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Abstract

This thesis discusses the usability of current measurement in controlling and monitoring

piezoelectric actuators. Current measurement contains information about the actuator and its

environment. This work presents methods for utilizing the information in several control

applications used in microrobotics, such as displacement control and external force

estimation. The importance of current measurement is also discussed in context with

piezoactuator -related problems, such as self-heating.

After an introduction to the topic, an electromechanical model of a piezoelectric actuator is

presented. The model summarizes the different effects and inputs that affect the output of

piezoelectric actuators. The model is later utilized as basis for the development of more

specialized models for several control applications.

This thesis presents several control schemes which utilize current measurement in

displacement control. The control methods utilize inverse actuator models to estimate the

current required for the actuator to move as desired. The experiment results are very good:

hysteresis is less than 2% and drift about 1% of the motion range.

Force estimation without the use of force sensors is accomplished with an actuator model

that approximates the present external force by combining information about the current,

voltage and displacement. The measured displacement can be simultaneously utilized in

feedback control, thus enabling precise microrobotic operations. The accuracy of the

estimated force is within 10% of the force range, with an average inaccuracy of about 3%.

Current measurement can be used to estimate the self-heating of periodically actuated

piezoactuators. Peak-to-peak current increases concurrently with increasing temperature.

Experiments show that the current increase is 0.5% per one degree increase in actuator

temperature. In addition, a compensation method is presented for the displacement changes

induced by self-heating. The displacement error of the heated actuator is reduced to an

average of one third when the proposed compensation is used.

This thesis discusses current measurement as a part of a self-diagnostic system. Current

measurement has potential in diagnosing faults and monitoring the condition of

piezoelectric actuators.
i



ii
The experimental results achieved with several control applications indicate that the

proposed electromechanical actuator model is feasible. Moreover, the results reveal that

current measurement provides valuable information that can be utilized in displacement

control, and force and self-heating estimation, among others. Consequently, the information

obtained by current measurement can often be used to replace a sensor, thus decreasing the

complexity of the system.
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1. Introduction

Piezoelectric actuators are one of the most important actuators in microrobotics. Their

favourable properties include high resolution and speed. The active actuator material

enables simple actuator structures that can be easily miniaturized. Piezoactuators suffer

from high hysteresis and drift, and their output is influenced by temperature and load,

among other factors. These deficits cause additional effort to be put on the control issues

of these actuators. As will be introduced in the following section, these actuators also

work as sensors. Typically, however, this function has not been utilized in control

applications. The approach in this work is more to utilize the information that the actuator

can provide. In practice, this means focusing not only on the actuator input voltage but

also including input current into consideration in the control schemes.

The goal of this work is to study how an actuator’s current measurement can be utilized

in control applications. The control applications on which this work concentrates are the

displacement control and force and self-heating estimation. To achieve the goal, an

actuator model consisting of all the inputs that affect the output of the actuator is created.

This actuator model is then utilized in individual control applications to verify the model.

This chapter provides background on the topic; piezoelectricity in Section 1.1 and

different actuators in Section 1.2. Section 1.3 presents displacement control methods,

Section 1.4 introduces force control, and Section 1.5 discusses the self-heating of

piezoelectric actuators. Section 1.6 presents the organisation of the thesis, and Section 1.7

the contribution of the thesis.

1.1 Piezoelectricity

Pierre and Jacques Curie discovered the piezoelectric effect in 1880. Pierre Curie had

previously studied the relations of pyroelectricity and crystal symmetry, and this must

have been the driving force to seek electrification from pressure. The brothers also had an

understanding of the direction in which pressure should be applied and applicable crystal

classes. Hankel proposed the name ‘piezoelectricity’ where the prefix ‘piezo-’ is derived

from the Greek word for ‘press’. In the following year, Lippmann predicted the existence

of the inverse piezoelectric effect from thermodynamic considerations, and the Curies

verified this before the end of 1881 [31].
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Piezoelectric actuators are based on the inverse piezoelectric effect. Direct piezoelectric

effect occurs when pressure is applied to a piezoelectric material, resulting in a voltage

between the crystal surfaces. In inverse piezoelectric effect, voltage is applied to an

asymmetrical crystal lattice, causing the material to deform in a certain direction [18].

The piezoelectric effect requires crystal asymmetry, which causes an electric dipole to the

crystal. The electric dipole can be affected by applying stress on the material, which then

causes a change in the dipole moment (direct piezoelectric effect) or by straining the

dipole by applying electric field over the crystal faces (inverse piezoelectric effect). Even

though individual crystals have electric dipoles, no net effect occurs in the material on a

macroscopic scale before the material is poled, because the neighboring dipoles cancel

each other. This is due to the random orientation of the dipoles. During the poling process,

ceramics are heated above the so-called Curie temperature, where the central ion causing

the asymmetricity moves to the centre so that the crystal becomes symmetric. The

material is then cooled under an electric field causing asymmetricity to occur in the same

direction. After this, the material has a certain net dipole over the whole piece in the

desired direction.

Hysteresis and Drift

After poling, the net dipole exists over the whole piece, the material has still many regions

with different dipole directions, called ferroelectric domains, while the regions between

different domains are called domain walls. When the material is subjected to an increasing

electric field, polarization of domains with unfavourable dipole direction starts to switch

to the closest possible direction parallel to the direction of the applied field. This leads to

moving and switching of domain walls. Since domain wall switching spreads as the field

increases, larger regions participate in generating material strain in larger fields. This

leads to a larger relative movement, or in other words, Δd/ΔV increases at higher voltages,

which can be seen in Figure 1.1 in the shift between point A and B. As the field starts to

decrease, a smaller or even opposite field is required to switch the domain walls back.

This can be seen in Figure 1.1 from point B to point C. As a consequence of the domain

wall switching, hysteresis occurs. Note that with higher electric fields than presented in

the figure, all the domains are aligned and the material response is more linear. This

region, however, is not typically utilized in actuators. Using high electric fields can cause

undesired results, such as 180° polarization switching with an electric field opposite to

poling direction and dielectric breakdown. Furthermore, the relative movement is smaller

at the high field region. The switching is not only affected by the electric field, but also

the time. A smaller field over a longer time period causes switching of the polarization

and resulting as strain. This can be seen as a drift on a macroscopic level [15].
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Figure 1.1. Typical hysteresis of piezoelectric actuators.

Sensors and Power Harvesting

Applications, where direct piezoelectric effect is utilized, are different sensor [69] and

power harvesting [65] applications. Note, however, that some sensors, such as different

resonators [5], are based on mechanical motion, and thus, utilize inverse piezoelectric

effect.

1.2 Piezoelectric Actuators

This section presents different piezoelectric actuator principles. They include stacks,

benders, and various motors [56]. A stack contains a pile of piezoceramic layers and

electrodes, thus increasing the maximum displacement. The properties of a stack resemble

most on the actual material: high force (proportional to area, in MPa range) and speed

(kHz), very good resolution (nm), and small displacement (0.1-0.2%). Benders have

mechanical motion amplification, where two piezoceramic layers are attached with

opposing polarisation. Thus, the first layer expands while the other shrinks under voltage

excitation. This causes the structure to bend, and the overall motion on the actuator tip is

greater than the strain of the ceramics. The result, aside from greater motion, is smaller

force and lower resonance frequency.

To overcome the small motion range, various piezoelectric motors have been developed.

The general idea in the motors is to add small microscopic motions into a larger motion.

They include ultrasonic motors [54], impact [28] and “stick and slip” [8] drives, and

inchworm motors [24].
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1.3 Displacement Control

Piezoelectric actuators are widely used in applications requiring high resolution and

accuracy. Their favourable dynamic properties extend the application areas into high-

speed areas such as vibration control. However, large hysteresis, drift, self-heating, and

load effects decrease the open-loop positioning accuracy. If a high accuracy is required,

these non-linearities have to be compensated for. The compensation is usually

accomplished by means of four control principles: feedforward voltage control, where

non-linear models are typically used [12], [14], [25]; feedback voltage control, where

various displacement sensors are used  [10], [27], [35], [38], [41], [44]; feedforward

charge control, where the operating current is controlled [55], and feedback charge

control, where charge is measured and controlled  [13], [23], [58]. These different control

principles are presented in Figure 1.2 and are introduced in the following sections.

Figure 1.2. Displacement control principles. The focus of this work is feedforward charge 

control.

Piezoelectric actuators are commonly controlled by using voltage as an input signal. The

greatest difference between the voltage and charge control approaches can be seen in

hysteresis and drift; the displacement with respect to voltage contains hysteresis, while the

displacement with respect to charge is quite linear (with an assumption that the electric

field is small enough that it does not result 180° domain wall switching). The reason for

this is that the hysteresis between the electric field and the strain results from the

hysteresis between electric field and polarization, whereas the relationship between

polarization and strain is nonhysteretic [15]. Polarization (charge/area), on the other hand,

is proportional to charge. In practice, however, some hysteresis still exists in charge

control approaches, although reduced to at least one fifth of the original [13], [23], [58].

The disadvantages include the need for additional electric circuits and, thus, the increased

complexity of the control hardware.

1.3.1 Feedforward Voltage Control

Feedforward voltage control scheme contains an actuator model [12], [14], [19], [25],

[40]. The model can be either a direct or an inverse model. Their usage differs by model

type, Figure 1.3. The direct actuator model is used to obtain feedback for the controller,

while the inverse actuator model estimates the input for the desired output to be obtained.

The benefit of the feedforward voltage control is the low hardware complexity of the

Displacement Control of Piezoelectric Actuator

Charge control

Feedforward control Feedback controlFeedforward control Feedback control

Voltage control
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system, since sensors or complicated driving circuits are not required. A drawback is a

highly complicated actuator model, if all non-linearities would be included, such as

hysteresis, drift, load, and temperature effects. Hysteresis is typically modelled using

Preisach model and its many variations [19], [29], [66].

Figure 1.3. Model-based control principles (a) with actuator model and (b) with inverse 

actuator model.

1.3.2 Feedback Voltage Control

Feedback voltage control utilizes various sensors to measure the output of the actuator.

Typically a PI- or PID-controller is used. Various sensors have been used to measure the

response of piezoactuators, including linear variable differential transformer (LVDT)

[10], capacitive sensor [41], Hall sensor [35], laser sensor [27], strain gauges [44], and

piezoceramics [38].

1.3.3 Feedforward Charge Control

Charge control circuits can be divided into two groups: feedback and feedforward circuits.

Current drives utilize feedforward control. A charge can be obtained by integrating a

known current over a period of time. Constant current has been used over a variable period

of time in [55] to obtain a certain displacement of a piezoelectric actuator but without

taking into account any power losses. A couple of current amplifiers have been published:

an amplifier that can be modified to be used either as a current or charge amplifier is

presented in [21] and a commercial current driver is presented in [16].

1.3.4 Feedback Charge Control

In feedback charge control, the charge is measured and used for feedback control. The

charge measurement can be accomplished by two methods: The first, and more common

method, utilizes a capacitor in series with a piezoelectric actuator, as presented in [7],

[13], [21], [58] and [76]. This is quite a simple solution, but the voltage over the serial

capacitor is not directly proportional to the charge of the actuator. This setup is known as

Sawyer-Tower circuit [63]. In another method, the voltage of subsidiary electrodes is

measured and used in the feedback [23]. The electrodes are additional layers of the

actuator, to which a charge proportional to the internal charge is induced. 
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A charge control model combining actuator, mechanics and charge control is presented in

[2]. This model is intended for model based controller design.

Most of the charge control applications have been created utilizing Sawyer-Tower circuit

and its modifications, and both inverting  [76] and non-inverting [7] amplifier approaches

exist. To overcome possible stability problems at low frequency, often a resistor is added

parallel to the capacitor [7], [22], [76]. Thus, the control acts as a voltage control at low

frequency losing its hysteresis reduction capability. Some small modification to the

Sawyer-Tower approach exists, such as utilization of a current mirror to obtain the same

charge to the actuator as to a reference capacitor [22] and a switching charge amplifier to

regain the charge from the actuator and later to re-use it [47].

Self-sensing is one area very close to charge control, since there the focus is often to

measure the charge and use it for e.g. force estimation or vibration suppression. Some

vibration suppress approaches could perhaps be considered belonging to charge control

group, since charge is measured and utilized in motion control. However, since the

disturbances, such as force acting on the actuator, originate from an outside source, unlike

the intrinsic hysteresis that this section focuses, these methods will be discussed more in

the following section. A review of vibration suppression methods is presented in  [53]

presenting many different electrical circuits to measure charge.

1.4 Force Control

Micromanipulation techniques are widely used in research of several fields. Common to

the majority of the cases is the required operator. For the micromanipulation techniques

to be exploited in high volumes in areas such as industrial and biological applications, the

role of the operator should be reduced to a minimum. This can be achieved by increasing

the automation level  [34]. 

Previously, the research has focused on the development of microrobots, -manipulators

and tools. This has led to a situation where the performance of the devices and tools would

support fully automated systems, but the knowledge about the target itself is inadequate.

Therefore, the research trend has recently shifted towards techniques that gather more

knowledge about the objects to be manipulated and about the operating environment.

These techniques include machine vision and various sensor developments such as force

sensors. These are not competitive techniques but rather complimentary.

Contact sensing is one of the most important actions; for example, in pick and place, for

an operational point of view. The most generic method to sense this event is the

application of force sensors. Many other methods are based on certain target properties

such as conductivity. Further, in biological applications such as in manipulation tasks

related to cell cultivation and microdissection of tissues, force and contact sensing are
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required to enable full automation as well as to gather information on the mechanical

properties of the target.

There are various methods to measure forces; many of the most suitable methods for

micromanipulation are listed in review articles such as [17] and [46]. These methods

include strain gauges; use of piezoresistive, piezoelectric and piezomagnetic effects;

capacitive sensors; and optical sensors  [17],  [46]. Perhaps the most convenient of these

methods are the ones based on the piezoelectric effect, since they enable simultaneous

sensing and actuation, simplifying the mechanisms and enabling further miniaturizing of

the system as compared to a setup with a separate actuator and force sensor. Rest of the

section presents different approaches to measure forces and vibrations using piezoelectric

actuators. First, couple of methods are introduced that do not utilize charge. After this,

approaches utilizing charge are presented with some examples. The division there is based

on the applications, which include vibration suppression and external force estimation.

Simultaneous sensing and actuation using piezoelectric materials is not as rare as one

could imagine; the mass quartz balance is perhaps the best example of this. The mass

quartz balance is vibrating, and a shift in the resonance amplitude is measured that is

proportional to the measured mass. Other examples can be found, where piezoceramics is

actuated by AC voltage for sensing purposes, such as  [73] and  [42]. This sensing method

gives good results when masses or other mechanical properties of objects are needed to

be measured. This method cannot be utilized for a more general use in microrobotics,

since it requires a certain motion to be generated for the measurement. In microrobotics,

the motion trajectories cannot be specified in advance, and they can have some static

positions as well.

A force control approach is proposed in [1], where a sliding-mode-based force control

method is presented; it is based on a non-linear electromechanical model of the actuator

and a displacement measurement using strain gauges. Force is estimated using the

actuator input voltage, the output displacement, and the non-linear actuator model. The

difference between the model output and the real displacement is used to approximate the

external force. The obtained results are relatively good, but as this paper points out, any

inaccuracy in the model will cause errors in the force estimation.

Utilizing charge to estimate and suppress external disturbances, such as force or structural

vibration, is referred as self sensing [53]. First, vibration suppression is introduced. This

can be divided into two groups: (i) plain vibration suppression, where no other

movements is desired [48], [70]; and (ii) vibration suppression with other movements

[33], [64]. Often a capacitance bridge, similar to the Wheatstone bridge, is used when

other movements are desired [33], [64]. Also here, resistors are added parallel to

capacitors to overcome the dc-drift. Thus, the bridge measures only voltage at lower

frequencies. The bridge is sensitive to capacitance variation that occurs in the actuator and
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attempts to reduce this problem are such as additional capacitors to the bridge [64] and

using similar actuator as a counter capacitor [33]. 

The approaches to measure actual external force can also be divided into two similar

groups as before: (i) without other movement [39] and (ii) with other movements [19],

[68], [72]. An example of application, where no other motion is required, is a tactile

sensor. An array of these was constructed using piezoelectric polymer (polyvinylidene

fluoride - PVDF) matrix and metal-oxide-semiconductor field-effect-transistor

(MOSFET) amplifier arrangement. One polymer surface was grounded, while the other

was directly connected to the MOSFET gate. Due the stability issues, the polymers were

pre-charged with bias voltage before the measurement. The response was quite linear over

the measurement range with some hysteresis present [39].

To enable force control of a gripper consisting of a piezoelectric bender, a self sensing

approach was created by using serial capacitance with a parallel resistor [68]. The

obtained force was quite close to the desired force, however, numerical values of the

accuracy was missing. For a micromanipulation tasks, the drawback of this setup is the

lack of displacement control.

A system to measure torque acting on a piezoelectric motor was introduced in [72]. The

torque leads to a phase difference between the input voltage and the resulting charge. This

phase difference is analysed and used to determine the motor torque. Typical error of 5%

was reported while the error increased with higher torques.

An elegant force estimation scheme is presented in [19]. There an adaptive filter is used

to approximate the actuator capacitance, thus enabling separation of the charge induced

by external force and the charge caused by control voltage without capacitance bridge.

However, the method how actuator charge is actually measured remains unclear. The

estimation method shows quite good linearity and accuracy [20] and is utilized in force

control of a microgripper.

1.5 Self-Heating

Driving piezoelectric actuators with fast periodic control signals causes intrinsic heat

generation in the piezoelectric elements. The increased temperature causes inaccuracy in

the operation of the piezoelectric actuators due to heat expansion and variation of the

characteristics of the element as a function of the temperature; and it can even cause

destruction of the element itself.

When a piezoelectric actuator is under a varying electric field, the actuator heats until a

steady-state is reached. In the steady-state, the heat generation and radiation are at the

same level [43], [67], [71], [75].
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Issues influencing self-heating include the frequency and amplitude of the driving

voltage, the size-or, more specifically, the volume-area ratio of the actuator, the actuator

material itself, and the used frequency with respect to resonance frequency.

It is suggested that dielectric losses are the main reason for self-heating [6], [43], [71],

[74],  [75]. The heat generation appears to be proportional to the driving frequency and to

the square of the amplitude of the driving voltage [43], [75]. Since the actuator produces

heat in the entire volume and dissipates it through the surface area, it seems quite obvious

that the heat generation is proportional to the volume/area of the actuator [71]. The

mechanical quality factor (reciprocal of internal friction) of the piezoelectric material

affects the amount of self heating, and besides this, the Curie temperature limits the

allowable highest temperatures. These vary between different materials and for high

power and temperature applications, the material should be carefully chosen [77].

Heat generation increases rapidly when frequency approaches resonance frequency, this

is caused by the increase of mechanical losses [45]. Although losses increase, the

maximum efficiency can be expected at the resonance frequency [11]. However, slightly

higher mechanical quality factor values than at the resonance frequency can be found at

electrical antiresonance, where the actuator impedance increases rapidly [71].

Antiresonance frequencies locate in the proximity of resonance frequencies [61].

Some piezoelectric materials exhibit other effects very closely related to piezoelectricity

such as pyroelectric effect. The typical actuator material PZT is one of them. As the name

pyroelectric refers, "pyro-" derived from Greek words meaning "fire", it occurs as the

change of polarization charges with temperature. Pyroelectricity can be divided into

primary and secondary pyroelectric polarization. The first of which is observed with a

clamped crystal, while the latter refers to a chain of events; change of temperature causes

thermal expansion which leads to polarization through piezoelectric effect [9]. The effect

of temperature on the polarization switching rate was observed in [52]. Therefore, it

would indicate that the pyroelectricity is related to enhancement of the polarization

switching with the increased temperature.

Therefore, it does not come as a surprise that temperature influences the output of

piezoelectric actuators [79]. The outside temperature is rather simple to measure, but

intrinsic heat generation requires a sensor attached to the actuator. In some applications,

this might be difficult to accomplish.

Besides pyroelectricity, change in conductance with a temperature change influences the

actuator current. At temperatures below the Curie temperature, influence of

pyroelectricity appears to be larger than the effect of increased conductance [37].
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1.6 Organization of the Thesis

This thesis is organised as follows: Chapter 1 introduces the topic. Chapter 2 presents the

used methods and devices. After these, an electromechanical model of piezoelectric

actuators is created in Chapter 3. This is then utilized in different control applications,

including displacement control in Chapter 4 and external force estimation in Chapter 5.

Utilization of current measurement in self-heating is discussed in Chapter 6. Chapter 7

introduces other possible control applications for current measurement. Chapter 8

concludes the thesis.

1.7 Contributions of the Thesis

The contributions of the thesis are the following. 

1. Show the value of current measurement in control and monitoring of piezoactuators,

having the capability to replace one sensor in many cases.

2. A new electromechanical model for piezoelectric actuators is developed, combining

different inputs and phenomena that affect the output of the actuator.

3. Two novel displacement control methods are developed utilizing the current

measurement, including temperature compensation for one of the methods. 

4. A novel external force estimation method is presented that does not use force sensors.

The method enables simultaneous position feedback control. 

5. A new method is presented for the estimation of a self-heating state by current

measurement.

6. A novel compensation method to decrease the effects of self-heating on displacement

is developed.

7. New ideas to utilize current measurement in fault diagnostics and in condition

monitoring are proposed.



2. Methods

This chapter introduces methods utilized in the experiments described in Chapters 4 to 6.

These include modelling methods, control methods, control software and devices, tools,

and actuators. Section 2.1 presents the modelling methods used such as grey-box and

neural networks. Section 2.2 introduces feedforward and feedback control methods,

Section 2.3 presents the used software, and Section 2.4 describes the devices, tools, and

actuators.

2.1 Modelling Methods

This section presents briefly the modelling methods used in the following chapters and in

the papers that are part of the thesis. These include grey-box and neural network models. 

2.1.1 Grey-Box

Grey-box models are utilized in models when part of the physical phenomenon is quite

well understood. Thus, this known phenomenon is introduced into the model when - more

complicated and less understood relations are modelled with experimental models such as

with neural networks. A good example of the physical phenomenon utilized in actuator

models is the Ohm’s Law. When the actuator is held stationary, the required control

current can be modelled with Ohm’s Law to estimate the leakage current occurring in the

actuator. This is utilized in several models in Chapter 4 and in Papers I-III.

2.1.2 Neural Networks

Neural networks are utilized in several actuator models in Chapters 4 and 5, and in Papers

II and IV. Multilayer perceptron networks have the capacity to model non-linear

phenomena and powerful software tools to create, train, and simulate these models are

available. The used network is the feedforward type, and the training function is

Levenberg-Marquardt backpropagation [50]. All networks used are two-layer networks;

the number of neurons at the first layer is two in Chapter 4, Paper II, and 10 in Chapter 5,

Paper IV.
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2.2 Control Methods

This section introduces control methods used in the experiments presented in Chapters 4

to 6 and in all Papers. The developed control methods are the feedforward type of control

but require feedback control in some supporting functions such as in current driver or in

position control.

2.2.1 Feedforward Control

This section presents the model-based feedforward control method utilized in the

experiments. Figure 2.1 presents a block diagram of the feedforward control principle

utilizing an inverse process model. The inverse process model has a setpoint as an input

and generates an input for the actual process to obtain the desired output value. This

approach is utilized in the displacement control in Chapter 4 and in self-heating

temperature compensation in Section 6.3.; the difference is that some other process

information is also provided for the model input, including actuator voltage in Chapter 4

and current in Section 6.3.

Figure 2.1. Feedforward control principle utilizing inverse process model.

The force and self-heating temperature estimation methods presented in Chapter 5 and in

Section 6.1 have a structure as presented in Figure 2.2. The estimates can be utilized

further in a model-based control. In Chapter 5, the process information is actuator current

and voltage, and position. In Section 6.1, the process information is actuator current.

Figure 2.2. Block diagram of process estimation methods.

2.2.2 Feedback Control

This section presents a feedback control method utilized in the experiments. Although the

actual target of this work is to develop new feedforward control methods, the feedback

controller is required to enable certain functions such as a current drive in displacement
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control in Chapter 4 and a simultaneous displacement control in force estimation in

Chapter 5. The control principle is presented in Figure 2.3.

Figure 2.3. Feedback control principle.

2.3 Software

This section introduces software used in the experiments presented in Chapter 4 to 6.

These include DOS software, a real-time Linux software, and an XPc target from Matlab.

2.3.1 DOS Software

DOS software is used in the experiments presented in Section 4.3.1, in Section 4.3.3, and

in Papers I and III. It is control software with a built-in PID controller running at 250 Hz.

The software reads the desired control value from the file, and has two measurement

channels and one output channel. All the signals are recorded into a file. The software was

developed by the Micro- and Nanosystems Research Group (MST group) at Tampere

University of Technology (TUT).

2.3.2 RT-Linux software

Real-time Linux software GMC-RT is used in the experiments presented in Chapter 6 and

in Paper V. It is a measurement and control software with an adjustable number of

measurement channels and outputs. Either a PID controller or other simple controller can

be used. The control frequency can be about 5 to 10 kHz at maximum. The software was

developed at the MST group at TUT by Tuukka Ritala [62].

2.3.3 XPc-target

XPc-target is an additional toolbox for Matlab. It consists of a real-time operating system

for the target PC running the created controller, and a library of data-acquisition blocks

for Simulink. XPc-target enables usage of complex control schemes with a relatively high

frequencies up to 50 kHz. XPc-target is used in experiments presented in Section 4.3.2, in

Chapter 5, and in Papers II and IV.

2.4 Hardware

This section presents the devices, tools, and actuators used in the experiments described

in Chapters 4 to 6. These include a piezo amplifier, current meters, data-acquisition

boards, displacement meters, piezo actuators, an environmental chamber, thermistors, and

methods to create the external forces.



14 Chapter 2.
2.4.1 Piezo Amplifier

The piezo amplifier used in all the experiments is a Piezo Systems EPA 102. It has a

voltage range of E200 V and a maximum current of 200 mA [60].

2.4.2 Current Meters

The current meter used in most experiments is a 160B Digital Multimeter by Keithley

Instruments (USA). Current control principles require a very sensitive current meter. The

maximum resolution of this device is 10 pA, and it has an analog voltage output

proportional to the current measurement.

Since the 160B has a cutoff frequency of 40 Hz, the current measurement in higher

frequency self-heating experiments, as described in Chapter 6 and in Paper V, are done

with a 10 Ω resistor.

2.4.3 Data-Acquisition

Data-acquisition is performed in the experiments presented in Section 4.3.2, in Chapter 5,

and in Papers II and IV with a National Instruments AD-board having two analog outputs

(PCI-6052E). In the rest of the experiments, data-acquisition is performed using an AD-

board model PCI-6036E of National Instruments.

2.4.4 Position Sensors

Displacement in the experiments presented in Section 4.3.1 and in Paper I is measured

using a laser position sensor M5L/2 from Mel Mikroelektronik with a measurement range

of ±1 mm. Displacement in the rest of the experiments is measured using a laser position

sensor M5L/0,5 with a measurement range of ±250 µm from the same company [51]. 

2.4.5 Signal Generator

The signal generator used in the self-heating experiments presented in Chapter 6 and in

Paper V is 33120A from Agilent [3].

2.4.6 Piezo Actuators

The piezo actuator used in the experiments presented in Section 4.3.1, in Section 4.3.3,

and in Papers I and III is a piezoelectric bender NB 40x10x0.6-21 by Tokin (Japan). A

similar actuator is used in the experiments presented in Section 4.3.2 and in Chapter 5,

and in Papers II and IV, where the used actuator is a bimorph bender NB38*4*0.6, also

from Tokin. In the self-heating experiments presented in Chapter 6 and in Paper V, three

piezo stacks with different sizes are used; 3*3*18 mm from Marco (Germany) with

resonance frequency of 70 kHz [49], 5*5*18 mm from Noliac (Denmark), and 10*10*10

mm also from Noliac. The actual resonance frequencies of the latter two actuators is

unknown, but are at minimum of 22 kHz and 11 kHz respectively. The probable resonance
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frequencies are, however, closer to 100 kHz [57]. The material of all the three stacks is a

soft-doped PZT.

2.4.7 Environmental Chamber

An environmental chamber used in the experiments presented in Section 4.3.3 and in

Paper III was developed in the MST-group at TUT and is introduced in detail in [78]. The

temperature can be controlled between -10 to 40oC and relative humidity (RH) between

5 to 80%.

2.4.8 Thermistors

Thermistors used in the self-heating experiments presented in Chapter 6 and in Paper V

to measure the actuator temperature are surface-mount NTC thermistors by Bc

Components Vishay, Part No. 2322 615 13472. Thermistors are glued onto the actuators

with thermally conductive glue. 

2.4.9 External Force

The external force used in the experiments described in Chapter 5 and in Paper IV is

produced in two ways: (i) by attaching lead weights to the actuator and (ii) using a plastic

cantilever that acts as a spring-type load. Lead weights produce constant force on the

actuator, while the force generated by the cantilever is displacement dependent, as is

described by Hooke’s law:

, (2.1)

where Fspring is the force generated by the spring, ks the spring constant, and x is the

distance by which the spring is elongated from its equilibrium position.

Figure 2.4 presents the measurement setup. In the figure, a plastic cantilever pushes the

piezoelectric bender downwards. The cross-sectional dimensions of the plastic cantilever

are 7.5 mm x 1.0 mm, and the bending length is 23 mm.

Fspring ks– x⋅=
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Figure 2.4. Measurement setup of force estimation system presented in Chapter 5.

Laser sensor

Piezo bender

Cantilever



3.  Electromechanical Modelling of 

Piezoelectric Actuators

This chapter presents a general model of piezoelectric actuators. The model summarizes

different effects and inputs that affect the output of piezoelectric actuators. Relations

between different inputs and outputs will be presented, including voltage, current,

external force, displacement, and temperature. For the complexity of the effects and their

connection mechanisms, the model will be presented at a general level. The model will be

used in the following chapters as a basis for more specific models and control methods.

Section 3.1 presents the relation among voltage, displacement, and external force. Effects

of temperature and humidity are discussed in Section 3.2. Section 3.3 introduces the self-

heating effect. Relation between input voltage and current is presented in Section 3.4. All

these are then combined as a single actuator model proposed in Section 3.5.

3.1 Relation between Voltage, Displacement, and Force

This section discusses the relation between voltage, displacement, and force. Constitute

equations of piezoelectricity describe the relation among the electric field (proportional to

voltage), strain (relation to displacement), and stress (force/area) as presented in IEEE

standards of piezoelectricity [30]: 

(3.1)

(3.2)

where S is strain (  vector), s is compliance matrix (  matrix), T is stress (

vector), d presents piezoelectric constants (dkij  matrix, dikl  matrix), E is

electric field (  vector), D is electric displacement (  vector), and ε is permittivity

(  matrix). The Cartesian tensor notation is used in the constitute equations.

To illustrate the effect of the external force, Equation (3.1) is converted to a simplified

relation between force and displacement under a constant electric field

Sij sijkl
E

Tkl dkijEk+=

Di diklTkl εik
T

Ek+=

6 1× 6 6× 6 1×
3 6× 6 3×

3 1× 3 1×
3 3×
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, (3.3)

where k1 and k2 are constants, d displacement, and Fext external force. The direction of

force Fext is opposite to displacement d. This equation describes the force-displacement

line presented in Figure 3.1. By increasing the voltage, the line can be shifted, as

illustrated in Figure 3.1.

Figure 3.1. Force-displacement line under constant electric field.

The presented relation among voltage, displacement, and external force is a simplified

linear representation of the actual phenomenon. In real actuators, the relation is

compliated by non-linearities such as hysteresis and drift as discussed in Section 1.1.

3.2 Temperature and Humidity Effects

This section discusses the effects of temperature and humidity. These effects on

piezoelectric actuators are quite insufficiently studied; manufacturers have made some

studies regarding how the temperature affects the maximum displacement [4], the

piezoelectric effect, and the thermal expansion of the ceramics [59]. The effects of

temperature and humidity on the maximum displacement of a piezo bender were reported

in [79]. The displacement varied with both temperature and humidity. Since protection

against humidity is quite simple, and studies in Paper II showing the effect of humidity is

not significant; it will be left out of consideration in the general actuator model. Thus, only

the effect of temperature is included in the model. One coupling mechanism for the

temperature effect is the pyroelectric effect that seems to enhance the polarization

switching, as discussed in Section 1.5, resulting to a higher strain with a same voltage.

3.3 Self-Heating

Driving piezoelectric actuators with fast periodic control signals causes intrinsic heat

generation in the piezoelectric elements. The increased temperature causes inaccuracy in

the operation of the piezoelectric actuators due to heat expansion and variation of the

characteristics of the element as a function of the temperature. Heat generation can cause

even the destruction of the element itself.

d k1Fext– k2+=



Electromechanical Modelling of Piezoelectric Actuators 19
Self-heating will be included in the actuator flow chart presented in Figure 3.2 since it is

affecting the actuator temperature. Self-heating will be presented on an energy level to

illustrate how different losses such as dielectric, piezoelectric coupling, and mechanical

losses generate heat. Self-heating, however, is not included in the actuator model, due to

its indirect influencing mechanism through the actuator temperature.

3.4 Relation between Voltage and Current

Piezoelectric actuators are commonly controlled by using voltage as an input signal. Since

the primary electrical property of piezoelectric actuators is capacitance, it also describes

the relationship between charge Q and voltage V: 

(3.4)

The capacitance is a function of the permittivity of the piezoceramics and the actuator

dimensions; areas of electrodes and their distances from each other. If capacitance C was

constant, using voltage or charge as an input signal would give the same result. However,

mainly due to changes in permittivity caused by polarization switching [15], discussed in

Section 1.1, the deformation of the material results in a change in the capacitance. Thus,

a charge as a control signal gives results different from those that a voltage gives.

Therefore, the changes in the capacitance are interesting from a control point of view. 

Both (i) the distance and the area and (ii) permittivity affecting through polarization

change as the piezoceramics deforms and, thus, the capacitance varies according to the

displacement of the actuator. Therefore, the capacitance can be written as a function of

the displacement, and we mark it as C(d). The goal is not to create an analytical model of

the capacitance; therefore, actuator dimensions and permittivity are left out of the

capacitance function. Only the change of capacitance is of interest and it can be

considered as a function of the actuator displacement.

Charge Q can obtained by integrating a known charging current ic over a period of time,

as presented in Equation (3.5).

(3.5)

The assumption behind this equation is an ideal actuator; no loss current il occurs. Since

the ceramics has a certain finite resistance, the occurring leakage current is influenced by

voltage V(t) according to Ohm’s Law. Temperature T(t) has an effect on the leakage

current by changing the material conductance [37], as for most of the materials.

Furthermore, changes in displacement Δd(t) cause piezoelectric coupling and mechanical

C
Q
V
----=

Q ic t( ) td

0

t

∫=
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losses, such as elastic losses [71]. By including the loss current il(V(t),T(t),d(t)) into

Equation (3.5), the result is

. (3.6)

By combining Equations (3.4) and (3.6), we obtain

(3.7)

Thus, the primary issues that cause changes on the relation between voltage and current

include voltage, temperature, and displacement.

3.5 General Model of Piezoelectric Actuators

This section presents a general model of piezoelectric actuators. The previous sections

have discussed the different effects and connections of displacement, force, temperature,

self-heating, voltage, and current. This section combines these properties into a single

model. The detailed relations among these different properties are too complex for an

analytical equation, but a function combining the effects is presented.

The different aspects discussed in the previous sections are implemented as a block

diagram in Figure 3.2. Both voltage and current driving options are included in the chart.

These are marked as Op1 for voltage and Op2 for current. In the following, the chart is

discussed. For clarity, when referring to parts in the chart, first letter of the name is

capitalized.

This section discusses the Piezoactuator part in the chart. Inverse piezoelectric effect

presented in Equation (3.1) (Section 3.1) is represented in the chart by Voltage V(t) and

External Force Fext(t) inputs and Displacement d(t) as output. As the linear equation

describes, the chart presents that Displacement d(t) is affected by Voltage V(t) and

External Force Fext(t). The material constants are left out of the chart for simplicity, since

the real phenomena are not linear, although simplified in Equation (3.1). A Force potential

is added after the ceramics to illustrate the output of the ceramics with Voltage input. This

describes Force potential that can either strain the material or act as an opposing force to

External Force. The connection between the Displacement d(t) and the Piezoceramics

describe two issues: (i) Direct piezoelectric effect occurs when External Force strains the

material and, thus, Piezoceramics generates a charge, which results in Current or Voltage,

depending on the driving method. Besides the direct piezoelectric effect, the connection

Q ic t( ) il V t( ) T t( ) d t( ),,( )–( ) td

0

t

∫=

V

ic t( ) il V t( ) T t( ) d t( ),,( )–( ) td

0

t

∫
C d( )

--------------------------------------------------------------------------=
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between Displacement and the Piezoceramics describes also (ii) the change in the actuator

electrical properties due to the change in Displacement, as presented in Section 3.4.

Temperature changes the actuator properties, as presented in Section 3.2. This is

illustrated by a connection between Temperature and the Piezoceramics in the chart.

Temperature is affected by Self-Heating as presented in the chart. The amount of Self-

Heating is influenced by power losses occurring in the actuator, which is the difference

between Input and Output Power. Power losses include dielectric, piezoelectric coupling,

and mechanical losses. Mechanical losses contain elastic losses [71]. Input Power is

presented in Equation (3.8) and Output Power in Equation (3.9). The power issues and

losses are discussed from an actuator point of view and are different when considered

from a sensor point of view.

(3.8)

(3.9)

The relation between Voltage and Current discussed in Section 3.4 is presented in the

chart: Either Voltage (Op1) or Current (Op2) is fed to actuator, and the resulting Current

(Op1) or Voltage (Op2) depends not only on the actuator physical properties but also on

Temperature and on the actuator state (Displacement), as discussed in the previous

section.

Figure 3.2. Flow chart of the piezoactuators.

In mathematical form, the current i(t) can be given as

(3.10)

Pin V t( ) i t( )⋅=

Pout

Fext t( ) d t( )⋅
t

------------------------------=

i t( ) f V t( ) T t( ) Fext t( ) d t( ), , ,( )=
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This states that current i(t) is a function of input voltage V(t), actuator temperature T(t),

external force Fext(t), and displacement d(t). Similarly, voltage V(t) in the second option

(Op2.) can be presented with the following equation

(3.11)

The following chapters utilize these equations in more-specific control applications,

where actuator models are presented. They are based on the relations given in these

equations. These control applications include sensorless displacement control without

external force (Chapter 4) and external force estimation (Chapter 5) under constant

temperature.

V t( ) g i t( ) T t( ) Fext t( ) d t( ), , ,( )=



4. Displacement Control

This chapter discusses the application of current measurement on the displacement

control, Papers I-III. The focus of the thesis is on this chapter, since the displacement

control is one of the most important control issues in the application of piezoelectric

actuators. This chapter shows how valuable the current measurement is in displacement

control. This is done by introducing several control schemes where the current

measurement improves the positioning accuracy in comparison to open-loop control. The

reason for the improved positioning results is the inside information of the piezoactuator

state that the current measurement provides.

The rest of the chapter is organised as follows: Section 4.1 introduces developed control

methods utilizing current measurement. Section 4.3 presents control results of these

control methods. Discussion is provided in Section 4.4, and conclusions are drawn at the

end in Section 4.5. 

4.1 Control Methods

This section presents displacement control methods based on utilization of current

control. The methods are based on Equation (3.10), with an assumption that the external

force is constant. Chapter 5 discusses a case where this assumption is not valid. With this

assumption, the equation simplifies to

, (4.1)

where i(t) is the current, V(t) the voltage, T(t) temperature, and d(t) displacement.

Based on this equation, two feedforward control methods were developed. Both of these

methods assume constant temperature. In some applications, temperature varies

significantly; therefore, an additional temperature compensation extension is developed

for one of the methods. These two methods estimate current needed to be fed to the

actuator to obtain the desired motion trajectory. The methods differ by model structure.

The first model makes an imaginary division of the total current flowing in to or out from

the actuator into two subcurrents: (i) to a current causing charging and discharging of the

actuator (ic), and (ii) to a current that does not contribute charging of the actuator but is

counted as power losses (il). This model is called as Power Loss Model and will be

i t( ) f V t( ) T t( ) d t( ), ,( )=
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introduced in Section 4.1.1. The second model is a grey-box model of the actuator. This

model estimates the current needed to be fed to the actuator to obtain the desired motion

trajectory. One of the two model components is based on physical properties of the

actuator; hence, the “grey-box” model. This model is called Actuator Current Model and

will be discussed in Section 4.1.2. Later, a temperature compensation was added to the

Power Loss Model. This model is called Temperature Compensation of Power Loss

Model and will be presented in Section 4.1.3. 

4.1.1 Power Loss Model

This section presents a feedforward control method that utilizes Power Loss Model. The

method is described in full detail in Paper I. Figure 4.1 presents the block diagram of the

control method utilizing the Power Loss Model.

Figure 4.1. Block diagram of the control method utilizing the Power Loss Model.

The desired actuator current id is divided into two imaginary subcurrents: (i) to a current

causing charging and discharging of the actuator (ic), and (ii) to a current that does not

contribute to charging of the actuator but is counted as power losses (il):

, (4.2)

The background assumption in charge control is that the charge is proportional to the

displacement. The charge can be obtained by integrating the charging current. The

relationship between the displacement and the charging current is as follows:

, (4.3)

where d(t) is the displacement and a a constant.

Solving for current ic from (4.3) indicates that it can be used in control corresponding to

velocity:

, (4.4)

where v(t) is the velocity of the actuator.
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+
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id ia dadd

id t( ) ic t( ) il t( )+=

d t( ) a ic t( ) td
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∫⋅=

ic t( ) 1
a
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The power loss includes dielectric, mechanical, and piezoelectric losses [71]. As a control

point of view, the mechanical output power is also considered as power loss. With the

assumption that the temperature and load are constant, the above mentioned losses are

influenced by electric field and actuator velocity. Thus, the power loss current il can be

presented as follows:

(4.5)

where X presents impedance and is influenced by the actuator velocity v(t).

Velocity, on the other hand, is proportional to charging current ic, as described in Equation

(4.4). Thus, the charging current will be utilized here for convenience. A series of

experiments was conducted with different charging currents to obtain the corresponding

impedance values. The resulted impedance values showed rapid decrease when the

charging current started to increase from zero. With higher charging currents, the

impedance values continued to decrease, but at a slower rate. To obtain a model for the

impedance X, several model structures were tried, all asymptotically approaching zero.

From these, the best result was obtained with the following

, (4.6)

where R is the constant resistance of the ceramics and c1 is a constant. 

The full description of the experiments and the comparison between different models can

be found in Paper I. This impedance model describes a linear relationship between current

and voltage in a no-motion case. Such an electrical model for piezoelectric actuators at

zero frequency can be found in  [26], for example.

In the experiments, voltage V(t) is estimated by integrating charge current over time:

, (4.7)

where C is the actuator capacitance and for the voltage estimation is approximated to be

constant. The voltage could also be obtained by measuring. However, with the used

measurement setup, this was not possible; therefore, voltage was estimated by integration.

The actuator resistance R, capacitance C, and the constants a and c1 were experimentally

defined.

il t( ) V t( )
X

----------=

X ic( ) R

c1 ic t( )⋅( )2
1+

-----------------------------------------=

V t( ) 1
C
---- ic t( ) td

0

t

∫=
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4.1.2 Actuator Current Model

This section presents a feedforward control method utilizing an actuator model to estimate

the needed current for the desired motion velocity. The approach is to construct a model

having two inputs, actuator velocity and voltage, which are known to have an effect on

the required current, as described in the previous section and in Chapter 3, and one output,

the required current. On contrary to the Power Loss Model, charging of the actuator and

power losses are not considered separately and, thus, cannot be distinguish from each

other. An exception to this, however, exists in one of the two submodels of the Actuator

Current Model. Paper II presents the method in full detail. Figure 4.2 presents the block

diagram of the control method.

Figure 4.2. Block diagram of the feedforward control method based on the actuator 

model. 

The control method is similar to the model presented in the previous section. However,

the Power Loss Model is laborious to create. Another drawback is the long-term stability,

since voltage information used in context with the impedance model was estimated and

not actually measured. The goal is to simplify the actuator model so that it could be

specified for each actuator with a minimum effort. This means that the required number

of experiments and the consumed time should be minimized for the model parameter

estimation. Another goal is to keep the structure of the control method simple enough that

the control algorithms could be implemented using only simple arithmetic operations.

A model architecture with two components was selected. The reason for this is the

sensitivity of the control performance to driving current values when the actuator is

desired to hold its position. Thus, as one part is modelling the actuator motion, and the

other part is modelling the actuator in a static operation mode, an extra attention can be

given to the accuracy of static operations. Aside from the motion and static models, a

mode selector is included for switching between the two models. Figure 4.3 presents the

structure of the actuator model architecture.

Piezoactuator

V

Actuator
Model

v
Current drive

id ia d
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Figure 4.3. Structure of Actuator Current Model.

Motion Model

This section discusses the motion part of Actuator Current Model. As presented in

Chapter 3, the dependency between the actuator velocity, the input current, and the input

voltage is non-linear. Therefore, non-linear mapping is required. The goal was to create

as simple model as still feasible. This would result in faster training and implementation

of the model and would require fewer computations in actual control. It was discovered

that as simple as a 2*1 neural network can model the actuator quite accurately. Figure 4.4

presents the model structure. The non-linear function is hyperbolic tangent sigmoid

transfer function tansig. Both non-linear and linear transfer functions include bias values.

Figure 4.4. Neural network structure of motion model.

Training data can been obtained by driving random current to the actuator while the

actuator velocity and voltage is recorded, Figure 4.5.
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Figure 4.5. Training data for motion model, continues line presents voltage, dash-dot line 

current and dashed line displacement.

Static Model

This section presents the static part of Actuator Current Model. It is included to enhance

the model performance when the actuator is needed to hold its location or when the

desired motion velocity is very small. Here, a simplified version of the Power Loss Model

presented in the previous section will be utilized, only dielectric losses are considered.

Thus, the power loss current il will be linearly dependent on the voltage, as presented in

Equation (4.8). In the no-motion case, it works similarly as in the Power Loss Model but

differs when some motion is desired. The model is intended to work in a no-motion case

or when only very slow motions are desired.

, (4.8)

where G is a constant describing the conductance of the actuator. In addition to the

electrical conductance of the actuator, other effects such as drift in electrical capacitance

due to mechanical drift may influence this and can be included in practical cases. 

Similar charging current ic(t) - actuator motion velocity v(t) relation is used as in power

loss model in previous section. 

, (4.9)

where a is constant describing the relation between the velocity and the current.

Figure 4.6 presents the block diagram of the static model.
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Figure 4.6. Block diagram of the static model.

Mode Selector

This section presents the mode selector used to switch between the two models: the

motion model and the static model.

To avoid a jump in the actuator model output due to the difference in outputs of the two

submodels, the mode selector should perform a smooth transition between the two

models. A simple way to enable this is to create weight functions for the two models,

defining how much each model should be taken into account. This approach is derived

from fuzzy logic methodology. To avoid "if" and "then" clauses in the controller, the

weight functions should be continuous over the used velocity range. The following

equation presents the weight function used for the static model:

, (4.10)

where k defines the shape of the weight factor, r normalizes the velocity according to the

selected velocity range, and v is the velocity. Figure 4.7 presents the weight function wfs
with different values of k. The weight function for the motion model becomes

 . (4.11)

V
Leakage
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is

Charging
current

+
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Figure 4.7. The weight function wfs with different values of k.

4.1.3 Temperature Compensation of Power Loss Model 

This section introduces an environmental compensation method for feedforward control

utilizing the Power Loss Model. Full details of the method are presented in Paper III. The

temperature range to be covered is between 10°C and 40°C. Figure 4.8 presents the block

diagram of the feedforward control method utilizing Power Loss Model with

Environmental Compensation. 

Figure 4.8. Block diagram of the feedforward control method utilizing Power Loss Model 

with Environmental Compensation.

It was discovered that the constant a in Equation (4.4) is not temperature or humidity

dependent. On the other hand, the relation between current and electric field depends on

the temperature due to the pyroelectric effect and changes in conductivity [37]. Thus, the

impedance X(ic) in Equation (4.5) is temperature dependant X(ic,T), but, according to

experiments, not affected by humidity until very high humidity levels are reached, at

which point the behaviour of the actuator changes drastically. A small modification has

been made to the impedance equation in order to improve the model performance at

higher current values in comparison to Equation (4.6) by adding parameters b and c2.

Equation (4.12) presents the modified impedance with temperature dependent factors.
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, (4.12)

where b(T), and constants c1 and c2 are factors describing how the impedance varies with

the charging current. Factors b(T) and c2 describe the relation at higher currents and c1 at

lower currents. R(T) is the resistance. Temperature dependence of R(T) and X(T) is

determined experimentally, the results are presented in Paper III in detail. The effect of

temperature on the impedance is shown in Figure 4.9, where the impedance

measurements at different temperatures are depicted. The figure also shows that the

relation between the impedance and the temperature is quite linear.

Figure 4.9. Impedance as a function of temperature. Triangle points present resistance 

R(T) with respect to temperature. Square points present impedance with 250 nA charging 

current ic.

The actuator resistance R(T) is dependent of the temperature as follows:

. (4.13)

Temperature dependency of other factors is experimentally determined. c1 and c2 can be

assumed to be constants if b(T) is assumed to be temperature dependent. The effect of

temperature on the factor b(T) is presented in Figure 4.10, and the linear approximation

in Equation (4.14).
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Figure 4.10. Factor b with respect to temperature.

(4.14)

Factors c1 and c2 were determined experimentally. 

4.2 Experiment Setup

Experiment setup consists of the actuator, the current driver, a displacement meter,

computer with data acquisition board and control software. These are introduced in

Chapter 2 with an exception of current driver, which will be discussed here.

4.2.1 Current Driver

The current driver consists of a voltage amplifier, a current meter and a feedback

controller, Figure 4.11. The voltage amplifier and the current meter are the same for all

the experiments, but the feedback controller varies.

Figure 4.11. Schematics of the current drive; id is desired current and ia actual current.

In Section 4.3.1 and Section 4.3.3, and in Papers I and III, a PID controller is used running

at a frequency of 250 Hz with the PID parameters at P=0.001, I=0.5 and D=1e-5. The

controller is discretised using Tustin’s approximation [80]. In Section 4.3.2 and in Paper

II, the utilized controller is a PID-like controller with an additional integrator running at

2 kHz. Equation (4.15) presents the transfer function of the controller
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, (4.15)

where K1, K2 and K3 are the controller parameters (for the actuator in question with a

chosen current range, the parameter values are K1=0.00001, K2=0.3 and K3=2).

4.3 Results

This section presents the summary of the main results for the control methods presented

in Section 4.1. The complete description of the results is given in Papers I-III. Section

4.3.1 presents the results for the control method based on the Power Loss Model. Results

of the control method utilizing the Actuator Current Model are presented in Section 4.3.2,

while results of the temperature compensation for the Power Loss Model are presented in

Section 4.3.3.

Since hysteresis and drift are the main causes of inaccuracy in the control of

piezoactuators, their compensation is the main focus of the experiments.

4.3.1 Power Loss Model

This section introduces the results of the control method based on the Power Loss Model.

The model parameters used in these experiments are a=16 m/C, R=21 GΩ, c1=3.4e7 A-1,

and C=120 nF. To show that the method has not only been tuned for a certain velocity, a

decaying ramp signal is applied (Figure 4.12). The ramp time remains constant, and

therefore, by decreasing the displacement, speed is decreased as well. The experiments

show that the maximum inaccuracy is 10µm.

Figure 4.12. A decaying ramp curve.
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The results of the hysteresis test are demonstrated in Figure 4.13. The maximum

hysteresis is approximately 1.5%.

Figure 4.13. The hysteresis of the decaying ramp curve.

Repeatability was tested by running a ramp curve 20 times. The test showed very good

results: The displacement drifted only 2% in nearly 80 minutes, while the peak-to-peak

value remained practically constant, increasing by only 0.5% during the time period. 

Figure 4.14. Ramp curve driven 20 times.

Figure 4.15 shows the drift. The displacement stays within 1.5% over two minutes. This

displacement error caused by drift is one-tenth in comparison to open-loop voltage

control.
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Figure 4.15. Drift.

4.3.2 Actuator Current Model

This section presents experimental results of the control method utilizing the Actuator

Current Model. Even though the control method is intended to the control of the actuator

velocity, the displacement results will be presented; this is due to the reference measuring

system. Since it is measuring the displacement with a certain noise level, velocity should

be obtained by differentiation, and this would result in a relatively noisy signal. Therefore,

it is more convenient to accumulate the velocity control signal and examine the results

with respect to displacement.

The performance of the control method is validated with several displacement ramp

curves with varying frequency and amplitude. The tested trajectories include steady states

for drift characterisation. All trajectories have been driven a minimum of five times, and

the results in this section present typical results. The model parameters used in

experiments are G=1.3e-11 Ω-1, a=38 m/C, r=1e5, and k=1e3.

Experiments show that the hysteresis for the displacement ramp curves without steady

states is less than 1.5%. The drift in steady state experiments is about 1%. Results for an

experiment with a 16-minute lasting periodical trajectory consisting of several motion

velocities and steady states with varying times is presented here. Figure 4.16 displays the

required displacement, the actual displacement and the difference between them

magnified ten times. As can be seen, the outcome follows well the required trajectory.

Over the 16 minute time period the maximum inaccuracy is about ±1.5 µm.
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Figure 4.16. Displacement trajectory with steady state phases of variable lengths.

The steady state behaviour is presented in more detail in Figure 4.17. After a small decay

in the beginning of the steady state, the displacement remains quite constant with a slight

increase in the displacement. Hysteresis is depicted in Figure 4.18 and in more detail in

Figure 4.19. The figures show linear behaviour with 1.5% non- linearity. 

Figure 4.17. Close-up of a steady state phase.
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Figure 4.18. Hysteresis of the displacement trajectory with steady state phases of variable 

lengths.

Figure 4.19. Close-up of the hysteresis.

It was discovered that while repeating experiments with a certain trajectory, the output

varied slightly. This is due to the remaining offset in the displacement trajectory; after

each trajectory, the actuator leaves to a certain position that differs from the starting

position. Thus, the starting point of the following displacement trajectory differs from the

starting point of the previous trajectory. Maximum difference in the trajectories driven

with different starting positions is less than 6%. For a reference, the voltage difference

between these same experiments is about 40%.
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4.3.3 Temperature Compensation

The temperature compensation was tested in three different environmental conditions;

15°C and 10%, 20°C and 50%, and 35°C and 40% RH. The same trajectories were run

with and without environment compensation in all conditions to validate the

compensation model. The reference test uses power loss compensation and environment

parameters set to room conditions (25°C, 30%). The used trajectories were a decaying

displacement ramp curve similar as in Section 4.3.1 for the hysteresis analysis and a drift

test. The drift test has a static phase of 100s after a ramp-up. The model parameters used

in experiments are a=32 m/C, c1=1e-10, and c2=1e4. The linear models R(T) and b(T)

including their numerical values was introduced in Section 4.1.3.

At 20°C, 50%, the difference by environmental compensation in comparison to the

uncompensated case is relatively small, which is natural considering the temperature

difference. At 15°C, 10% RH and at 35°C, 40% RH, the difference is significantly larger.

Figure 4.20 presents the decaying ramp curve at 35°C, 40%. The solid line presents the

required trajectory, the dash-dot line the displacement with compensation, and the dotted

line without compensation. Figure 4.21 shows the corresponding hysteresis.

Figure 4.20. Decaying ramp curve driven at 35°C 40% RH.

The hysteresis reduces from 10% to 5% with environmental compensation. The

improvement at 15°C, 10% is at the same level; the hysteresis is about half of the

uncompensated case. At 20°C, 50%, the hysteresis is similar in both compensated and

uncompensated cases, less than 4% of the full displacement.
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Figure 4.21. Hysteresis of the decaying ramp curve driven at 35°C 40% RH.

In the drift test, the actuator is first driven with a constant speed for 40 seconds and then

attempted to keep in its position for 100s.

Figure 4.22 presents drift at 35°C, 40%. As shown, without the compensation the

displacement does not reach the required displacement and, in the end, is 25 µm below

the desired displacement. With compensation, the displacement overshoots but later

follows the required trajectory as desired. Further studies on overshooting will be needed.

Mechanical properties of the actuator are the most probable cause for the overshoot.

Figure 4.22. Drift at 35°C, 40% RH.
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At 15°C, 10%, the uncompensated test results are nearly 20 µm above the desired

trajectory, while the results with the compensation are within a couple of micrometers. At

20°C, 50%, the drift results with and without compensation are close to each other: the

compensated case is slightly below the required trajectory, and the uncompensated is

slightly above the desired displacement, Figure 4.23.

Figure 4.23. Drift at 20°C, 50% RH.

4.4 Discussion

This section discusses the control methods and results presented in the previous sections.

Differences in the control setup are discussed first, then some imperfections in the results

are addressed. The imperfections include the small decay in the beginning of the static

phase, effect of starting position on the displacement, and the source of uncertainty. After

these, performance of current meter is discussed. Finally, differences in Power Loss

Model and Actuator Current Model are discussed from a practical point of view.

While comparing the results of the different methods, differences in the testing setup have

to be considered. The greatest difference in the setups is the current driver, presented in

Section 4.2.1. The used control frequency of the PID controller for the current driver is

250 Hz in the experiments with the Power Loss Method including the Temperature

Compensation. Experiments with the Actuator Current Model are performed with a

current driver including a PID-like controller with an additional integrator and running at

2 kHz. Therefore, the performance of the Power Loss Model is partly reduced by the

current driver, since the difference between actual and desired current is greater. This is

partly compensated by a slower desired motion and rounded corners in signal shapes.

Another difference between the current drivers is the possibility to utilize the actuator

voltage information in Actuator Current Model, which was not an option in the
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experiments with the Power Loss Model. Therefore, the long-term stability might be

poorer in these experiments than the control method could otherwise perform.

In the results at the beginning of the static phases, there is a small decay in the

displacement. There are several possible reasons for this: The primary hypotheses include

peaking of the current while changing the velocity, a mechanical spring effect of the

cantilever, and a drift in the electro-mechanical properties of the actuator. The peaking is

rather difficult to totally avoid, since the current meter has a cut-off frequency of 40 Hz.

Different controller parameters of the current drive were tested in order to reduce the

peaking of the current, but a similar tendency in the output displacement remained in the

beginning of the static phase. The latter two hypotheses--the mechanical spring effect and

the drift in electromechanical properties--seem therefore to be more probable reasons for

this behaviour. 

The displacement decay in the beginning of the static phase could be avoided by

implementing dynamic features into the actuator models or by designing an advanced

controller for the current drive that behaves differently depending on the desired current

value and the change in the current values.

Another imperfection was discovered with the Actuator Current Model: The starting

position of the actuator has a small effect on the displacement. This is not tested with the

Power Loss Model, but it is likely that it has a similar property. Results with the Actuator

Current Model show a 6% difference between the different trajectories depending on the

starting position. However, this is significantly smaller than in the open-loop voltage

control, where the difference can be more than 25%. This starting position effect might

suggest that the capacitance C(d) presented as a function of displacement in Section 3.4,

should instead be considered as a function of position. However, it is still unclear whether

the deviation in the displacement is due to other properties of piezo actuators or could be

avoided by using a more complex actuator model.

Temperature has an effect on the performance of the current control methods, which can

partly be compensated for with the developed temperature compensation. The

temperature compensation experiments suffered from an unidentified source of

uncertainty in the test setup. This was decreasing the repeatability and, thus, decreasing

the accuracy of the model. The source of uncertainty can result from (i) the inaccuracy in

the estimated voltage, (ii) the actuator wears out, or (iii) inaccuracies in the measurement

system; (laser displacement meter, current meter, or the data acquisition system).

Although the highest temperature studied here in 40°C, it is likely that the linear

compensation method could perform also at higher temperatures up to about 100°C. It has

been demonstrated that below this temperature the relation between current and voltage

is quite linear, but becomes non-linear at higher temperatures [37].
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Overall, these feedforward control methods are suitable for velocity control, but long-

term position control can lead to inaccuracy due to summation of control errors.

Therefore, the performance of the current meter plays an important role in the control

methods. The important parameters of the current meter are not only the creep properties

and the repeatability but also its range, since the current range practically limits the

motion speed range. 

Different actuators might require considerably different model parameters. Therefore, the

time consumed for each actuator model is important. Finding parameters for the Power

Loss Model requires an iterative process and is quite time consuming. Creation of the

Actuator Current Model is more simpler and time efficient. The Power Loss Model, on

the other hand, offers information, aside from the required currents, about the actuator

power losses. This can be a benefit in some applications. Although the Power Loss Model

is quite simple and time efficient to create, a question remains whether the model creation

could be further accelerated and automated. This might be achievable by carefully

designing the model structure and by optimizing the measurements of the actuator. 

4.5 Conclusion

The displacement control methods have been discussed in this chapter. Two feedforward

charge control methods have been presented: the Power Loss Model and the Actuator

Current Model. For the first one, also a temperature compensation is developed.

The control method based on the Power Loss Model estimates and compensates for the

power losses occurring in the actuator, such as dielectric, piezoelectric, and mechanical

losses. The compensation is done by an additional current. Temperature compensation is

added to the Power Loss Model by experimentally finding the model parameters that are

influenced by temperature variation and then creating a linear approximations for these

changes.

The Actuator Current Model estimates the required current for the actuator to move with

the desired velocity. Aside from the desired velocity, the actuator voltage is an input for

the Actuator Current Model. The model is straightforward to create, requiring far fewer

experiments than the Power Loss Model. This results in an easier and faster

implementation of the Actuator Current Model in comparison to the Power Loss Model.

The Actuator Current Model is also more adaptive to different types of actuators than the

Power Loss Model due to its flexibility.

From the hardware point of view, these methods require (i) a high voltage current driver

or (ii) a current meter, along with a voltage amplifier and a controller, as was done in this

work.
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Both discussed methods show very good results: the hysteresis is less than 2% and the

drift about 1% in constant temperature. These results are common for both methods.

Temperature changes affect the electrical and mechanical properties of the piezoelectric

actuators. The effect of humidity is smaller until a high level of humidity is reached.

Temperature changes decrease the accuracy of the control methods. The presented

temperature compensation improves the control performance in varying temperatures

close to the performance in constant temperature. The results would, therefore, indicate

that the motion of piezo actuators is a function of current, voltage, and temperature; thus,

history knowledge seems unnecessary in order to overcome the hysteresis and drift in

sensorless control of piezoelectric actuators. The Power Loss Model shows the capability

of predicting the power losses quite accurately and can therefore be utilized also in power

considerations in application areas where power is a critical issue such as space and

mobile applications.

In comparison to feedback charge control methods, the current control method enables

hysteresis and drift free control of the displacement in static cases and at low frequency,

which is not the case with feedback charge control methods, as discussed in Section 1.3.4.

However, for the current control to cover also higher frequencies, where the feedback

charge control works at its best, the measurement range of the current meter should be

from some nanoamperes up to hundreds of milliamperes. Therefore, an intriguing

question is whether the feedforward and feedback charge control could be combined in

such a way that the best parts of the both individual methods would be included and the

result would cover full frequency spectrum.
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5. Force Estimation

This chapter discusses the usability of current measurement in force estimation and

control, Paper IV. Since the input current and voltage knowledge contain sufficient

information to predict the displacement of a piezoelectric actuator in the absence of

external forces, as shown in the previous chapter, and the effect of force on the

displacement of a piezoactuator is well known, by combining the displacement

measurement into the actuator model with current and voltage inputs, a force can be

estimated.

This chapter presents a force estimation method that enables simultaneous actuation and

force estimation using piezoelectric actuators. The method combines the actuator input

voltage and the current together with the displacement to form a force estimator. The force

estimator contains a non-linear actuator model to approximate the present external force

without the use of force sensors. The measured position can simultaneously be utilized in

feedback position control to enable precise microrobotic operations. 

The rest of the chapter is organized as follows: Section 5.1 presents the force estimation

method, experiment setup is introduced in Section 5.2, and results are presented in Section

5.3. Discussion and conclusions are provided in Section 5.4.

5.1 Force Estimation Method

This section presents the proposed force estimation method. The method should estimate

the external force without any force measurement. By writing Equation (3.10) with

respect to the external force Fext(t) in a constant temperature, it follows:

, (5.1)

where i(t) is current, V(t) actuator voltage and d(t) displacement.

This would suggest that by measuring the actuator input current and the voltage, and the

resulting displacement, the force could be estimated. This could be done simultaneously

with the traditional position control of the actuator. Figure 5.1 presents the block diagram

of the proposed force estimation method.

Fext t( ) g i t( ) V t( ) d t( ), ,( )=
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Figure 5.1. Block diagram of the proposed force estimation method.

In the figure, dd and da present the desired and actual displacements. V presents the

voltage and i the current. Fext presents the external force and Fe the estimated force. The

used PI controller is presented in more detail in Section 5.2.1.

Another approach could be to utilize the actuator velocity instead of the position, thus the

actuator model structures presented in Chapter 4 and in Papers I-III could be utilized. The

drawback of this approach is the poor availability of precise velocity sensors in

comparison to position sensors. The velocity is possible to calculate from the actuator

position by differentiation, but the drawback in this approach is the poor resulting signal

to noise ratio due to the sensor noise. For off-line measurement, this can be avoided by

proper signal filtering, but for on-line application, the delay between the actual velocity

and the measured velocity might became too large.

5.1.1 Force Estimator

This section discusses the Force Estimation Model. The model has three inputs: voltage

V, current i, and actuator displacement d, and one output, external force estimation Fe.

There are many possibilities for the model type and structure. Analytical modelling is one

approach requiring good knowledge of the actuator functions and physics. Semi-physical

or a grey-box type of modelling is another approach, where one option could be to adapt

some model structures from Chapter 4. In this work, a neural network is chosen for the

model. It has many favourable properties, as discussed in Section 2.1.2, of which the

availability of powerful software tools for creating and training is not the least significant.

Feedforward backpropagation network is chosen for the force estimation model having 10

tansig-function nodes in the hidden layer, Figure 5.2. All node functions contain bias

values. Training data are obtained by driving the trajectory presented in Figure 5.3 with

several different static loads: 0 N, 34 mN, 61 mN and 90 mN.
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Figure 5.2. Structure of force estimator neural network.

Figure 5.4 combines the trajectories driven with different loads to the same figure. The

figure presents actual loads and training results. Continuous line presents the actual load,

and the dashed line the force estimation of the model.

Figure 5.3. Displacement trajectory for obtaining the training data.
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Figure 5.4. Training results, continuous line presents the actual load and the dashed line 

the force estimation.

5.2 Experimental Setup

Experimental setup consists of the actuator, a current meter, a displacement meter,

computer with data-acquisition board, and control software. These are introduced in

Chapter 2 with the exception of position controller, which will be discussed here.

5.2.1 Position Controller

The simultaneous position control during the force estimation consists of the voltage

amplifier, a position sensor and a PI controller, with a gain of 0.1 and an integrator gain

of 3. The used control frequency was 2 kHz.

5.3 Results

This section presents the experimental results of the force estimator. All experiments are

carried out five times, and the results in this section present typical results.

The trajectory shown in Figure 5.3 is driven with the following static loads: 0 N, 22 mN,

47 mN, and 77 mN. These are combined into the same figure as was done in Figure 5.4

by presenting only actual loads and the corresponding estimated forces, Figure 5.5.
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Figure 5.5. Results of static force measurements.

The force estimation gives a relatively good approximation of the actual force. Some

variation, however, occurs during different phases of the trajectory. Some error is also

present in the estimated forces. With the three lightest loads, the error is 2 - 3 mN, but with

the heaviest load, the error is slightly over 4 mN. The average absolute value of the error

between the actual load and the estimated force is 2.8 mN, and the median error is close

to this at 2.83 mN. The maximum error during the experiments is slightly below 8 mN.

The applicable force range of the estimator is in minimum 0 - 90 mN, which is the range

of the loads used for the training. This, in combination with the maximum error of 8 mN,

results in a total estimation accuracy of better than 9% of the full scale. 

The actuator is driven using the same trajectory against a plastic cantilever, introduced in

Chapter 2, to test how the force estimator follows a varying force. Results of this

experiment are presented in Figure 5.6, the continuous line presenting the displacement

of the actuator, and the dashed line the estimated force. Unfortunately, the actual force is

unknown in this experiment and, therefore, only qualitative validation is possible. The

results show that the shape of the estimated force is as it should be for a spring-type force.

This indicates that the force estimator can follow varying loads.
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Figure 5.6. The piezoactuator driven against a plastic cantilever.

To obtain a rough estimate on the actual force in this experiment, another force estimation

is created. This is based on the Hooke’s Law, presented in Equation (2.1), to which an

offset is added. The spring constant and the offset are approximated by finding a best fit

so that the measured actuator displacement would be the spring elongation distance, and

the estimated force would be the spring force. Since the values of the fitted curve are as

close as possible to the force values of the estimator, quantitative conclusion cannot be

made. However, the shape of the curve should be accurate to some extent, with an

assumption that the deformation of the plastic cantilever is fully reversible and, thus, the

force follows the spring force equation. The fitted values for the spring constant ks and for

the offset are 0.33 mN/µm and 42 mN.

The comparison between the fitted curve and the estimated force indicates the existence

of both hysteresis and drift in the force estimator or in the cantilever, Figure 5.7.
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Figure 5.7. Estimated force and a fitted spring force curve.

5.4 Discussion and Conclusion

Although the force estimation model is straightforward to create and gives relatively good

results, there is some room for further optimization of both the implementation of the

model and the model structure. The model implementation could be improved by

increasing the complexity of the training data, which, at present, is relatively simple. This

would also solve the present overtraining risk of the neural network. A special attention

should be at the static cases, as stressed in Section 4.1.2 with displacement control. The

model structure could be improved by modelling motion and no-motion separately and,

thus, obtain better tunability of the submodels. By optimizing the model structure, the

performance of a force estimation method combining current, voltage, and displacement

could be closer to the accuracy of the models presented in Chapter 4. These models

contained about 2% of non-linearities. The force estimation of piezoelectric actuators

contains quite complex phenomena and is, therefore, possible that many uncertainties

remain even in more sophisticated model structures. Thus, one approach could be to use

modelling approaches which are taking these uncertainties into account.

The proposed force estimation method is able to estimate both static and varying external

forces with relatively good accuracy. The obtained accuracy is better than 10% of the full

scale. This is not as good as the performance of separate force sensors but adequate in

many microrobotic tasks. The main benefits of the sensorless force estimation method

proposed here are: (i) the simplification and (ii) enabling further miniaturization of the

mechanics compared to systems with separate force sensors, and (iii) enabling force

sensing in applications where it has been unreachable. The force estimation enables also

force control.
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6. Self-Heating

This chapter introduces a method to quantify self-heating by a current measurement and

how this can be utilized in the compensation of the effects of self-heating on

displacement. Issues influencing self-heating include; the frequency and the amplitude of

the driving voltage, the size, or more specifically the volume-area ratio of the actuator, the

actuator material, and the used frequency with respect to resonance frequency, as

discussed in Chapter 1. Some of these issues are also experimentally verified in Paper V.

According to the experiments, the peak-to-peak value of the consumed current is a good

indication of the temperature rise of the actuator. This can be used for the protection of

the actuator from overheating, or it can be used to compensate for the changes in the

displacement induced by the self-heating. 

The rest of the chapter is organized as follows: In Section 6.1, the effect of self-heating

on current consumption is introduced. Section 6.2 presents the effect of self-heating on

the displacement. Section 6.3 introduces a compensation method for the displacement

variations. Section 6.5 presents some application areas for the proposed methods.

Conclusions are drawn at the end of the chapter.

6.1 Self-Heating and Current Consumption

This section presents how the current consumption is affected by heat generation.

Naturally, the most severe effects of self-heating are damage in the actuator or destruction

of its periphery. Some milder effects include thermal expansion of the actuator and

changes in its displacement that can, however, also be of high significance. This section

introduces how the current measurement can be used to quantify the amount of self-

heating. The driving frequencies have been selected as such that some heating occurs but

risks for overheating and depolarization are low. The used frequencies are low in

comparison to actuator resonance frequencies introduced in Section 2.4.6. Therefore, the

non-linear effect of the resonant frequency proximity on power consumption is not

encountered [45]. 

When the actuator is controlled by a voltage and is heating up, it is noticeable that the

current consumption is increasing along the temperature rise. This is in good agreement

with [37], where polarization switching is shown to enhance at higher temperatures. Thus,
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in this case, the voltage with a constant amplitude results in larger polarization at higher

temperatures and this can be seen from the current measurement. Figure 6.1 presents the

current (grey line) and temperature (black line) values from a test driven with Piezo 1

(presented in Chapter 2) at 200 V and 100 Hz. 

Figure 6.1. Influence of self-heating on the current. 

The connection of the current consumption with the actuator temperature is depicted more

clearly in Figure 6.2, where the temperature and the peak-to-peak values of the current are

shown. The offset value of the peak-to-peak current is removed. In the beginning, the

peak-to-peak current value is 205 mA (at 25 °C), and it increases more than 10%, while

the temperature increases approximately 25 degrees.

Figure 6.2. Temperature and change in peak-to-peak current value.

To quantify the relation between the current increase and the temperature rise, more

measurements were carried out with two actuators: Piezo 1 and Piezo 3, presented in
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Chapter 2. Piezo 1 was tested with three frequencies: 100 Hz, 120 Hz, and 180 Hz; and

Piezo 3 with two frequencies: 500 Hz and 700 Hz. A 200 V triangular control signal is

used in the measurements. Each test was repeated five times. Table 1 presents the results.

Current increase is given as percentages of the original peak-to-peak current. According

to the results, the average current increase per degree is 0.5%/°C, and a standard deviation

0.03%/°C in these 25 tests. The measured temperature rise varied from 15 °C up to 44 °C.

According to these results, the current consumption can be utilized in the measurement of

the actuator temperature change.

Table 1: Average results from the measurements.

6.2 Effect of Self-Heating on Displacement

Since the increase in current is most likely due to the enhancement of polarization

switching, as discussed in the previous section, and polarization, on the other hand,

correlates with strain [15], self heating should increase the displacement. This effect was

studied using Piezo 1 by driving it with a sine wave (200 V / 100 Hz).

Figure 6.3 presents the results, with the black line representing the temperature and the

grey line the displacement. The thermal expansion of the actuator, being slightly more

than 5 µm and approximately 0.03% of the actuator length, can be seen quite nicely in the

figure.

Stack no. Freq.
Temperature 

increase
Current 

increase in %
Current increase 

per °C

Piezo 1 100 Hz 16 °C 8 % 0.49 %/°C

Piezo 1 120 Hz 19 °C 10 % 0.50 %/°C

Piezo 1 180 Hz 29 °C 15 % 0.52 %/°C

Piezo 3 500 Hz 27 °C 13 % 0.46 %/°C

Piezo 3 700 Hz 43 °C 21 % 0.48 %/°C

Average 0.49 %/°C
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Figure 6.3. Influence of self-heating on the displacement.

In addition to the thermal expansion of the actuator, the amplitude of the displacement

changes, increasing from 19.0 µm to 20.5 µm, as was expected. The change corresponds

to 8% of the original amplitude (taken from the averages of the first and the last 1000

displacement cycles).

The amplitude increase is illustrated in Figure 6.4, where few displacement cycles from

the beginning and in the end of the experiment have been captured to the same figure. The

offset has been removed to show the difference in the amplitude more clearly. 

Figure 6.4. Five displacement cycles from the beginning (continuous) and in the end 

(dashed) of the test.
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6.3 Compensation Method

Section 6.1 showed that self-heating is possible to measure without a temperature sensor

using the consumed current. The effect of self-heating on the displacement was presented

in the previous section. In this section, the emphasis will be on the compensation of the

increase in the displacement amplitude induced by self-heating using information on the

current consumption of the actuator. 

The control goal is to keep the displacement amplitude constant. Since the displacement

is proportional to polarization and, thus, to charge, as discussed in Section 1.3, by

controlling the charge flow, the displacement amplitude is expected to remain constant.

The approach is to keep the peak-to-peak current constant when the actuator is driven by

a reciprocating signal, resulting in self-heating.

Figure 6.5 presents the block diagram of the proposed control method; an actuator current

i is measured, and converted into a peak-to-peak current Ipp. A controller adjusts the

amplitude A in order to maintain the current Ipp at a set point current Isp. The set point

current equals to the peak-to-peak current at the beginning, Isp = Ipp at t zero. In the block

diagram, f presents frequency, V voltage and d displacement.

Figure 6.5. The block diagram of the proposed control method.

6.4 Compensation Results

The devices utilized in the experiment are the current meter, the PC with the data

acquisition board, the laser position sensor, the signal generator, and the piezo amplifier

presented in Chapter 2. A manual control is utilized in the experiments.

The proposed method is experimented with two actuators in the same conditions as in

previous section: (200 V triangular wave, Piezo 1: 100 Hz, 120 Hz, 180 Hz; Piezo 3: 500

Hz, 700 Hz). Each test was repeated five times. For a reference, the same experiments

were done also without the compensation.

Table 2 presents the results. Error is the relative difference between the original

displacement amplitude and the final displacement amplitude. The temperature increase

is the average value in the tests; in the compensated case, the temperature is typically a

Signal Generator Amplifier Piezoactuator

f V
d

i
A

IspController
i to Ipp
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couple of degrees lower; in the uncompensated case, a couple of degrees higher than the

average.

Table 2: Average results from the experiments.

As can be seen, the results are far better when the compensation is used; the differences

between the displacement amplitudes in the beginning and at the end are, on average,

three times smaller with compensation than without compensation.

Figure 6.6 shows typical results from the first tests (Piezo 1, 100 Hz): The displacement

amplitude of the uncompensated case increases until a certain point, while the

displacement amplitude of the compensated case remains quite constant. The difference

in the origin of the compensated and uncompensated cases is likely due to some remaining

heat in the uncompensated case after the previous measurement. The actuator was cooled

down between measurements with an air fan, and even though the surface of the actuator

was at room temperature, the temperature of the inner body of the actuator could have

been slightly higher. This decreases the displacement error of the uncompensated case

and, by eliminating the remaining heat, the results would be even better than presented

now.

In the experiments, where the compensated result differed significantly from the original

and was as large as 3%, (Piezo 1 180 Hz and Piezo 3 700 Hz), the compensation decreased

the displacement amplitude, and the final amplitude was smaller than in the beginning. It

therefore seems that, in some cases, the proposed compensation method too effectively

decreases the increased displacement amplitude due to self-heating.

Stack no. Freq.
Temperature 

increase
Error without 
compensation

Error with 
compensation

Piezo 1 100 Hz 16 °C 3 % 0.7 %

Piezo 1 120 Hz 19 °C 4 % 0.7 %

Piezo 1 180 Hz 28 °C 6 % 3 %

Piezo 3 500 Hz 25 °C 4 % 1.1 %

Piezo 3 700 Hz 39 °C 9 % 3 %

Average 5.2 % 1.7 %
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Figure 6.6. Typical results from the first test (Piezo 1, 100Hz), the uncompensated case 

with a dash-dot line and the compensated case with a continuous line. 

6.5 Discussion and Application Areas

This section discusses first the temperature estimation method and its applications, then

the proposed compensation method and its applications are addressed. Some indications

can be found in the literature how the temperature estimation method would perform at

temperatures higher than experimented in this thesis. Experiments with pyroelectric

current [37] suggests that the temperature - current relation might become non-linear as

the temperature increases near the Curie temperature. It is expected that the current would

first increase even more and then at the very proximity of the Curie temperature the

current would decrease rapidly. Based on their measurements, this effect would be

expected to start about 50 °C below the Curie temperature with soft PZT actuators. 

The temperature estimation by measuring the peak-to-peak current could be used as a

safety feature preventing overheating, or as a trigger to start an additional cooler. An

interesting application could also be found in piezoelectric pumps, where it might be

possible to detect the media inside the pump due to their different cooling capability. 

The proposed self-heating compensation method can be utilized in applications, which

use a periodic control signal and where the overall performance can be increased by

controlling the actuator amplitude more precisely. They include different piezoelectric

pumps, liquid dispensers, and motors, for example. The compensation method should also

be suitable for motors working at resonant or antiresonance frequencies. Further studies

are, however, needed for applications, where the actuator driving frequency varies and is

occasionally driven at resonance. There the large variation in mechanical losses [71]

might require some modifications to the compensation method.
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Piezoelectric stepper motors working with high frequencies could benefit open-loop

accuracy by using the compensation method. Then the step size would be more constant,

and dependency on the temperature would be decreased. Naturally, the load would remain

as the main source of inaccuracy in piezo motors. In robotic applications where high

accuracy is required, feedback sensors are naturally used, but a current measurement

could give valuable information of the temperature of the motor.

Piezoelectric pumps can be used in applications where a constant flow is required, but an

implementation of a flow sensor would be impossible due to the size/price requirements.

Such application would benefit from the proposed compensation.

6.6 Conclusion

Current measurement can be used for determining the state of self-heating in a

piezoelectric actuator without temperature measurement. The linear approximation is

expected to work up to approximately 50 °C below Curie temperature with soft PZT

actuators. Furthermore, based on the current measurement, a compensation method for

the reduction of displacement variations is proposed induced by self-heating. The

displacement error of an actuator driven by a high-frequency reciprocating signal reduces,

in average, down to one part in three when the proposed compensation is used.



7. Other Applications

This chapter presents other applications where current measurement and the equations

presented in Chapter 3 could be utilized. The issues presented in this chapter are not

studied in detail in this work but are discussed on an idea level with an exception of one

already demonstrated example. Some of the topics presented in the chapter are simple and

easy to utilize while the others require more research to create feasible methods. All the

presented ideas are related to measurements, but are here divided according to their

applications to fault diagnostics and condition monitoring in Section 7.1 and

measurements in Section 7.2.

7.1 Fault Diagnostics and Condition Monitoring

Fault diagnostics is important in high throughput systems, where the time while the

system is not running can be measured in money. Systems with build-in diagnostics can

be fixed in a shorter time in comparison to “dummy” systems, where the first task of

maintenance is locating the failure. An optimal self-diagnostic system would give

warning well before a critical failure in the system. This would highly increase the system

reliability. 

By having a current measurement as a part of the control setup, various self-diagnostic

features can be implemented. They include detection of: 1. a broken wire, 2. dielectric

breakdown, 3. a depolarised actuator, and 4. aging or wearing of the actuator. These are

discussed in the following. 

1. The simplest case is a detection of broken wire. When no current runs into the actuator

regardless on the voltage input, a broken wire can be diagnosed. 2. Also relatively simple

is the case of an actuator suffering from a dielectric breakdown; then the current can be

many magnitudes larger than with a normal actuator. 3. A depolarised actuator, on the

other hand, might have an almost-normal voltage-current relation but showing no

movements. Therefore, this might be difficult to diagnose without the use of displacement

measurement. 4. When the actuator is aging or wearing out, the piezoelectric properties

change gradually with time; to monitor the changes, accurate actuator models are

required. This might also require some additional sensors such as displacement,

temperature, and force sensors, to obtain the best diagnostic performance.
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An example of an application where current measurement has already been tried and

found to be useful is monitoring of the poling process [36]. In the poling process, the

resulting polarization is affected by the poling time, the electric field, and temperature. It

was discovered, that the shape of the current curve measured during the poling process

can describe when or if a full polarization has occurred. Furthermore, it was discovered

that the resulting polarization can be estimated by the current measurement of the

pyroelectric effect.

7.2 Temperature and Impact Measurements

This section discusses some measurements that the current measurement can enable in

addition to the displacement, external force, and self-heating measurements introduced in

Chapters 4-6. According to Equation (3.10), among the possible measurements only

temperature estimation is left outside the scope of this work. It is likely that the

temperature estimation could be accomplished similarly as force estimation in Chapter 5.

It would require either a constant load or relatively little varying load in comparison to the

actuator blocking force or usage of external force sensors. The method would then

estimate the temperature of the operating environment of the actuator. However,

temperature measurement is simple using thermistors; therefore, the temperature

estimation of the operating environment using piezoactuators does not seem feasible. 

More feasible measurement would be impact detection under sensorless displacement

control. When the piezoactuator is controlled using the methods presented in Chapter 4,

an impact can be detected from the current measurement as a peak. Although current is

controlled in the position control methods, controller of the current drive is not fast

enough to eliminate current peaks caused by impacts. The current peak size is likely to

correlate with the impact strength.



8. Conclusion

This work has studied the utilization of the actuator input current measurement in several

control applications. These applications include displacement control, and force and self-

heating estimation. To utilize current measurement, a general actuator model is proposed

that suggests that current, voltage, displacement, external force, and temperature are

linked to each other through piezoelectric actuation mechanisms and pyroelectric effect.

This model is then utilized in different control applications. The experimental results

indicate that the proposed actuator model is feasible. Furthermore, the results show that

the current measurement provides valuable information that can be utilized in

displacement control, and in force and self-heating estimation, among others. The

obtained information from the current measurement can replace one sensor in many cases

and thus decrease the complexity of the system.

The results of displacement control utilizing current measurement show very good results:

Hysteresis is less than 2% and drift about 1% in constant temperature. Temperature

changes decrease the control performance. However, the temperature compensation

method proposed in the thesis improves the control performance in varying temperatures

close to the performance in constant temperature.

The results of the external force estimation method show that the method is capable of

estimating constant and varying external forces while the actuator is under simultaneous

position feedback control. The achieved accuracy is better than 10% of the full force scale.

Therefore, force sensing without the use of separate force sensors is feasible, which opens

new applications for force sensing in microrobotics. The results show that by adding

current measurements into a typical micropositioning control scheme, force estimation

and force control are feasible.

Current measurement is showed to be useful in the estimation of the amount of self-

heating. The peak-to-peak current can be used to estimate the temperature rise when the

actuator is driven with periodical voltage of a constant amplitude. On the other hand, the

increase in the motion amplitude due the temperature rise can be compensated for by

decreasing the amplitude of the input voltage such that the peak-to-peak current remains

constant. 
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Other possible usages for current measurement in the control of piezoelectric actuators

include fault diagnostics. It is suggested that several different actuator failure types could

be distinguished from each other by combining the current measurement with the other

available information.
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Abstract— This paper introduces a feedforward charge control 

scheme, which controls the velocity of a piezoelectric actuator by 
the amount of current fed to the actuator. The method utilizes an 
actuator model to estimate the current needed for the desired 
motion velocity. Actuator voltage information is utilized as an 
input for the model, which is separated in two phase combining 
individual models for a motion phase and a static phase.  

The method is verified by a series of experiments having a 
variable motion velocities and amplitudes. During the 
experiments, the current is fed to the actuator by a current 
driver consisting of a voltage amplifier, a precise current meter 
and a controller. 

The results show significant improvement in comparison to 
open loop voltage control; the hysteresis is less than 2% and the 
drift about 1%. This indicates that the motion of piezo actuators 
is a function of current and voltage and does not depend 
considerably on the motion history. Therefore, a sensorless 
control to overcome the hysteresis and drift would be feasible. 
 

Index Terms— piezoelectric actuator; charge control; current 
control 
 

I. INTRODUCTION 
iezoelectric actuators are widely used in applications that 
require high resolution and accuracy. Their favourable 

dynamic properties extend the application areas into high 
speed areas such as vibration control. However, large 
hysteresis, drift, temperature, self- heating, and load effects 
decrease the open-loop positioning accuracy. If a high 
accuracy is required, these non-linearities have to be 
compensated for. The compensation is usually accomplished 
by means of four different control principles: feedforward 
voltage control, where non-linear models are typically used 
[1], [2], [3], [4]; feedback voltage control, where various 
sensors are used; feedforward charge control, where the 
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operating current is controlled [5], [6], [7]; and feedback 
charge control, where charge is measured and controlled [8], 
[9], [10]. 

Piezoelectric actuators are commonly controlled by using 
voltage as an input signal. The main benefit achieved using 
charge control is the reduction of hysteresis and drift. 
Experiments indicate that hysteresis is likely to be reduced at 
least to one fifth of the original [8], [9], [10]. The 
disadvantages include the need for additional electric circuits 
and, thus, the increased complexity of the control hardware. 

Charge control circuits can be divided into two groups: 
feedback and feedforward circuits. The first one utilizes 
feedback voltage charged to a capacitor in series with a 
piezoelectric actuator [8] and [9]. In another feedback method, 
the charge of subsidiary electrodes is measured and used in 
the feedback [10]. The electrodes are additional layers of the 
actuator, to which a charge proportional to internal charge is 
induced. 

Current drives utilize feedforward control. A charge can be 
obtained by integrating a known current over a period of time. 
Constant current has been used over a variable period of time 
in [5] to obtain a certain displacement of a piezoelectric 
actuator but without taking into account power losses. The 
authors introduced in [6] a feedforward charge control method 
where any current may be used and the power losses are 
estimated and compensated for. Extension including 
temperature and humidity effects on the control scheme was 
introduced later in [7]. Both results were good; hysteresis and 
drift were reduced remarkably. However, the impedance 
model of the actuator, that the method is based on, is very 
laborious to create. Another drawback is the long term 
stability, since the voltage information used in context with 
the impedance model was estimated, and not actually 
measured. 

This work proposes a method which simplifies the creation 
of actuator model. The goal is to create a current control 
method using a simple actuator model that could be specified 
for each actuator with a minimum effort. This means that the 
required number of experiments and the consumed time 
should be minimized for the model parameter estimation. 
Another goal is to keep the structure of the control method 
sufficiently simple such that the control algorithms could be 
implemented using only simple arithmetic operations. 

The rest of the paper is organized as follows; Section II 
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presents the proposed control architecture and Section III 
describes the experiment setup. Results are presented in 
Section IV. Discussion and conclusion are at the end of the 
paper in Sections V and VI.  

 

II. CONTROL ARCHITECTURE 
This section proposes the modified current control method 

for piezoelectric actuators. The basic approach is to control 
the velocity of the actuator using current and voltage. The 
method can be categorized as feedforward charge control 
using also voltage information. Fig. 1 presents the control 
block diagram. 

A. Actuator model  
This section proposes a structure for the actuator model. 

The model should estimate the current that the actuator 
requires in order to move with a desired velocity. 

From [6] we can derive that the velocity of a piezoelectric 
actuator can be described as a function of current and voltage: 

 
))(),(()( tVtiftv = , (1) 

 
where v(t) is velocity of the actuator, i(t) current, and V(t) 

voltage. This can be presented with respect to current: 
 

))(),(()( tVtvgti = . (2) 
 

Moreover, we can derive from the same source that in a 
special case when the velocity equals zero, the current can be 
presented as a function of voltage: 

 

0)(
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=
=

tvv tVgti . (3) 

 
According to these two equations, we create a structure for 

the actuator model. Equation (3), being only a special case of 
Equation (2), is included in the model to have better long-term 
stability and tunability of the actuator model. This leads to an 
actuator model architecture with two components where one 
part is modelling actuator motion and the other part is 
modelling the actuator in a static operation mode. Besides the 
motion and static models, a mode selector is included for 
switching between the two models. Fig. 2 presents the 
structure of the actuator model architecture.  

The motion model is used for the approximation of the 
desired current in motion and the static model for the 
approximation of the desired current when the actuator should 

hold still. The following sections present the actuator model 
parts in more detail. 

 
1) Motion model 

This section discusses the motion part of the actuator 
model. As presented in [6], the dependency among actuator 
velocity, current, and voltage is nonlinear. Therefore, a 
nonlinear mapping is required. In order to minimize the 
manual labour in the model creation, a method which is 
supported by software tools should be selected.  

One of this type of well established methods are neural 
networks [11]; tools for creating and training neural networks 
exist in commercial softwares. The goal was to create as 
simple model as still feasible, since it would result in faster 
training and implementation of the model and it would require 
less computation in actual control.  

Training data have been obtained by driving random 
current to the actuator while the actuator velocity and the 
voltage have been recorded. Various feedforward 
backpropagation networks were created, trained and evaluated 
using NNTool of Matlab®. It was discovered that a simple 
2*1 feedforward backpropagation network can model the 
actuator quite accurately, and in order to significantly improve 
the model performance, the neural network model should be 
far more complex than this. The model structure is as follows 

 
( ) 2112112 tanh bbVwvwwim ++⋅+⋅= , (4) 

 
where w11, w12, w2, b1, and b2 are constants, and im is motion 

model current. 
 
2) Static model 

This section presents the static part of the actuator model. It 
is included to enhance the model performance when the 
actuator is desired to hold its location or when the desired 
motion velocity is very small. Linear relationship between 
current and voltage can be found from electrical models of 
piezoelectric actuators with a zero frequency, e.g. [12]. Also 
our previous work with current control in the static case 
utilized a linear model between voltage and current [6]. The 
current fed to the actuator is considered to have two sub-
currents; charging current ic and power loss current il, 
Equation (5). The charging current charges the actuator and 

 

Fig. 1. Block diagram of the proposed method, v is the desired velocity, id 
the desired current, ia the actual current and V the voltage. 

 
Fig. 2. Structure of the actuator model. 
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results in motion. The power loss current is for power losses, 
such as for leakage current.  

 
)()()( tititi lcs += , (5) 

 
where is is static model current, ic charging current, and il 

power loss current.  
Required charging current is presented in Equation (6). 
 

a
tvtic
)()( = , (6) 

 
where a is a constant describing the relation between 

velocity and charging current. 
Now, power loss current can be simplified from [6] to a 

linear relationship between current and voltage, Equation (7), 
since the power losses of no-motion case and very slow 
motions are desired to be compensated. 

 
)()( tGVtil = , (7) 

 
where G is a constant describing the conductance of the 

actuator. In addition to the electrical conductance of the 
actuator, other effects such as drift in electrical capacitance 
due to mechanical drift may influence the value of the 
constant and can be included in practical cases. 

  
3) Mode selector 

This section presents the mode selector used to switch 
between the two models, the motion model and the static 
model. 

In order to avoid a jump in the actuator model output due to 
a difference in the outputs of the two submodels, the mode 
selector should perform a smooth transition between the two 
models. A simple way to enable this is to create weight 
functions for the two models, which define how much each 
model should be taken into account. This approach is derived 
from fuzzy logic methodology. To avoid “if” and “then” -
clauses in the controller, the weight functions should be 
continuous over the used velocity range. The following 
equation presents the weight function used for the static 
model. 

 

1)(
1

2 +
=

rvk
wfs

, (8) 
 

where k defines the shape of the weight factor, r normalizes 

the velocity according to the selected velocity range, 
11 ≤≤− rv , and v is the velocity. The weight function for 

the motion model becomes 
 

sm wfwf −= 1 . (9) 
 

III. DESCRIPTION OF THE EXPERIMENT  
This section describes the control implementation and the 

experiment setup. The implementation of the control scheme 
requires control software, a data-acquisition board with analog 
inputs and outputs, a current driver, and a piezo actuator. 

The implementation of the control software is done using 
Matlab, with a real-time xPC Target toolbox. Data-acquisition 
is performed using a National Instruments AD-board model 
with two analog outputs (PCI-6052E).  

In order to drive the desired current into the actuator, a 
current driver is needed. Due to the lack of such a device in 
our laboratory, this is created using a voltage amplifier (Piezo 
Systems EPA 102), a current meter (Keithley 160B), and a 
controller implemented in the same control software as the 
actuator model. Fig. 3 presents the schematics of the current 
drive. The utilized controller is a PID controller with an 
additional integrator. Equation (10) presents the transfer 
function of the controller. 

 

2
32

2
1)(

s
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= , (10) 

   
where K1, K2, and K3 are the controller parameters (for the 

actuator in question with a chosen current range the parameter 
values are 0.00001, 0.3 and 2 respectively.) 

The entire experiment setup is presented in Fig. 4. The laser 
displacement meter is M5L/0,5 from Mel Mikroelektronik 
with a range of ±250 µm. The piezo actuator used in the 
experiments is a bimorph bender NB38*4*0.6 from Tokin. 

The following steps are performed in order to create a 
model of a certain actuator; first the motion model is created: 
(i) Driving a random current to the actuator, each random 
current value is driven for several seconds. Displacement and 
voltage are recorded. (ii) The data is processed for the neural 
network toolbox by filtering and calculating the actuator 
velocity. (iii) The neural network is created and trained. 

 
Fig. 3. Schematics of the current drive. 
 

Fig. 4. Experiment setup. 
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In the second step, the static model is to be created. (i) 
Resistance of the actuator is measured or approximated. (ii) A 
few conductance values in the proximity of the corresponding 
resistance value are tested in static experiments and the best is 
chosen. (iii) Constant a in the static model is approximated 
from the motion model or it is experimentally determined. In 
these experiments, a value of 1.25e-11 1/Ω was used for the 
conductance G, and a value of 37.6 m/As was used for the 
constant a. 

The third step determines the parameters of the mode 
selector: (i) Desired velocity range is selected and parameter r 
is calculated. (ii) Desired shape is determined for the weight 
factor. In these experiments, a value of 1000 was used for the 
shape factor k. 

 

IV. RESULTS 
This section presents experimental results of the proposed 

control method. Even though the control method is intended to 

the control of the actuator velocity, the results will present 
displacement. This is due to the reference measuring system. 
Since it is measuring the displacement with a certain noise 
level, velocity should be obtained by differentiation and this 
would result in a relatively noisy signal. Therefore, it is more 
convenient to accumulate the velocity control signal and 
examine the results with respect to displacement. 

Several displacement ramp curves with varying frequency 
and amplitude will be presented. The tested trajectories 
include also steady states for drift characterization. All 
trajectories have been driven for a minimum of five times and 
the results in this section present typical results. 

A. Performance in constant velocity experiments 
Fig. 5 presents results of a displacement ramp curve with an 

amplitude of 100 µm with a cycle time of 40 s repeated for 
several times. The total time of the experiment is 300 s. The 
figure presents the required displacement, the actual 
displacement, and their difference magnified by 10 times. The 
maximum inaccuracy is about 1.5 µm, i.e. 1.5 %. Fig. 6 
presents the actual displacement with respect to the required 
displacement. As can be seen, the outcome is quite linear and 
relatively accurate. Hysteresis is less than 1.5 % of the total 
displacement amplitude. 

 

B. Performance in steady states and variable velocity 
experiments 
A longer trajectory having steady states of different lengths 

and variable velocities is presented in the following figures. 
Fig. 7 presents the required displacement and the actual 
displacement. As can be seen, the outcome follows well the 
required trajectory for the 16 minutes that the experiment 
lasts. During the 16-minute time period the maximum 
inaccuracy is about ±1.5 µm. 

The steady state behaviour is presented in more detail in 
Fig. 8. A typical drift behaviour is noticeable; the 
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Fig. 6. Hysteresis of 100 µm displacement ramp curves with a 40 s time 
period. 
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Fig. 7. Displacement trajectory with steady state phases of variable 
lengths. 
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Fig. 5. 100 µm displacement ramp curves with a 40 s time period. 
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displacement is for the first few seconds decaying, before 
stabilizing. The static model is tuned in such a way that the 
displacement is slightly increasing to the end of the steady 
state, to overcome the decay at the beginning of the steady 
state. Hysteresis is presented in Fig. 9. The figure shows linear 
behaviour with 1.5 % non-linearity.  

 

C. Performance in cell injection applications 
The suitability of the method for real life control 

applications was tested with a trajectory obtained from living 
cell injections. The cell injections were performed with a 
MANiPEN micromanipulator [13] using a joystick as an 
operator input device in an injection session, where two cells 
were injected. The input trajectory during the injection was 
recorded and then later used as an input for these experiments. 
The trajectory is presented in Fig. 10 with a result using the 
proposed control method. The maximum inaccuracy during 
the 150 seconds is less than 1.5 µm and during 70 % of the 
time, inaccuracy is less than 1 µm. 

 

V. DISCUSSION 
The displacement of piezoelectric actuator follows closely 

the required trajectories by using the proposed control 
method. The starting position has a small effect on the end 
displacement. Another imperfection can be found in the 
beginning of the static phases. There is a small decay in the 
displacement. This section discusses the ways to eliminate 
these remaining errors. 

It was discovered during the cell injection application 
experiments, that the starting position has a small effect on the 
end displacement. Results show a maximum difference of 6 % 
between different trajectories. However, this is significantly 
smaller than in the open-loop voltage control, where the 
difference can be more than 25 %. It is still unclear, whether 
the deviation in the displacement is due to the properties of 
piezo actuators or can it be avoided by using a more complex 
actuator model. 

There are several possible reasons for the small decay in the 
displacement in the beginning of the static phase. The primary 
hypotheses include peaking of the current while changing the 
motion speed, a mechanical spring effect of the cantilever and 
a drift in the electro- mechanical properties of the actuator. 
Different controller parameters of the current drive were 
tested in order to reduce the peaking of the current, but a 
similar tendency in the output displacement remained in the 
beginning of the static phase. The peaking is rather difficult to 
avoid totally, since the current meter has a cut-off frequency 
of 40 Hz, and the controller is running at 2 kHz. The latter two 
hypotheses - the mechanical spring effect and the drift in 
electromechanical properties - seem therefore to be more 
probable reasons for this behaviour.  

The displacement decay in the beginning of the static phase 
could be avoided by implementing a dynamic feature into the 
static model or by designing an advanced controller for the 
current drive that behaves differently depending on the 

0 50 100 150
−10

0

10

20

30

40

50

60

70

80

Time [s]

D
is

pl
ac

em
en

t [
µm

]

 

 
Required

Actual

10x Error

 
Fig. 10. Displacement trajectory obtained from cell injections. 
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Fig. 8. Close-up of a steady state phase. 
 

−60 −40 −20 0 20 40 60
−60

−40

−20

0

20

40

60

Required displacement [µm]

D
is

pl
ac

em
en

t [
µm

]

 
Fig. 9. Hysteresis of the displacement trajectory with steady state phases 
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desired velocity and the change in the velocity. 
The present mode selector is computationally simple, but 

requires some manual work for optimization. The 
optimization process could be easier by using a method which 
is supported by software tools, such as a radial-base function 
network. However, this method results in computationally 
more complex actual control. 

The performance of the current meter plays an important 
role in the proposed control method, since the controlled 
current adds up in the actuator. The important parameters of 
the current meter are not only the creep properties and the 
repeatability but also its range, since the current range 
practically limits the motion speed range. 

The importance of the static model was demonstrated by 
using solely the motion model with trajectories consisting of 
stationary parts. The results were poor, as the drift was beyond 
any acceptable limits. This shows that the accuracy of the 
actuator model is very important at the proximity of the zero 
velocity. This can be ensured using the chosen model 
structure, where the motion and static part are independent. 
 

VI. SUMMARY AND CONCLUSION 
A new control method has been presented. This method 

uses current to control the speed of a piezoelectric actuator 
but, since the relationship between current and speed is not 
linear over the entire actuator motion range, information about 
an actuator voltage is also utilized. Voltage along with desired 
velocity acts as an input to an actuator model consisting of a 
motion model and a static model. The output of the actuator 
model is current that is fed to the actuator in order to obtain 
the desired velocity.  

As a hardware point of view, to enable driving of the 
desired current, the method requires (i) a high voltage current 
driver or (ii) a current meter, a voltage amplifier, and a 
controller, as was done in this work.  

The proposed actuator model is straightforward to create 
requiring far less experiments than the previous models in this 
control category. The control algorithms are so simple that the 
control method could also be utilized in simpler control 
environments. 

The method shows very good results: The hysteresis is less 
than 2 % and the drift about 1 % in experiments containing 
variable velocities and motion amplitudes in motion phases, 
and variable time periods in static phases. The results would 
therefore indicate that the motion of piezo actuators is a 
function of current and voltage; thus, history knowledge 
seems unnecessary in order to overcome the hysteresis and 
drift in sensorless control of piezoelectric actuators. 
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Current Control of Piezoelectric Actuators with Environmental 
Compensation 
Pekka Ronkanen1, Pasi Kallio1, Quan Zhou2, Heikki Koivo2, 1Tampere University of Technology, 2Helsinki 
University of Technology, Finland 

Abstract  

This paper introduces an environmental compensation method for a feedforward charge control scheme, which 
controls the displacement of a piezoelectric actuator by the amount of current fed to the actuator. The method 
uses an impedance model of the actuator to estimate the needed current and controls then the current in a closed 
loop using precise current measurement and a PID controller. 
In the basic scheme, power losses occurring in the actuator are estimated and compensated for, but environment, 
load and self-heating effects are neglected. This paper extends the control scheme by introducing temperature 
and humidity compensation to the feedforward model.  
The experiments with a piezoelectric bender show promising results. Compared to an open loop voltage control, 
hysteresis can be reduced from 30% down to 2-4% by power loss compensation in constant environmental 
conditions. In varying conditions, the performance reduces if the environmental effects are not compensated for. 
As an example, at 35°C 40% RH (relative humidity), the hysteresis can be reduced from 10 % to 5 % by 
introducing the environmental compensation into the feedforward charge control scheme. The more the 
environmental conditions vary, the greater is the improvement in performance. 
 
1 Introduction 

Piezoelectric actuators are widely used in applications 
that require high resolution and accuracy. Their 
favourable dynamic properties extend the application 
areas into high speed areas such as vibration control. 
However, large hysteresis, drift, temperature, self-
heating and load effects decrease the open-loop 
positioning accuracy. If a high accuracy is required, 
these non-linearities have to be compensated for. The 
compensation is usually accomplished by means of 
four different control principles: feedforward voltage 
control, where non-linear models are typically used 
[1], [2], [3]; feedback voltage control, where various 
sensors are used; feedforward charge control, where 
the operating current is controlled [4], [5] and 
feedback charge control, where charge is measured 
and controlled [6], [7], [8]. 
Piezoelectric actuators are commonly controlled by 
using voltage as an input signal. The main benefit 
achieved using charge control is the reduction of 
hysteresis and drift. Experiments indicate that 
hysteresis is likely to be reduced at least to one fifth 
of the original [5], [6], [7]. The disadvantages include 
the need for additional electric circuits and thus, the 
increased complexity of the control hardware. 
Charge control circuits can be divided into two 
groups: feedback and feedforward circuits. The first 
one utilizes feedback voltage charged to a capacitor in 
series with a piezoelectric actuator [6] and [7]. In 
another feedback method, the charge of subsidiary 
electrodes is measured and used in the feedback [8]. 

The electrodes are additional layers of the actuator, to 
which a charge proportional to internal charge is 
induced. 
Current drives utilize feedforward control. A charge 
can be obtained by integrating a known current over a 
period of time. Constant current has been used over a 
variable period of time in [4] to obtain a certain 
displacement of a piezoelectric actuator but without 
taking into account power losses. The authors 
introduced in [5] a feedforward charge control 
method where any current may be used and the power 
losses are estimated and compensated for. The results 
were splendid; both hysteresis and drift reduced 
remarkably.  
Temperature and humidity effects on piezoelectric 
actuators are relatively little studied; manufacturers 
have made some studies on how temperature affects 
e.g.  the maximum displacement [9], the piezoelectric 
effect, and the thermal expansion of the ceramics 
[10]. The effects of temperature and humidity on the 
maximum displacement of a piezoelectric bender 
were reported in [11]. The displacement varied with 
both the temperature and the humidity. 
This work concentrates on the compensation of the 
temperature and humidity effects in the proposed 
current control. In this paper, the proposed method is 
modified such that the effects of temperature and 
humidity changes are taken into account. Experiments 
are made in an environment controlled chamber 
introduced in [12].  
 



Fig. 1 Control setup for current control. 

The paper is organized as follows. Section 2 presents 
the control principle and Section 3 the control setup. 
Section 4 discusses the environmental effects and 
their compensation. Section 5 presents the results of 
the work. Conclusions are drawn in the end of the 
paper. 

2 Control Principle 

The control principle was introduced in [5], where the 
relationship between the displacement, velocity and 
current was presented as follows: 

  
,  (1) 
 

 
where δ(t) is the displacement, a is a constant, i(t) is 
the current and v(t) is the velocity.  
Since part of the current is consumed by power 
losses, it is divided into two components: ic(t) charges 
the actuator, and il(t) compensates for the power 
losses. Thus, the total current it(t) is as already 
presented in the earlier work: 

 
,             (2) 

 
The compensation current il(t) is determined based on 
the voltage V(t) over the actuator and a dynamic 
impedance model X(ic), which is a function of the 
charging current ic(t). 

 
        (3)  
 
  

In [5], the dynamic impedance model was determined 
experimentally to describe the power losses but 
environment effects were neglected. Figure 2 presents 
the impedance with respect to the charging current 
ic(t). In this paper, a small modification has been 
made to the impedance model (compared with [5]) to 
improve the performance on higher currents. 
To compensate for environment effects, we assume 
the parameter a in Equation (1) and the impedance 
model X(ic) in Equation (3) to be temperature and 
humidity dependant factors a(T,H) and X(ic,T,H). 

Temperature and humidity dependence will be 
discussed in Section 4 in more details. 

Fig. 2 Charging current – impedance relation. 

3 Control Setup 

The hardware components used in the control scheme 
are a regular piezo amplifier, a sensitive current meter 
with a voltage output and a computer with a data 
acquisition system. The current meter used was a 
160B Digital Multimeter by Keithley Instruments 
(USA). The maximum resolution of this device is 10 
pA. The control setup including hardware and 
software components is shown in Figure 1. 
The displacement to current and the feedforward 
compensation blocks are the actual targets of interest 
in this work. The displacement to current block 
converts the displacement to the current (Equation 
(1)). The feedforward compensation block 
compensates for the power losses that occur in the 
actuator (Equation (3)). The feedback loop in Figure 
1 is required to assure that the desired current is 
driven into the actuator using a regular voltage 
amplifier. 
The actuator used in the experiment was a 
piezoelectric bender NB 40x10x0.6-21 by Tokin 
(Japan). 

4 Environmental Compensation 

The internal impedance model presented [5] can be 
written with a small modification in such a way, that 
the previous constants will become the functions of 
temperature and humidity: 
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where b(T,H), c(T,H) and s(T,H) are factors 
describing how the impedance varies with the 
charging current. Parameters b(T,H) and s(T,H) 
describe the relation at higher currents and c(T,H) at 
lower currents. R(T,H) is the static impedance. 
The effects of temperature and humidity on the 
internal impedance X(ic,T,H)  and the actuation 
velocity parameter a(T,H) were studied in six 
different environmental conditions; 10°C 30% RH 
(relative humidity), 25°C 5% RH, 25°C 30% RH, 
25°C 55% RH, 25°C 80% RH and 40°C 30% RH. 
When the humidity rose to 80%, the behaviour of the 
actuator changed drastically and the testing with the 
same setup was out of question. In other conditions, 
static and dynamic impedance values were found 
experimentally by the trial and error method 
described in [5]. The impedance values (in GΩ) with 
5 different currents in the 5 environment conditions 
are given in a table below. 
 
Temp
Hum 

Stat
Imp 

60nA 
Imp. 

100nA 
Imp. 

180nA 
Imp. 

250nA 
Imp. 

10°C 
30% 

4 1.2 1.3 1.2 1.2 

25°C 
5% 

3 0.9 1 1.1 1.1 

25°C 
30% 

2 0.8 0.9 0.9 0.9 

25°C 
55% 

3 0.8 1 1 1 

40°C 
30% 

1.2 0.5 0.6 0.5 0.5 

 
The impedance change with respect to humidity 
change was rather small, until the humidity reached 
80% and the behaviour of the actuator changed 
drastically. However, the effect of the temperature 
change can be seen clearly, since the impedance is 
many times greater at 10°C than at 40°C. As can be 
seen in Figure 3, the relation is quite linear. 
The relation between the temperature and the static 
impedance at 30% of relative humidity is as follows 

 
         (5) 
 

 
 
 

Fig. 3 Impedance with respect to temperature. 

The effect of humidity is rather small, therefore 
R(T,H) is basically described by Equation (5). The 
results in the table are rounded and therefore, the 
effect of humidity appears greater than it actually is.  
Temperature dependency of the parameter b(T,H) is 
presented in Figure (4) and Equation (6) describes the 
trend line.  

Fig. 4 Change of parameter b with respect to 
 temperature. 

 
  (6) 
 

According to the measurements, the parameters 
s(T,H) and c(T,H) are constants in the studied 
temperature and humidity range.    
By combining the parameter equations with Equation 
(4), we obtain    

 
 
 
 
    (7) 
 
 
 
 

Equation (7) will then be used together with 
Equations (1)-(3) to compensate for power losses. 
The valid temperature range for the models is 10-
40°C and humidity level below 60%. 
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The velocity parameter a(T,H) can be considered 
constant at the studied temperatures and levels of 
humidity. At 40°C the velocity decreases some 
percents. Based on measurement data, the value of 
0.03µm/s/nA will be used as the value of the actuation 
velocity parameter a. The voltage over the actuator 
V(t) is estimated with an integral of the charging 
current ic(t) and the actuator capacitance, as in [5]. 

5 Results and Discussion 

The developed model was tested in three different 
environmental conditions; 15°C 10% RH, 20°C 50% 
RH and 35°C 40% RH. The same trajectories were 
run with and without environment compensation in all 
conditions to validate the compensation model. The 
reference test uses power loss compensation and 
environment parameters set to room conditions (25°C 
30% RH). 
A decaying displacement ramp curve was used for the 
hysteresis analysis and a drift test. The decaying ramp 
curve has three ramps where the displacement 
decreases 50% from the previous one. The first ramp 
has amplitude of 200 µm, while the amplitude of the 
third ramp is 50 µm. The time used for each ramp 
remains constant.  
At 20°C 50% RH, the difference by environmental 
compensation in comparison to the uncompensated 
case is relatively small, which is quite natural 
considering the temperature difference. At 15°C 10% 
RH and at 35°C 40%, RH the difference is more 
obvious. 
Figure 5 presents the decaying ramp curve at 35°C 
40% RH. The solid line presents the required 
trajectory, dash-dot line the displacement with 
compensation, and the dotted line without 
compensation. Figure 6 presents the corresponding 
hysteresis.  

Fig. 5 Decaying ramp curve at 35°C 40% RH. 

The hysteresis reduces from 10% to 5% with 
environmental compensation. The improvement at 
15°C 10% RH is quite similar; the hysteresis is about 
half of the uncompensated case. At 20°C 50% RH the 
hysteresis is similar in both compensated and 
uncompensated cases; less than 4% of the full 
displacement. 

Fig. 6 Hysteresis of the decaying ramp curve driven 
 at 35°C 40% RH. 

In the drift test, the actuator is first driven with a 
constant speed for 40 seconds and then attempted to 
keep in its position for 100s. 
Figure 7 presents drift at 35°C 40% RH. As can be 
seen, without the compensation the displacement does 
not reach the required displacement and in the end is 
25 µm below the desired displacement. With 
compensation, the displacement overshoots, but later 
follows the required trajectory as desired. Further 
studies on overshooting would be in place, 
mechanical properties of the actuator are the most 
probable cause for this. 

Fig. 7 Drift at 35°C 40% RH. 

At 15°C 10% RH, the uncompensated test results are 
nearly 20 µm above the desired trajectory, while the 
results with compensation are within a couple of 
micrometers. At 20°C 50% RH, the drift results with 
and without compensation are close to each other: the 
compensated case is slightly below the required 
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trajectory and the uncompensated is slightly above the 
desired displacement, Figure 8. 

Fig. 8 Drift at 20°C 50% RH. 

The environmental compensation improved the 
performance of the actuator compared to the 
uncompensated case. However, there was an as yet 
unidentified source of uncertainty in the test setup 
that was decreasing the repeatability and thus 
decreasing the accuracy of the model. This can result 
from (i) the inaccuracy in the estimated voltage, (ii) 
actuator wear out or (iii) inaccuracies in the 
measurement system; (laser displacement meter, 
current meter or the data acquisition system). When 
this problem is solved, the results should improve still 
with a more accurate model. 

6 Conclusion 

Environmental compensation for the current control 
method of piezoelectric actuators was developed by 
experimentally studying how power losses vary in 
different environmental conditions. This was then 
modeled and compensated for with an additional 
current. The method improves the actuator 
performance. By using power loss compensation in 
constant temperature, the hysteresis is reduced from 
approximately 30% to 2-4%. When the method is 
used in changing environment conditions, 
performance reduces. For example in 35°C 40% RH 
the hysteresis is 10%. By introducing environment 
compensation, the hysteresis decreases to 5%. The 
further the conditions vary from normal office 
conditions, the better the results are. Similar results 
were obtained in drift tests. 
To summarize the results from the piezo actuator 
point of view, the power losses increase when the 
temperature increases. The effect of humidity is 
smaller, until a high level of humidity is reached. 
Future work includes implementing the compensation 
for self heating and load effects, as well as improving 
repeatability and studying current control with several 
different actuator types and actuators. 
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Simultaneous Actuation and Force Estimation Using 
Piezoelectric Actuators

Abstract—This paper introduces a force estimation method
that enables simultaneous actuation and force estimation using
piezoelectric actuators. The method combines an actuator input
voltage and a current together with a displacement measurement
to a force estimator. The force estimator contains a nonlinear
actuator model to approximate the present external force without
the use of force sensors. The measured displacement can
simultaneously be utilized in feedback control to enable precise
microrobotic operations. 

The results show that the method enables estimation of both
static and varying forces under simultaneous position feedback
control. Experimented displacement trajectories contain both
stationary and mobile phases. The achieved accuracy in force
estimation according to experiments is better than 10% of the full
force scale. Therefore force sensing without the use of separate
force sensors is feasible, which opens new applications for force
sensing in microrobotics.

Index terms—Piezo actuator; force sensing; sensorless; simul-
taneous actuation; current.

I. INTRODUCTION

Micromanipulation techniques are widely used in research
of several fields. Common for the majority of the cases is the
required operator. For the micromanipulation techniques to be
exploited in high volumes in areas such as industrial and
biological applications, the role of the operator should be
reduced to minimum. This can be achieved by increasing the
automation level [1]. 

Previously the research has focused on the development of
microrobots, -manipulators and tools. This has led to a
situation, where the performance of the devices and tools
would support fully automated systems, but the knowledge
about the target is inadequate. Therefore, the research trend has
recently shifted towards techniques, that gather more
knowlegde about the objects to be manipulated and about the
operating environment. These techniques include machine
vision and various sensor developments, such as force sensors.
These are not competitive techniques, but rather
complimentary.

Contact sensing is one of the most important actions for
example in pick and place from an operational point of view.
The most generic method to sense this event is the application
of force sensors. Many other methods are based on certain

target properties, such as on conductivity. Also in biological
applications such as in manipulation tasks related to cell
cultivation and microdissection of tissues, force and contact
sensing are required to enable full automation. 

There are various methods to measure forces; many of the
most suitable methods for micromanipulation are listed in
review articles such as [2] and [3]. These methods include
strain gauges, use of piezoresistive, piezoelectric and
piezomagnetic effects, capacitive sensors and optical sensors
[2], [3]. Perhaps the most convenient of these methods are the
ones based on the piezoelectric effect, since it enables
simultaneous sensing and actuation. This simplifies the
mechanisms and enables further miniaturizing of the system in
comparison to a setup with a separate actuator and force
sensor. 

Using piezoelectric materials for actuation is very
common in microrobotics. This is due to their high resolution
and favorable dynamic properties. However, large hysteresis,
drift, temperature, self-heating and load effects decrease the
open-loop positioning accuracy. Therefore, typically one of the
following control methods is used to increase the positioning
accuracy: feedforward voltage control, feedback voltage
control, feedforward charge control and feedback charge
control. 

Simultaneous sensing and actuation using piezoelectric
materials is not as rare as one could imagine; the mass quartz
balance is perhaps the best example of this. The mass quartz
balance is vibrating and a shift in the resonance amplitude is
measured and this is proportional to the measured mass. Other
examples can be found, where piezoceramics is actuated by ac
voltage for sensing purposes, such as [4] and [5]. This sensing
method gives good results when masses or other mechanical
properties of objects are needed to be measured. For a more
general use in microrobotics this method cannot be utilized,
since it requires a certain motion to be generated for the
measurement. In microrobotics, the motion trajectories can not
be specified in advance and they can have some static positions
as well.

Another approach is proposed in [6], where a sliding-
mode based force control method is presented. It is based on a
non-linear electromechanical model of the actuator and a
displacement measurement using strain gauges. Force is
estimated using the actuator input voltage, the output
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displacement and the non-linear actuator model. The difference
between the model output and the real displacement is used to
approximate the external force. The obtained results are quite
good, but as the paper points out, any inaccuracy in the model
will cause errors in the force estimation.

It has been shown that the input current and voltage
knowledge contain sufficient information to predict the
displacement of a piezoelectric actuator in the absence of
external forces [7]. 

The goal of this work is to study the feasibility of utilizing
current measurement in the external force estimation. 

The rest of the paper is organized as follows; Section II
presents the force estimation method and Section III describes
the experiment setup. Results are presented in Section IV.
Conclusion is at the end of the paper in Section V.

II. FORCE ESTIMATION METHOD

This section presents the proposed force estimation model.
The model should estimate the external force without any force
measurement.

From [8] we can derive that the displacement of a
piezoelectic actuator can be described as a function of current
and voltage:

, (1)

where d(t) is displacement of the actuator, i(t) current and
V(t) voltage. This applies when the external force is constant.

Linear dynamic system can be modeled by a two-port
model [9], as presented in Fig. 1.

Fig. 1: Two-port model of piezoelectric actuator. F(t) presents the force and 
v(t) the actuator velocity. Redrawn from [9].

The two-port model together with the general knowledge
about the load effect on piezoactuators suggests to include the
force F(t) in (1):

(2)

Solving for F(t) gives:

(3)

This would suggest that by measuring the actuator input
current and voltage, and the resulting displacement, the force
could be estimated. This could be done simultaneously with a
traditional position control of the actuator. Fig. 2 presents the

block diagram of the proposed force estimation method.

Fig. 2: Block diagram of the proposed force estimation method.

In the figure, dd and da present the desired and actual
displacements. V presents the voltage and i the current. Fext
presents the external force and Fe the estimated force.

The displacement can be measured in various ways. Strain
gauges are perhaps the most popular in many applications, but
other sensors such as capacitive, optical and Hall sensors can
be used as well.

A.   Force estimator
This section discusses the force estimation model. The

model has three inputs: voltage V, current i and actuator
displacement d, and one output, external force F.

In order to minimize the manual labor in the force
estimator creation, a modeling method which is supported by
software tools should be selected. One of this type of well
established methods is neural networks [10]; powerful tools for
creating and training neural networks exist in commercial
softwares.

Training data is obtained by driving the trajectory
presented in Fig. 3 with several different static loads: 0 N, 34
mN, 61 mN and 90 mN.

Fig. 3: Displacement trajectory for obtaining the training data.

A 10*1 feedforward backpropagation network is chosen
for the force estimation model. Fig. 4 combines the trajectories
driven with different loads to the same figure. The figure
presents actual loads and training results: continuous line

d t( ) f i t( ) V t( ),( )=

d t( ) f i t( ) V t( ), F t( ),( )=

F t( ) g i t( ) V t( ), d t( ),( )=

0 50 100 150 200
−80

−60

−40

−20

0

20

40

60

80

Time [s]

D
is

pl
ac

em
en

t [
μm

]

3262



presents the actual load and the dashed line the force
estimation of the model.

Fig. 4: Training results, continuous line presents the actual load and the dashed 
line the force estimation.

III. DESCRIPTION OF THE EXPERIMENT

This section describes the control implementation and the
experiment setup. The implementation of the force estimation
requires control software, a data-acquisition board with analog
inputs and outputs, a voltage amplifier (Piezo Systems EPA
102), a current meter (Keithley 160B), a displacement meter
and a piezo actuator. Data-acquisition is performed with a
National Instruments AD-board (PCI-6052E). The position of
the piezoelectric actuator is measured with a laser
displacement meter (Mel Mikroelektronik M5L/0,5). The
piezo actuator used in the experiments is a bimorph bender
NB38*4*0.6 from Tokin. 

The control software is implemented using Matlab, with a
real-time xPC Target toolbox. The displacement of the piezo
actuator was controlled using a PI controller, with a gain of 0.1
and integrator gain of 3. Control frequency used is 2 kHz.

The external force is produced in two ways: (i) by
attaching lead weights on to the actuator and (ii) using a plastic
cantilever that acts as a spring type of load. Lead weights
produce constant force on the actuator, while the force
generated by the cantilever is displacement dependent, as is
described by the spring force equation:

, (4)

where Fspring is the force generated by the spring, k the
spring constant and x the distance by which the spring is
elongated.

Fig. 5 presents the measurement setup. In the figure, a
plastic cantilever pushes the piezoelectric bender downwards.
The cross sectional dimensions of the plastic cantilever are 7.5
mm x 1.0 mm and the bending length is 23 mm.

Fig. 5: Measurement setup.

IV. RESULTS

This section presents the experimental results of the force
estimator. All experiments are carried out five times and the
results in this section present typical results.

The trajectory shown in Fig. 3 is driven with the following
static loads: 0 N, 22 mN, 47 mN and 77 mN. These are
combined in the same figure as was done in Section 2 by
presenting only actual loads and the corresponding estimated
forces, Fig. 6.

Fig. 6: Results of static force measurements.

The force estimation gives relatively good approximation
of the actual force. Some variation, however, occurs during
different phases of the trajectory. Some offset is also present in
the estimated forces. With the three lightest loads, the offset is
2 - 3 mN, but with the heaviest load the offset is slightly over 4
mN. The average absolute value of the error between the actual
load and the estimated force is 2.8 mN and also the median
error is very close to this (2.83 mN). The maximum error
during the experiments is slightly below 8 mN. The applicable
force range of the estimator is in minimum 0 - 90 mN, which is
the range of the loads used for the training. This, in
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combination with the maximum error of 8 mN, results in a total
estimation accuracy better than 9% of the full scale. 

The same trajectory is driven against the plastic cantilever
to test how the force estimator follows a varying force. Results
of this experiment are presented in Fig. 7, continuous line
presenting the displacement of the actuator and the dashed line
the estimated force. Unfortunately, the actual force is unknown
in this experiment and therefore, only qualitative validation is
possible. The results show that the shape of the estimated force
is as it should be for a spring type of force. This indicates that
the force estimator can follow varying loads.

Fig. 7: The piezoactuator driven against a plastic cantilever.

To obtain a rough estimate on the shape of the actual force
in this experiment, a fitted curve is created. This curve is based
on  (4), to which an offset is added. The spring constant and the
offset are approximated by finding a best fit so that the
measured actuator displacement would be the spring
elongation distance and the estimated force would be the
spring force. Since the values of the fitted curve are as close to
the force values of the estimator as possible, quantitative
conclusion cannot be made. However, the shape of the curve
should be accurate to some extent, with an assumption that the
deformation of the plastic cantilever is fully reversible and thus
the force follows the spring force equation. The fitted values
for the spring constant k and for the offset are 0.33 mN/μm and
42 mN.

The comparison between the fitted curve and the estimated
force indicates the existence of both hysteresis and drift in the
force estimator, Fig. 8. 

Fig. 8: Estimated force and a fitted spring force curve.

V. CONCLUSION

The proposed force estimation method is able to estimate
both static and varying external forces with relatively good
accuracy. The obtained accuracy is better than 10% of the full
scale. This is not as good as the performance of separate force
sensors, but adequate in many microrobotic tasks. The main
benefits of the sensorless force estimation method proposed
here are: (i) the simplification and (ii) enabling further
miniaturization of the mechanics compared with the systems
with separate force sensors, and (iii) enabling force sensing in
applications where it has been unattainable before.

Applications, where sensorless force sensing could be
utilized, include contact and force sensing in grippers and
manipulators, pressure estimation and medium detection in
piezoelectric valves and pumps, and force controlled clamps.

Future work includes improving the force estimation
model in order to reduce the remaining hysteresis and drift in
the system. 
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Abstract–This paper introduces the effect of self heating on the
displacement of piezoelectric actuators and a novel method to
quantify self heating. Issues influencing self heating include; the
frequency and the amplitude of the driving voltage, and the size,
or more specifically the volume-area ratio of the actuator and
they are also discussed. The effect of a load on the heat
generation is studied. According to the experiments, the peak-
to-peak value of the consumed current is a good indication of the
temperature rise of the actuator. This can be used for the
protection of the actuator from overheating, or as the authors
will propose in the paper, it can be used to compensate for the
changes in the displacement induced by the self heating. The
displacement error of the heated actuator reduces in average
down to one part in three when the proposed compensation is
used.

1. INTRODUCTION

Piezoelectric actuators are widely used in applications
requiring high resolution and accuracy. Their favorable
dynamic properties extend the application areas into high
speed areas such as vibration control. However, large
hysteresis, drift, self heating and load effects decrease the
open-loop positioning accuracy. If a high accuracy is
required, these non-linearities have to be compensated for.
The compensation is usually accomplished by means of four
different control principles: feedforward voltage control,
where non-linear models are typically used [1], [2], [3];
feedback voltage control, where various sensors are used;
feedforward charge control, where the operating current is
controlled [4], [5] and feedback charge control, where charge
is measured and controlled [6], [7], [8].

Driving piezoelectric actuators with fast periodic control
signals causes intrinsic heat generation in the piezoelectric
elements. The increased temperature causes inaccuracy in
operation of the piezoelectric actuators due to heat expansion
and variation of the characteristics of the element as a
function of the temperature, and it can even cause destruction
of the element itself.

When a piezoelectric actuator is under a varying electric
field, the actuator heats until a steady-state is reached. In the
steady-state, the heat generation and the radiation are at the
same level [9], [10], [11], [12].

It is suggested that dielectric losses are the main reason for
self heating [10], [11], [12], [13]. The heat generation
appears to be proportional to the driving frequency and to the
square of the amplitude of the driving voltage [12], [13].
Since the actuator produces heat in the entire volume and
dissipates it through the surface area, it seems quite obvious
that the heat generation is proportional to the volume/area of
the actuator [10]. 

Temperature has an influence on the output of piezoelectric
actuators [14]. The outside temperature is rather simple to
measure, but intrinsic heat generation requires a sensor
attached to the actuator. In some applications, this might be
difficult to accomplish.

The goals of this paper are to (i) experimentally study the
different aspects affecting self heating; (ii) demonstrate the
effect of self heating on the displacement; (iii) provide a
novel method for determining the state of self heating in the
actuator without temperature measurement and (iv) to
provide a method for the compensation of the displacement
error of the actuator caused by the heat generation.

Previously issues influencing self heating of piezoelectric
actuators have been studied. The contribution of this paper is
to provide methods for the quantification of self heating and
the compensation of its effects.

A detailed description of the stack actuators used in the paper
will be given in the end of the paper in Table 3 and they will
be referred in the text as Piezo 1, Piezo 2 and Piezo 3.

The rest of the paper is organized as follows. Section 2
presents the effect of the driving frequency on self heating. In
Section 3, the relationship between the driving voltage and
self heating is introduced. Section 4 presents the effect of a
load on the heat generation. Section 5 discusses the influence
of the actuator size on self heating. In Section 6, the effect of
self heating on the displacement is studied. Section 7
introduces the relationship between self heating and driving
current. Advantage of this is taken in Section 8, where a
compensation method for the displacement variations is
presented. Section 9 presents some application areas for the
proposed methods. Conclusions are drawn at the end of the
paper.



2. EFFECT OF DRIVING FREQUENCY

The effect of the driving frequency was determined by driving
the actuators with different frequencies and a constant
amplitude of 200 V. In the experiments, the temperature of the
actuators was measured. Figure 1 shows the rise in the
temperature as a function of the driving frequency. 

Figure 1: The effect of the driving frequency on self heating. 

The heating is proportional to the frequency in all three
piezos, as was demonstrated in [12] and [13]. The small decay
with Piezo 1 at 150 Hz is caused by the lack of the current
driving capability of the piezo amplifier in use.

3. EFFECT OF DRIVING VOLTAGE

The effect of the amplitude of the driving voltage was
evaluated similarly to the frequency test. Now the three
actuators were driven with different amplitudes and the
actuator temperatures were measured. The frequencies for the
actuators were 120 Hz for Piezo 1, 80 Hz for Piezo 2 and 700
Hz for Piezo 3. Figure 2 presents the temperature increase as a
function of the driving voltage.

Figure 2: The effect of the driving voltage on self heating.

The results of Piezo 3 resemble most the earlier results
presented in [10] and [11], where the heat generation is
proportional to the square of the driving voltage. Piezo 1 and
Piezo 2, however do not follow the relationship as precisely,
and their temperatures remain lower at high voltages than
would be expected. 

4. EFFECT OF LOAD

The effect of a load on self heating was tested by measuring
the heat generation of Piezo 1 with and without a 100 N spring
load (the blocking force of the actuator is stated to be 1500 N).
The driving conditions were 200 V / 100 Hz. Figure 3 presents
self heating with (dotted lines) and without (dashed lines) the
load.

Figure 3: The effect of a load on self heating.

There is a small difference in the steady-state temperature.
The temperature rises slightly higher with the load, but the
difference is very small. The test was repeated with a 150 N
spring load and the result was the opposite: the unloaded
actuator heated slightly more than the loaded. 

These tests indicate that at least a light loading of the actuator
does not increase self heating remarkably. The loads were
quite small in comparison to the blocking force of the
actuator, and the results might be different with larger loads. It
is also noticeable that no feedback was used in the testing.
Therefore, the displacement under a load was smaller because
of the load. If the displacements were kept constant, the
electric field should have been higher in the load cases leading
to a greater heat generation.

5. EFFECT OF SIZE

The three actuators, two (Piezo 1 and Piezo 2) of which are
made out of the same material, were driven with the same
frequency and voltage (200 V / 80 Hz). Figure 4 presents the
results.

The continuous line presents the temperature rise of Piezo 1,
the dashed line Piezo 2 and the dash-dot line Piezo 3. Piezo 3
is composed of different material (even though it is soft and it
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has high dielectric constant similar to the material of Piezo 1
and Piezo 2, see the end of the paper) and its layer thickness
can differ from the other two and therefore, its results cannot
be directly compared with the others. It is, however, clear that
a large actuator gets more heated than a small one. Due to the
scaling effect, the volume/area ratio decreases, when the
dimensions are scaled down.

Figure 4: Effect of size on self heating.

Figure 5 presents the increase in the temperature as a function
of the actuators’ volume/area ratio.

Figure 5: Self heating with respect to the volume/area ratio.

In Figure 5, a linear relation can be observed. The relationship
is linear, although one actuator differs from the others.
Theoretically, the line should intersect the origin [10].

6. EFFECT OF SELF HEATING ON DISPLACEMENT

Until this point, the discussion has focused on the issues that
influence self heating of piezoelectric actuators. From now
on, the emphasis will be on issues, which are affected by the
heat generation. Naturally, the damage in the actuator or the
destruction of its periphery are the most severe effects. Some
milder effects are e.g. thermal expansion of the actuator and

changes in its displacement which can, however, be of high
significance, too.

The effect of self heating on the displacement was studied
using Piezo 1 by driving it with a sine wave (200 V / 100 Hz).

Figure 6 presents the results, the black line presenting the
temperature and the grey line the displacement. The thermal
expansion of the actuator, being slightly over 5 µm and
approximately 0.03 % of the actuator length, can be seen quite
nicely in the figure.

Figure 6: Influence of self heating on the displacement.

In addition to the thermal expansion of the actuator, the
amplitude of the displacement changes, increasing from 19.0
µm to 20.5 µm. The change corresponds to 8 % of the original
amplitude (taken from the averages of the first and the last
1000 displacement cycles). 

Figure 7: Five displacement cycles from the beginning (continuous) and in 
the end (dashed) of the test.

The amplitude increase is illustrated in Figure 7, where few
displacement cycles from the beginning and in the end of the
experiment have been captured to the same figure. The offset
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has been removed to show the difference in the amplitude
more clearly.

7. EFFECT OF SELF HEATING ON CURRENT 
CONSUMPTION

When the actuator is controlled by a voltage and is heating up,
it is noticeable that the current consumption is increasing
along the temperature rise. Figure 8 presents the current (grey
line) and temperature (black line) values from the test
presented in Section 6 (Piezo 1, 200 V / 100 Hz). 

Figure 8: Influence of self heating on the current. 

The connection of the current consumption with the actuator
temperature is depicted more clearly in Figure 9, where the
temperature and the peak-to-peak values of the current are
shown. The offset value of the peak-to-peak current is
removed. In the beginning, the peak-to-peak current value
was 205 mA (at 25 °C), and it increased over 10 %, while the
temperature increased approximately 25 degrees.

Figure 9: Temperature and change in peak-to-peak current value.

To quantify the relation between the current increase and the
temperature rise, more measurements were carried out with
two actuators; Piezo 1 and Piezo 3. Piezo 1 was tested with

three frequencies; 100 Hz, 120 Hz and 180 Hz, and Piezo 3
with two frequencies; 500 Hz and 700 Hz. 200 V triangular
driving signal is used in the measurements. Each test was
repeated five times. Table 1 presents the results. Current
increase is presented as percents of the original peak to peak
current. According to the results the average current increase
per degree is 0.5 %/°C, and a standard deviation 0.03 %/°C in
these 25 tests. The measured temperature rise varied from 15
°C up to 44 °C. According to these results, the current
consumption can be utilized in the measurement of the
actuator temperature change.

Table 1: Average results from the measurements.

8. COMPENSATION

Section 7 showed that self heating is possible to measure
without a temperature sensor using the current consumed. In
this section, the emphasis will be on the compensation of the
increase in the displacement amplitude induced by self
heating using information on the current consumption of the
actuator. 

The compensation approach is to keep the peak to peak
current constant when the actuator is driven by a reciprocating
signal resulting in self heating.

Figure 10 presents the block diagram of the proposed control
method; an actuator current i is measured, and converted into
a peak to peak current Ipp. A controller adjusts the amplitude
A in order to maintain the current Ipp at a set point current Isp.
The set point current equals to the peak to peak current at the
beginning, Isp = Ipp at t zero. In the block diagram f presents the
frequency, v the voltage and d the displacement.

Figure 10: The block diagram of the proposed control method.
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The devices utilized in the experiment are a current meter, a
PC with data acquisition, a laser displacement sensor, a signal
generator and a piezo amplifier. A manual control is utilized
in these first experiments.

The proposed method is experimented with two actuators in
the same conditions as in previous section; (triangular wave,
Piezo 1: 100 Hz, 120 Hz, 180 Hz; Piezo 3: 500 Hz, 700 Hz).
Each test was repeated five times. For a reference, the same
experiments were done also without the compensation.

Table 2 presents the results; Error is the relative difference
between the original displacement amplitude and the final
displacement amplitude. It is noticeable that the difference in
the displacement amplitudes might have been slightly greater
than this during the process. The temperature increase is the
average value in the tests; in the compensated case the
temperature is typically couple of degrees less, and in the
uncompensated couple of degrees more than the average.

Table 2: Average results from the experiments.

As can be seen, the results are far better when the
compensation is used; the differences between the
displacement amplitudes in the beginning and at the end are in
average three times smaller with compensation than without
compensation.

Figure 11 presents typical results from the first tests (Piezo 1,
100 Hz): the displacement amplitude of the uncompensated
case increases until a certain point, while the displacement
amplitude of the compensated case remains quite constant.
The difference in the origin of the compensated and
uncompensated cases is probably due to some remaining heat
in the uncompensated case after the previous measurement.
The actuator was cooled down between measurements with an
air fan and even though the surface of the actuator was at the
room temperature, the temperature of the inner body of the
actuator could have been slightly higher. This decreases the
displacement error of the uncompensated case and by
eliminating this remaining heat the results would appear to be
even better than presented now.

In the experiments, where the compensated result differed
significantly from the original and was as great as 3 %, (Piezo
1 180 Hz and Piezo 3 700 Hz), the compensation decreased
the displacement amplitude and the final amplitude was
smaller than in the beginning. It therefore seems that in some
cases the proposed compensation method too effectively
decreases the increased displacement amplitude due to self
heating.

Figure 11: Typical results from the first test (Piezo 1, 100Hz), the 
uncompensated case with a dash-dot line and the compensated case with a 

continuous line. 

9. APPLICATION AREAS

The temperature measurement by measuring the peak to peak
current could be used as a safety feature preventing
overheating, or as a trigger to start an additional cooler. An
interesting application could also be piezoelectric pumps,
where it might be possible to detect the media inside the pump
due to their different cooling capability.

The proposed compensation method can be utilized in
applications, which use a periodic control signal, and where
the overall performance can be increased by controlling the
actuator amplitude more precisely. They include different
piezoelectric pumps, liquid dispensers and motors, for
example.

Piezoelectric stepper motors could benefit in open loop
accuracy by using the compensation method. Then the step
size would be more constant and dependency on the
temperature would be decreased. Naturally load would remain
as the main source of inaccuracy in piezo motors. In robotic
applications where high accuracy is required, feedback
sensors are naturally used, but a current measurement could
give valuable information of the temperature of the motor.

Piezoelectric pumps can easily be thought to be used in
applications where constant flow is required, but an
implementation of a flow sensor would be impossible due to
size / price requirements. Such application would benefit from
the proposed compensation.
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10. CONCLUSION

This paper presented issues concerning self heating of
piezoelectric actuators. Besides the effects of the frequency
and amplitude of the driving voltage, a load and the size of the
actuator on the self heating, a novel method was presented for
determining the state of self heating in a piezoelectric actuator
without temperature measurement. Furthermore, a
compensation method for the reduction of the self heating
induced displacement variations was proposed. The
displacement error of an actuator driven by a high-frequency
reciprocating signal reduces in average down to one part in
three when the proposed compensation is used.

The future work will include the application of the proposed
control method to a practical device, such as a reciprocating
piezoelectric pump or motor, and to develop the control
system such that the peak-to-peak current can be utilized more
efficiently in the control.

MATERIALS AND METHODS

Three piezoelectric actuators were used in the experiments of
the paper. The manufacturers, sizes and the materials of the
actuators are presented in Table 3.

S2 is a soft doped PZT material with a high strain
performance and a high dielectric constant [15].

FPM 231 is a soft material with a high deformation, a low
mechanical quality factor and a relatively high dielectric
constant [16].

Thermistors are glued with thermally conductive glue on to
the actuators to measure the actuator temperatures. 

Other devices used in the experiments are a current meter, a
PC with data acquisition, a laser displacement sensor, a signal
generator and a piezo amplifier.
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