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Abstract: The ionic polymer metal composite (IPMC) actuator is a kind of soft actuator that can
work for underwater applications. However, IPMC actuator control suffers from high nonlinearity
due to the existence of inherent creep and hysteresis phenomena. Furthermore, for underwater
applications, they are highly exposed to parametric uncertainties and external disturbances due
to the inherent characteristics and working environment. Those factors significantly affect the
positioning accuracy and reliability of IPMC actuators. Hence, feedback control techniques are vital
in the control of IPMC actuators for suppressing the system uncertainty and external disturbance.
In this paper, for the first time an adaptive full-order recursive terminal sliding-mode (AFORTSM)
controller is proposed for the IPMC actuator to enhance the positioning accuracy and robustness
against parametric uncertainties and external disturbances. The proposed controller incorporates
an adaptive algorithm with terminal sliding mode method to release the need for any prerequisite
bound of the disturbance. In addition, stability analysis proves that it can guarantee the tracking
error to converge to zero in finite time in the presence of uncertainty and disturbance. Experiments
are carried out on the IPMC actuator to verify the practical effectiveness of the AFORTSM controller
in comparison with a conventional nonsingular terminal sliding mode (NTSM) controller in terms of
smaller tracking error and faster disturbance rejection.

Keywords: IPMC soft actuator; recursive terminal sliding mode; robust control

1. Introduction

Soft actuators are made of materials, which can deform in response to external forces
and thermal stresses. Such materials can be in the form of particles, polymers, fluids, shape
memory alloys (SMAs), liquid metals, hydrogels, or a combination of these [1]. Their
favourable characteristics, such as low actuating voltage (<5 V), high power efficiency and
biocompatibility make them suitable for soft mechatronics and robotic applications [2,3].
Among these, ionic polymer metal composite (IPMC) has attracted attention in many areas.
The IPMC consists of a thin ion exchange membrane and two electrodes [4]. By applying
a low electric field across these electrodes, a bending displacement can be created [5].
Conversely, an electrical signal will be produced when IPMC is mechanically deformed.
In comparison with other smart materials, various desirable features, such as low driving
voltage, agility, light weight, noiselessness give IPMC superiority [6]. These properties
make this material suitable for diverse applications, including bio-devices, micro-pumps
and sensors for measuring velocity, viscosity and blood pressure [7-12]. However, the main
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challenge for the use of an IPMC actuator is to achieve accurate tracking, as the inherent
nonlinearity of this material, caused by hysteresis and creep, makes its control a non-trivial
task. Furthermore, other challenges also include parameter uncertainties and external
disturbances imposed from the working environment along with the physio-chemical
complexity of IPMC material and the lack of a universal and precise model for the IPMC
system, which thus have been further investigated in the literature [13-15].

Various studies have revealed the characteristics of IPMC material and proposed
different control algorithms including classic strategies such as impedance control [16].
Bhat et al. [17] designed a lead-slack controller to control an IPMC actuator dependent on
a cross hybrid control system. The outcomes demonstrated the adequacy of the technique
in an accurate regulation. Bandopadhya et al. [18] designed a PD controller to control a
manipulator using an IPMC actuator. However, some studies showed that these classic
strategies are not effective for such a material with highly nonlinear properties. Therefore,
different adaptive control systems have been designed based on the existing models of
hysteresis and creep to capture their dynamics and compensate for their changes [15,19,20].
One drawback of these control systems are that they are only suitable for short time
actuation and in the absence of water. Hence, there is a need for designing a control system
for underwater soft actuator with relatively long time actuation. Paddison et al. [21]
worked on a procedure to quantify the wide range frequency of the overall permittivity
of Nafion in water. Their outcomes demonstrate that the dielectric constant increments
with adding water substance and diminishes with expanding frequency. Also, if a DC
voltage is applied for adequate time, the initial deflection will change to steady state, which
would rely on the backbone. This phenomenon is believed due to the overabundance
concentration of water closing the cathode and its subsequent back-flux [22].

The sliding mode control (SMC) method, which is a powerful tool for control de-
sign of uncertain linear and nonlinear systems, have been applied for precise tracking
control [23]. For example, the SMC method has been used not only for IPMC control but
also linear springs [24], electrohydraulic systems [25] and industrial manipulators [26].
Liaw et al. proposed an improved SMC method which was used for the piezoelectric
actuators to follow indicated movement trajectories [27]. Although both piezoelectric and
IPMC actuators are smart materials, they have many different characteristics [28]. Wang
et al proposed an adaptive SMC controller to improve the position tracking capability
of polymer actuators [29]. This research concentrated on controlling the tip of the IPMC
actuators for a scope of trajectories. However, the main disadvantage of the SMC is the
induced high-frequency and strong chattering behaviour along the control loop that may
bring damages to the physical systems. To overcome the chattering issue, high-order
sliding mode [30], super twisting algorithm [31], low-pass filtering [32], and the boundary
layer techniques [33] have been proposed. However, in most of these strategies, the prior
information about the upper bound of perturbation terms is required, which is often not
applicable in the real world. In addition, either the control precision or the system transient
performance would be degraded as a compromise. Another problem of the conventional
SMC is its relatively long asymptotic convergence property. This problem can be avoided
by using the recursive control structure, in which the reaching phase is eliminated while
the finite-time convergence is guaranteed [34]. For instance, Tong et al. [35] proposed
a recursive reaching-phase eliminated terminal sliding mode (TSM) control scheme for
multi-input multi-output systems and others [36-39] have also extended the applications
of TSM to a variety of systems including ground and flight vehicles. However, the main
drawback of the TSM approaches is the singularity problem of the controller that limits
its implementation. To address this issue, Khawwaf et al. [6] employed a nonsingular
terminal sliding mode (NTSM) controller for the tracking control of IPMC actuators. Nev-
ertheless, in most of the aforementioned methods, the signum function explicitly exists in
the discontinuous control law that may degrade the control signal smoothness.

This paper aims to develop a fast-response, high-precision, and chattering-free sliding
mode control scheme to enhance the robust tracking control performance of IPMC soft
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actuators working underwater. To achieve this goal, an adaptive full-order recursive
terminal sliding-mode (AFORTSM) controller is proposed. In this method, a new integral
nonlinear hyperplane-based sliding manifold is designed by combining the NTSM with
an integral terminal sliding mode (ITSM), which can lead to reduced convergence time
and smaller tracking error with retained robustness. The performance of the proposed
AFORTSM is then compared with the NTSM control method, which indicates that this new
method eliminates the reaching phase with the help of the internal integral sliding mode
and then achieves the successive finite-time convergence of the system along the dual-layer
sliding surfaces. Moreover, the inherent full-order sliding mode makes the reaching control
input be the integral of the signum function which is useful for suppressing control signal
chattering. In addition, an adaptive control gain is proposed for the reaching law such that
the need for prior knowledge of the upper bound of the uncertainty and disturbance is
eliminated. In the rest of the paper, a dynamic model of the IPMC actuator with parametric
uncertainty is first presented. Then, the control design procedure is elaborated. Moreover,
theoretical proof is given to show that the proposed AFORTSM can guarantee the system
tracking error to converge to zero in a finite time. The proposed AFORTSM control
improves the tracking performance of the conventional NTSM controller in [6], which are
finally verified through the experiments on a real IPMC actuator.

2. Plant Modelling

The experimental setup for the IPMC soft actuator working underwater is shown
in Figure 1. An IPMC strip with a 3-dimensional size of 40 mm x 10 mm x 0.2 mm is
submerged in a water tank. The IPMC is formed by a thin Nafion-117 membrane that is
covered by two surfaces made up from platinum thin film electrodes. The deflection of the
actuator tip is measured by a high-precision laser position sensor (ILD1420-10, MICRO-
EPSILON) with a resolution of 0.5 um and a range of 10 mm. In addition, a dSSPACE-DS1103
rapid control prototyping system is used to implement the real-time controller for the IPMC
actuator through the interface with MATLAB/Simulink on a PC. In our study, the sampling
rate of the real-time controller is set as 250 Hz.

Water tank |

Laser position
sensor

Figure 1. Experimental setup of an IPMC soft actuator for position tracking control underwater.
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For the design of the proposed controller, a dynamic model of the IPMC actuator is
required. As aforementioned, the IPMC actuator is of high nonlinearities such as creep and
hysteresis that are hard to identify by a mathematical model. As such, we will consider
those nonlinearities as uncertainties in this study and thus focus on a simple model for the
IPMC actuator. Through an experimental identification procedure by injecting a step input
voltage to the IPMC actuator and collecting the output displacement [6], we have found
that the IPMC actuator can be modeled by a second-order differential equation as follows:

=fy)+Af(y) + o1+ 111 +dn 1)

where y is the IPMC displacement. f(y) = —ajy — ayy is referred to as the nominal
term related to its displacement and speed and Af(y) denotes its uncertain component,
respectively. d,;, represents the unknown lumped uncertainty including the unmodeled
nonlinear dynamics, parameter variations, external disturbance, etc. 1 and 1 are the control
voltage and its derivative, respectively. a1, a2, Ty, and 1 are the identified constants with
79 = 0.0031, 71 = 0.0146, a1 = 0.4357, and a, = 0.1219, respectively. For more details on this
model, the reader is referred to [6].

The control objective is to design a robust controller to achieve the fast and accurate
position control of the IPMC actuator in the presence of system uncertainties. To facilitate
the subsequent control design, we shall define the following variables:

e=Yy -V &)
v =T+ TU, 3)

where e is the position tracking error with y,; the reference command. v is the new control
input to be designed, and the actual control input u can then be obtained by the filter (3).
d, represents the reformatted uncertainty. From the definition in (4), it can be seen that the
derivative of d, is associated with the displacement, velocity and acceleration of the IPMC
motion. Thus, the derivative of d;, can be assumed to be bounded by

|dn| < by + b1|y| + ba|y] + bs|7| 5)

where by, by, by and b3 are all unknown positive constants. Based on the preceding variables,
the error dynamic equation of (1) can be obtained as

é=f(y)to+dn—ia (6)
which will be adopted for the control design from now on.

3. Control Design

In this section, an AFORTSM controller is proposed for the IPMC to track the refer-
ence command with high precision and fast speed under modelling errors, parametric
uncertainties and external disturbances. To achieve this goal, a recursive integral terminal
sliding mode is constructed. Based on the inherent integral sliding mode, the reaching
phase is removed. Meanwhile, finite-time convergence is ensured because of the terminal
sliding mode property. In addition, to handle system uncertainties, an adaptive gain is
employed to approach their upper bounds in real time. Finally, selection guideline of the
control parameters is discussed.
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3.1. Construction of the AFORTSM Controller

To construct the AFORTSM controller, we first introduce the following fast non-
singular terminal sliding function [40] given by

o = &+ cpsig(é)*? + cisig(e)™ (7)

where c1, ¢y are positive constants such that the polynomial, which corresponds to the
system (7), is Hurwitz. a and a; are the positive control parameters satisfying

a1 € (0,1
1_(%) ®)
& = 14wy

and the notation sig(x)” is a simplified expression of
sig(x)® = |x|"sgn(x) ©

In [41], it has been proved that when o = 0 in (7), the tracking error e converges to
zero in a finite time t,. Next, we propose a recursive integral terminal sliding function s as
follows:

s =0+ Aoy (10)

where ¢ is as defined in (7), and o7 is of the form
o7 = sig(o)P (11)

with the control parameters A > 0,0 < B < 1. In addition, to reduce the reaching time, the
initial value of the integral element ¢7 is set as

01(0) = =A"0(0) (12)

Substituting (12) into (10), it is straightforward to verify that the sliding variable
s(0) = 0. This implies that the control system is enforced to start on the sliding surface at
the initial time such that the reaching time is removed [34]. Since the initial states of the
IPMC are available in practice, 07(0) can be calculated by

07(0) = —AHE(0) + cosig(¢(0))*2 + cysig(e(0))*1] (13)

If s = 0 holds in (10), the sliding variable o will converge to zero in finite time [34]
given by
_ |e@F
TA1-p)
Finally, we shall give the form of the AFORTSM controller based on the recursive
integral terminal sliding function. By letting s = 0, d, = 0, we can obtain the following
equivalent control input:

(14)

vo = —f(y) +¥a — casig(e)™ — crsige)™ — Ay (15)

Further, a reaching control input [42] is introduced

b A " N
o1 = = [ (bo+bulyl +Baly + Eali])sgn ()T (16)
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where the control parameter b; is updated by the following adaptive law:

bo =13 Is| (17)
by = iy Mylls| (18)
by = 15 3] (19)
by = 13 3| (20)

with 77; > 0 to be designed and b;(0) > 0 (i = 0,1,2,3). Hence, the overall control input of
the AFORTSM can be constructed as

v = Uy+01

b A A A
= —f@)+yw—@$g@V”—ﬁﬂg@V1—Am~—A(%%4HWW+bhﬂ+bﬂﬂﬁgﬂ®dT (1)

3.2. Stability Analysis

The result for the proposed AFORTSM controller is summarized in the following
theorem and stability analysis is provided.

Lemma 1. Given the IPMC system in (1) and the control law (21), there exists a positive number
b; in (5) such that b; < b; (i = 0,1,2,3) always holds.

Proof of Lemma 1 is provided in Appendix A.

Theorem 1. Consider the IPMC system in (1), then the tracking error e under the AFORTSM
controller in (21) will converge from any initial condition to zero in finite time.

Proof. To proceed the proof, we first obtain the derivative of the sliding function s in
(10) as

§ = 04 A0

€+ complé|2Tle + cragfe|TNe + Mgy

fy) +0+dy — Y+ comalé|271e 4 craqfe] e + Aoy

= 01 +d, (22)

Next, choose the following Lyapunov function candidate
1, 1 -
v=laily wp 23)
i=0

where p; > 0, by = b; —b; (i=0,1,2,3). Solving the derivative of (23) along the system
trajectories and substituting (22) and (21) to it yields
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3 R
= s(—(bo +baly| + balyl + bsi) sgn(s) +dn ) + 3 b
i=0

1

IN

3 .
—(bo + bly| + ba|y| + b3|ii])|s] + |dn]|ls| + ) pibibi
i=0

1

—(bo + b1ly| + baly| + bslii|)|s]
+(bo + b1|y| + baly| + b3|])Is]

= —(bo + b1ly| + baly| + b3|§i| — |dn])ls]
+pomg bols| + gy byl Is|
+aty 'balylIs| + pans balils|
—(bo + b1|y| + baly| + bs|i]) s|

= —(bo + b1ly| + bay| + b3|§i| — |dn])ls]

(
+(pong = 1)s](bo — bo)
+(uanyt = 1) |yl[s| (b — by)
+(pany = D)[yl[s| (b — b2)
+(uanz ' —1)lijl|s| (b3 — b3) (24)

From Lemma 1, we have obtained b; < b; (i =0,1,2,3). Then, (24) becomes

Vo< —(bo+bily| + balgl + bsli] — |du])ls]
—(uorg ' —1)|s|bo — bl
— (gt = 1) ylls|[by = b
~(pay = 1)[l]s]|b2 — b
(a3 " = 1)[Is||bs — bs| (25)
Define the following symbols
0s = bo+bily| +baly| + bsii| — |dn]
o = Gur =Dyl

where i = 0,1,2,3. It is obvious that o; > 0 from (5), and for any #; (i = 0,1,2,3), there
exists a positive constant y; such that p;7;” 1> 1 that implies ¥ > 0. Then, (24) can be
rewritten as

3
V. < —ols| =) oilbi
i=0
s| ¢ 2 i
= —osV2L =Y o [ =0 B b
V2 i;)z ” > |Bi]
. 2 s| | o [wix
< - osV2, i [ = s [ =+ Eiip,
< mm{s 1,/%}(& T
< —yyz (26)
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where

Y= min{as\fz, oi\/z } 27)

Since there must exist a constant lower bound ¥ forany ¥ > Osuch that0 < ¥ <Y
is satisfied, the following inequality holds

NI

V< -¥YV (28)

It can be seen that the inequality (28) satisfies the finite time stability criterion in
Appendix B. Specifically, V will converge from any initial condition V(0) to zero in the
finite time given by

(29)

which indicates that the sliding variable s and the estimation error b; will both converge
to zero in the finite time of (29). In addition, as in the aforementioned discussion, when
s = 0, 0 and e will successively converge to zero in the finite time of s and t,, respectively.
Therefore, the tracking error e will converge from any initial condition to zero in the finite
time of t, = ty + ts + {4

The proof is thus completed. O

Remark 1. The proposed recursive terminal sliding mode (RTSM) consists of two layers of sliding
functions as shown in (7) and (10). Based on the RTSM, the system moves along the sliding surfaces
s = 0and then ¢ = 0 and finally converges to the origin in finite time. In this sequence, each sliding
surface is reached successively [43]. As given in (13), s(0) = 0 can be guaranteed by selecting a
certain initial value of the integral element such that the reaching phase is eliminated. Moreover,
different from the conventional ISMC [44] and the adaptive SMC [13], finite-time convergence
is guaranteed based on the proposed RTSM. Moreover, the value of V(0) is also decreased since
s(0) = 0. As a result, the time for V to reach the origin is reduced as can be seen from (29).

Remark 2. Thanks to the use of a second-order sliding function in (7), full-order sliding mode can
be achieved. It can be seen that the proposed reaching control input (16) is of an integral form, which
means that the chattering effect caused by the signum function is soften. The full-order sliding
mode property is useful to achieve both smooth and high-precision control performance for IPMC
actuator without impacting its transient response. Those beneficial properties have greatly enhanced
the existing methods that use NTSM or filter-based control [13,34].

Remark 3. In practical applications, the sliding variable s is impossible to stay at zero persistently
because of the measurement noise. Instead, as indicated by (17)—(20), s will be chattering around
zero, which may result in a conservatively large estimated value of b;. To alleviate this disadvantage,
a dead zone technique [45] is recommended and thus the adaptive law can be modified as follows:

b nyOlsl, forls| > e o
0, forls| < e

wherei = 0,1,2,3, € > 0 is a small dead zone size to be selected. From (30), it can be seen that
when s is within the dead zone, b; will retain its present value. One can verify that when |s| < e,
the inequality (26) still holds, i.e., the finite-time stability is still guaranteed.

3.3. Control Parameter Selections

In practical applications, the impacts from different factors on tracking accuracy,
control signal smoothness, and robustness have to be compromised [42]. In the following,
the guideline of selecting the control parameters for the proposed AFORTSM controller
will be discussed and their values for the IPMC actuator control system will be given.
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(1) Selections of c;, w; (i = 1,2): A large value of ¢; or a small value of «; in (7) can lead
to a faster convergence speed of tracking error along the sliding surface o = 0, but
unfortunately it causes an increased control input amplitude as indicated in (21). In
the experiments, we select c; = 10, ¢, =5, 41 = % and ap, = %

(2) Selections of A, B: As given in (14) and (15), a larger A or a smaller 8 in (10) implies
a smaller bound of convergence time for ¢ but at the cost of increased control input
amplitude. In addition, a larger value of A will increase the amplitude of the integral
element, which implies a smaller steady-state tracking error [34]. Here, we select
A=10,p=07.

(3) Selections of n; (i = 0,1,2,3): To achieve a fast estimation of the control gain, the
values of #; can be selected to be sufficiently small as indicated in (17)—(20). However,
too small #; may cause severer overestimation or even lead to the IPMC actuator
saturation. Through some tuning in the experiments, 79 = 0.1, 1 = 172 = 3 = 1 are
fixed for the tests.

4. Experimental Results

Experiments are carried out on the developed IPMC actuator setup as shown in
Figure 1 to demonstrate the efficiency of the proposed AFORTSM controller. The reference
commands under test include a single-tone sinusoidal waveform and a dual-tone sinusoidal
waveform, which can be expressed as follows:

Ya1 = Asin(27tft) (31)

Yir = Alsin(27'cf1t) + Azsin(27'cf2t) (32)
where A denotes the amplitude and f the frequency in Hertz. Moreover, the working
condition of the IPMC actuator is configured as

e Without uncertainty: IPMC actuator is fully submerged in the water;
*  With uncertainty: IPMC actuator is partially (three-quarters) submerged in the water;
¢ With disturbance: A shock electrical signal is added onto the control input.

The configurations of all the tests, which are a combination of various reference
commands with uncertainty and disturbance, are listed in Table 1.

Table 1. Configurations of the experimental tests.

Test  Reference  Frequency (Hz)  Amplitude (mm) Uncertainty
1 Va1 0.02 0.05 Without uncertainty
2 Va1 0.01 0.05 Without uncertainty
3 Y 0.01 0.1 Without uncertainty
4 Yo 0.01 and 0.05 0.03 and 0.02 Without uncertainty
5 Va1 0.02 0.05 With uncertainty
6 Va1 0.01 0.05 With uncertainty
7 Ya1 0.01 0.1 With uncertainty
8 0 - - With disturbance

To quantify the tracking control performance of the IPMC actuator, the maximum
absolute tracking error (MAX,) as well as its root mean square (RMS,) are used, which is
defined by the following equations:

MAX, = max (Iy(j) - ya(j) ©3)

RMS, = J LY )~ wali)? (34)
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where 11 denotes the number of samples; and j is the sample index. In addition, we compare
the performance under the proposed AFORTSM controller and the NTSM controller as
previously reported in [6].

4.1. Single-Tone Sinusoidal Tracking

Figures 2—4 show the experimental results of tests 1 to 3, which are tracking single-
tone sinusoidal references of different amplitudes and frequencies. In comparison with
the NTSM controller, the AFORTSM controller has reduced the MAX, by more than 19%
for the same single-tone sinusoidal reference and significantly improved RMS, by more
than 31%. In addition, the high-frequency chattering in the tracking error profiles under
AFORTSM controller is smaller than that under NTSM controller, which indicates that
the AFORTSM controller has less impact on vibrating the IPMC mechanism. However,
it should be pointed that as the cost of the improved tracking accuracy, the control input
amplitude under the AFORTSM controller is reasonably a bit larger than that under the
NTSM controller.

0.1 T

AFORTSM
= = = Reference | -

-0.05 1

o
=

0.05 -

Displacement [mm]
o
Displacement [mm]

0.1 . . . . .
0 50 100 150 200 250 300 0 50 100 150 200 250 300

0.04 0.04

0.02 - 4 € 0.02+ 1

Error [mm]
o

Error [mm
o

-0.02 - 4

-0.04 I I I I I .0.04 I I I I I

05 b

-0.5

Control Signal[V]
o
Control Signal [V]
o
(6 -]

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time [sec] Time [Sec.]

(a) (b)

Figure 2. Test 1: Experimental results of AFORTSM and NTSM for tracking a single-tone sinusoidal reference without
uncertainties (top: tracking profiles; middle: tracking error; bottom: control signal). (a) AFORTSM; (b) NTSM.
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Figure 3. Test 2: Experimental results of AFORTSM and NTSM for tracking a single-tone sinusoidal reference without
uncertainties (top: tracking profiles; middle: tracking error; bottom: control signal). (a) AFORTSM; (b) NTSM.
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Figure 4. Test 3: Experimental results of AFORTSM and NTSM for tracking a single-tone sinusoidal reference without
uncertainties (top: tracking profiles; middle: tracking error; bottom: control signal). (a) AFORTSM; (b) NTSM.

4.2. Dual-Tone Sinusoidal Tracking

To evaluate the tracking performance for a more complex reference, test 4 is performed
with a dual-tone sinusoidal reference command, whose frequencies are comprised of 0.01
and 0.05 Hz. Figure 5 presents the tracking performance of the AFORTSM and NTSM
controllers for this test case. It can be seen that the MAX, was further reduced by 32%
under the AFORTSM controller, which also reduces the RMS, by 31%. This improvement
ratio is even higher than those of the single-tone sinusoidal tracking cases. Hence, this test
demonstrates that the proposed AFORTSM controller can obtain smaller tracking error
over a certain range of frequency bandwidth when compared with the NTSM controller.
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Figure 5. Test 4: Experimental results of AFORTSM and NTSM for tracking a dual-tone sinusoidal reference without
uncertainties (top: tracking profiles; middle: tracking error; bottom: control signal). (a) AFORTSM; (b) NTSM.

0.1

4.3. Robustness Verification

As aforementioned, the uncertainty in our application is regarded as the working
condition of the IPMC actuator to be either fully or partially submerged in the water, under
which the control system is anticipated to retain robust tracking performance. Thus, we
carry out tests 5-7 with the same references as tests 1-3 except that the IPMC actuator is
with uncertainty (i.e., only three-quarters submerged in the water). Similarly, Figures 6-8
show that the performance under the AFORTSM controller is still superior to that under
the NTSM controller. On average, the reduction ratio of the MAX, has been improved
by approximately 33% and also the RMS, has been improved by 64%. It is noted that
the inclusion of uncertainty to the IPMC actuator has deteriorated its tracking error by
about 11% on average when compared with those without uncertainty. However, this
degradation is inevitable since leaving out of water will have a significant impact on the
IPMC characteristics.
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Figure 6. Test 5: Experimental results of AFORTSM and NTSM for tracking a single-tone sinusoidal reference with
uncertainties (top: tracking profiles; middle: tracking error; bottom: control signal). (a) AFORTSM; (b) NTSM.
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Figure 7. Test 6: Experimental results of AFORTSM and NTSM for tracking a single-tone sinusoidal reference with
uncertainties (top: tracking profiles; middle: tracking error; bottom: control signal). (a) AFORTSM; (b) NTSM.
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Figure 8. Test 7: Experimental results of AFORTSM and NTSM for tracking a single-tone sinusoidal reference with
uncertainties (top: tracking profiles; middle: tracking error; bottom: control signal). (a) AFORTSM; (b) NTSM.

4.4. Disturbance Rejection

The IPMC actuator may be subjected to external disturbance during operation. Hence,
test 8 is conducted to evaluate its performance robustness against an electrical shock
disturbance, which is artificially added to the control input. The shock disturbance has a
duration of 0.5 s and an amplitude of 3 V. According to Figure 9, the AFORTSM controller
has a smaller overshoot than the NTSM controller and particularly the settling time under
the AFORTSM controller has been reduced by 0.5 s. This verifies the superiority of fast
convergence characteristics of the proposed AFORSTM controller over the conventional
NTSM controller.
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Figure 9. Test 8: Experimental results of shock disturbance rejection.

4.5. Summary and Comparison

Table 2 summarises the performance for all test cases under the two controllers studied
in this paper. According to this table, the proposed AFORTSM controller achieves superior
performance compared with the NTSM controller in each case, whose improvement ratio
ranges from 19% to 63% among the test cases for MAX, and from 31% to 83% for RMS,.
Also, the comparison of the tests 5-7 (with uncertainty) to tests 1-3 (without uncertainty)
shows that the proposed AFORTSM controller is significantly less sensitive to uncertainty
compared with the NTSM controller. This has verified the proposed AFORTSM controller
can enhance the performance robustness.

Table 2. Summary and comparison of experimental results.

Test Indices NTSM (um) AFORTSM (um) Improvement (%)

1 MAX 4.15 3.3 20
RMS 1.99 0.73 63
2 MAX 7.61 6.1 19
RMS 2.98 1.06 64
3 MAX 9.74 79 19
RMS 4.68 1.78 61
4 MAX 7.32 5 31
RMS 2.0 1.38 31
5 MAX 4.76 3.9 18
RMS 4.38 0.72 83
6 MAX 13.84 6.6 52
RMS 8.52 1.4 83
7 MAX 11.84 6.1 48
RMS 4.85 1.56 67
8 MAX 32.45 12 63

5. Conclusions

The robust AFORTSM controller is proposed for the position tracking control of an
IPMC soft actuator working underwater. The proposed controller has the benefits of
finite-time convergence, reduced tracking error, and being chattering-free, which are owed
to the proposed full-order recursive terminal sliding mode and the integral element in
the reaching control law. In addition, to remove the requirement for the upper bound of
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disturbance derivative during the control design, an adaptive algorithm is developed to
update the control gain automatically in accordance with the varying disturbance. The
proposed AFORTSM controller is verified on a real IPMC actuator and the experimental
results for sinusoidal reference tracking show that it can further reduce the maximum and
root mean square of the tracking errors by over 19% and 31%, respectively, in comparison
with the conventional NTSM controller. Furthermore, it can achieve faster disturbance
rejection, which also coincides with the theoretical property of the AFORTSM.
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Appendix A

Given |s| # 0, from (17)—(20), b; (i = 0,1,2,3) will start to increase and then there
must exist a time instance t; such that

bo + bily| + baly| + balj| > |du|

According to (22), from t = t; onwards the adaptive gain will be sufficiently large to
enforce the sliding variable s to decrease. Meanwhile, the adaptive gain will continue to
increase until s = 0 is reached in a finite time At. From then on, b;(t) will retain its final
value of b;(t; + At). Because of the continuity property, the value of b;(t; + At) is finite, i.e.,
b; (t) is upper bounded. Therefore, there must exist a positive number b; such that b; < b;
in (5) is satisfied.

This completes the proof of Lemma 1.

Appendix B

Given the following first-order nonlinear differential inequality
V(x)+pV*(x) <0 (A1)

where the constants § > 0,0 < a < 1. V(x) is a positive Lyapunov function with respect
to the state x € R. Then, the function V(x) will converge from any initial condition
V(x(0)) = V(0) to the origin in a finite time given by

1—a
ty < 4o _(fg. (A2)

The derivation is referred to [46] and references therein.
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