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Abstract: Ultrasonic actuators are used for a wide field of
applications. The vibration energy can be used to realize
many processes like ultrasonic welding or bonding.
Furthermore there are many processes which run more
efficient and faster combined with ultrasonic vibration
like ultrasonic-assisted turning or drilling. Piezoelectric
transducers are the main part of those applications. Most
of the applications have a time-variant load behavior and
need an amplitude feedback control to guarantee a stable
process. To ensure correct function tests of the feedback
control systems have to be done. In this case the pro-
cesses have to be executed in association with a high
number of cycles. To emulate the behavior of the envir-
onment the automotive and aerospace industries use
hardware in the loop systems since a long time but
there is no such a method for ultrasonic systems. This
paper presents a method to realize high dynamic load
emulation for different ultrasonic applications. Using a
piezoelectric transformer it is possible to reproduce load
curves by active damping on the secondary side of the
transformer using a current proportional digital feedback
circuit. A theoretical and experimental study of hardware
in the loop system for ultrasonic applications is given by
this paper. The present system allows testing a wide field
of feedback control algorithms with high flexibility and a
high number of cycles by utilization of low-cost compo-
nents. This proceeding decreases design periods in asso-
ciation with feedback control.
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Introduction

Piezoelectric transducers are driven in their resonance
due to energetic reasons. Most of the processes realized
or assisted by ultrasonic vibration have time-variant
load behavior like Ahmed et al. (2007) show using the
example of ultrasonic assisted turning. The time-variant
load behavior results in a dynamic resonance frequency
shift and an influence on the vibration amplitude. With
rising load the vibration amplitude decreases. To ensure
a stable amplitude and operation point a feedback con-
trol has to be used. The feedback control algorithms can
be tested using the real system or by realizing an
approach to emulate the process of interest. In case of
emulation the time-variant load behavior can be identi-
fied using measured current and voltage at the terminals
of the transducer. How to model a piezoelectric transdu-
cer including a load can be derived from Littmann
(2001).

The process emulation discussed in this paper is
realized using a piezoelectric transformer. The transfor-
mer consists of two against each other bolted piezoelec-
tric transducers. One of the transducers is driven in
resonance. The second transducer is used for time
specific damping. The design criteria and model for a
piezoelectric transformer are explained in detail by
Hemsel (2006) and Littmann (2004). The feedback control
used in this contribution is described by Twiefel et al.
(2008).

Model Description

Piezoelectric Transducer

A piezoelectric transducer can be modeled in electrical
equivalent form as shown in Figure 1. The circuit consists
of an oscillating circuit and a parallel capacitance. The
load resistance RL and the load capacitance CL are
inserted to describe an external force affecting the trans-
ducer. In a free oscillating system the load components
CL and RL are equal to zero.
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On the contrary a transducer influenced by a process
has in general time-variant load behavior. Thus the load
resistance and capacitance can change in time with a high
dynamic. The behavior in frequency domain for steady state
conditions can be derived from Figure 2. The resonance
peak of a piezoelectric transducer decreases with a growing
value of the resistive load RL. A load capacitance has an
influence on the resonance frequency of the system. A
rising load capacitance leads to a frequency shift to a higher
resonance and vice versa. To keep driving the transducer in
its resonance the implemented resonance feedback control
has to be faster than the load dynamic. The curves in Figure
2 are normalized to the eigenfrequency and the maximum
of the admittance curve of the unloaded system.

The circuit shown in Figure 1 is characterized by
eq. [1]. For a free oscillating system the terms consisting
RL and CL disappear. Typical equivalent electrical para-
meters are listed in Table 1 as introduced by Littmann,
Hemsel, and Wallaschek (2004):

Ye ¼ 1
jωLm þ Rm þ 1

jωCm
þ 1

jωCL
þ RL

þ jωCp ½1�

Piezoelectric Transformer

Figure 3 shows the structure of the used piezoelectric
transformer. The transformation done by the horn between
the both piezoelectric transducers is 1:1, but can be freely
selected to achieve a desired behavior. The equivalent
electrical circuit is shown in Figure 4. The transducers

Figure 1: Equivalent electrical model of a piezoelectric transducer.

Figure 2: Frequency responses of a piezoelectric transducer with
resistive loads.

Figure 3: High power piezoelectric transformer.

Table 1: Typical equivalent electrical parameters of an ultrasonic
transducer (Littmann, Hemsel, and Wallaschek 2004).

Parameter Value

Rm . Ω
Lm  mH
Cm  pF
Cp . nF

Figure 4: Equivalent electrical model of a piezoelectric transformer
(a) open terminals (b) with load resistance.
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are designed for longitudinal vibration as same as the
horn where the first longitudinal mode of the both trans-
ducers is equal to the first longitudinal mode of the horn.
The whole system can be considered as a continuum with
three nodes and free oscillating ends.

It consists of two parallel capacitances and a series
resonant circuit composed of a resistance Rm, a capacitance
Cm and an inductance Lm. The input voltage Vi drives the
transformer in resonance. In regard to the open terminals
the load is the secondary capacitance Cp,2. In case of short-
circuited terminals, the resistance RL is equal to zero, the
current im is equal to the current iL. Thus the piezoelectric
transformer behaves like an unloaded transducer in case of
short-circuited terminals. By increasing the load on the
secondary side the system becomes more damped till a
certain value. The system damping decreases at further
increase of the resistive load due to the secondary parallel
capacitance. A resonance frequency shift occurs through
the influence of the secondary parallel capacitance.

The equivalent electrical circuit of a piezoelectric
transformer shown in Figure 4 is described by eq. [2].
This equation includes the load behavior of a passive
resistive load:

Ye ¼ 1

jωLm þ Rm þ 1
jωCm

þ RL
jωCpRLþ1

þ jωCp ½2�

In eq. [1] the secondary parallel capacitance Cp,2 is
assumed to be equal to the capacitance Cp,1 belonging
to the driven ceramics of the transformer. A piezoelectric
transformer is explained in detail by Littmann et al.

Behavior of a Piezoelectric Transformer with
Passive and Active Load

Frequency responses with varied passive load are shown
in Figure 5 to demonstrate the influence of a rising resis-
tive load. The plotted curves are calculated using eq. [2]
and are normalized to the eigenfrequency and the max-
imum admittance of the unloaded system.

The parameters used for Figure 5 are derived from a
frequency response measurement of a piezoelectric trans-
former with an eigenfrequency near to 20 kHz. From
Figure 5 one can see the influence of the resistive load
and the secondary parallel capacitance. If RL is equal to
zero, the terminals on the right side are short circuited
and there is no influence by the capacitive load Cp,2.
Increasing of the resistance value leads to a higher sys-
tem damping and a resonance frequency shift in direction
of the antiresonance. Thus the influence of the parallel

capacitance Cp,2 rises with rising resistive load RL. In case
of open terminals the load is solely described by the
parallel capacitance, which is connected in series to the
capacitance Cm of the oscillating circuit. Hence the reso-
nance frequency is shifted in antiresonance of the short
circuited system. In this case there is no resistive load
and the magnitude of the system admittance is equal to
an unloaded piezoelectric transducer. However, the pas-
sive load has to be changed with a high dynamic to
realize the emulation of a certain process. Using passive
resistances one can switch between several loads, which
leads to undesired switching behavior during switching
event. Due to the fact that piezoelectric ceramics exhibit
capacitive characteristics current peaks occur and disturb
the load emulation. Thus another way has to be found to
realize continuous, high dynamic process emulation for
high-power systems. This can be done by replacement of
the passive through an active load.

Figure 6 shows the simplified principle of the active
load emulation using the Ohm’s law. A voltage source
replaces the passive resistance in Figure 4(b). The load

Figure 5: Frequency responses of a piezoelectric transformer with
resistive loads.

Figure 6: Principle of the active damping using a piezoelectric
transformer.
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current iL can be measured to regulate the voltage VL to
be proportional to the current. This approach produces a
continuous, high dynamic load with no undesired switch-
ing characteristics using low-cost components.

Hardware and Experimental Setup

The experimental setup includes two audio amplifiers in
parallel connection which deliver a maximum power of
4,000 W each and produce a voltage up to 200 V. These
low-cost audio amplifiers have a relatively high band-
width and are suitable for the application described in
this paper. There is one disadvantage. Many ultrasonic
applications need voltages in the range of several kilo-
volts. For these applications a modification has to be
done shown in Figure 7. To achieve higher voltages an
electric transformer is inserted between the load emulat-
ing amplifier and the piezoelectric transformer. To mini-
mize the desired voltage for different load curves, it is
also possible to realize the transformation using a horn
which creates an amplitude transformation like a usual
piezoelectric transformer.

In this case, there is no need of an electrical trans-
former. The disadvantage is the higher complexity of the
horn.

Functional block diagram of the load emulation sys-
tem is shown in Figure 8. The primary side of the piezo-
electric transformer is driven by a phase locked loop
system with integrated phase and current feedback control
which is developed by the Institute of Dynamics and
Vibration Research. The secondary side of the piezoelectric
transformer is connected to the secondary power amplify-
ing stage which consists of two amplifiers of the same style
like the driving amplifier. An electrical transformer steps
up the amplifier output voltage to the desired stage. The
implemented filter generates a load current proportional
voltage. A dSpace system is used in the setup to control
the magnitude of the filter output voltage. A functional

overview of the filter system can be derived from Figure 9.
To get the velocity proportional driving current signal of
the fundamental harmonic a bandpass filter is used. This
prevents a damping of an overtone instead of the desired
frequency. The comparator generates an output signal
with the desired phase shift of 180°. The output is filtered
again to get a sine wave characteristic at the input of the
amplifying stage. Using an root mean square (RMS) detec-
tor the output magnitude is controlled through a control
voltage which is proportional to the output.

Experimental Results

A frequency response measurement is shown in
Figure 10. The system behavior is the same as expected
and shown in Figure 5. The measurements were gener-
ated using constant emulated loads. The magnitude of
the admittance decreases with a rising load. The reso-
nance frequency shifts in the direction of the antireso-
nance due to the influence of the secondary parallel
capacitance Cp,2. Furthermore, calculated frequency
responses for passive loads of the same size like the
emulated are shown in Figure 10. The measurements
and calculations are in good agreement.

Figure 7: Modified load emulation system with an electric
transformer.

Figure 8: Functional block diagram of used experimental setup.

Figure 9: Functional overview of the filter system (Mojrzisch and
Twiefel, 2013).
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As Figure 10 shows, the process emulation system can
generate constant resistive loads. However, the aim of the
presented system is to emulate high dynamic, continuous
processes.

Figure 11 shows such a process. The curve of the
resistive load is stored inside the load control system
and changes with a frequency of several kilohertz. The
driving current on the primary side of the transformer
decreases with rising load. The inverse load behavior
one can see within the driving current. Figure 11 shows
the desired load emulation behavior.

Here, the driving current is normalized to its max-
imum and the ratio between the emulated and internal
resistance is used to show the high dynamics of the
stored load curve.

Conclusion

A high dynamic, flexible load emulation system is pre-
sented by this paper. The present system allows tests of a
wide field of feedback control algorithms. This decreases
design periods of feedback-controlled driving systems for
ultrasonic actuators. Long-term tests with a high number
of cycles by utilization of low-cost components are pos-
sible. The high-power load emulation system solely con-
sists of low-cost audio amplifiers and load controlling
electronics. The load can be continuously changed by
the presented system without undesired switching char-
acteristics with a frequency up to 10 kHz. The design is
done for high-power applications up to 2 kW and a
voltage stage of up to 2 kV, but it also can be used for
low-power applications.
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Figure 10: Admittance of the driven transducer with emulated resis-
tive loads.

Figure 11: Driving current behavior using a resistive load curve.
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