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1

Actuators in motion control
systems: mechatronics

Actuators are irreplaceable constituents of mechatronic motion control systems.
Moreover, they are true mechatronic systems: that is, concurrent engineering is
required to fully exploit their potential as actuators.

This chapter analyzes the actuator as a device included in motion control
systems. It introduces the intimate relationship between transducers, sensors and
actuators, and discusses the implications of sharing these functions on the same
component.

It also discusses the role of the actuator as a device establishing an energy flow
between the electrical and the mechanical domain, and it introduces a set of relevant
performance criteria as a means for analyzing the performance of actuators. These
criteria include both static and dynamic considerations, and also the performance
of the actuator technology upon scaling.

Actuators are classified into active and semiactive actuators according to
the direction in which energy flows through the actuator. Active technologies
(Piezoelectric, SMA, EAP and magnetostrictive actuators) are then discussed in
Chapters 2 through 5, and semiactive technologies (ER and MR actuators) in
Chapter 6.

Finally, after explaining the distinction between emerging and traditional actu-
ators, this chapter concludes with an analysis of other actuator technologies (elec-
trostatic, thermal and magnetic shape memory actuators) not specifically dealt with
in separate chapters.

Emerging Actuator Technologies: A Micromechatronic Approach J. L. Pons
© 2005 John Wiley & Sons, Lid



2 ACTUATORS IN MOTION CONTROL SYSTEMS: MECHATRONICS
1.1 What is an actuator?

The mechanical state of a system can be defined in terms of the energy level it has
at a given moment. One possible way of altering the mechanical state of a system
is through an effective exchange of energy with its surroundings. This exchange of
energy can be accomplished either by passive mechanisms, for example, the typical
decaying energy mechanism through friction, or by active interaction with other
systems. An actuator is a device that modifies the mechanical state of a system to
which it is coupled.

Actuators convert some form of input energy (typically electrical energy) into
mechanical energy. The final goal of this exchange of energy may be either to
effectively dissipate the net mechanical energy of the system, for example, like
a decaying passive frictional mechanism, or to increase the energy level of the
system.

An actuator can be seen as a system that establishes a flow of energy between
an input (electrical) port and an output (mechanical) port. The actuator is transduc-
ing some sort of input power into mechanical power. The power exchange both
at the input and output ports will be completely defined by two conjugate vari-
ables, namely, an effort (force, torque, voltage etc.) and a flow (velocity, angular
rate, current, etc.). Eventually, some input power will be dissipated into heat. See
Figure 1.1 for a schematic representation of the actuator.

The ratio of the flow to the effort (conjugate variables) is referred to as
impedance. If an electrical input port is considered, the voltage and the current
drawn will completely define the power flowing in the actuator, and the ratio is the
familiar electrical impedance. By analogy to the electrical case, at the mechanical
port, the ratio of flow (velocity or angular rate) to effort (force or torque) is referred
to as mechanical impedance, and both variables will define the power coming out
of the actuator.

The concept of power exchange at the input and output ports of an actuator
gives rise to a wider definition of actuators as devices whose input and output ports
exhibit different impedances. In general, neither the input electrical impedance of
an actuator will match that of the controller nor the output mechanical impedance
will match that of the driven plant. This lack of match between input and output

Actuator

V,i fiv

Figure 1.1  Actuator concept: energy flows from the input to the output port.
Eventually, some energy is dissipated (undesired losses).
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impedances means that impedance adaptation is required both at the input and
output ports. The issue of impedance matching will be dealt with in more detail in
Section 1.3.

Actuators are most often found in motion control systems, (MCS). In these
systems, the ultimate objective is to drive the plant along some reference trajectory.
The role of the actuator in such a system is to establish the flow of power by means
of some control actions (inputs) in response to process models or sensory data so
that the desired trajectory is effectively accomplished.

The dynamic interaction between the actuators and the controlled system can be
defined according to the magnitude of the energy being exchanged, dW = F - dX,
Hogan (1985a). In some particular situations, the instantaneous energy exchange
can be ignored. This is the case where the force or the displacement is negligible.
On the one hand, if the force is zero (F = 0), the system can be considered position
controlled. On the other hand, wherever the displacement is zero (dX = 0), the
system is force controlled.

In general, the interaction will take place with a finite, nonzero instantaneous
energy exchange (dW # 0). In such a case, the motion control system will be able
to impose the effort (force, torque), the flow (velocity, angular rate), or the ratio
between them (the impedance), but not both simultaneously.

Depending on the sign of the admissible instantaneous work exchange, dW,
actuators can be classified as:

1. Semiactive actuators: the work exchange can only be negative, dW < 0. In
practice, this means that semiactive actuators can only dissipate energy as
a consequence of mechanical interaction with the controlled system. These
actuators are dealt with in Chapter 6.

2. Active actuators: the work exchange can take any positive or negative value,
dW < 0. For practical purposes, this means that active actuators can either
increase or decrease the energy level of the controlled system.

The ultimate constituent of an actuator is the transducer. A transducer has
been defined (Middlehoek and Hoogerwerf (1985)) as a device, which transforms
nonelectrical energy into electrical energy and vice versa. This definition of a
transducer emphasizes the fact that most actuators (transducers) are driven by
logic elements in which the information flow is electronically established. As such,
transducers ultimately transform to and from electrical energy.

Transducers have also been defined (Rosenberg and Karnopp (1983)) as devices,
which transform energy from one domain into another. Rosenberg’s definition of a
transducer is broader than the previous one since it does not restrict transduction
to or from the electrical domain. Finally, the broadest definition of a transducer
makes a distinction between different types of energy within a single domain
(differentiating between rotational and translational mechanical energy). It states
(Busch-Vishniac (1998)) that a transducer is a device, which transforms energy
from one type to another, even if both energy types are in the same domain.
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A transducer can be used to monitor the status of a parameter in a system,
or it can be used to define the status of such a parameter. It is the former use of
transducers that produces the concept of sensors. A sensor is thus a transducer,
which is able to monitor the status of a system (ideally) without influencing it.

On the other hand, an actuator can be defined as a transducing device, which
is able to impose a system status (ideally) without being influenced by the load
imposed on it. »

The transduction process can be established between any two energy domains
(see second definition of transducers) or even between different energy types within
the same domain (see third definition). Whenever a transducer is used to impose a
status on a system (actuator concept), such wide definitions of transducers would
include actuators capable of establishing energy flow between any two energy
domains. Throughout this book, the first definition of transducers is used and is
restricted to output mechanical energy.

A transducer might establish energy flow between nonelectrical input energy
domains and output mechanical energy — see the case of a thermally actuated shape
memory alloy (SMA) transducer. For practical purposes, it is always possible to
include any subsystem in charge of electrically driving the transducer in the actuator
system. This applies, for instance, to electrically heating the SMA transducer by
means of a Joule effect (delivering heat through resistance heating). The actuator
system as a whole establishes a flow of energy between the electrical domain and
the mechanical domain (see Figure 1.2).

The use of electrical energy at the input port of actuators has clear advantages:

1. Compatible energy domains. Most motion control systems (in which actuators
are usually included) are controlled electronically; thus, the output energy
domain of the control part is already in the same energy domain as the input
actuator port.

2. Fast operation of electric devices. Electronic and electric devices are char-
acterized by fast operation, in most cases much faster than the intrinsic time
constants of the actuator. This improves the controllability of actuators.

3. Availability of components. The electronic components used in the control
and conditioning system are well-known and readily available.

Actuator
O—— — ——©
fi ( 2 Tran;ducer fz( 2 Tranj:lucer 2 ) I
O O
Electrical Nonelectrical Mechanical
port port port

Figure 1.2 Actuator concept as a two-port transducer: input electrical port and
output mechanical port.
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In view of the above considerations, the actuator concept that we will use
throughout this book comprises both the transducer itself (possibly between non-
electrical domains and the mechanical domain) and the subsystems responsible
for electrically driving the transducer. Note that the subsystems used for electri-
cally driving the transducer could, in turn, be considered an additional transducer,
according to the broad definitions noted earlier (see transducer B in Figure 1.2).

1.2 Transducing materials as a basis
for actuator design

Transduction is the process of energy conversion between either different energy
domains (for instance, from thermal to mechanical energy) or different energy types
within the same domain (for instance, between rotational and translational energy).
A more restrictive definition of transduction defines the input domain as electrical
energy and the output domain as mechanical energy.

The transducer is the device in which transduction is accomplished. In general,
two types of transducers can be considered (Busch-Vishniac (1998)):

1. Geometrical transducers. In geometrical transducers, the coupling between
input electrical energy and output mechanical energy is based on the exploita-
tion of some geometrical characteristics. Actuators resulting from geometri-
cal transducers are called by extension geometrical actuators. This applies
to all rotational actuators.

In particular, if a rotational permanent magnet electromagnetic DC motor is
considered, the geometry of the magnetic flux with regard to the configuration
of the current flowing in the coils leads to a Lorentz interaction, which, in
turn, results in a rotational motion of the coil (see Figure 1.3).

2. Transducing materials. A transducing phenomenon between any of the dif-
ferent energy domains is directly exploited to develop actuators. Examples
include stack piezoelectric actuators or shape memory alloy actuators directly
pulling a load.

Figure 1.3 A DC motor as a geometrical transducer.
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In most cases, the time lapse between the discovery of a new transducing
material and its eventual application in the development of actuators might be
decades or even centuries. This is the case, for instance, of ER and MR fluid
actuators (see Chapter 6). The modification of the rheological behavior of both
types of fluid in response to electric or magnetic fields, respectively, has been
known since the late 1940s. Only recently have they been applied industrially in
the context of vibration isolation (see Case Study 6.3, page 240).

1.2.1 Energy domains and transduction phenomena

Most often when dealing with transducers, seven main energy domains are consid-
ered, namely, chemical, electrical, magnetic, mechanical, optical, fluid and thermal.
Transduction can be found between any two of these energy domains. In addition,
different transduction phenomena are possible for a given pair of energy domains.
Some of the transduction processes of interest when developing actuators are briefly
analyzed in the following paragraphs.

1. Thermomechanical transduction. In this energy conversion process, the input
energy is in the thermal domain and the output energy in the mechani-
cal domain. Several actuators can be developed by following this conver-
sion scheme:

(a) Shape memory alloy (SMA) actuators. In this type of actuators, the input
thermal energy triggers a phase transition in the alloy, which results in
the shape recovery of a previously deformed state. These actuators are
discussed in detail in Chapter 3.

(b) Thermal actuators. In this type of actuators, the different thermal expan-
sion coefficients of two thin metallic laminas cause a bending of the
composite structure upon heating and cooling. These actuators are
described in more detail in Section 1.10.2.

(c) Thermally active polymer gels. Some polymer gel actuators respond to
thermal stimuli. These are reviewed in more detail in Chapter 4.

(d) Thermal expansion actuators. It is well-known that temperature changes
cause expansion—contraction of all materials. Thermal expansion can
be considered a direct thermomechanical transduction process.

2. Magnetomechanical transduction. These actuators establish an energy flow
from the magnetic domain to the mechanical domain and vice versa. Again,
several actuators can be developed, depending on various different transduc-
tion phenomena:

(a) Magnetostrictive actuators. Magnetostrictive actuators exhibit a reori-
entation of magnetic dipoles in the presence of an externally imposed
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(b)

(c)

magnetic field. Magnetic domain reorientation results in extension-
contraction in the dominant direction. These actuators are analyzed
in Chapter 5.

Magnetorheological fluid (MRF) actuators. MRFs exhibit changes in
their rheological properties when subjected to external magnetic fields.
The apparent viscosity of these materials is thus modified according to
the magnetic field. They are semiactive actuators: that is, they can only
dissipate energy. MRF actuators are discussed in Chapter 6.

Magnetic shape memory alloy (MSMA) actuators. In most instances,
MSMAs are considered a subclass of magnetostrictive actuators. How-
ever, they exhibit very different actuator characteristics and are evolving
into an independent new class of actuators. They are addressed in
Chapter 1.

3. Electromechanical transduction. The energy in the input electrical domain
is transformed into mechanical energy. In most of the following actuator
technologies, the transduction process is reversible. Some of the technologies
listed below are used concomitantly with the converse transduction process
in what are known as smart actuators (see Section 1.3).

(a)

(b)

(c)

(d)

Electromagnetic actuators. The Lorentz interaction between a flowing
electrical charge and a magnetic field is exploited to supply either trans-
lational or rotational mechanical energy to the coil. The magnetic field
can be established either by means of permanent magnets or by a sec-
ond coil. This is a well-known, traditional actuator technology, and
in this book, it is only mentioned as a reference for comparison with
emerging technologies.

Piezoelectric actuators. The converse piezoelectric effect resulting from
the interaction of an imposed electric field and electrical dipoles in a
material results in a deformation. This deformation is used to drive the
plant. The converse piezoelectric effect can be used directly or through
geometrical transducer concepts. This is analyzed in detail in Chapter 2.

Shape memory alloy (SMA) actuators. These actuators have already
been mentioned in connection with thermomechanical transduction.
Thermal energy is usually supplied through resistive heating (Joule
effect), and, hence, these can also be considered electromechanical
transducers.

In the context of smart actuators, a linear relationship between the
electrical resistance and the displacement is used to establish a sen-
sor model.

Electroactive polymer (EAP) actuators. Within the broad family of EAP
actuators, dry type polymers directly exploit Maxwell forces or the



