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Abstract

Shape memory alloy (SMA) actuators, which have the ability to return to a predetermined shape when heated, have many potential
applications in aeronautics, surgical tools, robotics and so on. Nonlinearity hysteresis effects existing in SMA actuators present a prob-
lem in the motion control of these smart actuators. This paper investigates the control problem of SMA actuators in both simulation and
experiment. In the simulation, the numerical Preisach model with geometrical interpretation is used for hysteresis modeling of SMA actu-
ators. This model is then incorporated in a closed loop PID control strategy. The optimal values of PID parameters are determined by
using genetic algorithm to minimize the mean squared error between desired output displacement and simulated output. However, the
control performance is not good compared with the simulation results when these parameters are applied to the real SMA control since
the system is disturbed by unknown factors and changes in the surrounding environment of the system. A further automated readjust-
ment of the PID parameters using fuzzy logic is proposed for compensating the limitation. To demonstrate the effectiveness of the pro-
posed controller, real time control experiment results are presented.

© 2007 Published by Elsevier Ltd.
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1. Introduction

The last decade has seen a growing interest in the field of
decreasing in size and weight of the control and robotic sys-
tems, so must their respective components. Actuators, the
driving mechanism behind these systems, play an impor-
tant role in the system design and typically rely on electric,
hydraulic, and pneumatic technology. Unfortunately, there
is a drastic reduction in the power that these forms of actu-
ations can deliver as they are scaled down in size and
weight. This restriction has opened investigation of several
novel smart actuators such as electromagnetics, piezoelec-
trics, and shape memory alloys.

Among these technologies, the shape memory alloy
(SMA) actuators, which have the ability to generate signif-
icant strains (up to 8%) in response to a temperature

* Corresponding author. Tel.: +82 52 259 2282; fax: +82 52 259 1680.
E-mail address: kkahn@ulsan.ac.kr (K.K. Ahn).

0957-4158/$ - see front matter © 2007 Published by Elsevier Ltd.
doi:10.1016/j.mechatronics.2007.10.008

change, have the clear advantage in strength to weight
ratio. With the high inherent strength of the SMA actua-
tors comes the advantage of being able to implement direct
drive devices. Direct drive devices eliminate the use of gears
with their inherent problems of backlash and wear. Their
ability to generate large strains has promoted their use as
an ““artificial muscle”. The high force/mass ratio, silent
and smooth motions of these actuators has been applied
in numerous applications [1,2].

The ability to “memorize” a specific shape is a result of
physical changes in the SMA actuators. This occurs
through a solid-state phase change by molecular rearrange-
ment. The two phases that occur in the SMA, are martensite
and austenite. At higher temperatures, the material is in the
austenite phase. As the temperature is lowered, the material
changes to the martensite phase and grows until sufficiently
low temperatures. These changes occur in a highly nonlin-
ear fashion, introducing the significant hysteresis in the
actuator response. Hysteresis behavior introduces delays
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and leads to inaccuracy in the motion control of SMA
actuators.

The hysteresis in SMA actuators is a complex nonlinear-
ity with memory that may result in multiple outputs for a
given input, depending on its time history. To obtain high
control performance, it is necessary to develop the hyster-
esis models that not only capture all of the essential char-
acteristics relevant to the hysteresis of the SMA
actuators, but also are suitable for control system design
and real time implementation. Development of this type
of model, its experimental verification and control applica-
tion are addressed in this paper.

The hysteresis model in ferroelectric, electromagnetics,
magnetostrictive, piezoceramics and SMA actuators has
been addressed in several reports [3-9]. Two distinct types
of model have been proposed to capture the hysteretic
characteristics. The first type of models were derived from
the physics of hysteresis and combined with empirical fac-
tors to describe the models [3,11-13]. However, these mod-
els are not easily used in control systems, as the physical
basis of some of the hysteresis characteristics is not com-
pletely understood. This requires considerable effort in
identifying and tuning the model parameters in order to
describe the hysteresis phenomenon accurately. The second
type of model is based on the phenomenological nature and
describes the phenomena mathematically. Among these,
the Preisach model is a well known approach to model
the hysteresis functions [4-10]. Although the Preisach
model does not provide physical insight into the problem,
it provides a means of developing phenomenological model
that is capable of producing behaviors similar to those of
the physical systems. Therefore, it is a convenient tool for
simulation and control applications. In this paper, the
numerical Preisach model based on geometrical interpreta-
tion is used for the hysteresis modeling. This model is then
incorporated in a closed loop PID control in simulation
environment. The values of PID parameters are determined
by using genetic algorithm to minimize the mean squared
error between desired output displacement and simulated
output.

However, the PID controller with parameters obtained
from simulation is not good when it is applied to the real
SMA control since the system is disturbed by unknown fac-
tors and changes in the surrounding environment. There-
fore, a further readjustment of the PID parameters using
fuzzy logic is proposed to enhance the control and adapta-
tion ability with respect to the external variations. The
optimal parameters obtained from the simulation are used
as the initial values of the PID controller. The proposed
controller tunes the PID parameters from these initial val-
ues by integrating the fuzzy inference and producing a
fuzzy adaptive PID controller. Experimental results show
that the proposed algorithm can be used to improve the
accuracy of the motion control and reduce the hysteresis
nonlinearity effect of SMA actuators.

The remainder of the paper is organized as follows. Sec-
tion 2 reviews the introduction to the Preisach model and

its geometrical interpretation. The numerical Preisach
model and the identification results are also presented in
this section. In Section 3, the Preisach model is incorpo-
rated in the PID closed loop control scheme to investigate
the possibility of PID algorithm in the SMA control. The
application of genetic algorithm to find the optimal param-
eters of PID controller is shown in this section. Next, the
design of self tuning fuzzy PID controller along with the
experiment results of the SMA position control are
decribed in Section 4. Concluding remarks are provided
in Section 5.

2. Hysteresis modeling of SMA actuator using Preisach
model

2.1. Preisach model

The main assumption made in the Preisach model is that
the system consists of a parallel summation of a continuum
of weighted hysteresis operators y,5. Each of these opera-
tors is represented by a rectangular loop on the input-out-
put diagram shown in Fig. 1. The numbers o« and f
correspond to “up” and “down” switching values of input,
respectively.

As the input varies with time, each relay adjusts its out-
put according to the current input value and the weighted
sum of these outputs provides the system output. Along
with the set of operators y,s, there is an arbitrary weight
function wu(a, ), which is termed the Preisach function.
Then the Preisach model is written as follows:

wWe) = / / Mo Bl (1)

The collection of weights u(a, ) describes the relative
contribution of each relay in the overall hysteresis. Accord-
ing to this model, the same input u(¢) is applied to all of the
hysteresis operators. Their outputs are multiplied by u(a, )
and integrated over all appropriate values of o and f and
the system output is then obtained.

2.2. Geometrical interpretation of Preisach model

It is assumed that there is a one-to-one correspondence
between the operator y,; and the point («, f) on the half
plane o > f. This is called the Preisach plane. In other
words, each point in the Preisach plane can be identified
with only one particular hysteresis operator whose switch-
ing values are equal to the « and /5 coordinates of the point.
The function u(a, ) is assumed to be zero outside the trian-
gle T in Fig. 2. The hypotenuse of this triangle is the line
o = f3, with the coordinates of the vertex, representing the
maximal value of the input that is being modeled.

To start the discussion, consider the case of hysteresis
formation in SMA actuator when the driving input u(t)
is current, and the resulting output is displacement y(¢).
When the current to the SMA actuator is zero, the output
of all of the operators is zero.
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Fig. 1. Preisach model schematic.

Fig. 2. Preisach plane.
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s

Fig. 3. Division of the triangle due to a increasing input o;.

It is assumed that the input is monotonically increasing
to a value oy, as shown in Fig. 3, and the outputs of all of
the hysteresis operators with an o switching value less than
o; become equal to +1. Geometrically, this leads to the
subdivision of the triangle T into two sets: S*(¢) consisting
of point (o, ), where the output is +1, and $°(r), where the
output is zero. This subdivision is made by the line o« = u(¢)
that moves upwards as the input is increased. This upward
motion is terminated when the input reaches the maximum
value of a;.

Next, the input is monotonically decreased from o to a
value f;. As the input is decreased, the outputs of all of
the hysteresis operators in the set ST(¢) with f switching
values greater than f§; become equal to zero. This changes
the previous subdivision of T into two sets again. The inter-
face between S'(7) and S°(r) has two links at this point
including both horizontal and vertical. As illustrated in
Fig. 4, the vertical link moves from right to left as the cur-
rent is monotonically decreased from «; to ;. The vertical

A

e

Fig. 4. Division of the triangle due to a decreasing input f;.
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line is = u(z). The motion of the vertical link is terminated
when the input reaches a minimum value of f3;.

By generating this analysis with the case of increasing or
decreasing input, the following conclusion is reached. At
any instant of time, the triangle T is subdivided into two
sets: ST(7) and S°(¢) corresponding to the output of the hys-
teresis operators is +1 or zero. The interface between S™(¢)
and S(1) is the staircase line whose vertices have « and f
coordinates, respectively with local maxima and minima
of the input at a previous instant of time.

Thus, at any instant of time the integral in (1) can be
expressed by

=[] #eprlutoiauap

-/ /S o Bl 0]dodp o

where  y,pu(t) =0, V(xp)e 5% and Popu(t) =1,
V(a, f) € ST(1), then this expression becomes

/ / B)dadp (3)

From this expression, the output of the Preisach model
depends on the subdivision of triangle T. This subdivision
is determined by an interface which depends on the past
extremum values of the input.

2.3. Numerical Preisach model

To apply the classical Preisach hysteresis model to SMA
actuators, many difficulties are encountered. It requires the
evaluation of double integrals in (1) or (3). This is a time
consuming procedure that makes the use of the Preisach
model difficult in practical applications. Furthermore, the
other problems are to determine the number of required
hysteresis operators 7,5 and their associated Preisach func-
tions u(a, f). An identification procedure and a discrete
numerical implementation were developed [10], which are
rederived for the case of displacement versus current hys-
teresis as follows.

The basic idea is to identify the function F(a, ) that is
defined as follows:

F(ou, By) =Vuy — Vayp, (4)

where y, is the output at the current value of oy, and y, 5 is
the output after the current has been decreased to f5; from
its maximum value of «;. This function is equal to the out-
put increments along the first order transition curves.
These curves are defined as follows: the input current is
monotonically increased from zero to some value «; and
then decreased to a value f; that is greater than zero.
The term ““first order” is used to emphasize the fact that
each of these curves is formed after the first reversal of
the input.

From Fig. 4, the fact that the integral over the area
T(a1,p1) is equal to the difference in the hysteresis outputs
of current values of o and f; is found

/ / L pdedf = F, ) (5)

The setS'(f)can be subdivided into n(f) trapezoids O.
As a result, it can be expressed as:

//S B)dadp = Z//Q

where n trapezoids Q, may change with time.

Each trapezoid Qy can be represented as a difference of
two triangles T( M, my_1) and T(My,my), where M, and my
denote the maximum and minimum points of the input his-
tory. Therefore,

//kaﬂ(fx, B)dadp = //T(Mkm[l)ﬂ(a’ f)dodp

B)dodp (6)

- / /T (Mk’mk)u(a, B)dodp 7)
Through (5), it is known that
//an_m“)“(“’ﬁ)d“dﬁ — F(My,my_1), )
and
/ /T <Mk,mk>“(°" B)dadf = F(My, my) o)

Thus, (7) can be rewritten as follows:
J[ o prads = Fbtiome) = FMem)— (10)
O (1)

From (3), (6) and (10), the output y(¢) of the hysteresis
nonlinearity is written as follows:

n(t)
Z (M, my_y)

k=1

— F(My,my)] (11)

()

|

P

Fig. 5. Triangle T for numerical implementation of the Preisach model
corresponding to a decreasing input current signal.
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In the case that the input is monotonically decreasing, as
shown in Fig. 5, the final link of the interface is a vertical
one, thus: m, = u(t). Consequently, Eq. (11) can be written
as

n(t)—1
y(t) = Y [F(Mi,myr) = F(My,my)]

+ [F(My,myy) = F(My, u(?))] (12)

or
n(t)—1

y(t) = [yMk,mk _yMk,mk,l] + [yM,,Au([) _yMn,m,,,]] (13)
k=1

If the input is monotonically increasing, as shown in
Fig. 6, the final link of the interface is a horizontal one,
m, = M,(t) = u(t), and Eq. (11) becomes:

n(t)—1

y(t) = Y [F(Mismyy) = F(My,my)] + Flu(t),m, ] (14)

k=1
or

n(t)—1

y(t) = Z [yMk‘mk _yMk,m,(,l] + [yu(t) _yu(t),m,,,]] (15)

k=1

Using the above expressions, the output of the Preisach
model can be calculated from an input, a set of first order
transition curves, and an input history that is specified by
the user.

To implement this algorithm, there are two main steps
for hysteresis modeling. First, a square mesh covering the
triangle T is created. The number of switching points in
the Preisach plane, as shown in Fig. 2, can be selected by
the user. During this stage, a discrete set of first order tran-
sition curves is entered. With each value of the switching
point (o, ) in the Preisach plane, the input current is mono-
tonically increased to « and then decreased to f5. At the ver-
tex of each first order transition curve, the values of the
output displacement (y, .y, s ) are measured. The value

A

o

50
(M.i'rl E mk—l)
M, .m)

u(t)

>
g

Fig. 6. Triangle T for numerical implementation of the Preisach model
corresponding to an increasing input current signal.

of the function F(a,f) is obtained from Eq. (4). Then, a
mesh of values for the function F(«, ff) are determined from
the experimental data.

At the second stage, an input history and the current
values of the input are entered. Using these data, the alter-
nating series of dominant input extrema (M,,m;) and
(My,m;_1) must be determined from the input current to
SMA actuators and updated at each instant of time. All
terms in the formulas (12) and (14) are computed from
these values: My, my, my;_, and the mesh value F(«, ). This
is done first of all by determining the particular square (or
triangle) cells to which points (My,my), (M, m;_;), and
(M,,u(t)) belong, and then by computing the value of
F(a, p)at these points by means of interpolation of the mesh
values of F(a,f) at the vertices of these cells. Finally, the
output is calculated using the Preisach model parameters
Fla, ), in (12) (or (14)) for the case of decreasing (or
increasing) of the input. The output of the hysteresis non-
linearity can also be computed by using Egs. (13) and (15)
with a similar procedure.

2.4. Identification results

Fig. 7 shows the experimental apparatus for the SMA
positioning system. In the experimental setup for hysteresis
modeling and control, a small tensile SMA wire (made by
Memory—Metalle GmbH) is used with these specifications:
heat current: ca. 2 V/0.85 A, gen. force: 8 N, and displace-
ment: ca.5 mm. This SMA wire has a one-way shape mem-
ory effect. The displacement was measured by a high
precision potentiometer and fed to the computer through
an A/D Advantech PCI — 1711 card. The control current
that was applied to the SMA wire obtained from a D/A
card and a V/I converter. This system is controlled in
real-time by using Advantech PCI-1711 Card with Real-
time Windows Target Toolbox of Matlab.

The switching points used in this program are shown in
Fig. 8. It should be known that if more switching points are

ShMA wire

Contraction
oy
\ Shid wre ¥ heated

Potentiometer

/@/

LY

Vi T Converter Ii
ADC
DAC (PCLI71D
(PCL 1711

_@;J

Fig. 7. Experimental apparatus.
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Fig. 8. Number of switching points used in the experiment.
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Fig. 9. Input current signal.

used, more accuracy can be obtained by the model. For
each switching (a, ) point, the mesh values of the function
F(a, ) in (4) are computed by measuring the output dis-
placement as the input current is increased to o(y,) and
then decreased to B(yup).

The input current applied to SMA actuator is a decaying
sinusoidal signal, as shown in Fig. 9. During the experi-
ment, the dominant input maxima and minima are deter-
mined and updated at each instant of time. The
maximum and minimum points are updated by comparing
any new dominant extrema with previous extrema. If the
value of the input current does not lie at the grid points
of the triangle T in the Preisach plane, the value of the cor-
responding F(a, ) is determined by four or three point
interpolation, which depends on the square or triangle that
the input value belongs to.

The output of the hysteresis model, computed from (12)
and (14) and the output displacement obtained from the
experiment are shown in Fig. 10. In this figure, the experi-

4.4 T T T T
identification
it 1 — —experiment ||
45F .
|
4+ ‘ N
zaskl | \' 1
£ | |
€ 3r J
: | |
3 25F | _
o
g |
= 2 | 1
15} .
W \
1+ ‘ l ! 4
s ] |
A
0 = ==
0 a0 100 180 200 260 300
time (s)

Fig. 10. Comparison of the output displacement through experiment and
prediction of the Preisach hysteresis modeling.

mental result is in good agreement with the of Preisach
model prediction.

The discrepancy between the experiment and model is
due to the limited number of switching points available
in the corresponding region of the Preisach triangle. This
error can be eliminated by increasing the number of points
in Preisach plane, as shown in Fig. 8.

3. Simulation of SMA control using PID controller, genetic
algorithm and Preisach model

3.1. PID control of SMA actuators

It is observed from the Section 2 that the Preisach model
is able to accurately predict the output displacement trajec-
tory from the input current of SMA actuators. In this part,
the Preisach model is used in the closed loop PID control
scheme to investigate the possibility of the PID algorithm
in SMA control in the simulation environment before
applying it to real control system. The optimal values of
PID parameters are determined by using genetic algorithm
in order to obtain the desired output displacement. This
control strategy is shown in Fig. 11.

The error between the desired displacement and the out-
put of Preisach model is the input of PID controller. The
output of the PID controller is the current applied to the
SMA actuator. The optimal values of PID parameters
are obtained by using genetic algorithm which is described
in the following section. In this work, the Preisach hyster-
esis model of SMA actuator is programmed as a Simulink
block in order to be used in Simulink Toolbox of Matlab.

3.2. Tuning PID parameters using genetic algorithm

Genetic algorithm is well known as a powerful method
to solve optimization problems [14]. This algorithm is
based on the genetic process of biological organisms.
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Fig. 11. Turning PID parameters by using genetic algorithm.

Genetic algorithm can deal successfully with a wide range
of problem areas, including those which are difficult for
other methods to solve.

The principle of genetic algorithm is as follows. A pop-
ulation of individuals is generated; each individual repre-
sents a possible solution to a given problem. A new
population of possible solutions is produced by selecting
the best individuals from the current generation and mat-
ing them to produce a new set of individuals. Thus, this
new generation contains a higher proportion of the charac-
teristics possessed by the good members of the previous
generation. The mutation operation is used to restore lost
information and maintain diversity in the population set.

In the current paper, the optimal values of the PID
parameters are obtained by using genetic algorithm to min-
imize the mean squared error between desired output dis-
placement and simulated output from the Preisach model.

The fitness function used in this case is as follows:

S0 K Koo Ka) = 1 ) =0

where Kpmin < Kp < Kpmaxa Kimin < Ki < Kimax: Kdmin <
K; < Kjmax are variation ranges of the PID parameters, i
denotes the ith sample time, N is the number of all sample,
(i) and y (i) denote the output displacement of the model
and the desired output displacement, respectively. Eq. (16)
is minimized by using genetic algorithm. The genetic algo-
rithm for this purpose is implemented through the follow-
ing steps:

(16)

Step 1. Encoding and generation of an initial population
First, each variable K, K;, K; is encoded as an n-
bit binary string and these strings are connected to
form an individual. Therefore, the length of the
individual is 3 x n. Second, the population size is
chosen as M. An initial population of M individu-
als (chromosomes) is created randomly. M = 100,
n =16 are used in this program.

Evaluation of the fitness function

After converting the binary individual to the vari-
able representation, these values are used as the
parameters of the PID controller. The output dis-
placement of the SMA actuators y(i) is now com-
puted by the Preisach model as shown in Fig. 11.
Then the fitness function is calculated by Eq.
(16) for each string at every generation.

Step 2.

Selection, crossover, and mutation

The individuals are sorted from best to worse
according to their fitness evaluations. For each
generation, a half of individuals with the highest
fitness is selected, and the bottom half of individ-
uals is discarded. Two individuals (strings) swap
their binary digits to the right of the crossover
points to form the new offsprings. The crossover
points are chosen randomly.

Each gene of each individual of the population can
mutate independently with given probability by
bit-flip operation. This can be used to restore
the lost information and maintain the diversity
in the population set.

Evaluation of new individuals

The new individuals have been created in step 3
are then evaluated by step 2.

Termination conditions for the genetic algorithm
The genetic algorithm terminates if one of the two
criteria is fulfilled: the given number of genera-
tions is reached or the value of the fitness function
does not change any more within a certain toler-
ance. If the best individual meets the termination

Step 3.

Step 4.

Step 5.

Kp
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Fig. 12. Results of the PID parameters and fitness function obtained by
genetic algorithm.
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condition, the genetic algorithm is ended and the
best estimation of each parameter is recorded, if
not repeat steps 3-5.

With step reference input, the result of the PID param-
eters obtained from the genetic algorithm is as follows:
K, =0.6868,K;=2.4966, K,=0.0516. The changes of
PID parameters and the fitness function are shown in
Fig. 12.

3.3. Simulation results

The optimal parameters obtained by the genetic algo-
rithm were used in the PID controllers and the effect of this
controller was simulated on the Preisach hysteresis model
of the SMA actuators.

The system response respect to step reference input is
shown in Fig. 18. The reference signal is the dotted line
and the simulated output is the dashed line. From this
result, it can be observed that the PID algorithm with the
appropriate parameters can be applied to the position con-
trol of SMA actuators in the simulation.

4. Application of self tuning fuzzy PID controller to SMA
real time control system

Although the simulation results show the effectiveness of
the PID controller with parameters obtained by genetic
algorithm in SMA control, the performance of this control-
ler is not good when it is applied to the real system. The self
tuning fuzzy PID controller is applied to improve the con-
trol performance [15-17]. In this work, the PID parameters
obtained from the simulation are used as the initial values
for tuning these parameters.

The structure of the self tuning fuzzy PID controller is
shown in Fig. 13. The controller has the form of PID struc-
ture, but the PID parameters are tuned by the fuzzy infer-
ence, which provides a nonlinear mapping from the error
e(t) (the difference between reference and system output),
and derivation of error de(¢) to the PID parameters K,
K; and K, These parameters are tuned from the initial val-
ues which are obtained from the simulation.

\ PID Controller

OGN

&)

XX/

deft)

Self Tuning PID

LXK\

Kd

(mamdani)

AL
R

LXXN

Ki

Fig. 14. Structure of the fuzzy inference block.

The stability and robustness analyses of the systems
using the fuzzy PID controller have been addressed in sev-
eral reports [18-22]. In [19], the stability of the closed loop
systems composed of a possibly nonlinear plant and the
fuzzy PID controller was investigated by Lyapunov func-
tion approach. This controller has the similar structure
with the controller applied in this work. According to this
paper, the Lyapunov function ¥{(x) was firstly established
for a closed loop system composed of a plant and a con-
stant parameter PID controller, then the V(x) was also
proved to be a Lyapunov function for the closed loop sys-
tem when the fuzzy PID controller is used. This implied the
asymptotic stability of this control structure.

This section presents the implementation of the self tun-
ing fuzzy PID controller for the position control of SMA
actuators. The structure of the fuzzy inference block in
Fig. 13 is shown in Fig. 14.

4.1. Normalization

From the PID parameters obtained by genetic algo-
rithm, it is convenient to determine the variable ranges
for K,,K; and K, as follows: [K,min, Kpmax) [Kimin> Kimax]
and [Kymin, Kimax)» respectively. The values used in this
work are: K, €[0.1,3], K;€[0.5,5] and K, < [0.005,0.2].
In order to obtain feasible rule bases with high inference
efficiency, the PID parameters must be normalized over
the interval [0,1]. Therefore, the real values of the PID
parameters are as follows: K, = 2.9K) +0.1;K; = 45K+
0.5;K; = 0.195K, + 0.005, where K),K; and K|, are the

normalized values of K,,, K; and K, respectively.

reference
+

PID

Y

=/

&

output
SMA actuator

Y

L

de(ty  Fuzzyinference

el) I I Kp.Ki,Kd tuning
Liw{ durdt

Fig. 13. Structure of the self tuning fuzzy PID controller.
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4.2. Fuzzification

In this paper, the linguistic levels assigned to the input
variables e(f) and de(¢) are as follows: NB: negative big;
NM: negative medium; NS: negative small; ZO: zero; PS:
positive small; PM: positive medium; PB: positive big.

The membership functions of these fuzzy sets are shown
in Fig. 15. The maximum error and the maximum deriva-
tion of error ranges are chosen from the specification of
SMA actuators.

S, MS, M, B are assigned as the fuzzy sets of K;,,K; and
K!, which are the output variables, and the membership
functions of the fuzzy set are shown in Fig. 16.

Hh R NS iE Pz Fhd FB
1
—
5
= 0S5t i
2
0 ro— n ‘ n n n n n
005 004 003 002 001 0 001 002 003 004 005
g(f)
[i=] [0} NS IE PS PM PB

i de())

1 1 1 f 1 1 1 M 1

01 003 -006 004 002 0 002 004 006 008 0.4
da(t)

Fig. 15. Membership functions of inputs.
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Fig. 16. Membership functions of outputs.

4.3. Fuzzy rule and fuzzy inference

Using the above fuzzy sets of the input and output vari-
ables, fuzzy rules are composed as follows:

Rule i: If e(¢) is 4; and de(¢) is B; then K;, is C;, K/, is D;
and K is E;, i = 1,2,...,m, where m is the number of fuzzy
rules, A;, B;, C;, D;, E; are the ith fuzzy sets of the input and
output variables of the fuzzy system. For simplicity, only
triangle functions are used as the membership functions,
denoted by u, as shown in Figs. 15 and 16.

Generally, the fuzzy rules are dependent on the plant to
be controlled and the type of the controller. These rules are
determined from intuition or practical experience. In this
paper, rules are designed based on the characteristics of
SMA actuators, such as slow response or nonlinear hyster-
esis effect, and the properties of the PID controller. The
rule sets are established and shown in surfaces in Fig. 17.

In this paper, the MAX-MIN fuzzy reasoning method is
used to obtain the output from the inference rule and pres-
ent input. For given a specific input fuzzy set A’ in U, the
output fuzzy set B’ in O for K;] is computed through the
inference engine as follows:

1K) = nfax[sup min (e (x), 0 (e(6)). it (de(t)), g (K))
(17)

I=1 "xeu
The output membership functions for K/, and K/ are com-
puted similarly.

4.4. Defuzzification

The centroid defuzzification method used in this paper
to convert the aggregated fuzzy set to a crisp output value
y"* from the fuzzy set B’ in ¥ C R. This work computes the
weighted average of the membership function or the center
of gravity (COQ) of the area bounded by the membership
function curves:

_Jrrw () ydy (18)

[y up()dy

We compute the crisp value of K, K}, and K; by using
the above expression.

4.5. Experimental results

The performance of the proposed control algorithm was
investigated for different reference inputs. The sampling
time was set to be 0.01 s in all experiments. Fig. 18 shows
the performance of the control system with respect to step
reference input. From this figure, it can be observed that
the self tuning fuzzy PID controller achieves better track-
ing response than the conventional PID controller without
fuzzy tuning.

Figs. 19 and 20 depict the performance of control system
respect to sine reference input with two different frequen-
cies. Since the SMA actuator is a slow response system,



150

K K. Ahn, N.B. Kha | Mechatronics 18 (2008) 141-152

=

J Dy

AN
e

017005

4.5 T T T T T T
Y I ,h..'! N
/ i
¥
3.5 H -
i
f ‘
I
18 3 -
= []
£ i
£ I
= 25 H e
= [
£ i
& §
B 2r If s f
= !
& (i
= H
151 Ii i 4
!
if i
1} H f
) --- reference
i
05 f — — simulation
=T F’ ————- PID cortrol without self tuning ||
A PID cortral with self tuning
1] 1 1 1 L 1 1 1
a 2 4 [ a8 10 12 14 16 18 20
time (s)

displacernent {rmm)

Fig. 18. Step response.

T
reference
PID control with self tuning

|

Fig. 19. System response with respect to sine reference input (f'= 0.1 Hz).

the control performance is better in the low frequency
tracking.

The effect of a small variation of input current was also
investigated and is shown in Fig. 21. The output displace-
ment keeps good tracking adaptively with the desired tra-
jectory even there is a little change in the input current.

The hysteresis curve between input and output relation
of a system including the SMA actuator and controller
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Fig. 17. Fuzzy control rules.
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Fig. 21. Effect of the change of input current.

before (open loop control) and after applying the control
algorithm (closed loop control) is shown in Figs. 22 and
23, respectively. The hysteresis curve in Fig. 23 is obtained
from the second cycle of the system response with respect

to the sine reference signal shown in Fig. 20
Fig. 23 shows nearly the linear relationship between the

desired displacement (input) and the system output. There-
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Fig. 22. Hysteresis curve obtained from the experiment before applying
control algorithm (open loop control).
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Fig. 23. Hysteresis curve obtained from the experiment after applying
control algorithm (closed loop control).

fore, the self tuning fuzzy PID algorithm can be used to
reduce hysteresis effect and improve the performance of
the position control of SMA actuator in experiment.

5. Conclusion

In this paper, the control problem for SMA actuator
was investigated both in simulation and experiment. The
numerical Preisach model for the hysteresis in SMA that
is based on geometrical implementation has been pre-
sented. The experimental evaluation shows that the model
is suitable in predicting the hysteresis phenomenon of SMA
actuators.

Even though the PID controller with parameters
obtained from genetic algorithm demonstrates the effective-
ness in the simulation, the control performance was not
good in the real control system. The adaptive fuzzy PID

controller was developed and successfully applied to the
real time position control of SMA actuators. The experi-
mental evaluation showed that the self tuning fuzzy PID
controller could adaptively achieve good tracking with
respect to different references, a little change of the input
current. Therefore, the proposed controller can be used
to improve the control performance and reduce the hyster-
esis effect of SMA actuators.
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