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Abstract The identification of a model able to relate the deformation of Shape
Memory Alloy (SMA) wire to a state variable easily measured is widely studied in
recent years. The electric resistance (ER) of a SMA wire varies depending on its
martensite and austenite fraction, so the determination of the biunivocal relationship
between the wire shortening and its electric resistance allows “previewing” the
position of the SMA wire. In this way the resistance of the SMA wire can be used
as feedback variable in a control system. A test bench was first used to determine
the above mentioned relationship, and then this relation is used in a fuzzy control
system to impose a desired position to a SMA wire and to check the response of the
device. This type of control doesn’t need a position sensor, which is a certain
advantage in terms of cost, overall dimensions and weight for possible applications.
The performances of this position control with resistance feedback are good and
adequate for many applications; in particular it will be suitable for all applications
which do not dispose of space to place a position sensor—Ilike in aerospace
applications or micro manufacturing.
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1 Introduction

Many studies have been carried out by various researchers with the aim of iden-
tifying a model to relate the deformation of Shape Memory Alloy (SMA) wire to a
state variable of the same wire easily measured. The purpose of these researches is
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easy to understand: exactly knowing the deformation of the wire, see the position of
one end of a straight wire when the other end is fixed, with an indirect measurement
of an internal quantity of the wire, makes unnecessary the use of a position sensor to
perform the control. In addition, a mathematical model effectively describing the
complex behaviour of a SMA wire is very difficult to find; this is why researchers
often prefer to consider the wire as a “black box”, taking into account only the
inputs and related outputs to design the control.

Cho et al. [1] studied the behaviour of a NiTiCu SMA wire, obtaining interesting
results with an experimental set-up with strain gauge. Ma and Song [2, 3] devel-
oped an electrical resistance feedback control system for position regulation of a
spring-biased NiTi SMA wire actuator.

Song et al. [4] designed a control for SMA actuator wires using as a feedback
signal the value of the voltage drop across the wire, the relationship between
voltage and position being modelled with neural network.

These are recent interesting solutions, for example the use of the inductance of
the wire as the state variable [5]; but using resistance as the state variable is widely
used [6, 7]; also the author worked on a position control with PWM modulation and
resistance feedback signal [8]. Another work of Song et al. [9] considers the
resistance feedback with an original neural network to relate position and
resistance.

In the present research we decided to work on a resistance feedback using a
fuzzy logic for the control. The fuzzy logic is particularly suitable in case of
phenomena like the behaviour of SMA devices, in which there are uncertainties or
no detailed information about the constitutive model, with strong time dependence
and nonlinearities [10].

Ultimately the use of a resistance feedback control with fuzzy logic in SMA
wires actuating devices will lead to reduce overall dimensions and weight and
definitively save money. This kind of approach seems to be more and more required
in robotic applications, such as in servo-systems of aerospace vehicles and aircraft
[11] or precision manufacturing and assembly [12].

2 Resistance Feedback Control with Fuzzy Logic

The selected SMA wire (Nitinol HT wire, diameter 250 um, length 200 mm) shows
the contracted shape at temperatures beyond 70 °C. To obtain the return to the other
crystalline form it is necessary to cool it and to apply a bias tension on the wire axis
direction (at least 35 MPa). The heating is obtained by Joule effect, the cooling is on
calm air. Having one wire end fixed, it is possible to consider the wire shortening,
caused by heating, as the upwards of the free end of the SMA wire. The words
“position control” will refer to the position of the free end with respect to the fixed
one. The wire must be firmly constrained under mechanical strain and heated by
electric current. A position sensor is used during the characterization phase to
measure the reached position of the free wire end.
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Figure 1 shows a sketch of the whole control test bench. The wire layout is
simple and efficient: the SMA wire (1) is vertically arranged and connected at its
ends to an insulated electric wire. On the upper side this wire is connected to the
structure (2), on the lower side there is a suspended mass (3) of about 1 kg. The
cursor of an inductive position sensor (4) is rigidly connected to the mass, sliding
inside an external cylinder, fixed to the structure (LVDT Shaevitz E200). The arrow
beside the wire indicates the heating/shortening direction, caused by Joule effect
with a 12 'V power supply (5).

A computer with acquisition board executes the position control of the SMA
wire with Matlab/Simulink® programming. The amplification device (6) amplifies
the low power signal from DAQ and acquires the electric current magnitude
flowing into the SMA wire. In particular, the DAQ card makes the acquisition of
both the signal of the potential drop between the SMA wire ends and of the
potential drop at a known resistance in series with the SMA wire, and it transmits
the command signal necessary to control the SMA wire. Moreover it acquires the
position sensor signal where required. The resistance has a value much less than the
resistance of the SMA wire in order to measure the current.

A previously developed fuzzy control [13] had a similar hardware but using the
LVDT output as the feedback signal. The originality of the present study is on the
comparison with a “previewed” position, instead of a measured position coming
from a sensor, on the comparison block. This is possible because it is well known
that the electric resistance of a SMA wire varies depending on its martensite and
austenite fraction. This property can be used to create a biunivocal relationship
between the wire end position (length) and its electric resistance; in this way it will
be possible to “preview” the real position of the SMA wire. It is possible to
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Fig. 1 Sketch of the test bench and its resistance feedback with fuzzy logic control
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calculate the reached position by measuring the electric resistance thanks to a little
resistance placed in series with the SMA wire and causing a little voltage drop. The
first Ohm law allows calculating the current passing both through the resistance and
the wire. The voltage drop Vgya and the current Igya of the wire can be used to
calculate the desired resistance: Rsya = Vsya/Isua

With the experimental tests above described it is possible to evaluate the rela-
tionship between the reached position y (SMA wire length) and its electric resis-
tance R. This relationship was linearized, thus the equation y = a - R + g allows
calculating the previewed position.

This control doesn’t need a position sensor and this is a certain advantage in
terms of money, overall dimensions and weight when using the device in appli-
cations. A possible drawback is the precision of this control that might be probably
less accurate than that of a position feedback control.

3 Open Loop Tests

Experimental open loop tests were carried out in order to study the relationship
between electric resistance and displacement of the Ni-Ti wire. These tests were
necessary because the electric resistance variation is sensitive to many factors, such
as heat treatment, exact alloy composition and manufacturing.

Tests under stress generated by different constant loads were performed. They
showed that an increase of the load applied to the wire corresponds to a decrease of
the amplitude of the hysteresis cycle; actually higher mechanical stresses cause a
decrease of the R-austenite produced and an increase of the direct transformation
from austenite to martensite. Moreover increasing the applied constant load causes
an increase of the electric resistance corresponding to a fixed value of strain. The
applied bias load was then increased until the hysteresis on the relationship between
position and electric resistance nearly disappears. Figure 2 shows the relationship
between position and electric resistance with a bias load of about 10 N. Data refers
to 15 activation cycles with a sinusoidal input having the amplitude between 0.1
and 0.9 V and 1/60 Hz frequency. Figure 2 shows a very tight hysteresis cycle and a
quite repeatable behaviour.

4 Relationship Between Position and Electric Resistance

In order to preview the SMA wire reached position it was decided to model the
relationship between position y and electric resistance R with a simple straight line.
Figure 3 shows a real curve (blue) and a linearized curve (red) with a = —12 and
q =43.

The model represents well the actuator stroke. As it is possible to see in the
figure the wire maximum stroke is about 9 mm, but the linear behaviour is slightly
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Fig. 2 Relationship between 9 T
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reduced: the stroke that can be used during the closed loop resistance feedback is
about 6 mm, from 1.5 to 7.5 mm.

The control was implemented in Matlab Simulink and is shown in Fig. 4. The
error is generated by the comparison between the desired position and the pre-
viewed position, the real position being used as check information.

This kind of control is not better than a “normal” position control in terms of
positioning precision, but it has the great advantage of not having the need to use a
displacement sensor, which brings a number of advantages: less weight, overall
dimensions and costs reduced.
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Fig. 4 Block Diagram of the resistance feedback control

5 Results

Various experimental tests have been carried out to validate the control system, in
which the position sensor LVDT was used to compare the different results and not
for the feedback.

Figure 5 shows one example of the test with square waveform. Here the desired
position (dotted line) varies from 2 to 7 mm with frequency equal to 1/30 Hz; it is
possible to compare the desired position with the previewed position and the
reached position.

The first cycle is affected by errors due to the starting conditions and is not
relevant; only when the desired position becomes greater than the previewed
position the electric tension increases and the controller starts working effectively.
As it can be seen from Fig. 5, there are little overshoots in the rise side (0.2 mm
maximum), but the controller works well (with errors lower than 0.1 mm), and

Fig. 5 Square wave with 8 . : .
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Fig. 6 Examples of tests with sine wave with 5 mm amplitude (from 2 to 7 mm of the wire stroke)
with different frequencies (1/60, 1/15 and 1/6 Hz respectively) and constant load of 10 N

heating and cooling times are similar to the results obtained with the position
feedback [13].

Figure 6 shows examples of tests with sine wave of 5 mm amplitude (from 2 to
7 mm of the wire stroke) at different frequencies (1/60, 1/15 and 1/6 Hz respec-
tively). There is no unsteadiness, regardless the sine wave frequency.

Figure 7 shows the results for a test in which the reference position is a step
function with single step height equal to 1 mm and step time of 20 s. There are five
rising steps, corresponding to a heating phase, and five fall steps, corresponding to a
cooling phase. The real position during rising is nearly the same as the desired
position; whereas during the falling there are differences, due to the modelling of
the hysteresis cycle.
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6 Conclusions

On the whole, the overall performances of the position control with resistance
feedback are good and adequate for many applications; in particular it is suitable for
all applications in which there is no physical space to place a position sensor. The
possibility of controlling the position without a specific position sensor represents a
serious advantage, causing a positive outcome in terms of simplicity of the device
and cheapness.
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