
shows that the impedance is 143Q@3.3kHz, the phase
angle is -3°@3.3kHz, which meet the specification
(impedance in 5% deviation, phase angle between -5° ~
-5°). In Fig. 8, the simulated data (dot line) agrees the
measured data (dotted line) very well. The impedance
curve shows a peak at 2.9 kHz which is attributed to the
resonance phenomena between the secondary induc-
tance of the matching transformer (L) and the clamped
capacitance (Cp).

The power handling capability of the matching
transformer is verified by measuring the primary induc-
tance (L,) and quality factor (Q;) depended on varies
current level as the secondary port of the transformer is
circuitry opened. Asshown in table 1, the deviation of
primary inductance and quality factor islessthan 1% as
the current level varying from 0.5 A to 3 A. The

v CUTHERE
G
—
= F <=
D:1.125in E: 0.625in F:lin

G:1.75in  Ae(=DxE): 0.703in2 Aw(=GxF): 1.75 in2
Fig. 6. Dimension of C core.
20.00 —
® : impedance — -50.00
§ o : phase
16.00 — i
J I— -60.00
. -61°
< 2.00 = P
= 8
e i oy
% I--7000 &
£ 800 8
E & | £
{— -80.00
400 5.3K
i 33K
0.00 I I I y I -90.00
1.00 2.00 3.00 4.00 5.00 6.00
Frequency (kHz)

Fig. 7. Impedance of transducer without matching.
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: measured impedance
: simulated impedance
: measured phase
: simulated phase

500.00 — — 100.00

Oomoce

400.00 —
— 50.00

300.00 —

g B
8 5
g 9 000 T
E 20000 | £
143Q t— -50.00
100.00 —|
- | [
|
3.3K ¥
0.00 I I T I I -100.00
1.00 2.00 3.00 4.00 5.00 6.00
Frequency (kHz)

Fig. 8. Impedance of transducer with matching.

secondary inductance (Lt) and quality factor (Q7) is
also measured in the same way as those of the primary
with LCR meter analyzer (HP 4284A) by varying the
secondary current from 0.05 A to 0.3 A.

The contribution of this research is to propose an
impedance measurement of electro-acoustical transduc-
ers and to derive the parameters of the lumped-element
equivalent circuit of the transducer. Based on the
lumped equivalent circuit, the matching theorem is
applied to design the transformer and the transducer’s
performance using Hp-Vee software program. The
power capability for the transformer design is also
considered in this research. The simulation results
really approve the effectiveness of this lumped-circuit
model of the transducer. The measurement and simula-
tion are processed in the same software environment
really reduced the time for trial and errors.
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