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Abstract: To maintain the safe operation and acceptable performance of robot manipulators when
faults occur inside the system, fault-tolerant control must deal differently uncertainties and distur-
bances, especially with the occurrence of loss-effective faults. Therefore, in this paper, an active
fault-tolerant control for robot manipulators based on the combination of a novel finite-time syn-
chronous fast terminal sliding mode control and extended state observer is proposed. Due to the
internal constraints of the synchronization technique, the position error at each actuator simultane-
ously approaches zero and tends to be equal. Therefore, the proposed controller can suppress the
effects of faults and guarantee the acceptable performance of robot manipulators when faults occur.
First, an extended state observer is designed to estimate the lumped uncertainties, disturbance and
faults. Then, the information from the observer is used to combine with the main novel synchronous
fast terminal sliding mode controller as a compensator. By combining the merits of the observer
compensation, sliding mode and synchronization technique, the proposed fault-tolerant controller is
able to deal with uncertainties and disturbances in normal operation mode and reduce the effects of
faults in case faults occur, especially in the occurrence of loss-effective faults. Finally, the enhanced
safety, reality and effectiveness of the proposed fault-tolerant control are evaluated through the
control of a 3-DOF robot manipulator in both a simulated environment and experiment.

Keywords: active fault-tolerant control; synchronous fast terminal sliding mode control; active
fault-tolerant control; robot manipulator control; extended state observer; fault

1. Introduction

At present, robot manipulators play an important role in the manufacturing industry
and in daily life. In parallel with the development of hardware and advantageous control
technology, robot manipulators are required to enhance safety in all situations. Safety
is a key role when robots share the workspace with humans or cooperate with humans.
Therefore, fault-tolerant control (FTC) was introduced to increase safety and acceptable
performance when faults occur in the system. Generally, AFTC can be divided into two
main types: (1) active FTC (AFTC) [1-3] and (2) passive FTC (PFTC) [4-6]. Each FTC
strategy has advantages and disadvantages depending on the characteristics of the system,
the knowledge about the system, and the types of faults. FTC became very important in the
systems with human application systems such as aircraft [2], human robot interaction [7],
and wearable systems [8] which require high safety and reliability.

In robot manipulator systems, PFTC has a simple architecture with one controller for
both normal and fault conditions. PFTC responds quickly to faults due to the elimination
of a fault diagnosis process. Some techniques have been classified into PFTC such as
sliding mode control (SMC) [9,10], adaptive control [11-13], and so on. For instance, the
SMC [10] is widely known due to its robustness and ability to deal with uncertainties
and disturbances. In order to guarantee the stability of systems, the design of the SMC
required the upper-bound knowledge of faults which is difficult to gain in a real system.
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Therefore, PFTC with SMC is less flexible and limited to tolerating the fault’s capability
in real systems. The second PFTC technique is adaptive control which does not need
exact knowledge of faults, but the excessive adaptation rate is a problem with this kind
of controller. From the above analyses, it can be seen that PFTC has the advantage in
the case of the systems with a good knowledge about the upper bound of uncertainties,
disturbances and faults. In contrast, to guarantee the stability and acceptable performance
of a system, AFTC uses fault detection and fault diagnosis (FDD) to compensate for the
normal controller. In AFTC, the FDD process is a very important process which leads
to increasing the ability of tolerating faults. Therefore, FDD [14-17] has been developed
with several techniques. The advantage of the AFTC strategy is it has a strong ability to
deal with high-magnitude faults and multiple faults. In addition, the upper bound of
faults does not require being exactly known in the same way as PFTC does. However,
this strategy slowly responds to faults because the FDD process needs time to feed back
the information of faults as well as the time delay problem in a real system. Hence, the
performance of AFTC is affected. In a real system, the degradation performance of AFTC
can be obtained by the occurrence of the picking phenomenon due to the slow response
of AFTC and high magnitude of uncertainties and disturbances. In robot manipulator
systems, the FDD has been widely replaced by the fault estimation process (FE) which uses
fault detection, fault isolation and fault diagnosis within one step. The structure controller
is combined with the estimator and is known as disturbance observer base (DOB). The
difference between DOB and AFTC with the estimator is that in AFTC with an estimator,
the output value is used to compare the threshold to detect faults and isolation faults. It
warns the operator about the occurrence of faults to make the effective action. The AFTC
with a structure of DOB control (AFTC-DOB) [18-20] may have an effect in the case of bias
faults. These kinds of faults can be considered as uncertainties or disturbances so that the
AFTC-DOB can show acceptable performance depending on the accuracy of the estimator.
However, with the loss-effective fault or the combination of loss-effective and bias faults,
using merely AFTC-DOB may not reduce the effect of this kind of fault. Hence, AFTC needs
a different way to handle the faults due to the occurrence of loss-effective faults. Most of
the research studies on FTC [1,9,21,22] focus on the development of the ability to deal with
the uncertainties and disturbances or handle the conventional problems of controllers such
as the chattering phenomenon or the fast convergence problem. However, they lack the
picking phenomenon of the AFTC strategy which has the most impact in degrading the
performance of AFTC. Therefore, in this paper, the synchronization technique is proposed
to suppress the picking phenomenon when faults occur, especially with the occurrence of
loss-effective for the AFTC strategy.

In the field of control, the synchronization control has been widely known with a
closed-loop chain mechanism such as the dual-drive gantry mechanism [23], parallel
robot manipulator [24], cable-driver parallel manipulator [25], cooperation robot manipula-
tor [26], and so on. These systems have an internal tensor force during the motion due to
the closed-loop mechanism. This kind of force can degrade the performance of systems. By
using the synchronization technique, the controller makes the position errors at each joint
simultaneously approach zero and reduce the internal tensor force. Therefore, the accuracy
of systems can be increased. Unlike a closed-loop mechanism, a serial robot manipulator
does not contain an internal tensor force. Due to the open-loop mechanism, this internal
uncertainty can be compensated by the consideration of a dynamic model. Therefore,
the synchronization technique does not show an advantage compared the model-based
controller such as DOB in normal operation. However, the ability to make the position
error simultaneously equal to and approach zero still remains in an open-loop mechanism
with the synchronization technique. In case faults occur, the internal constraints of the
synchronization control to keep the error at each joint equal may suppress the effect of
the faults. The synchronization controller increases the ability to quickly respond to the
controller before it receives the feedback information of faults from FDD or FE. In [27],
the authors first proposed the synchronization technique to reduce the effect of faults. In
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this study, the experimental results showed the outperformance of the proposed controller.
However, it can be seen that the proposed controller in [27] did not consider the finite-time
convergence issue. In [28], the finite-time synchronization controller was addressed with
two proposed controllers. With the first controller in [27,28], it is unclear whether the ability
to reduce the effect of faults comes from the synchronization technique or from the integral
term of the cross-coupling technique in the design-sliding surface. In [28], the second
proposed controller showed the effectiveness of the synchronization technique without
the cross-coupling technique. Motivated by that proposed controller, in this paper, a novel
AFTC with a finite-time synchronous fast terminal sliding mode control is proposed. In
addition, the analysis of synchronization parameters is presented to show the effect of the
synchronization technique in fault-tolerant control. In this paper, the picking phenomenon
is the specific problem of the AFTC strategy which is analyzed and considered. Then, it can
be tackled by using the synchronization technique to guarantee the acceptable performance
of a robot manipulator when faults occur. Due to the internal constraints of position error at
each joint of the synchronization technique, the proposed controller can reduce the picking
effect before the FE receives the information of faults.

In this paper, AFTC using the combination of an extended state observer and novel
finite-time synchronous faster terminal sliding mode control is proposed. Firstly, an
extended state observer (ESO) [29] is adopted to estimate the lumped uncertainties, dis-
turbances, and faults. The observer has a role as the FDD includes fault detection, fault
isolation, and fault estimation within one step. In addition, by using a high-gain technique,
the ESO does not require the upper bound information of faults and simple adjustment
of the observer parameter. Therefore, the ESO can easily apply in real robot manipulator
systems. Next, an AFTC with a novel synchronous fast terminal sliding mode control is
proposed without the cross-coupling technique. The synchronization error in [28] was used
to guarantee the finite-time convergence of position error at each joint. Finally, the proposed
controller is verified on a 3-DOF robot manipulator in simulations and experiments. The
results of the proposed control are compared to AFTC with conventional fast terminal
sliding mode control [30]. In addition, the analysis effect of synchronization parameters to
the fault-tolerant control is presented in a real implementation system. The contribution of
this paper can be summarized as follows:

(1) An active fault-tolerant control based on the combination of novel finite-time synchronous
fast terminal sliding mode control and an extended state observer is proposed. The proposed control
has the ability to quickly respond to faults, before the controller has the feedback information
of faults from fault estimation due to the internal constraints of the synchronization technique.
Therefore, the proposed control can reduce the picking phenomenon and suppress the effect of faults
to show an acceptable performance when it is compared to AFTC with conventional finite-time fast
terminal sliding mode control [30]. The proposed controller has the ability to maintain the accepted
performance with the occurrence of faults in the system until the maintenance.

(2) By using a novel finite-time synchronous fast terminal sliding surface without the coupling
technique, the proposed controller has fast computation, avoids oscillation due to the integral term,
and guarantees the finite-time convergence of the position error at each joint compared [27].

(3) The analysis of synchronization parameters is presented to show the effect and behavior of
the synchronization technique in fault-tolerant control. Unlike the conventional AFTC controller,
the proposed controller can make the error at each joint simultaneously approach zero. This feature
can reduce the effect of fault in the robot systems.

(4) Comparing the proposed controller in this paper with the first controller in [28], it can
be seen that without the conventional coupling technique, the proposed AFTC can reduce the time
computation, avoid the oscillation due to the integral term, and guarantee the finite-time convergence
of position errors and fast convergence. In addition, the proposed control in this paper converges
faster than the two synchronous sliding mode surfaces in [28]. Therefore, in this proposed controller,
the fault-tolerant controller has the ability to reduce the picking phenomenon due to the synchronous
technique, as well as the time convergence, faster than in [28]. The proposed controller in this paper
has more advantages than two controllers in [28] in both time convergence and time computation.
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(5) The implementation of advantage control in real robot systems faces many challenges such
as the noise of sensors and output actuators, time of computation, the drawbacks of the sliding mode
technique in real systems, and so on. However, in this paper, the experimental results on a real
3-DOF robot manipulator demonstrated the effectiveness and ability to apply to real systems of the
proposed controller.

The rest of this paper is organized as follows. In Section 2, the dynamic model of robot
manipulators and faults is presented. The design of fault estimation based on an extended
state observer is shown in Section 3. In Section 4, a novel finite-time synchronous fast
terminal sliding mode control is proposed. The simulation results and some discussions
about the effect of kinds of faults are given in Section 5. In Section 6, the experimental
results are shown to verify the effectiveness of synchronization technique and the effect of
synchronization parameter selection in fault-tolerant control. Finally, the conclusions are
given in Section 7.

2. Dynamics Model of Robot Manipulators and Faults
2.1. Dynamics Model of Robot Manipulators

The dynamics of an n-degrees-of-freedom robot manipulator was defined as

M(q)qg+C(9,9)9+G(q) =T (1)

where ¢, 4,9 € R" are the vectors of joint acceleration, velocity and position, respectively.
M(q) € R"™*",C(q,q9) € R"*" and G(g) € R" represent the inertia matrix, the centripetal
and Coriolis matrix, and the vector of gravitation force, respectively. T € R" is the vector of
torque at the joints.

In practice, the dynamic model of robots is not known exactly, so the system in (1) can
be written as

(M(q) + AM(q))q + (C(q,9) + AC(4,9))9 + (G(9) + AG(q)) + o =7 )

where AM, AC and AG are unknown dynamic uncertainties and J is external disturbance.
M(q), C(q,q), and G(gq) are estimation values of M(q),C(q,q), and G(g). Thus, (2) can be
simply rewritten as

M(q)7+Cl(q,9)q +G(q) +¥ =7 (©)

where P = AMg + ACq + AG + 6.

2.2. Mathematical Calculation of Joint Actuator Faults

In a robot manipulator, the motions of the robot are generated by a joint actuator which
consist of an electronic motor, a motor driver, and a gear. In practice, the occurrence of
faults/failure in the electric motor, the gear, the bearing, and the motor driver can degrade
the performance of a robot manipulator. For instance, in the electric motor, the increased
friction between the stator and the rotor or fault in the driver motor may decrease the motor
torque. This can be considered as the loss-effective fault. Generally, the two kinds of faults
which commonly occur in a robot manipulator are bias and loss-effective fault, which can
be described as

T = (I—p(t)T+£(t) (t > ty) €9

where ! € R" is the vector of torque at the output joint actuator. T € R" is the vector of
torque at the output controller. p(7) = diag(p;(t)) € R"*",0<p;(t) <1,(i=1,2,...,n)
denotes the loss-effective rate. f(t) € " is the vector of the bias faults. ¢ is the time of the
occurrence of faults. I € """ is the identity matrix.

Substituting (4) into (3), the dynamics model of an n-degrees-of-freedom robot manip-
ulator with actuator faults can be written as

M(q)q+C(49,9)9+ G(q) + ¥ = (I — p(t)) T +£(¢) ©)
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Remark 1. In this paper, only the loss-effective and bias faults are investigated. The loss-effective
fault with p;(t) = 1 and lock-in-place fault are not considered because the robot does not have the
redundancy actuator, so the robot cannot tolerate those kinds of faults.

3. Fault Estimation with Extended State Observer

In this section, an extended state observer to estimate the lumped uncertainties,
disturbances, and faults is presented.
The dynamic model of the robot manipulator of (5) can be rewritten as

§=M"}(q)(r —H(q,4)) - M (q)C (6)

where H(q,9) = C(q,9)9 + G(q), ¢ = p(t)T + ¥ — £(t) represents uncertainties, distur-
bances, and faults or failures.
The dynamic model of (6) can be rewritten in the state space as

5(1 = X2
{ %o = flx1,10,7) + ¢ @)

where x; =g € R", xp =g € R", f(x1,x2,7) = M (q)(t —H(g,9)), and ¢ = —M~(g)Z.
An extended state observer [29] is given as

9:?129?2 L(x1— 1)
fo=f(81,%,7)+F(x1—21) +¢ (8)

where %1, £, and 43 are estimates of x1, xo and ¢, respectively,ni, 2y and a3 are positive
constants, polynomial s3 + a1s? + ays + a3 is Hurwitz, and 0 < e < 1.

Lemma 1 [31]. Considering a function f € 3", fis v—Lipschitz with the respective argument

1f(x) = fFWI < vllx =yl Vx,y € R ©)

Theorem 1. Considering the system (7) with observer (8) and satisfying 0 < e <1, (/)‘ <L, and

exist P = PT > 0, then x1(t) — x1(t), xo(t) = xp(t)and ;(q, q,t) = ¢(q,q,t)as t — oo.

Proof . The error dynamics from (7) and (8) can be written as

él =e + %151
?2 = Af + i%gl + ?3 (10)

Ga=9p- %8

where ¢7 = x1 — %1, ?2 =xp—%p,63=¢— (f) and Af = f(x1,x2,7) — f(%1, %2, T).
We define the Lyapunov function as

V = ee! Pe (11)

where & = [¢1, 8, 23"
The time derivative of V in Equation (11) is

. ,L,T ~ ~T 1y~
V =¢ee Pe+¢ee” Pe (12)
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where
8?1 _%gl + %(?2
gé: 5é~2 = | eAf — ‘:7251 +e3
8?3 S‘P - %?1
—w161 + e
= —ape1 + €3 = Ae+eB1Af + SBQ(i)
—0(3?1 + 84)
and
-7 1 0 0 0
A=|—a, 0 1|,By=|1|and B, = |0].
—Q&3 00 0 1

Substituting (13) into (12)

V=& PotelPs
— (AZ+ ¢B1Af + Bod)  Pe+ & P(AZ+ eBiAf + eBrh)
— ST ATPE + ¢(B1Af) PE + £(Bag) | P+ 8T PAT + 8T PBIAS + €27 PBodb
=¢T(ATP + PA)¢ + e PB1Af + 2¢¢T PBy¢
= —eTQe +26e" PByAf + 26¢T PByg
where

ATP+PA=-Q

From Lemma 1, we can obtain
Af = f(x1,x2,T) — f(%1,%2,T) < 7lle1z]|

where ¢1; = [é7, EZ]T and we also obtain

el = B +& < /& +B+E = |l
so that
2¢¢T PBiAf < 2e7|| PBy | |1¢]]2
Substituting (18) into (14), we obtain

. .T .

V =¢¢ Pé+ee! Pe

—eT Qe 4 26T PBIAf + 2¢eT PBygp

—&T Q& + 2e7||PBy | [|€])* + 2¢L || PB, | |12]
—(Amin(Q) — 2e7||PBy ) |&]|* + 2¢L|| PB, | ||2]

INIA I

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

To guarantee the stability of the system, we impose V < 0 so the convergence is

given as
2¢L||PBy||

min(Q) - 287HP31H

<
CE

O

(21)

Remark 2. The value of L does not need to be exactly known. However, this value always exists to
make sure the maximum torque generated at the actuators is able to attenuate ¢.Therefore, robot

manipulators can be controllable.
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4. Active Fault-Tolerant Control with Finite-Time Synchronous Fast Terminal Sliding
Mode Control

In this section, the proposed active fault-tolerant control with finite-time synchronous
fast terminal sliding mode control (AFTC S-FTSMC) is presented. Some definitions will be
useful in the rest of the paper.

Definition 1. We define [x|* = [| x; |M sign(xy),| x2 [*2 sign(x2), ..., | xu | sign(xn)]T
€ R" where Aj(i = 1,2,...,n) > 0 and A = diag(A;). x = [x1,%2,...,%4]" € R" and
v=1[y1,y2 ..., yx] € R

Definition 2. We define x - y = [x1y1, Xav2, ..., Xnyn]" € R

Definition 3. The time derivative of [x|" is
B eod Z AlelA1 = [ Pl Al A1 Al 1517
EHJ = Alx| cx = | Axp |7 T x Alxa]t T X, A x| x|
and xA 1 = [xfl_l,xﬁ‘rl,...,xﬁ”*l} € N" where I = diag(1) € R"™".

The synchronization error [28] was given as:

e1 = (L+v1¢n)er — prea — Pren

.82 = (14 ypop1)er — ez — yneq 22)

.5n = (1 + 1Pn¢’n—1)en — Pnex — Ppeg

wheree;(i =1,2,...,n)is the error at each joint, and ¢;(i = 1,2,...,n) is the corresponding
positive gains. In matrix form
e=Te (23)

where ¢ = [81,82,...,en]T e R, e= [el,ez,...,en]T e R", T € R"", and

(L+ 1) P 0 1
—» (1+¢291) —» 0
T = 0 —3 (1+9sp2) -+ 0 (24)
—n —n 0 o (T4 Yntpn-1)

A novel synchronous fast terminal sliding mode surface is proposed as
S=é+ac+ple)? (25)

where « = diag(x;) € R"" and B = diag(B;) € RN"*" are positive matrix gain.
A =diag(A;) € R with 0 < Ay; < 1.

The proposed active fault-tolerant control with synchronous fast terminal sliding
mode (AFTC S-FTSMC) is given as

T = Teg +T0+ Top (26)

where T, = M(q) (i, + aé + BAle|"2 1 - &+ H(g,1)), T = M(g)Kisign(S), T = ~M(g)),
and Ky = diag(ky;) € R"*".

Theorem 2. The system described in (5), using the controller specified in (25), guarantees that
e — 0 is finite time.
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Proof. The Lyapunov function can be selected as
Ler
V=2§S (27)
2
The time derivative of V in (26) is

v =5Ts
=ST (4 ae+ ABle|AT-¢)

G — i+ i : 28
= ST (i, — i +ae+ ABle[ A1 -¢) (28)
= 8T(i, =M () (r = H(q,9)) + M (9)(q,4, 7, £) + wé + APle[ A~ - ¢)
Substituting (25) into (27), we have
T
V = —S§"Kjsign(S) 29)

1
<-nV2 <0

where 07 = Apin(K7). When the sliding mode achieves S = 0 and converges, then E = 0
and E = 0, and we have:

e = —ae; — Bifei ]
= —a;((1+ ¢ipi_1)e; — Piei1 — Pieiy1) (30)
—Bil (1 + i _1)ei — piei 1 — pieiyq | sign((1+ Y;_1)e; — Yiei 1 — pieiy1)

The system in (29) has equilibrium points ate; = 0 (i = 1,2,...,m;, n+1 = 1).
According to the definition of terminal attractors [32], we have

9¢; A-1

an

de;

ae]‘

= —u; — BiAM (14 Pipi_1)e; — iei1 — Pieiq] =00 (31)

88]'
wherej= (i—1,i,i+1) (i=1,2,...,n).
From (5), we have ¢; — 0(i =1,2,...,n) at finite time. Therefore, Theorem 1 is

proven. [

Remark 3. The time convergence shows that

t= tr + tel- (32)
Time convergence S — 0:
1
oyh
<220 (33)
0
Time convergence e¢; — 0
1 1—\:
= 1 (e - ) i\ —1n(B: 4
fo = =y (I (a06i(0) + beia (0) - ceraa 0) ) —In(p)) (39

wherea =1+ ¢;ip;_1,b = —¢;, and c = —¢;.
Remark 4. A singularity may occur at |e|*~lin (25) when the synchronization error approaches or
crosses zero. By using saturation function sat(x~1,us),x = |e| where us > 0, the singularity
can be avoided and the system retains finite-time stability [33].
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5. Simulation Results

This section, the comparison of the proposed AFTC S-FTSMC and an AFTC with the
combination of an conventional fast terminal sliding mode and an extended state observer
([30]+ESO) for the 3-DOF manipulator, is presented with different kinds of faults. In this
simulation, the geometry parameters from the catalog of a FARA-AT2 robot manipulator
were used to establish the 3-DOF robot manipulator. In Table 1, the dynamics parameters of
the robot manipulator in Solidworks are shown. From Solidworks, a 3-DOF robot manipu-
lator was imported to Matlab environment through Simmechanics with full information of
the dynamics parameters. The robot in the simulation environment was shown in Figure 1.

Table 1. Dynamics Parameters of 3-DOF Robot Manipulator.

Links Length (m) Weight (kg) Center of Mass (m) Inertia (kg-m?)
Ix =[0.86 0 0.52]
Link 1 0.15 56.5 [0.0500.09] Iy=[010]
Iz =[—-0.52 0 0.86]
Ix=[-0.0101]
Link 2 0.255 35.6 [-0.0100.1] Iy=[0-10]
Iz=[101]
Ix=[100.08]
Link 3 0.41 58.9 [0.0500.08] Iy =[-0.0110.08]

Iz = [~0.08 —0.08 0.99]

Figure 1. The simulation of 3-DOF Robot Manipulator in MATLAB/Simulink.

For this trajectory-tracking simulation, the desired position trajectories at each joint
are given as
g1 = 0.5cos(t/2) — 0.5
g = 0.3 % cos(t) — 0.3 (35)
g3 = 0.2 % cos(t) — 0.2

The disturbance at each joint is assumed to be
015 = 0.25gn(qy) +0.3¢,

baf = 0.2Sg1’1(£:]2) + 0.3{]2 (36)
35 = 0.25gn(q3) + 0.34;
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The related parameters for the ESO were chosen to be a1 = 8,4, = 28,43 = 7, and
e = 0.01. The controller [30]+ESO is given as:

Ti25]+E50 = T0 + Tome + Tob (37)
where T, = M(q)(4; + dé + cAle]*~T-¢e) + H(q,q), T, = Mi(q)Kysign(S), and
Ty = —M(q)$, and Ky = diag(ky;) € R™*". The conventional fast terminal sliding
surface [30] was selected as:

S=é+de+cle]® (38)

The parameters for the [30]+ESO were suitably chosen as ¢ = diag(0.5;0.5;0.5),
d = diag(0.72;0.72;0.72), K1 = diag(80;80;110) and A = diag(0.6;0.6;0.6).

The parameters for the AFTC S-FTSMC were chosen as 1 = ¢ = ¢3 = 2,
x = diag(0.5;0.5;0.5), B = diag(0.72;0.72;0.72), A = diag(0.6;0.6;0.6), and
Ky = diag(80;80;110).

To avoid a singularity, the terms containing power A — I in (25) and (36) were replaced
with the saturation function.

Us ifufzus
up if up <us

sat(ug, us) = {

where us = 0.3 is a positive constant, and up= A|x|A’I -xwithx =eand ¢.
To avoid chattering, the signum function in (25) and (36) was replaced with the

saturation function.
1 > A
sat(s) = {ssgn(s) zf|s\ -
% ifls|] <A
where A = 0.8.

5.1. Simulation 1

In this subsection, the comparison of two AFTCs (AFTC S-FTSMC and [30]+ESO) is
described with the combination of loss-effective and bias fault at joint 2 at the fifth second.
The total torque function at each joint was assumed to be:

=1
L=01-pt)n+f(t)t>5 (39)
=1

where p,(t) = 0and f,(t) = 200sin(7t(t —5)/2).

In Figure 2, the estimation of a fault is shown. It can be seen that the FE performance
does not have high accuracy, but with that magnitude error in the FE, the sliding mode
control technique can handle uncertainties or disturbances. It can be seen in Figure 3. Before
the fifth second, both controllers have similar accuracy because in normal operation mode,
the synchronization control does not show the effectiveness in an open-loop mechanism that
serial robot manipulators do. After the fifth second, the proposed control AFTC S-FTSMC
can significantly reduce the effect of the fault when compared with AFTC with [30]+ESO,
because in this case, the internal constraints of the synchronization technique can suppress
the effect of the fault to make the position error at each joint tend to be equal. However, the
accuracy of [30]+ESO is still inside the order 1073 radian, so it can be said that [30]+ESO
showed acceptable performance in this case. From these results, both controllers have the
ability to guarantee an acceptable performance with this kind of fault.
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Figure 2. Fault estimation results. (a) Joint 1; (b) Joint 2; (c) Joint 3.
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Figure 3. Tracking error results. Blue line is [30]+ESO controller. Red line is the proposed controller.
(a) Joint 1; (b) Joint 2; (c) Joint (3).

5.2. Simulation 2

In this subsection, the total two kinds of actuator fault with a similar magnitude of
fault to Simulation 1 are considered. The assumed fault function is shown as

="
T=1-p))n+f2(t)t>5 (40)
o=

where p(t) = —0.4sin(7(t)) and f,(t) = 90sin(7(t)/2).

In Figure 4, the magnitude of fault is similar to the case in Simulation 1, but in this case,
the effect of actuator loss-effective fault is considered. In Figure 5, after the fifth second,
by using AFTC with [30]+ESO, the picking values occur in joint 2 and joint 3 at 10.42 s
and 14.48 s, respectively. The acceptable performance of AFTC with [30]+ESO cannot
be guaranteed in this case. In contrast, the proposed AFTC S-FISMC still maintains the
accuracy inside order 1073 rad. This causes the effectiveness of synchronization control
which can suppress the effect of the fault. However, it can be seen that the tracking
error in joint 1 slightly increases due to the synchronization technique which also makes
the error at each joint tend to be equal. This characteristic is the disadvantage of the
synchronization technique.
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Figure 4. Fault estimation results. (a) Joint 1; (b) Joint 2; (c) Joint (3).
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Figure 5. Tracking error results. Blue line is [30]+ESO controller. Red line is the proposed controller.
(a) Joint 1; (b) Joint 2; (c) Joint (3).

Remark 5. From the results in Simulation 1 and 2, it can be seen that the different kinds of faults
can highly affect the performance of the active fault-tolerant control strategy despite having similar
magnitude at the actuators. Therefore, to prevent the effect of faults, AFTC needs a different solution
for the way it deals with uncertainties and disturbances. AFTC with the conventional controller
technique may not be enough to guarantee an acceptable performance in the robot manipulators
when faults occur. In contrast, with the synchronization technique, the proposed AFTC showed
effectiveness in tolerating faults despite this technique having no effect in the normal operation mode.

6. Experimental Results
6.1. Experiment Setup

The experimental setup is shown in Figure 6 and uses a 3-DOF FARA-AT2 robot
manipulator. This robot manipulator has 6 DOF, but for these experiments, joints 4, 5, and
6 were blocked. The 3-DOF FARA-AT?2 robot had a CSMP series motor at each joint. The
gear box at each joint was 120:1, 120:1, and 100:1 at joints 1, 2, and 3, respectively. The
encoder at each joint was a 2048 line count incremental encoder. The controller was run on
Labview-FPGA, NI-PXI-8110, and NI-PXI-7842R PXI cards with the frequency control set
at 500 Hz. The NI-PXI-8110 was run on a Windows operating system.



Actuators 2022, 11, 195 13 of 17
. b 784208 5/
-Window OS &
if %ﬂlmill] S — v —
¥ ¥
-CSMP-02BB
-CSMP-01BB
I Encoder 2048 line
Figure 6. Experiment setup for 3-DOF FARA-AT?2 robot manipulator.
The desired trajectory at each joint is given as:
T Tt
g(t) = —sin(——=)(i=1,2,3 41

The related parameters of the fault estimation (8) can be suitably selected as
n1 =2,ap = 3,03 = 0.3,and ¢ = 0.01.

The parameters of AFTC with [30]+ESO in (36) were suitably selected as
c = diag(0.2;0.2,0.2), d = diag(0.1;0.1;0.1), A = diag(0.62;0.62;0.62) and
Ky = diag(30;30;50).

The parameters of the proposed AFTC S-FTSMC (25) were suitably chosen as
a = diag(0.2;0.2;0.2), p = diag(0.1;0.1;0.1), A = diag(0.62;0.62;0.62), K1 = diag(28;25;45)
and 1 = ¢ = P3 = 3.5.

To avoid a singularity, the terms containing power A — I in (25) and (36) were replaced
with the saturation function.

Us ifuquS
up ifup <us

sat(ug, us) = {

where us = 10 is a positive constant, and u; = Alx|A 1. xwithx =eand e.
To avoid chattering, the signum function in (25) and (36) were replaced with the
saturation function.
j > A
at(e) — {8 iflsl 2
3 ifls|] <A
where A = 1.6.

6.2. Experiment 1

In this experiment, the total two kinds of actuator faults are considered to show the
advantage of the proposed AFTC when compared to AFT with [30]+ESO. The assumed
fault function is shown as

=mn
Té = (1 — pz(t))’l.'z +f2(t) t>10 (42)
d=1

where p,(t) = 0.4sin(7r(t —10)/2.4) and f,(t) = 60sin(7(t — 10)/2.4).

In Figure 7, the fault estimation results are shown. Unlike in Simulation 2’s results,
the high magnitude of uncertainties occurred in the real implementation estimation results.
However, the magnitude of the assumed fault dominated over the uncertainties. Hence,
the effect of the total uncertainties and faults is mainly affected by faults. In Figure 8, the
tracking error at each joint is presented. Before the 10th second, as mentioned in Section 1,
the synchronization technique has no advantage in an open-loop chain mechanism such
as the serial robot manipulator in normal operation mode. Therefore, the error at each
joint of two controllers has similar accuracy. It is shown that the AFTC with [30]+ESO still
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maintains the ability to deal with a high magnitude of uncertainties. After the 10th second,
in Figure 8b, the difference accuracy of two controllers is shown. The proposed AFTC
S-FTSMC outperformed the AFTC with [30]+ESO. It can be seen that the effectiveness of
the synchronization technique in the AFTC strategy is verified. In addition, in Figure 8c,
the error of the proposed AFTC S-FTSMC is slightly increased due to the synchroniza-
tion method. However, this increase still guarantees an acceptable performance of the
robot manipulator.
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Figure 7. Fault estimation results. (a) Joint 1; (b) Joint 2; (c) Joint (3).
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Figure 8. Tracking error results. Blue line is [30]+ESO controller. Red line is the proposed controller.
(a) Joint 1; (b) Joint 2; (c) Joint (3).

6.3. Experiment 2

In this experiment, three different group values of synchronization parameters
Y1 = Yo = 3 = P(Psi) where p = 1.5, 3.5 and 4.5 were considered to show the ef-
fect of these parameters in the proposed controller.

Before the 10th second, in Figure 9a—c, the position errors at each joint tend to be equal
so that they have similar behavior due to the synchronization technique. With different
values of group 1, the synchronization occurs during the tracking trajectory of the robot
manipulator. However, with a higher value of ¢, the system has better synchronization
as shown in Figure 9b,c. It can be seen that from ¢ = 3.5 to i = 4.5, the position error at
each joint has not much change. In this implementation with a 3-DOF FARA-AT?2 robot
manipulator, the value of ¢ is limited to 4.5. If ¢ is selected to be higher, oscillation will
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occur in the robot manipulator system. In Figure 9d, the error of AFTC with [30]+ESO
showed a different characteristic at each joint. However, in Figure 9b—d, the accuracy still
maintains. After the 10th second, in Figure 9d without the synchronization technique, the
position error at each joint shows dependent characteristics. In contrast, in Figure 9a—c,
the synchronization guarantees that the position error at each joint tends to be equal. This
characteristic of the synchronization technique is very helpful in tolerating faults because
the internal constraints of synchronization can suppress the effect of faults in the system.

m—J0iNt 1
= 0-02 . | e = Joint 2
© OWW —Joint?ﬂ
=.0.02 A . . L
0 10  Time [s] 20 30
— 0.02; | (a) .
-U i i -

0 10 Time [s] 20 30
(d)

Figure 9. Tracking error results with difference group value of ¢. (a) Y1 = » = 3 = ¢ = 1.5;
(b) Y1 = ¢ = 3 = P = 3.5; (¢) Y1 = ¢ = P53 = P = 4.5; (d) Non-synchronization.

7. Conclusions and Future Works

In this paper, active fault-tolerant control with the combination of a novel finite-
time synchronous fast terminal sliding mode control and an extended state observer was
proposed. Due to the internal constraints of the synchronization technique, the proposed
controller has the ability to suppress the effect of faults and reduce the picking phenomenon
in systems when faults occur. Without the conventional coupling technique, the proposed
active fault-tolerant controller can reduce the computation and fast convergence and avoid
the oscillation due to the integral term and guarantees the finite-time convergence of
position errors. From the simulation and experimental results, it is shown that the effect
of different kinds of faults cannot prevent uncertainties and disturbances like the control
technique can. Therefore, the synchronization technique is a suitable technique to tolerate
faults. It effectively treats the loss-effective faults at the actuators of robot manipulators.

In future work, selecting the optimal synchronization parameters using an optimal
method or intelligent technique such as neural network and fuzzy could be considered
to improve the performance of the synchronous technique in fault-tolerant control. In
addition, the data-driver technique based on a deep neural network could be useful to
detect faults on the system early, which is very important in tolerating the faults and
maintaining acceptable performance when the faults occur. The combination of the model
and signal base will be applied to a real robot system to detect faults early, then make a
decision for the output of the robot actuator to tolerate the faults.
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