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Abstract—This study focuses on practical implementation of a
robust nonlinear controller, designed for a robotic manipulator
under actuation of shape memory alloy (SMA). The nonlinear
behavior of SMA, due to hysteresis effects, brings a complexity
to the mathematical model of the robotic system, resulting in
an increase of its degree of freedom. To address this issue, a
reduced-order model is employed for designing the controller.
However, the effect of un-modeled dynamics is compensated by
a super twisting sliding mode control because of its capability
in dealing with uncertainty. The simulation and experimental
results indicate robust performance for the proposed controller
in tracking different trajectories specified for the robotic manipu-
lator. Moreover, in comparison with the traditional sliding model
control, the proposed method has higher tracking accuracy with
less chattering in the presence of model uncertainties.

Index Terms—Shape memory alloy, Robotic manipulator, su-
per twisting sliding mode control, Model reduction.

I. INTRODUCTION

Shape memory alloys (SMAs) have played a crucial role in
scientific and industrial applications due to their remarkable
capacity to return to their initial shape when exposed to
specific thermal energies [1]. Various factors such as light
weight, portable size, rapid response, and minimal noise enable
SMAs to become significantly useful in medical equipment
[2], [3], robotic [4], [S], and automotive vehicle parts [6].
However, one of the drawbacks of SMAs used as systems
actuator is their nonlinear behavior due to the hysteresis effect,
which causes delays in the performance of the systems [7], [8].
These limitations cause slow responses and make difficulties
in designing accurate and precise motion controllers [9].

Several approaches have been proposed to increase the
performance of the position controller for systems actuated
with SMA. The methods are typically based on developing
mathematical models to accurately describe the hysteresis
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effects, or designing the controllers with the ability of com-
pensating for uncertainties in the system [10].

The behavior of SMAs can be described based on math-
ematical models such as the Liang model [11]-[13], the
Duhem model [7], [13], and other empirical models [14], [15].
However, using these mathematical modeles for design of the
controllers may be challenging because of their high degree
of freedoms, resulting in an increased relative degree between
the input and output of the system. For this reason, Tai et
al. [16] introduced a reduced-order mathematical model to
decrease the complexity of the mathematical model of SMA
[17]. However, the un-modeled dynamics brings uncertainty
to the models, making challenges for the control systems.

Among various controllers used to reject model uncertain-
ties [1], [10], Sliding Mode Control (SMC) is one of the
most practical and useful methods in the field of nonlinear
control [18]. The main feature of SMC is its robustness against
model uncertainty and unknown disturbances [7], [19]. This
feature enables the SMC to be used in various applications
[20]. However, the main drawback of SMC is the chattering
phenomenon, leading to a negative impact on control accuracy
and may contribute to the instability of the control system [21],
[22]. To overcome these difficulties, several approaches have
been proposed in the literature. One method is super-twisting
sliding mode control (ST-SMC), characterized by the ability
to reduce the chattering phenomenon. This method has a more
robustness against uncertainties and disturbances, and is able
to transfer the state of the system to the equilibrium point
within a finite time frame [23], [24].

In this article, a ST-SMC is designed and implemented for
position control of a robotic manipulator actuated by SMA.
A reduced-order model with 1-DOF is employed for the
controller design. In order to assess the effectiveness of the
control method, an experimental platform equipped with an



SMA actuator is provided for controlling the position of the
manipulator. The performance of the proposed controller is
evaluated across various trajectories. The results show that the
proposed strategy, compared with traditional SMC, has higher
performance and accuracy in tracking the desired trajectory in
the presence of un-modeled dynamics.

The paper is organized as follows: In Section II, The non-
linear dynamic model of SMA is presented. In Section III-B,
the proposed control method is developed and analyzed. Then,
the proposed control method is evaluated through simulation
and experimental studies in Section IV. Finally, the conclusion
is drawn in Section V.

II. THE OVERVIEW OF THE PROPOSED CONTROL SYSTEM

Figure 1 illustrates the structure of the platform consisting
of a robot manipulator actuated by SMA. A two-phase encoder
is used to measure the angular displacement of the arm.
Additionally, a serial connection is established between the
platform and the MATLAB software for the processing of the
proposed control method. Finally, the control signal generated
by the proposed method is sent to the SMA actuator via a
serial port to complete the hardware-in-the-loop structure.
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Fig. 1. The schematic of the SMA actuated position control system.

I11. DESIGN OF CONTROL SYSTEM
A. Dynamic Modeling

Fig. 2. Schematic diagram of robot arm

According to Fig. 2, the governing equation of motion for
the link is derived using Newton’s second law, expressed as
follows [25]:

L6+ c + kb + mglcost = 7,(0), M

where 6 represents angular displacement, [, is rotational
inertia, m is the mass of the arm, g is the gravitational

acceleration, [ is the distance from the center of mass, & is the
torsion spring constant, and c represents the torsional damping
coefficient. Finally, 7,(c) represents the torque generated by
the SMA wire.

The constitutive model of the wire, which defines the
relationship between stress rate &, strain rate €, martensite
fraction rate 7, and temperature rate T, is defined as follows
[26]:

& = 00T + Qi) + De, )

where Op is the thermal expansion factor, {2 is the phase
transformation contribution factor, and D is the average Young
modulus. The mathematical formulation for temperature is
defined as follows:

1 v

T= — [f — heAs(T — T, 3)

where V' is the voltage applied to the wire, m,, represents the
mass per unit length of the wire, c represents the specific heat
of the wire, R signifies the resistance of the wire, A, represents
the surface area of the wire, and h, represents the heat transfer
coefficient. Finally, 7" and T, represent the temperature and
the ambient temperature of the wire, respectively.

The hysteresis behavior of SMA during heating and cool-
ing causes nonlinear phase transformation equations. In this
article, Liang’s model [26] is used to define equations of
phase transformation during cooling and heating. The phase
transformation during heating is described as follows:

N(M—sA) = UTM (cos[aa(T — As) +bac]+1), (4

where a4 = ﬁ’ ba = —g—f‘. In this model, 1/ a)
represents the phase transformation from Martensite phase M
to Austenite phase A. The variable 7),; represents the initial
Martensite fraction. A, and Ay represent the start and final
temperatures of the Austenite phase and C'4 is the curve fitting
parameter.

On cooling, the phase of SMA transforms from Austenite
to Martensite. The phase transformation during cooling is
described as

1- 1+
NA—-M) = 5 A (cos[aM(T—Mf)+ng]+1)+TnA,
®)
where ap;r = W, and by = _871;5]. In this model,

N(a—ar) Tepresents the phase transformation from Austenite
phase to Martensite phase . The variable 74 represents the
initial Austenite fraction. M, and My represent the start and
final temperatures of the Martensite phase and C) is the curve
fitting parameter.

By deriving from Eq. (4), the martensite fraction rate for
heating is described as

N(M—A) = —%n sinfaa (T — As) + baollaaT + bas], (6)



The condition for the phase transformation from Martensite
to Austenite is expressed as

A+—<T<A +— 7
I Cu Cumr )

The martensite fraction rate for cooling is obtained from
Eq. () as

NAsM) = —
3)

The condition for the phase transformation from Austenite
to Martensite is expressed as

My +0/Cy <T < M, +0/Cyy. )

The relationship between strain rate ¢ and 0 can be ex-
pressed as

£=—7, (10)

where [ is the initial length of the wire, and r is the pulley’s
radius. Despite several assumptions in developing the Liang
model, which is described by Egs. (1) to (10), this model
is complicated, making it difficult to use for designing a
controller for an SMA actuator. This model requires various
variables such as temperature and stress, in order to calculate
the fraction of martensite. Additionally, this model has a
high relative degree between the control input and the output,
which causes extra complexity to the controller design process.
Therefore, to address this issue, a nonlinear 1-degree-of-
freedom model is considered for SMA-actuated manipulator
as follows [16]:

LO+cO0+k0=9u+h0,0,u), (11)

where u = V2 is the control input, (6,0, u) is defined as the
hysteretic nonlinear term, ¢ represents the unknown coefficient
of the input. By considering 2 = [0y, 60]7 = [6,6]" as the
state variable, the state-space form of Eq. (11) can be defined
as

91 :027
. 1 (12)
0y = T[_k 01 —cOy+ ¢ u] + h(917927u)~

This state space model contains various unknown parameters,
which are defined as k = kg + Ak, ¢ = ¢g + Ac, and
© = o+ Ay, where kg, cg, and ¢q are considered as known
constants, while Ak, Ac, and Ay represent the unknown
values. Therefore, Eq. (12) can be rewritten as follows:

él = 92)

. 1
02 = T[*ko 61 — Cp 92 +g00 U]

z

— A(91, 02) + h(01, 02, u)

(13)
where A(6y,6,) = AC + 28— Mu By considering y = 6; as
the measurable output of the reduced order model, the relative
degree between input and output is found to be two, making

A sin[aM(T — Mf) + b]V[J][(L]WT + bMd].

the system well-defined. However, this system includes vari-
ous sources of uncertainties such as the hysteretic nonlinear
terms, un-modeled dynamics, and parametric uncertainties. To
address this issue, the super twisting sliding mode control
(ST-SMC) has been chosen as the control strategy due to its
robustness against uncertainty.

B. Design of super-twisting sliding mode control

The nominal model of SMA according to Eq. (13) can be
described as follows:

01 = 05,
. 1 (14)
92 = T[—ko 91 — Co 02 + @o u]

The sliding surface is defined as

s=¢é+ ae, (15)

in which « represents a positive value, and e is defined as the
tracking error

e=0aq— b, (16)

where 6, represents the desired angular value. The time
derivative of s in Eq. (15) gives

§=¢é+ac=04— 0, + aé. (17)
Substituting Eq. (14) into Eq. (17) results in
.. 1
Szgd—f[—ko 01 — co 02 + @0 u]+aé. (18)

z

The control input u is comprised of two segments: the
equivalent control law u., and the switching control law g,

I,
U = —|Ue +usu)7 (19)
g + ]
where
Ueq = O0q + 1291—1—[ 02 + ae. (20)

Also, the switching control law based on the super-twisting
algorithm is expressed as follows:

= B+/|s|sgn(s) + w/sgn(s) dt, (1)
where 0 and w are positive design values. Substituting
Egs. (20) and (21) into Eq. (19) gives

I. ki
u = [0d+1091+ Lo, + e
¥o z z (22)
+6+/|s|sgn(s) +w/sgn(5) dt] .

In order to evaluate the stability of the closed loop system,
the proposed control law (22), which is based on the nominal
model, is applied to the actual model in Eq. (13). The resultant
equation is used in rewriting Eq. (17) as

$ = —f/|s|sgn(s) — w/sgn(s)dt + A, (23)



where A = A(61,02) — h(61,02,u). The Lyapunov function
is defined as follows:

V(s) = 252.

By using Eq. (23), the time derivative of the Lyapunov
function is expressed as follows:

V(s) = s(—B+/]s|sgn(s) — w / sgn(s)dt+A),  (25)

(24)

or

V(s) < —Bv/Talls] - Is] / wit +1s18). 26)

By considering A = [ §dt, where § = A, Eq. (26) can be
rewritten as follows:

V(s) < ~B/sllsl = bl [ wde+1s| [ aat
< ~p/slsl - sl [ (w - ).

The robust stability of the system under the proposed control
input is satisfied when w > ¢ as indicated in Eq. (27), resulting
in V <0 at all times.
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IV. RESULTS AND DISCUSSION
A. Simulation studies

In this section, by using the Matlab/Simulink environment,
numerical simulations are conducted to evaluate the perfor-
mance of the super-twisting sliding mode controller. The math-
ematical model described by Egs. (1) to (10) is considered as
the actual model for modeling the behavior of SMA-actuated
robotic arm. However, the proposed controller is designed by
using a reduced-order model with one degree of freedom.
By consideration of a time-varying reference trajectory, the
system’s response to this trajectory is depicted in Fig. 3. The
results indicate that the proposed controller has high accuracy
in tracking a desired trajectory. However, there is an acceptable
tracking error caused by the hysteresis effect and un-modeled
dynamics.

B. Experimental results

The robot arm platform actuated with SMA is depicted in
Fig. 4. The fabricated platform contains the HN3806 two-
phase encoder for measuring angular displacement of the
arm at a frequency of 50 Hz. The measured data is sent to
the MATLAB software via serial communication to produce
suitable voltage values. Because of practical limitation in the
voltage applied to the SMA, the maximum control input is
considered as Vi, = 12.

Figure 5 illustrates the performance of the proposed con-
troller in response to a time-varying reference trajectory. The
results show that the proposed control method is effective in
the presence of un-modeled dynamics and other uncertainties.
According to Fig 5a, the early overshoot occurs because the
SMA actuator requires time to undergo a shape transformation.
After some times, the heated wire connected to the arm,
rapidly converges towards the desired value.
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Fig. 3. The simulation results for the proposed controller in time-varying
trajectory, (a) Displacement, (b) Tracking Error, (c) Control input.
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Fig. 4. The experimental setup.

To analyze the performance of the proposed controller
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Fig. 5. The experimental results for the proposed controller in time-varying
trajectory, (a) Displacement, (b) Tracking Error, (c) Control input.

TABLE I
THE RMS OF THE RESPONSES FOR HARMONIC TRAJECTORIES.
Proposed SMC
Reference | Tracking | Control | Tracking | Control
Trajectory Error input Error input
(Rad) (volt) (Rad) (volt)
Harmonic 0.1084 5.5183 0.1321 6.010

across various trajectories, a harmonic reference trajectory is
considered. The results in Fig. 6 illustrate that the proposed
method, based on a 1-DOF model, has suitable performance
in tracking the desired trajectory. To assess the performance
of the proposed controller, the available results are compared
with a conventional sliding mode controller. According to Fig.
7a, the performance of the proposed control in reducing the
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Fig. 6. The experimental results for the proposed controller in harmonic
trajectory, (a) Displacement, (b) Tracking Error, (c) Control input.

tracking error is much better than SMC. Moreover, the SMC
exhibits higher chattering compared to the proposed method.
To provide a comprehensive view, the root mean square (RMS)
of the responses of the system is reported in Table I. The
results highlight that the proposed control method has the
ability to track the specified trajectory with higher accuracy
and less control effort.

V. CONCLUSION

In this paper, a super-twisting sliding mode controller is
designed for a robot arm actuated by SMA. A sensor for
measuring angular displacement is attached to the platform.
The effectiveness of the proposed control method is validated
in different tests under various trajectories. The results show
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that the proposed control method robustly tracks the specified
trajectories under model uncertainties .
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