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KYB ERNET IK A — VO LUME 5 1 ( 2 0 1 5 ) , NUMBER 2 , PAGES 3 0 9 – 3 2 0

ROBUST NEURAL NETWORK CONTROL OF ROBOTIC
MANIPULATORS VIA SWITCHING STRATEGY

Lei Yu, Shumin Fei, Jun Huang, Yongmin Li, Gang Yang and Lining Sun

In this paper, a robust neural network control scheme for the switching dynamical model of
the robotic manipulators has been addressed. Radial basis function (RBF) neural networks are
employed to approximate unknown functions of robotic manipulators and a compensation con-
troller is designed to enhance system robustness. The weight update law of the robotic manip-
ulator is based on switched multiple Lyapunov function method and the periodically switching
law which is suitable for practical implementation is constructed. The proposed control scheme
can guarantee that the resulting closed-loop switched system is asymptotically Lyapunov stable
and the tracking error performance of the control system is well reached. Finally, a simulation
example of two-link robotic manipulators is shown to illustrate the effectiveness of the proposed
control method.

Keywords: robotic manipulators,switching control strategy, RBF neural networks, multi-
ple Lyapunov function

Classification: 03C65, 20G40

1. INTRODUCTION

The tracking control problem for robotic manipulator systems has drawn extensive at-
tention and many meaningful progresses have been made [1, 4, 6, 9, 15, 17]. Until now,
there are many kinds of approaches for the trajectory tracking problem of robotic manip-
ulators, e. g., the adaptive control [4, 6, 15], sliding mode control [17] and robust control
[1, 3, 6, 8, 10, 14, 15, 20]. As we know, a few results which are of practical interest on
control synthesis of switched nonlinear systems have been introduced [3, 10, 14, 16, 19].
Therefore, how to use the robust tracking control scheme for the switching model of
a serial n-joint robotic manipulator remains a challenging topic in the field of control.
Among several robust control methods, robust neural compensation control scheme are
widely accepted as the powerful control methods and the popular robust strategies for
solving the tracking control problem [9, 10, 15]. When the state of a system occurs
with a large change, the model of the system should be changed. Thus the presence of
different states exists different model. Then, how to guarantee the system with different
models in normal operation, it is necessary to choose a switching dynamic model for
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robotic manipulators to achieve the desired control effect. As we know, robotic manip-
ulator systems are the classical switching systems. So far, however, only a few results
have been reported on this topic.

In this paper, a robust neural network tracking control scheme has been addressed for
the switching dynamical model of the robotic manipulators. The principal contribution
described here are: (i) RBF neural networks are used as an approximator tool for mod-
eling unknown nonlinear functions of an n-link robotic manipulators and a periodically
switching signal is given; (ii) a compensation controller is introduced to enhance the ro-
bustness and keep bounded in the control system. Through switched multiple Lyapunov
function method [10, 16], it is proved that the resulting close-loop switched system is
asymtopically stable and UUB such that the link position of robot system follows the
any given bounded desired output signal. A simulation example is provided to illustrate
the effectiveness and the feasibility of the proposed method.

The organization of this paper is as follows. In Section 2, the robust tracking control
problem of the n-link robotic manipulators is introduced. In Section 3, the robust neural
network control scheme for the switching dynamical model of the robotic manipulators
is presented based on RBF NNs. A numerical example is treated to illustrate the ef-
fectiveness by means of the proposed control scheme in Section 4. A conclusion is then
followed in Section 5.

2. PROBLEM FORMULATION

In this paper, the switching dynamical model of an n-link robotic manipulators can be
written as [1, 4, 6, 9]:

Dσ(t),0(q)q̈ + Cσ(t),0(q, q̇)q̇ + Gσ(t),0(q) + τd,σ(t)(q, q̇, t) = τ(t). (1)

Where, Dσ(t),0(q) = Dσ(t)(q) + ∆Dσ(t)(q) , Cσ(t),0(q, q̇) = Cσ(t)(q, q̇) + ∆Cσ(t)(q, q̇),
Gσ(t),0(q) = Gσ(t)(q) + ∆Gσ(t)(q). q ∈ Rn, q̇ ∈ Rn, q̈ ∈ Rn are the generalized link
position, velocity, and acceleration, respectively. τ(t) ∈ Rn is the applied torque input
vector, and τd,σ(t)(q, q̇, t) is the external disturbance. Dσ(t)(q) ∈ Rn×n is the sym-
metric positive definite manipulator inertia matrix, Cσ(t)(q, q̇) ∈ Rn is the matrix of
centripetal and Coriolis torques, and Gσ(t)(q) ∈ Rn stands for the vector of gravita-
tional torques due to the gravity. Furthermore, Dσ(t),0(q), Cσ(t),0(q, q̇), Gσ(t),0(q) and
∆Dσ(t)(q),∆Cσ(t)(q, q̇),∆Gσ(t)(q) denote the nominal parts and the corresponding un-
certain parts, respectively. σ(t) : [0,∞) → Ξ := {1, 2, · · · , N} is a piecewise constant
function called switching signal (or law), which takes values in the compact set Ξ. In
general, the robotic manipulator dynamics still has the following properties and assump-
tions [6, 9]:

Property 1. The inertia matrix can be upper and lower bounded by the following
inequalities: mσ(t),1 < ‖Dσ(t)(q)‖ < mσ(t),2. Where mσ(t),1 and mσ(t),2 are positive
constants.

Property 2. The matrix Cσ(t)(q, q̇) and Dσ(t)(q) the time derivative of the inertia
matrix satisfies: xT [Ḋσ(t)(q)− 2Cσ(t)(q, q̇)]x = 0 ∀x, q, q̇ ∈ Rn.
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Property 3. The matrix Cσ(t)(q, q̇) satisfies: Cσ(t)(q, y)x = Cσ(t)(q, x)y ∀x, q, y∈Rn.

Assumption 1. The external disturbance τd(q, q̇, t) is assumed in the following:

‖τd(q, q̇, t)‖ ≤ τd0 + τd1‖q‖+ τd2‖q̇‖+ τd3‖q‖2 + τd4‖q̇‖2. (2)

Where, τdi > 0 (i = 0, 1, 2, 3, 4) are all constants.

Assumption 2. The desired output signal qd and its time derivatives up to the nth
order are continuous and bounded. The tracking errors are defined as follows: e = q−qd,
ė = q̇− q̇d,· · · ,e(n−1) = q(n−1)−q

(n−1)
d , also e(n) = q(n)−q

(n)
d . Where, qd, q̇d, q̈d represent

the desired link position, velocity, and acceleration, respectively.

3. ROBUST NEURAL NETWORK CONTROLLER DESIGN VIA SWITCHING
STRATEGY

In this paper, the control objective is to design a robust neural network controller de-
sign via switching strategy, such that the link position q of system (1) follows the any
given bounded desired output signal qd. If the robot modeling is perfect and there are
no external disturbances, then according to the computed torque method, the control
objective can be well obtained [9, 10, 15]. However, in practical application systems,
the perfect robot model is difficult to obtain and the disturbances are always present in
practice, so it’s difficult to implement the control algorithm.

Using the feedback linearization technique, the computed torque controller is designed
as:

τt = Di,0(q)[q̈d −Kv ė−Kpe] + Ci,0(q, q̇)q̇ + Gi,0(q). (3)

Where, Kv and Kp are proportional and derivative constant matrices, respectively, which
are positive definite matrices.

Substituting (3) into (1), we get:

ë + Kv ė + Kpe = fi. (4)

Where, fi = D−1
i,0 (q)[4Di(q)(q̈d −Kv ė−Kpe) +4Ci(q, q̇)q̇ +4Gi(q)− τdi(q, q̇, t)].

Then, the (4) can be expressed to the closed loop system expressed in state-space
form as:

ẋi = Ax + Bfi(x). (5)

Where, A =
[

0 I
−Kp −Kv

]
, B =

[
0
1

]
.

Lemma 1. (Liberzon [10], Du et al. [3]) If f(x) ∈ L2 ∩L∞, and ḟ(x) ∈ L∞, we have
lim

t→∞
f(x) = 0.

As nonlinear function of the state variable fi(x) includes uncertainties of the robot
dynamics, it is unknown a priori. Due to its great approximation ability, RBF NNs will
be employed in this paper to identify the function fi(x) of (q, q̇) as follows [1, 5, 11]:

fi(x) = WT
f ξfi + δi (6)
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where, Wf and ξfi(X) → Rp denote the vectors of weight values and Gaussian basis
function, respectively. And δi is the reconstruction approximate error of RBF NNs.

So we have:
‖δi‖ ≤ ‖fi(x)‖ − ‖WT

f ξfi‖. (7)

According the assumption in [6, 9],

‖fi(x)‖ ≤ µ = ω1 + ω2‖x‖+ ω3‖x‖2. (8)

Where, ω1, ω2, ω3 are the limit parameters of uncertainties of robot dynamics.
From (7) and (8), we obtain:

‖δi‖ ≤ µ + ‖Wf‖ · ‖ξfi‖. (9)

Where, ωi is the limit parameter of the upper bound for the unknown uncertainty of the
robotic manipulators.

Then, the estimate value of f(x) is defined as :

f̂i(x) = ŴT
f ξfi . (10)

Where, Ŵf are the estimate values of weights vector Wf , so weights vector error of RBF
NNs has the forms:

W̃f = Wf − Ŵf . (11)

Then, the control law for the developed robust neural network controller via switching
strategy is assumed to take in the following form:

τ(t) = D−1
i,0 (q)[q̈d −Kv ė−Kpe] + Ci,0(q, q̇)q̇ + Gi,0(q)− f̂i + uh. (12)

Where, uh is the robust control law for compensating the approximation error of RBF
NNs.

Then the closed-loop dynamics equation of the robotic manipulator can be described
by:

ẋ = Ax + B[W̃T
f ξfi + δi + (I −D−1

i )ŴT
f ξfi + D−1

i uh. (13)

Also, from (7) – (9) and (13), we can get the following inequality:

‖δi + (I −D−1
i )ŴT

f ξfi‖ ≤ µ + ‖Wf‖ · ‖ξfi‖+ ‖(I −D−1
i )‖ · ‖ŴT

f ξfi‖. (14)

So we can define: {
K = [ω1 ω2 ω3 ‖Wf‖ ‖(I −D−1

i )‖ ]T

Φ = [1 ‖x‖ ‖x‖2 ‖ξfi‖ ‖ŴT
f ξfi‖ ]T .

(15)

Similarly, the (7) can be expressed in the following:

‖δi + (I −D−1
i )ŴT

f ξfi‖ ≤ KT Φ (16)

For the switching signal σ(t), a switching sequence is given by [7, 13, 14]:

Σ := {(i0, t0), (i1, t1), · · · , (ik, tk), · · · , |ik ∈ Ξ, k ∈ N} (17)



Robust neural network control of robotic manipulators via switching strategy 313

where, (ik, tk) denotes that the ikth subsystem is switched on at tk, and the ik+1th
subsystem is switched off at tk+1. Where, t0 is the initial time, tk > 0 is the kth
switching time. When t ∈ [tk, tk+1), the trajectory of the switched nonlinear system (1)
is produced by the ik+1th subsystem, defining ∆tk = tk − tk−1 as dwell time of the ikth
subsystem in a period. Given the switching sequence, the periodically switching signal
is constructed as follows [19]:

σ(t) = i, if t ∈

lT +
i−1∑
j=0

tj , lT +
i∑

j=0

tj

 (18)

where, l = {0, 1, 2, · · · } , i ∈ Ξ, t0 = 0, and,

T =
i∑

j=0

tj is the period of the switching sequence.

Assumption 3. (Liberzon [10], Long and Fei [11], Salas et al. [12]) For t ∈ (tk−1, tk] ∈
Ωm (m ∈ Ξ) and t ∈ [tk, tk+1) ∈ Ωm+1 (m ∈ Ξ), there is a constant ρ ≥ 0 such that

|ς(tk+1)| ≤ ρ|ς(tk)|. (19)

Where, in this paper we assume ρ = 1.

Lemma 3. (Lewis et al. [9], Long and Fei [11]) For the closed loop dynamics equation
(14), if there exists matrices Pi = PT

i > 0,∈ Qi = QT
i > 0 , the necessary and sufficient

conditions that the resulting closed-loop system is stable satisfy the condition: matrices
Pi are the positive definite solutions to the following Lyapunov equation:

AT Pi + PiA = −Qi. (20)

Also, the compensation controller uh is to suppress the effect of the signal of the
unknown terms (I −D−1

i )ŴT
f ξfi. The form of uh can be described by:

uh =
−αBT Px|K̂T Φ|2

γ(K̂T Φ‖xT PB‖+ β)
. (21)

Where, γ > 0 is a small constant. α, β are defined as following respectively: α ≥
‖I −D−1

i ‖, β = λmin(D−1
i ).

Also, for i, j ∈ Ξ, the following matrix inequality is designed [4, 10, 11]:[
−Pi (Πi,j + I)T Pj

Pj(Πi,j + I) −Pj

]
≤ 0. (22)

Where, Πi,j are known n × n constant matrices. In general, when Πi,i = 0 means that
there is no switched jump when a subsystem is remaining active.
Also, the weight update law of the robotic manipulator is designed as:{ ˙̂

Wf = η1ξfix
T PB − ϑ1Ŵf

˙̂
K = η2‖xT PB‖Φ− ϑ2K̂.

(23)

Where, η1, η2, ϑ1, ϑ2 are all the positive constants.
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Theorem 1. Consider the switching model of nonlinear robotic manipulator system
(1). Given the control law (12) and (21) with the periodically switching signal (18) and
the weight update law (23), it’s guaranteed that the resulting closed-loop switched robot
system is asymptotically Lyapunov stable and the position tracking error performance
can be well obtained.

P r o o f . Define a switched multiple Lyapunov function candidate to analyze the sta-
bility of system (1) as:

V =
n∑

i=1

θi(t)xT Px +
1
η1

tr(W̃T
f W̃f ) +

1
η2

(K̃T K̃) (24)

where, the characteristic function:

θi(t) =
{

1 t ∈ Ωi

0 t 6∈ Ωi
, Ωi = {t| the ith system is active at time instant t} .

From the switched Lyapunov function candidate V (t) (24) and properties of the robotic
manipulator, the V (t) satisfied the condition in the following:
1
2
λmin(Qm)‖x‖2+ 1

2η1
‖W̃f‖2F +

1
2η2

‖K̃‖2≤V ≤ 1
2
λmax(Qm)‖x‖2+ 1

2η1
‖W̃f‖2F +

1
2η2

‖K̃‖2.

(25)
For t ∈ (tk−1, tk] ∈ Ωm(m ∈ Ξ) and t ∈ (tk, tk+1] ∈ Ωm+1, from (22) and (24), we have:

∆V (t) = ∆V (tk+1)−∆V (tk)
= xT (tk+1)Pm+1x(tk+1)− xT (tk)Pmx(tk)
= xT (tk)[(Πm,m+1 + I)T Pm+1(Πm,m+1 + I)− Pm]x(tk) < 0.

(26)
For all T ∈ [tk, tk+1] ∈ Ωm+1, taking the time derivative of V , and using (3), (12), (21), (23)
and (25), we have:

V̇ = ẋT Pmx + xT Pmẋ +
2
η1

tr( ˙̃WT
f W̃f ) +

2
η2

( ˙̃KT K̃)

= −xT Qmx + 2xT PmB(W̃f
T
ξfm + δm) + 2xT PmB(I −D−1

m )Ŵf
T
ξfm

+2xT PmBD−1
m uh +

2
η1

tr( ˙̃WT
f W̃f ) +

2
η2

( ˙̃KT K̃)

≤ −xT Qmx +
2ϑ1

η1
tr(W̃f

T
Ŵf ) +

2ϑ2

η2
(K̃T K̂) + 2‖xT Pmx‖

·|KT Φ|+ 2xT PmBD−1
m uh

≤ −λmin(Qm)‖x‖2 +
2ϑ1

η1
tr(W̃f

T
Ŵf )+

2ϑ2

η2
(K̃T K̂)+ 2‖xT Pmx‖

·|KT Φ|+ 2xT PmBD−1
m uh

≤ −λmin(Qm)‖x‖2 +
2ϑ1

η1
‖W̃f‖2F +

2ϑ2

η2
‖K̃‖2 + 2‖xT Pmx‖
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·|KT Φ|+ 2xT PmBD−1
m uh

≤ −λmin(Qm)‖x‖2 +
2ϑ1

η1
‖W̃f‖2F +

2ϑ2

η2
‖K̃‖2 + 2φ.

(27)

Then, we define φ = 2‖xT Qmx‖ · |KT Φ| + 2xT PmBD−1
m uh, λ = min (λmin(Qm)

λmin(Pm) , ϑ1, ϑ2),
and we can obtains

V̇ ≤ φ− 2λV. (28)

Integrating the above inequality from 0 to t yields:

V (t) ≤ (V (0)− φ

λ
)e−λt +

φ

λ
. (29)

Using Barbalat’s lemma, from (25) and (29), it can be shown that ‖x‖, ‖Wf‖ and ‖K‖
are uniformly ultimately bounded [7, 10, 13]. So far, the proof of Theorem 1 has been
completed. �

4. SIMULATION RESULTS

In this section, a simulation study is conducted to demonstrate the performance of our
control scheme. A simple two-link of freedom robotic manipulator has been used in
the simulation. The switching model for this robotic manipulator can be described as
follows:

Σ1 :



D1(q) =
[

9 + 2θ1 cos(q2) 5 + 2q2 cos(q2)
5 + 2q2 cos(q2) 5

]
C1(q, q̇) =

[
−6q̇2 sin(q2) −6(q̇1 + q̇2)sin(q2)
6q̇1 sin(q2) 0 · q̇1

]
G1(q) =

[
7 cos(q1) + 6 cos(q1 + q2)

6 cos(q1 + q2)

]
τd1 = 0.3 sin(t)

(30)

Σ2 :



D1(q) =
[

7 + 2θ2 cos(q2) 7 + 2q2 cos(q2)
7 + 2q2 cos(q2) 7

]
C2(q, q̇) =

[
−3q̇2 sin(q2) −3(q̇1 + q̇2)sin(q2)
5q̇1 sin(q2) 0 · q̇1

]
G2(q) =

[
11 cos(q1) + 6 cos(q1 + q2)

6 cos(q1 + q2)

]
τd2 = 0.2 cos(t).

(31)

The design of control objective is that the link position q = [q1 q2]T follows the desired
output signal qd = [q1d q2d]T = [0.5 sin(t) + cos(t) 0.5 sin(t)− cos(t)]T . In terms of the
design procedures in Section 3, the proper control parameters are designed as follows:
∆Di = 0.3Di, ∆Ci = 0.3Ci, ∆Gi = 0.3Gi, η1 = 16, η2 = 18, ϑ1 = 0.36, ϑ2 = 0.28, T =
2. The gains are chosen as Kp = 18 and Kv = 11. Choosing that the parameter matrices
Q1 and Q2 are taken as diagonal matrices with diagonal elements 5 and 9 respectively.
The initial values of state vectors is q0 = [−0.9 0.6 − 0.5 0.5]T . The initial weights
values of RBF NNs are chosen randomly between 0 and 1, and the number of hidden
units for the RBF NNs is taken as 25.
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Fig. 1. Position tracking performance of link 1.

Fig. 2. Position tracking performance of link 2.

With the proposed control approach, simulation results are shown in Figures 1 – 2.
Figure 1 – 2 denote the position tracking performance of the two-link robotic manipula-
tor, and Figure 3 denotes the tracking error performance. It has been clearly observed
from the above figures that, the proposed robust neural switching controller effectively
attenuate the effects of uncertainties of robotic manipulators and the tracking errors
converge to small values. Meanwhile, since the normal model of the uncertain system
has been taken into account, the system can achieve good tracking performance.

Then, to investigate the better improved control performance of the proposed control
method, the PD control has been employed for comparison. The PD control law for the
same switching model of robotic manipulator can be written as: u = KPdė+KDde. The
parameter matrices KPd and KDd are taken as diagonal matrices with diagonal elements
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6 and 8, respectively. The desired reference signal qd = [q1d q2d]T is the same as the above
control method. Then in the following simulation, the tracking error performance of the
two-link robotic manipulators is shown in Figure 4. Therefore, from the comparison and
analysis of the two control methods, it is clearly investigated that this paper proposed
control method gives better smooth results, fast adjustment time and little tracking
errors. This shows that RBF neural network based control scheme can quickly deal with
the switching dynamical models better than the PD control algorithm.

Fig. 3. Position tracking error performance with proposed control.

Fig. 4. Position tracking error performance with PD control.

Remark 1. In this paper, the proposed robust neural network control is running in
continuous time and the final implementation will be definitely running in discrete time.
So it is very important to choose the sampling period. The bigger parameter of the sam-
pling period is, the worse the achievable control accuracy is. Also, the smaller parameter
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of the sampling period is, the better the achievable control accuracy is. However, if the
parameter sampling period is too small, the rise time of control systems will be too long.
Thus, in the simulation, the design parameter of sampling period should be adjusted
carefully for achieving satisfied tracking control performance.

Remark 2. In this paper, we have presented the main contributions of the results in
this paper over some existing ones. Compared with the works in [1, 2, 18, 8, 12, 20], the
outstanding feature of the algorithms proposed in this paper is that: (i) Combining with
the multiple Lyapunov function approach and the periodically switching method, the
novel design of the robust adaptive neural switching controller is first discussed for the
switching dynamical model of the robotic manipulators; (ii) The robust compensation
controller is introduced to enhance the robustness and keep bounded in the control
system; (iii) With the proposed control scheme of the robotic manipulator in this paper,
it is quickly to reach the trajectory objective such that both system tracking stability and
error convergence can be guaranteed in the closed-loop system. Also, it’s well known that
robust neural network control scheme design remains open for the switching dynamical
model of the robotic manipulators. So we can choose another switching signal or design
another robust controller for this control system. Therefore, some better improvements
will be achieved further.

Remark 3. Meanwhile, the main advantages of the results in this paper have been
clearly demonstrated by comparing it with the robust switching control strategy in [20].
Consequently, from the control point of view, the proposed control scheme presented
in this paper provides a better effective mechanism to cope with disturbances and/or
systems with uncertainties. On the other hand, from the practical application point of
view, the proposed designed control parameters should be adjusted carefully for achiev-
ing suitable transient performance and control action. Also, further works are still under
investigation to apply the proposed method to the more general switching dynamical
model of a n-link robotic manipulators with kinematics and dynamics uncertainties.

5. CONCLUSIONS

In this paper, we have presented the robust neural network control of robotic manip-
ulators with periodically switching method. RBF NNs are employed to approximate
unknown functions and design a robust compensation controller to enhance system ro-
bustness and stabilization. The weights of RBF NNs updated law has been derived
from the multiple Lyapunov function approach. It’s proved that both system tracking
stability and error convergence can be guaranteed in the closed-loop system. Finally,
simulation results for a two-link robotic manipulators show the satisfactory position
tracking performance.

ACKNOWLEDGEMENT

The work is supported by the National Natural Science Foundation of China
(Nos. 61403268,61174076 and 61403267), Natural Science Foundation of Jiangsu Province,
China (Nos. BK20130331 and BK20130322), China Postdoctoral Science Foundation funded



Robust neural network control of robotic manipulators via switching strategy 319

projects (2013M530268, 2013M531401), The Foundation of Key Laboratory of Measurement
and Control of Complex Systems of Engineering, Ministry of Education, Southeast University,
China(No. MCCSE2013A01) and Open Project from Digital Manufacture Technology Key
Laboratory of JiangSu Province (No. HGDML-1105). The authors also gratefully acknowledge
the helpful comments and suggestions of the reviewers, which have improved the presentation.

(Received April 21, 2014)

R E FER E NCE S

[1] O. Barambones and V. Etxebarria: Robust neural control for robotic manipulators.
Automatica38 (2002), 235–242. DOI:10.1016/s0005-1098(01)00191-1

[2] L. Bascetta and P. Rocco: Revising the robust-control design for rigid robot manipulators.
IEEE Trans. Robotics 26 (2010), 180–187. DOI:10.1109/tro.2009.2033957

[3] H. B. Du, Y.G. He, and Y.Y. Cheng: Finite-time cooperative tracking control for a class
of second-order nonlinear multi-agent systems. Kybernetika 49 (2013), 507–523.

[4] S. S. Ge, T. H. Lee, and C. J. Harris: Adaptive Neural Network Control of Robotic
Manipulators. World Scientific, London 1998. DOI:10.1142/3774

[5] T. T. Han, S.,S. Ge, and T.T. Lee: Adaptive neural control for a class
of switched nonlinear systems. Systems Control Lett. 58 (2009), 109–118.
DOI:10.1016/j.sysconle.2008.09.002

[6] J. Imura, T. Sugie, and T. Yoshikawa: Adaptive robust control of robot manipulators-
theory and experiment. IEEE Trans. Robot. Automatic 10 (1994), 705–710.
DOI:10.1109/70.326574

[7] M. Krstic, I. Kanellakopoulos, and P. V.Kokotovic: Nonlinear and Adaptive Control
Design. Wiley, New York 1995.

[8] J. L. Lan, W. J. Sun, and Y. J. Peng: Constrained robust adaptive stabilization for a
class of lower triangular systems with unknown control direction. Kybernetika 50 (2014),
450–469. DOI:10.14736/kyb-2014-3-0450

[9] F. L. Lewis, C.T. Abdallah, and D. M. Dawson: Control of Robot Manipulators. MacMil-
lan, New York 1993.

[10] D. Liberzon: Switching in Systems and Control. Birkhauser, Boston 2003.
DOI:10.1007/978-1-4612-0017-8

[11] F. Long and S. Fei: Neural networks stabilization and disturbance attenuation
for nonlinear switched impulsive systems. Neurocomputing 71 (2008), 1741–1747.
DOI:10.1016/j.neucom.2007.11.015

[12] O. Salas, H. Castaneda, and J. De Leon-Morales: Attitude observer-based robust control
for a twin rotor system. Kybernetika 49 (2013), 809–828.

[13] J. J. Slotine and W. P. Li: Applied Nonlinear Control. Prentice Hall, Englewood Cliffs,
New Jersey 1991.

[14] Z. D. Sun and S. S. Ge: Analysis and synthesis of switched linear control systems. Auto-
matica 41 (2005), 181–195. DOI:10.1016/j.automatica.2004.09.015

[15] P. Tomei: Robust adaptive friction compensation for tracking control of robot manipu-
lators. IEEE Trans. Automat. Control 45 (2000), 2164–2169. DOI:10.1109/9.887661

http://dx.doi.org/10.1016/s0005-1098(01)00191-1
http://dx.doi.org/10.1109/tro.2009.2033957
http://dx.doi.org/10.1142/3774
http://dx.doi.org/10.1016/j.sysconle.2008.09.002
http://dx.doi.org/10.1109/70.326574
http://dx.doi.org/10.14736/kyb-2014-3-0450
http://dx.doi.org/10.1007/978-1-4612-0017-8
http://dx.doi.org/10.1016/j.neucom.2007.11.015
http://dx.doi.org/10.1016/j.automatica.2004.09.015
http://dx.doi.org/10.1109/9.887661


320 L. YU, S.M. FEI, J. HUANG Y. LI, G. YANG AND L.N. SUN

[16] X. H. Wang, H. B. Ji, and C. R. Wang: Distributed output regulation for linear multi-
agent systems with unknown leaders. Kybernetika 49 (2013), 524–538.

[17] L. Wang and T. Chai: Neural-network-based terminal sliding-mode control of robotic
manipulators including actuator dynamics. IEEE Trans. Industr. Electronics 56 (2009),
3296–3304. DOI:10.1109/tie.2008.2011350

[18] L. Wang, T. Chai, and C. Yang: Neural-network-based contouring control for robotic
manipulators in operational space. IEEE Transactions on Control Systems Technology
20 (2012),1073-1080. DOI:10.1109/tie.2008.2011350

[19] G. M. Xie and L. Wang: Periodic stabilizability of switched linear control systems. Au-
tomatica 45 (2009), 2141–2148. DOI:10.1016/j.automatica.2009.05.016

[20] L. Yu, S. M. Fei, L. N. Sun, J. Huang, and G. Yang: Design of robust adaptive neural
switching controller for robotic manipulators with uncertainty and disturbances. J. Intell.
Robot. Systems 77 (2015), 571–581. DOI:10.1007/s10846-013-0008-3

Lei Yu, School of Mechanical and Electric Engineering, Soochow University, Suzhou,
China and Department of Railroad Electrical System Engineering, School of Railroad
and Transportation, Woosong University. Korea.

e-mail: slender2008@163.com

Shumin Fei, Key Laboratory of Measurement and Control of Complex Systems of Engi-
neering, Ministry of Education, Southeast University, Nanjing. P.R. China.

e-mail: smfei@seu.edu.cn

Jun Huang, School of Mechanical and Electric Engineering, Soochow University, Suzhou,
215021. P.R. China.

e-mail: 404349342@qq.com

Yongmin Li, School of Science, Huzhou Teachers College, Huzhou. P.R. China.
e-mail: ymlwww@163.com

Gang Yang, Digital Manufacture Technology Key Laboratory of JiangSu Province, Huaiyin
Institute of Techlonogy. P.R. China.

e-mail: nuaayang@163.com

Lining Sun, School of Mechanical and Electric Engineering, Soochow University, Suzhou,
215021. P.R. China.

e-mail: 854285052@qq.com

http://dx.doi.org/10.1109/tie.2008.2011350
http://dx.doi.org/10.1109/tie.2008.2011350
http://dx.doi.org/10.1016/j.automatica.2009.05.016
http://dx.doi.org/10.1007/s10846-013-0008-3

		webmaster@dml.cz
	2016-01-03T22:52:42+0100
	CZ
	DML-CZ attests to the accuracy and integrity of this document




