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Abstract: In this paper, an active fault-tolerant control for a robot manipulator based on synchronous
sliding mode is proposed. As the synchronization errors approach zero, the joint errors tend to become
equal and also approach zero. Therefore, the synchronization technique is inherently effective for a
fault-tolerant controller. To demonstrate such a system, the following implementation is presented.
First, an estimator was designed with an extended state observer to estimate uncertainties/disturbances
along with faults/failures. The estimator signal was used for an online compensator in the controller.
A fault-tolerant controller with a combination of synchronous sliding mode technique and estimator
was proposed. The stability of the system was established using Lyapunov theory. Finally, fault
tolerant control was implemented in a three degree-of-freedom robot manipulator and compared
to the conventional sliding mode control. This comparison shows the effectiveness of the proposed
active fault-tolerant control with synchronous sliding mode technique.

Keywords: fault-tolerant control; active fault-tolerant control; sliding mode control; synchronous
sliding mode control; extended state observer; fault estimation; fault

1. Introduction

During the past two decades, fault detection and fault-tolerant control (FTC) have become attractive
research subjects that can be used to improve system reliability and guarantee system stability in all
situations. Implementation of fault-tolerant control in robot manipulators has encountered a number
of challenges due to high nonlinearities, dynamic uncertainties, and external disturbances. In addition,
the time delay inherent to mechanical systems also affects the performance of FTC. FTC strategies can
be divided into two categories: passive FTC (PFTC) [1,2] and active FTC (AFTC) [3,4]. In PFTC, the
control performances mainly depend on the robust capability dealing with uncertainties/disturbances
of the controller such as sliding mode control [5] or adaptive control [6,7]. In this strategy, the
controller does not have a faults estimation process. The advantage of PFTC is the fast response
when faults occur, because it does not need time to estimate faults. However, the ability to deal with
high magnitude faults is limited. Unlike PFTC, AFTC reconfigures the control system based on the
estimation process. The fault information from the estimation process is used to compensate the
conventional controller. The disadvantage of this strategy is slow response after faults occur, which
leads to the occurrence of a picking phenomenon, because the controller needs the time to estimate the
faults. Most studies in active fault-tolerant control [3,8,9] have focused on increasing the ability to deal
with uncertainties/disturbances of the controller. Therefore, the performance degradation of the system
with the AFTC strategy due to the slow response still remains an open problem. However, AFTC
has better ability when dealing with high magnitude faults than PFTC. As above-mentioned, using

Appl. Sci. 2020, 10, 2534; d0i:10.3390/app10072534 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-3476-6843
http://dx.doi.org/10.3390/app10072534
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/7/2534?type=check_update&version=2

Appl. Sci. 2020, 10, 2534 20f19

PFTC or AFTC depends on the characteristics of the system and type of faults. In robot manipulator
control, AFTC generally outperforms PFTC because AFTC includes a fault estimation (FE) step. The
estimated faults can be compensated for by online controller reconfiguration. In this way, the stability
and acceptable performance of the robot can be maintained.

In AFTC, the quality of the fault-tolerant control depends on the accuracy of both FE and the
system reconfiguration after faults occur. In fault estimation processing, several techniques [10-15]
have been used. The parameter estimation method [10] is used to early detect faults applied for
dynamic linear and nonlinear systems. The parity relations [11] used the parity equations to be
combined with the least-square method to estimate faults. The sliding mode observers [12] have been
given lot of attention by researchers. However, this method is limited in real applications due to the
disadvantages such as the chattering phenomenon, the requirement of the knowledge of the fault’s
bound to choose the observer parameters, and the stability issue. In addition, other techniques such
as the Kalman Filter [13], zonotope [14], and nonlinear observer [15] were developed to estimate the
faults as well as uncertainties/disturbances. After faults are estimated, they are compensated for by
using various control strategies [16-18]. In this study, an extended state observer [19] was adopted for
on-line observation of the dynamic uncertainties, disturbances, and faults. An extended state observer
(ESO) is a simple technique for estimating faults in which simply adjusting the observer parameters
leads to simple application in real systems, and the observer can detect and isolate faults without a
fault diagnosis process. In addition, the upper bound of faults does not have to be exactly known in
the design of ESO.

A synchronization technique based on cross-error was first introduced by Y. Koren [20] in the
1980s for a computerized numerical control (CNC) machine. In his idea, a CNC with independent
axes control is extended to enable the control of each access to consider the effects of the other axes
through cross-errors. L. Feng et al. [21] proposed cross-coupling control for mobile robots. He
suggested that minimization of the most significant error leads to coordination of the motion of
the two wheels. Lu Ren et al. [22] introduced synchronization errors, a new type of cross-coupling
error, in controlling a parallel robot manipulator. Synchronization control has also been applied in
multi-robot cooperation [23,24]. Synchronization techniques combined with the sliding mode method
have attracted the interest of many researchers. The position and velocity synchronization error have
been used instead of position and velocity error, respectively, in sliding mode control structures [25].
Zhang et al. [26] also proposed a robust synchronous control based on a sliding mode variable structure
for multi-motors. These studies [23-26] have applied synchronization control techniques to a parallel
robot, multi-robot cooperation, and multi-motors to improve trajectory tracking performance. This
work is interested in addressing a slow response issue by using the synchronization control technique,
which can make the position error at each joint equal. Therefore, the system can quickly respond to a
fault due to the constraint of synchronization control before the controller has the feedback information
from the fault estimation process. Considering the dynamic coupling effects between actuators and the
upper bound of the uncertainties, the effectiveness of synchronization techniques might be somewhat
limited to improvements of the trajectory tracking control. However, synchronization techniques
become more effective in critical conditions, which lead to applying synchronization techniques to the
fault-tolerant control. The contributions of this paper are summarized as follows:

(1) Synchronization techniques are applied to fault-tolerant control for robot manipulators for the
first time. Compared to active fault-tolerant control using conventional sliding mode control, the
proposed system has achieved higher accuracy, robustness, and faster system reconfiguration
when faults occur. These results confirm that synchronization techniques are very effective in
fault-tolerant control.

(2) The stability of the proposed AFTC with the synchronous sliding mode technique is demonstrated
using analysis via Lyapunov theory.
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(3) Based on the extended state observer, the proposed controller can easily monitor faults without
detection and isolation processes. This feature is helpful in maintenance systems as well as
maintenance planning systems.

(4) The experimental results show that the proposed control can be easily applied to a real system
with robust performance.

In this paper, we present a fault-tolerant control for robot manipulators based on synchronous
sliding mode control. Section 2 describes the robot dynamic models. Section 3 explains the process of
fault estimation with the extended state observer for robot manipulators. In Section 4, a fault-tolerant
control based on synchronous sliding mode control is presented and its stability is demonstrated. In
Section 5, a simulation study of the proposed fault-tolerant control for a 3-DOF manipulator was
conducted to show the method’s effectiveness. In Section 6, real implementation of the FTC for a 3-DOF
FARA AT2 robot was carried out in two cases: a single fault and multiple faults. Finally, conclusions
are discussed in Section 7.

2. Dynamics Model of Robot Manipulators

The dynamics of an n-degree of freedom robot manipulator was defined [27] as

M(q)q+C(q,9)9+G(q) +Fr(q) =7 (1)

where g, q,9 € R" are the vectors of joint acceleration, velocity, and position, respectively. M(g) € R™",
C(gq,q9) € R", and G(q) € R" represent the inertia matrix, the centripetal and Coriolis matrix, and the
gravitation force, respectively. F; € R is the friction term and 7 € R" is the torque at the joints.

In practice, the dynamics model of a robot is not exactly known, so Equation (1) can be written as

(M(q) +AM(q))q + (C(q,9) +AC(q,q))q + (G(q) + AG(9)) + (Fs(q) + AFp(q)) +o =1 (2)

where AM, AC, AG and AF are unknown dynamic uncertainties and 0 is the unknown external
disturbances. M(q), C(g,9), G(q) and F(gq) are estimated of M(q),C(q,9),G(q) and F(g). Thus,
Equation (2) can be simply rewritten as

M(q)q +C(q,9)9 + G(q) + Fs(q) +¥(q,9,q,.t) =7 ®)

where P(q,9,4,t) = AMg+ ACq+ AG + AF + 0.

Properties:
il <M(q) < p2ly
(

1 -1 1

In general, actuator faults can be divided into two types: bias faults and gain faults. In a robot
manipulator, these are known as loss of effectiveness and lock-in-place faults. In practice, both kinds
of actuator faults commonly occur. Actuator bias faults can be generally described as

=14+ £(t) (4)

where £(t) = [fi, fo,... fu]" € R"(i =1,2,...,n) denotes a bounded signal. 7’ is the torque at the joint
when faults occur. Due to loss of effectiveness, actuator gain fault can be described as

= (I-p(t))t @)
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where p(t) = diag(p;(t)) € R™", 0 < p;(t) < 1(i = 1,2,...,n), which is unknown, denotes the
remaining control rate. I € R is the identity matrix. Therefore, the total torque including two kinds
of actuator faults can be comprehensively described as

v =(I-p(t)t+£(t) (t>tf) (6)

where ¢ is the time of occurrence of each fault.
Substituting Equation (6) into Equation (3), the dynamics model of an n-degree of freedom robot
manipulator with actuator faults can be written as

M(q)q+C(9,9)9 + G(q) +Fr(9) +¥(q,9,9,t) = (I-p(t))7 + £(t) @)
Assumption 1. There exist known positive constants ﬁiji'fj such that (pi(t)( <py ’pl(t)( < Ei, If| < f, and
'f| <f

3. Fault Estimation Using an Extended State Observer

In this section, an extended state observer of uncertainties/disturbances and faults/failures
is presented.
The dynamic model of the robot manipulator of Equation (7) can be rewritten in state space as

=M (q)(t-H(q,4)) -M " (9)C(q,4,7,7,t) ®)

where H(q,9) = C(q,9)q +G(q) +F¢(q). C(q,4.9,7,t) = p(t)t +1(q,4,q,t) — £(t) represents the
uncertainties/disturbances and faults/failures.
In state space, the dynamic model of Equation (8) becomes

X1 = X2
{ xo = f(x1,%2,7) + P(x1,x2,7, 1) )

where x; = g € R", xp = g € R", f(x1,x0,7) = M—l(q)(T—H(q,Q)), and ¢(x1,x2,7T,t) =
-M~1(9)C(q,4,G,7,1).

An extended state observer [19] is given as

X1 =x2+ %(Xl —;1)

xp = f(x, x2,7) + Z(x1 - x1) + ¢ (10)
¢ =% (x1 - x1)

where x1, x5, f and ¢ are estimates of x1, X2, f and ¢, respectively; a1, ap, and a3 are positive constants;
polynomial s> + a1s2 + aps + a3 is Hurwitz; and 0 < & < 1.

Theorem 1. Considering the system (9) with observer (10) and satisfying 0 < ¢ < 1 and ‘q5| < L, then

— —

x1(8) = x1(£), x2(t) = x2(t) and g(q,q,t) — ¢(q,9,t) as t — oo.

Proof. We define the observer error as & = [y, 8, ég]T where &; = (x; — ;1) /2,8 = (xp— ;2) /& and
& = ¢ — ¢. From assumption 1 and Equation (9), it can be seen that there will exist a value L satisfying

’cf)‘ < L. The value of L does not need to be exactly known. The function f is a known function of

(x1,x,7), and we can take f = f as [19].
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We define the Lyapunov function as
V = ¢é'Pe (11)
where the matrix P is unique, symmetric, and positive.
The time derivative of V in Equation (11) is
. .T .
V = ¢& Pé+ eo! Pé (12)
where A
[ e e ~% (- x1) + L - x)
€ =l |= e—iz_é,x.z = ——(x1—x1) (¢—9)
| €63 S~ ed)——(xl—xl)
, e(d— o) 13)
—(Xlél + 52 )
=| —mf1+8& |=Aeé+ eBo
| —a3é; + e
where
-1 1 0 0
A=| -ap 0 1 |andB=| 0
—az3 0 0 1

It is easy to see that A is Hurwitz, so there is a symmetric positive definite matrix Q satisfying the
Lyapunov equation

ATP+PA=-Q (14)

Substituting Equations (13) and (14) into Equation (12), we have

vV = eéTPE + 2T Pé
— (Ae+ eB¢'>)TPé +&TP(Aé + eBo)
= eTATPe + ¢ (ng)TPé +&"PAé + ¢2"PB¢ (15)
— & (ATP 4 PA)é + 262" PB¢
~&7 Qe+ 2¢(IPB) - el -]

where L is the positive constant that satisfies ld)‘ < L. Therefore,

V < =Amin(Q)llEl* + 2¢LIIPBIlle] (16)

To guaranty stability of the system, we impose V <0, so the observer error convergence is given as

2£L||PB||
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4. Fault Tolerant Control with Synchronous Sliding Mode Control

In this section, the fault-tolerant control based on synchronous sliding mode control is proposed.
Some definitions are necessary to propose the fault-tolerant control law. Synchronization error [28] is
given as

€1 = YP1e1 — Yoz
€2 = Y2€2 — 3e3
: (18)

Ep—1 = Yn-16y-1 — Puey
&y = Ppey —Preg

where ¢;(i = 1,2,...,n) is the error at each joint and ¢;(i = 1,2,...,n) is the corresponding positive
gain. The synchronization control goal [28] is stated ase; =e; =e3 =...=¢,and ¢; = 0 at t — oo.
In a traditional controller, only the position error converges to zero, but in the synchronization control,
the kinematic relationship among the errors as well as the position error converges to zero. For ease of
practical implementation, i; = 1 is chosen. Then, Equation (18) can be written as

&g=e-6
Ep) = €x —€3
(19)
En = &y — ((:l
Cross-coupling error [28] is given as
€1 = V1€1 = Vnén
€2 = Y282~ V1€1
. (20)

En = Ynén — Vn-1&n-1

where y;(i = 1,2,...,n) is the positive gain. In this paper, y; = 1 was chosen. Then, Equation (20) can
be written as
&1 =¢€1—¢&n
Sa=e-¢
(21)

En = &n— €y

The coupling position error [28], which includes the position and synchronization errors, is
defined as

E; = we; +1; f &idt (22)

where 7; and y; are positive gains. The synchronous sliding surface [26] is defined as
S=E+CcE (23)

where S = [51, 5, .. .,Sn]T € R";c € R™" is the diagonal positive matrix; and E = [E1, Ey, . .. ,En]T €
R" with E; defined in Equation (22). For ease of implementation, the synchronous sliding surface is
rewritten as

s:é+ce+a£+1<f£dt (24)

where s = [S1/11,52/ 1, ..., Sn/1y]" € R, a = diag(ni/u;) € R and « = diag(cini/ ;) €
R™M (i=1,2,...,n) are positive gain matrices.
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Here, the fault-tolerant control law is proposed as
T = T + Tssmc + Tob (25)

where
70 = M(q)q,; +H(q,9), Tssme = M(q)(ce + aé) + kisgn(s) + kps + ks&, and 7., = -M(q) ¢.

Theorem 2. The system described in (7), using controller specified in (25) guarantees that e — 0 and € — 0 as
time t — oo under the condition k3 > «.

Proof. Following [22], the Lyapunov function can be selected as

1 1 n 1 n 2
V= EsTs + E; Age? =+ EZZ;‘ KgAg(fei - ei_l) dt>0 (26)
The time derivative of V is therefore

. ) no n
vV =sTs+ ’21 eil\ce + 21 KgAg(é‘i - fi—l)f (Ei - é‘i_l)dt
i=

5! i (27)
= A1 + 121 Sl'Aéf + 'Zl KgAg(Ei - €i_1)f (81' - Sl‘_l)di’
i= i=
where A; = sT5. A, and «, are positive gain.
Differentiation of Equation (24) gives

§=¢4ce4al+xE =i, — i+ ce+ al+xE (28)

Substituting Equation (8) into Equation (28) yields
$ =+ e+ ad e =M g) (1~ H(g,4)) ~M ' (9)C(0,9,7,1) (29)

Substituting Equation (25) into Equation (29), we have
§ =q;+ce+ aé + xé - M_l(q){M(q)éd +H(q,9) + M(q)(cé + a&) + kisgn(s) + kps + k3&

~M()¢ ~H(g, )| + M (9)C(q,4,3, %1 (30)
— M (kisgr(s) M (q)kos = (i + M7 @)k ) + ¢ + M ()20, 7,)

It can be seen that when a — ¢ att— oog =-M"(4)¢(g,4,7,t) then Equation (30) becomes

§ =M 1(q)(~kisgn(s) —kos — (ks — x)&) (31)

From Properties, we have
. 1
s< ”—I(—klsgn(s) —kps — (ks —x)&) (32)
2

and
A =sTs < STH%I(—klsgn(s) —kos — (ks —x)&)
=~ lklsl = L lallsl? ~sT L I(ks — x)& (33)

= s lkilsl = L IkllsI ~ As

In Equation (33), we have
Ay = sTAE,
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where A = il(k:} —«). Then,

n n
Ay =sTAE = 121 siNiéi = ‘21 sil\e(ei — €i-1)
i= i=
=s1Ac(e1—€n) + 520 (2 —€1) +53Ac (3 —€2) + ... + 54 Ae(en — €1)

= (51 —92)Ace1 + (52— 53)Acr + (53 —53)Acez + ...+ (Sn — 1) Acty
n

= '21 (si = siv1)Acéi
=

(34)

where A, = A=A (i=1,2,...,mn+1=1).
Using Equations (21) and (24), we have

si=siy1 = e+ ciei+ai(ei—ei1) o f (6= ei1)di= 1 — ciprein — aiga (i1 — &) — w1 [ (eip1 — &)t

= (&i—&ip1) + (i +cipa) (e —eiv1) + (@ + aip1) (26 — €51 = €i01) + (ki + xip) [ (2€i — i1 — e31)dt (35)
=&+ eital (2ei-eia—eiqn) +x [ (26— i1 —giq1)dt
wherec; | =ci+cip, ) =ai+aipand K | =K +xi1(i=1,2,...,nandn+1=1).

Substituting Equation (35) into Equation (34) gives

n
Ay =Y (si—sit1)Aeti

i=1 . .
_ ¥ €t Cppqgit g (26— e = eign) At
i=1 +K§#f (2e; = €j_1 — €j1)dt (36)

n . n . noo.
= 121 SiAggi‘i‘AZl gic;’+lA5€i+Z“1 (26,‘ — &1 — £i+1)a§.+1/\g€i + ‘21 K;+1A5€,‘f (281' — &1 — €i+1)di'
i= i= i= i=

n n ) n n
= '21 é‘i/\sé‘ile é‘iC§+1/\s€i+Zl (2e; —€jo1 — €ip1)ae Neei + '21 ket [ (26— eioq — ei1)dt
1= 1= 1= 1=

where a;, = a;/2 = aj11/2, k. = %i/2 =xi+1/2(i=1,2,...,nandn+1=1).
In Equation (36), we can simplify the expression with

n
Y (2ei—¢€im1 —€ir1)aeAeei = aeNe(2e1 — e —€2)e1 + @A (26 — €1 —€3) e+ ...+ @ A (26 — €41 — €1)En
i=1
= agAg(e% + s% —2e18) + asAg(eg + sg —2¢epe3) + ...+ aeAe (€2 + 5% —2en€1)én (37)
n
= 121 aeAe (e —€i41)’
iz
and

n
'21 KgAgeif (2¢;—€jo1 —€q)dt = KgAgelf (261 — &gy — €2)dt + KgAgezf (2ep — &1 — €3)dt
1=

+...+ KEAgsnf (2ey — €1 — €1)dt
= KN (€1 — en)f (61— €n)dt + KA (€2 — 81)f (e2—€1)dt  (38)
+ oot ke Ae(en — sl)f (en —&7)dt

n
= '21 kel (ei =€) [ (e — €iq)dt
1=

Substituting Equations (37) and (38) into Equation (36) yields

n n ) n n
A = ‘21 éiAefi“"Zl é‘iCﬁ-H/\eé‘ifZl (2ei —€i — 51’—0—1)0‘51\551""’21 Keeti [ (26— i1 — €141)dt
= i= i= i= (39)
n n

. n n
= ‘Zl é,«Agsi—i-'Zl C;’+1A58i2+.21 aeAe(ei—€i1)* + ‘Zl kele(ei—eio1) [ (e —eiog)dt
= i= i= i=

1=
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Substituting Equation (39) into Equation (33) and then substituting Equation (33) into
Equation (27) gives

1 1 5 -
V<~ otk = Tl - Y A =) ache(ei—eis1)* <0 (40)
i=1 i=1

Assume that s;, ¢;,5; and ¢; are bounded. Therefore, s; and ¢; are uniformly continuous. Then,
from Barbalat’s lemma, it is concluded that s; —» 0 and ¢; — 0 as time { — co.

Now, we prove ¢; = 0 when s5; — 0 and ¢; — 0. From Equations (23) and (24), s; — 0 implies
E; — 0. Combining all equations in Equation (22) with indices 1 to n, one obtains

n
e1+e+...+e, = Ei=0 41
i=1
We also have ¢; = 0 when t — oo, which means e; = e = e3 = ... = ¢,. Substituting this part
into Equation (41) we have
ep=e=e3=...=¢,=0 (42)

Therefore, Theorem 2 is proven. O

5. Simulation Results

In this section, a simulation of the proposed fault-tolerant control algorithm for the 3-DOF
manipulator shown in Figure 1 is described.

Figure 1. 3-DOF Robot Manipulator in MATLAB/Simulink.
For this trajectory tracking simulation, the desired trajectories at each joint are given as

q14 = 0.5sin(t/2)
goq = 0.3sin(t) (43)
g3q = 0.2sin(t)

The friction at each joint is assumed to be

Fif = 0.2sgn(1?1) + 0.3(:11
Fpp = 0.23gn(1_12) + 0.30.]2 (44)
F3p = 0.25gn(q3) + 0.343
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5.1. Simulation 1

In this part, the parameter selection of the extended state observer as seen in Equation (10) is
explained. The total torque function at each joint is assumed to be

q

IS
Shoh L
Il
A~ Q

1
1—p2(t))’[2—|—f2(t) t>5 (45)

T 3

where for loss of effectiveness, pa(t) = 0.4sin(nt), and a fault function f,(f) = 60sin(mnt/2).

For the extended state observer of Equation (10), the four parameters such as a1, @z, a3 and €
should be suitably selected. The turning parameters in the set of a1, ap, @3 that should satisfy the
Hurwitz condition are quite related to the qualities of the observer such as the accuracy and peaking
values. From this consideration, the turning parameters were set as a1 = 8,a2 = 28,a3 = 7. For
¢, Equation (17) shows that the value of ¢ highly affects the behavior of the observer convergence.
Therefore, three different values of ¢ = 0.1, 0.01, and 0.001 were considered in this simulation. In
Figure 2b, it can be seen that the peaking value highly defends the selection of ¢. The smaller value
of ¢ causes faster convergence, but the high magnitude peaking value in the fault estimation. As a
trade-off between the convergence and the peaking value, ¢ = 0.01 was selected.

300 u 300 300 - - 1
~— ——Assumed Fault 60 - ——Assumed Fault ——Assumed Fault
200 or Epsilon=0.1 200} 40 Eps?lon=0.1 200 2 Eps?lon=0.1
2 ===Epsilon=0.01 20 ===Epsilon=0.01 1N ===Epsilon=0.01
f— ilon=0. f— ilon=0. ~ ——Epsilon=0.003
. 100 4 Epsilon=0.003 100 046 e Epsilon=0.003 100 0{ ‘ psilon: |
% 0.02 0.06 0.1 % g 0 o1 o2
= 5 = 9 0
-100 -100 1 -100
-200 - -200 -200 : - .
0 5 10 15 0 5 10 15 0 5 10 15
Time [s] Time [s] Time [s]
(a) (b) (c)
Figure 2. Fault estimation results with a single fault at Joint 2 with the different values of ¢. (a) Joint 1;
(b) Joint 2; (¢) Joint 3.

5.2. Simulation 2

For comparison, a passive fault tolerant control with conventional sliding mode control
(PFTC-SMC) and active fault-tolerant control with conventional sliding mode control (AFTC-SMC)
were considered, in addition to the proposed active fault-tolerant control with synchronous sliding
mode control (AFTC-SSMC).

The parameters of the observer were chosen as in Section 5.1. The AFTC-SMC is given as

TAFTC-SMC = T0 + Tsmc + Top (46)

where 19 = M(q) (4, + ce) +H(q,q), Tsme = kisgn(s) + ks and 1,, = —M(q)g, in which the sliding
mode surface is selected as
s=e+ce 47)

The parameters in AFTC-SMC were suitably chosen as ¢ = diag(7;7;7),k = diag(220;220;220),
and k, = diag(250;250;250). The PFTC-SMC is given as

TPFTC-SMC = M(q)(qd + Ce) + H(q,q) + klsgn(s) + kps (48)

The parameters in PFTC-SMC were suitably chosen as ¢ = diag(7;7;7),k; = diag(220;220;220)
and ky = diag(250;250;250). The parameters of AFTC-SSMC were suitably chosen as ¢ = diag(7;7;7),
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a = diag(20;20;20), x = diag(0.5;0.5;0.5),k; = diag(220;220;220), k, = diag(250;250;250), and
ks = diag(30, 30, 30).
To avoid chattering, the signum function in Equations (25), (46), and (48) are replaced with the
saturation function,
[ sgn(s) ifls| = A
sat(s) = { s iflsl < A (49)
where A = 1.7.
In this case, a failure occurs only at a single joint. The total torque function at each joint is assumed
to be

=1
= (1-pa(t)12+ fo(t) t>5 (50)
T, =13

where py(t) = 0.4sin(nt) and fo(t) = 60sin(nt/2).

In Figure 3b, the single fault occurs at Joint 2 after five seconds. Figure 3 shows the fault estimation
algorithm given in Equation (10) seems to be working well even though its estimation error still exists
on the order of 1/100 of the fault magnitude. In Figure 4, without fault estimation, PFTC-SMC cannot
guarantee the performance after the fault occurs. Unlike PFTC, the joint position errors of AFTC-SMC
and proposed AFTC-SSMC look very different, but they were all on the order of 1073, so that the
overall trajectory tracking performance of the two control algorithms can be said to be acceptable in
this simulation. However, it can be seen that the proposed AFTC-SSMC has very high accuracy after a
fault occurs. This fault-tolerant capability can be said to come from the synchronous SMC. Each joint
error is coupled and constrained due to the synchronization errors and the newly defined synchronous
sliding surface.
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100 —Estimated Fault 100 —— Estimated Fault 100 —— Estimated Fault
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Figure 3. Fault estimation results with a single fault at Joint 2. (a) Joint 1; (b) Joint 2; (c) Joint 3.
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Figure 4. Tracking error at each joint in the simulation with a single fault at Joint 2. (a) Joint 1; (b) Joint
2; (c) Joint 3.
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5.3. Simulation 3

In this part, the effect of the actuator loss effectiveness factor to the proposed fault tolerant control
is discussed. The assumed fault is given as

q

IS
Shoh L
Il
A~ Q

1
1—p2(t>)’[2—|—f2(t) t>5 (51)

T 3

where the fault function of f,(f) = 60sin(nt/2) and py(t) with the different values such as C1:
p2(t) = 0.1, C2: pa(t) = 0.5, C3: pa(t) = 0.9. The selected parameters of the observer are in Section 5.2.

Even though the total fault function has a large magnitude with p,(t) of 0.9 as seen in Figure 5b,
each joint error was still less than the value of 1073 in Figure 6. Therefore, it can be said that the

proposed fault tolerant control can have the capability to show acceptable performances, even in the
case of a high value of p,(t).

1000 y
—--C1
500 c2

0 &
é 500 | 2 / £ 500 i
o = 0.15
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4
2000 8.85 89 895 9 9.05 ] 2000 7.335 7.3352 7.3354]
0 10 15 5 10 15
Time [s] Time [s] Time [s]
(a) (b) (0)

Figure 5. Estimated fault with the different values of p,(t). (a) Joint 1; (b) Joint 2; (c) Joint 3.
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Figure 6. Tracking error at each joint with different values of p;(t). (a) Joint 1; (b) Joint 2; (c) Joint 3.

5.4. Simulation 4

To test the robustness of the fault-tolerant characteristics of the proposed algorithm, simulations
with multiple faults were performed with the three control algorithms Equations (25), (46) and (48), for
which the parameters were selected in Section 5.2. Multiple faults/failure functions were assumed to be

t
1
Té = (1 - pz(t))’tz —|—f2(t) t>5 (52)
t
3

where fi(t) = 60, p2(t) = 0.4sin(mtt), fo(t) = 60sin(rt/2), and p3(t) = 0.7 sin(mt).

In Figure 7, the estimation results with multiple joint faults have been shown. Multiple faults
simultaneously occurring at each joint seemed to burden the control system more than a single fault
did. However, the proposed algorithm still resulted in smaller position-tracking errors than the
conventional algorithm, demonstrating fault-tolerant characteristics, as seen in Figure 8.
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Figure 7. Fault estimation results in the simulation with multiple joint faults. (a) Joint 1; (b) Joint 2;
(c) Joint 3.
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Figure 8. Tracking error at each joint in the simulation with multiple joint faults. (a) Joint 1; (b) Joint 2;
(c) Joint 3.

Remark 1. As mentioned in Section 1, the accuracy of fault estimation highly affects the performance of AFTCs,
so Simulation 1 discussed the design of ESO. As a trade-off between the convergence and the peaking value of
estimation results, the parameters of the observer were selected by using a trial-error technique, as shown in the
Simulation 1 results. In Simulations 2, 3, and 4, the outperformance of the proposed controller was presented by
the tracking trajectory error results. In Simulation 3, the robustness of the proposed controller was described
with a high magnitude of fault. In this case, PFTC-SMC and AFTC-SMC could not guarantee stability of the
system. However, the proposed AFTC-SSMC could keep the system stable and showed acceptable performance
results with the tracking trajectory error inside 1073 rad. In Simulations 2 and 4, single and multiple faults were
presented. Compared with the two fault-tolerant controllers without the consideration of the synchronization
error, the proposed controller can reduce the picking phenomenon due to the simultaneous approach to zero at
each joint of the synchronization technique. This characteristic of synchronization control can act to prevent the
slow response of AFTCs.

6. Experimental Results

In this section, the real implementation of fault-tolerant control with AFTC-SMC and the proposed
AFTC-SSMC is described, and the experimental results were compared and discussed in the case of
both single and the multiple joint faults.

6.1. Experimental Setup

The experimental setup is shown in Figure 9 with 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-AT2 robot had a CSMP series motor at each joint, and aCSMP-02BB driver was used for Joints 1
and 2 while the CSMP-01BB driver was used for Joint 3. The gear box at each joint is 120:1, 120:1, 100:1
at Joints 1, 2, and 3, respectively. The encoder at each joint was a 2048 line count incremental encoder.
The controller ran on Labview-FPGA NI-PXI-8110 and NI-PXI-7842R PXI cards with the frequency
control set at 500 Hz. NI-PXI-8110 was run on a Windows operating system.



Appl. Sci. 2020, 10, 2534 14 of 19

Figure 9. The experimental setup with FARA-AT?2 Robot.

The desired trajectory at each joint is given as
., T .
gi(t) = =sin(—=) (i=1,2,3) (53)

6.2. Experimental Design

To reduce the high-frequency chattering of fault estimation of ¢ in Equation (10) before it is used
in the AFTC scheme, a simple low-pass filter was designed as

~ filted ~filted  ~

¢ =1-v)Pp_; +vdy (54)

~filted -
where ¢, and ¢, are the output and input, respectively, of the low-pass filter at the k" step. The

low-pass filter as seen in the next subsection allows the signal from the fault estimation (FE) to become
smoother and is suitably applied to the AFTC schemes. However, the FE also increases the time delay
of the feedback to the controller. To ensure that the smoothness and time delay are acceptable, v = 0.05
was selected.

The related parameters of the FE in Equation (10) can be suitably selected asa; = 2, a2 = 3,3 = 0.3,
and ¢ = 0.01.

The parameters of AFTC-SMC (Equation (46)) were suitably selected as ¢ = ding(3;3;3),k; =
diag(50;110;90), and k; = diag(50;100;90).

The parameters of the proposed AFTC-SSMC (Equation (25)) were suitably chosen as ¢ =
ding(3;3;3),a = ding(3;3;3), x = diag(1.5;1.5;1.5),k; = diag(50;110;90), kp = diag(50;100;90),k3 =
diag(30,30,30), and the sign function in the control law in Equation (46) and the AFTC-SSMC was
replaced by the saturation function

[ sgn(s) ifs>A
Sat_{s//\ ifs<A

where A = 1.6.
6.3. Experimental Results

6.3.1. Single Fault

In this experiment, the fault occurred only at a single joint after 10 s. The desired fault function
includes bias, and the fault is assumed to be

=1
T; = (1 - pz(t))’tz +f2(t) t > 5000 (55)
T, =13

where py(t) = 0.4 sin(nt/2400) and f>(t) = —60sin(mt/2400).
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The results are shown in Figures 10-12. First, in Figure 10, the fault estimation is presented where
the dashed aqua and pink lines are the upper and lower thresholds, respectively. The estimation
results of the uncertainties and disturbance were within the thresholds for Joints 1 and 3, and for Joint
2 before the fault occurred. In contrast to the simulation results, the fault estimation results were not
close to 0 before the fault occurred because in practice, relatively high value for the uncertainties and
disturbances always exist. Therefore, using such thresholds is a good method for monitoring when
faults occur in real applications. As shown in Figure 10, the extended state observer estimated the fault
well. In Figure 11, the tracking error performance at each joint is shown. Before the fault occurred, the
tracking trajectory of the proposed AFTC had no advantage over the AFTC with conventional sliding
mode control. However, after the fault occurred, the advantages of the proposed AFTC were observed;
the error at Joint 2 with AFTC-SSMC was smaller than that of AFTC-SMC, and the joint error was
approximately 0.005 rad when the fault occurred. This means that the proposed controller has the
ability to prevent tracking errors from getting larger due to a fault, and thus averting a critical condition
(Figure 11b); the Joint 2 error of the AFTC-SSMC was reduced when compared to that of the AFTC-SMC
after faults. However, the Joints 1 and 3 errors of AFTC-SSMC were slightly increased compared
with those of AFTC-SMC after faults (Figure 11a,c). This is probably due to the synchronization
techniques, which tend to drive all joint errors to be comparable. The proposed synchronous control
seems well-suited for fault tolerant control. In addition, the synchronization joint errors theoretically
approached zero, and as shown in Figure 12, they remained less than ~0.0025 rad in this experiment.

50 = -Assumed fault
— Estimated fault

[Nm]

Fautoccurs ' — -Assumed fault
: -_'ASSU"ﬁd faut -
-100 ! - —
| -100 : Estimated fault 10 Estimated fault
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000
Cycles [2ms] Cycle [2ms] Cycle [2ms]

(@) (b) (c)
Figure 10. Fault estimation results with a single joint fault occurring at Joint 2. The aqua and pink
dashed lines are the upper and lower thresholds, respectively. (a) Joint 1; (b) Joint 2; (c) Joint 3.
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Figure 11. Tracking error at each joint with a single joint fault occurring at Joint 2. (a) Joint 1; (b) Joint 2;
(c) Joint 3.
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Figure 12. The synchronization error with a single joint fault occurring at Joint 2. (a) Joint 1; (b) Joint 2;

(c) Joint 3.
6.3.2. Multiple Faults

The effectiveness of the proposed fault-tolerant control in the case of multiple faults was also
investigated. The desired faults occurred after 10 sand are assumed to be

T =11 + fi(t) t > 5000
wh = (1= py(t))72 + fo(t) t > 5000 (56)
L= (1-p5(t))73 t > 5000

q

where f1(t) = 30, p2(t) = 0.4sin(7ntt/2400), f>(t) = —60sin(nt/2400), and p3(t) = —0.7.

The overall results of this experiment are similar to the previous results from the simulations and
the single fault experiments. The fault estimation capability is still at the same level as that of the single
fault case, as seen in Figure 13. The trajectory tracking performances of the two algorithms can be said to
have behaviors similar to those seen in Figure 14. AFTC-SSMC showed the smaller trajectory tracking
errors, especially after the faults occurred at 10 s, demonstrating the fault-tolerant characteristics, even
in this multiple faults case. In Figure 14a,b, it can be seen that the picking phenomenon due to the
slow response of the AFTC strategy was reduced by using the synchronization technique. And the
synchronization joint errors were shown in Figure 15.
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Figure 13. Fault estimation results with multiple faults. The aqua and pink dashed lines are upper and
lower thresholds, respectively. (a) Joint 1; (b) Joint 2; (c) Joint 3.
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Figure 14. The error at joints with multiple faults. (a) Joint 1; (b) Joint 2; (c) Joint 3.
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Figure 15. The synchronization error with multiple faults. (a) Joint 1; (b) Joint 2; (c) Joint 3.

Remark 2. In this section, the experimental results were discussed. The resulting tracking trajectory errors
were shown with single and multiple faults. In a real system, the uncertainties and disturbances have a higher
magnitude than that of the simulation environment. Due to the limitation of selection parameters in a real system,
the robot system with PEFTC-SMC failed when multiple faults occurred. Therefore, in these experimental results,
only the results of AFTC-SMC and the proposed AFTC-SSMC were presented. As mentioned in Section 1, the
synchronization technique does not show effectiveness in an open-chain system such as a serial robot manipulator.
Therefore, before a fault occurs, both controllers have a similar accuracy level. After a fault occurs, due to the slow
response of AFTCs, the controller without the consideration of the synchronization error showed a high picking
value at the joint fault. The proposed controller with a constraint within the synchronization technique quickly
responded to the occurrence of faults before the system had the feed-back information from fault estimation. Hence,
AFTC-SSMC showed better performance than AFTC-SMC. However, in a real system, due to the limitation
of adjustment controller parameters, the error at joints without faults were slightly increased when compared
with those of AFTC-SMC by the synchronization technique. This characteristic may be a disadvantage of this
proposed controller. However, the AFTC-SSMC still showed an acceptable performance at these actuators.

7. Conclusions

In this paper, an active fault-tolerant control for a robot manipulator based on synchronous sliding
mode was proposed. To verify its effectiveness, experimental implementation of the proposed control
algorithm for a three degree-of-freedom FARA-AT?2 robot were carried out and compared with the
active fault-tolerant control with conventional sliding mode control in the both single and multiple
fault cases. The results indicate that the active fault-tolerant control with synchronous sliding mode
control has better fault-tolerant capability and results in better trajectory tracking performance when
compared to the active fault-tolerant control with conventional sliding mode control algorithms. This
fault-tolerant capability comes from synchronous sliding mode control, because each joint error is
coupled and constrained due to the synchronization errors and newly defined synchronous sliding
surface. Future work includes the optimal tuning of synchronization parameters by following some
methods (e.g., the genetic algorithm, neural network technique, etc.) In addition, the synchronization
technique will be applied to finite-time control such as terminal sliding mode control, non-singular
terminal sliding mode control, and so on, in fault-tolerant control for a serial robot manipulator.
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