
Received November 27, 2020, accepted December 21, 2020, date of publication December 28, 2020,
date of current version January 6, 2021.

Digital Object Identifier 10.1109/ACCESS.2020.3047650

Dynamic Modeling and Error Analysis of a
Cable-Linkage Serial-Parallel Palletizing Robot
HUIHUI SUN1,2, YUJIE ZHANG 1,2, BIN XIE3, AND BIN ZI 3
1College of Mechanical and Electrical Engineering, North China Institute of Science and Technology, Langfang 065201, China
2Laboratory of Safety Monitoring of Mining Equipment, Langfang 065201, China
3School of Mechanical Engineering, Hefei University of Technology, Hefei 230009, China

Corresponding author: Yujie Zhang (zhangyujiebetter@163.com)

This work was supported in part by the Fundamental Research Funds for the Central Universities under Grant 3142019055, in part
by the National Natural Science Foundation of China under Grant 51925502, and in part by the Langfang Science and
Technology Research and Development Plan under Grant 2018011007 and Grant 2019011058.

ABSTRACT The efficiency and accuracy for parallel robot play a significant role in the industrial production
process. In order to further improve the motion performance of parallel robot, this paper focuses on the study
ofmechanism design, dynamicmodeling and error analysis of a cable-linkage serial-parallel palletizing robot
(CSPR). Firstly, the CSPR is designed as a series-parallel hybrid mechanism driven by flexible cables, which
can effectively reduce the inertia and improve the dynamic response. As is known that kinematic design
optimization of compliant mechanisms requires accurate yet efficient mathematical models, the kinematics
and dynamic models are established by the homogeneous coordinate transformation method and Lagrange
equation. Based on the dynamic mathematical model of the robot, a variety of sensors are chosen to construct
the hardware control system and the sliding mode variable structure control strategy is also designed based
on motion errors. Then, the motion performance and load carrying capacity of the CSPR were analyzed and
compared in different operating conditions respectively, and the results verify the validity and efficiency of
the mechanism.

INDEX TERMS Series-parallel mechanism, dynamic modeling, motion performance, error analysis.

I. INTRODUCTION
Palletizing operation is an important and fundamental task
for production [1]. Meanwhile, that is also one of the most
monotonous and heavy laborious works in the factory. For-
tunately, palletizing robots can accurately and efficiently
take the place of humankind to handle changing palletizing
tasks [2]. Palletizing robots which have three basic categories
including serial, parallel, and hybrid robots have attracted
continuous interests in the field of robotics [3]. Introduced
in the 1980s, the palletizing robots are developed to imple-
ment the grabbing, handling, stacking, and unstacking tasks.
Currently, employment of palletizing robots inmanufacturing
has been a value-added entity for the company in gaining
their competitive advantages [4]. Therefore, it is necessary
to change the mechanism, optimize the control algorithm
and improve the motion performance of the palletizing
robots [5], [6].

The conventional palletizing robot is a series or parallel
structure composed of rigid link body, such as Multi-joint
manipulator and delta robot [7]. Multi-joint manipulator is
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the representative of serial palletizing robot, which has the
characteristics of simple structure, convenient control system
and low cost [8]. However, because each joint is indepen-
dent, accumulated errors will occur in the process of motion,
resulting in low positioning accuracy [9]. The delta robot is a
typical spatial three DOF parallel mechanism,which has the
advantages of large stiffness, high repeat positioning accu-
racy and good dynamic performance. However, its workspace
is confined to a small area [10]. In addition, both of the kinds
robots have a disadvantages that cannot be ignored. That is,
the high inertia of multiple rigid links and actuators on the
joints greatly limits the further improvement of the palletizing
performance [11].

In order to solve this problem of the high inertia, the cable
parallel manipulators (CPMs) have been studied by many
researchers and employed in various applications including
palletizing [12]. The CPMs have a parallel configuration
with higher stiffness, lower inertia, and larger workspace
than traditional mechanisms [13]. These characteristics have
attracted wide interest in the past few decades, which have
been used for construction, leg exoskeleton, material manip-
ulation and astronomical observation. However, due to the
fact that the cables can only provide positive tensions and
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the cable interferences and collisions always lead to unpre-
dictable behavior [14], many complicated actions in pal-
letizing are difficult to complete by CPMs. To resolve this
issue, the CSPR combines the advantages of series-parallel
mechanism and CPMs, and replace the rigid rods by multiple
flexible cables. Then, the servo motors and reducers with
great weight are placed on a platform, which can effectively
reduce the motion inertia, expand workspace [15], [16].

As is known that kinematic design optimization of com-
pliant mechanisms requires accurate yet efficient mathemat-
ical models [17]. The kinematics is to study the motion
characteristics of each joint and the end-effector. It mainly
studies the higher-order derivatives of position variables with
respect to time [18]. For serial robots, the forward kinemat-
ics solution is much less difficult than the inverse kinemat-
ics. But for parallel robots, the results are just the opposite
[19]. At present, the methods for solving the positive and
inverse kinematics of the series and parallel mechanisms
mainly include analytical method and numerical optimization
method. Analytical method is to use algebraic or geometric
methods to solve the solution directly, and obtain a unitary
multiple equation by elimination. However, with the increase
of the number of DOF of the mechanism, the difficulty of
obtaining an analytical solution will also increase, and espe-
cially for redundant manipulator, it is particularly difficult
to choose an appropriate solution from the answers. The
Numerical optimization method is to transform kinematics
issue into an numerical optimization issue. For example, the
Jacobian matrix inversion method, using the instantaneous
kinematics to approximate the results infinitely with the idea
of ‘‘differentiation’’, is a typical application. In this paper,
the Denavit-Hartenberg (D-H) homogeneous transformation
matrix method is be used to Kinematic modeling for the
CSPR, and the spatial position and attitude relationship of
end-effector and joints are described by a 4×4 square matrix,
thus the kinematics equation of the CSPR can be further
obtained.

The CSPR is a coupled multi-body system with serious
nonlinearity [20], [21]. Dynamics research can optimize the
structure design, modify the motion control process and
improve the real-time control performance [22]. The primary
task of dynamic analysis is to establish its model accurately.
Because of the flexibility and nonlinearity of the cables,
the dynamic model of cable-driven mechanism will be very
complex. At present, the common dynamic modeling meth-
ods main include Lagrange method, Newton-Euler method,
Gauss method, Kane method and virtual work method [23].
Lagrange method is more widely used in solving dynamics
issues, and the Lagrange dynamic equation is established
based on the kinetic and potential energy of the system,
which has explicit structure and clearly physical meaning
[24]. The derivation process is relatively simple, and the con-
cise form is convenient for understanding the dynamic char-
acteristics of the CSPR. After dynamic modeling, dynamic
simulation will always be used to verify the reliability of the
model. The motion process is controlled by a complex torque

functions generated by the joint actuator. The functions is
determined by the controller. A controller for the palletizing
robot not only affects the dynamic characteristics, but also
has a great impact on the production efficiency, product cost
and production safety.

Objectively speaking, establishing a closed-loop control
system supported by a variety of sensors to reduce motion
errors and jitter is of great significance for the CSPR. In the
system, the sensors are an essential part. The internal sensors
are used to obtain its own motion information, and the exter-
nal sensors are to obtain environmental information. Then,
the acquired information are fed back to the controller for
real-time compensation of motion errors through intelligent
control algorithms [25]. During the development of the con-
trol system, many excellent control algorithms have been
applied in the series-parallel mechanism, such as traditional
PID control, fuzzy control, neural network control, variable
structure control robust control and so on. He, W et al. [26]
proposed an adaptive neural network (NN) control for the
robotic system with full-state constraints, and the adaptive
NNs are adopted to handle system uncertainties and distur-
bances to prevent the violation of the full-state constraints.
Roy, S et al. [27] presented an adaptive time-delayed sliding
mode control for trajectory tracking control of a class of
uncertain Euler-Lagrange systems, which uses artificial time
delay to approximate the unknown dynamics through time-
delayed logic, and the switching logic provides robustness
against the approximation error. Guan, JS et al. [28] sutdyed a
robust adaptive Takagi-Sugeuo-Kang fuzzy cerebellar model
articulation controller (RATFC) and applied it to a robot
manipulator to achieve high-precision position and speed
control. A Takagi-Sugeuo-Kang fuzzy cerebellar model artic-
ulation controller is adopted, and the parameters are regu-
lated by the derived adaptable rules, which has mitigated
approximation-based errors. Xu, JM et al. [29] presents an
adaptive sliding mode control method for nonlinear systems.
L.Angel et al. [30] presents the tracking control for a robotic
manipulator type delta employing fractional order PID con-
trollers with computed torque control strategy. The CSPR,
as a combination of series-parallel and cable-linkage driven
mechanisms, is a strong nonlinearity, time-varying system,
the control process is much more complex [31]. The system
framework and control principles with multi-sensors for the
CSPR will be built to make a foundation for the experimental
prototype.

The rest of the paper is arranged as follows. In section 2,
the mechanical design of the CSPR is described in detail, and
the DOF of the CSPR is calculated to determine the num-
ber of the driven-cable; Section 3 establishes kinematic and
dynamic model of the CSPR based on homogeneous coordi-
nate transformation method and Lagrange equation. Motion
control system with multi-sensors designed for the CSPR
is provided in Section 4. Section 5 presents the simulation
results about motion errors and to verify the feasibility of the
mechanism and the reliability of the model. The conclusions
of this paper are drawn in Section 6.
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FIGURE 1. The simplified 3-D model of the CSPR.

TABLE 1. Parameters of dof for the CSPR.

II. MECHANICAL DESIGN
A. MECHANICAL STRUCTURE
The CSPR is a cable-linkage series-parallel hybrid-driven
palletizing robot with six degrees. This structure is designed
to reduce the working inertia and expand the working space of
without reducing the carrying capacity. Therefore, the driven-
cables are adopted to replace the driving motor of the joints
so as to improve the rapid response of the robot.

As shown in Figure 1, the CSPR is composed of the
base, rotating arm, forearm, gearbox, driven-cable and end-
effector. To improve the working space, the rotating arm is
mounted at an acute angle with the horizontal plane, and it
consists of a driving rod and six cables with the same length.
The six cables can ensure the Base and the gearbox keeping
parallel, and the driving rod transmits torque to the gearbox.
There are four main driven-cable used to drive rotating arm,
and one ancillary driven-cable is used to drive the forearm.
All the cable-actuators are placed on the ground to reduce the
weight of the manipulator.

In order to reflect the characteristics of CSPR, the perfor-
mance parameters of the robot are compared with the con-
ventional series robot, and the result shown as Table 1. From
Table 1, it can be get that the CSPR has lighter body mass,
greater load capacity, greater working speed and workspace,
but the repositioning accuracy need to be further enhanced.

B. DEGREE OF FREEDOM CALIBRATION
The mechanism diagram of the CSPR is shown in Figure 2.

In a robot system, the number of drivers must be more than
or equal to the DOF. The DOF of the CSPR needs to be
calibrated, and the number of driven-cables must satisfy the
formula: n ≥ M+1, which is at least one more than theDOF.

FIGURE 2. Mechanism diagram of the CSPR.

TABLE 2. Parameters of dof for the CSPR.

According to the calculation method of closed redundant
mechanism proposed in literature [32], [33], the degrees of
freedom of the robot can be expressed as:

M = d (n− g− 1)+
∑

fi + v (1)

where, d = 6 − λ, λ is the common constraint of the
mechanism.; n is number of components; g is the number of
motion pairs; fi is the degree of freedom of the ith motion pair;
v is number of closed redundant constraints. According to the
characteristics of the mechanism, the values of parameters in
Eq.(1) are shown in Table 2.

According to Table 2, the degree of freedom of the CSPR
is three, so it is correct and necessary for the CSPR to use four
driven-cable to drive rotating arm.

III. KINEMATIC AND DYNAMIC ANALYSIS
A. KINEMATIC MODELING
After analyzing the motion characteristics of the CSPR, Z-Y-
X Euler Angle is adopted to describe the reference coordinate
based on Homogeneous coordinate transformation method.
The reference coordinate system diagram of the CSPR is
shown in Figure 3.

TheO0−X0Y0Z0 is global coordinateis located at the Base
of CSPR, and the local coordinate system On − XnYnZn is
located at each joint. Assuming that mn T denotes transforma-
tion matrix of CartesianOn−XnYnZn with reference to Carte-
sian Om − XmYmZm, orientation and position of end-effector
can be expressed as:

0
6T =

0
1 T

1
2 T

2
3 T

3
4 T

4
5 T

5
6 T (2)

where:
0
1T =

[
0
1R 11
E0 1

]
;
1
2T =

[
1
2R 12
E0 1

]
;
2
3T =

[
2
3R 13
E0 1

]
3
4T =

[
3
4R 14
E0 1

]
;
4
5T =

[
4
5R 15
E0 1

]
;
5
6T =

[
5
6R 16
E0 1

]
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FIGURE 3. Reference coordinate system diagram of the CSPR.

1 in transformation matrix m
n T is the length vector of each

joint: 
11 = [0 a0]T ;12 = [0 b0]T

13 = [0 c0]T ;14 = [0 d0]T

15 = [e cos θ5 + fe sin θ50]T

16 = [0 a0]T

(3)

As shown in Figure 3, mn R in transformation matrix can be
described by Euler angle based on angle parameters:

m
n RZ ′Y ′X ′ = RZ (α)RY (β)RX (γ )

=

 cα −sα 0
sα cα 0
0 0 1

 cβ 0 sβ
0 1 0
−sβ 0 cβ

1 0 0
0 cγ −sγ
0 sγ cγ


(4)

where, +c is represent as ‘‘cos’’, s is represent as ‘‘sin’’.
α, β, γ are Euler angles of every joint.
Eq.(5) can also be simplified to:

m
n R =

 cαcβ cαsβsγ − sαcγ cαsβcγ + sαsγ
sαcβ sαsβsγ + cαcγ sαsβcγ − cαsγ
−sβ cβsγ cβcγ

 (5)

By combining Eqs.(2)∼(5), it can be obtained that:

0
6T =


r11 0 r13 p1
0 1 0 p2
r31 0 r33 p3
0 0 0 1

 (6)

where
r11 = r33 = cos(θ4 + θ6); r13 = −r31 = sin(θ4 + θ6)
p1 = k3−k1 cos θ2 sin(θ1−π/4)+(k2 cos θ5+0.1) cos θ4
p2 = k2 sin θ5 + k1 cos θ2 sin(θ1 + π/4)− k4
p3 = k1 sin θ2 − 0.1 sin θ4 − k2 cos θ5 sin θ4

Eq.(6) represents the total transformation of coordinates
between the end-effector and the Base, and the six joint
rotation angle variables of the CSPR are θ1, θ2, θ3, θ4, θ5, θ6.
Further, the driving mechanism of CSPR is the 5 driven-

cables. As shown in Figure 2, the four driven-cable of

Rotatory-arms can are BiAi(i = 1, 2, 3, 4), and the
driven-cable of forearm is defined as DC. Based on
Eq,(2)∼(5), the length of each driven-cable can be calculated
by Eq(7):{

lBiAi = [(0`Ai −0
4 T ·

4 `Bi)(0`Ai −0
4 T ·

4 `Bi)T ]1/2

lDC = [(4`C −4
5 T ·

5 `D)(4`C −4
5 T ·

5 `D)T ]1/2
(7)

where, 0`Ai = (xAi, 0, zAi, 1),4 `Bi = (xBi, 0, zBi, 1), lBiAi is
the length of the ith cable. lDC is the length of driven-cable of
forearm.

B. DYNAMIC MODELING
The CSPR is a seriously nonlinear coupled multi-body sys-
tem. The dynamic model is the theoretical basis of motion
control. In this section, Lagrange method will be used to ana-
lyze the dynamics of the robot. According to the kinematics
analysis of the CSPR, the DOF of the end-effector include
three translational DOF, (0x6, 0y6, 0z6) and three rotational
DOF (0θx , 0θy, 0θz), respectively. The Jacobian matrix is a
6 × 6 square matrix. According to Eq.(6), the functions of
end-effector position and joint variables are:

0x6 = f1 (θ1, · · · , θ6) 0y6 = f2 (θ1, · · · , θ6)
0z6 = f3 (θ1, · · · , θ6)
0θx = f4 (θ1, · · · , θ6) 0θy = f5 (θ1, · · · , θ6)
0θz = f6 (θ1, · · · , θ6)

(8)

Then derive the multivariate function and calculate the
differential function of each joint variable
δ
(
0x60y60z6

)
=
∂fi
∂θ1

δθ1 + · · · +
∂fi
∂θ6

δθ6 (i = 1, 2, 3)

δ
(
0θx

0θy
0θz

)
=
∂fi
∂θ1

δθ1 + · · · +
∂fi
∂θ6

δθ6 (i = 4, 5, 6)

(9)

then, Eq.(9) can also be simplified to vector expression:

δ0ς =
∂0F
∂2

δ2 (10)

where, ς =
[
x6, y6, z6, θx , θy, θ z

]
2 = [θ1, θ2, θ3, θ4, θ5, θ6],

F = [f1, f2, f3, f4, f5, f6]
Therefore. the 6 × 6 partial derivative matrix ∂

0F/
∂2 in

Eq.(10) is the Jacobian matrix J (2) of the CSPR. Therefore,
it can be rewritten as:

δ0ς = J (2) δ2, ς̇ = J (2) 2̇ (11)

In order to obtain the driving force and torque of the
joints, the Lagrange dynamic equation of the CSPR will be
established in the next based on Jacobian matrix. Lagrange
function is defined as the difference between kinetic energy
and potential energy of the CSPR system, that is:

L = E − U =
5∑
i=1

(
1
2
miv2i +

1
2
jiω2

i )−
5∑
j=1

(mjghzj − Uj0)

(12)

VOLUME 9, 2021 2191



H. Sun et al.: Dynamic Modeling and Error Analysis of a Cable-Linkage Serial-Parallel Palletizing Robot

where, Uj0 represents the initial potential energy of each
moving part, and hzj represents the centroid displacement of
each moving part in the Z direction.

According to the Lagrange function, the generalized
driving force and torque of end-effector motion can be
expressed as:

Fx =
d
dt

(
∂L
∂0ẋ6

)
−

∂L
∂0x6
;Fy =

d
dt

(
∂L
∂0ẏ6

)
−

∂L
∂0y6
;

Fz =
d
dt

(
∂L
∂0ż6

)
−

∂L
∂0z6

Tx =
d
dt

(
∂L

∂06 θ̇x

)
−

∂L

∂06θx
;Ty =

d
dt

(
∂L

∂06 θ̇y

)
−

∂L

∂06θy
;

Tz =
d
dt

(
∂L

∂06 θ̇z

)
−

∂L

∂06θz
(13)

So the vector of generalized force system acting on the end-
effector is:

Tτ =
[
Fx Fy Fz Tx Ty Tz

]T (14)

Similarly, the vector of torque acting on each joint can be
expressed as:

τ = [M1 M2 M3 M4 M5 M6]T (15)

The virtual angular displacement of each joint is δθ =
[δθ1δθ2δθ3δθ4δθ5δθ6]T , The virtual displacement of the
end-effector is: δk = [δk1δk2δk3δk4δk5δk6]T , the virtual work
done by the driving torque of each joint variable and done
by the generalized force system on the end-effector can be
calculated:

Wτ = τ
T δθ = M1δθ1 +M2δθ2 +M3δθ3 +M4δθ4

+M5δθ5 +M6δθ6

WT = T Tτ δk = Fxδk1 + Fyδk2 + Fzδk3 + Txδk4
+Tyδk5 + Tzδk6

(16)

According to the principle of energy conservation and
principle of virtual work, Wτ represents the total virtual
work done by the joints and cables, and WT represents the
virtual work done by the generalized force system on the
end-effector [34], [35]. Based on the law of energy conserva-
tion, the virtual work done through the virtual displacement
are equal, so it can be get Eq.(17) according to Eq.(16):

T Tτ δk = τ
T δθ (17)

where, Tτ is the vector of generalized force system acting
on the end-effector, δk is virtual displacement; τ the vector
of torque acting on each joint, and δθ is the virtual angular
displacement.

According to the kinematic equation in Eq. (11), the rela-
tionship between the virtual angular displacement δθ and
virtual displacement δk of the end-effector can be expressed
as:

δk =
0J (2) T δθ (18)

Substituting Eq. (17) into Eq.(18) can be obtained as:

τ = 0J (2) TTτ (19)

During the entire operation process, the cables remain
tensed, which provide the driving force for the manipula-
tor. Similarly, according to the Lagrange equation shown in
Eq.(12), the tension for every cable can be as:

S1 =
d
dt

(
∂L

∂ l̇1

)
−
∂L
∂l1
; S2 =

d
dt

(
∂L

∂ l̇2

)
−
∂L
∂l2
;

S3 =
d
dt

(
∂L

∂ l̇3

)
−
∂L
∂l36
; S4 =

d
dt

(
∂L

∂ l̇4

)
−
∂L
∂l4
; (20)

where, S1,S2,S3S4 the represent tensions of the cables and
l1, l2, l3,l4 are the length of the cables.
Finally, according to the kinematic relationship between

the end effector and each joint, the driving torque of each joint
and the traction force of each driven-cable can be calculated.

IV. CONTROL STRATEGY
Compared with the traditional series equipment, the weight
and inertia of the hybrid palletizing robot are significantly
reduced. In order to further improve the motion perfor-
mance of the robot and ensure the safety and reliability,
it is necessary to is design a closed loop control system
with fast response and strong information processing ability.
This system consists of industrial computer, motion control
board, servo motor and human-computer interaction inter-
face. A variety of sensors are used to measure the position
and orientation of the CSPR to ensure its safety operation.
As shown in Figure 4, the cables are the main driving part
of the parallel robot, and the driving force and length are
the most important parameters that need to be measured.
So the displacement sensors and tension sensors are installed
on the five driven-cables. Servo motor with rotary encoder is
also used to obtain angular displacement and angular velocity
of cable actuator. The rotating arm is the driving mechanism
of the forearm, and the rotation angle of the rotating armmust
be measured by the angular displacement sensor. At the same
time, the angular displacement sensors are also set on every
joint to collect the value of the angular displacement. In order
to ensure the accurate positioning and safety operation of the
palletizing robot, the infrared sensors and ultrasonic sensors
are essential to avoid obstacles in real time. The attitude and
acceleration parameters of end-effector are the most impor-
tant indexes to the stability palletizing, so the attitude and
acceleration sensors are set on the end-effector to constitute
a closed-loop control system.

The main performance parameters of the sensors are listed
in Table 3.

As shown in Figure 5, the software of the control system
includes: initialization program of DSP, detection subrou-
tine, ADC interrupt service subroutine, regulation control
procedure, driver control procedure, network communication
procedure and so on. In order to improve the motion precision
of CSPR, a sliding mode control strategy is designed based
on motion error. The tracking angular displacement error is
defined as:

e = θai − θqi (21)
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FIGURE 4. Assignment of the sensors.

TABLE 3. Sensors performance parameters.

FIGURE 5. Control and measurement diagram of the CSPR.

where, θai and θqi are the actual and expected angular
displacements of the ith joint respectively.

Then, based on the angular displacement error and its
derivative, the sliding mode surface function is constructed:

s (t) = ë+31ė+32e (22)

where, 3i = diag(λ1i, λ2i, · · · λ6i), and λi > 0
Finally, the sliding mode control law is designed as

follows:

u = −
(
31 +32

2

)
−1
[
0J (2) TTτ + H − ηsgn(s)

]
(23)

where, H is the error compensation term of modeling, and η
is the sliding mode control parameter.

The simplified control principles for this control scheme
are shown in Table 4.

V. NUMERICAL EXAMPLES
This section mainly analyzes the rationality and errors of
the kinematics, dynamics and stiffness models of the CSPR
through numerical examples. The basic parameters are shown
in Table 5.

A. KINEMATIC SIMULATION
In order to verify the correctness of kinematics modeling
analysis, the spatial position coordinates simulation analysis
for the end-effector was been done with two working con-
ditions of CSPR. Figure 6(a) shows the initial position of
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TABLE 4. Simplified control principles.

TABLE 5. Distance, angle parameter of the CSPR.

FIGURE 6. Exampled of forward kinematics with CSPR.

the robot (θi = 0) and Figure 6(b) shows another position
(θ1 = 15, θ2 = 30, θ3 = 0, θ4 = −60, θ5 = −60,
θ6 = −60).
First, the position vector of the end-effector is obtained by

the ‘‘evaluation-measurement’’ function. That is:{
pfiga = (Zfiga,Yfiga,Xfiga)T = (2.391 1.3550)T

pfigb = (Zfigb,Yfigb, ,Xfigb)T = (1.405 0.8131.140)T
(24)

Then, angular angle of each joint was substituted into the
kinematic model Eq.(5) and Eq.(6) respectively, and the the
oretical value of the position vector of the end-effector under
two working conditions could be obtained:{

pexp a = (p1a, p2a, p3a)T = (2.3941.355 0)T

pexp b = (p1b, p2b, , p3b)T = (1.406 0.8121.141)T
(25)

From Eq.(23) and Eq.(24), the position coordinate cal-
culated by kinematics model is basically the same as the
coordinate obtained by directly measured. The results can

FIGURE 7. Motion trajectory of End-effector.

preliminarily verify that the kinematics analysis model is
reasonable.

Then, to analyze the motion performance of the CSPR the
dynamic motion simulation was carried out, and the motion
equation of each joint of the CSPR is

θ1 (t) = (π/24) ∗ (cos (2 ∗ t)− 1)
θ2 (t) = (−π/6) ∗ sin (t) ; θ3 (t) = 0 ∗ t
θ4 (t) = θ6 (t) = (π/3) ∗ sin (t)
θ5 (t) = (−π/3) ∗ |sin (t)|

(26)

Based on the kinematics equation in section 3, the sim-
ilation got the motion trajectory of the end-effector shown
in Figure 7.The first figure in Figure 7 represents the space
motion trajectory of the end-effector, and the following three
figures represent the projection of the motion trajectory
toward the three basic planes.

Then, the length and velocity variation curve of the cables
and the motion characteristic curve of the end-effector are
obtained by simulation. The results are shown in Figure 8-15.
Compared the desired parameters with the actual results,
it can verify the correctness and the rationality of the dynamic
analysis.

Figure 8 shows the expected angular displacement of each
joint, and Figure 9 shows the actual angular displacement
obtained in the simulation process. It can be seen that the
actual angular displacement curve and the expected angular
displacement curve have the same value and change trend,
which verifies the correctness of the kinematic modeling.

Figure 10-11 shows the length variation curve of driven-
cable BiAi and DC . It can be seen that the length of all
driven-cable varies uniformly. There is a small fluctuation in
the actual curve, but that will not affect the movement of the
robot, which indicates that the design of structural parameters
of the forearm and the rotating arm is reasonable

Figure 12 shows the desired trajectory of the end-effector.
Compared desired trajectory with the actual motion curve
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FIGURE 8. Desired angular displacement of joint.

FIGURE 9. Actual angular displacement of joint.

FIGURE 10. Desired length variation of driven-cable.

FIGURE 11. Actual length variation of driven-cable.

shown in Figure 13, it can be seen that the desired and
actual trajectory curves are approximately the same, and
the displacement coordinates in the X-Y-Z direction change
almost exactly the same. The results can further show that
the kinematics analysis of the CSPR is correct, and the kinetic
characteristic of each joint have a good performance.

Figure 14 represent the velocity change of the four main
driven-cable and the forearm driven cable. It shows that the

FIGURE 12. Desired motion trajectory of end-effector.

FIGURE 13. Actual motion trajectory of end-effector.

FIGURE 14. Driven-cable velocity in dynamics simulation.

motion law of each drive cable is basically consistent with the
expected variation.

B. DYNAMICS SIMULATION AND ERROR ANALYSIS
In the following part, the parametric simulation of the robot
will be carried out on the basis of the dynamic analysis
in section 3. The velocity, acceleration and the errors are
analyzed with considering the mass, gravity and inertia. The
trajectory of the end effector is the same as that of the kine-
matics simulation. At the same time, The mass of the load
captured by the end-effector is 20KG.

The simulation motion control strategy is sliding mode
control method based on the position tracking parameters.
According to Eq.(27), the control strategy parameters of the
CSPR are designed as follows:

31 = diag(50, 50 · · · 50)
32 = diag(60, 60 · · · 60)
λ = 3

(27)
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FIGURE 15. Expected angular velocity each joint.

FIGURE 16. Actual angular velocity each joint.

Firstly, the angular velocity each joint are analyzed, and the
simulation results are shown in Figure 15.

Figure 15-16 represents the angular velocity of each joint
of CSPR during the dynamic simulation. It can be seen from
the figures that the actual motion velocity curve of each
joint and the expected curve are basically coincident, which
indicates the correctness of the dynamic analysis. At the same
time, the joint and the cable have a small range of vibration
during the motion for the driving characteristics of universal
joints, which will have an impact on the rapid working.

FIGURE 17. Angular velocity error with normal motion speed.

In order to analyze the magnitude of the velocity error,
the motion error of the robot is analyzed at different speeds.
The error deviation diagram is shown in Figures 17-18.
Figure 17 shows the angular velocity error at a normal speed.,
and the error range is between ±0.2◦/s. Compared to other
joints, the angular velocity error of joint 1 is smaller than that
of other joints.

Figure 18 shows the motion errors of each joint when the
velocity is doubled. Compared to the error of normal velocity,
the average speed error was within ±0.4◦/s. Similarly, the
angular velocity error of joint 1 is small, and there is a certain
amplitude of fluctuation of joint 4 and 6. This errors are
within the normal allowable range for handling work, which
can guarantee the good motion performance of CSPR.

Figure 19 and 20 show the trajectory tracking and the
motion errors of the end-effector in each direction. It can be
seen that the end-effector can run smoothly along the desired
trajectory, and the error in each direction is within a small
range of 0.3mm.

C. RELIABILITY ANALYSIS OF CABLES
In the error analysis, the speed fluctuation and acceleration of
the cable will cause the vibration of the driven-cables. It will
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FIGURE 18. Angular velocity error with twice motion speed.

FIGURE 19. Trajectory tracking comparison.

cause the rope to jump out of the pulley groove when the
vibration amplitude is large enough. In order to avoid this
situation, The reliability analysis of cables will be analyzed
in the following work based on the maximum jitter of each
driven-cable.

The contact point of each driven-cable on its pulley is taken
as the research object for this point is always the smallest
stiffness point of the cables. At the same time, that is also
the point with the largest vibration amplitude of the cable.
In the simulation results, the velocity and acceleration curves
of the smallest stiffness points on the driven-cables are shown
in Figure 21.

FIGURE 20. Trajectory error of End-effector.

TABLE 6. Maximum vibration amplitude and groove depth.

As shown in Figure 21, the dotted line represents the veloc-
ity of the smallest stiffness points, and the blue line represents
the acceleration of the points. When the CSPR is working
at normal speed, the mean velocity error amplitude of each
joint is approximately distributed between 0.2 and 0.3 deg/s,
and the other situationwith twice speed is distributed between
0.4 and 0.5 deg/s, which will provide a basis for the definition
of the rated working speed of the CSPR.

In order to analyze the reliability of the rope, we find
the time position where the maximum acceleration is, and
indicate them with the red arrow. Therefore, the maximum
vibration amplitude of the cables can be expressed by the
integral of the velocity within this time:

ui =
∫

t0
0 v(t)idt (28)

where, ui is the vibration amplitude, v(t)i is the instantaneous
velocity

The condition for the safe operation of the robot is ‘‘ui <
up’’, and up is the groove depth of guide sheave. The vibration
amplitude of each cable can be calculated and the results are
shown in Table 6.

According to the results in Table 6, the maximum
vibration amplitude of the cables is 0.0615, 1.188, 1.152,
1.209(10−3m), which are is far less than the groove depth
of 20(10−3m), and it can be clearly concluded that: ui < up
The driven-cable would not jump out the pulley groove, and
the working process is safe and reliable. In addition, the trend
of the cable velocity curve in the Figure 21 is consistent with
that in the Figure 15, which further verifies the correctness of
the dynamics simulation of CSPR.

D. LOAD ANALYSIS
In order to further verify the safety and load carrying capac-
ity of the CSPR under the different loading condition, this
part will analyze the tensions of the driven-cables with load
of 50Kg and 100Kg respectively. The working process of the
manipulator with load is shown in Figure 22 [20].

Figure 22 shows the stacking process, and the motion
trajectory of the end-effector is still the same as in the motion
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FIGURE 21. Velocity and acceleration curves of driven-cable.

FIGURE 22. Stacking process with load.

simulation in part B. The motion of each joint is driven by
four main actuated cables and one forearm actuated flexible,
and the tensions for the five driven-cables of CSPR are shown
in Figure 23.

As can be seen from Figure 23, cables 1 and 3 are installed
behind the manipulator and subjected to greater tensions

FIGURE 23. Tensions for the five driven-cables.

contrast with cables 2 and 4 located in the front part of
the manipulator. On the other hand, the variation trend of
the tensions of cables 1 and 4 are a gradually increased
process, while the variation trend of cables 1 and 4 is on the
contrary. Cable 5 is the driven-cable of the forearm, and the
variation in tension is similar to the parabolic. In the simu-
lation, the allowable tensions of the cables are 2200N with a
diameter of 5mm. It can be get from Figure 23, the maximum
tensions of the cables are all below 1600N nomatter with load
of 50kg or 100kg, which is completely less than the allowable
tensions. So the working process is safe enough.

In conclusion, compared with the ordinary series rigid
manipulator, the body mass of CSPR is only 30KG, however
the maximum load reaches more than 100Kg. On the other
hand, the operation error and accuracy are within the per-
missible range for stacking work, which further reflects the
advantages of CSPR with light weight and large load.

VI. CONCLUSION
In this paper, the mechanical structure and transmission sys-
tem of a cable-linkage serial-parallel palletizing robot is
designed according to conventional series and parallel robots.
Firstly, the DOF of the CSPR is calculated to determine
the number of driven-cable. Then the forward and inverse
kinematics equations of the CSPR are solved through homo-
geneous coordinate transformationmethod, and the dynamics
model of the CSPR system is established with the Lagrangian
method, so as to obtain the generalized force and torque
acting on the end-effector and the joints. To improve motion
accuracy and dynamic response performance, the closed-loop
control system and control flow principle are designed based
on a variety of sensors. Further, the dynamic simulation is
carried out with the payload of 20Kg to verify the struc-
tural rationality, and the results show that the expected and
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actual motion curves of each joint and the driven-cable are
basically coincident. The driven-cables would not jump out
the pulley groove. Finally, the tensions for the driven-cables
of the CSPR are analyzed at loads of 50kg and 100kg, and
the results have ensured the the safety and working perfor-
mance of CSPR, which would provide theoretical basis for
the development of cable-linkage serial-parallel palletizing
robot.
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