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Abstract

A robotic manipulator actuated by shape memory alloy (SMA) offers a lightweight and com-
pact design but poses significant control challenges due to the material's inherent nonlineari-
ties, such as hysteresis and slow cooling dynamics. This study deals with the design and ex-
perimental implementation of a fuzzy logic controller for the precise position control of an
SMA-driven arm. The angular displacement of the robotic arm is measured using an encoder,
which provides the feedback for the control system. The proposed fuzzy controller is de-
signed with two input variables including the tracking error and its derivative and a single
output for the command voltage. A rule base of 25 linguistic rules is constructed based on
proportional-derivative (PD) control principles to effectively manage the SMA's nonlinear
behaviour. Finally, the controller is implemented on a laboratory-scale manipulator, and ex-
perimental tests under step and sinusoidal reference trajectories are conducted. The results il-
lustrate the good performance of the proposed control scheme, demonstrating superior track-
ing accuracy and reliability compared to a conventional PD controller.
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1. Introduction

Shape memory alloys (SMAs) are recognized as smart materials of critical importance in both
scientific and industrial domains, primarily due to their extraordinary deformation capability upon
thermal activation. Unlike traditional hydraulic or pneumatic actuators, SMAs offer a compelling
combination of beneficial characteristics, including a high power-to-weight ratio, low energy con-
sumption, minimal acoustic noise, and swift actuation. These properties make them exceptionally
well-suited for demanding applications in advanced sectors such as robotics, aerospace, and auto-
motive engineering [1].

However, the practical deployment of SMA actuators is complicated by a significant chal-
lenge due to their inherent hysteresis. This behaviour arises from a temperature-dependent, reversi-
ble phase transformation between martensite and austenite crystal structures, where the forward and
reverse transformation paths do not coincide [2]. The resulting highly nonlinear and history-
dependent response makes accurate modelling and precise control of SMA actuators a complex
task.
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In response to this challenge, a variety of nonlinear control strategies have been developed.
The literature documents approach such as super-twisting sliding mode control [3], adaptive predic-
tive control [4], non-singular terminal sliding mode control [5], and robust feedback control [6]. Liu
et al. [7], for instance, contributed a prescribed performance adaptive sliding mode control scheme.
A common thread among these advanced methods is their significant computational complexity,
which is the price for achieving precise tracking and robustness against nonlinearities and hystere-
sis. Furthermore, many are explicitly model-based, leading to control laws that guarantee stability at
the cost of potentially conservative performance, as they must account for system uncertainties and
perturbations.

This study addresses these limitations by presenting the design and experimental validation of
a Mamdani-type fuzzy logic controller (FLC) for the precise angular positioning of a robotic arm
actuated by an SMA spring. The proposed FLC offers a model-free alternative, circumventing the
need for a complex mathematical model and its associated uncertainties. In the developed proto-
type, an encoder provides real-time measurement of the arm's angular position. This feedback is
processed by the FLC, which intelligently computes the appropriate actuation voltage for the SMA
spring, effectively regulating its displacement. To rigorously evaluate performance, the proposed
FLC is compared against a conventional proportional-derivative (PD) controller across diverse an-
gular displacement profiles. The results demonstrate the FLC's superior effectiveness in managing
the nonlinear hysteresis and transient response of the SMA actuator, providing more accurate and
robust tracking performance. Therefore, the main contributions of this paper are presented as fol-
lows:

e The design and experimental implementation of a Mamdani-type fuzzy logic controller
(FLC) for precise angular control of an SMA-actuated robotic arm.

e A comparative analysis demonstrating the FLC's superior performance in tracking complex
trajectories and managing hysteresis compared to a conventional PD controller.

The organization of the paper is given as follows: Section 2 presents the overall structure of
the used control system. Section 3 a brief overview of the mathematical model of the wire is dis-
cussed. Section 4 explains the design of the proposed controller. The experimental results of the
proposed control method are presented in Section 5. Finally, the conclusion is given in Section 6.

2. Overall structure of the used control system

Figure 1 illustrates the comprehensive control system architecture employed in this study for
the precise trajectory tracking of the SMA actuator-based robotic arm. The process begins at the
experimental setup, where a high-resolution shaft encoder (600 pulses per revolution) continuously
measures the angular position of the actuator at frequency of 50 Hz. This real-time positional data is
acquired by an Arduino UNO microcontroller, which serves as the primary hardware interface. The
Arduino then transmits the sensor readings to a computational upper layer via a serial communica-
tion link. Within the MATLAB/Simulink environment, this feedback signal is compared against a
predefined reference trajectory to generate a position error. This error is fed into a sophisticated
fuzzy logic controller block, which intelligently computes the appropriate control voltage by to
handle the SMA's non-linear hysteresis and time-varying dynamics. The resulting control signal
from Simulink is sent back to the Arduino, where it is converted into a corresponding pulse width
modulation (PWM) signal. This PWM signal is then dispatched to the BTS7960 motor driver mod-
ule. The driver utilizes the PWM input to dynamically switch and regulate the high-current power
drawn from the 12 V DC power supply, effectively generating an analog output voltage for the
SMA coil. Then, applied voltage across the SMA is precisely controlled, thereby managing its heat-
ing and contraction to accurately follow the desired trajectory.
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Figure 1. Structure of the used control system.

3. Mathematical model of SMA actuator

Figure 2 shows the schematic of the robotic arm. Based on this schematic, the dynamic equa-
tion of motion for the arm is described as follows:

1.0+cO+k6+mglcos®=cA,, r, (D)
The parameters in the above equation are defined as follows: € is the angular displacement,
I, is the rotational inertia, and / is the distance from the centre of mass. The arm's mass and the

gravitational acceleration are given by m and g, respectively. The system's mechanical properties
are defined by the torsion spring stiffness £ and the torsional damping coefficient ¢. Finally, the

SMA actuator properties are characterized by the stress o, the cross-sectional area 4, , and the
radius of the rotating arm r .
y
&
W77
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Figure 2. The schematic of the robotic arm.
The constitutive behaviour of the SMA is described by the following model [1]:
6=Eé+0,T+Qn, )

where E denotes the average Young’s modulus, &, signifies the thermal expansion coefficient, and
Q represents the transformation coefficient. Also, 77 describes the phase transformations occurring

during heating and cooling. The following equation models the convective heat transfer process in
the SMA wire:

dr &
c,— =——-hA(T-T,), 3
mwcp dt R c S( ) ( )
in which
A =rxdxl,. 4)
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The parameters in this formulation are defined as follows: 7 is the wire temperature, V is the ap-
plied electrical voltage, and T _ is the ambient temperature. R denotes the electrical resistance of the

wire. The thermal properties are characterized by the mass per unit length m, , specific heat c,,
and heat transfer coefficient 4, . Finally, the geometric parameters are the wire diameter d, initial
length /,, and surface area 4.

The hysteresis phenomenon in SMA arises from a reversible phase transformation between
two distinct crystalline structures: Martensite (M) and Austenite (A). The evolution of the marten-
site fraction ¢ during the heating (M—A) and cooling (A—M) transformations is described by the

following constitutive relations [2],

1- , , 1—
é/(AﬁM) = 2§A cos[aM (T_Mf)"'bMU] + 2§A , 6)
in which
T a P a
a)= ——< b =—A &aj, = ——— b, =—1
(Af—AS) CA (MS_M_/) CM

where the martensite fraction ¢ is bounded as 0 < ¢ < 1. The parameters ¢§,, and &, repre-
sent the initial martensite fractions for the austenite and martensite phases, respectively, while C,
and C,, are curve-fitting parameters. The phase transformation temperatures are denoted by A,
A,, Mg, and M, where the subscripts ¢ and ,indicate the start and finish of transformation, re-

spectively. The state equations for the heating and cooling phases are derived by differentiating
Equations (5) and (6) with respect to time [3]:

QL(M%A) z—é/—z’”sin[a;1 (T—AS)+b;(7][a;T+b;('7J. (7)
- - o
E vy = - 2§A sin[a), (T—Mf)+b](4o-][a;4T+bA’40-] (8)

The strain rate ¢ of the SMA wire is governed by the following constitutive relation:

g=10 )
ZO

4. Design of the proposed controller

This section describes the fuzzy control strategy developed for the SMA-actuated robotic arm.
the structure of the PD controller to manage the position of the robotic arm is presented as

de
V=er+KdE. (10)

where x, and x, represent the proportional and derivative gain coefficients of the controller,

respectively. Accordingly, the difference between the value measured by the encoder, y, and the
reference input, r, is first defined as the tracking error e = »— y . Consequently. the error derivative,
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representing the rate of change of tracking error é, is subsequently computed. In this respect as
depicted in Fig. 3, these two parameters serve as inputs to the fuzzy inference system.
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Figure 3. The structure of the FLC.

Utilizing the input membership functions specified in Figure 4, the crisp input values are
fuzzified. The system employs five identical variables for both inputs: Positive Big (PB), Positive
Small (PS), Zero (Z), Negative Small (NS), and Negative Big (NB). The output membership func-
tion of the controller (control voltage), illustrated in Figure 5, utilizes five variables: Very Small
(Z), Small (S), Medium (M), Big (B), and Very Big (VB). Due to operational constraints, the volt-
age range is discretized between 0 and 12 volts. Following this, the fuzzy output is computed by
applying the fuzzy inference rules specified in Table 1 to the fuzzified input values. The control
rules in Table 1 are derived from classical control principles. For instance:

e If the tracking error is large and negative, and the system is moving away from the reference
quickly (with high negative rate of change), then the control input should be significantly
reduced to make the system approach the reference value quickly. It is important to note that
in this system, which works with voltage and temperature, when the system moves too far
from the reference, we need to reduce the temperature or voltage to make the alloy approach
its non-aggregated state.

e [fthe tracking error is small and positive and the system is moving away from the reference
slowly (NS), then the control input should be medium to make the system approach the ref-
erence value.

Finally, the resulting fuzzy output set was converted into a crisp, actionable value through the cen-
troid of area defuzzification method, which calculates the point under the curve that balances the
area of the aggregated membership function.

Table 1. The proposed fuzzy rules.

e
¢ NB | NS Z PS PB
NL Z Z Z S M
NS Z Z S M B
Z Z S M B VB
PS S M M VB
PB M B B VB VB

5. Experimental Results and discussion

In this paper, a robotic arm platform driven by SMA-actuator is designed and constructed for the
practical implementation of the proposed controller. The finalized setup is shown in Fig. 6. In this
structure, the angular displacement of the platform is measured by two phase encoder, sampled at
50 Hz. Two Arduino UNO R3 boards function as the input-output (I/O) interface, acquiring sensor




The 15" International Conference on Acoustics & Vibration (ISAV2025), Tehran, Iran, December 2025

data and issuing the control signal. In this architecture, the control input calculations are executed
on a workstation featuring an Intel® Core. 19-12900K processor (3.2 GHz base frequency, 30 MB
cache). Sensor output is sent via a serial port to Simulink software, where the control voltage is cal-
culated. The computed control voltage is converted to PWM format and transmitted to a BTS7960
driver operating at 12V DC. This driver subsequently applies the corresponding control voltage to
the SMA actuator, thereby closing the hardware in the loop (HIL) implementation.
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Figure 4. Input membership function, (a) Tracking error, (b) Tracking error derivative.
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Figure 6. Test equipment, (a) Workstation, (b) Test platform.

In this section, to verify the effectiveness of the proposed fuzzy control strategy in real condi-
tions, experimental studies are conducted on the SMA-based robotic manipulator platform. Initially,
appropriate values of the proportional and derivative gains, «,and «, are selected through manual

tuning. In Figure 7, three different values of «, are tested. As shown in Fig. 7(d), by comparing the

root-mean-square (RMS) tracking error and the corresponding control input, the best performance is
obtained when x, =100. Subsequently, for the constant value of x, =100 the derivative gain «,
is adjusted to improve the transient response and reduce oscillations in the output. As shown in Fig-
ure 8, three values of x,are examined, and the optimal performance is achieved for x, =1. This
value minimizes the RMS of both the tracking error and the control effort.

Figures 9 present the experimental results of the fuzzy PD controller compared with those of
the conventional PD controller for Test-2. As shown in Figures 9, the proposed fuzzy approach pro-
vides superior tracking performance for the periodic reference trajectory. The RMS values of the
tracking error and control signal is summarized in Figures 9(d), confirming that the fuzzy PD con-
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troller achieves smaller tracking error and smoother control effort than the traditional PD controller
in both tests.
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Figure 7. Comparative results for different &, in test-1, (a) Angular displacement, (b) Tracking

error, (¢) Control input, (d) RMS of outputs.
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Figure 8. Comparative results for different x, in test-1, (a) Angular displacement, (b) Tracking
error, (c) Control input, (d) RMS of outputs.
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Figure 9. Comparative results of the fuzzy PD and conventional PD controllers, (a) Angular dis-
placement for Test-2, (b) Control input for Test-2, (c) Angular displacement for Test-2, (d) Con-
trol input for Test-2.

6. Conclusion

This paper presented the design, and experimental validation of a fuzzy logic controller for position
control of a robotic arm actuated by a SMA. The experimental results demonstrated that the pro-
posed controller achieves accurate trajectory tracking and improved performance compared with a
conventional PD controller. Overall, the findings confirm that the fuzzy logic PD controller offers a
reliable control solution for SMA-driven robotic manipulators under both step and periodic trajecto-
ries
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