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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 such as aeronautics, surgical 
tools, robotics and so on. Although the conventional PID controller can be used with slow 
response systems, there has been limited success in precise motion control of SMA actuators, 
since the systems are disturbed by unknown factors beside their inherent nonlinear hysteresis and 
changes in the surrounding environment of the systems. This paper presents a new development 
of a SMA position control system by using a self-tuning fuzzy PID controller. This control 
algorithm is used by tuning the parameters of the PID controller thereby integrating fuzzy 
inference and producing a fuzzy adaptive PID controller, which can then be used to improve the 
control performance of nonlinear systems. The experimental results of position control of SMA 
actuators using conventional and self-tuning fuzzy PID controllers are both included in this paper. 
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1. INTRODUCTION 
 
SMA is smart material that exhibits shape memory. 

This occurs through a solid-state phase change by 
molecular rearrangement. The two phases that occur 
in 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. This unusual characteristic of SMA 
actuators has a wide variety of applications in control 
systems beside conventional types such as electric, 
hydraulic, and pneumatic actuators. Although the 
number of applications is increasing [1-4], there has 
been limited success in precise motion control since 
the control systems are disturbed by unknown factors 
in addition to the nonlinear hysteresis effect and 
changes in the surrounding environment of the 
systems. These causes lead to inaccuracy and reduce 
the performance of the control systems.  

In order to reach better control performance for the 

SMA actuator systems, some control methods have 
been proposed to compensate for nonlinear hysteresis 
behaviour. Compensation of hysteresis effect for 
SMA, piezoceramics [5] and electro – magnetics 
actuators [6] have been addressed in some reports. 
Most of these works require a precise system model. 
This makes the controller synthesis complicated and 
time consuming. Usually the Preisach model of 
hysteresis based on phenomenological nature [7-9] is 
developed. The Preisach model is also inverted and 
then incorporated in an open – loop control system to 
achieve the desired output [5]. Although the Preisach 
model has found widespread acceptance in managing 
the major features of the hysteresis phenomena, there 
have been some restrictions on the accuracy and 
computation time for implementation of this model. 
These restrictions are caused by the limitation of 
switching points in the Preisach plane, the inaccuracy 
of data measurement and time consuming data 
collection from first order transition curves. The 
hysteresis model is interpreted in terms of phase shift, 
and a linear controller is used for hysteresis 
compensation in this approach [10,11]. The advantage 
of this method is its simplicity. However, it requires 
estimation of the frequency range of the system’s 
operation.  

This paper presents a new development of a SMA 
position control system by using a self-tuning fuzzy 
PID controller. Fuzzy control provides a convenient 
method for constructing nonlinear controllers via the 
use of heuristic information. The self-tuning fuzzy 
PID controller, i.e., the combination of a conventional 
PID and fuzzy controller, has been an effective tool 
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for the self–tuning control of many nonlinear systems 
[12-15]. Therefore, it is suitable for application in 
SMA systems with unknown elements and the 
hysteresis nonlinearity effect. This control algorithm 
tunes the parameters of the PID controller by 
integrating fuzzy inference and producing a fuzzy 
adaptive PID controller. This work can be used to 
improve the accuracy of the displacement and 
therefore compensate for the nonlinearity hysteresis of 
SMA actuators. Real time control using the proposed 
control algorithm, and the effect of the control 
performance with respect to the input current changes 
are investigated in the SMA actuator system. 

The remainder of the paper is organized as follows: 
The design of self tuning fuzzy PID controller for 
SMA actuators is presented in Section 2. The 
comparison of experimental results of SMA position 
control between conventional PID and the proposed 
self tuning fuzzy PID is described in Section 3. 
Concluding rermarks are provided in Section 4.  

 
2. SELF TUNING FUZZY PID 

CONTROLLER DESIGN 
 

2.1. Structure of self tuning fuzzy PID controller 
The PID controller is widely used in industry due to 

its simple control structure and easy design. However, 
there are certain problems that are encountered in 
practical control systems. The parameters of the 
conventional PID controller are not often properly 
tuned for the nonlinear plant with unpredictable 
parameter variations. For this reason, it is necessary to 
automatically tune the PID parameters.  

On the other hand, fuzzy control provides a formal 
methodology for representing, manipulating, and 
implementing a human’s heuristic knowledge about 
how to control a system. This is also a convenient 
method for constructing nonlinear controllers by using 
heuristic information obtained from experience. 
Therefore, the advantages of fuzzy and PID 
controllers can be incorporated into a controller in 
order to achieve high control performance. The 
structure of the self tuning fuzzy PID controller is 
shown in Fig. 1. 

The controller has the form of PID structure, but the 
PID parameters are tuned by fuzzy inference, which 
provides a nonlinear mapping from the error signal 

( )e t (the difference between reference signal and 
system output), and derivation of error ( ),de t  to the 
PID parameters , ,p iK K  and .dK  These parameters 
are changed within the initial parameter boundaries.  

 
2.2. Application of self tuning fuzzy PID controller to 

the position control of SMA actuator systems 
This section presents the implementation of the self- 
tuning fuzzy PID controller for the position control of 

SMA actuators. The structure of the fuzzy inference 
block in Fig. 1 is shown in Fig. 2. 

 
2.2.1 Normalization 

Suppose that the variable ranges of Kp, ,iK  and 

dK  are min max min max, , ,p p i iK K K K   
     and 

min max, ,d dK K 
   respectively. In the position 

control problem of SMA actuators, the range of each 
PID parameter was experimentally determined as 
follows: [0.1, 10], [0.1, 0.5], [0.01p i dK K K∈ ∈ ∈  
0.1].  In order to obtain feasible rule bases with high 
inference efficiency, the PID parameters must be 
normalized over the interval [0, 1] as follows: 
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Therefore: 9.9 0.1;p pK K ′= + 0.4 0.1;i iK K ′= + dK  

0.09 0.01.dK ′= +  
 

2.2.2 Fuzzification 
In this paper, the linguistic levels assigned to the 

input variables e(t) and de(t) 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 Figs. 3 and 4. The maximum error and the 
maximum derivation of error ranges are chosen from 

Fig. 1. Structure of self tuning PID controller. 
 

Fig. 2. Structure of the fuzzy inference block. 
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the specification of SMA actuators. 
S, MS, M, B are assigned as the fuzzy sets of 

,p dK K′ ′  and iK ′  which are the output variables, 
and the membership functions of the fuzzy set are 
shown in Figs. 5 and 6, respectively.  

 
2.2.3 Fuzzy rule and fuzzy inference 

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

Rule i: If ( )e t  is 1
lA and ( )de t  is 2

lA  then '
pK  

is ,lB '
dK  is lC  and '

iK  is ,lD  1,2,..., ,l m=  

where m is the number of fuzzy rules, l
iA  is the 

input fuzzy set in .iU R⊂  The fuzzy sets ,lB  

,l lC D are the output sets is , , ,O R P R Q R⊂ ⊂ ⊂  

respectively, and 1 2[ , ] [ ( ), ( )] ,Tx x x e t de t U= = ∈  
'
pK  

,O∈ ' ,dK P∈ '
iK Q∈  are the input and output 

linguistic variables of the fuzzy system, respectively. 
For simplicity, only triangle functions are used as the 
membership functions, denoted by ,µ  of these fuzzy 
sets.  

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 

Fig. 3. Membership functions for error e(t). 
 

Fig. 4. Membership functions for derivation of error
de(t). 

 

Fig. 5. Membership functions for '
pK  and ' .dK  

 

Fig. 6. Membership functions for ' .iK  
 

Fig. 7. Fuzzy control rule of ' .pK  
 

Fig. 8. Fuzzy control rule of ' .dK  
 

Fig. 9. Fuzzy control rule of ' .iK  
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experience. In this paper, rules are designed based on 
the characteristics of SMA actuators, such as slow 
response or nonlinear hysteresis effect, and the 
properties of the PID controller. The rule sets are 
established and shown in surfaces in Figs. 7, 8, and 9. 

In this paper, the MAX – MIN fuzzy reasoning 
method is used to obtain output from the inference 
rule and the present input. For given a specific input 
fuzzy set 'A  in ,U  the output fuzzy set B′  in O  
for '

pK  is computed through the inference engine as 
follows: 

1

2

1
( ) max[sup min( ( ), ( ( )),

( ( )), ( ))].

l

l l

m
B p A Al x U

pA B

K x e t

de t K

µ µ µ

µ µ

′ ′
= ∈

′ =

′
 (4) 

The output membership functions for '
dK  and '

iK  
are computed similarly. 

 
2.2.4 Defuzzification 

The centroid defuzzification method is used to 
convert the aggregated fuzzy set to a crisp output 
value *y  from the fuzzy set B′  in .V R⊂  This 
work computes the weighted average of the 
membership function or the center of gravity (COG) 
of the area bounded by the membership function 
curves:  

*
( ).

.
( )

B
V

B
V

y ydy

y
y dy

µ

µ

′

′
=
∫

∫
   (5) 

We compute the crisp value of ,p dK K′ ′  and iK ′  
by using the above expression.  

 
3. EXPERIMENTAL RESULTS 

 
To experimentally verify the performance of above 

controller in the position control of SMA actuators, an 
experimental apparatus using a small NiTinol SMA 
wire (made by Memory–Metalle GmbH) was 
established (Fig. 10). The main specifications of SMA 
wire were: length: 110mm, diameter: 250µm, heat 
current: ca.2V/0.85A, gen. force: 8N, displacement: 
ca._5mm. This actuator has a one–way shape memory 
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 applied to the SMA 

wire was obtained from a D/A card and a V/I 
converter. The sampling time was set to 0.01s in all 
experiments. An extra current source was also used to 
simulate the effect of the variation of input current. 

This system was controlled in real time using the Real 
time Windows Target Toolbox of Matlab. 

The self tuning fuzzy PID control scheme applied 
to the SMA actuators is shown in Fig. 11. There were 
two inputs to the fuzzy controller: ( )e t  and ( ).de t  
The three outputs of the fuzzy controller were the 
normalized values of the PID parameters. These 
values were denormalized and then applied to the PID 
regulator. The input current applied to SMA actuator 
system was obtained from the PID controller shown in 
Fig. 12. 

The performance of the proposed control system 
was experimentally investigated for different 
reference inputs. Fig. 13 shows the performance of the 
control system with respect to step reference input 
signal and its control signal. The system response to 
step reference input compared with conventional PID 

 

 
Fig. 10. Experimental apparatus. 
 

Fig. 11. Schemetic diagram of self tuning fuzzy PID 
controller applied to SMA actuator. 

 

Fig. 12. The Structure of PID regulator. 
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control (without fuzzy tuning) is shown in Fig. 14. 
Figs. 13 and 14 show that the self tuning fuzzy PID 
controller achieves better tracking response than the 
conventional PID controller without fuzzy tuning. 

Figs. 15 and 16 depict the performace of control 
system to sine reference input with two different 
frequencies. Steady state error is shown in Fig. 17. 
Since the SMA actuator is a slow response system, 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. 18. The output 
displacement keeps good tracking adaptively with the 
desired trajectory even the small change of the input 
current.  

The hysteresis curve between input and output 

Fig. 13. Step response and control signal. 
 

 

Fig. 14. Comparison of step response with and 
without fuzzy tuning. 

Fig. 15. System response with respect to sine re-
ference input (f = 0.1Hz). 

 

Fig. 16. System response with respect to sine re-
ference input (f = 0.033Hz). 

 

Fig. 17. Steady state error. 
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relation of a system including the SMA actuator and 
controller before (open loop control) and after 
applying the control algorithm (closed loop control) is 
shown in Figs. 19 and 20, respectively. The hysteresis 
curve in Fig. 20 is obtained from the second cycle of 
the system response with respect to the sine reference 

signal shown in Fig. 16. Fig. 20 shows the nearly 
linear relationship between the desired displacement 
(input) and the system output. Consequently, the self 
tuning fuzzy PID control algorithm proves to be 
effective for the position control and hysteresis 
compensation of SMA actuators. 

 
4. CONCLUSIONS 

 
In this paper, an adaptive self tuning fuzzy PID 

control algorithm was applied to the real time position 
control of SMA actuators. The experimental 
evaluation showed that the self-tuning fuzzy PID 
controller could adaptively achieve good tracking to 
different references, the small change of the input 
current, and therefore could compensate for the 
hysteresis phenomenon of SMA actuators. The 
proposed controller was compared with the 
conventional PID controller without fuzzy tuning and 
performed better. This control method is effective not 
only for SMA actuators but also for other control 
systems. 
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