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ABSTRACT. In this paper, a fault diagnosis and fault-tolerant control scheme is pro-
posed for the actuator fault in the networked manipulator system. The advantage of this
scheme is that the observer has a simple design structure, and the designed controller
can eliminate not only the impact of the fault, but also the time-delay. In the fault di-
agnosis, the fault estimation law based on the adaptive observer is given by the residual,
to diagnose the fault estimation accurately and quickly, and the residual is established
by the time-delay state due to the time-delay in the network system. By using the fault
information, a PD controller plus the compensation fault-tolerant controller is designed
to compensate for the impact of the actuator fault and time delay. And the sliding mode
controller is introduced to be combined with the PD controller to further improve the
control performance, which ensures that the effects of time-delays are eliminated while
the effects of fault are tolerated. Finally, the effectiveness of the above scheme is verified
by the simulation results.

Keywords: Fault diagnosis, Fault-tolerant control, Manipulator, Networked control
system

1. Introduction. The application of the manipulator has brought many conveniences
to the fields of industry, medical treatment, and aerospace. The safety and reliability
of the manipulator have also become the focus of the research. In practice, due to the
external interference or abnormal conditions, some key components such as actuator and
sensor of the manipulator deviate from normal working conditions and even fault. The
development of fault diagnosis and fault-tolerant control theory provides a theoretical
basis and solution for the fault in [1-5].

Fault diagnosis of the actuator fault of manipulator has been the focus of researchers.
Among the existing research results, it is attractive to design the fault diagnosis observer
based on the system model. For example, in [6,7], the high-order sliding mode observer
is designed for the actuator fault based on the mathematical model of the manipulator.
In [8], the fault is reconstructed by the observer with precise and fast properties. In [9],
an algorithm for robust fault diagnosis in the uncertain manipulator system by using a
neural sliding mode observer is investigated.

Fault-tolerant control can be divided into active fault-tolerant control and passive fault-
tolerant control [10-13]. Robust control is one of the usual passive fault-tolerant control
schemes [11], and in the active fault-tolerant control, the fault information obtained in
fault diagnosis is used to reconstruct the controller and compensate for the effect of
the fault on the system performance. In [6], a super-twisting second-order sliding mode
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controller is designed to accommodate not only fault but also uncertainties. A controller
is introduced in [12] to compensate for the fault, which combines the properties of the
PD controller and the sliding mode controller. A novel control methodology for tracking
control of manipulators is developed in [14] based on a novel adaptive back-stepping non-
singular fast terminal sliding mode control, which performs an outstanding performance
for fault-tolerant control.

Recently, research on networked control systems and their stability has gradually in-
creased [15-17]. Networked control of the robotic manipulator system based on a second-
order sliding mode observer is presented in [18], and the proposed approach is robust
to the network delays. In [19], the nonlinear observer is designed to provide the esti-
mation of the unmeasurable state and the modeling uncertainty to construct the fault
estimation algorithm, and a fault-tolerant control method is proposed to make the faulty
system stable by considering the delay time through the network. To compensate for
the effect of the sensor fault and time-delay in a class of networked control systems, a
feed-forward and feedback sensor fault-tolerant controller can be found in [20] based on
the fault information from the fault diagnosis observer.

With the rapid development of the Internet technology and its widespread application,
the combination of the network and manipulators is becoming a new research highlight in
the field of robotics. In the networked manipulator control system, faults in the manip-
ulator and time-delays in the network communication cause huge impact on the control
effectiveness. It is attractive to consider the problem of how to diagnose and tolerate the
fault that occurs in the networked manipulator system. In the current literature, fault
diagnosis and fault-tolerant control for the networked control system and the manipulator
system are discussed respectively. However, fault diagnosis and fault-tolerant control of
the networked manipulator system has not yet attracted corresponding attentions. Be-
cause of the time-delay caused by the network, the state of the networked manipulator
system is delayed by a delayed moment. It will be a challenge to perform the fault di-
agnosis and fault-tolerant control by using the delay state when the fault occurs in the
networked manipulator systems. The scheme of the fault diagnosis and fault-tolerant for
the actuator fault in the networked manipulator system under the existence of the time-
delay is considered in this paper. The main contributions of this paper can be summarized
as follows: Different from the time-delay control (TDC) in [21-23], the time-delay state
is used to construct the residual to design the fault estimation law; the fault-tolerant
controller is designed by the fault information obtained from fault diagnosis, and the
controller is constructed with the property that the impact of the time-delay can be
accommodated.

The structure of the following contents is shown as follows: the model of the actuator
fault in the networked manipulator system is introduced in Chapter 2; the fault diagnosis
observer is designed in Chapter 3 to diagnose the fault occurrence time and amplitude; the
fault-tolerant controller and its improved design are described in Chapter 4; simulation
results are given in Chapter 5 to verify the feasibility of the above scheme; concluding
remarks and future research are provided in Chapter 6.

2. Model Establishment.

2.1. Manipulator fault system model. The dynamic model of the manipulator actu-
ator fault system can be described as follows

M(q)ds + C(at, G )G + 9(q¢) = 7+ Nf + Dd(t) (1)

where ¢y, ¢;, §; represent the angle, angular velocity and angular acceleration at the time ¢
respectively, 7 € R" is the control input, M(q;) and C(q, ¢;) G, are the inertia matrix and
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the torques of the centripetal and Coriolis, and ¢(q;) denotes the gravitational torques.
f € RP is the actuator fault. The norm of the fault satisfies the conditions: || f|| < fuax
and H fH < «, and its distribution matrix is denoted as N € R"*P, d is the disturbance
and ||d|| < d, D € R™ denotes the disturbance distribution matrix. These properties

are stated as follows [24].

Property 2.1. The positive-definite and symmetric inertia matriz, satisfies the following
mequalities:

my||k||? < kT M(q)x < molls|]?, VK € R"
where my, mg € R are known positive bounding constants.

Property 2.2. The time derivative of the inertia matriz and the centripetal-Coriolis
matrix satisfy the following skew symmetric relationship:

K" [M(Qt) —2C(q:, Qt)] k=0, VkeR"

In order to use the estimation information of the fault, the manipulator dynamic model
will be transformed into the state space model.
t)

1’1(
(t)
dynamic model of the manipulator actuator fault system (1) can be transformed into the
state space model [12]

{f@:Aﬂw+mmmm+N@@ﬁ@+D@@M@

Define the vector z1(t) = q, z2(t) = qi, z(t) = [ ] € R u = 7, then the

(2)

y(t) = Cx(t)
o, 1, e On
where 4= {on on]’ Ba(t), u(t)) [M<x1<t>>1[u<t> — Clan(t), z2(t)as(t) - g(ar(t))]
On

is the nonlinear part, D(z(t)) = { } represents the disturbance part, N (z(t))

M(l’l (t))_lD
On,

= [ Mz (1)~ N } denotes the distribution matrix of the fault, and C' = [ L, 0, } is
the output matrix.

2.2. Networked manipulator fault system model. Because of the time delay occur-
ring in the networked system, the state at time ¢ can only receive the information of the
state at time t — t4. So, the dynamic model of the manipulator actuator fault system can
be described as follows

M (Gr—1,)Gr—t, + C (Gr—tys Gt—t,) Gt—t, + 9(qt—1,) =T+ Ff + Dd (3)

where t; € R denotes the time-delay. ¢,_, represents the state with time-delay at the
time t. f € RP is the actuator fault. The norm of the fault satisfies the conditions:

/Il < fumax and HfH < «, and its distribution matrix is denoted as N € R"™™ P, d is the

disturbance and ||d|| < d, D € R™P denotes the disturbance distribution matrix.
1

1 2 : Li—tg 2n
Define @; , = Gy Ty, = G-ty Titq = ) € R*, and then (3) can be
Ty t,
rewritten as follows

{ Tpg, = Aﬂ?t—td + B(ﬂft—tda U) + N(xt—td)f + D(xt—td)d

Yi—ty = Cift—td

(4)
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0, 1, 0
On On :| R B(xt—td, 'LL) = |: 1 1 " 2 2 1
n  Un M(x¢—t,) [“ -C (xt—tda xt,td) LTty — 9 (xtftd)]

. . On
is the nonlinear part, N(z;—;,) = { M(zl, )IF
—ld

where A = [

} represents the disturbance part,

On,
Dz, =
(@t—t,) [ M (x%—td>7lD
[ I, 0, ] is the output matrix.

] denotes the distribution matrix of the fault, and C' =

3. Fault Diagnosis Scheme. To estimate the fault, the adaptive observer can be de-
signed as (5) for the faulty system (4)

{ ft—td = Ay, + B (Zy—yy,u) + N (Ty—,) f + L (Ye—t, — G1—t,)

Yt—ty = Cl“t—td

()

where L € R?*"*™ is the observer gain, #; ;, is the estimation of the state x;_;,, Ji_¢, 18
the output of the observer, and the f is the estimation of the fault.

From (4) and (5), the fault estimation error can be defined as Af = f — f, and the
state error can be written as e;_y, = z;_¢, — Z4—1,, and the residual of the system can be
given as €y, = C(x4_y, — T4+—1,;) = Ces—y,. Then the state error dynamics equation is
obtained as

€1ty = Ty_t, — ft—td
= Az, + B(wp—,u) + N(@p—g,) f + D(4—4,)d — ATy, — B (T4, 1)

— N (Z-4,) f — LYty — Jt—14)
= (A= LO)er—t, + B(xi—1y,u) = B (Z1-ty,u) + [N(Ti-t,) = N (Be—1,)]
—N (.’i’t,td> Af + D(-,L.tftd)d (6)

Before introducing the main process of the fault diagnosis scheme proposed in this
paper, some significant lemma and assumptions can be given as follows.

Lemma 3.1. [12,25]. There exists a scale p > 0 making Inequality (7) be satisfied
1
2a"b < ~a’a+ ub'b, a,be R" (7)
1

Assumption 3.1. It is assumed that for the manipulator actuator fault augmented sys-
tem, the Lipschitz condition is satisfied. There exist the Lipschitz constants 1, v making
the inequality be satisfied

||B($t_td’ u) - B (it—td7u)|| < 71 ||xt_td - i’t—th )

IN(@i—t,) = N (@i )| < v2 |-ty — Toey |-

Assumption 3.2. For the fault distribution matriz N (Z4_y,), there exists a constant ma-
trix signed N chosen specially making the following conditions hold

N = N (#1,),

1)

|N;| > ‘N(@Hd)

N> [N )]

)

Assumption 3.3. For the disturbance, the inequality ||D(z,,d)|| < D||d|| holds and
D > 0.



FAULT DIAGNOSIS AND FAULT-TOLERANT CONTROL 2025

Theorem 3.1. For the manipulator augment system, the above assumptions hold. Given
the scalars M,, M,, My and p, there exist a positive definite symmetric matriz P € R*"**",
and matrices L € R*™ ™ and R, € RP*"™ making the following conditions be satisfied

/ ef_y, Myer_y,ds — p / AfTMAfds —p / d" Mydds < 0 (8)
Iy e I

II = * H22 0 <0 (9)
* * H33

where Hll = ATP + PA — CTYT -YC -+ 2")/P + Mx; H12 = PN + OTRz, H13 = PD,
IIye = % — pM,, 33 = —pMy, Y = PL, v = 71 + Yo fmax, and *x denotes the symmetric
elements in the symmetric matriz. The fault estimation law can be given as

A~

f = FaRagtftd (10)

where I'y > 0 is a pre-specified matrix denoting the tuning rate, and R, is the gain matriz
to be designed.

Proof: Consider the Lyapunov function V' = e;f_thet_t LFAFTT LA f and differentiate
V' with respect to time

V=el, Pey, + AfTTIASf
. . - T _ _ .
=& Pei, el Pé +Af DA+ AFITIIAS
= [(A = LO)ert, + B(@—ty,u) = B(&y—ty,u) + [N(i-t,) = N(Z1-t,)] |
— N(#-1,) Af + D(wi_y,) d)" Peryy + el P[(A— LCO)esy,
+ B(@t—t,u) = B(Zi—ty, u) + [N(@e—t,) — N(Z1—,)] f
— N(&4-1,) Af + D(we_y,)d] + 20T Af (11)
According to Assumptions 3.1, 3.2 and 3.3, (11) can be obtained as
V<el, [(A-LC)"P+ P(A— LC) + 2vP] e;_y, + 2¢], PNAY
+2¢l, PDd+2AfTT; f — 2Af7T;f (12)
According to Lemma 3.1, it can be shown that
| . 1
AT < CAFTAf 4 pfT (1) (T f < AFTAT A (1)
where 0 = pa?*Apax ([T, 1), Then (12) can be further written as follows

) 2 _
V <el, Qe+ ;A JEAf +2ef, PNASF+2AfTR,Ceyy, + 2¢/_, PDd+ 6,

2 _
=e_, Qeiy, +2¢[, (PN +C"R])Af + ;A A +2e_, PDd + 6 (14)

where Q = (A — LC)T'P + P(A — LC) + 2yP. Define
H=V+el, My, — pAfTMAf — pd" Myd (15)
Then it can be obtained that
H<e , Qe +2e, (PN+CTRL)Af+ %A FEAf + 6
+2¢;_, PDd+ e, Mye,—y, — pAfTMAf — pd" Myd
<, (Q+ M,)ewy, + 26, (PN +C"R)AF
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+AfT (% - pMa) Af+2¢,_, PDd—d" (pMy)d + 6, (16)
Define a new state == [ e/, AfT d" ]T, and it can be obtained from (9) that
H<Z'=4§ (17)
It can be further formulated that
H< -2 +6 (18)
where 7 = Apin(—1I1), 6 = 6. When 7||Z||* > ¢ holds,
V+el, Mers, — pAfTMAS — pd" Myd < 0 (19)

What can be indicated from (18) and (19) is that the new state Z is uniformly bounded
and converges to a small set ¥ = {EZ[||Z]|> < §/7} under the Lyapunov stability theory,
which represents the state error and fault estimation error converge and are bounded.

Based on the fault estimation obtained in Chapter 3, an active fault-tolerant control
scheme can be designed on the basis of the fault estimation information. The active
fault tolerant controller is constructed for the fault system by using the fault information
obtained, which can compensate the impact of the fault on the system.

4. Fault-Tolerant Controller Design. The design of the active fault-tolerant con-
troller for the manipulator fault system, which can still maintain stability of the system
and achieve the expected trajectory, is based on the manipulator control algorithm, such
as the PD controller, and the sliding mode controller. The existing manipulator control
algorithm provides convenience for design of the fault-tolerant controller.

Define g, as the expected trajectory, because of the networked time-delay, the controller
can only obtain the status information ¢, of time ¢ — ¢; at time ¢. In order to keep
the state trajectory still follow the desired trajectory after fault occurs, the active fault-
tolerant controller is designed by using the fault information. Define the tracking error
and its derivative as:

0=qq— qi—t, (20)
0= Qd - Qt—td (21)

4.1. Design of PD plus compensation controller. PD controller is a common con-
trol algorithm in manipulator control, which has the simple structure and good effect.
Based on the PD controller, the term of fault compensation and time-delay compensation
is added to achieve the fault-tolerant control effect of the networked manipulator fault
system.

The PD plus compensation controller can be designed as follows:

wpp = e — Nf + K tanh (6) o )
Ueq = M(Qt—td)Qd +C (Qt—td7 Qt—td) Ga + Kpt + Kpb — Dd + g(qa)
where Kp € R™"™ > 0 and Kp € R™™"™ > 0 are the proportional gain matrix and the

differential gain matrix, respectively. K € R™*"™ > 0, tanh(e) is designed as the term of
time delay compensation. Then the closed-loop system can be written as

M(qo—v,)0 + C (Gsys Ge—s,) € + Kpf + Kpf + Ky tanh (9) ~0 (23)

Proof: Consider the Lyapunov function Vpp = %GTM(qt_td)é + %9T€9 and Ve > 0.
Differentiate Vpp with respect to time as
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Vop = 20" Mg, )0+ 207 M a0, )0+ 50N (g )0+ 5070 + 2070
M (g )i+ %QTM@t_td)é L (24)
According to the characteristics of the manipulator system, (24) can be written as
Vpp = 67 M(qu,) + %ew@ttdm By
= éTM(qt_td)é +6TC (G-t Gi—t,) 0+ 070
— 07 (M{g-1)0 + C (@e-t0 41, 0) + 670 (25)
Substituting (23) to (25), it can be obtained as follows:
Vpp =07 (M (gr—1,)0 + C (qt,td, G'Hd> 9) +67e0
= 07 (—Kpb — Kpf — Ky tanh () +67<0
= —Kp0"0 — Kpf"0 — K" tanh (4) +07e0
-y (—er — Kpf — Kj tanh (9) + 59) (26)

tanh(é)
6

When Kp, Kp, K; and € are chosen to satisfy Kp + Kp HgH + K, > ¢, the

inequality Vpp < 0 holds, which indicates that the system is convergent.

4.2. Design of the PD plus SMC controller. SMC (sliding mode controller) is widely

used in the control of nonlinear systems, and can also achieve good control effects in the

manipulator system. In order to further improve the PD plus compensation fault-tolerant

controller in 4.1, a networked controller combining PD and SMC is designed here.
Define z;1 = 6, 29 = Z; + ¢z, and then choose a PD controller upg as follows

ups = Kpz1 + Kpz; (27)

where Kp € R" and Kp € R™ are the proportional coefficient and the differential coeffi-
cient matrix, respectively.
Construct the sliding surface as follows

s =1upg+ 20 = Kpz1 + Kpz; + 29 (28)
Differentiate the sliding surface s with respect to time as
$=Kpz1+ Kpéi+ 2= (Kp+¢)Zy + (Kp + )%
= (Kp+ )z + (Kp + I)ja — (Kp + I)Ge,
= (Kp+ )i+ (Kp + 1)ja — (Kp + 1)M(qi—t,) ' [u+ Nf + Dd — (C (G-t Ge—t,) G,

+9(qi—1,))]
= (Kp+¢)21 + (Kp + I)ja — (Kp + I)M(gs—1,) " 'u — (Kp + I)M(gs—+,) " [Nf + Dd
—(C(Qr—tgs Gt—ty) Gi—ty + 9(@1—1,))] (29)
Then the fault-tolerant controller can be designed as follows

Ujte(t) = teq(t) +us(t) (30)

The equivalent control law u., is constructed as (31):

Ueq(t) = M(qr—t,) [(Kp + 1) (Kp +¢)z1 + (Kp + 1) " Kys(t) + Ga| — Dd
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+C (qt—tda Qt—td) Gi—t, + g (Qt—td) (31)

where [ € R™" is the unit matrix, and K, € R™"™ > 0 is the pre-specified auxiliary
parameter.

The fault compensation controller can be designed as (32) to compensate for the effect
of the fault

uglt) = -N (32)

Proof: Consider the candidate Lyapunov function as V. = —s s+ 3 z1 z1. Differentiate
V. with respect to time

Vo=2Ts+ 876 =20 (2 —czn) + 876 = 2Tz — 2Tczy + 575 (33)

It can be further rewritten as
Vo= 2V2 — 2Fcz + ST{(Kp +e)i + (Kp+1Dig— (Kp + 1)M(q,) '
— (Kp + DM (g1—1,) " [Nf + Dd = (C (Gi—t> G-,) Gi—tq + 9(@—2,))] } - (34)
Substituting (30) into (34), it can be obtained as

Vo=2l2— 2Tz + 5 (Kp+ )i+ (Kp+1)ia— (Kp+ DM (q—t,) ' upre
— (Kp + I)M(qi—1,) " [Nf + Dd — (C (G-t Ge—t,) G1—ts + 9(Ge—t,))] }
=z2izm—ziczm+ 8 {(Kp+c)i+ (Kp+1)ja— (Kp + I)M(q—1,) " (ueq + uy)
- (KD + I)M(Qt—td)_l [Nf + Dd — (C (Qt ta> Qt— td) Gt—t, + Q(Qt td) } (35)
Substituting (31) and (32) into (35), it can be obtained as follows
V., = 2oy — 2ler —sTK,s (36)
Define Z = [ z{ =z }T, and (36) can be rewritten as
Vo=-2"0Z = —p||Z2"Z|| (37)
where ® — [ iz g;z } 6 = Auin(®), and Byy = o+ KLKKp— KEK K pe—cKpK.Kp

—I—CTKDKSKDC, (1)12 = K]ZKSKD + K};KS - CTKDKSKD - CTKDKS I @21 = (I)127
oy = K, + K;Kp + KH K + KHKKp.

Vc < 0 can be satisfied when ¢, K, and controller parameters Kp and Kp are selected
appropriately making ¢ > 0 holds, which indicates that the tracking error converges under
the fault-tolerant controller.

5. Computer Simulation Results. In order to verify the effectiveness of the proposed
fault diagnosis and fault-tolerant control scheme, a manipulator model is introduced to
perform the simulation. According to the structure of Equation (1), the coefficient matrix
of the manipulator model can be given as follows:

Miq) = (my + ma)l? + mal + 2malily cos(qa) ma (13 + 111z cos(qz))
v ma (13 + lils cos(gs)) mal?

C(q,9)q = <

—2m2l1l2 sin(q2)q'1q2 — m2l1l2 SIH(QQ)(]% )

malyls Siﬂ(Q2)§l§

(mq 4+ ma)lyg cos(q1) + malag cos(qr + ¢2)
9(q) =

malag cos(qr + qz2)
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where [; = 1 m, [, = 0.8 m, m; = my = 1 kg. The scale of the time delay is set as t; = 0.5
S.

5.1. The simulation for the fault diagnosis scheme. To compute the LMI, the
parameters of the adaptive observer can be selected as M, = 0.1, My = 0.4, M; = 0.4,
p = 3.0. Choosing ;1 = 5, the observer gain and the adaptive gain matrix is solved
respectively as follows.

67.0853  6.5372
6.5151  64.6919
L= g 0850 78199 |+ Fa=[13.3204 11.1004 ].

7.5746  732.1320

In order to fully prove the effectiveness of the proposed fault diagnosis scheme, three
types of fault cases are considered here, including the constant value fault, the slow time-
varying fault and the fast time-varying fault. The forms are shown as follows

Case 1: Constant fault f = { 13.5 ¢ € 30,60] :
0 else
Case 2: Slow time-varying fault f = { 13.5sin(0.5t) ¢ € [25,75] ;
0 else
0.7(t — 20) t € [20,50]
Case 3: Fast time-varying fault f = ¢ 24 —0.7(t —20) t € [50,80]
0 else

In Figure 1, a constant value is designed to describe the constant fault, and the fault
estimation can track the fault with a high accuracy. For the time-varying fault, a sinu-
soidal function is used in case 2 to describe the slow-change fault. A linear function with
a large slope is used in case 3 to describe the fast-change faults. In each case, the fault
observer can estimate the fault quickly and accurately.

Fault and fault estimation
14

Actual fault
— — — Fault estimation

|
|
12+ |
|
|
|

101

Amplitude
[e)]

0 10 20 30 40 50 60 70 80 90 100
time/s

FiGurg 1. Constant fault and its estimation
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Fault and fault estimation
15 T T T T T T T T T
Actual fault
— — — Fault estimation

o

-5

0 10 20 30 40 50 60 70 80 90 100
time/s

FIGURE 2. Slow time-varying fault and its estimation

Fault and fault estimation
25 T T T T T T T T T
Actual fault

— — — Fault estimation
20 / R

_20 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

time/s

FIGURE 3. Fast time-varying fault and its estimation

5.2. The simulation for the fault-tolerant scheme. Taking fault case 3 as the ex-
ample to perform the simulation to verify the validity of the fault-tolerant controller, and
the comparison results of the two fault-tolerant control schemes are given. The desired

trajectory is set as g4(t) = [

5.45in(0.3t)
3.6sin(0.2t) |°
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In Chapter 4.1, the proportional gain matrix, the differential gain matrix, and the gain
matrix of the time-delay compensation, of the PD plus compensation controller is given
as follows, respectively:

30 0 20 0 15 0
KP_[ 0 30}’ KD_[ 0 20]’ K’“—{ 0 15}‘
In Chapter 4.2, the proportional gain matrix, the differential gain matrix, and the
auxiliary parameters, of the PDSMC controller are shown as follows, respectively:

20 0 5 0 30 30
KP:[ 0 30}’ KD:{O 10}’ C:[o 3}’ Ks:{o 5}‘
The control results can be found as follows.

In Figure 4 and Figure 5, the fault-tolerant control effect of the fault system under the
action of PD plus compensation fault-tolerant controller is described. It can be seen that
the controller compensates the effect of fault and time-delay on the system performance,
and the control effect is good; Figure 6 and Figure 7 show the fault-tolerant results under
the PDSMC fault-tolerant controller, which can be obviously compared. The control effect
of PDSMC fault-tolerant controller is better than that of the PD plus compensation fault-
tolerant controller. This can also be demonstrated by the mean and norms of errors in
Table 1.

1 0 T T T T
— — — Desired Trajectory
Controlled Trajectory| |

Trajectory
o

-5 N7 N
_10 Il Il Il Il Il Il Il Il Il
0 10 20 30 40 50 60 70 80 90 100
time/s
e
1 T T T
]
0.5 A // \ b
_ // \\ RN B )\\ ;0\ //
o I \ / \ / / | i
5 0 \ // N ; \ p \ / \\ //
\// N~ \\ / \v/ < ~ ~
05} v ]
_0. i
/

0 10 20 30 40 50 60 70 80 90 100
time/s

FIGURE 4. Desired trajectory, trajectory with PD, and tracking error of joint 1

6. Conclusions. In this paper, a scheme including fault diagnosis and fault-tolerant
control is proposed for the actuator fault in the networked manipulator system. In the
fault diagnosis scheme, considering the influence of time-delay, the fault estimation law
based on the adaptive observer for the actuator fault is designed by the residual of the
time-delay state. Using the actuator fault information, a PD plus the compensation
fault-tolerant controller is designed to compensate for the effect of the fault and network
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TABLE 1. Mean and norm of the track error after fault tolerance

PD plus compensation | PDSMC
Mean 0.0351 0.0080
Norm 248.306 59.827

time-delay. Further, the sliding mode controller is combined with the PD controller for the
control improvement, resulting in better control results. The effectiveness and feasibility
of the proposed design are proved through the simulation. The next research work will pay
attention to the networked multiple manipulator cooperative system, and the problem of
fault diagnosis and fault-tolerant control will be studied from the perspective of practical
application.
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