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A driving circuit of frequency adapting for an ultrasonic vibrator with motional current feedback has been
presented in this paper. Via a voltage-controlled oscillator (VCO) and a digital/analog converter (DAC), the
driving signal would be magnified by a linear power amplifier to actuate the vibrator. Since the vibrating ve-
locities or displacements at the surface end of a vibrator could be predicted through the measurement of mo-
tional current, the motional current passing through the vibrator was detected by a current transformer (CT)
type sensor as feedback to monitor the optimal level of output power. The calculation for phase difference and
the tuning strategy for driving frequency were implemented by a microcontroller integrated with an A/D con-
verter and a voltage comparator as well as the signal attenuation and level tuning circuit. The experiment
demonstrates that the temperature effect corresponding to frequencies is at 9.75 Hz/°C shifting and the ex-
ternal loading reflected to frequencies is about 8.3 Hz/gm offset. The proposed circuit has the great perfor-
mance in rejecting the disturbances from external loading and thermal effect.
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1. INTRODUCTION

An ultrasonic vibrator comprises two piezoelectric
rings abutting against each other with two copper elec-
trodes. This vibrator could be assembled with metal
horns to gain larger vibrating amplitudes and to pro-
duce the specific deflection in longitudinal or trans-
verse direction, called as a bolt-clamped Langevin vi-
brator (BLT). Hence, the BLT vibrator has high me-
chanical quality factor (Q,,: detailed description in
equation 3), high strength and solidity, and low ther-
mal dissipation. Major ultrasonic applications of high
powers include cleaners, plastic welding, cutting, sew-
ing, wire bonding, precious stone perforators, medical
scalpels, and fish detectors or sonar.

However, the actuating frequency of an ultrasonic
BLT vibrator is usually near resonance based on vari-
ous equivalent models [1], but it is not constant. Being
influenced by operating conditions on external load-
ings or working temperatures, the optimal frequencies
have the shifting phenomena [2] resulting in resonant
failure. To overcome the drawback, several servo driv-
ing circuits and controllers were developed with volt-
age feedback [3] or phase-lock-loop (PLL) technique
[4]. Unfortunately, these complicated drive faced the
difficult implementation for the purpose of commer-
cial applications. Thus, we would like to introduce a
novel driver of frequency adapting for an ultrasonic vi-

115

brator with motional current feedback, instead of the
previous servo drive.

The optimal characteristic of electromechanical
conversion is nearby resonance f; for most kind of pi-
ezoelectric ceramics, where the maximum working
current is obviously obtained. Therefore, the maxi-
mum output power is also generated at electrome-
chanical resonance. In the past issues, the electric fea-
ture nearby resonant and anti-resonant frequencies
was measured by a HP 4194A gain/phase impedance
analyzer. The parameters of electrical components in
the equivalent circuit were used to estimate dynamic
electromechanical behaviors of a vibrator in frequency
domain. Then, the equations of resonant frequency f,
and anti-resonant frequency f,, based on a static
equivalent circuit, could be expressed as [5]:

1
= 1
4 2m L,.C., M

1

a = 2

S S CaC, /o G @

where C,, and L, represent the equivalent mechanical
compliance (1/k) and the equivalent mass of a vibra-
tor, respectively, and C, represents the damped capac-
itance. Also, k stands for the stiffness of a vibrator. The
minimum and maximum magnitudes of impedance
modulus of the BLT vibrator occur at the resonant fre-
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Fig. 1. Dynamic equivalent circuit of a vibrator [6].

quency and the anti-resonant frequency, respectively;
i.e., in the point of energy view, maximum and mini-
mum power output of the BLT vibrator is excited at the
resonant frequency and the anti-resonant frequency,
individually. Therefore, the function of quality factor
Q,, is the ratio of electromechanical transformation
and inversely proportional to internal energy loss R,,,,
calculated as

Qm _ (Der _ 1 (3)
Rm ermCm

where o, is the angular frequency of a vibrator at reso-
nance. Here, it is o, = 27f, (rad/sec). The resistance
R, represents the lump-sum loss of the mechanical
damping and the dielectric loss. Furthermore, param-
eters of equivalent circuit, including R,,,, L,,, C,,, Co, /-
and f,, are measured at a low voltage (1 V) using a
HP4194A impedance analyzer, and thus Q,, calculated
by equation (3). Through the measurement of electri-
cal feature, the vibrating amplitude and phase of BLT
vibrators could be predicted based upon the parameter
value of electrical components in an equivalent circuit.
It was also applied to pre-determine the performance
of BLT vibrators. Normally, resonant frequency f; is
major operating frequency for ultrasonic actuating
systems. Equivalent circuits are usually simulated and
experimented through electrical components for the
design purpose of a driving circuit and control to an
ultrasonic BLT vibrator.

Moreover, the dynamic equivalent circuit [6] could
be constructed based on the motional current and mi-
cro vibration measurement through optical fiber [2],
as shown in Fig. 1, where A represents the force factor,
1., denotes the motional current which is an excellent
sensing target [7—9], and Vis vibrating velocity of an
vibrator. The electrical parameters of C and R, repre-
sent dielectric loss and electrical energy loss in the
electrical side, respectively. Also, R, L,,, and C,, are
included in the mechanical side. Applying the measur-
ing results of motional currents and micro-vibration,
after also the calculation of the force factor A4, the out-
put power and efficiency in the mechanical side (right
hand side) could be derived from the electrical side
(left hand side) [10].

Thus, we expected that the mechanical output
power is the multiplication of vibrating velocities and
ended forces. Therefore, employing the measurement
system to obtain the motional currents /,, and me-
chanical vibrating amplitude, the force factor 4 oper-
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ating at high voltage or power could be computed as
equation (4),

1
= (4)
(ON%)

where o, is the angular frequency of a vibrator at reso-
nance, v, is the amplitude of mechanical vibration of
an vibrator. After calculating the force factor, the
equivalent parameters measured from an impedance
analyzer can be converted into the practical operating
parameters of the mechanical side via equation (5):

A=

Rmech = Rm"12 (Sa)

Lmech = LmA2 (Sb)
C

Cmech = :n; (SC)

where R .chs Lmecn> and Cpop are counted into the bulk
effect of force factor A as the real mechanical output
for a vibrator.

When the input driving frequency is closer to the
resonant frequency of a vibrator, the only R, is left,
due to the resonance, in the mechanical side of the
equivalent circuit. Thus, through the calculation
found in equation (6), the output force F of a vibrator
could be [11]

F,=VA. (6)

The direct and converse piezoelectric effect of an
ultrasonic vibrator should be considered as energy
conversion for a frequency drive with adapting func-
tion in this study, where an ultrasonic vibrator is the
perturbation source to generate ultrasonic vibration.
Based upon the detection of motional current where
there is phase difference compared to driving voltages,
the frequency adaptive drive is implemented and eval-
uated through experimental performance of external
loading disturbances and working temperature inter-
ferences.

2. EXAMPLES OF ELECTROMECHANICAL
COUPLING DESCRIBED BY MOTIONAL
CURRENT

In practical applications, the ultrasonic vibrator is
usually operated at 30 V,,, as a high power actuator.
Therefore, there are different features exhibited in the
HP analyzer measurement. For the characteristic
evaluation and control purpose, the vibrating velocity
and motional current are used as the feedback for a vi-
brator drive. By performing the integration of the vi-
brating velocity with time, the vibrating displacement
could be obtained, which was compared to micro-vi-
bration measurement through optical fiber detection.

Since the detection of motional currents is much
easier than that of vibrating velocities, the motional
current became the major measured parameter. Based
on the equivalent circuit, the motional current 7, (that
is, the current passing C,—R,—L,, components) is
proportional to the vibrating velocity of a vibrator. Al-

2013



FREQUENCY ADAPTIVE DRIVER FOR ULTRASONIC VIBRATORS

Motional current, A

25r 1«» Resonant
: shifting —— 15V

2.0F : o-25V

1.5F

1.0r

0.5F

ol B sy
1 1 1 | |
39.0 39.5 40.0 40.5 41.0

Frequency, kHz

Fig. 2. Shifting phenomena of resonant frequencies based
on motional current detection for a BLT vibrator.

so, the vibrating velocity was multiplied by end force to
calculate the mechanical output powers of a vibrator.
Thus, the vibrating velocities and displacements at the
end of a vibrator can be predicted through the mea-
surement of motional currents.

With high voltage input, the resonant frequency is
shifted for a vibrator. The input voltage has a great ef-
fect on the resonant frequency as shown in Fig. 2. The
resonant frequency is 39.9 kHz and 39.7 kHz driven at
15 Vand 45 V respectively. There is difference of 200 Hz
to drive the vibrator. The higher driving voltage has
lower resonant frequency for a vibrator. The accept-
able explanation is that the stiffness (k) of raw materi-
als of a vibrator is no more the key term of the natural

resonant frequency ®. (= m/k) while external voltage
input. The piezoelectric effect was controlled by elec-
trical field upon the mechanical stiffness to determine

the excited resonant frequency, w:, (= m/kp,7 ), where
kpzr stands for the electromechanical stiffness from
the piezoelectric effect, instead of the natural resonant
frequency ®,. In other words, if much higher voltage is
fed onto piezoelectric ceramics, the tough mechanical
feature will come out from the piezoelectric effect re-
sulting in the resonance frequency descent.

The piezoelectric ceramic has the special dynamic
feature, known as the hysteresis phenomenon [12].
The resonant frequency of a vibrator has a different lo-
cation based on driving frequencies going up or down
as shown in Fig. 3. When the driving frequency is sent
up, the resonant frequency is 39.70 kHz. Conversely,
the resonant frequency is lifted up to 39.78 kHz during
the back path of driving frequencies. There is 80 Hz
difference during a driven vibrator. We believe that res-
onance with the least impedance contains great cur-
rent through the piezoelectric materials and the cur-
rent can generate the large thermal effect and me-
chanical vibration. These facts cause the shifting of
resonant frequencies. Since the existence of mechani-
cal deformation and output power are dominated by
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Fig. 3. Hysteresis loop of an ultrasonic vibrator.

the converse piezoelectric effect, the largest deforma-
tion maybe reflect on thermal generation. The thermal
generation causes not only the resonant frequency
shifting, but also forms the existence of a hysteresis
loop. The hysteresis loop could be easily detected via
mechanical behaviors and motional currents.

3. CURRENT SENSOR FEATURE

Since the impedance of piezoelectric ceramics is
minimized at resonance, the motional current can be
an indicator as working status of an ultrasonic vibrator.
Especially, the thermal effect or external loading vari-
ation becomes the system disturbance so that the res-
onant frequency has offset amount. In this study, a
current transformer (CT) is used as a current sensor to
detect the motional current as a feedback signal.
Therefore, the phase difference between driving volt-
age and motional current could be monitored for
adapting the optimal driving frequency nearby reso-
nance. Through a core keeping all magnetic field and
assembling as one set of coils, thus, the sensing mag-
netic force lines are transformed into the output volt-
age V, as the feedback voltage (V,,) and I, as the

shoot-through current (A,,).

Usually, the linking coefficient K of an ideal CT
type current sensor is expected as 100% for the trans-
formation of voltage-current signals within ultrasonic
bandwidth. However, due to magnet exciting current,
magnetic leakage, ratio of magnetic permittivity and
so on, the practical K value was measured as Fig. 4a
shown. There is a linear zone from 100 Hz to 100 kHz
within K = 1.2 range. After the sensing voltage is cali-
brated by the proper converting ratio, the output volt-
age V, stands for the motional current of piezoelectric
ultrasonic actuation. Hence, according the frequency
feature of the CTL-6-P-Z type current sensor, it is
very suitable as the feedback transducer for the drive of
an ultrasonic vibrator. From Fig. 4b known, there is an
excellent linear feature of output voltage V, corre-
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Fig. 4. Characteristics of current sensor: (a) Frequency characteristic of feedback voltage V,, of a CTL-6-P-Z type current sensor,
and (b) Linear characteristic of feedback voltage V, versus shoot-through current /.

sponding to shoot-through /, for a CTL-6-P-Z cur-
rent sensor. Therefore, both important features, in-
cluding sensing error ratio (current sensing precision)
and phase difference ratio (wave form accuracy), are
always kept in a good quality during the motional cur-
rent feedback.

4. DRIVER DESCRIPTION

The drive consists of a EM78M611 microcontroller
integrated with a D/A converter (DAC10), a ICL8038
voltage controlled oscillator (VCO), a power amplifier,
an A/D converter (ADCO0820) and a current sensor, a
voltage comparator (LM393) and signal coupling
transformer as well as the signal attenuation and level
tuning circuit [13—15], as shown in Fig. 5. This fre-
quency adapting circuit applied a CT type sensor as
feedback to detect the motional current for an ultra-
sonic vibrator.

After signal conditioning supporting signal attenu-
ation and level shift circuit, the magnitude and phase
degree of working voltages and motional currents were
being processed by voltage comparators. Simulta-
neously, those instantaneous signals were fed into the
microprocessor through analog-to-digital converter
(ADCO0820). The microprocessor determined the de-
sired driving frequency and voltage based upon the
feedback current magnitude as well as the phase differ-
ence compared to sensing voltage. The exactly calcu-
lated result was transferred into a digital-to-analog
converter (DAC10) before the driving command sent
into the voltage-controlled oscillator (VCO). Finally,
the appropriate working frequencies and driving volt-
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ages were amplified by the power chip to actuate the
ultrasonic vibrator.

4. 1. Sensing circuit of signal attenuation and level
shifting for current detection

Figure 6 illustrates the loading resistor R; in series
connection with a semi-variable resistor as an adjust-
able signal circuit for one of output terminals of the
current sensor. Both resistors provide a tunable de-
scending voltage for transforming current signals to
proper voltage amplitude. Before voltage signals fed into
the circuit of an attenuator and a level shifter, the oper-
ational amplifier OP; (LF357) plays a differential am-

plifier to get a correct DC voltage level V., = Vof = Vi

at 2.5 V which is inverting output signals from the cur-
rent sensor.

4.2. Sensing circuit of signal attenuation and level
shifting for voltage detection

Before voltage signals sensing from the current se-
nor, a tuning circuit of signal attenuation and level
shift was needed for fed a better signal to the voltage
comparator within acceptable dynamic range, as
shown in Fig. 7. Here, the output terminal of the pow-
er amplifier, V,,, was connected to a coupling trans-
former T where the circuit loop was constructed with
the resistors R; and R,. Hence, the divided voltage is
representative for the attenuated signal before it is de-
livered to the operational amplifier OP, (LF357) with
voltage output V,,, as an impedance matched voltage
follower. Also, the voltage level shifter consists of an
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Fig. 5. Proposed driving circuit with motional current feedback for an ultrasonic vibrator.
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operational amplifier OP; (voltage output V), resis-
tors and a DC isolated capacitor.

4.3. Detailed tuning circuit of a voltage-controlled
oscillator (VCO) for driving frequency

Figure 8 displays a voltage-controlled oscillating
circuit which is broadly used to generate the desired
waveform under various frequencies. The voltage-
controlled chip (ICL8038) has the capability of wide
band frequencies through external resistors and capac-
itors for sinusoidal, square, or triangle wave genera-
tion. In most case of 0.01—300 kHz range, the distor-
tion ratio is less than 1% for sinusoidal wave output
and the frequency-shifting onto temperature is about
250 ppm/°C. Employing a voltage V; from D/A con-
verter (DAC10) as input signals, the inverted summing
operational amplifier OP, (Texas Instruments, model
OPO07) performed the output as

I/con = _(&I/l +&I/refj' (7)
3 R,

Because of the OP, output voltage from —2.42 to
—2.58 V, the ICL8038 chip generates the sinusoidal
wave from 37.8t0 39.8 kHz, i.e., each increment or dec-
rement in one of the D/A converter output where the
VCO would increase or reduce tuning less 2 kHz/step
onto the working frequency. After tuning to the proper
voltage level by the signal adjusting circuit OP5 (Na-
tional Semiconductor Inc., Model LF357), the driv-
ing voltage has the exact ultrasonic frequency fed into
the signal-coupling transformer 7, before driving the
ultrasonic vibrator.
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4.4. Brief algorithm in a microprocessor

The algorithmic concept for adapting frequency was
implemented via the EM78M611 microprocessor
based upon the signals of operating voltages and mo-
tional currents. The signals were detected by the current
sensor to determine their phase difference through volt-
age comparators. According to the gain/phase of im-
pedances, the phase degree is abruptly changed nearby
either resonant frequency f, or anti-resonant frequen-
cy f,. There is a strong mechanism in energy conver-
sion so that the sharp modification appeared in phase
degree. For example, the phase degree suddenly re-
versed from 90° to 65° at resonant frequency f, ex-
presses that strong electrical capacitance of a piezo-
electric vibrator is converted to electrical inductance
of materials instantaneously in order to perform the
task of electrical-mechanical conversion in energy.
Thus, the microprocessor adjusted the voltage magni-
tude of various frequencies as input power source; i.c.,
the operating parameters were based on the instanta-
neous phase status of feedback currents compared to
driving voltages for the working vibrator.

5. EXPERIMENTAL RESULTS AND
DISCUSSION

After the initializing EM78M611 microprocessor
at the specific driving frequency for the command of
sinusoidal signal to modify VCO output through a D/A
converter, the exactly desired frequency would be sent
to the power amplifier for driving the vibrator. To ac-
quire motional currents of a vibrator via a CT type sen-
sor as feedback and to compare the phase offsets
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Fig. 9. Experimental wave forms of voltage and current de-
tection: (a) Phase-lag case, (b) Phase-lead case, and (c)
Corrected phase case by the frequency adapting strategy
via the proposed drive.

among feedback currents and driving voltages through
voltage comparators, the phase lead or phase lag could
be evaluated by the micro-processor as shown in Fig. 9.

According the calculation of offsets for phase-lag
either phase-lead cases, the optimal strategy would be
produced to tune the output driving frequency of VCO
for maintaining the maximum feedback currents. For
example, Fig. 9a displays that the driving voltage V;
equals 30 V,, as first channel (Chl) acquiring and the
feedback current [ is at 481 mA,,; as second channel
(Ch2) gaining. However, there is obvious phase lag;
i.e., the calculating phase difference between ¥, and I
about —69.23° (~(—5 us/26 us) x 360°). It is capaci-
tance feature of vibrator’s equivalent circuit while
driving voltages lagged feedback currents in phase de-
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Fig. 10. Phase different based on the feedback of motional
currents responding to sensing voltages nearby the actuat-
ing frequency via adapting strategies of the proposed drive.

grees. Actually, the driving frequency (38.046 kHz) of
the power source is little less than the resonant fre-
quency (38.76 kHz) of the vibrator. Our tuning strate-
gy would be voltage frequency arising from 2 Hz to
50 Hz added to the working frequency of the vibrator,
depended on the feedback magnitude of motional cur-
rents. The D/A converter would receive the increment
(1to 25) from the EM78M611 microprocessor, result-
ing that the VCO chip sent higher driving frequencies
(from 2 to 50 Hz) as the compensated amount added
to working frequencies for vibrator operation [13].

For the phase-lead case as shown in Fig. 9b, the
similar tuning strategy was adopted for compensated
frequency shifting, except for reducing the amount of
driving frequencies from 2 to 50 Hz, but depended on
the critical magnitude of feedback currents. Figure 9¢
illustrates the well compensation in frequency shifting
of the driven vibrator. Through the proper frequency
tuning strategy based on the varied phase degrees, the
micro-processor was monitoring continuously the
working status of vibrators via the motional current
feedback. Hence, the driving circuit supplies the ap-
propriate driving frequency and electrical power for
optimal vibrator driven.

The acceptable response relative to the resolution
in the phase different detection of motional current
feedback is kept by the novel adaptive drive as shown in
Fig. 10. In either low or high actuating voltage, the
adaptive drive is always dynamically tracing the opti-
mal driving frequencies according to the actuating
voltage modified from the variation of external distur-
bances, rather than the fixed driving frequency. Dur-
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ing the zone of sharp slopes in phase difference, the
adaptive drive has demonstrated the excellent resolu-
tion in proper feedback of motional currents.

Figure 11 illustrates performance experiment for
the drive with frequency adapting circuit at various
driving voltages onto an ultrasonic vibrator. There is a
common tendency towards levitation in actuating fre-
quencies while more external loading, except for the
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ope 5 (6) =50 V.

driving voltage 50 V,, curve at 200 gm. The offset cal-
culated in arithmetical average for the influence of ex-
ternal loading on frequencies is about 8.3 Hz per gram.
The varied driving voltage interfered resonance in ac-
tuating frequency stronger than added external load-
ings as shown in Fig 11a. However, the drive demon-
strates the excellent robust to reject these disturbances
from external loadings, as shown in Fig. 12a. Due to
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the motional current feedback, the phase difference in
the driving resonant frequency is always keeping in the
acceptable range (referred to solid lines), compared to
without any feedback technique (referred to dash
lines).

Since the frequency-thermal-shifting feature of a
VCO ICL8038 chip was affected about 250 ppm/°C,
the temperature coefficient corresponding to frequen-
cies was about 9.75 Hz/°C for an ultrasonic vibrator
working at 39 kHz as assumed original resonant fre-
quency. Due to the contribution of adapting frequency
strategy, high working temperature should not obvi-
ously affect the shifting of working frequencies, espe-
cially in driving voltage 50 V,,, as shown in Fig. 11b.
Although the thermal energy causes the electrome-
chanical resonance in working frequencies going
down, the experiment proves that the motional cur-
rent feedback is an effective method for frequency
tracking or adapting task to a high-power ultrasonic
actuation, as shown in Fig. 12b. Therefore, the varia-
tion of driving frequencies, resulting from the thermal
effect, would be compensated by the feedback of mo-
tional current using the frequency adapting circuit.

6. CONCLUSIONS

The instantaneous operating status is detected by a
current sensor as feedback signals for the BLT vibrator
drive. The optimal status in current sensing stands for
an ultrasonic vibrator working in electromechanical
coupling to perform the maximum mechanical out-
put. After disturbance from external loading or tem-
perature effect, the actuating frequency for the ultra-
sonic vibrator would be shifted, as well as the phase-lag
or phase-lead case corresponding to frequencies could
be also corrected through the motional current detec-
tion and tuning strategies. The driving circuit consists
of a microprocessor, a voltage-controlled-oscillator
(VCO) chip, an A/D-D/A converter and related signal
conditioning circuits, where the motional current
feedback has been implemented as the frequency
adapting purpose. Each adapting signal, tuned by a
VCO chip, is sent to a power amplifier to drive the ul-
trasonic vibrator in maximum output power.
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Another advantage of the frequency adapting drive
for an ultrasonic vibrator is easily improved by series
connected with a resonant tank as a linear power am-
plifier. Thus, the improved frequency adapting drive
could be applied to the industrial application in larger
power consumptions, like ultrasonic clutches or ultra-
sonic assisted machining.
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