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ABSTRACT

Thanks to the rapid development of technology science and computer, robotic systems are
widely used and play an increasingly important role in human life these days. They are used
to perform complicated tasks in many fields such as industrial manufacturing, medicine, civil
engineering, and aerospace. Nevertheless, in practice, there are some inevitable problems
during the operation of robots, such as uncertainties, disturbances, and unmodeled dynamics
and friction which may lead to a significant destabilization of the system. Furthermore, the
occurrence of faults in systems seriously reduces the safety and reliability of robotic systems.
This has caused great obstacles and challenges in designing controllers for robot manipulators.
Therefore, the requirement for precise and robust control under the existence of uncertainties,
disturbances and faults has attracted a massive number of researchers over the past decades.
In this thesis, a fault-tolerant control (FTC) is proposed for a parallel robotic system. To
obtain the robustness and a fast finite-time convergence, a nonsingular fast terminal sliding
mode control (NFTSMC) is used. In addition, an extended state observer (ESO) is applied for
the control scheme to estimate uncertainties, disturbances, and faults. To increase the
convergence speed and alleviate the chattering phenomenon, a novel reaching law is proposed
which gives the system a quick reaching speed. Finally, a novel FTC that ensures robustness
to disturbances and faults is developed based on the NFTSMC, the ESO, and the proposed
reaching law. Consequently, the proposed FTC has outstanding features such as high tracking
performance, a decrease in the effects of disturbances and faults, a fast convergence speed in
finite time, and less chattering. The simulation and experiment results demonstrate the
efficiency of the proposed FTC compared to other control schemes. Besides. in the real life,
the application of the Stewart Platform is very diverse and this research will investigate one of

its applications, a haptic device. The haptic device based on the Stewart Platform is developed



by a combination of an admittance model and the proposed FTC. The admittance model
transforms a force to the desired trajectory while the proposed FTC is used to track the
reference trajectory resulting from the admittance model. Accordingly, the haptic device is
applied for teleoperation of a mobile robot with force feedback that helps the operator prevent
the robot from colliding obstacles and improve the task performance. The experimental results

will demonstrate the effectiveness of the proposed haptic device.

Keywords: Fault-tolerant control, sliding mode control, Reaching law, Extended state

observer, Parallel robot, Stewart platform, haptic device, admittance control, teleoperation.
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1. INTRODUCTION

1.1 Overview

A parallel manipulator is a mechanical system that comprises a moving base connected to a
fixed base by several computer-controlled parallel chains called legs. The well-known parallel
robot is formed from six linear actuators that support the movable platform. This architecture
is called Stewart Platform (SP), which is first developed and used by Gough and Stewart.

Figure 1 shows a typical Stewart Platform.

Figure 1. a) The Stewart Platform.; b) Top view.

The desired position and orientation of the moving platform can be obtained by changing
the lengths of the legs. The parallel robot has outstanding advantages such as high precision,
good rigidity, and higher payloads compared with other serial robots. Hence, it is extensively
applied in industry, telescopes, haptic devices, flight and vehicle simulators, entertainment,
and medical instruments [1]-[3]. We can see the application of Stewart Platform in Flight

simulators and haptic devices in Figure 2.



Figure 2. The application of Stewart platform in a). Flight Simulator, b) Haptic device.

Nonetheless, due to the inherent complexity in the kinetic analysis of its closed-loop
structure, the application of the SP is often challenging. Hence, various kinematic and
dynamic investigations have been reported in the literature [4]-[12], and several control
technologies for the SP have been studied over the years such as adaptive control [13], neural
network control [14], and sliding mode control (SMC) [15]. Among them, SMC possesses
fascinating characteristics of robustness to disturbances and uncertainties, and low sensitivity
to noise. Nevertheless, conventional SMC cannot ensure that the states of the system
approach the equilibrium point in finite time.

Therefore, to ensure that the system state quickly converges in finite time, Nonsingular
Fast Terminal Sliding mode control (NFTSMC) was developed and has received much
attention from many researchers [16], [17]. It not only preserves the robustness of the
traditional SMC, but also has fast convergence in finite time and avoids the singularity issue
of Fast Terminal Sliding mode control (FTSMC). Thus, the SP using the conventional

controllers or NFTSMC can operate well in normal operation. However, in practice, there
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might be faults occurring in the system and the conventional controllers or NFTSMC alone
cannot ensure the stability of the system. Therefore, there have been many investigations of
this problem over the years, and some fault-tolerant technologies have been proposed to
increase the safety and reliability of robotic systems when faults occur. The fault-tolerant
control can maintain the acceptable performance of the system during the system operation
under the occurrence of faults until the system is checked and fixed.

In general, there are two major types of Fault-tolerant control (FTC): passive FTC (PFTC)
[18], [19] and active FTC (AFTC) [20], [21]. A PFTC is designed without a fault diagnosis
module for normal and fault operation, and depends on the robust capability of the controllers
to address lumped disturbances, uncertainty, and faults. The most notable feature of PFTC is
its quick response to the occurrence of faults because it does not take time to wait for the fault
feedback; however, its ability to compensate for high-magnitude faults is restricted. As a
result, there are some limitations in the application of PFTC in actual systems.

In contrast, the key feature of AFTC is its use of an estimation module to compensate for
the unpredictable faults in mechanical components, sensors, and actuators to preserve the
stability of the system within performance requirements. The robust response of AFTC to
faults primarily depends on the efficiency of the estimation module. Hence, a series of active
fault-tolerant strategies have been developed for robotic systems based on various observers,
such as the sliding mode observer [22], the fuzzy observer [20], and the extended state
observer (ESO) [21]. Compared to the other methods, the ESO is an efficient way to estimate
faults and is easy to implement in practice. Nevertheless, it is well known that the
conventional ESO has several drawbacks, such as the peaking phenomenon that can cause
serious stability deterioration of the overall system [23], and its trade-off between the speed of
estimation and insensitivity to measurement noise [24]. Many researchers have introduced

solutions to decreasing the magnitude of peaking and ensuring the robustness to measurement
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noise [25]-[27]. In [27], Ran et al. proposed a new ESO that was effective in lessening the
peaking issue and had improved sensitivity to measurement noise. Thus, given the significant
benefits mentioned above, in this study, a NFTSMC and an ESO [27] are applied in a FTC
scheme to considerably improve its performance regardless of the presence of faults in the SP.

Although the accuracy of the system can be improved by the FTC schemes described
above, researchers have developed various methods to speed up the reaching rate and
diminish chattering which is a major issue in SMC. The chattering problem not only
destabilizes the system but also seriously affects its practical applications. Hence, it is of great
interest to resolve this issue, and strategies such as the boundary layer method [28], [29],
high-order SMC [30], [31], and the reaching law SMC method [32]-[36] have been developed.
Of these, the reaching law SMC has attractive advantages due to not only its ability to
effectively decrease the chattering issue, but also to improve the approaching phase rate.

In [32], three continuous-time reaching laws were proposed by Gao et al. First, the
constant rate reaching law is a simple method that makes the state slide on the sliding surface
at a constant rate. Its drawback is the trade-off between the speed of the approaching phase
and the magnitude of oscillation in the sliding phase. Next, a modification to the constant
reaching law, called the constant plus proportional rate reaching law, can reduce the
oscillation to a certain level. The final method is the power rate reaching law, which can
decrease chattering.

Based on these methods, several other deep investigations on reaching law have been
produced over the years. Wang [33] used a double-power reaching law to further enhance the
efficiency of the power reaching law and decline the chattering issue, and an improved
double-power reaching law was proposed by Tao [34]. Fallaha [35] introduced the
exponential reaching law, which can increase the convergence speed and reduce oscillation.

Yang [36] designed a piecewise fast multi-power reaching law based on the fast-power and
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double-power reaching laws. Generally, the power reaching law has excellent reaching
performance and less chattering.

Inspired by these aforementioned works, a new reaching law (NRL) is proposed in this
paper to further reduce the reaching time and the chattering problem. The finite-time stability
of this new reaching law is demonstrated, as well as its ability to give the system a fast
reaching speed. The dynamic coefficient is used to accelerate the convergence rate and
minimize the chattering amplitude when the system approaches the sliding surface. As a result,
this thesis will illustrate the performance of the proposed FTC scheme by combining
NFTMSC, ESO [27], and the NRL, which has the benefits of easy implementation,
singularity avoidance, robustness in uncertainties and faults, a decrease in the peaking issue,

high accuracy, chattering alleviation, and rapid convergence in finite time.

1.2 Research objectives

The main objective of this thesis is to introduce a new fault-tolerant control for a typical
parallel robot called Stewart Platform and the application of the Stewart Platform as a haptic
interface for teleoperation. First, NFTSMC possesses fascinating characteristics of robustness
to disturbances and uncertainties, low sensitivity to noise, singularity problem rejection, and a
fast convergence in finite time. Therefore, NFTSMC is used in the fault-tolerant control
scheme to ensure the stability of the system under the existence of uncertainties and
disturbances.

However, the chattering phenomenon is a major problem in SMC. It is necessary to
develop solutions to this problem. Various methods mentioned above were proposed over the
past years such as boundary layer method, high-order SMC, and the reaching law SMC
method. This dissertation proposed an improved reaching law which gives the system a

chattering alleviation and enhancement in convergence speed of the system.
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In addition, to increase the reliability and safety of the system in the presence of faults, an
ESO needs to be applied for the control scheme to compensate for the unpredictable faults.
The stability of the proposed FTC for the system is proven by Lyapunov theory.

Next, this thesis will illustrate the effectiveness of the proposed fault-tolerant control for a
Stewart Platform. In the simulation and experiment parts, a comparison between the proposed
FTC and the control scheme without the estimation module is shown to demonstrate the
usefulness of the ESO [27] in the proposed FTC under the occurrence of faults. Besides, this
study compares the performance of the proposed FTC with the control schemes using the
other reaching laws to prove the effect of the NRL on enhancing the reaching speed.
Accordingly, the validity of the proposed FTC using the new ESO [27] and the proposed
reaching law is evaluated

Finally, a haptic device based on the Stewart platform is constructed by using the
admittance model and the proposed FTC. The fault-tolerant control for the haptic device for

teleoperation of a mobile robot is investigated.

1.3 OQutline

The remainder of the thesis is organized as follows: Section 2 presents the kinematic and
dynamic of Stewart Platform and Extended state observer, the new reaching law, and the
design procedure of the proposed fault-tolerant control for Stewart Platform; The results of
the control performance in the simulation and experiment are given in Sections 3. Section 4
introduces the fault-tolerant control for a haptic device in teleoperation. Finally, the
conclusions and the limitation and future works are discussed in Section 5 and Section 6,

respectively.
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2. DESIGN AND ANALYSIS OF CONTROL SCHEME

In this section, the dynamic model of Stewart Platform is presented in section 2.1,
followed by the extended state observer used to estimate the uncertainties, disturbances, and
faults of the system in section 2.2. The description and the convergence analysis of the new
reaching law are described in section 2.3, and eventually, section 2.4 shows the design

procedure of the proposed fault-tolerant control for Stewart Platform.

2.1 Kinematic of Stewart Platform

There are two types of kinematic analysis, known as inverse and forward kinematics, very
important and useful in the design and control of SP. The inverse kinematics calculates the leg
lengths corresponding to a given end-effector position. Its solution is straightforward and
unique. The forward kinematics transform leg coordinates into the reference coordinates of
the end-effector, i.e. given the lengths of six variable legs, L, find the transformation of
coordinates representing the position and orientation of the top plate, X, with respect to inertia
reference frame XYZ. The forward kinematics (FK) problem requires the solution of a series
of non-linear equations and usually has multiple solutions. The most general solution requires
the formulation of a 16th or higher-order polynomial equation [6], [7], [10], which in turn has
to be solved by some numerical methods. Geng et al. used neural networks to find the forward
kinematics solution of Stewart platform [8]. Chifu Yang et al. implemented Newton-Raphson
method for forward kinematic analysis [9]. By contrast to inverse kinematics, forward
kinematics is neither well behaved nor easily described.

A SP is mainly constructed of six prismatic joints, a fixed base, and a moving platform
shown in Figure 3. We assume that the position of the center of the moving platform is P(px,

py, pz) with respect to a coordinate {O} placed at the center of the fixed base, and the
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orientation of the moving platform is described by a rotation of angle ¢« about the fixed x-axis
of {O} (roll), then about the fixed y-axis of {O} by angle ¢y (pitch) and about the fixed z-axis

of {O} by angle ¢, (yaw). Thus, the rotation matrix can be written as

Cp.cp, CO.SQPSP. —SP.CO. CO.SP,CP.+SP.SP,
gRXﬂ(¢x7¢y7¢z): S(chgoy S(DZS(DyS(DX'i'C(DZC(DX S(DZS(DyC(DX_C(DZS(DX (1)
-S89, CPp, 50, co,Co,

where s denotes sine and ¢ denotes cosine

The position of the center of the moving platform with respect to {O} is P=[ px, py, pz]"

According to Figure 3, we have:
a,+AB, = p+ JRb, (2)
Where a; denotes the position vector of the ith universal joint in the fixed base with

respect to {O}. b; denotes the position vector of the ith ball joint in the moving platform with

respect to {P}. p is the position vector of the center point P of the moving platform.

The leg length of Stewart Platform

d,=|p+ (Rb-a|=\|d} +d; +d: 3)

Moving platfarm

A4 Universal
joint

Figure 3. Schematic diagram of a Stewart platform
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2.2 Dynamics of the Stewart Platform

The dynamics of the SP were studied in much previous research [11], [12]. Generally, the

dynamic equation of the SP can be given as follows:
F=Jr=MX)X+V(X,X)+GX)+f, 4)
where 7€ R" is the vector of the force of the actuator, J is a Jacobian matrix, F is the
vector of force in Cartesian space, M(X) is an inertia matrix, V(X X ) is the vector of
Coriolis/centrifugal force, G(X) is the vector of gravitation force, fq is the unknown
disturbance of the system, and X =[p,, p,, pz,gox,(oy,goz]r .
The parameters of the system dynamics can be expressed as nominal and deviational as
follows: M =M +AM,V =V +AV,G=G,+AG where M,, V,, and G, are the nominal
model dynamics and AM,AV,AG are unknown model uncertainties. (4) can be rewritten as:
F=J"t=MX+V,+G +¥ (5)
where ‘P:AM.X+AV+AG+fd

However, in practice, there are certain faults, such as sensor faults, mechanical faults, and
actuator faults. In this paper, we consider actuator faults.
According to Li and Tong [37], actuator faults can be divided into bias fault and gain

fault. The actuator fault model can be written as:

t/ =(1-p, )7, + £,(2) (t>t,), i=12,.,n (6)
where f,(f) denotes a bounded signal (bounded function) and p,(¢) is the unknown
remaining control rate, 0< p.(#)<1. 7, is the force of the ith actuator without fault. 7/
denotes the force of the ith actuator when the fault occurs and 7, is the time of occurrence of

the fault.

In general, the input vector of the SP can be written as:
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o/ =(I-pe)r+£(1) (7
where = [r{,r{,...,r{]T , 7= [‘rl afz,---a%]T . p=diagi{p, Py Pt s
f= [fl,fz,...,fé]T , and 7 is an identity matrix 6x6.

Substituting (7) into (5) yields:

X=M'¢-M, (I p)r=J" f(1)+¥) (8)

where {=F-V -G,

2.3 Extended state observers for estimation of the uncertainty, disturbance, and

fault

The dynamic model (8) can be rewritten in the state space as follows:

X, =X,
{- . -1 -1 T T (9)
&, =M, =M, (J p(t)r=J" f(t)+¥)

where x, =X €R",x,=X eR".
We define x,=-M' (J "pye-J' f (t)+‘P) to be the extended state of the system (9),

then (9) becomes:

{xlzxz 10
. » (10)
X, =M, ¢ +x,

According to [38], a conventional linear ESO can be designed as:

X, =M,'¢+—2(x,—X)+%, (11)
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where X,,X,,X, are observer states, &,,a,,a; are positive constants chosen so that the
polynomial s3+051S2+052s+053 is a Hurwitz polynomial, and x4 < 1 is a small positive
constant.

As aforementioned, some disadvantages of the conventional ESO (11) (ESO1) are the
peaking issue and high sensitivity to measurement noise. Hence, a different ESO is proposed
by Ran et al. [27] to decrease the influence of these downsides on the system, and it can be
described as:

¢51:ﬂ(x1_¢1)a;€2:ﬂ(x1_¢1)

# 3 # 3 (12)
‘2:]\/[_1 _ZAz_z aA3:_2 Az_z
¢ ,,§+ﬂ(x ), X ﬂ(x )

where ¢@,¢, € R", 0<u <l is a small positive constant, and a,, a2 are positive constants.

Ran et al. [27] demonstrated the convergence of the new ESO (12) (ESO2) such that there

exists 8 > 0 and T > 0 such that: |x,(t) - x,(t)| <5, 2<i<3,Vt>T

2.4 A new reaching law

2.4.1 Description

As mentioned above, many valid methods have been investigated to reduce chattering in
SMC. Among them, the improvement of the reaching law in SMC can not only eliminate the
oscillation but can also approach the sliding surface rapidly. Thus, many reaching laws have
been proposed, such as the quick-power reaching law (QPRL) and the double-power reaching
law (DPRL), which have excellent reaching performance. The QPRL is derived by a
combination of the power rate reaching and the proportional rate term with the constant

coefficients and can be designed as:

§ =~k |s|" sgn(s)—k,s (13)
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Whereas the DPRL has two power terms and can be described as:

s =—k, |s|wl sgn(s)—k, |s|w2 sgn(s) (14)
where k; >0, k2> 0, 0 <w;< 1, w2 > 1. s is the sliding surface. The first part in the right hand
of the DPRL (14) plays the main role when |s|<1 and while the second part plays the main
role when |[s| > 1

It is well known that the reaching speed of the QPRL (13) is slower than that of the DPRL

(14) when the states of the system are far away from the sliding surface, i.e.,

s|>1, but the

reaching speed of the QPRL (13) is faster than that of the DPRL (14) when the states

approach the sliding surface, i.e.,

s|<1 . Taking advantage of the benefits of the QPRL and

the DPRL, a new reaching law (NRL) is described as:
. s g
§ =—k, tanh[—j—k2 |s| sgn(s) (15)
n

where

L 2k,
T e+ (1-g)exp(—c(|s|-1))

, > 1, positive constant
1 if|s|<1

B {r if |S| >1
ki, k2, €, ¢, n are positive constants, and 0 <& < 1.

In the NRL, the first coefficient and the second power terms can be dynamically changed
according to the magnitude of s. In particular, the hyperbolic tangent function is used in the
NRL instead of the sign function to further reduce the chattering when the system is close to
the sliding surface. Figure 4 shows the value of the sign function sign(s) and tangent function
tanh(s). It can be seen that the value of tanh(s) smoothly changes, and when s approaches
zero, the magnitude of tanh(s) decreases dramatically to make the first term in (15) decline. It

is very helpful to reject the oscillation when the system is near the sliding surface.

20



1 T T T T T ™ T r -
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0.6
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o

-0.6 -

-0.8

Figure 4. The value of function sign(s) and tanh(s)

For example, the parameters in (13), (14), and (15) are given as k; =3, k2=4, w; = 0.8, w>
=1.5r=15¢=0.1,7=0.1, c = 0.2. We test the convergence speeds of the thee reaching
laws for two cases in which the initial value of s is given as s(0) = 10 and s(0) = 1. Figure 5

shows the results of the simulation for the reaching laws. As we can see, when |s| >1, the

convergence rate of the NRL (15) is faster than that of the DPRL (14). On the other hand,

when |s| <1, the convergence speed of (15) is faster than that of the QPRL (13).

= = = Quick power reaching law
---------- Double power reaching law | |
Proposed reaching law

0 01 02 03 04 05 06 07 08 09 1
Time(s)

a)
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Quick power reaching law
0.9 S Double power reaching law | 7
i Proposed reaching law

0.8
0.7
0.6 [
®» 0.5
0.4
0.3
0.2

0.1

0 | . . I LTI .
0 01 02 03 04 05 06 07 08 09 1

Time(s)
b)

Figure 5. The value of's. a) s(0) = 10; b) s(0) =1

Remark: From the proposed reaching law (15), k3 can be dynamically changed according
to the value of s. If s increases, k3 increases that means the reaching rate will be faster. In
contrast, when s approaches zero, (15) can be approximately equivalent to the following

expression:

=— 2k tanh| = —k,s (16)
e+(-¢g)exp(c) n
2k, 2k,

then <
g+(1-g)exp(c) &+(1—&)exp(—c(s|-1))

which means that k3 decreases and makes the system obtain the goal of less chattering.
Therefore, the NRL can not only have a fast reaching rate in different stages but can also

decrease the chattering issue.

2.4.2 Convergence analysis

For the NRL (15), selecting the Lyapunov function ¥; = 0.5s° and its derivative is:
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V. o=s§= [—k3s tanh (ij -k, |s|g+1J <0 (17)
n

Thus, the stability condition can be guaranteed.
Case 1: Assuming s(0) > 1, the reaching process can be divided into two stages:
s(0)—>s=1and s=1—>s5=0.

For the first stage, s(0) > s =1, (15) can be written as:

§ =—k, tanh (ij —kys" (18)
n

Hence, the convergence time can be determined as:

f 5(0) s(0) 1-r _
far=| ! ds< | L =350 -1 (19)
, s . 1 kys” (1-r)k,
0 k,tanh| — |+ k,s
n

For the second stage, s =1—>s5=0, (15) can be written as:
. S
§ =—k, tanh [—j —k,s (20)
n

In practice, s may only approach a value near zero and we assume that the slope of this
value is small enough, e.g., 0.001, 0.0001, etc. In this case, there may be a small steady-state
error but it probably will not influence the convergence precision of the system. We define the
convergence value to be equal to o approaching zero. Thus, the convergence time can be

calculated as:

t 1 1
Jar=] ! ds<jk1 ds=—ln]£6> Q1)
0 ° k, tanh(sj+kzs o 128 g

n

Hence, the total time #; can be calculated as:

1-5(0)"" In(o)

t=t+t <
(r=Dk, k,

(22)
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Case 2: Assuming s(0) < -1, the reaching manner also has two stages: from s(0) > s =—1
and from s =—1—s=0. The analysis, in this case, is similar to that of Case 1. Thus, the sum

time ¢, can be calculated as:

o 1=(=50) Ingo)

’ (r—Dk, ky -

Overall, the sliding mode s can reach the value approaching 0 in a finite time # for any

initial condition s(0):

o 1-[s(0)]"  In(o)
(r-Dk, &,

t

(24)

2.5 Design of a fault-tolerant control

In this section, a fault-tolerant control based on NFTSMC, ESO2, and the improved
reaching law (15) is developed for the SP. The sliding surface of the NFTSMC is defined as:
s=e+ e +1,e" (25)
where e = Xs— X. Xy is the desired trajectory in Cartesian space. X is the practical trajectory in
Cartesian space. /, &, p, and ¢ are positive odd integers, 1 <p/q <2, I/h > p/q, and 4 and 4> are
the positive constants.

Taking the time derivative of (25) yields:
. Iy, DL, s
s:e+ﬂqz|e|h e+, =leld (X, -X) (26)
q
Substituting (10) into (26) yields:
. . l 171 . p . Loy -1
S=e+ﬂ1%|e|h e+/12—|e|q (Xd—MO §—x3) (27)
q
Applying ESO2 and the proposed reaching law (15) for control input, then the proposed

FTC law is described as follows:
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F=F_+F (28)

where
F,=M, ()’fd +i%é2_s +%%%|e e %, +hy Js|f sgn(s)j +V, 4G, (29)
is an equivalent control, and
F. =M k, tanh (%j (30)

is a switching term

Theorem:

Considering the SP described in (10) with the nonsingular fast terminal sliding surface
defined in (25), the ESO in (12), the proposed reaching law in (15), and the FTC law designed
in (28), then the tracking error e will converge to zero within a finite time.

Proof:
: : 1 : : o
Selecting a Lyapunov function as V, :Esz > 0 and taking the time derivative of V2, we

have:
: . . Iy i, V2= 4
V, =ss:s{e+/i1z|e|h e+/12—|e|q (Xd -M, (F—VO—GO)—)%)} (1)
q
Substituting (28) into (31), we have:
Vy =2 L ksléls” tanh (ij_% Pl s A Z sl mx) (D)
q n q q

V<=2 Ll tanh(%j A4 (il o) G3)

. (12— S . . .
Since A, £k3s|e|q "tanh (—jz 0, to ensure that the system is stable, it needs to satisfy the
q

condition as:
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k, |s|é >0 (34)

5 /g
BE Lk_zj (35)

That means:

When |s| <1, it leads to:

5
|s] >~ (36)

2
This implies that the states of the system can converge in a finite time and O/k, is a

convergence region of the sliding mode variable s.

The finite time ¢ of (25) is the traveling time from e(tr) to e(tr+ ts) introduced in [16] as:

Leco) " P_ Py
Jh—
=t m L g e(0) " 37)

4(19_] P (l_ jp (’4)1’

q hJq hJq

where H(.) denotes Gauss’ hypergeometric function.
force displacement X
X4 N Dynamics and Actuators of | of joint Forward kinematic|
'_\J controller Stewart Platform )
estimation
Estimation module

Figure 6. Block diagram of the control scheme

26



3. EVALUATION OF SIMULATION AND EXPERIMENT RESULTS

3.1 Simulation results

To demonstrate the effectiveness of the proposed FTC, the simulation results are
illustrated in this section. First, the mechanical model of the SP was designed in SolidWorks.
Next, it was exported to the Simulink environment via the Simscape Multibody link tool, and
the simulation was executed in MATLAB/Simulink shown in Figure 7. The parameters of the
SP ¢, b, d, e, mp, L, Iyy, and I, were given in SolidWorks as 54 mm, 198 mm, 54 mm, 126

mm, 145 g, 296,223 g.mm?, 296,223 g.mm?, and 588,962 g.mm?, respectively.

Figure 7. Stewart Platform in MATLAB/SIMULINK

The reference trajectory of the moving platform was described according to the following

expression:
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0.02sin(0.2771) (m)
0.02c0s(0.271) (m)
0.26+0.025sin(0.272¢) (m)

T

—sin(0.27t) (rad
36 ( ) (rad)
Z sin(0.27t) (rad)
60 '

%sin(OQm‘) (rad)

(38)

First, the performance of the proposed FTC with the ESO2 (Proposed FTC) was compared

to the FTC with the conventional ESO1 (FTC-NFTSMC1) and the NFTSMC without the

ESO (NFTSMC). The control input of the NFTSMC can be given as:

P
F=M, (Xd+/1iié ‘4

1_1 2-2
ﬁiieh é ! +k, tanh

2 P A hp
Constants NFTSMC FTC-NFTSMC1 | Proposed FTC
M 0.1 0.1 0.1
A2 0.02 0.02 0.02
l/h 27/19 27/19 27/19
q/p 21/19 21/19 21/19
ki 5 5 5
k2 2000 2000 2000
€ 0.1 0.1 0.1
c 0.2 0.2 0.2
n 0.1 0.1 0.1
r 1.1 1.1 1.1
ar 3 1
a2 3 1
03 1
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u 0.005 0.005

Table 1. Parameters of three controllers NFTSMC, FTC-NFTSMC1, and Proposed FTC in the

simulation

The parameters of three controllers NFTSMC, FTC-NFTSMCI1, Proposed FTC, ESO1,

and ESO2 were selected in Table 1. The disturbance of the system was assumed as

f, =0.01sin(¢) . It could be assumed that multiple faults arose at the first, third, and fifth

actuators at 5 sec. The torque functions with multiple faults were given in (7), where

p,(t)=0.3+0.2cos(rt) , p,(1) =0, p,(t)=0.2+0.2s1n(t), p,(t) =0, ps(#)=0.2+0.1sin(2¢),

p)=0, f,(t)=0.1sin(t) , /,(t)=0, f(#)=0.5cos(2¢) , f,(1)=0, fi(¢)=cos(0.5¢) , and
Jf:(t)=0. In addition, the mean absolute error (MAE) of each controller can be calculated as

follows:

13 13
MAE =;Z|Xd,- —Xl.|=22|el.| (40)
i=1

i=1
where Xy is the reference trajectory, X; is the practical trajectory, n is the sample size

e=X,—-X..

Figure 8 and Table 2 show the tracking trajectory and performance of NFTSMC, FTC-
NFTSMCI, and Proposed FTC. When the faults did not occur in the first five seconds, the
tracking performances of controllers were almost the same. However, the performances of the
controllers significantly changed after the faults appeared. As shown, the FTC-NFTSMC1
and Proposed FTC had more excellent performance than the NFTSMC because the faults
were efficiently estimated and compensated by ESO1 and ESO2. Furthermore, Proposed FTC
had less peaking than did FTC-NFTSMCI1 and NFTSMC. This exhibited the success in

lessening the peaking value of ESO2 in the proposed FTC compared to that of the

conventional ESO1.
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MAE
(m)

Controllers X

MAE
(m)

MAE
(m)

y

MAE roll
(rad)

MAE pitch
(rad)

MAE yaw
(rad)

NFTSMC | 4.726e-05

1.383e-04

4.755e-04

0.0052

0.0035

3.136e-04

FTC-
NFTSMCI

4.754e-06

6.274e-05

2.88e-04

4.233e-04

4.119¢-04

1.756e-05

Proposed | 2.966¢-06

FTC

5.948e-05

3.179¢-04

3.618e-04

3.221e-04

1.374e-05

Table 2. The mean absolute error comparison of NFTSMC, FTC-NFTSMCI, and Proposed
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Figure 8. The tracking trajectory and performance of NFTSMC, FTC-NFTSMC1, and
Proposed FTC for the SP in the simulation
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Figure 9. Input Force at each leg of the SP for NFTSMC, FTC-NFTSMCI1, and Proposed FTC

in the simulation

Next, to verify the effectiveness of the improved reaching law, the performance of the
proposed FTC law (28) using the NRL (15) (Proposed FTC) was compared with that of the
FTC laws using the QPRL (FTC-NFTSMC2-QPRL) and the DPRL (FTC-NFTSMC2-DPRL)

respectively described as:
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. 1qg.>t Alg Ly W
F=M,|X,+—=¢ "+L—Leh ¢ " —x +k|s|" sgn(s)+kys |+V,+G, (41)
A4 p A hp

i

Iy 22
e T =% 4k |s|" sen(s)+ ks sen(s) [+7,+G,  (42)

Constants | FTC-NFTSMC2-QPRL | FTC-NFTSMC2-DPRL Proposed FTC
M 0.1 0.1 0.1
%3 0.02 0.02 0.02
I/h 27/19 27/19 27/19
q/p 21/19 21/19 21/19
ki 5 5 5
k> 2000 2000 2000

€ 0.1 0.1 0.1
c 0.2 0.2 0.2
n 0.1 0.1 0.1
r 1.1
wi 0.8 0.8
w2 1.1

Table 3. Parameters of three controllers FTC-NFTSMC2-QPRL, FTC-NFTSMC2-DPRL, and

Proposed in the simulation

Proposed FTC, FTC-NFTSMC2-QPRL, and FTC-NFTSMC2-DPRL use the same ESO2.
The parameters of the three controllers are given in Table 3. The tracking performances of the
three controllers are shown in Figure 10 and Table 4. As we can see, the convergence speed of
Proposed FTC was faster than that of FTC-NFTSMC2-QPRL and FTC-NFTSMC2-DPRL.
Besides, all three controllers had good tracking errors in the presence of the actuator faults,
which demonstrated the efficiency of ESO2 compensating the faults regardless of which
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reaching law was used in the FTC law. In addition, when the faults occurred, Proposed FTC
and FTC-NFTSMC2-QPRL had slightly better performance than FTC-NFTSMC2-DPRL
because the convergence speed of FTC-NFTSMC2-DPRL was slightly slower than the other
two when the system states changed around the sliding surface, as mentioned in Section II.
Therefore, the proposed FTC scheme had not only a fast transient response but also
robustness to the lumped uncertainty and faults of the system and the decrease of the peaking

value. The control signals of all controllers are illustrated in Figure 9 and Figure 11.

Controllers | MAE x| MAE y|MAE z|MAE roll | MAE pitch | MAE yaw
(m) (m) (m) (rad) (rad) (rad)

FTC- 3.37¢-06 | 6.08e-05 |3.137e-04 | 3.87e-04 | 2.48e-04 1.357e-05
NFTSMC2-

QPRL

FTC- 4.686e-06 | 8.655e-05 | 3.278e-04 | 4.046e-04 | 4.094e-04 | 2.339e-05
NFTSMC2-

DPRL

Proposed 2.966e-06 | 5.948e-05 | 3.179¢-04 | 3.618e-04 | 3.221e-04 | 1.374e-05
FTC

Table 4. The mean absolute error of FTC-NFTSMC2-QPRL, FTC-NFTSMC2-DPRL, and

Proposed in the simulation

Trajectory-x -4 Tracking error-x
0.025 jectory i _ 4 X10 ‘ ]
Desired trajectory FTC-NFTSMC2-QPRL
002 FTC-NFTSMC2-QPRL T e FTC-NFTSMC2-DPRL
.......... FTC-NFTSMC2-DPRL 2 —=-—=-—Proposed FTC
0015  / \ |=e=e= Proposed FTC
0.01
~ of
= 0.005 - £
£ 5 , 10
= i )
S 0 @2 \
= 5 1 N,
S = Ny
@ -0.005 3 ol TS
e
-0.01 A e
0015 F 2t
K
0.02 : 02 04 06
03205 033 0.3305
-0.025 - ! J 8L . ]
0 5 10 15 0 5 10 15
Time (s) Time (s)

34



0.025

0.02

0.015

0.01

0.005

Position (m)
o

-0.005

-0.01

-0.015

-0.02

-0.025
0

0.3

0.28

0.26

0.24

Position (m)

0.22

0.2

0.18

0.1

0.08

0.06

o
o
=

o
o
~

Orientation (rad)
S
S o

-0.04

-0.06

-0.08

Trajectory-y

Desired trajectory

= = —FTC-NFTSMC2-QPRL
* FTC-NFTSMC2-DPRL
Proposed FTC

Time (s)

Trajectory-z

Desired trajectory

= = = FTC-NFTSMC2-QPRL
» FTC-NFTSMC2-DPRL
== Proposed FTC

Trajectory-roll

Desired trajectory
= = =FTC-NFTSMC2-QPRL
seesseenes FTC-NFTSMC2-DPRL

=====Proposed FTC

1

1

022 024 026

Time (s)

m)

Position error (|

Orientation error (rad)

35

20 & 102 Tracking error-y
— — —FTC-NFTSMC2-QPRL
FTC-NFTSMC2-DPRL
— Proposed FTC
15 x10* 7
:
2
§ 1
@
c
8 0 e =
aE
0.2 0.25 0.3 0.35
ol
5 . .
0 5 10 15
Time (s)
0.08 Tracking error-z
— — —FTC-NFTSMC2-QPRL
0.07 - = FTC-NFTSMC2-DPRL | |
- = Proposed FTC
0.06 <10 ]
0.05 0 1
2
0.04 YA i
-4 /!
17”7
0.03 7 1
-6 7
0.02 8l . g
0.01 025 03 035 1
0
-0.01 A
-0.02 : t
0 5 10 15
Time (s)
005 Tracking error-roll
~ — —FTC-NFTSMC2-QPRL
---------- FTC-NFTSMC2-DPRL
————— Proposed FTC
0 ’
-0.05 q
0.2 0.25 0.3 0.35 0.4
-0.1 : :
0 5 10 15

Time (s)



Orientation (rad)

Orientation (rad)

0.06

Trajectory-pitch

0.04

— = —FTC-NFTSMC2-QPRL

==Proposed FTC

Desired trajectory

* FTC-NFTSMC2-DPRL

Figure 10. The tracking trajectory and performance of FTC-NFTSMC2-QPRL, FTC-
NFTSMC2-DPRL, and Proposed FTC for the SP in the simulation
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This section describes implementations of the proposed FTC compared with the other
controllers for an actual SP that was assembled with plastic upper and lower platforms and six
MightyZap actuators (12Lf-17F-90; IR Robot Co., Ltd., Korea) shown in Figure 12. This

actual SP was designed with parameters ¢, b, d, and e in Figure 1 set as 54 mm, 198 mm, 54
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Moving platform

Actuator

Fixed base

IR-USB02

Figure 12. Actual Stewart Platform

The scheme of the system for controlling the Stewart Platform was built to realize the

control process as shown in Figure 13.

PC

Stewart Platform

IR-USB02
Actuator

Figure 13. Scheme of the system

The reference trajectory of the upper platform was given in (38). The parameters of

NFTSMC, FTC-NFTMSCI, Proposed FTC, ESO1, and ESO2 were set in Table 5.

Constants NFTSMC FTC-NFTSMCI1 | Proposed FTC
A 0.1 0.1 0.1
A2 0.02 0.02 0.02
I/h 27/19 27/19 27/19

38




q/p 21/19 21/19 21/19
ki 0.1 0.1 0.1
k2 400 400 400
€ 0.1 0.1 0.1
c 0.2 0.2 0.2
n 0.1 0.1 0.1
r 1.1 1.1 1.1
ar 3 1
a2 3 1
o3 1

u 0.09 0.09

Table 5. Parameters of three controllers NFTSMC, FTC-NFTSMC1, and Proposed FTC in the

experiment

Next, we assumed that multiple faults occurred in the first, third, and fifth actuators from
5™ sec, as described in the Simulation section (VI above), and the torque functions with
multiple faults were described in (7) where the parameters were set as in the Simulation
section.

The tracking trajectory and performance of the NFTSMC, FTC-NFTSMCI, and Proposed
FTC are illustrated in Figure 14 and Table 6. The performances of FTC-NFTSMCI1 and
Proposed FTC were slightly better than that of NFTSMC within the first five seconds. When
actuator faults appeared after five seconds, the tracking errors of FTC-NFTSMCI and
Proposed FTC were considerably lower than those of NFTSMC due to the successful
compensation of ESO1 and ESO2 for the disturbances, uncertainties, and faults. In addition,
the peaking value in Proposed FTC was a little lower than that of FTC-NFTSMC1 when the

fault occurred. It should be noted that the actual SP might have had different uncertainty and
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disturbance compared to the simulation, so the performance results of the actual SP were
unlike those of the simulation. Overall, FTC-NFTSMCI1 and Proposed FTC had smaller
tracking errors than NFTSMC, while Proposed FTC achieved slightly higher accuracy than
FTC-NFTSMCI. Figure 15 shows the control signals of three controllers. FTC-NFTSMC1
and Proposed FTC used ESO1 and ESO2 respectively to compensate for uncertainties,
disturbances, and faults, while NFTSMC had no compensation for those. Hence, the

controllers gave major differences in the input force at each joint.

Controllers | MAE x | MAE y | MAE z | MAE roll | MAE pitch | MAE yaw
(m) (m) (m) (rad) (rad) (rad)

NFTSMC | 0.0036 | 0.0044 | 0.0027 | 0.0071 0.0101 0.0199

FTC- 0.0021 | 0.0019 | 0.0023 | 0.005 0.0064 0.0096

NFTSMCI1

Proposed 0.0018 | 0.0014 | 0.0021 | 0.0046 0.0052 0.0074

FTC

Table 6. The mean absolute error comparison of NFTSMC, FTC-NFTSMCI1, and Proposed

FTC in the experiment
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Figure 14. The tracking trajectory and performance of NFTSMC, FTC-NFTSMCI1, and

Proposed FTC for the actual SP in the experiment
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Figure 15. Input force at each leg of the actual SP for NFTSMC, FTC-NFTSMCI1, and

Proposed FTC in the experiment

To evaluate the efficiency of the proposed reaching law, we investigated the performance
of FTC-NFTSMC2-QPRL (41), FTC-NFTSMC2-DPRL (42), and our Proposed FTC (28) in
controlling the actual SP. The parameters of the three controllers were given in Table 7.
Figure 16 and Table 8 show the performance of Proposed FTC compared with FTC-
NFTSMC2-QPRL and FTC-NFTSMC2-DPRL. In general, the three controllers had similar
performances in the presence of the actuator faults. Due to the noise in the practical system
and possible limitations of response ability of the hardware, it was not as easy to clearly see
the difference in the convergence speed of the controllers as it had been in the simulation.
However, the simulation results showed the fast convergence rate of the proposed controller

compared with the other controllers. It demonstrated that the proposed controller can obtain a
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fast convergence speed. On the other hand, the three controllers used the same ESO2 for the
estimation and compensation, thus there were no significant differences in the magnitude of

control signals at each leg shown in Figure 17.

Constants | FTC-NFTSMC2-QPRL | FTC-NFTSMC2-DPRL Proposed FTC
M 0.1 0.1 0.1
A2 0.02 0.02 0.02
I/h 27/19 27/19 27/19
q/p 21/19 21/19 21/19
ki 0.1 0.1 0.1
k2 400 400 400
& 0.1 0.1 0.1
c 0.2 0.2 0.2
n 0.1 0.1 0.1
r 1.1
wi 0.8 0.8
w2 1.1

Table 7. Parameters of three controllers FTC-NFTSMC2-QPRL, FTC-NFTSMC2-DPRL, and

Proposed FTC in the experiment
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Controllers | MAE x | MAE y | MAE z | MAE roll | MAE pitch | MAE yaw
m |m |m |@ad | (rad) (rad)
FTC- 0.0018 | 0.0017 | 0.0022 | 0.0051 0.0065 0.0095
NFTSMC2-
QPRL
FTC- 0.0021 | 0.0017 |0.0021 | 0.0057 0.0059 0.0099
NFTSMC2-
DPRL
Proposed 0.0018 | 0.0014 | 0.0021 | 0.0046 0.0052 0.0074
FTC

Table 8. The mean absolute error comparison of FTC-NFTSMC2-QPRL, FTC-NFTSMC2-

DPRL, and Proposed FTC in the experiment
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Figure 16. The tracking trajectory and performance of FTC-NFTSMC2-QPRL, FTC-
NFTSMC2-DPRL, and Proposed FTC for the actual SP in the experiment
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Figure 17. Input Force at each leg of the actual SP for FTC-NFTSMC2-QPRL, FTC-
NFTSMC2-DPRL, and Proposed FTC in the experiment
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4. FAULT-TOLERANT CONTROL FOR HAPTIC DEVICE IN

TELEOPERATION

4.1 Introduction

Teleoperation is a popular technology in robotics that enable humans to control robots
remotely. These days, teleoperation has been widely used to replace humans in many fields
and hazardous environments such as surgery, deep water exploration, space exploration, and
nuclear power plants.

Teleoperation includes a master device (haptic device), slave robot, and communication
channels. The movement of the haptic device gives a position command sent to a slave robot.
The feedback information such as interaction force and images are fed back to the master
device. This is called bilateral teleoperation, which helps operators feel more realistic and
enhance the user performance while doing a task. For example, considering a situation such as
controlling a mobile robot, an operator moves the haptic handle to control the movement of
the robot and the images showing the environment are sent to the operator. However, if the
information are just images without depth information, it will be challenging for the user to
prevent the robot from hitting obstacles. Therefore, depth information is required. When the
robot approaches obstacles, it will give the force feedback rendered from the depth
information to the operators through the haptic device. This feedback helps the operator
notice that the robot is moving toward the obstacle. Hence, the development of a haptic
device with feedback is necessary for the teleoperation system. There have been many
investigations to advance haptic performance [39]-[42]. A haptic device based on an
admittance control is a simple and efficient way that calculates a displacement corresponding
to a force input. The relationship between the force and movement is imposed by a mass
damper spring system. An admittance control often has two loops. The external loop as an
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admittance model is used to transform the force input into movements of a handle of the
haptic device. The inner loop called position control is used to track the desired position given
by the external loop. In the previous literature, the presence of faults was not considered in the
haptic device, hence this research will apply the proposed FTC in subsection 2.5 for the inner
position control of the haptic device based on the Stewart Platform. The proposed FTC will
improve the performance of the haptic device and make the haptic handle move smoothly
under the existence of actuator faults. Finally, the haptic device will be applied for controlling
a mobile robot and receiving force feedback from the robot to help the operator avoid the

collision and enhance the task performance

4.2 Admittance model

The structure of the haptic device is shown in Figure 18. Haptic device based on Stewart
Platform which includes some main components such as a Stewart Platform, a force/torque
sensor (F/T sensor) RFT80-6A01 (ROBOTOUS Co,. Ltd., Korea) is mounted on the upper
platform, and a handle is mounted on the F/T sensor. The admittance model regulates the
relationship between the movement of the haptic handle and a contact force on the handle.
The admittance equation for 1-DOF is described as

x.(s) 1
F(s) Ms>+Bs+K,

(43)

where F is the force impacting on the handle, x, represents the position of the haptic handle in
task space. M;, B, and K, are Cartesian inertia, viscosity, and stiffness of the mechanical
system, respectively

For a 6-DOF haptic device, x, has six elements described as
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Py e
P, t,
Pl L | (44)
.| Ms +Bs+K,|m,
P, m,
P. | m,

where p,, py, and p: are the position of the haptic handle. ¢x, ¢,, and ¢. are the orientation of
the haptic handle. f, f,, and f; are the force measured by the force/torque sensor. my, m,, and

m; are the torque measured from the force/torque sensor.

Figure 18. Haptic device based on Stewart Platform
4.3 Experiment

4.3.1 The performance of the proposed FTC for the haptic device

The haptic device shown in Figure 18 is built by the Stewart Platform using the
admittance model (44) for the external loop control and the proposed FTC (28) for the inner
position control. The random movements of the upper platform were given by the force
impacting on the handle through the admittance model (44) where M; = 1, B; = 70, K; = 800.

The proposed FTC (28) controls the haptic device to track the reference trajectory resulting
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from (44). To test the robustness of the proposed FTC (28) compared with NFTSMC without
ESO (NFTSMC) (39) and NFTSMC with the standard ESO1 (FTC-NFTSMCI1), it was
assumed that faults occur at leg 2, leg 4, and leg 6 from the tenth second. The torque functions

of actuators with the existence of faults were defined in (7) where the gain faults can be
assumed as p(t)=0 , p,(1)=02+03sin(xt) , p,t)=0, p,(¥)=03+0.1cos(3t+2) ,
ps()=0, p(t)=0.254+0.2cos(t+7) and the bias faults can be assumed as f,(¥)=0,
£,(#)=0.3cos(0.5¢+10), £,(t)=0, f,(t)=0.2sin(3¢), f,(1)=0, and f,(t)=sin(¢+5). The

parameters of ESO1, ESO2, controllers NFTSMC, FTC-NFTSMCI1, and Proposed FTC are

set as in Table 5.

fault
Controll N X

_ ontroller ; : N

Admittance model (AFTC) Haptic device »
Fi
Force/Torque A X
Human
Sensor

Figure 19. Human-haptic device cooperation scheme

For the teleoperation of a mobile robot, just two degrees of freedom (DOF) of Stewart
platform are used. Thus, we considered the performance of x and y directions only, and
neglected the remaining DOFs in this study. Figure 20 and Table 9 show experimental results
of the haptic device using NFTSMC, FTC- NFTSMCI, and Proposed FTC for x and y
directions. It can be seen that the performance of FTC- NFTSMCI1 and Proposed FTC were
better than NFTSMC in the first ten seconds due to the estimation and compensation of ESO1
and ESO2 in the control laws for unknown uncertainties and disturbances of the system. Next,

after ten seconds, the actuator faults occurred and the controllers showed significantly
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different performances. Thanks to the compensation of ESO1 and ESO2, FTC- NFTSMC1
and Proposed FTC presented superior performance compared to NFTSMC for control tasks
even though the faults arose. Proposed FTC using ESO2 was a bit more effective than FTC-
NFTSMCI. Besides, the haptic handle using NFTSMC did not move smoothly under the
presence of faults, which caused uncomfortable for the operator. In summary, the haptic

device using Proposed FTC had high precision and moved smoothly compared with the other

controllers.
NFTSMC | FTC-NFTSMC1 | Proposed FTC
MAE-x | 0.0026 0.0016 0.0015
MAE-y | 0.0024 0.0014 0.0012

Table 9. The mean absolute errors of the haptic device for x and y directions
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Figure 20. The performance of the haptic device using NTSMC, FTC-NFTSMCI1, and
Proposed FTC
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4.3.2 Teleoperation of a mobile robot in the virtual environment

Figure 21 shows the cooperation between humans and haptic device for teleoperation. The
proposed haptic device with the faulty assumption in subsection 4.3.1 was tested for
teleoperation in the virtual environment built in Gazebo and shown in Figure 22. The virtual
environment includes a mobile robot and obstacles. The mobile robot is equipped with a Lidar
sensor to detect obstacles. The laser scanner provides an angular solution of 1 degree, an
angular range of 360 degrees, and a distance range of approximately 3.5 m at a scan rate of
approximately 300rpm. The obstacles have different shapes and sizes, and are comprised of
cylinders, cubes, and walls. The haptic device was connected to the computer and
communicated with the mobile robot via ROS (Robot Operating System) software platform.
According to [42], a logical position of the haptic handle can be mapped to the motion
parameters of the mobile robot. For this research, the position commands x and y were
mapped to the speed rate and turning rate shown in Figure 23, respectively. In this
experiment, the operator remotely controls the mobile robot by moving the haptic handle. The
mission is that the operator controls the mobile robot to move from the start point to the goal

point as fast as possible while simultaneously avoiding the obstacles on the given route shown

fault
+
o
Controller : ' X
(AFTC) —)%)—r Haptic device Position

command X

in Figure 22.

Admittance model

Communication Slave robot

channel
- -
Force/Torque Human _EnV|ronment
Sensor X information

Figure 21. Human-haptic device for teleoperation of a mobile robot
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The desired tracjectory of the
mobile robot

Start

<= Mobile robot

Figure 22. A mobile robot in a virtual environment

Moving forward

Moving forward and
turning right

Turning left

Moving backward

Figure 23. Mapping a logical point (X, y) to motion parameters (speed rate, turning rate)

The position of the haptic handle and contact force on the handle measured by the
force/torque sensor are shown in Figure 24. Due to the measurement noise and the sensitivity
of the F/T sensor, there were contact force oscillations lower than SN in Figure 24.b, but it did
not cause difficulty in controlling the haptic handle. It took approximately 145s to complete
the mission and the robot approached the obstacles two times. When the robot closed to
obstacles two and four, the force feedback was provided to the haptic device to drive the
handle backward at the 16™ and 83" seconds, which made the contact force increase and the

robot move away from the obstacles. In the real field, this would protect the robot from
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damage due to an unexpected collision. These results illustrated the adequacy and

effectiveness of the proposed haptic device for the teleoperation of a mobile robot.

0.06 T T T T T T T 15
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a) b)

Figure 24. Experimental results of teleoperation. a) Movement of the haptic handle to control

a mobile robot. b) Contact force on the haptic handle
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5. CONCLUSION

In this study, a new fault-tolerant scheme was proposed for a Stewart platform. First, a
NFTSMC was used in the FTC to enhance the convergence speed of the state in finite time
without the singularity issue. Then ESO2 was applied for the FTC to not only effectively
estimate and compensate for the uncertainty, disturbances, and faults, but also reduce the
peaking issue in the conventional ESO1. To further enhance the reaching phase speed and
decrease the chattering, an improved reaching law (15) was designed and its quick
convergence ability in finite time was demonstrated. Consequently, the new FTC showing the
above benefits was derived by combining the NFTSMC, the ESO2, and the novel reaching
law (15). To assess the efficiency of the proposed FTC, the desired trajectory and an
assumption of faults were used for all the controllers throughout the simulation and
experiments. Next, we showed a comparison between the proposed FTC and the control law
using the traditional ESO1 and the control law without the ESO to evaluate the effectiveness
of ESO2 in the FTC scheme. Then, the performance of the proposed FTC and the other FTC
schemes using the same ESO2 but different reaching laws are exhibited to demonstrate
enhancement in the convergence rate of the NRL. By verifying the simulation and the
experiments, we could confirm that the proposed FTC is easy to implement and has the
inherent advantages of the NFTSMC, the estimation and compensation ability of ESO2 plus
the reaching speed improvement of the improved reaching law (15). Thus, the proposed FTC
showed remarkable features such as insensitivity to uncertainties, disturbances, and faults,
reducing the peaking value, high precision and robustness, rejecting the singularity, less
oscillation, and a fast convergence speed in finite time. Accordingly, the development of a
haptic device based on Stewart platform using the admittance model and the proposed fault-

tolerant control was presented. The admittance model was used to convert force input to the
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handle position. The position control based on the proposed fault-tolerant algorithm was used
to track the desired position given by the admittance model. Proposed FTC illustrated the
robustness trait and improved the stability of the haptic device even though unknown
disturbances and faults appeared in the system. Additionally, the haptic device using Proposed
FTC moved smoother than the haptic device using the other controllers which makes the
operator comfortable in controlling the haptic handle. Finally, the teleoperation of a mobile
robot in a virtual environment was implemented to assess the proposed haptic device. The
results demonstrated that the proposed master device was effective for the teleoperation of the

mobile robot.
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6. LIMITATIONS AND FUTURE WORKS

Limitations:

In this study, the dynamic model of the system must be known. However, in practice, it is
difficult to obtain the dynamic models of various systems. Besides, there are many parameters
in the control law and the selection of the parameter is really strict, which are mainly tuned by
the trial-and-error method, in a real-time system is really not a trivial task.

Future works:

The estimation for the dynamic model needs to be studied. A method should be

investigated to automatically tune both the estimation and control gains.
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