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Abstract

This study investigates a terminal transient response of a Langevin-type PZT vibrator theoretically and experimentally to quantify
an electrical shock and refine an equivalent circuit of the vibrator. The shock is induced immediately after an AC sinusoidal voltage
of the vibrator is switched off. Then, the transient response involves a DC part and an AC part, which approach zero at the DC and
AC times, respectively, and the vibrator is placed on a sponge in air. To do so, we should propose an open-circuit test to find the AC
and DC times in addition to the maximum amplitude of the transient response. Thus the DC times exceeds the AC time, and the AC
and DC times are used to estimate the resistances in the equivalent circuit presenting the real mechanical and dielectric losses,
respectively. Therefore, the resistances in the equivalent circuit are sensitive to the vibration amplitude, but the inductance and
capacitances are not. Furthermore, the maximum amplitude is required to cause the shock, and depends on the frequency of the

source and the open-circuited time, and is about 65 times the amplitude of the source.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electric shocks with high-voltage transient responses
at the terminals of vibrators under high-power excita-
tion are induced after the related drives are switched off.
These shocks have not yet been investigated. An “a Ry—
L—C, branch parallels parameters of R, and C,” im-
pedance model has not been built into an impedance
analyzer (HP4194A) to measure resistance as the di-
electric loss of vibrators. For a resistance equivalent to
the real mechanical loss, the high-power constant differs
from the low-power constant measured by the analyzer.

A differential circuit has been proposed to measure
separately the mechanical loss and the dielectric loss by
detecting the motional admittance under high-power
excitation [1]. Moreover, terminal voltage and current
have been used to determine dielectric loss just after
switching on the high-power drive, and the force factor
and the attenuation constant have been used to estimate
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the high-power equivalent resistance [2]. This factor re-
sembles the ratio of the amplitude of the motional cur-
rent to the amplitude of the vibration velocity and was
used to estimate short-circuit transient response of a
terminal current after the drive was switched off. These
methods constitute very complicated ways to calculate
the equivalent resistance and cannot analyze electric
shocks for purely AC transient response.

Accordingly, an open-circuit test is proposed to elu-
cidate complete terminal transient responses of vibrators
under high-power excitation for quantifying electric
shocks and estimating equivalent resistive constants.
The test can reveal how to reduce the highest voltage of
the shock and simply refine the high-power equivalent
circuit.

2. Equivalent circuit of the vibrator

An equivalent circuit of a PZT vibrator with initial
conditions, illustrated in Fig. 1(a), is employed to derive
a terminal voltage with an open-circuit transient re-
sponse. Another equivalent circuit connected to an AC
voltage vs(t) = Vs sin wst, shown in Fig. 1(b), is applied
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Fig. 1. Equivalent circuits of a PZT vibrator with: (a) initial conditions and (b) an AC voltage.
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Table 1

Description of the parameters in Fig. 1
Parameters  Descriptions
Ry Equivalent resistance indicating real dielectric loss
Ry Equivalent resistance indicating real mechanical loss
Cq Damped capacitance of the piezoelectric ceramic
Ly Equivalent inductance indicating equivalent mass
Cn Equivalent capacitance indicating equivalent stiffness

to derive steady responses of vey, and ip. Table 1 de-
scribes the parameters in Fig. 1. The mechanical reso-
nant frequencies of vibrators are given calculated
by fmo=1/Q2n(LuCm)"?) and fur = 1/(27(LmCrma)"?)
where Cpng = CnCyq/(Ci + Cq). Here, fi, and f,, are the
resonant frequency and the anti-resonant frequency,
respectively. Then the mechanical quality factor, Oy, is
determined using, On = ®mLn/Rm Where on = 27fp,.

3. Analysis of transient and steady responses

From Eq. (A.2) in Appendix A, the diagrams of the
voltage v, are indicated in Fig. 2, and foc = /21 = fyr

| be %

where f,. represents the oscillated frequency of v,.. The
maximum amplitudes of DC and AC responses of v,
are related to the initial conditions, Vo4, Vom and Iy. The
DC response be %' almost vanishes after DC steady-
state time #4. (= SRqCy) is reached, and the AC response
fe "< cos(ft — @) nearly vanishes after AC steady-state
time f,c (= 10Ly,/Ry) is reached. Consequently, Ry and
R, can be calculated since #4c, tac, Cq and Ly, are known.

Next, the initial conditions are calculated by the fol-
lowing steady-state responses: let vs(¢) = V;sin oyt
where /1 denotes the high-power excitation at the first
resonant frequency, then vey,(¢) = On Vs sin(wmt — 1/2),
im(?) = I Sin ot and Iyy = Vy/Ry. Table 2 lists vari-
ous initial conditions and their corresponding ampli-
tudes of b and f in Eq. (A.2). The high-power highest

voltage, V.. is determined by (Fig. 3)
Vatmas = B + 1 2 (20mCn/ Co) Vi (1)

Moreover, let v(¢) = V;sinwt where 1 represents the
low-power excitation near and above the first reso-
nant frequency, then ve,(f) = GenVisin(wt — @y, — 7/
2), im(t) = Lusin(ot — ¢i), Gem = 1/(0Cn|Z(w)]),

O
Voe = /
b+f
I“
H\u
| VVV\J\U 5
H -“?’H\h__ ____ “« %C’
lge=—
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A A

(b)

Fig. 2. Schematic waveforms of the transient response: (a) the DC and AC parts individually and (b) a complete transient response.
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Table 2
Maximum amplitudes and drive conditions

AC voltages at At open-circuited ~ Drive conditions

Maximum amplitudes, V;. = b+ f(b > 0) or

frequencies times in Fig. 3 Via Vi I V. =b+f(b<0)
fs :fm h 0 QmV> 0 VOJCrh = 2(CQO/Cd)Vs
15} =V 0 —Inn VO = —Vi+ Lnn/BCa
f 0 —Onls 0 oen = (1) x Vo
fs > .f;n 1y _V; GcmV; 0 V:)zl = 2(C‘chm/Ca - l)Vﬂ
ts 0 0 —In Vot = It/ BCa
t6 Vs _GcmVs 0 V:;l = (_1) X V:)th

Fig. 3. Schematic waveforms of steady-state responses: (a) for resonance and (b) for above resonance.

Iy =V /|Z()|, @, = arctan(1/(wCyRy)) and Z(w) =
Ry +j(wLly — 1/(@wCy)). The low-power highest volt-
age, V! is calculated by

oc,max?

Vl &= |b| +f = (2Gcmcm/cd - 1)VS (2)

oc,max

4. Design of drive system

The drive system of the open-circuit test includes an
inverter circuit, signal circuits and a switch system, as
illustrated in Fig. 4. From Fig. 4(a) [3], the inverter
circuit consists of a DC/DC buck converter, a full-bridge
switching chopper, a filter and an equivalent circuit of
the vibrator, and thus generates AC sinusoidal voltages
of the vibrator. When S| and S4 are ON and S, and S5
are OFF, the amplitude of vy is Vi,. When S; and Sy are
OFF and S, and 83 are ON, the amplitude of vy, is —Vp.
Meanwhile, the frequency of vy, is identical to that of
rectangular gate-to-source voltages, vgs14, With an on-
duty cycle of 50%. The switches, S 4, are implemented
by MOSFET devices (IRF840).

From Fig. 4(b), pulse-width modulation and voltage-
controlled oscillator circuits are used to control the
voltage and frequency of AC sources, respectively, and
implemented by UC3524 and LMS566, respectively.
Next, the switch system shown in Fig. 4(c) performs the
switch SW displayed in Fig. 4(a), and comprises a
function generator (Agilent, 33120A), a MOSFET de-
vice (IRF840) and a relay (DC 12 V, JZC-6F, 4098).
Then, the MOSFET Sy, is controlled by a rectangular
gate-to-source voltage, vsy, (1 Hz, 0 V/12 V) that is ob-
tained from the function generator. In Fig. 4(d), a
schematic waveform of v, is obtained after time 745, at
the turned-on time of the MOSFET Sy .

5. Verification results

5.1. Measured results of the transient response and AC
voltage

A Langevin-type PZT vibrator (BLT-45282H)
(diameter, 45 mm; length, 79.5 mm; mass, 411 g)
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Fig. 4. Block diagrams of drive system: (a) an inverter circuit, (b) function generators, (c) a switch system, and (d) a schematic waveform of the
transient response obtained after time ¢y, at the turned-on time of the MOSFET Sy .

manufactured by Increase-More Industrial Corp. in
Taiwan is used in the test. The parameters of the vibra-
tor are then measured using an impedance analyzer
HP4194A: RA = 174.6 Q, L, = 122.1 mH, C,,, = 0.243
nF, Cq = 3.79 nF, fi, = 29.22 kHz and f,, = 30.13 kHz.
Moreover, the waveforms of v, in Figs. 5, 6, 7(a, b) and
(c, d) are induced by sinusoidal voltages vy (10 V/29.22
kHz), vy (10 V/29.41 kHz), vg (30 V/29.22 kHz) and vy
(30 V/29.41 kHz), respectively. Meanwhile, the voltages
are obtained using the parameters, L¢ (=2 143 pH) and Cy
(=2 0.1 pF) in Fig. 4(a), and the waveforms are measured
using a probe with a ratio of 1/100 and an oscilloscope
(YOKOGAWA, DL1520). From Fig. 5, the observed
waveforms are obtained after about 2 ms at the turned-

on time of the MOSFET S,y in Fig. 4(c) due to the delay
of the switch system. Additionally, the waveforms of the
DC part of v, are measured by the smooth-and-filter
function of the oscilloscope, and thus b =280 V ob-
tained from Fig. 5(a) or (b) and » = 320 V measured
from Fig. 5(c) or (d).

5.2. The measured times and the estimated results

According to Table 3, the DC time (about 180 ms)
exceeds the AC time (around 46 or 48 ms), and thus
Rl =R} >265Q estimated using .. =, =46 ms;
R =~ R} ~254Q obtained using .. =, =48 ms,
where the superscripts 1-4 represent the results
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Fig. 5. Observed waveforms induced after the source v is switched off at various times: (a)—(d) at time #;, (¢) and (f) at time #,, and (g) and (h) at time
t3. The waveforms in (b) and (d) are measured using the smooth-and-filter function of the oscilloscope. The times, involving ¢, t, and 73, are displayed
in Fig. 3(a).
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Fig. 6. Observed waveforms induced after the source vy, is switched off at various times: (a) and (b) at time #4, (c) and (d) at time #;, and (e) near time
t4. The waveforms in (f) indicates the sources of vy, and vs;. Both #4 and # are displayed in Fig. 3(b).

concerning the voltages vg 4, respectively. Then, Ry =
190 MQ and Ry; 22 9.5 MQ estimated by Rq = RqiRscope/
(Rscope — Ra1) and Ryi = t4c/5(Cq + Cycope ), respectively,
and 4. = 180 ms obtained from Table 3. Here, Rycope and
Cscope Tepresent the impedance of the probe and oscillo-
scope, as shown in Fig. 8(b); Ryope = 10 MQ and
Cscope =2 3.73 pF measured by the impedance analyzer.
Therefore, Ricope(< Rq) influences the DC time and the

estimated result of Ry at the open state, but Ceope (< Cq)
does not.

5.3. The maximum amplitudes and drive conditions

From Table 4, the magnitude of V.

emax (2650 V)
exceeds that of V02C e (2 140 V), and the magnitude of

(2 65) exceeds that of 42 (=2 14); the mag-

OC max oc,max



K.-T. Chang, M. Ouyang | Ultrasonics 41 (2003) 15-23 21

Drlve

~—>1<—-——-—— Open-circuited

2002/05/25 225217
cm-zmv ; T 10ms/div

o Toe1 ‘ i (1oms/div)

R ‘: . mm‘lwsll

aloo K ; b+f~1080V
b=440v

Drive N
je— —T————— Open-circuited |
Stopped 2002/05/25 230343
CHI=200V : : 10ms/div
DC 100:1 : (10ms/div)

. NORMEIOOKS /5

fz640V

1200V < 10ms

Open-circuited

2002/05/25 21:21:31
T 10ms/div
: (10ms/div)

Drive

—»]4— Open-circuited

2002/05/25 21:33:02
R 10ms/div
H (10ms /div)

Stopped

e+ s = 3307

Th=Ti65V
_____ S

S ~ 48ms

ac—

< o d)

] sov

Fig. 7. Observed waveforms induced after the sources vg3 and vy are switched off at various times: (a) and (b) at time ¢, and (c) and (d) at time #3.

Table 3
Magnitude of the measured times and estimated results

From figures The mea- Estimated results
sured times
tac tac R Rq Ry Qm
(ms) (ms) (Q) MQ)  MQ)

Sand 7(a, b) 46 180 265 9.5 190 844
6and 7(c, d) 48 180 254 95 190 881

nitude of V3 .. (221080 V) exceeds that of V
(22330 V), and the magnitude of 43

that of A*

oc,max

OC max
oc,max

(=2 36) exceeds
(= 11) Here Vi

_ +)
oc,max — max { Voc ,max
|Voc de|} and Aloe max = Voc, semax/ Vsi for i=1 —4, where

Vaeax(= b+ 16> 0,1 >0) and  Vichax(= —|b] —

b < 0,f > 0) represent the positive and negative rnaxi-
mum amphtude of vy, respectively. For the resonance
operations, VOC(;LX and VolC m)dx are obtained at the open-
circuited time #; and ¢ in Fig. 3(a), respectively, and
VOC(QM and Voc<m)aX are also. For the above resonance

operations, Voc(ﬁmx and Voc’max are obtained at the open-

circuited time #4 and # in Fig. 3(b), respectively, and

Vféﬁ)&x and K,tﬂ@)ax are also.

Regarding the sign of b, b > 0, obtained at the open-
circuited time in the interval between ¢ and #, in Fig.
3(a), as shown in Figs. 5(a)-(d) and 7(a), or between #4
and ¢s in Fig. 3(b), as displayed in Figs. 6(a, b) and 7(c).
Then, b < 0, obtained at the open-circuited time in the
interval between #, and #3, as shown in Figs. 5(g, h) and
7(b), or between 5 and f, as displayed in Figs. 6(c, d)
and 7(d). Moreover, b =0, obtained at the open-cir-
cuited time #, or fs5, as shown in Fig. 5(e,f).

6. Discussion

The following observations prove that L,, C;,, and Cy
are insensitive to the vibration amplitude of the vibra-
tor. (1) The oscillated frequency (about 30.12 kHz in
Fig. 6(e)) almost equals the anti-resonant frequency
(around 30.12 kHz). (2) The maximum voltage of the
transient response and the maximum current of the vi-
brator are obtained by the source at the resonant fre-
quency (about 29.22 kHz). (3) The magnitude of R2
(=2 174.6 Q) exceeds that of Rl (= R} 226.5 Q) or R2,
(2 R ~254Q), according to Table 3. (4) From



22 K.-T. Chang, M. Ouyang | Ultrasonics 41 (2003) 15-23

/4
et

3
+| | a
Vv, — Inverter —l_
dc — circuit Voc
—L] — s
CH1 GND
Oscilloscope PZT
(YOKOGAWA | 100:1 Vibrator
(@) DL1520) Probe
a e
+ a Rm —+— Rm
R C
scope scope Rd Cd Rdl Cdl
§ B Voe g = L, Vo § — L,
_ C,, — C,,
I b I

Oscilloscope . Modified —.‘
and probe PZT vibrator "_ equivalent circuit
(b) ©

Fig. 8. Modification of equivalent circuit: (a) a diagram of the measuring system, (b) equivalent circuits of the vibrator and the measuring system, and
(c) a modified equivalent circuit.

Table 4
Magnitude of the maximum amplitudes
Items From figures AC voltages At open-circuited Maximum amplitudes
. ) time ¢, ¢ in Fig. 3 ] ;
Amplitude Frequency f; (kHz) Magnitude Sign (4 or —-)
Vi (V) Vocmax (V)
v 5(c) 10 29.22 f 620 +
V:)]c(,r;Z\x 5 (g) £ 650 -
v 6(a) 29.41 f 140 +
Vo 6(c) ts 140 -
S5 7(a) 30 29.22 t 1080 +
Voo 7(b) s 1080 -
v 7(c) 29.41 ty 320 +
Vot 7(d) ts 330 -
Table 5
Comparison of open-circuit test and impedance analyzer methods
Methods Magnitude of R,  AC times f, Maximum amplitudes AC voltages
@ (ms) Ve, max (V) Aoc.max Amplitude Frequency
i (V) /s (kHz)
Open-circuit test 26.5 (15.2%) 46 650 65 10 29.22
1080 36 30
Impedance analyzer 174.6 (100%) 7.0 93 9.3 10 29.22
164 5.5 30

Table 5, the magnitude of V. .. (2650 V) exceeds 174.6 Q. Then, the magnitude of R. (=2 26.5 Q) is about
largely that of V1A (=293 V) and the magnitude of 15.2 percentages of the magnitude of R} (=2 174.6 Q).

0oc,max

V. max (221080 V) exceeds greatly that of A (22164 These observations (1)—(4) prove that the magnitude of

oc,max

V). Here, V!A and V22 are calculated using RS = Ry, is sensitive to the vibration amplitude. Furthermore,

oc,max oc,max
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the open-circuit method applied to estimate the values of
Ri and R4 is more effective than the published methods
[1,2], and the impedance of the measuring system in-
fluences the estimation of Ry.

7. Conclusions

The waveforms of the transient response are ob-
tained after about 2 ms at the open-circuited time due to
the delay of the switch system, and the maximum am-
plitude of waveforms is obtained at the open-circuited
time #; or #3 in Fig. 3(a). Then, the maximum ampli-
tude is about 65 times the voltage of the source at the
resonant frequency, and used to quantify the electri-
cal shock. Moreover, the DC time exceeds the AC
time; the AC and DC times are used to estimate R, and
Rq, respectively, and the estimated result of ern is about
15.2 percentages of the magnitude of RA. Thus the re-
sistances in the equivalent circuit are sensitive to the
amplitude of vibration, but the inductance and capaci-
tances are not. Furthermore, the impedance of the
measuring system influences the DC time and the esti-
mation of R4q. The refined circuit will be applied to
accurately estimate the real losses and the motional
current.

Appendix A

From Fig. 1(a), the terminal voltage, V,c(S), is derived
using the Laplace transformation and the Kirchoff cur-
rent law, and then expressed by,

Voe(S) = L{vec (1)}
b (S + 0te) d(p)
S St (Ston) B (St + B
(A1)

where
1 R,

T RCo T 2L,

g (1 1 R,
VN Ln\Cn  Cy) 4L

(0taclo/Ca) + (Vom/LmCa)
b=V, Ce=Vy—b
d+ 03, — 20t4c0c + (1/LinCrn) ¢ od

Oldc > Olde,

and
Ve I 1
(adc - O(ac) Ll:gd + C_Od ((xdcfxac - m)
- 2 1
ﬁ(adc - 2O(dc<xac + m)
Generally,

Cn
b = I/;>d +_(achm10 + Vom)»
Cy
1
dg—cm c T acVom_[a
5, (Cnlotse = ) Vo — 1)

1 1 1
p L—m(c—m+a>‘

Furthermore, the voltage, v,.(¢), is further calculated by
the inverse Laplace transformation, and expressed by,

Voe(t) = L™HVoe(8)} = be ™' + fe~*<' cos(Bt — ¢)
(A.2)

1%

where f = v/c> +d? and ¢ = arctan ().
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