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Abstract — This paper proposes a novel fault tolerant tracking control (FTTC) scheme for a class of
nonlinear systems with actuator failures based on the policy iteration (PI) algorithm and the adaptive
fault observer. The estimated actuator failure from an adaptive fault observer is utilized to construct an
improved performance index function that reflects the failure, regulation and control simultaneously.
With the help of the proper performance index function, the FTTC problem can be transformed into an
optimal control problem. The fault tolerant tracking controller is composed of the desired controller
and the approximated optimal feedback one. The desired controller is developed to maintain the
desired tracking performance at the steady-state, and the approximated optimal feedback controller is
designed to stabilize the tracking error dynamics in an optimal manner. By establishing a critic neural
network, the PI algorithm is utilized to solve the Hamilton-Jacobi-Bellman equation, and then the
approximated optimal feedback controller can be derived. Based on Lyapunov technique, the uniform
ultimate boundedness of the closed-loop system is proven. The proposed FTTC scheme is applied to
reconfigurable manipulators with two degree of freedoms in order to test the effectiveness via
numerical simulation.

Keywords: Adaptive dynamic programming, Policy iteration, Fault tolerant tracking control,

1975-0102

ISSN(Online) 2093-7423

Policy Iteration Algorithm Based Fault Tolerant Tracking Control:

Reconfigurable manipulators, Neural network.

1. Introduction

As the rapid development of modern technologies,
industrial systems are becoming increasingly complex and
large-scale, the unavoidable system failures can affect the
product quality, damage equipments, or even harm to
human beings [1]. As we know, various components such
as actuators, sensors and processors may undergo abrupt
failures individually or simultaneously during operation.
Among all kinds of possible failures, actuator failures are
considered as one of the most critical challenges, mainly
for the reason that the control performance can be
deteriorated by unexpected and unknown actuator actions.
Hence, it is urgent to develop fault tolerant control (FTC)
methods to deal with such kind of problems.

To achieve higher reliability and better control perfor-
mance, many research efforts on FTC systems have been
made during the past three decades to ensure systems stable
and maintain acceptable control [2]. FTC architectures can
be classified into passive FTC (PFTC) and active FTC
(AFTC). Studies on the significance of FTC are found in [3]
and [4], whilst the book [5] provided a useful theoretical
framework. For PFTC, a fixed control law is designed to
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achieve stability and acceptable performance in both
normal and fault situations [6, 7]. However, the drawback
of PFTC is that it is reliable only for systems with known
faults. While AFTC can reconfigure or reconstruct the
controller online to recover the system stability and control
performance via fault detection and identification (FDI) [8,
9]. It is worthy to mention that the observer technique,
which is active in reconfiguring control, plays an important
role in achieving active fault tolerance [10-12].

The trajectory tracking control is always required in
mobile robots, helicopters, and so on [13, 14], and its goal
is to make the system outputs track specified desired
trajectories. In spite of the tracking control is widely used,
but only a few advanced techniques based FTC are applied
for tracking control to ensure system tracking performance
when components are faulty. For examples, Liao et al. [15]
used a linear matrix inequality (LMI) method to propose a
reliable robust tracking control scheme for uncertain
discrete-time systems. And inspired by it, Yao et al. [16]
applied this control scheme to continuous-time systems.
Besides, Jiang et al. [17] proposed an adaptive FTTC
scheme based on online estimation for near-space-vehicle
(NSV) attitude dynamics systems with actuator failures.

As an effective tool to solve optimal control problems in
nonlinear systems, adaptive dynamic programming (ADP)
is a useful approximation method proposed by Werbos [18]
to obtain the solution to the HIB equation. By using ADP
method, the designed controller structure is simple and
computational burden is reduced [19]. In recent years,
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many scholars have studied ADP approaches in both
theory and applications [20-23]. The optimal control
methods based on iterative ADP have been developed for
both discrete-time [21, 24] and continuous-time systems
[20, 25, 27, 29]. Meanwhile, the policy iteration (PI)
algorithm is an iterative approach to solve HIB equation
by constructing a sequence of stable control policies that
converge to optimal control solutions [26]. Wang et al.
[27] studied a PI algorithm to handle the robust control
problem for nonlinear systems with uncertainties. Based
on PI algorithm, Song et al. [28] developed an off-policy
integral reinforcement learning algorithm to compensate
the disturbances for unknown systems. Besides, Zhang e?
al. [29] proposed an ADP based data-driven robust
approximated optimal control algorithm for unknown
nonlinear systems. It was the first solution to the tracking
control problem of unknown general nonlinear systems
based on ADP.

For FTC, only a few results were presented based on
ADP or reinforcement learning methods. Chang et al. [30]
presented an online fault tolerant actor-critic neuro-control
scheme for continuous-time nonlinear systems with
abrupt nonlinear faults. In [31], in the light of time-varying
actuator gain and bias faults, an ADP based FTC scheme
was proposed. Wang et al. [32] investigated a RL-based
FTC scheme for a class of multiple-input-multiple-output
(MIMO) nonlinear discrete-time systems. However, we
can see from these researches, most of them were aimed
at discrete-time systems or stabilization control, only a few
related results for continuous-time systems.

In actual industrial processes, many systems are
modeled as nonlinear systems such as robot manipulators
[33, 34], missile systems [35], biochemical processes [36]
and so on. As a kind of nonlinear systems, reconfigurable
manipulators have great application potential in space
explorations, smart manufacturing, high risk operations,
battle fields and so forth. Compared with traditional
manipulators with fixed configuration, reconfigurable
manipulators can adapt to diverse task requirements due to
their low cost, convenient modification, easy maintenance,
portability and durability [37, 38]. Some FTC schemes
have been carried out for reconfigurable manipulators.
Ahmad et al. [39] investigated a distributed fault detection
scheme, which does not require motion states of any
other modules. Zhao et al. [40] studied an active FTC
scheme for reconfigurable manipulators based on local
joint information. While regarding FTC, we should not
only focus on guaranteeing the tolerance of fault dynamics,
but also the requirements of optimal control performance.
Recently, although some researches [20-25] have been
developed to study the optimal regulations or control
problems for nonlinear systems based ADP, only a few
FTTC schemes have been reported, this motivates our
research.

To solve this difficult problem, motivated by the
aforementioned analysis and observer techniques, in this

paper, a fault tolerant tracking (FTT) controller based on
ADP with an improved performance index function is
investigated for a class of nonlinear systems with actuator
failures. The estimated fault from an adaptive fault
observer is used to construct the improved performance
index function, which reflects the actuator failure,
regulation and control. Hence, the FTTC problem is
transformed into an optimal control problem. Then, the
FTTC scheme based on PI algorithm is designed to deal
with the optimal control problem. The improved HJB
equation is solved by a critic neural network, whose
weights can be derived by gradient descent method. The
stability of closed-loop system with actuator failures is
analyzed using Lyapunov theorem. Finally, in order to
show that the designed controller is effective, two 2-DOF
(Degree of Freedom) reconfigurable manipulators with
different configurations are used to simulation.

The main contributions of the presented scheme can be
summarized as follows.

1) By designing an adaptive fault observer, the estimated
unknown actuator failure can be employed to construct
the improved performance index function, which reflects
the actuator failure, regulation and control. Thus, the FTTC
problem can be transformed into an optimal control
problem.

2) The control policy can be derived depending only
on the critic neural network, and the training of the action
neural network is no longer required. Thus, the designed
controller structure is simple and the computational burden
is reduced. To achieve FTTC, the steady-state control can
be achieved within a small set with an approximated
optimal control.

The remainder of this paper is organized as follows.
Section 2 describes the problem, optimal control and HIB
equations. The proposed FTTC scheme is presented in
Section 3 and simulations are shown in Section 4. Finally,
conclusions are summarized in Section 5.

2. Problem Formulation

Consider the following continuous-time nonlinear
system with actuator failures:
x=f()+g)u+f,) (M

where x e R" is the system state vector, y € R™ is the
control input vector, f, € R™ is an unknown additive
actuator failure. f() and g() locally Lipchitz and
differentiable in their arguments with f(0)=0, and let
x(0)=Xx, be the initial state.

In [29], the authors mainly studied the trajectory
tracking control, but this paper will address a novel FTTC
scheme so as to guarantee the closed-loop system (1) to be
stable in case of the system suffers from unknown actuator
failures. In other words, the main objective is to find an
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optimal controller u#, which enables the system state vector
x tracks the desired trajectory Xx; even though actuator
failures occur.

In order to achieve objective above, inspired by [29], we
design the improved infinite horizon performance index
function as

0/ A R 2
()= (P ©1.+1(V (e®))
+7(e(z).u, (e(r))))dr

()

where e=x—x; 1is defined as the tracking error,
r(e,u) = e’ Qe+u! Ru, is the utility function, r(e,u,)>0
for all e and u, with 7(0,0)=0,0e R™ g R™™ are
positive definite matrices, fa(t) is the estimation of the
actuator failure f, (¢) , p >0 and 7 > O are positive constants.

As in many literature, the following assumptions are
given for the system (1).

Assumption 1: The desired trajectory x; , and its
gradient X; are continuous and bounded.

Assumption 2 [10]: The system actuator failure f, is
bounded as || fa || <¢g <o, where & isa positive constant.

The desired trajectory can be expressed as

Xg = S (xg)+ 8 (xq)ug A3)

Since the desired controller u,; is utilized to ensure the
tracking error to a steady state, it can be obtained by (3) as

Ug = g+(xd)(5fd _f(xd)) “4)

where g'(-) denotes the generalized inverse of g(-), and

the control coefficient matrix function g(x;) satisfies

g (x;)xg(x;)=I and | c R™" is the identity matrix.
The trajectory tracking error can be defined as

e=x—xy )

The time derivative of (5) is

é=X—X, ©)

=S ()= f(xg)+ () u—1,)—g(xg)uy

By defining f, = f(x)— f(x,), it is worth noticing that

the FTT controller u is composed of the desired (steady-

state) controller %, and the approximated optimal

feedback one u,, i.e.,, u=uy;+u,. Thus, (6) can be
rewritten as

e= f(x)= fxg)+g(x)u—1,)—g(xg)uy

= [+ g() - g+ g, —g) f, )

The feedback controller #, is used to make the tracking
error dynamics converge to a stable state at transient stage
in an optimal manner [29]. Then, the improved infinite
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horizon performance index function (2) is expressed as

w . ) 2
J = T/, vJ*
ue(fq%) Ji (o @@+ (o) ®)

+7(e(z).u, (e(0))))dr

Definition 1 [29, 41]: For the system (1) with f, =0, a
control policy #, is defined to be admissible with respect
to (8) on a compact set Q, if £, is continuous on a set
Q with #,(0)=0 u, stabilizes (7) on Q, and J(e) is
finite for Vee Q.

The remainder problem can be presented as: for the
error system (7) with a series of admissible control set
1, € ¥() and the improved infinite horizon performance
index function (8), find an admissible control policy u,
such that performance index function (8) associated with
system (7) is minimized.

If the improved infinite horizon performance index
function

2

V()= (o O 0+1(VF" (o))
+ r(e(r),ue (e(r))))dr

®

is continuously differentiable, then the infinitesimal
version of (9) is the so-called nonlinear Lyapunov equation
[25] as

0=pfy f,+1(V V"‘(e))2 +r(e,u,) +(VV(e))

(10)
x(f, +[g(x)— glx)lu+g(x,)u,)

where V(0)=0, and the term VV(e) denotes the partial
oV
derivative of V' (e) with respect to €, i.e. VV' (e) :_(e) )

Define the Hamiltonian function and the optimal
performance index function as

A A 2
H(e,ue,VV(e)) = pfana +y(VV*(e)) +r(e,u,)
+(Vr@) (f, +lg()-glx)l D
+8(xg)u, )
and

2

I (e() =min [ "1 @], @)+ (V7" (e())
+r(e(z).u, (e(0))))dr

(12)

and let J"(e) be the optimal performance index function,
then
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OzminH(eu VJ*(e)) (13)

sHes
Up

where V.J* (e) = A
Oe

, if the optimal solution J*(e)

exists and is continuously differentiable, the PI based
optimal control policy can be expressed as

e

u' = —%R‘l gl (X)VJ* (e) (14)

Combining (10) with (13), we have

(V@) (f, +[g(x)— g(x)u+g(x,)u, )

=—¢' Qe—u Ru,~pf,] f, ~(VJ' (e))2 )

Remark 1: In order to obtain the optimal control policy
(14), we first need to solve the HIB (13), then substituting
the solution V.J*(e) into (14) to obtain the optimal control
policy. For linear systems, the performance index function
function is a quadratic form of state and control input,
the optimal solution can be obtained by solving a
standard Riccati equation. While for nonlinear systems,
the difficult HIB equation is solved instead of a Riccati
equation. So we use neural network to approximate the
optimal performance index function [25, 27-30, 42].

The design process of FTTC can be divided into
following two steps:

1) By designing an adaptive fault observer, the estimated
unknown actuator failure is employed to construct the
improved performance index function, which reflects the
actuator failure, regulation and control. Hereafter, the
optimal feedback controller is derived by employing a
critic neural network.

2) By combining the desired controller with the optimal
feedback controller, an optimal FTTC scheme based on PI
algorithm is designed.

3. Fault Tolerant Tracking Controller Design and
Stability Analysis

3.1 Adaptive fault observer design

Assumption 3: The actuator fault estimation error
e, = f, — f, is norm-bounded as ||ea || <é&,,where & isa
positive constant.

For the system with actuator failures (1), we can develop

an adaptive fault observer as

F= R +g®)u—f)+o(x—3%) (16)

where x is the observation of the system state X, o is
the positive definite observer gain matrix, f, is the

estimated actuator failure which can be updated by

1 =—ag” ey (17)

where @, is a positive definite matrix, and ez =x—X is
the state observation error.
Combining (1) with (16), we have

ép=epte(u—f)-g®(fy~f)-mer  (18)

where €, =f(x)=f(X) and e, =g(x)—g(X) are the
observation errors of f(x) and g(x), respectively.
Assumption 4: Defining ¢=¢,+e,(u—f,) | it is
norm-bounded as ||é: || <&, where &; is a positive constant.
Remark 2: In real applications, all signals should be
bounded, and the functions of the controllable nonlinear
systems are bounded, so it is reasonable to assume that the
random unknown actuator failure f, and ¢ are bounded.
Theorem 1. For the system (1) with actuator failures
with Assumptions 3 and 4, the fault observation error is
guaranteed to be UUB by the developed fault observer (16)
with the adaptive law (17).
Proof: Select the Lyapunov function candidate as

a

40! =%e;eF +%e§az_le (19)

Substituting (18) into the time derivative of (19), we
have

B0 =F (e +e, (1)~ NS, ~ o) —ner )~ fTas'e,
<& Jer | - ehg(®De, — hnm(a)er | ~ 1T a'e,
:_(gmmml)"e‘,"_%)||eF||_(e;g(>e)+fja;)ea (20)

where Ay, () denotes the minimum eigenvalue of the

matrix, and substituting the adaptive law (17) into (20), it
becomes

1(6) < = (Agin (@) e | = &5 ) ex | 1)

We can observe that V1 (1) <0 when ep lies outside the

&3

Arin (04)

fault observation error is UUB. This completes the proof.

compact set € 2{61: || ep|| LS } Therefore, the

3.2 Online policy iteration algorithm

Motivated by [25], the PI algorithm consists of policy
evaluation based on (10) and policy improvement based on
(14). Specifically, its iteration procedure can be presented
as Algorithm 1.
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Algorithm 1 Online policy iteration

Step 1: Let i =0, begin with an initial admissible control
policy uii) , and select a small positive constant ¢ .

Step 2: Let i >0, based on the control policy ugi) , solve
7@ from

0=pf7 7, +2(V7 V@) +r(ead?)
(v @) (£+ g )

with @D —¢. _
Step 3: Update the control policy ué’) via

U = _%ngr(x)VV(M)(e) '
step 4: 1f [V (0)-1 (o) <o i
p 4: <0, stop and obtain the

approximate optimal control; else, let i =i+1 and return
to Step 2.

This algorithm will converge to the optimal performance
index function and optimal control policy, i.e., VD (e) -
J*(e) and ul) > u’ as i—>o[42].

3.3 NN approximation for critic neural network

As it is well known, neural networks are powerful for
approximating nonlinear functions. Since the performance
index function is usually highly nonlinear and nonanalytic,
a critic neural network can be utilized to approximate the
performance index function ¥(e). The ideal critic neural
network is expressed as

Vie)y=W/o.(e)+e. (22)

where W, e RV is the ideal weight vector, N is the
number of neurons in the hidden-layer, o.(e) is the
activation function, and ¢, is the critic neural network
approximation error. Thus, the partial gradient of V(e)
respect to e is

VI (e)=(Va.(e) W, +Ve, (23)

€ R™M" and Ve, are the partial

where Vo_(e) = M
Oe

gradients of the activation function and the approximation
error, respectively.

For the system (1) with actuator failures, (i.e., f, #0),
combining (10) with (23), we have

0= pfarfa +y((V0'c (e))T W, + Ve, )Tx((Vac(e))T /8 +Vec)

r T
+rie,u,)+((Vo.(e)) W, +Ve, | é 24
((Vou(@) ) 24)
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Thus, the Hamiltonian function can be expressed as

H(e,ue,Wc)

= ,Dj}arfa + y((VUC (e))T W,+Ve, )T
T (25)
X ((Vac (e)) W, +Ve, ) +r(eu,)+ (VVCTVO'C (e))é

- T _
=-Veg, e=ey

where e,y is the residual error due to the neural network
approximation.

Since the ideal weight vector W, is unknown, the critic
neural network can be approximated by

Vie)=W.o.(e) (26)
Then, the partial gradient of V(e) can be expressed as
VP(e)=(Va,(e) W, 27)
Thus, the approximate Hamiltonian function can be
obtained as
H (ew, )= g7l T+ (W 0.@) (W 0.()

. (28)
+r(e,u,)+ (VVCTVO'C (e))é =e,

Denoting 9=Vo,(e)é , and we assume [9|<9,, ,
where %, >0 . We employ the objective function

1
E . =—¢éle

c=See to be minimized by the gradient descent

algorithm in order to tune the critic neural network weight
vector WC , which should be updated by

W, =-05e.9 (29)
where a3 >0 is the learning rate of the critic neural

network.
Define the weight approximation error as

W, =W, -W, (30)
From (25), (28) and (30), one has

e, =e,; —W' (31)

c

The weight approximation error can be updated by
V;VC = _Vf/c =0, (ecH —VIZTS)S (32)

Hence, according to (14) and (23), the ideal control
policy can be described as
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t, = —éR*ng((%c(e))T Worve) 63

And it can be approximated as
. I _ T~
i, ==k 'g" (x)(Va.(e)) W, (34)

Remark 3: From (34), we can observe that the control
policy can be derived only depending on the critic neural
network, and the training of the action neural network is no
longer required.

Theorem 2. Consider the system (1) without actuator
failures, the weights of the critic neural network are
updated by (29), the weight approximation error is UUB.

Proof: Select the Lyapunov function candidate as

| R
Vo=—W W,
2 20!3 c c (35)
Its time derivative is
. 1 -t
Vy=—W.W.
03
=W (e ~W!9)9 (36)
=T cralPol 2 Ler ol
= - <_ __
Wc ecH'9 ‘VVC"Q“ —2 cH Z‘VVCSH

Hence, we can observe that Vz <0 when WC lies outside

,

c

- e,
the compact set Q, ={Wci < éﬂ} Therefore, the
M
weight approximation error is UUB. This completes the
proof.

3.4 Stability analysis

Motivated by the aforementioned analysis, the FTT
controller consists of the desired controller #; and the
optimal feedback controller #,. So the control input is
written as

u=uy+i, (37)

where u, is obtained directly by (4).

Theorem 3. Assuming that the neural network based
HIB solution of the optimal control problem exists, for the
considered system (1) and the desired trajectory given by
(3), the approximated FTTC policy (37) can guarantee the
closed-loop system to be UUB with the improved
performance index function (2).

Proof: Select the Lyapunov function candidate as

v, :%ereu*(e) (38)

Its time derivative is

v, = eTe'+(VJ* (e))T é

=e' [f, +[g(x)— g(x)u+g(x,)u,

it oy (39)
(V@) @) f, +(VI @)
x[f, +[8(x) - g(x)lu+g(x ), |
According to (15), (39) becomes
Vy=ele+ (VJ*(e))T é
=—e'g()f, +e' [f, +[g(x)— g(x,)u
(40)

G ]~V @) g()f, ¢ Qe
[ Ru, ] J, (V@)

As f(x) is locally Lipchitz, there exists positive
constant Ly, st. |£,] <L/ || . Assuming [g(®)] <K, ,
le(x)| < Kga , then we have |g(x)—g(x,)|<AK , by

Young's inequality, we can obtain

. 1 1
Vo< Slel + 5 KL + Lyl +AK g +u e

1 o, 21
Klullel5 (77" @) + SREIAE
—e'Qe—u! Ru, —pfffa —y(VJ*(e))2

3
< (@13 sl o
1 1
(- K2y 8 Y
~(o=KDI T+ KN -7 7D

_(y_%](w*(e))z

By Assumptions 2 and 3, and assuming ”“d || <1, where
" is a positive constant, one can obtain

. &
> —[wl ||e||—AK'7—ﬁ]||ell—Wz P
(42)

(p=K3) T Fu (=5 (v @)

where & =Kg (26 +6)es , yy :Amin(Q)_Lf_% and

1 1 .
Wy = Aoin (R)—EK;, _EAKZ . Hence, we can obtain that

V;(t)<0 when e lies outside the compact set Q3=
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20K 0" +dyne
e:”e"S # if the following conditions
4y
hold:
hin (@=L, +3
1o 1 00
W(R)> =K%, +—AK
m 278 ) (43)
pZKé
>
772

Therefore, the trajectory tracking error of the closed-
loop system under FTTC scheme are UUB. This completes
the proof.

Remark 4: In [43], an observer-based FTC scheme via
PI algorithm was proposed for stabilization problems of
nonlinear systems. By contrast, this paper extends ADP
method to solve FTTC problems. By constructing a
different performance index function, which reflects the
failure, regulation and trajectory tracking control simul-
taneously, the critic neural network is established to solve
the HJB equation to derive the approximated feedback
control. And combining with the desired control, the FTTC
is realized for reconfigurable manipulators suffer from
actuator failures.

4. Simulation Study

Reconfigurable manipulator systems which are regarded
as a kind of nonlinear systems are employed to verify the
effectiveness of the proposed FTC scheme. The dynamic
model of n-DOF reconfigurable manipulators with actuator
failures in joint space coordination [40] is described as

M(9)g+C(q:9)q+G(@)=u~f, (44)

where geR" is the vector of joint positions,
M(q) e R is the inertia matrix, C(q, g)g € R" is the
Coriolis and centripetal force, G(g)e R" is the gravity
term, and y e R™ is the applied joint torque, f, is the
additive actuator failure.

Now, two 2-DOF reconfigurable manipulators with
different configurations shown in Fig. 1 for simulation.

The dynamic model of Configuration @ is described as

M(q) = {0.36 cos(g,)+0.6066 0.18cos(g,)+0. 1233}
0.18cos(g,)+0.1233 0.1233
Cla.d) :{ —0.36sin(g,)q, —0.18sin(g, )q'z}
0.18sin(g,)(¢; —¢,)  0.18sin(g;,)q;

Glq) = [—5-888in(q1 +4,)-17.64 sin(ql)}

—5.88sin(q, +¢,)

1746 | J Electr Eng Technol.2018; 13(4): 1740-1751

Joint module 1
Joint module 1

Joint module 2

Joint module 2

Configuration a Configuration b

Fig. 1. Configurations of 2-DOF reconfigurable manipulators

Let x=[x, x;, x3, x4]T =la. 92, @ ‘72]T , by simple
transformation, the system dynamic model can be
expressed as (1) with f(x) =[0;0;qj(x)]r, g(x)=[0,0;0,
;0] where ¢(x)=M"(9)[~C(q,9)§~G(¢)] and
& (x) =M'(q), u =[u1,u2]T e R* is the control input
vector, the term £, =[f,;, f,,1" € R* reflects an unknown

additive actuator failure. We choose

[0;0], 0<t<30s
)=
Ja® {[5;0], 305 < £ < 60s (45)
Define the desired trajectory as
=0.45sin(0.3¢) - 0.1cos(0.5¢
Xa (0.31) (0.51) (46)

X, =0.65in(0.21) + 0.3 c0s(0.67)

Let the initial state be Xx=[L1,0;0] | the initial
observed state be Xx=[2;2;0;0] . We employ a critic
neural network to approximate the performance index
function, and its weight vector is denoted as W, =

PN A AT o R
[WC,,Wcz,...,Wclo] , whose initial value is W, =
[20,30,40, 20,30,40,50,40,50,55]T , the activation function
of the critic neural network is chosen as o, =
2 2 2 277 s

€ ,0,6,,663,6€,,8,,8,83,6,64,65,6584,€, | - The initial
value of the actuator failure is chosen as f,, =[0;0].
Some related control parameters are listed in Table 1.

Table 1. Parameter list

Variable Value

0 5%,

R 01X 1,
o 20X Iy
ay 50X I,
o3 0.001

14 2

4 1
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The simulation results are shown in Figs. 2-5. The
estimated value of actuator failure J}a is shown as Fig. 2,
we can observe that after the failure occurs at ¢ =30s ,
owing to lack of the knowledge about the fault function,
and then, the estimated failure and the actual failure are
almost overlap less than one second. Fig. 3 and Fig. 4
illustrate the trajectory tracking curves and the tracking
error curves by the proposed FTTC scheme, and we can
observe that the actual trajectories follow the desired ones
successfully even after the fault occurs.

By using the proposed scheme, we can see from Fig. 5,
the weights of the critic neural network converge to
[25,9151, 34.0755, 21.7413, 1.1632, 32.1819, 24.5659,
33.7582, 45.7669, 49.1382, 46. ]396]T. Hence, the proposed
FTTC scheme is effective to control reconfigurable
manipulator systems with actuator failures.

To further test the effectiveness of the proposed scheme
based on FTTC, the same scheme is applied to the
Configuration b, whose dynamics are described as

M(q) = {—0.1 166cos”(g,)+0.17 —0.06cos(q, )}

0.06cos(q,) 01233
Cq.d) = 0.1166sin(2¢, )4, o)
D=1 0.06sin(g, ), —0.0583sin(2¢,)g; 0.06sin(q,)d,
0
G(q) = {_5.88 cOS(Q2)}

The additive actuator failure f, is injected into joint 2,
here we choose it as

)= [0;0], 0<t<30s 4

@77 110;3sin(0.2¢) + cost], 30s <t < 60s “47)
=0.2c0s(0.5¢) + 0.2 sin(0.4¢

Xa (0.57) (0.41) (48)

X54 = 0.3c0s(0.6¢) —0.45in(0.6¢)

Let R=0.01x/7, , and other control parameters are
selected as same as those of Configuration a.

60 Weight of the Critic NN

50>X

40/

e e 0 a0 O

B
20 {W WC1 T Wcz Wca wCA A Wcs
Weg —H—We7 = = ~Weg —H—Weq Wero

I L L L I L L
0 0.5 1 1.5 2 25 3 3.5 4

Fig. 5. The weights of the critic neural network for
Configuration a
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The simulation results are shown as Figs. 6-9, and we
employ the similar critic neural network to approximate
the performance index function, and its initial weight
vector is chosen as same as Configuration a. By using the
proposed algorithm, the weights of the critic neural network
converge to [29.7209, 36.8018, 8.5313, -11.8093, 32.6469,
12.9903, 22.3803, 47.7018, 45.7275, 36.9493]T These two
parts are not in same level. From these figures, we can
conclude the similar results as Configuration a.
Therefore, we can declare that the proposed FTTC scheme
can be effectively applied to different configurations of
reconfigurable manipulators.

Remark 5: Many efforts have been made for FTC
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methods, such as adaptive dynamic programming [44],
hybrid intelligent approach [45] and internal model based
approach [46]. Specially, [40] proposed an unknown
input state observer based fault identification scheme.
And a compensation term was employed to realize FTC
of reconfigurable manipulators. Different from them, the
PI algorithm based FTTC in this paper does not only
emphasize a satisfactory FTC performance, but also
guarantee the closed-loop system in an optimal manner.
Thus, it is a significant improvement for FTTC of
reconfigurable manipulators.

5. Conclusion

This paper develops a novel FTTC scheme for a class
of nonlinear systems with actuator failures based on ADP
with an improved performance index function. With the
help of the estimated failure from the adaptive fault
observer, a novel performance index function is
constructed to account for system failures, thus the FTTC
problem can be transformed into an optimal control
problem. Then the PI algorithm is used to solve the
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optimal control problem. A critic neural network is
established to solve the improved HIB equation online, and
the approximated optimal feedback controller can be
derived directly. It is proven that the closed-loop system is
UUB based on the Lyapunov stability theorem. Thus, the
FTTC is obtained by combining the optimal feedback
controller and the desired controller of fault free system.
Finally, simulation results verify the effectiveness of the
proposed FTTC scheme. It is shown that the proposed
controller is capable of controlling the reconfigurable
manipulators which are regarded as highly nonlinear
dynamic systems successfully.
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