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Abstract
In respond to the problem of the manipulator point to point motion planning of power cable mobile operation robot, a trajec-
tory planning method based on joint motion time standardization combined with time contraction factor is proposed in this 
paper, the joint motion time is selected as an evaluation parameter of joint trajectory performance, and corresponding, the 
mapping relationship between trajectory performance and different joint motion time is also studied. Based on the research 
result and combined with the robot kinetics model, a mixing constraint control method of joint position, velocity and accel-
eration is proposed so as to realize the continuous, smooth, stable and non-collision obstacle avoidance motion optimization 
under the condition of joint global state constraints during manipulator operation motion. Compared with the traditional 
algorithm, the improved algorithm has achieved excellent trajectory performance under the premise of ensuring the safety 
manipulator motion, and this method can also avoid the occurrence of joint motion overshoot, which not only improve the 
efficiency of joint space motion but also reduce the energy consumption. Finally, the feasibility and effectiveness of the 
proposed algorithm are verified through simulation experiments and the engineering practicality of the proposed algorithm 
is verified by the field operation experiments.

Keywords  Mobile operation robot · Multi-Objective · Motion time · Joint motion overshoot · Optimization control

1  Introduction

High-voltage power cable is the important channel of power 
transmission, the regular high-voltage line live maintenance 
operation is an important guarantee to the normal operation 
of transmission line, manual operation is not only labor-
intensive, low operation efficiency but also a great security 
risk, and the contradiction between the manual operation 
mode and modern high-quality power transmission has 
become increasingly prominent, therefore, the development 
of advanced and practical automation equipment which can 

replace manual maintenance has become one of the research 
hotspots in the implementation of “Mading in China 2025”. 
As a kind of special operation robot used in high-voltage 
transmission line, power cable mobile robot (Pouliot et al. 
2015, 2012; Ramirez 2014; Buehringer et al. 2010) has a 
wide range of applications in live operation and maintenance 
of power line in the state grid sectors. The various opera-
tions (Montambault et al. 2010; Wang 2015; Debenest et al. 
2010) including the replacement of insulator strings are 
routine tasks of the power departments. During the robot 
operation motion, the robot double manipulators move from 
the initial posture to the operation posture, and then to the 
ideal posture so as to locating the operation objects through 
point to point motion planning. However abrupt position, 
velocity, acceleration state changes when joint motion can 
cause shocks, oscillations and result in unstable motion 
of the robot manipulator, which will decrease the motion 
accuracy of the manipulator. Therefore, the proper trajectory 
motion planning and its optimization method is significantly 
important, the motion planning can be achieved by select-
ing the appropriate method so that the trajectory of the joint 
can satisfy the state constraints of joint position, velocity 
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and acceleration under the premise of obtaining continuous, 
smooth and steady trajectory, and it not only prevents the 
joint state from exceeding its intrinsic range, but also keep 
the robot mechanical system, hardware system far away from 
damage and unnecessary operation accidents. Through opti-
mization control of the joint motion state during the robot 
motion, it can satisfy the requirements of the joint state con-
straints, which can not only ensure the safety and reliabil-
ity of the robot during motion, but also improve the robot 
dynamic performance and extend the system service cycle of 
robot manipulator. In the aspect of joint trajectory optimiza-
tion, the main optimization objectives contain the shortest 
time and shortest path (Aridhi et al. 2003), the minimum 
energy consumption and minimum joint torque (Mokryani 
et al. 2013; Sattarpour et al. 2016), the joint state constraints 
(Kayacan et al. 2015). Such as Bin et al. (2008, 2011) pro-
posed a joint motion optimization method, through the opti-
mization of joint trajectory motion time and it obtains a joint 
trajectory which can satisfy both the velocity constraint and 
the joint force constraint, Haili et al. (2010) proposed a opti-
mization method which making the robot joint trajectory 
meet the given state constraints, SARAVANAN (Saravanan 
et al. 2008; Haddad et al. 2010) realized the joint trajec-
tory by NURBS curve, and make the joint trajectory satisfy 
a variety of constraint conditions through the optimization 
of the trajectory motion time. Liu (2015) aimed at carry-
ing a heavy payload to a desired posture, a multi-objective 
optimization based method for maximum payload trajectory 
planning of free floating space manipulator is proposed, 
Marchese et al. (2016) develop a soft-robotic manipulation 
system which is capable of autonomous, dynamic, and safe 
interactions with humans and its environment using multi-
target planning methods. Chiddarwar et al. (2012) proposed 
a triangular spline curve based joint trajectory planning 
method, and the joint trajectory satisfies multiple constraints 
by optimizing the trajectory motion time. Therefore, we can 
get the conclusion from the above analysis that polynomial 
interpolation algorithm is one of the most commonly used 
method for joint trajectory planning. However there are two 
disadvantages with the conventional polynomial interpola-
tion algorithm. First, the joint trajectory is related to the tra-
jectory endpoint, once the trajectory endpoint changes, the 
trajectory function needs to be recalculated, which reduce 
the algorithm practicability to a certain extent. Second, the 
trajectory planning is too idealistic which only take the joint 
state constraints of the trajectory endpoints into considera-
tion, however, it ignores the joint state constraints in the 
intermediate process, that is to say, the robot driving mecha-
nism joint motor is constrained at any moment rather than 
just the trajectory endpoints. Under normal circumstances, 
when the joint motor rotates at low speed, the joint posi-
tion should only ensure it not exceed the limit value, at this 
time joint velocity and acceleration are difficult to exceed 

the constraint range. However, as the joint motor rotates at 
high speed, the joint velocity and acceleration can easily 
exceed its limit value, with the result is that the joint motor 
can cause excessive motor drive current which will dam-
age the robot hardware system. The more important is that 
the above results are mainly studied from the standpoint 
of single or double or multi-objective optimization. How-
ever, the kinematic parameters, the kinetic parameters, the 
trajectory planning algorithms and their multiple mapping 
mechanisms with different motion performances can hardly 
to be seem. Therefore, this paper take this perspective as an 
entry point, the robot joint motion planning optimization 
can be achieved through the kinematics, kinetics modeling 
and trajectory planning algorithm so as to improve the robot 
motion performance.

Based on the above analysis, this paper proposed an 
improved polynomial interpolation joint trajectory plan-
ning algorithm, the normalized joint motion time is taken 
as interpolation polynomial variable. In this way, the joint 
motion trajectory is only related to the state of trajectory 
endpoint and the joint motion time, and it is not directly 
related to the moment of joint trajectory. When the moment 
of endpoint change, the new joint trajectory function can 
be also obtained only by transforming and mapping of joint 
trajectory normalized time into physical time, in this way, 
it reduces the computational complexity and improves the 
practicability of the algorithm. In order to make the joint 
trajectory planning move more closer to the actual motion 
and solve the global state constraint problem of joint trajec-
tory, the performance parameters of motion trajectory are 
proposed, and the optimization joint trajectory which satisfy 
the global constraints, it can be also obtained by optimizing 
the joint motion time, this method avoids the occurrence of 
joint motion over shoot and improves the joint motion effi-
ciency and safety of robot operation, and also the research 
of this paper is becoming one of the hot spots of “Mading in 
China 2025” strategy and in accordance with the theme of 
intelligent manufacturing and smart manufacturing.

2 � System architecture of motion 
optimization

Robot path planning is the basis of joint trajectory planning, 
and trajectory planning is the premise of trajectory optimiza-
tion. When the robot moves in accordance with the setting 
trajectory and corresponding obtains a battery of time series 
regarding robot joint variables, this is called the robot trajec-
tory planning, and it can be divided into point to point trajec-
tory planning and continuous path trajectory planning (Tao 
et al. 2010, 2014, 2017a) according to the way of motion, as 
shown in Fig. 1, the basic hierarchical structure and sche-
matic diagram of manipulator motion trajectory optimization 
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is presented. The goal of robot trajectory optimization is 
to achieve better performance for robot motion. Robot tra-
jectory planning can be divided into three levels from the 
bottom to the top. The bottom level is to solve the most 
basic path planning issues, when considering the problems 
of robot kinematics and obstacle constraints on the basis 
of path planning, it can be raised to the level of trajectory 
planning. At the trajectory planning level, when considering 
joint space kinetics constraints and Cartesian space posture 
constraints, it can further rise to the level of joint optimiza-
tion. After considering the joint variables such as joint posi-
tion, velocity, acceleration and other energy consumption 
or time constraints at the level of joint optimization. At this 
time, the output joint variable can make the robot achieve 
the state optimal value under the premise of satisfying the 
multi-objective constraint performance. It is a higher level 
of trajectory planning and robot system design. The issue 
to be solved by the trajectory optimization (Tao et al. 2008, 
2012, 2017b) is the multi-objective optimization process of 
the robot motion control, including kinematics, non-collision 
avoidance, joint space kinetics constraints, Cartesian space 
posture constraints, time, path, energy consumption and so 
on. The goal of optimization is to make motion time, motion 
path, energy consumption as small as possible on the prem-
ise of no-collision avoidance and joint state constraints, and 
the intelligent optimization algorithm such as ACO (Ni et al. 
2014), PSO (Linda et al. 2012) are always used to solve 
this problem. Finally, the system output is the joint space 
optimal position, velocity, acceleration state variable value 
and the outputs can be used as robot motion control com-
mand. The key problem to be solved by trajectory optimiza-
tion is the multi-mapping and optimal matching between 
robot kinematic parameters, kinetics parameters, algorithm 
parameters and different motion performances. In order to 
accomplish this goal, in Sect. 3, an improved fifth interpo-
lation algorithm has been proposed and in Sect. 4, its cor-
responding multi-objective motion optimization model has 

been established, then in Sect. 5, its mix controller has been 
designed, and the validity and engineering practicability are 
verified by simulation experiment and live operation test in 
Sect. 6.

3 � Method and improvement

3.1 � Algorithm improvement idea

The method of manipulator joint motion planning based 
on n-degree polynomial interpolation is to determine the 
unique polynomial of the n-degree interpolation trajectory 
through the joint boundary state (value) at the two trajectory 
endpoints. Supposing the trajectory starting point state is 
x0, ẋ0, ẍ0 … and the trajectory end point state is xf , ẋf , ẍf … 
respectively. The conventional polynomial is a function 
regarding physical time t, due to the different boundary state 
correspond to different endpoint moments, polynomial coef-
ficients generally need to be recalculated. In order to reduce 
the influence of the selection of the endpoint time on the 
interpolation polynomial and so as the calculation amount 
of the polynomial coefficient can be reduced as much as pos-
sible. The polynomial time variable t can be normalized and 
the physical time t can be transformed into a dimensionless 
variable normalization time t� , and its corresponding defini-
tion is shown in Eq. (1), where k is the time contraction fac-
tor. Therefore, the joint trajectory function can be expressed 
as Eq. (2), the joint polynomial function is x(n)(t�) , regarding 
normalized time t� , it can be obtained the polynomial trajec-
tory through the end point joint status values.

In Eq. (2), Φ(n)(t�) represents a random function regard-
ing t� , with its range is between 0 and 1, it is used to real-
time correction of the joint trajectory function. When 
Φ(n)(t�) = 0 , it can represent the trajectory start point, when 
Φ(n)(t�) = 1 , it can represent the trajectory end point. When 
0 < Φ(n)(t𝛼) < 1 , it can represent an intermediate point of the 
joint trajectory during the motion.

3.2 � Algorithm improvement process

In Eq. (1), taking k = 1, regarding Eq. (2), calculating its first 
order, second order, third order until 1

2
(n − 1) order deriva-

tive respectively, thereby we can obtain the joint trajectory 
velocity, acceleration, jerk state function and so on, which 
is shown in Eq. (3).

(1)t� = k
t − t0

tf − t0
(0 ≤ t� ≤ 1)

(2)
x(n)(t�) = x0 + (xf − x0) ⋅Φ(n)(t�), 0 ≤ Φ(n)(t�) ≤ 1
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Fig. 1   Architecture of robot motion optimization
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If the joint motion time is defined as tm = tf − t0 , the 
position deviation of the trajectory endpoint is defined as 
P = xf − x0 , substituting boundary conditions of joint vari-
ables into the Eqs. (2) and (3), then Eq. (4) can be obtained.
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Therefore, the boundary condition of function Φ(n)(t�) can 
be obtained through the transformation of Eq. (4), and it is 
given as Eq. (5).

From the boundary condition of Eq.  (5), an unique 
n-order polynomial Φ(n)(t�) can be determined as Eq. (6).

Calculating its first order, second order until 1
2
(n − 1) 

order derivative regarding Eq.  (6) respectively, we can 
obtain Eq. (7).
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Substituting the boundary condition of Eq.  (5) into 
Eqs. (6) and (7), we can obtain Eq. (8).

In order to facilitate the calculation, Eq. (8) can be rewrit-
ten into the form of matrix and the polynomial coefficients 
can be calculated through Eq. (9).

With the calculated coefficients of Equation Φ(n)(t�) , the 
joint polynomial trajectory function regarding t� can be also 
obtained. For general joint motion, as long as the perfor-
mance requirements of joint position, velocity and accel-
eration can be satisfied, then the better trajectory planning 
performance can be also achieved. Therefore, under normal 
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circumstances, fifth polynomial interpolation algorithm is 
adequate to satisfy the requirement of joint trajectory posi-
tion, velocity, acceleration constraint performances. Corre-
sponding, the coefficients of the fifth polynomial interpola-
tion can be obtained as shown in Eq. (10).

Due to the position, speed, acceleration performance 
requirements can be able to meet by the fifth polynomial 
trajectory, therefore, setting n = 5 in the boundary condition 
Eqs. (5), then substituting n = 5 into Eq. (10), then Eq. (11) 
can be obtained.
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Therefore, the fifth polynomial Φ(n)(t�) can be obtained as 
Eq. (12). By substituting Eq. (12) into Eq. (2), we can get the 
joint trajectory function x(5)(t�) as shown in Eq. (13) based 
on standardization time.

From Eq. (13), we can conclude that the obtained joint 
trajectory equation is only related to the velocity at start 
point and end point, time deviation (motion time) between 
start point and end point, there is no direct relationship with 
the selection of start point position and start point moment, 
therefore, the method can achieve the purpose of improving 
the algorithm.

4 � Manipulator motion planning

4.1 � Model establishment and optimization 
objectives

The robot double manipulators motion planning can be 
achieved through the coordination motion of the joints. 
Therefore, the trajectory of the double manipulators need 
to be mapped to the joint space so as to realize the motion 
planning of single manipulator, double manipulators and the 
whole robot from the joint space. The purpose of joint tra-
jectory planning is to make the dual manipulator accurately 
capture and locate the operation objects with the relative 
optimal motion performance from the initial posture to ideal 
posture in the condition of satisfying the full state constraint 
of the joint trajectory and non-collision avoidance. Figure 2 
is the trajectory planning of double manipulators for robot 
insulator strings replacement. In the initial state, in order 
to maintain the balance of the robot gravity center during 
motion, the double manipulators make an angle of about 
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8ẋ
0
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− ẍf t

2

m

P

)
t4
𝛼

+

(
10 +

−6ẋ
0
tm − 4ẋf tm − 1.5ẍ

0
t2
m
+ 0.5ẍf t

2

m

P

)
t3
𝛼

+
0.5ẍ

0
t2
m

P
t2
𝛼
+

ẋ
0
tm

P
t𝛼

(13)

x(5)(t𝛼) =
(
6P − 3ẋ0tm − 3ẋf tm − 0.5ẍ0t

2

m
+ 0.5ẍf t

2

m

)
t5
𝛼

+
(
−15P + 8ẋ0tm + 7ẋf tm + 1.5ẍ0t

2

m
− ẍf t

2

m

)
t4
𝛼

+
(
10P + 6ẋ0tm − 4ẋf tm − 1.5ẍ0t

2

m
+ 0.5ẍf t

2

m

)
t3
𝛼

+ 0.5ẍ0t
2

m
t2
𝛼
+ 3ẋ0tmt𝛼 + x0

45° with the horizontal plane (As shown in Fig. 2a). By 
rotation, stretch, horizontal, vertical movement of multi-
joint motion planning. Double manipulators move from 
the initial posture to the ideal posture to achieve insulator 
steel cap and bowl head hanging plate clamp (As shown 
in Fig. 2b). The corresponding rotation joint motion trajec-
tory is a parabola, while the corresponding moving joint 
motion trajectory is a straight line. Thus, the entire trajectory 
is a combination of parabola and straight line. The double 
manipulators enter into the initial operation position after 
location the suspension clamp. With the double manipu-
lators coordinated movement so as to reach the operation 
space, which is an important prerequisite for the robot to 
complete the whole operation. After completing the opera-
tion, double manipulators need to return to the initial posture 
by the reverse manner.

As shown in Fig. 2a, the centroid of robot double manipula-
tor clamping mechanism can be abstracted as the ideal par-
ticle. During the point to point A → B,C → D (A and C are 
the initial centroid positions of double manipulator, B and D 

(a)

(b)

Fig. 2   Trajectory planning of double manipulators for robot insulator 
strings replacement
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are the ideal centroid positions of double manipulators) tra-
jectory motion of robot manipulator centroids, setting the 
initial time as t0, setting the termination time as tf, the defi-
nition of joint motion state is 𝜉(t) = {x(t), ẋ(t), ẍ(t)} (t0→tf). 
Motion status collection contain any point on the trajectory 
from the start point to the end point of the joint movement, 
the position, velocity and acceleration state information at any 
moment. It is a state sequence regarding time t. According to 
the robot inherent mechanical parameters and joint electri-
cal parameters, the maximum and minimum trajectory state 
can be obtained as 𝜉(t)max = {x(t)max, ẋ(t)max, ẍ(t)max} 
and 𝜉(t)min = {x(t)min, ẋ(t)min, ẍ(t)min} . During the robot 
motion, there should be non-collision between the double oper-
ation manipulators or between the manipulators and the opera-
tion environment. If ℂ1,ℂ2 are joint constraint space of manipu-
lator 1 and manipulator 2 respectively, (�1, d1, d2, �2, d3, d4, d5) 
is the joint variable. Then ℂ1,ℂ2 can be expressed as Eq. (14). 
If function f () represents positive kinematics, ℂ1,ℂ2 indi-
cates the operation space that the double manipulators can be 
reached during the motion time. Then ℂ1,ℂ2 can be expressed 
as Eq. (15). If ℚ3 is the operation environment space, we can get 
the non-collision avoidance space ℝ for trajectory planning of 
double manipulators as Eq. (16). Therefore, the aim of trajec-
tory optimization is to make the parameter of the improved pol-
ynomial trajectory planning algorithm as an evaluation index 
of joint trajectory performance, on the premise of ensuring the 
continuity, smoothness, stability and non-collision avoidance of 
point to point trajectories of double manipulators. By selecting 
the motion time tm, the state constraint of the full joint sta-
tus in non-collision avoidance space should be satisfied with 
�(t)min ≤ �(t) ≤ �(t)max . This is a premise for robot safety 
operation. At the same time, point to point trajectory planning 
can be completed with the shortest time. If S is defined as the 
manipulator operation space, the mathematical description 
model of the optimization objective is shown in Eq. (17).

(14)
{

ℂ1 = {(�1, d1, d2)
||0 ≤ �1 ≤�, 0 ≤ d1 ≤ 150mm, 0 ≤ d2 ≤ 91mm}

ℂ2 = {(�2, d3, d4, d5)
||0 ≤ �2 ≤�, 0 ≤ d3 ≤ 212mm, 0 ≤ d4 ≤ 170mm, 0 ≤ d5 ≤ 150mm}

(15)

{
ℚ1 = f (t, �1, d1, d2)

ℚ2 = f (t, �2, d3, d4, d5)

(16)
ℝ = {(�1, d1, d2, �2, d3, d4, d5)

||ℚ1∩ℚ2 ∩ℚ3 =

�, (�1, d1, d2) ∈ ℂ1, (�2, d3, d4, d5) ∈ ℂ2}

(17)

x(5)(t)optimal = f (x0, ẋ0, ẍ0, xf , ẋf , ẍf )
|||(tmotion)optimal

s.t. min(t)

s.t. 𝜉(t)min ≤ 𝜉(t) ≤ 𝜉(t)max, t ∈
[
t0, tf

]
s.t. S ∈ ℝ

4.2 � Optimization principle

During joint trajectory planning, if the start joint position 
and the end joint position of any path are all within the range 
of the joint motion angle, then it only needs the joint rotation 
angle from the initial moment to the end moment always 
keep monotonically increasing or monotonically decreasing 
state, it can ensure that the joint motion angle is always in 
the joint motion range within the motion time. Otherwise, 
if it is not monotonous, then in the process of joint motion, 
it may occur exceed the maximum motion angle, or less 
than the minimum motion angle, thus the joint position is 
beyond the range of joint angle restriction. Therefore, this 
paper analyzes the effect of joint motion time on joint trajec-
tory from the view of position constraint, when manipulator 
motion planning using polynomial method, any joint tra-
jectory endpoint needs to meet the joint position constraint 
requirements, if the joint position from start to end moment 
monotonically increasing or decreasing throughout, it can 
ensure that the joint position to meet its motion constraints. 
According to the improved algorithm of polynomial interpo-
lation trajectory planning, the motion trajectory of the joint 
is only related to the start or end states of the trajectory and 
motion time, it has nothing to do with the endpoint moment. 
Therefore, through optimizing the joint motion time, the tra-
jectory of the joint position can monotonously increase or 
decrease during the motion time, so as to ensure that the 
trajectory of the joint position satisfies the constraint condi-
tion. That is to say, the joint velocity only needs to ensure 
that the joint velocity keep constant during the motion time. 
When the velocity is greater than zero, the position trajec-
tory assumes a monotone increase state, and when the veloc-
ity is less than zero, the position trajectory is monotonically 
decrease state. Based on the above analysis, the condition 
which can guarantee the joint trajectory satisfy with its con-

straint can be express as Eq. (18).

Due to the fifth polynomial trajectory can be able to meet 
the position speed acceleration performance requirements, 
therefore, taking the fifth polynomial interpolation algorithm 
as an example, Eq. (18) can be summarized as a unified form 
as Eq. (19), then Eq. (19) can be turned into Eq. (20), from 
which we can obtain the joint trajectory optimal time.

(18)
ẋ(n)(t𝛼) ≥ 0 or ẋ(n)(t𝛼) ≤ 0 ⇔ Φ̇(n)(t𝛼) ≥ 0 or Φ̇(n)(t𝛼) ≤ 0

(19)Φ̇(5)(0) × Φ̇(5)(1) ≥ 0

(20)5A1A5 + 4A1A4 + 3A1A3 + 2A1A2 + (A1)
2
≥ 0
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Substituting the coefficients Eq.  (11) into Eq.  (20), 
through solving the inequality, the optimal joint motion time 
can be obtained.

5 � Mixing constraint control of robot joint 
state

5.1 � Position‑velocity mixing control

Theoretically speaking, the position, velocity, accelera-
tion state of robot joint should be limited within a certain 
range, the joint velocity and acceleration mainly relate to 
joint motor itself and some inherent electrical parameters, 
in addition to the effects of these intrinsic parameters, the 
operation robot can be also affected by multiple tasks such as 
operation assignments, operation status and operation loads. 
Therefore, the robot joint also has its own velocity and accel-
eration constraints. On the basis of solving the problem of 
robot joint position constraints, we can also solve the prob-
lem of velocity constraint using robot kinetics model. Fig-
ure 3 shows the principle of robot position-velocity mixing 
control. Setting x∗, ẋ∗, ẍ∗ as ideal value of robot joint posi-
tion, velocity and acceleration variable, they are the input of 
the control system, comparing the joint ideal position with 
the actual position so as to obtain the position error, and it 
is adjusted by the position gain matrix so as to obtain joint 
position control input signal. As the same, the joint ideal 
velocity is compared with the actual velocity so as to obtain 
the velocity error, and it is adjusted by the velocity gain 
matrix so as to obtain joint velocity control input signal. The 
ideal control force can be obtained by ideal position, velocity 
and acceleration through robot positive kinetics, it combines 
with the joint position control, velocity control and forward 
feedback torque control into the robot control torque, after 
the actual velocity can be obtained through robot inverse 
kinematics, then the joint actual position variable can be 
obtained by integral transformation, therefore, it feedback 

to the actual joint velocity and joint position, and makes 
the position and velocity two feedbacks form a complete 
double closed-loop control system respectively, wherein one 
of the feedback is used to control the position of robot joint 
and the other is used to control the velocity of robot joint, 
through continuous dynamics adjustment of positive kinet-
ics, inverse kinetics and forward feedback torque compen-
sation, the actual joint position and velocity are constantly 
approaching ideal joint position and velocity values until 
system performance requirements are satisfied.

From the principle of position-velocity mixing control, 
we can see that the key points is to determine the appropriate 
forward feedback control �c , regarding general robot system, 
kinetic equation can be expressed as Eq. (21).

Substituting ẍ = ë + ẍ∗ into Eq. (21), then we can obtain 
Eq. (22), ande,ė,ëare joint position, velocity, acceleration 
error respectively.

Taking the appropriate control torque as Eq. (23).

Substituting Eq. (23) into Eq. (22), then we can obtain 
Eq. (24).

Due to Kp,Kv are positive definite position and velocity 
gain matrix, therefore, error system Eq. (24) is stable, and 
position-velocity mixing control system can be stabilized 
by selecting proper forward feedback torque compensation, 
and the joint variable can converge to the ideal value from 
the actual value.

5.2 � Position‑acceleration mixing control

In many occasions, in addition to satisfying the control per-
formance requirements of joint position-velocity for robot 
joint variables, in some cases, the control performance 
requirements of position-acceleration is also needed, there-
fore, based on the design principle in the above section, it is 
easy to get the basic structure of position-acceleration mix-
ing control which is shown in Fig. 4. The control principle 
is the same with position-velocity mixing control. Through 
double feedback control of joint position variables and 
velocity variables respectively, and by selecting the appro-
priate forward feedback control torque, all these make the 
system stable and keep good performance of joint motion.

5.3 � Position‑velocity‑acceleration mixing control

In summary, the control method can be generalized to 
get a mixing control that meet more practical application 

(21)M(x)ẍ + C(x, ẋ)ẋ + G(x) = 𝜏

(22)M(x)ë +M(x)ẍ∗ + C(x, ẋ)ẋ + G(x) = 𝜏

(23)𝜏 = M(x)(ẍ∗ − Kvė − Kpe) + C(x, ẋ)ẋ + G(x)

(24)ë + Kvė + Kpe = 0

Fig. 3   Position and velocity mixing control
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requirements, that is position-speed-acceleration mixing 
control, the control structure is shown in Fig. 5, it has the 
upper, middle and lower three feedback loops which are used 
to adjust the joint position, velocity, acceleration respec-
tively, and makes the system stable and obtain sound joint 
motion performance by selecting the appropriate forward 
feedback control torque.

6 � Experiment

6.1 � Simulation

Taking the power cable robot rotation joint parabolic tra-
jectory planning as an example, set the joint start status as 
x0 = 1rad , ẋ0 = 0.5rad ⋅ s−1 , ẍ0 = 0.52rad ⋅ s−2 , the joint end 
status as xf = 6.4rad , ẋf = 2.3rad ⋅ s , ẍf = 1.22rad ⋅ s−2 , tak-
ing joint motion time range as [t0 = 0s, tf = 5s] , in the MAT-
LAB environment, we can get the simulation results of fifth 
interpolation algorithm and its improved algorithm for joint 
position trajectory under the same endpoint time shown in 
Fig. 6, the conventional fifth polynomial position of the fifth 

polynomial trajectory planning curve is shown in Fig. 6a. 
Keeping the original joint start and end status constant under 
the premise of ensuring that the joint motion time 5 s con-
stant, the endpoint time interval is selected as [t0 = 1.5 s, tf 
= 6.5s], the joint trajectory at different end point obtained 
by the improved algorithm is shown in Fig. 7.

From the first group simulation experiments, it can be 
concluded that the joint trajectory of the improved algorithm 
(Fig. 6b) and the fifth interpolation algorithm (Fig. 6a) are 
completely consistent, the only difference is the range of 
the horizontal axis, regarding Fig. 6a, the horizontal range 
is [0 s, 5s], and Fig. 6b horizontal axis range is [0,1], it just 
happens that the physical joint motion time is standardized, 
therefore, the improved algorithm can completely realize 
the trajectory planning function of the fifth interpolation 

Fig. 4   Position-acceleration mixing control

Fig. 5   Position-velocity-acceleration mixing control
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Fig. 6   The position trajectory curve of the same endpoint using dif-
ferent algorithms. a Trajectory curve of fifth interpolation algorithm 
joint position (t0 = 0 s, tf =5 s). b Trajectory curve of improved algo-
rithm joint position (t0 = 0 s, tf =5 s)



902	 W. Jiang et al.

1 3

algorithm, and the simulation results keep consistent with 
the theoretical analysis of the improved algorithm. From 
the second group of simulation experiments, we can get 
the conclusion that the improved algorithm trajectory plan-
ning curve (Fig. 7b) at the time when selecting the endpoint 
[t0 = 1.5 s, tf = 6.5s] is also completely consistent with the 
simulation result of selecting the endpoint time [t0 = 0 s, tf 
= 5s], therefore, it is verified that the joint trajectory of the 
improved algorithm is only related to the state of the end-
point moment and the joint motion time, but has nothing to 
do with the selection of endpoint moment. If the trajectory 
endpoint changes momentarily, the mapping of trajectory 
and normalization time needs to be transformed into the 
mapping of trajectory and physical time so as to obtain the 
new joint trajectory function after changing of the endpoint 
moment, in this way, the improvement reduces the compu-
tational complexity of the interpolation function to a certain 
extent and enhances the practicability of the algorithm.

We can know from the principle analysis part of improve 
algorithm that articulation time can be used as a performance 
evaluation parameter to improve the polynomial algorithm, 
in order to study the effect of joint motion time on joint 
trajectory performance, regarding the above joint status, 
the trajectory simulation results obtained by randomly set-
ting the joint motion time and the optimal joint motion time 
in MATLAB environment are shown in Fig. 8, when joint 
motion time t = 1 s which randomly given, the joint position 
trajectory shown in Fig. 8a, the joint optimal motion time 
interval can be calculated as 0 < t < 0.51355 by Eq. (20), and 
the joint motion time is selected as tm=0.5 s within its scope, 
the joint trajectory obtained by the improved algorithm is 
shown in Fig. 8b.

According to the third group simulation results, it can be 
seen that the joint trajectory motion appears overshoot when 
the joint motion time is given as tm= 1 randomly, when the 
trajectory standard time is about 6.4, the angle position of 

0 0.2 0.4 0.6 0.8 1
0

1

2

3

4

5

6

7

Standard time

Jo
in

t p
os

iti
on

 /r
ad

Improve algorithm[t0=0s,tf=5s]

(a)

0 0.2 0.4 0.6 0.8 1
0

1

2

3

4

5

6

7

Standard time

Jo
in

t p
os

iti
on

 /r
ad

Improve algorithm[t0=1.5s,tf=6.5s]

(b)

Fig. 7   The position trajectory curve of different endpoint using 
improved algorithm. a Trajectory curve of improved algorithm joint 
position (t0 = 0 s, tf =5 s). b Trajectory curve of improved algorithm 
joint position (t0 = 1.5 s, tf =6.5 s)
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Fig. 8   The position trajectory curve of the different trajectory motion 
time tm. a Position trajectory curve of the joint motion time tm = 1 s. 
b Position trajectory curve of the joint motion time tm = 0.5 s
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the joint trajectory is 0.64 rad which the joint trajectory have 
already reached the endpoint position, however, the joints 
continued to move, after the standardization moment 0.64, 
the joint angle position appears 6.4 again when at normali-
zation time 0.96, the trajectory arrival at the end position 
the second time, that is to say, when the joint motion time 
tm=1 s is set randomly, the joint angle position reach the 
end position twice, the reason is the additional joint motion 
after the first time reaching the end position, this kind extra 
motion not only reduces the efficiency of joint motion, but 
also increases the energy consumption of the joint motion, 
and even the joint position may exceed the range of its joint 
inherent constraints, more importantly, it may cause joint 
system damage and unnecessary operation accidents. How-
ever, after the algorithm optimization, setting the motion 
time as tm= 0.5 s, when the joint trajectory is about 0.5 at 
the normalization time and the joint angle position is 6.4 rad, 
which exactly reaches the end position (Fig. 8b), and it 
avoids the overshoot of the joint trajectory caused by artifi-
cially setting the joint motion time, which can improve the 
motion efficiency from the aspect of the joint motion state.

6.2 � Field operation experiment

In order to further verify the engineering practicability of 
the improved polynomial interpolation trajectory planning 
algorithm and the position-velocity-acceleration mixing con-
straint control method, the experiments of robot insulators 
strings assist replacement on the analog transmission line, 
and the wire type is LGJ-400, insulator type is XP-7, the 
number of insulators are ten pieces. Robot double manipu-
lators motion trajectory and the main operation process is 
shown in Fig. 9 from initial posture to the bowl hanging 
plate and the insulator holding state. The trajectory perfor-
mance parameters comparison in the field operations of the 
traditional algorithm and improved algorithm of manipulator 
1 and manipulator 2 shown in Table 1, the operation status 
of manipulator joints shown in Table 2.

From the simulation results in Table 1, we can get the 
conclusion that, the joint motion of double manipulators 
appear no overshoot when trajectory planning using the 
improved algorithm, and the overshoot of joint motion 
were 32 and 35% when using fifth interpolation algorithm 
for trajectory planning. Therefore, it can be concluded that 
the improved algorithm can effectively eliminate the over-
shoot of the joint motion. Under the control of the improved 

Fig. 9   Field operation experiment. a Initial posture of double manipulators. b Operation posture of double manipulators. c Bowl head hanging 
plate clamping of manipulator 1. d Insulator clamping of the manipulator 2
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algorithm in the actual operation, motion time reduce 16 s 
for manipulator 1 from the initial posture to the ideal pos-
ture, and motion time reduce 26 s for manipulator 2 from the 
initial posture to the ideal posture, all these are due to the 
trajectory planning using improved algorithm, which can 
effectively eliminate the overshoot of joint motion, so that 
under the control of the improved algorithm, the motion time 
is shorter from the initial posture to the ideal posture than 
that of the fifth interpolation algorithm. Therefore, no matter 
in what conditions, simulation experiments and field opera-
tion experiments are completely consistent, the improved 
algorithm plays a role in optimizing joint space movement. 
It can be seen from Table 2 that the joint actual position, 
velocity and acceleration in the process of robot operation 
are all within the limits range, and without exceeding the 
limits range of the joint state, through the coordinated move-
ment of the manipulator, the double manipulators move from 
the initial state to the operation state, then to the state of the 
bowl head and insulator clamping, in this process, the robot 
double manipulators joints move continuously, smoothly and 
steadily which achieve the non-collision avoidance trajectory 
planning between the double manipulators and the double 
manipulators and the operation environment. It can be seen 
that the improved polynomial interpolation joint trajectory 
planning and the mixing state constraint control can solve 
the problem of joint state constraints in the robot operation, 
this method has strong engineering practicality and improves 
the efficiency of the joint space motion, and further reflects 
the intelligence of the robot operation.

7 � Conclusion

(1)	 The paper proposed an n-order improved polynomial 
interpolation trajectory algorithm based on the com-
bination of time standardization and time contraction 
factor, which not only decrease the impact of end point 
moment selection on trajectory performance, but also 
increase the generality and practicability of the algo-
rithm.

(2)	 The paper established a multi-objective motion optimi-
zation model of robot manipulator and its correspond-
ing control method which satisfy the requirements of 
non-collision obstacle avoidance, minimum motion 
time, and mixing state joint motion constraint based on 
robot kinetics, and obtain better motion performance.

(3)	 The joint motion time is taken as a performance evalu-
ation parameter of motion trajectory, and the map-
ping relationship between trajectory performance and 
motion time is also obtained, which not only avoid 
excessive joints motion, but also improve efficiency of 
the space joint motion. At last, simulation experiment 
and field operation verify the algorithm effectiveness 
and engineering practicality.
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cle: this work was supported by National Natural Science Foundation 
of China (51275363), Natural Science Foundation of Hubei province 
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Table 1   Performance 
comparison of manipulator 
motion

Performance parameters Manipulator 1 Manipulator 2

Fifth inter-
polation 
algorithm

Improved 
algorithm

Fifth inter-
polation 
algorithm

Improved 
algorithm

Simulation experiment joint motion overshoot (%) 32 – 35 –
The time of field operation from the initial posture 

to operation posture (s)
102 86 124 98

Table 2   Joint status of the robot 
joint motion

Joint status Horizontal joints Vertical joints Rotation joints Stretch joints

Inherent position range (mm) 0–212 0–170 0°–180° 0–150
Actual position range (mm) 10–202 10–160 10°–170° 10–140
Inherent velocity range (Kr/min) 0–0.65 0–0.6 0–0.8 0–0.68
Actual velocity range (Kr/min) 0–0.6 0–0.5 0–0.5 0–0.6
Inherent acceleration range (m/s2) 0–30 0–30 0–30 0–30
Actual acceleration range (m/s2) 0–22 0–20 0–26 0–22
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