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Abstract: This paper addresses the input coupling problem for the shape memory alloy (SMA) actuated parallel
platform with completely unknown nonlinear dynamics. The problem means that in a parallel platform with
multiple SMA actuators acting together, the displacement of one of the actuators will simultaneously affect the
remaining actuators to change. Due to the coupling problem and nonlinear characteristics of the SMA
actuators, it is not easy to control the platform to achieve bi-directional swing with completely unknown
nonlinear dynamics. Therefore, a model-free adaptive sliding mode control method is proposed to improve
the control accuracy of the complex motion of the platform, avoiding the complex modeling process of the
SMA actuated parallel platform. Based on the model-free adaptive control (MFAC) theory, a multiple input
and multiple output (MIMO) dynamic linearized mathematical model of the parallel platform is established
using the online input and output data of the system. Then, a sliding mode controller is designed based on the
dynamic model. A rigorous theoretical analysis proves that the proposed model-free adaptive sliding mode
controller is able to stably control the SMA actuated parallel platform, and its tracking error is uniformly
ultimately bounded (UUB). Finally, experiments are conducted on the established SMA actuated parallel
platform. The results show that the proposed model-free controller is feasible and effective, and can control the
system well to achieve the complex motion of bi-directional swing.

Keywords: shape memory alloy; parallel platform; model-free adaptive control; sliding mode control

1. Introduction

SMA is a class of metallic smart material that generates a driving force and recoverable stroke
based on the phase transformation, which refers to the transformation of martensite phase to
austenite phase with temperature evolution, and the transformation is reversible [1-4]. Due to this
mechanism, the SMA actuators have incomparable advantages over traditional actuators. With the
development of the advanced industrial technology, the corresponding actuator of this intelligent
material has attracted great attention due to its high power-mass ratio, silent actuation, safety and
maintainability. Therefore, SMA actuators have been exerted in various fields, such as manipulators
[5-7], biomedical science [8], automotive [9], fixture [10] and bionic robots [11].

Though the SMA actuator has many advantages, the solid-solid phase transformation generated
by the SMA actuator with temperature variation makes it suffer from nonlinearity, and parameter
uncertainty. Researchers want to achieve high control performance in the SMA actuator, which
requires resolving parameter uncertainties in the control process and compensating for nonlinear
characteristics to improve control accuracy. The two main types of controllers applied to the SMA
actuators can be classified as model-based and model-free controllers. The former describes the SMA
actuator characteristics in detail by an accurate mathematical model, thus achieving improvements
in actuator performance prediction, such as feedback linearization for the SMA actuator [12], an
inversion-based control scheme that takes into account the nonlinear behavior of the SMA actuator
[13-15], and a sliding mode controller considering nonlinear characteristics [16-18]. The nonlinearity
in the system makes it impractical to obtain complete information about the controlled system.
Therefore, it is necessary to investigate model-free methods to achieve high control performance of
SMA actuated systems. The latter, also known as data-driven approaches, rely only on system inputs
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and states without requiring model knowledge of the SMA actuator. Such as, PID control [19-21],
neural network control [22], fuzzy control [23,24]. The above methods are applicable to single input
single output (SISO) SMA actuator systems, and cannot control multi input multi output (MIMO)
SMA parallel systems.

Parallel platforms actuated by the SMA actuator must have high control performance to perform
complex tasks in a variety of complex environments. Many control methods have been proposed for
various controlled objects. Khidir et al. [25] designed an SMA-driven 3-UPU and accomplished the
control of a 3-UPU parallel manipulator driven by three SMA wires by an on/off control method.
Ranjith and Murali [26] proposed an SMA spring-driven parallel manipulator, which was controlled
by an on/off control method. Through on/off control, Qiu C et al. [27] achieved motion control of a
parallel platform driven by multiple actuators, each of which is an actuator consisting of two SMA
units. Using the reinforcement learning method of DDPG, Jing Z et al. [28] completed a SMA actuated
soft manipulator, which consists of multiple units in series and each unit consists of three SMA
springs arranged in parallel. An SMA actuated parallel multi-degree-of-freedom soft robot is
proposed and an adaptive neural network control algorithm is used to achieve accurate position
control for it [29]. A bionic neck soft robot consists of three SMA wires arranged in parallel, and the
researcher completed the neck motion for the robot by BPID algorithm [30]. Though those methods
can control the parallel platforms actuated by the SMA actuator, however, the on/off control method
[26-28] and BPID method [30] can’t achieve satisfactory control effect, and the reinforcement learning
method [28] and the adaptive neural network control algorithm [29] require a complex training
process. Therefore, designing a simple model free control method that does not require training
process to achieve the motion of SMA actuated parallel platforms is an urgent task.

Controlling the SMA actuated parallel platform is difficult due to the coupling between multiple
inputs. A system model is also required in a model-based control approach. The forward kinematics
of a parallel mechanism is complex and usually has multiple solutions. Although the inverse
kinematics of the parallel mechanism is comparatively simpler and has a unique solution, the model
accuracy is often low due to the simplification during the modeling process. Therefore, this paper
investigates model-free control methods applied to a parallel platform to avoid the errors caused by
an inaccurate model.

The rest of the paper is organized as follows. In Section 2, the model-free adaptive sliding mode
controller is designed and its corresponding stability analysis is proved in detail in Section 3. In
Section 4, experiments are performed to verify the effectiveness of the algorithm. Finally, a summary
is presented in Section 5.

2. Model-Free Adaptive Sliding Mode Control

2.1. Dynamic Data Model of MIMO System

A general multiple-input and multiple-output (MIMO) discrete-time system can be expressed in
the following form

yk+1) =£(y(k), -, y(k=n,),u(k), -, u(k —n,)) 1)

Where u(k) and y(k) denote the system input and output of the system at the moment k,

n o) = o) o0 ° T
respectively; 7 and " are two unknown integers; HORIVAORSYAQ) is an unknown

nonlinear function.

Assumption 1. fi(o)i=1,m

(n,+2)

has a continuous partial derivative concerning each

component of the th variable.

Assumption 2. The system (1) satisfies the generalized Lipschitz condition, i.e., for any b # k,

Chok 20w #ulk)

||Y(k1 +D)-y(k, + 1)” <p ||u(k1) - u(kz)” @)
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; is a
constant.
Lemma 1 [31]. If the nonlinear system (1) satisfies Assumption 1 and Assumption 2, when

|Au(k)|| = 0

is satisfied, there must exist time-varying parameters known as pseudo-Jacobian
matrices (PJM) such that the system (1) can be transformed into an equivalent data model as follow

Ay(k +1) = ¥ (k)Au(k)

3)
where,
(k) wuk) -y, (k)
W(k) = Vlzl:(k) l//zzz(k) V/zm:(k)

Assumption 3. The PJM of a system is a diagonally dominant matrix satisfying the following
piblst b<lylsab  gx1 b >bQarnm-D

i=l-m  j=lem Q%)

conditions, i.e. satisfying

, and the sign of all elements in ¥ (k) remains constant for any
moment.

Assumption 1, Assumption 2, and Assumption 3 are reasonable for the MIMO system of the
SMA actuated parallel platform. Assumption 1 is a typical constraint in control systems for general
nonlinear systems. Assumption 2 is a constraint on the maximum rate of change of the system output
caused by the system input. From an energy point of view, a bounded change in the energy input
cannot cause an infinite change in the system's energy output. Suppose there is no system model and
only input-output data for the system before the current moment. In that case, the matrix diagonal
dominance relation in Assumption 3 is the only feasible way to describe the relationship between the
coupled variables of the system, and sign preservation is a reasonable assumption for most adaptive
control.

The PJM can be estimated using the following estimation criterion function

JOP(k)) = || Ay (k) — P (k)Au(k - 1) + g H‘I’(k) (k=)

®)

Where #~ 0 is an adjustable parameter to penalize excessive variation in the PJM estimates.

By taking the derivate of ¥ (k) from E.q. (5) and introducing the parameter n, one has

n(Ay(k)— li’(k —DAu(k —1))Au’ (k1)
[Au(k =D +

Y(k)=Y(k-1)+
(6)
Meanwhile, the elements in the PJM ¥ (k) satisfy

Vi) =y, () v, (k)| < b, v, (k)| >ab, _ sign(,(k)) = sign(7, (1)) |

i=1l-,m @)

7y (0 =, (1) (R <bsign(i, (0) # sign(7, (1) i=1m j=1em
[ # ] ®)
Where 7 € (0,2] is the design parameter.

2.2. Design of Sliding Mode Control

Define the sliding mode function as

shy=e(k)
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Where e(k) =y, (k)—y(k) is the tracking error, and Y, (k) is the reference output.
The following convergence law is used
As(k+1) =s(k+1)—s(k)=—-As(k) —osgn(s(k)) (10)
The control rate can be obtained as
Au(k) ="¥(k)" (v, (k+1)—y(k) - (1= D)s(k) + o sgn(s(k))) (11)
Therefore, the complete control rate can be obtained as
u(k) =u(k—1)+¥(k)" (v, (k+1D)-y(k) - (1= s(k) + o sgn(s(k))) (12)
Where V() is the initial value of Vi (k) , i=le,m , J=lem , M= 0 , and

ne(0,2]

The principle of the MFA-SMC method for the MIMO system of the SMA actuated parallel
platform is shown in Figure 1. Based on MFAC theory, the PJM estimation is performed based on the
online input and output data of the control system of the SMA actuated parallel platform to establish
a dynamic linearization model of the MIMO system of the platform. Then a first-order discrete sliding
mode control is performed based on the dynamic data model and the tracking error to enable the
SMA actuated parallel platform to track the reference values of bi-directional swing angles

effectively.
Actual swing angles
Swing angle + g Tracking Error
References N *
- N Control system of
P Dy,mb,,c lincarizaion d_:‘c';:::ﬁsirug Rate of control bi-qirectional swing Output
of M}QIO systems B mode of SMA Actuated
parallel platform
Pseudo-Jacobi |
matrix ~ Actual swing angles
estimation [l —

Actual swing angles

Figure 1. Principle of MFA-SMC.

3. Stability

Theorem 1. For the discrete-time MIMO system (1), the designed control algorithm (12) can
guarantee the stability of the closed-loop controlled system and the boundedness of the tracking error
under the satisfaction of Assumption 1, Assumption 2, and Assumption 3.

Proof. Analysis in two cases.

1)  When s(k)>0 , then there is

As(k+1)=-A[s(k)|-o <0 13)

2)  When s(k) <0 , then there is
As(k+1) = A|js(k)|+o >0 14

Combining Egs. (13) and (14), the following discrete sliding mode existence and arrival
conditions can be satisfied

{(s(k +1)—s(k))sgn(s(k)) <0

(s(k +1)+s(k))sgn(s(k)) > 0 (15)
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Therefore, the sliding mode function s(k) decreases monotonically in finite steps and arrives
in a neighborhood of zero. The tracking error e(k) will also converge to a neighborhood of zero,

i.e., the tracking error e(k) is bounded. Therefore, this controller has uniformly ultimately bounded
(UUB) stability.

4. Experiment

4.1. Experimental Platform

In order to realize the effective control of bi-directional swing motion of the SMA actuated
parallel platform, a control system is built, as shown in Figure 2. It mainly consists of a nozzle
simulation platform, ball bearings, a computer, dSPACE, five laser displacement sensors, three
voltage-controlled constant current sources, and three SMA actuators. When viewed from the
platform's top, the SMA actuators are arranged 120°apart from each other and marked as 1, 2, and 3
in the counterclockwise direction. Three of the five laser displacement sensors in the system are used
to measure the linear displacement generated by the SMA actuators, and the other two are used to
measure the swing angles of the nozzle indirectly.

SMA actuator3 -
|}
Laser displacement
sensor

Voltage Controlled Constant

Current Source
-

SR

SMA actuator] SMA actuator2

Laser displacement
sensors

Figure 2. Two-way swing control system of SMA micro vector simulation platform.

The displacement measurement principle of the SMA actuator on the platform is shown in
Figure 3. When the SMA actuators make the nozzle swing, the slider of the rail connected to the
platform by the insulated cable makes movement, and the displacement values measured by the laser
displacement sensors are the displacement values of the SMA actuators at that time.
* Displacement measurement | | SMAactuated parallel

of SMA actuators platform
platform

spring

Guided Pulley SMA actuator

O\

Insulated rope

/

Laser

\
i \
displacement Gy e rail slider |
SENsors |
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Figure 3. Displacement measurement principle of SMA actuator.

The swing angle measurement principle of the indirect measurement is shown in Figure 4. The
relationship between the swing angle and the displacement value measured by the sensor is as
follows:

0= arctan(i)

Laser
displacement
sensors

Platform

A

Figure 4. Schematic diagram of swing angle measurement.

4.2 Experiment results

In order to evaluate the control effect of the MFA-SMC method, the proposed control method is
used to make the platform complete the motion control of bi-directional swing, respectively. The
motion trajectory formed by the O4 point is selected as the reference curve to derive the expected

trajectory of the swing angles &

directional swing motion.

and B when the SMA actuated parallel platform performs bi-

When the SMA actuated parallel platform performs bi-directional swing motion, there are three
different cases.
X Z
Case (1): the trajectory of the O4 point (%45 31524)
located;

is in the plane where SMA actuator 1 is

X Z
Case (2): the trajectory of the O4 point ( » Ve 4)

located;

is in the plane where SMA actuator 2 is

X Z
Case (3): the trajectory of the O4 point SARREY

located.

The following are the experimental results for different cases.

For case (1), the trajectory simulation curves of the O4 point in 3D coordinates and its projection
on the OXY plane are shown in Figure 5 (a) and (b), respectively. The green line (labeled 1) in Figure
5(b) indicates the first moving trajectory of the O4 point, and then the O4 point moves along the red
line (labeled 2) and then repeats.

is in the plane where SMA actuator 3 is
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(a) (b)

Figure 5. Track simulation diagram from different perspectives. (a) The trajectory curve in the three-
dimensional coordinates of Os point, (b) Projection of O4 point trajectory on OXY plane.

In this case, the trajectory of bi-directional swing motion is generated according to the following
steps:
(D The O4 point is moved from the center to the edge, and the coordinates change as follows:

Y, :0, x4:0—>—L,amjl z, =4/110> —x; ‘

@ The O4 point is moved back to the other side, and the coordinates change as follows: ¥, =0
! :—L—)L’ and 2= J110° —x; .

(@ The above steps are repeated to achieve bi-directional swing motion.

In the experiment, the parameters of the MFA-SMC method are set as follows: n=08 ,

p=05 g=08 1 =001,

0.2
1 A 7
At ._ ~ Actual | —Reference
0.5 = = Actual

& Angle o (%)
o
Angle (3 (°)
o

-

-0.2

-1.5 ‘ ‘ ‘
0 50 100 150 180 0 50 100 150 180

Time (s)

(a) (b)



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 April 2024

do0i:10.20944/preprints202404.0596.v1

o
N

o

(S

o

'_\
o
a

Angle « error (°)
o

S
=

W WMJ "LLJ*WWW“"F o g h WV M M I MMWM {v .mﬂ'

50 100 150 180 50 100 150 180
Time (s) Time (s)

Angle (3 error (°)
O

o
'_;

©
N}
o
o
N

o

(c) (d)

Figure 6. Experimental results of MFA-SMC method. (a) Swing angle @, (b) Swing angle B , (©)

Swing angle @ error, (d) Swing angle B error.

The experimental results obtained by applying the MFA-SMC method are shown in Figures 6
and 7. (a), (b), (c) and (d) in Figure 6 show the tracking curves and error curves of the swing angles,
and (a), (b) and (c) in Figure 7 show the displacement curves of the three SMA actuators. From Figure
6, it can be seen that after applying this method, by controlling the motion of the three SMA actuators
separately, the proposed method can effectively track the reference curves of the swing angles &

and B to realize bi-directional swing motion of the platform.

1.5 j\.
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Figure 7. Experimental results of MFA-SMC method. (a) Displacement of SMA actuator 1, (b)
Displacement of SMA actuator 2, (c) Displacement of SMA actuator 3.

From the experimental results in Figure 7 (a), (b) and (c), it can be seen that in this case, the
motion of the three SMA actuators is as follows: SMA actuator 1 first produces a positive
displacement, i.e., SMA actuator 1 contracts, and the displacements of SMA actuators 2 and 3 are
negative, i.e., SMA actuators are stretched. Currently, the SMA actuated parallel platform performs
the trajectory motion of the green line (labeled 1) in Figure 5(b). When the displacement of SMA
actuator 1 reaches the first wave crest and turns to the wave trough, the platform starts to carry out
the trajectory of the red line (labeled 2) in Figure 5(b). After the displacement of SMA actuator 1
reaches the wave trough, it moves back toward the wave crest again, and SMA actuators 2 and 3
perform the opposite motion. The above process is repeated continuously to complete bi-directional
swing motion of the platform.

For case (2), the trajectory simulation curves of the O4 point in 3D coordinates and its projection
on the OXY plane are shown in Figure 8 (a) and (b), respectively. The green line (labeled 1) in Figure
8(b) indicates the first moving trajectory of the O4 point, and then the O4 point moves along the red
line (labeled 2) and then repeats.

110
‘ 2

109.99 ",

N 109.98 & X -
o |\
100.97 \
5 ‘\‘
2 \
0
0
Y(mm) s X(mm)
(a) (b)

Figure 8. Track simulation diagram from different perspectives. (a) The trajectory curve in the three-

dimensional coordinates of Os point, (b) Projection of O4 point trajectory on OXY plane.

In this case, the trajectory of bi-directional swing motion is generated according to the following

steps:

(O The O4 point is moved from the center to the edge, and the coordinates change as follows:

1
XA'O_)EL, )’4:—\/§x4,and %= 1102—xf—yf.

@ The O4 point is moved back to the other side, and the coordinates change as follows:

1 |
x45L_>_EL, y4:_\/§x4,and “ = 1102—x§—yf‘

(3 The above steps are repeated to achieve bi-directional swing motion.

In the experiment, the parameters of the MFA-SMC method are set as follows: n=09 ,

#=06 ¢=08 4 &=001
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The experimental results obtained by applying the MFA-SMC method are shown in Figures 9
and 10. (a), (b), (c), and (d) in Figure 9 show the tracking curves and error curves of the swing angles,
and (a), (b), and (c) in Figure 10 show the displacement curves of the three SMA actuators. From
Figure 9, it can be seen that after applying this method, by controlling the motion of the three SMA
actuators separately, the proposed control method can effectively track the reference curves of the

swing angles & and

to realize bi-directional swing motion of the platform.

1.5 — Reference ! —Reference
1 ) -- - Actual 4= = *Actual
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<05 .
e o
o 0 =0
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0.2 L‘ o1 '
[
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Time (s) Time (5)
(c) (d)
Figure 9. Experimental results of MFA-SMC method. (a) Swing angle a, (b) Swing angle p , ()
Swing angle o error, (d) Swing angle ﬂ error.
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Figure 10. Experimental results of MFA-SMC method. (a) Displacement of SMA actuator 1, (b)
Displacement of SMA actuator 2, (c) Displacement of SMA actuator 3.

From the experimental results in Figure 10, it can be seen that in this case, the motion of the three
SMA actuators is as follows: SMA actuator 2 first produces a positive displacement, i.e., SMA actuator
2 contracts, and the displacements of SMA actuators 1 and 3 are negative, i.e,, SMA actuators are
stretched. Currently, the SMA actuated parallel platform performs the trajectory motion of the green
line (labeled 1) in Figure 8(b). When the displacement of SMA actuator 2 reaches the first wave crest
and turns to the wave trough, the platform starts to carry out the trajectory of the red line (labeled 2)
in Figure 8(b). After the displacement of SMA actuator 2 reaches the wave trough, it moves back
toward the wave crest again. The above process is repeated continuously to complete bi-directional
swing motion of the platform.

For case (3), the trajectory simulation curves of the O4 point in 3D coordinates and its projection
on the OXY plane are shown in Figure 11 (a) and (b), respectively. The green line (labeled 1) in Figure
11(b) indicates the first moving trajectory of the O4 point, and then the O4 point moves along the red
line (labeled 2) and then repeats.

110

109.99

Y(mm) ’ ) X(mm)

(a) (b)

Figure 11. Track simulation diagram from different perspectives.(a) The trajectory curve in the three-
dimensional coordinates of O point, (b) Projection of O4 point trajectory on OXY plane.
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In this case, the trajectory of bi-directional swing motion is generated according to the following
steps:
@ The O4 point is moved from the center to the edge, and the coordinates change as follows:

X0 L L =\3x, and 2, =110° —x] —y}

@ The O4 point is moved back to the other side, and the coordinates change as follows:

1
EL_’“L fx4 and 24 z, =110° —x; — y; ‘

©) The above steps are repeated to achieve bi-directional swing motion.

=0.7

4

In the experiment, the parameters of the MFA-SMC method are set as follows: n
#=06 =07 4 =001

The experimental results obtained by applying the MFA-SMC method are shown in Figures 12
and 13. (a), (b), (c), and (d) in Figure 12 show the tracking curves and error curves of the swing angles,
and (a), (b), and (c) in Figure 13 show the displacement curves of the three SMA actuators. From
Figure 12, it can be seen that after applying this method, by controlling the motion of the three SMA
actuators separately, the proposed method can effectively track the reference curves of the swing

angles & and B to realize bi-directional swing motion of the platform.

15 ‘ " |—Reference| |

17 " Actual R 05 e
S 05¢ >
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Figure 12. Experimental results of MFA-SMC method. (a) Swing angle a, b Swing angle p , (©)

Swing angle a

error, (d) Swing angle p error.

From Figure 13, it can be seen that in this case, SMA actuator 3 first produces a positive
displacement, i.e., SMA actuator 3 contracts, and the displacements of SMA actuators 1 and 2 are
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negative, i.e.,, SMA actuators are stretched. At this time, the SMA actuated parallel platform performs
the trajectory motion in the direction of labeled 1 (green arrow line) in Figure 11(b). When the
displacement of SMA actuator 2 reaches the first wave crest and turns to the wave trough, this means
that the platform starts to perform the trajectory in the direction of labeled 2 (red arrow line) in Figure
11(b). It then performs the motion to the next cycle, and so on and so forth, to realize bi-directional
swing motion of the SMA actuated parallel platform in the plane where the SMA actuator 3 is located.
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Figure 13. Experimental results of MFA-SMC method. (e) Displacement of SMA actuator 1, (f)
Displacement of SMA actuator 2, (g) Displacement of SMA actuator 3.
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The quantitative index, mean absolute errors (MAEs) are used to evaluate the proposed control
algorithms, and the specific results are shown in Table 1. It can be seen from Table 1 that the MFA-
SMC method obtains a small MAE in all three bi-directional swing forms, i.e., the MFA-SMC method
is able to obtain the desired tracking accuracy.

Table 1. Mean absolute errors of angles.

W a
Swing mode B

1 0.0340° 0.0447°
2 0.0629° 0.0465°
3 0.0423° 0.0323°

In conclusion, both the inverse model-based PID control method and the MFA-SMC method can
effectively realize the control of bi-directional swing motion of the SMA actuated parallel platform
under different conditions. But compared with the inverse model-based PID control method, the
MFA-SMC method can obtain a better control effect and does not need to establish the inverse
kinematic model of the platform. In addition, the inverse model-based PID control method needs five
laser displacement sensors, while the MFA-SMC method needs only two laser displacement sensors.
Hence, the MFA-SMC method uses fewer sensors and can further save the overall hardware cost.

5. Conclusion

The MFA-SMC algorithm is designed for a bi-directional swing the MIMO system in SMA
actuated parallel platform. In the process of designing the MFA-SMC algorithm, the multiple input
and multiple output model-free adaptive control method is first introduced, and the model-free
adaptive sliding mode controller is designed by combining the sliding mode control theory, and the
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closed-loop stability of the proposed controller is analyzed by the Lyapunov method. Finally, it is
verified by experiments that the proposed model-free adaptive sliding mode control method can
control the platform to achieve bi-directional swing, and the control algorithm avoids the work of
establishing an inverse kinematic model and can ensure a low tracking error and obtain a great
control effect.
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