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ABSTRACT In order to remedy the position deviation of the joint angles and ensure the smooth motion
trajectory of the end-effector at velocity level, a velocity-level tri-criteria optimization (VLTCO) scheme
of redundant manipulator’s is proposed. The proposed VLTCO scheme combines the minimum velocity
norm (MVN), the repetitive motion planning (RMP), and the infinity-norm velocity minimization (INVM)
through theweighting factors, which guarantees the joint velocity to be near zero after finishing the redundant
manipulators task. At the same time, the scheme considers the joint-angle and joint-velocity physical limits,
which can keep the joint angle and joint velocity within their given range and prevent the occurrence of high
joint velocity during the task duration. Finally, the VLTCO scheme is reformulated as one general quadratic
program (QP) problem. The QP problem is then solved by a linear-variational-inequality-based primal–dual
neural network solver (LVI-PDNN). The validity and advantages of the VLTCO scheme are substantiated
by the simulation results and the physical experiment based on the JACO2 redundant manipulator.

INDEX TERMS Velocity-level tri-criteria optimization (VLTCO), complex path tracking, joint-velocity
physical limits, quadratic program (QP), physical experiment, redundant manipulators.

I. INTRODUCTION
In recent years, robot manipulators have widely used in
numerous application fields, such as space exploration
[1], [2], undersea exploration [3], search and rescue in
complex environments [4], household services [5], [6], [7]
and so on. Robot manipulators are divided into redundant
manipulators and non-redundant manipulators. Compared
with non-redundant manipulators, redundant manipulators
have more degrees of freedom (DOF) than required for
operational tasks, which make the redundant manipulators
work highly flexibly and reliably in some complex environ-
ments. Due to the redundancy of the redundant manipula-
tors, there may be multiple solutions or no solutions to joint
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variables when redundant manipulators perform a given task.
The traditional solution of redundant manipulators [8] is
based on the pseudo-inverse method, which consists of a
minimal norm and a homogeneous solution. This method
has caused the joint-angle deviation (after the end-effector
completes a task, the motion of the end-effector is closed, but
the trajectory of the joint angle vector in the joint space is
not closed). Also, this method cannot consider the problem
of inequality constraints, and it takes a lot of time in the
calculation process [9], [10]. To overcome the disadvantage,
quadratic programming (QP) methods are proposed in recent
years. Many optimization schemes based on quadratic pro-
gramming have been presented. In reference [11], the opti-
mization scheme was tactfully unified and expressed as QP
problems subject to equality, inequality and bound con-
straint. The resultant of the QP problems can be solved
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by many efficient algorithms, such as dual neural net-
works (DNN) [12], [13], RZND [36], primal-dual neural
networks (PDNN) [14], linear-variational-inequality based
primal-dual neural network (LVI-PDNN) [15]. In order to
solve non-repetitive motion problem of redundant manipula-
tors and position deviation of the joint-angles during the task
duration, researchers have shown that the above problem can
be solved in more favorably manner via online optimization
schemes [16], [17].

Online motion planning considers multiple optimiza-
tion goals, multiple physical constraints and it has been
widely used in redundant manipulators motion planning
[18], [37]. Some scholars used different optimization
scheme to achieve online motion planning. Such as: the
novel minimum-velocity-norm (MVN) [19], the a novel
minimum-acceleration-norm (MAN) [27], effective repeti-
tive motion planning (RMP) [20], [21], the infinity-norm
velocity minimization (INVM) [22], the infinity-norm
torque-minimization (INTM) [23] and Zhang and Zhang [34]
have proposed acceleration-level drift-free (ALDF) scheme
and developed two recurrent neural networks to solve the
challenging resultant QP problem. However, in the actual
application process, single-criteria optimization can not fully
meet the needs in complex conditions. For this reason,
the optimization scheme of bi-criteria was proposed. Such
as: Zhang et al. [33] presented bi-criteria neural optimiza-
tion scheme to diminish discontinuity points arising in the
infinity-norm velocity minimization scheme. This scheme
combines the minimum infinity-norm and the minimum
two-norm solutions via a weighting factor.

Other optimization motion planning were proposed
by many researchers. For example: English et al. [24]
developed a single framework for implementing of veloc-
ity control on kinematically redundant manipulators.
Kaluarachchi et al. [25] designed a lightweight tendon drive
redundant manipulator using a single motor. Zhao et al [26]
proposed ant colony optimization algorithm for motion plan-
ning of hyper-redundant robotmanipulators. Zhang et al. [28]
have investigated, developed and compared six differ-
ent methods to solve repetitive motion planning scheme
and drawn a strong conclusion about performances of
these six methods. To overcome the shortcomings of tra-
ditional Jacobian-matrix-pseudo-inverse (JMPI) method,
Chen et al. [35] proposed a novel Jacobian-matrix-adaption
(JMA) method for the tracking control of robot manipulators
via the zeroing dynamics.

In order to reduce the joint-angles deviation of at the
joint-velocity level and achieve repeated motion planning.
Considering multiple optimization design, the velocity level
tri-criteria optimization (VLTCO) scheme is proposed. This
schemes consider the joint-angle and joint-velocity phys-
ical limits, which guarantees the joint-velocity within in
their bound constraints. The proposed scheme can reduce
the joint position deviation and ensure smooth trajectory
of the end-effector. The VLTCO scheme is reformation
reformulated as one standard QP problem. The online

FIGURE 1. The block diagram of the VLTCO scheme for redundant
manipulators motion planning.

linear-variational-inequalities-based primal-dual neural net-
work (LVI-PDNN) is used to solve the above QP problem.
The feasibility and advantages of the proposed scheme are
verified by computer simulations of three different complex
path-tracking tasks. The physical experiment (i.e., Chinese
character ‘‘ping’’ cyclic path) based on the JACO2 redundant
manipulator further proves the effectiveness of the VLTCO
scheme. The block diagram of the proposed scheme corre-
sponding to VLTCO method is shown in Fig. 1.
Before ending the introduction of this paper, it is necessary

to introduce the main contributions of this paper.
• A VLTCO scheme is proposed to remedy the position
deviation of joint-angles at the velocity-level. The pro-
posed VLTCO scheme combines the MVN, the RMP
and the INVM scheme through the weighting factors.

• The joint-angle and joint-velocity physical limits are
taken into account during the operation of the redundant
manipulators.

• Computer simulations by different path-tracking tasks
(i.e., four-leaf clover pattern, pentagram and Chinese
character ‘‘ping’’ pattern) are given to illustrate the
validity and feasibility of the proposed scheme.

• The physical experiment based on the JACO2 redundant
manipulator (i.e. tracking the Chinese character ‘‘ping’’
path) is further verified the effectiveness of the proposed
VLTCO scheme.

II. SCHEME PROPOSED AND QUADRATIC
PROGRAM REFORMATION
The forward kinematics equation of the redundant manipula-
tors can be expressed as follows:

r(t) = f (θ (t)) (2.1)

where r(t) ∈ Rm and θ (t) ∈ Rn in the Cartesian space
represent the end-effector position vector and the join-space
vector, respectively. The n andm denote the dimensionality of
joint space and the dimensionality of task space, respectively.
In this paper, we use the JACO2 redundant manipulator,
which is a six-DOF robot manipulator, and the n = 6,m = 3.

For nonlinearity and the redundancy of the equation (2.1),
it is usually difficult to be solved. So the above problem of
redundancy resolution can be considered at the joint-velocity
level:

J (θ (t))θ̇ (t) = ṙ(t) (2.2)
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where ṙ(t) and θ̇ (t) are the first-order derivative of r(t) and
θ (t), respectively. The J (θ (t)) is the Jacobian matrix and
defined as J (θ (t)) = ∂f (θ (t))/∂θ(t).

A. SCHEME PROPOSED
The proposed VLTCO scheme combines minimum velocity
norm (MVN), the repetitive motion planning (RMP) and
infinity norm velocity minimization (INVM) through the
weighting factor. The proposed scheme can be designed as:

min. ϕ‖θ̇‖22/2+ τ‖θ̇ + C‖
2
2/2+ (1− ϕ − τ )‖θ̇‖2∞/2

(2.3)

where ‖ · ‖2 and ‖ · ‖∞ denote the two-norm and an infinite
norm of a vector, respectively. C is defined as µ[θ − θ (0)].
ϕ ∈ (0, 1), τ ∈ (0, 1) and (1− ϕ − τ ) ∈ (0, 1) are weighting
factor which are used respectively to adjust the weights of
MVN, RMP and INVM. Considering the physical limits of
the joint-angle and joint-velocity of the redundant manipula-
tors, the VLTCO scheme of the redundant manipulators can
be expressed as follows:

min. ϕ‖θ̇‖22/2+ τ‖θ̇ + C‖
2
2/2+ (1− ϕ − τ )‖θ̇‖2∞/2

(2.4)

s.t. J (θ )θ̇ = ṙ (2.5)

θ− 6 θ 6 θ+ (2.6)

θ̇− 6 θ̇ 6 θ̇+ (2.7)

with C = µ(θ − θ (0))
where θ− and θ+, θ̇− and θ̇+ denote the lower and upper
limits of the joint-angle, joint-velocity vectors respectively.
The parameter µ is a positive design parameter and is used to
scale the magnitude of the manipulator response to the joint
displacement [θ − θ (0)]. θ (0) denote the initial value of the
joint angle vector θ (t).
To achieve the purposed of minimizing ‖θ̇ + C‖22/2 and

inspired by the gradient-dynamics method [32] [31], we can
define the first scalar-valued error function as follow:

e1(t) = θ (t)− θ (0) (2.8)

Following the effective approach of Zhang et al. [32] to
force the error function converge to zero, we can simply set:

ė1(t) = −µe1(t) = −µ[θ(t)− θ (0)] (2.9)

where design parameterµ is designed to adjust the magnitude
of manipulators response to the joint drift e1 to zero.
It is worth pointing out that, forcing the ė1(t) = −µe1(t)

can guarantees that e1(t) converges to zero. Theoretically,
when t → ∞, e1(t) = exp(−µt)(e1(0)) → 0 with
design parameter µ > 0. Through the above analysis,
the design parameters µ should be as larger as possible
theoretically. However, considering the physical conditions
such as joint-angle limits of redundant manipulators and the
computational performance, the design parameter µ is set as
µ = 5 which can meet the accuracy requirement without

causing too much burden on the computers and redundant
arms.

B. QP PROBLEM REFORMULATION
The traditional pseudo-inversion method is difficult to handle
the inequality of the above equation (2.6)-(2.7), and thus
the joint physical limits of the redundant manipulators can
not be considered. Since almost all the redundant manipu-
lators are physically constrained by mechanical constraints
(i.e., joint-angle limits, joint-velocity limits, force limits and
so on). It is feasible to consider the redundancy resolution
scheme (2.4)-(2.7).

Firstly, the first and second terms in equation (2.4) repre-
sent theMVN and the RMP schemes, respectively. TheMVN
and RMP criteria can be expressed as follows:

ϕ‖θ̇‖22/2 = ϕθ̇
TI θ̇/2 (2.10)

τ‖θ̇ + C‖22/2 = τ (θ̇
TI θ̇ +3θ̇ )/2 (2.11)

where the superscript T denotes the transpose of a vector (or
a matrix), I ∈ Rn+m denotes an identity matrix and 3 = 2µ.

Secondary, the third terms in the equation (2.4) represent
the INVM criterion, the INVM criterion ((1−ϕ− τ )‖θ̈‖2∞/2
can be rewritten equivalently as follows:

min. (1− ϕ − τ )p2/2 (2.12)

s.t.
[
I −Iv
−I −Iv

] [
θ̇

p

]
6

[
0
0

]
, (2.13)

where p = ‖θ̇‖∞, Iv is a vector whose all elements are one
(i.e., Iv = [1, 1, ..., 1]T ∈ Rn+m).

Thirdly, because the proposed VLTCO scheme is solved at
the joint-velocity level (i.e., θ̇ ). The range of the joint physical
limits [θ−, θ+] in the equation (2.6) can be converted to
the following bound constraint based on the corresponding
velocity [11]:

κ(θ− − θ ) ≤ θ̇ ≤ κ(θ+ − θ ) (2.14)

where the parameters κ > 0 is designed to define the feasible
region of θ̇ . It should be noted that the parameter κ needs
to ensure that the feasible region of converted by the joint
limits (2.14) is greater than or equal to its original region
given by (2.7). Thus the bound constraints (2.6)-(2.7) can be
combined into a unified bound constraint whose lower limit
and upper limit can be expressed as:

ζ− = max{κ(θ−i − θi), θ̇
−

i } (2.15)

ζ+ = min{κ(θ+i − θi), θ̇
+

i } (2.16)

Fourthly, in order to transform the VLTCO solution into
a standard quadratic programming, the decision variable x is
defined x = [θ̇T, p]T ∈ Rn+1. The unified QP form can be
expressed as follows:

min. xTDx/2+ gTx (2.17)

s.t. Ax = b (2.18)

Ex ≤ d (2.19)

x− ≤ x ≤ x+ (2.20)
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D =
[
(ϕ + τ )I 0

0 (1− ϕ − τ )

]
∈ R(n+1)×(n+1)

g =
[
τ3(θ − θ (0))

0

]
∈ R(n+1),A =

[
J 0

]
∈ Rm×(n+1)

b = ṙ ∈ Rm,E =
[
I −Iv
−I −Iv

]
∈ R2n×(n+1), d = 0 ∈ R2n

x− =
[
ζ−

0

]
∈ Rn+1, x+ =

[
ζ+

$

]
∈ Rn+1

where $ is a large constant, which is used to replace +∞
numerically.

C. QP SOLUTION
In this section, the LVI-PDNN solver [21] is used for solving
the QP (2.17)-(2.20) problem.

Firstly, QP problem (2.17)-(2.20) should first be converted
to a linear variational inequalities (LVI) problem. That is
equivalent to finding a primal-dual equilibrium matrix y∗ ∈
� := � = {y|y− ≤ y ≤ y+} ⊂ R2(3n+m+1) which satisfies
the inequalities as below

(y− y∗)T (My∗ + q) ≥ 0,∀y ∈ � (2.21)

where the primal-dual decision variable vector y ∈ R3n+m+1

and its lower and upper bounds is defined as:

y =

xu
v

 , y− =
 x−

−Iν$
0

 , y+ =
 x+

Iν$
Iν$


where decision vector u ∈ Rm and v ∈ R2n are
defined for equality constraint (2.18) and inequality con-
straint (2.19), respectively. In addition, the augmented matrix
M ∈ R(3n+m+1)×(3n+m+1) and vector q ∈ R(3n+m+1) are
defined as

M =

 D −AT ET

A 0 0
−E 0 0

 , q =
 g
−b
d


Secondly, according to the reference [21], [28], we know

that the equation (2.21) is equivalent to a corresponding
piecewise-linear equations:

P�(y− (My+ q))− y = 0 (2.22)

whereP�(·):R2(3n+m+1)→ � and the ith element of P�(y) is
a projection operator and defined as:

y−i , if yi < y−i ,

yi , if y−i ≤ yi ≤ y
+

i ,

y+i , if yi ≥ y
+

i ,

Thirdly, according to the neural network design experience
in [29], based on the primal dual neural networks, the equa-
tion (2.22) can be further computed by the linear variational
inequality based primal dual neural networks (LVI-PDNN)
such that:

ẏ = γ (I +MT )(P�(y− (My+ q))− y) (2.23)

where the parameter γ is designed to adjust the conver-
gence rate of neural network, which would affect the con-
vergent rate of the position errors. Generally speaking,
the larger of the γ , the smaller of the position error. However,
the larger parameter γ , the more time the computer sim-
ulation process takes. Considering the performance of the
computer and practical applications, parameter γ is set to 107.
Finally, we have the globally exponentially convergent of
the presented LVI-PDNN when solving the QP problem
(2.17)-(2.20) in real time.

III. COMPUTER AND PHYSIC EXPERIMENT
In this section, we employ the aforementioned neural net-
work (i.e., LVI-PDNN) to solve redundancy resolution
scheme (2.17)-(2.20). The computer simulation and physi-
cal experiment results performed on the JACO2 redundant
manipulator. The end-effector of the JACO2 manipulator is
expected to track three paths, i.e., four-leaf clover pattern,
five-point star and Chinese character ‘‘ping’’. The initial state
in the three path tracking is θ(0) = [1.675, 2.79, −3.216,
4.187,−1.71,−2.95]T(rad). The joint angles are expected to
return their initial joint after tracking the path. In addition,
the joint-angle limits and the joint-velocity limits are shown
in Table 1. Throughout this paper, the general parameters are
set as: κ = 20, γ = 107 and 3 = 20.

TABLE 1. Joint-angle and Joint-Velocity Physical Limits.

In order to illustrate the validity of the proposed VLTCO
scheme in remedying the joint-angle drift at the velocity-
level, we give computer simulation results of the single crite-
ria (MVN) scheme and the bi-criteria (MVN-INVM) scheme
to track the four-leaf clover pattern. Further more, another
two path-tracking results (i.e., Five-point star and the Chi-
nese character ‘‘ping’’) are illustrated based on the VLTCO
scheme.

A. ‘‘FOUR-LEAF CLOVER PATERN’’
PATH-TRACKING EXAMPLES
In this paper, three different simulation results of JACO2

redundant manipulator following four-leaf clover pattern are
presented. The motion task duration is Tall = 5× T = 5s.

Figs. (2)-(4) show the simulation results of the JACO2

manipulator tracking the four-leaf clover pattern in the 3-D
workspace using different optimization scheme (MVN
(ϕ = 1 and τ = 0), MVN-INVM (ϕ = 0.2 and τ = 0),
VLTCO (ϕ = 0.2 and τ = 0.4)).

Firstly, as can be seen in the Fig. 2(a), the four-leaf clover
path tracking task is performed well by the JACO2 manipu-
lator, which can be further verified from small end-effector
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TABLE 2. Three Joint-Angle Drift (θL(4)− θL(0) (RAD)) at the Velocity Level when the End-effector of the Redundant Manipulator Tracking the
Four-leaf-Clover Pendant.

TABLE 3. Two different joint-Angle Drift (θ(i )− θ(0) (RAD)) at the Velocity Level when the End-effector of the Redundant Manipulator Tracking the
different path by VLTCO scheme (with ϕ = 0.2 and τ = 0.4).

FIGURE 2. JACO2 manipulator motion planning of four-leaf-clover pattern
path synthesized by the MVN scheme (with ϕ = 1 and τ = 0).
(a) End-effector states of JACO2 manipulator. (b) End-effector positioning
errors. (c) Joint-angle transients. (d) Joint-velocity transients.

position error in Fig. 2(b) (position error less than
10× 10−5(m)). However, from Fig. 2(a) we see that the end
position of the joint angles do not coincide with the initial
state. In other words, the manipulator dose not return to the
initial position after finishing the path-tracking, which means
that the position deviation of the joint-angles have happened
during the task duration. The detail position deviation can
be obtained from the first row of Table 2, which are less
than −3.0 × 10−1(rad). Fig. 2(c) shows the transient states
of joint angles movement, which further express the state
of joint angle after following a trajectory. During executing
a closed task, position deviation of joint-angles will cause
accumulative error which seriously damage the manipulators.
At the same time, the Fig. 2(d) shows that θ̇1 exceeds the
lower joint-velocity physical limits -1.5 (rad/s ) at the time
t=2.23s, and in the practical application, high velocity will
damage the redundant manipulators. Obviously, the MVN
scheme is not efficient in remedying the position deviation
of joint-angles when the redundant manipulators tack the
complex path.

FIGURE 3. JACO2 manipulator motion planning of four-leaf-clover pattern
path synthesized by the MVN-INVM scheme (with ϕ = 0.2 and τ = 0).
(a) End-effector states of JACO2 manipulator. (b) End-effector positioning
errors. (c) Joint-angle transients. (d) Joint-velocity transients.

Secondly, the Figs. 3 show the motion trajectory of JACO2

manipulator synthesized by MVN-INVM scheme (i.e., equa-
tions (2.17)-(2.20), ϕ = 0.2 and τ = 0). The Fig. 3(a) and (b)
respectively show the end-effector state and the end-effector
position errors of the JACO2 manipulator, which illustrate
that the task is completed well by the MVN-INVM scheme.
From Fig. 3(a) we see that position deviation of joint-angles
can be effectively controlled and it can be further verified
from the detail in the second row of Table 2 (joint-angle
error less than −6.7 × 10−2 (m)). Fig. 3(d) shows that
all the joint angle limits are with in their upper physical
limits (1.5 (rad/s)) and lower physical limits (−1.5 (rad/s)),
respectively. Although the MVN-INVM scheme can effec-
tively control position deviation of joint-angles, it can not
meet the requirements in some situations with high precision
requirements.

Thirdly, Fig. 4 shows the four-leaf clover pattern path
tracking result synthesized by the proposed VLTCO scheme
(i.e., equations (2.17)-(2.20) with ϕ = 0.2 and τ = 0.4).
The four-leaf clover pattern path is tracked well which

VOLUME 7, 2019 64293



Z. Jia et al.: VLTCO Scheme for Different Complex Path Tracking of Redundant Manipulators

FIGURE 4. JACO2 manipulator motion planning of Four-leaf-clover
pattern path synthesized by the VLTCO scheme (with ϕ = 0.2 and τ = 0.4).
(a) End-effector states of JACO2 manipulator. (b) End-effector positioning
errors. (c) Joint-angle transients. (d) Joint-velocity transients.

can be seen from Figs. 4(a) and (b). In addition, the final
state is coincided with the initial state well, which can be
further illustrated from the third row of the Table 2 (the
joint-angle drift error less than −1.17 × 10−3 (rad)). The
Figs. 4(c) and (d) show the joint-angle and joint-velocity
transient during the executing the task and the joint-angle
and joint-velocity are within their physical limits, which can
avoid the problem of high joint-velocity in the operation
of the manipulator. This means that the position deviation
of joint-angle problem is remedied well by the proposed
VLTCO scheme.

B. ‘‘FIVE-POINT STAR’’ AND CHINESE CHARACTER
‘‘PING’’ PATH-TRACKING EXAMPLES
In order to further illustrate the validity and advantage of
the proposed VLTCO scheme and make a better comparison,
another two path tracking (i.e., five-point star and the Chinese
character ‘‘ping’’) are presented only considered the VLTCO
scheme. In order to get a better comparison, all the design
parameters are set the same as the four-leaf clover pattern
path-tracking experiment of the VLTCO scheme except the
duration.

Figs. 5 and Figs. 6 show the computer-simulation of the
five-point star path-tracking and Chinese character ‘‘ping’’
path-tracking by the VLTCO scheme, respectively. The
motion-task duration are Tall = 5 × T = 5s and Tall =
15× T = 15s, respectively.

From the Fig. 5(a) and Fig. 6(a), we can see that the final
state concise with the initial state. The end-effector position
error are less than 10−4 through the 5(b) and Fig. 6(b). From
the Figs. 5(c) and (d) and Figs. 6(c) and (d), we see that the
joint-angle and joint-velocity are within their physical limits
during the task period. At the same time, from the Fig. 5(d),

FIGURE 5. JACO2 manipulator motion planning of five-pointed star
pattern path synthesized by the VLTCO (with ϕ = 0.2 and τ = 0.4).
(a) End-effector states of JACO2 manipulator. (b) End-effector positioning
errors. (c) Joint-angle transients. (d) Joint-velocity transients.

FIGURE 6. JACO2 manipulator motion planning of Chinese character
‘‘ping’’ path synthesized by the VLTCO (with ϕ = 0.2 and τ = 0.4).
(a) End-effector states of JACO2 manipulator. (b) End-effector positioning
errors. (c) Joint-angle transients. (d) Joint-velocity transients.

the joint-angle physical limits is activated, which ensure the
joint-angle velocity with in their physical limits during the
task duration. The position deviation of joint-angle data can
be seen through the Table 3, which show that the drift errors
less than 3.309× 10−3(rad). The validity and the advantage
of the proposed VLTCO scheme have been further verified
through the above computer simulations.

C. PHYSICAL EXPERIMENT
In order to verify the effectiveness of the VLTCO
scheme (2.17)-(2.20) in practical application. We perform
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FIGURE 7. The physical experiment snapshots of the VLTCO scheme when
the JACO2 redundant manipulator tracking the Chinese character ‘‘ping’’
path.

the VLTCO scheme and the corresponding solver
S-LVI-PDNN (2.23) on JACO2 manipulator. The physical
experiment platform is composed of computer and JACO2

manipulator. The joint angles data are generated by con-
trolling velocity signal, and then read by the visual studio
program and sent the data to the JACO2 manipulator to realize
the movement of the JACO2 manipulator.
The physical experiment is shown based on the JACO2

manipulator in this subsection, which are the end-effector
tracking the Chinese character ‘‘ping’’ path. It worth pointing
out that the parameters are set as before computer simula-
tion of the path tracking based on the VLTCO scheme. The
snapshot of the path-tracking physical experiment results is
shown in Fig. 7. The Fig. 7 shows that the JACO2 manipulator
performs the closed path smoothly and stably during the task
execution period, which shows that the end-effector path-
tracking task is performwell. The physical experiment further
illustrates the effectiveness, validity of the proposed VLTCO
scheme.

IV. CONCLUSION
In this paper, a VLTCO scheme has been proposed to remedy
the position deviation of joint-angles problem of redundant
manipulators. The proposed VLTCO scheme is together with
the MVN scheme, RMP scheme, INVM scheme through
weight factors. It is worth pointing out that the scheme has
considered the joint-angle and joint-velocity limits, which
has avoided high joint-velocity during the manipulators exe-
cuting the task. And then the proposed VLTCO scheme has
been formulated in one unified QP problem, which have
been solved by the LVI-PDNN solver. Comparative simu-
lations have verified the effectiveness, validity of the pro-
posed VLTCO scheme when remedying the joint-angle drift
problem of the redundant manipulators. Finally, the physical
experiment has further verified the advantage of the proposed
scheme. The future research directions may be: ‘‘Recurrent-
Neural-Network-Based Velocity-Level Redundancy Reso-
lution for Manipulators Subject to a Joint Acceleration
Limit’’, ‘‘Adaptive Projection Neural Network for Kinematic
Control of Redundant Manipulators With Unknown Physical
Parameters’’, ‘‘motion planning problem of redundantmanip-
ulators with multi-criteria at different levels’’ and so on.

REFERENCES
[1] D. Meng, Y. She, W. Xu, W. Lu, and B. Liang, ‘‘Dynamic modeling and

vibration characteristics analysis of flexible-link and flexible-joint space
manipulator,’’Multibody Syst. Dyn., vol. 43, no. 4, pp. 321–347, 2018.

[2] C. D. Crane, III, J. Duffy, and T. Carnahan, ‘‘A kinematic analysis of the
space station remote manipulator system (SSRMS),’’ J. Robot. Syst., vol. 8,
no. 5, pp. 637–658, 1991.

[3] H. Shim, B.-H. Jun, H. Kang, S. Yoo, G.-M. Lee, and P.-M. Lee, ‘‘Devel-
opment of underwater robotic arm and leg for seabed robot, CRAB-
STER200,’’ in Proc. OCEANS, Jun. 2013, pp. 1–6.

[4] B. Doroodgar, M. Ficocelli, B. Mobedi, and G. Nejat, ‘‘The search for
survivors: Cooperative human-robot interaction in search and rescue envi-
ronments using semi-autonomous robots,’’ in Proc. IEEE Int. Conf. Robot.
Automat., May 2010, pp. 2858–2863.

[5] R. M. Ferrús and M. D. Somonte, ‘‘Design in robotics based in the
voice of the customer of household robots,’’ Robot. Auton. Syst., vol. 79,
pp. 99–107, May 2016.

[6] R. Pinillos, S. Marcos, R. Feliz, E. Zalama, and J. Gómez-García-Bermejo,
‘‘Long-term assessment of a service robot in a hotel environment,’’ Robot.
Auton. Syst., vol. 79, pp. 40–57, May 2016.

[7] Y. Sugiura, D. Sakamoto, A. Withana, M. Inami, and T. Igarashi, ‘‘Cook-
ing with robots: Designing a household system working in open envi-
ronments,’’ in Proc. SIGCHI Conf. Hum. Factors Comput. Syst., 2010,
pp. 2427–2430.

[8] J. B. Rosen, ‘‘The gradient projection method for nonlinear program-
ming. Part I. Linear constraints,’’ J. Soc. Ind. Appl. Math., vol. 8, no. 1,
pp. 181–217, 1960.

[9] O. Khatib and A. Bowling, ‘‘Optimization of the inertial and acceleration
characteristics of manipulators,’’ in Proc. IEEE Int. Conf. Robot. Autom.,
vol. 4, Apr. 1996, pp. 2883–2889.

[10] C. A. Klein and K.-B. Kee, ‘‘The nature of drift in pseudoinverse control of
kinematically redundant manipulators,’’ IEEE Trans. Robot. Autom., vol. 5,
no. 2, pp. 231–234, Apr. 1989.

[11] Z. Zhang and Y. Zhang, ‘‘Variable joint-velocity limits of redundant robot
manipulators handled by quadratic programming,’’ IEEE/ASME Trans.
Mechatronics, vol. 18, no. 2, pp. 674–686, Apr. 2013.

[12] Y. Zhang, J. Wang, and Y. Xia, ‘‘A dual neural network for redundancy
resolution of kinematically redundant manipulators subject to joint limits
and joint velocity limits,’’ IEEE Trans. Neural Netw., vol. 14, no. 3,
pp. 658–667, May 2003.

[13] S. W. S. Tang and J. Wang, ‘‘A primal-dual neural network for kinematic
control of redundant manipulators subject to joint velocity constraints,’’
in Proc. 6th Int. Conf. Neural Inf. Process. (ICONIP), vol. 2, Nov. 1999,
pp. 801–806.

[14] Z.-G. Hou, L. Cheng, and M. Tan, ‘‘Multicriteria optimization for coor-
dination of redundant robots using a dual neural network,’’ IEEE Trans.
Syst., Man, Cybern. B. Cybern., vol. 40, no. 4, pp. 1075–1087, Aug. 2010.

[15] Y. Zhang, X. Lv, Z. Li, Z. Yang, and K. Chen, ‘‘Repetitive motion planning
of PA10 robot arm subject to joint physical limits and using LVI-based
primal–dual neural network,’’ Mechatronics, vol. 18, no. 9, pp. 475–485,
2008.

[16] K. Merckaert, A. De Beir, N. Adriaens, I. El Makrini, R. Van Ham, and
B. Vanderborght, ‘‘Independent load carrying and measurement manipula-
tor robot arm for improved payload to mass ratio,’’ Robot. Comput.-Integr.
Manuf., vol. 53, pp. 135–140, Oct. 2018.

[17] L. Jin, S. Li, J. Yu, and J. He, ‘‘Robot manipulator control using neural
networks: A survey,’’ Neurocomputing, vol. 285, pp. 23–34, Apr. 2018.

[18] C. A. Klein and C.-H. Huang, ‘‘Review of pseudoinverse control for
use with kinematically redundant manipulators,’’ IEEE Trans. Syst., Man,
Cybern., vol. SMC-13, no. 2, pp. 245–250, Mar./Apr. 1983.

[19] D. Guo and Y. Zhang, ‘‘A new inequality-based obstacle-avoidance MVN
scheme and its application to redundant robot manipulators,’’ IEEE Trans.
Syst., Man, Cybern. C, Appl. Rev., vol. 42, no. 6, pp. 1326–1340, Jun. 2012.

[20] Y. Zhang and Z. Zhang, Repetitive Motion Planning and Control of Redun-
dant Robot Manipulators. Berlin, Germany: Springer, 2013.

[21] Y. Zhang, Z. Tan, K. Chen, Z. Yang, and X. Lv, ‘‘Repetitive motion of
redundant robots planned by three kinds of recurrent neural networks and
illustrated with a four-link planar manipulator’s straight-line example,’’
Robot. Auton. Syst., vol. 57, nos. 6–7, pp. 645–651, 2009.

[22] Y. Zhang, S. S. Ge, and T. H. Lee, A Unified Quadratic-Programming-
Based Dynamical System Approach to Joint Torque Optimization of Phys-
ically Constrained Redundant Manipulators. Piscataway, NJ, USA: IEEE
Press, 2004.

VOLUME 7, 2019 64295



Z. Jia et al.: VLTCO Scheme for Different Complex Path Tracking of Redundant Manipulators

[23] Y. Zhang, ‘‘Inverse-free computation for infinity-norm torque minimiza-
tion of robot manipulators,’’Mechatronics, vol. 16, nos. 3–4, pp. 177–184,
2006.

[24] J. D. English and A. A. Maciejewski, ‘‘On the implementation of velocity
control for kinematically redundant manipulators,’’ IEEE Trans. Syst.,
Man, Cybern. A, Syst. Humans, vol. 30, no. 3, pp. 233–237, May 2000.

[25] M. M. Kaluarachchi, J.-H. Ho, and S. Yahya, ‘‘Design of a single motor,
tendon driven redundant manipulator with reduced driving joint torques,’’
Mech. Based Des. Struct. Mach., vol. 46, no. 5, pp. 591–614, 2017.

[26] J. Zhao, L. Zhao, and H. Liu, ‘‘Motion planning of hyper-redundant
manipulators based on ant colony optimization,’’ in Proc. IEEE Int. Conf.
Robot. Biomimetics (ROBIO), Dec. 2016, pp. 1250–1255.

[27] Z.-J. Zhang and Y.-N. Zhang, ‘‘Equivalence of different-level schemes
for repetitive motion planning of redundant robots,’’ Acta Autom. Sinica,
vol. 39, no. 1, pp. 88–91, Jan. 2013.

[28] Z. Zhang, L. Zheng, J. Yu, Y. Li, and Z. Yu, ‘‘Three recurrent neural
networks and three numerical methods for solving a repetitive motion
planning scheme of redundant robot manipulators,’’ IEEE/ASME Trans.
Mechatronics, vol. 22, no. 3, pp. 1423–1434, Jun. 2017.

[29] Y. Zhang, Z. Tan, Z. Yang, and X. Lv, ‘‘A dual neural network applied to
drift-free resolution of five-link planar robot arm,’’ in Proc. Int. Conf. Inf.
Automat., Jun. 2008, pp. 1274–1279.

[30] Y. Zhang, H. Zhu, X. Lv, and K. Li, ‘‘Joint angle drift problem of
PUMA560 robot arm solved by a simplified LVI-based primal-dual neural
network,’’ in Proc. IEEE Int. Conf. Ind. Technol., Apr. 2008, pp. 1–6.

[31] Z. Zhang and Y. Zhang, ‘‘Acceleration-level cyclic-motion generation of
constrained redundant robots tracking different paths,’’ IEEE Trans. Syst.,
Man, Cybern. B, Cybern., vol. 42, no. 4, pp. 1257–1269, Aug. 2012.

[32] Y. Zhang, H. Wu, Z. Zhang, L. Xiao, and D. Guo, ‘‘Acceleration-level
repetitive motion planning of redundant planar robots solved by a sim-
plified LVI-based primal-dual neural network,’’ Robot. Comput.-Integr.
Manuf., vol. 29, no. 2, pp. 328–343, 2013.

[33] Y. Zhang, B. Cai, L. Zhang, and K. Li, ‘‘Bi-criteria velocity minimiza-
tion of robot manipulators using a linear variational inequalities-based
primal-dual neural network and PUMA560 example,’’ Adv. Robot., vol. 22,
nos. 13–14, pp. 1479–1496, 2008.

[34] Z. Zhang and Y. Zhang, ‘‘Design and experimentation of acceleration-level
drift-free scheme aided by two recurrent neural networks,’’ IET Control
Theory Appl., vol. 7, no. 1, pp. 25–42, Jan. 2013.

[35] D. Chen, Y. Zhang, and S. Li, ‘‘Tracking control of robot manipulators with
unknown models: A jacobian-matrix-adaption method,’’ IEEE Trans. Ind.
Informat., vol. 14, no. 7, pp. 3044–3053, Jul. 2018.

[36] D. Chen and Y. Zhang, ‘‘Robust zeroing neural-dynamics and its
time-varying disturbances suppression model applied to mobile robot
manipulators,’’ IEEE Trans. Neural Netw. Learn. Syst., vol. 29, no. 9,
pp. 4385–4397, Sep. 2018.

[37] S. Li, H. Wang, and M. U. Rafique, ‘‘A novel recurrent neural network for
manipulator control with improved noise tolerance,’’ IEEE Trans. Neural
Netw. Learn. Syst., vol. 29, no. 5, pp. 1908–1918, May 2018.

ZHAOLI JIA received the M.S. degree in mechan-
ical engineering from the Taiyuan University of
Technology, Taiyuan, China, in 2013. She is cur-
rently pursuing the Ph.D. degree with the College
of Engineering, South China Agricultural Univer-
sity, Guangzhou, China. She has been with the
Research and Development Center, Guangdong
Siwun Logistics Equipment Co., Ltd., Guangzhou,
since 2013. Her current research interests include
robotics, neural networks, and deep learning.

SIYUAN CHEN received the B.S. degree in
automation from the South China University of
Technology, Guangzhou, China, in 2017, where
he is currently pursuing the M.S. degree in
information science with the School of Automa-
tion Science and Engineering. His research inter-
ests include pattern recognition and intelligence
systems.

XILONG QU received the Ph.D. degree from
Southwest Jiaotong University. He completed the
Postdoctoral study at the Postdoctoral Research
Center of Computer Science and Technology,
South China University of Technology. He is cur-
rently the Dean of the School of Information Tech-
nology and Management, Hunan University of
Finance and Economics. He is also the master’s
degree Student Advisor with Xiangtan University
and the Hunan Institute of Engineering. He is the

young core teacher of Hunan and a member of ‘‘121’’ Talents Program of
Hunan. He joined four projects of the National High Technology Research
and Development Program of China (863 Program) and the National Natural
Science Foundation of China. He led the National Natural Science Foun-
dation of Hunan, the Research Foundation of Education Bureau of Hunan
Province, China, and the National Science Foundation for Postdoctoral
Scientists of China for three, one, and one times, respectively. He published
four books and 35 articles (five articles are indexed by SCI and the rest are
indexed by EI). He is also invited as the Chair and a keynote speaker for
numerous conferences and forums in China.

PENGCHAO ZHANG received the B.S. degree
from the Shaanxi University of Technology and
the M.S. degree from Northwestern Polytechnical
University, Xi’an, China, where he is currently
pursuing the Ph.D. degree. He is also an Associate
Professor with the Shaanxi University of Tech-
nology. His research interests include the areas of
industrial robot and mobile robotics.

NAN ZHONG received the Ph.D. degree in agri-
cultural mechanization engineering from South
China Agricultural University, Guangzhou, China,
in 2006, where she has been a Professor with the
College of Engineering, since 2006. From 2009 to
2010, she was a Visiting Professor with the Insti-
tute of Applied Mathematics, The University of
British Columbia, Canada. From 2015 to 2016, she
was a Senior Researcher with the Institute of Agri-
cultural Engineering, University of Hohenheim,

Germany. Her current research interests include robotics, neural networks,
pattern recognition, and intelligent systems.

64296 VOLUME 7, 2019


	INTRODUCTION
	SCHEME PROPOSED AND QUADRATIC PROGRAM REFORMATION
	SCHEME PROPOSED
	QP PROBLEM REFORMULATION
	QP SOLUTION

	COMPUTER AND PHYSIC EXPERIMENT
	``FOUR-LEAF CLOVER PATERN'' PATH-TRACKING EXAMPLES
	``FIVE-POINT STAR'' AND CHINESE CHARACTER ``PING'' PATH-TRACKING EXAMPLES
	PHYSICAL EXPERIMENT

	CONCLUSION
	REFERENCES
	Biographies
	ZHAOLI JIA
	SIYUAN CHEN
	XILONG QU
	PENGCHAO ZHANG
	NAN ZHONG


