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Aiming at the problem that the vibration of space robot will reduce the dynamic accuracy of robot, a method of vibration
suppression of space robot through trajectory planning is proposed. First, the joint was simplified to a linear torsion spring,
and the flexible rod was modelled using the finite element method, resulting in a flexible motion model of the robot. Then, a
rigid-soft coupled dynamic model that combined the flexible motion model with the Lagrange method was established. Using
the dynamic model, the factors influencing the vibration behaviour of space robots were analysed. Finally, the space robot was
subjected to vibration suppression through trajectory planning. As verified by experimental analysis, different trajectories and
loads affect the excitation force and inherent characteristics of the robot. In the design process, it is necessary to consider the
relationship between the excitation force and natural frequency. The trajectory planning method has apparent effects on
vibration suppression. The vibration amplitude was significantly reduced, which can improve the positioning accuracy and

work efficiency of the robot.

1. Introduction

Space robots can be used to realise space control automation
and intelligence, which can replace or assist astronauts in
completing on-orbit assembly, on-orbit maintenance, fuel
refuelling, orbit cleaning, spacecraft inspection, and other tasks,
improve the efficiency of space exploration activities, and have
broad application prospects. Space operation tasks, represented
by on-orbit services, are becoming increasingly complex. Study-
ing the precise and dexterous control technology of space
robotic arms will be the key to human space exploration [1-5].

As an essential category of space robots, humanoid space
robotic arms are mainly used to complete complex assembly,
maintenance, and high-precision tasks. Compared with con-
ventional robotic arms, space flexible robotic arms have the fol-
lowing characteristics: (1) the space robotic arm is made of
lightweight materials, and the structure is a slender member,
which is lightweight and fast in response; (2) the space manip-
ulator develops in the direction of joint lightweight and integra-

tion, and adopts harmonic transmission, making the entire
system a complex rigid-soft coupling nonlinear system [6].
Therefore, it is challenging to model the dynamics of spatially
flexible robotic arms. Hu et al. presented an optimal configura-
tion selection method for calibration of robots which is
researched by the influencing factor separation method [7, 8].
When performing the grasping task, the space robot arm will
inevitably generate vibrations owing to its flexibility, which will
affect the accuracy of the operation. If the vibration is consider-
able, the entire system may fail. Therefore, to ensure that the
space flexible robotic arm better serve space, an analysis of
the vibration characteristics of the adjustable arm rod and the
suppression of its vibration are necessary [9, 10].

There are three main methods for suppressing the low-
frequency vibrations of flexible robots: passive control, active
control, and trajectory planning. The effect of passive manage-
ment is relatively simple; however, in practical applications, it
can only be used for single linkages and components with rel-
atively simple structures [11, 12]. The active control method
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uses a controller design to monitor vibration and suppress
vibration in real time [13]. Systematic dynamical equations
were established using the conservation of linear momentum,
conservation of angular momentum, theoretical modal
methods, and Lagrange equations. For the fast subsystem, the
speed difference feedback control and the linear secondary opti-
mal control are designed to suppress the vibration of the flexible
joint and flexible connecting rod, respectively [14]. The vibra-
tion suppression problem of flexible robots has been studied
using optimal control methods. In these methods, the robot is
suppressed by the dynamic model of the robot and state feed-
back equation [15].

The kinetic equations of the flexible robotic arm are
decoupled using the singular perturbation method. Vibration
is effectively suppressed by designing an observer to detect
the vibration status of the system in real time, quickly predict
the beat of the system, and control the robot system in real
time through a feedback control system [16]. When the Kal-
man filter was used as the state trajectory quantity, the flex
arm vibrated. A dynamic model of flexible manipulators con-
sidering hydrodynamic force was established by combining
the Lagrange equation and Morison formula [17]. An adaptive
fuzzy sliding mode control scheme to compensate for uncer-
tain factors was designed to track the joint trajectory and sup-
press vibration. The rigid-soft coupling dynamics of a space
robot system with flexible attachments were established. A
vibration suppression method for autonomously capturing a
target in the precollision stage of the base was proposed using
a model prediction algorithm [18]. The finite-element method
was used to establish a dynamic model of the system [19]. On
this basis, vibration suppression experiments of six different
cable-driven parallel robots were conducted using fuzzy PID
control and active control methods. Active control methods
place high demands on the accuracy of the dynamic models.
Compared with operational management, trajectory planning
has the advantages of low-accuracy requirements for dynamic
models and relatively simple control. The method of trajectory
planning is divided into two types: planning only at the kine-
matic level, such as planning the trajectory of the robot, taking
the integral of the square of the acceleration as the optimiza-
tion goal, reducing the impact, and reducing the vibration by
smoothing the trajectory of the robot [20].

Using a five-time polynomial and the acceleration limit of
each joint, a method of vibration suppression of a spatial flexible
robotic arm based on trajectory planning that effectively sup-
presses the vibration of the robotic arm was proposed [21].
Planning at the kinematic level poorly affects the dampening
vibrations and the other types of trajectory planning at the
kinetic level. By establishing a flexible dynamic model of the
robot, trajectory planning can be carried out based on spline
curves and polynomial curves with the excitation force as the
optimization goal; however, such a model is appropriate for sin-
gle-degree-of-freedom or planar robots [22-25]. A vision-based
noncontact vibration suppression method was proposed based
on the vibration amplitude error prediction model, and an error
estimation controller was designed so that the vibration could
be controlled in real time [26]. However, this study only focused
on vibration suppression, and the factors influencing the vibra-
tion behaviour were not revealed.
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By analysing the influence of the motion law of triangles
and trapezoids on the vibration of the system, it has been
revealed that the residual vibration of the system is sup-
pressed well when the deceleration time of the system is
equal to the first-order vibration cycle of the system [27].
Zhao [28] responded to the dynamic response of a flexible
robotic arm with a moving end effector in different motion
states and analysed the effect of actuator movement on the
robot vibration. Yu et al. [29, 30] proposed the design idea
of robot path planning and the path parameter selection
method from the perspective of the spectrum. These
approaches effectively reduce the flexible vibration of rota-
tional motion.

In this study, the factors influencing the vibration
behaviour of space robots were analysed, and the vibration
of space robots was suppressed using the analysis results.
First, the mechanical structure of the space robot was diag-
nosed, the integrated joint was assumed to be equivalent to
a linear torsion spring, the flexible connecting rod was
modelled by the finite element method, and the rigid-soft
coupling dynamic model of the robot was established by
combining the Lagrange method. The vibration model of
the robot was obtained based on the dynamic model, and
the vibration model was used to analyse the influence of
the vibration force and frequency generated by the trajec-
tory on the vibration, as well as the influence of different
trajectories and loads on the natural frequency. Finally,
vibration suppression was carried out using the trajectory
planning method.

2. Rigid-Flexible Coupling Dynamic Model of
Space Robots

2.1. Basic Composition. To improve the flexibility of the space
robot, it had seven DOFs. The main characteristics of the
robot are that it is lightweight and has a large load-weight
ratio. The robot is equipped with a flexible integrated joint
and lightweight connecting rod to satisfy the aforementioned
characteristics. Figure 1 shows the configuration of the space
robot SHIR5. The system mainly includes a mechanical sys-
tem, control system framework, and operating system. The
robot body is composed of an integrated joint, lightweight
connecting rod, control box, and an external instructor, as
shown in Figure 2.

An integrated joint is an essential part of a robot that
integrates servomotors, reducers, torque sensors, encoders,
and actuators. The composition of the integrated joints is
illustrated in Figure 3. A high-performance permanent-
magnet torque motor and harmonic reducer with a high
transmission ratio were adopted to achieve lightness and
a large load-weight ratio. A position encoder was installed
at the motor and output shaft ends to improve the posi-
tioning accuracy. A torque sensor was installed at the out-
put shaft of the joint module to realise compliant motion
control of the manipulator and safety of the human fusion
operation. Other components include brakes and drive
control boards.

Owing to the immense flexibility of the harmonic reducer
and torque sensor in the lightweight connecting rod and
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Ficure 1: Configuration of space robot SHIRS5.
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FiGure 2: Composition of the robot system.
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FiGure 3: Composition of the integrative joints of robot.

integrated joint, the rigidity of the robot system is poor, which
causes the robot to vibrate during operation and reduces its
dynamic accuracy and stability. Hence, it was necessary to per-
form flexible coupling dynamic modelling and dynamic char-
acteristic analysis of the robot.

2.2. Rigid-Flexible Coupling Dynamic Modelling. Figure 4(a)
shows that the connecting rod of the robot was irregular in
shape. First, the connecting rod was simplified and divided
into circular, noncircular, and thin-walled parts. The noncir-
cular thin-walled part was simplified through an elliptical sec-
tion, which was conducive to establishing the solution model.
A schematic of the thin circular and elliptical walls is shown in
Figure 4(b). The diameter of the circular section was defined as
D, and the major and minor axes of the elliptical section were
defined as D and B, respectively. The minor axis of the ellipse
was along the x-direction, and the thickness of the connecting
rod was d.

The space robot is equipped with an integrated joint
that uses a harmonic reducer and a torque sensor to
increase joint flexibility. The tilting stiffness of the joint is
significantly greater than its torsional stiffness. Therefore,
this study simplified the joint using a linear torsional
spring, as shown in Figure 5. 0 is the rotation angle of
the motor rotor obtained after conversion of the reduction
ratio of the harmonic reducer. The motor rotor rotates the
flexible rod using a harmonic reducer and torque sensor. k
represents the stiffness of the joint and & represents the
elastic deformation of the joint.

An overall simplified model that considers the flexibil-
ity of the connecting rod and joint was obtained using
the above simplification of the connecting rod and joint,
and the robot was assembled. As shown in Figure 6, the
connecting rod was simplified into two elements: a circular
section and an elliptical section. The serial number of ele-
ment j on connecting rod L, was denoted by ij, and the
length and mass per unit length of the element were
denoted by [; and m;;, respectively. The mass of joint J;

and the torsional stiffness were denoted by m, and k;
respectively. Connecting rods L, and joint J, had little
effect on the system. To simplify the model, L,, J,, and P
were considered equivalent to a rigid connecting rod, a
concentrated mass, and the load, respectively.

A spatial beam element was used to model the flexible
link of the robot. The transverse bending deformation of
the link was expressed by the cubic Hermite function. The
axial tensile deformation and bending deformation around
the axis were expressed by a linear function. The deforma-

tion displacement and deformation angle of the element
were denoted as u and v, where u=[u,,u,
v,]", respectively. The flexible joint was simplified as

u)" and v=

[V, Vys
a linear spring, and the flexible motion relationship of the
robot was obtained.

A right-handed coordinate system was established for
the robot. The base frame of the robot was O — x,y,z,, and
the local frame O — x;y,z; was fixed to the flexible link. The
z-axis of the local frame always coincided with the axis of

the iy, link, as shown in Figure 7. 6 is the angle of the joint



(a) Three-dimensional model and simplified model of the connecting rod
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FIGURE 4: Simplified model of the connecting rod.
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FiGUre 6: Simplified model of the joints.
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FiGure 7: Flexible motion relationship of robot.

and 9§ is the flexible deformation of the joint. In a locally
coordinated system, two units exist on the iy, link. In this
study, the deflection and angle of unit deformation were rep-
resented by u;(z,t) and v;(z, t), respectively, where i(i=1
,2, -+, 6) is the number of links, and j(j = 1, 2) is the number
of units, z is a point on the link unit.

It is assumed that ;" is the position of a point on the i,
link. When a point is located in the first unit of link, that is,
V= [y (1, 1), u(2,1),and z + 1, (3, 1)] (D).
When point is located in the second unit of link (j =2), r,’
=[uy(1,1),u,(2,1),and [, + z+u,(3,1)] (1). Thus, r,’
can be described as

when j=1, r

where [; is the length of the first unit, i=1,2,--+,6, and j
=1,2.

The transformation matrix of the flexible link can be
obtained by multiplying the transformation matrix of the
former link by that of the former joint. It is assumed that
Ty =£,(0), Ty, =£,(8), and T3 =f;(u,v) are the transfor-
mation matrices of the joint revolution, flexible deformation
of the joint, and the link, respectively.

When i is odd,

cos;, -—sin0; 00
sin@;  cos 0, 0 0

oo 0 1 0l
0 0 0o 1 2)
1 =5, 0 0
S 1 0 0
Ti2_
0 0 0
0 0 0 1
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The position of any point on link i with respect to the
base frame can be expressed as

!
ri=Ty3 % Ty x Ty sTig s Ty % Ty * 1y (4)

The velocity at any point on link can be obtained by cal-
culating the derivative of r; with respect to time. Then, the
equations of the rigid-flexible coupled dynamics of the robot
can be constructed based on the Lagrange formulation. In
this study, the effects of the elastic deformation ¢ on the
mass, damping, stiffness, and gravity matrices were ignored
to simplify the dynamic model of the robot. Moreover, the
H matrix was omitted because the centripetal and Coriolis
forces have little influence on the dynamics. Thus, the
dynamics of the robot can be expressed as

Mg (9) Mﬂrp(e) 9 C@G(e) C@(p(e) 0
+
MBT(P(Q) M(p(p(e) (P CG‘P<6> CG”‘P(e) ¢
0 0 0

+ +

"L

where M, C, K, and G are the mass matrix, centripetal force,
Coriolis force, stiffness matrix, and gravity of the system,
respectively, and ¢ =[5, u,v|, T is the torque required for
the joint.

There are many ways to express the dynamic character-
istics of robots. Natural frequency, as an essential indicator,
can reflect the dynamic characteristics of a robot and its
overall flexibility. The joint stiffness of the robot, structural
parameters of the connecting rod, and load significantly
influence the natural frequency of the robot, thereby affect-
ing its dynamic characteristics. The natural frequency equa-
tion of the robot can be obtained using its dynamic model.

0 K@)lle

det (w[I] - M'K) =0. (6)

3. Vibration Characteristics Analysis

Equation (5) can be rewritten as

M, (6)§ + C,, (0)¢ + K (0)p = —ng,(e)é - cgw(e)é.
(7)

Equation (6) can be regarded as the vibration equation for
the flexible deformation of a robot. The right side of the equa-
tion represents the excitation force. Thus, the equation of
motion is obtained as follows:
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FIGURE 9: Frequency analysis of the excitation forces for tasks with different durations.

M(P(P (Q)QD + C(P(p(e)q) + K(p(p(P = F(e) 9, 6) > (8)

where M o9 CW, K e 0, ¢, and F are the mass matrix, damp-
ing matrix, stiffness matrix, desired trajectory of the joint, flex-
ible deformation of the link and joint, and excitation force,
respectively, which are determined by the robot’s desired
motion.

The vibration response of a system can be classified as a
transient or steady-state response. An effective method for
suppressing the vibration of the robot is reducing the excita-
tion force, because the steady response depends on the exci-
tation force, which suppresses the vibration of the robot.

There are two types of vibrations in a robot: vibration
during movement and residual vibration after movement.
The steady-state response is the vibration generated by an
external excitation force in the robot. The amplitude of the
vibration was related to the magnitude and frequency of
the excitation force. Resonance occurs when the frequency
of the excitation force approaches the natural frequency.

Using a Fourier transform, the excitation force was
decomposed into a series of simple harmonic excitation forces

of different frequencies, and then a response superposition
was performed. The steady-state response can be expressed
as follows:

x(t) = B sin (wt — @),

5 F, _ Ey/k
\/(k - mw?)? + w? \/(1 —-v2) + (2Ev)? ) (9)
cw o 28y

:t71 = S
$=19 k — mw? tg 1-—v2

where v = w/w,, is the frequency ratio and & = ¢/2w,m is the
damping ratio.

Therefore, when analysing the motion characteristics of
a robot, the magnitude of the excitation force cannot be ana-
lysed, and the frequency must be analysed. The vibration
equation of the robot shows that its elastic deformation var-
ies with the rigid joint motion 6. This section discusses the
dynamic characteristics of robots covering the same trajecto-
ries with durations of 2 and 5s.
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FiGure 11: Effect of a load on the first-order natural frequency of the robot.

3.1. Influence of the Excitation Force on the Dynamic
Characteristics of the Robot. When tasks with the same tra-
jectory and different durations were completed, the excita-
tion force F, which causes robot vibration, was found to
differ with the duration of the trajectory. As shown in
Figure 8, the excitation force F for the task completed in
5s was smaller than that for the task completed in 2's. There-
fore, at the start and stop stages, the vibration of the robot
when the task was completed in 2s was more evident
because of the larger excitation force F.

3.2. Influence of the Frequency on the Dynamic Characteristics
of the Robot. The vibration amplitude of the robot is related to
the magnitude of the excitation force, F, and its frequency.
When the frequency of the excitation force was closer to the
natural frequency of the system, the vibration became more
intense. Therefore, it was necessary to analyse the frequencies
of the excitation forces F5 and F, for tasks having durations of
5and 2 s. The results of the analysis are shown in Figure 9. The
excitation frequency generated by the excitation force Fs in
the 5s process is mainly distributed in the range of 0-10Hz,
and the excitation frequency generated by the excitation force
F, in the 2 s process is primarily distributed in the range of 0-
6Hz. The excitation frequency generated by the excitation

force F, in the process of 2 s is relatively concentrated. There-
fore, the frequency of excitation force generated by different
trajectories is different, thus affecting the excitation effect of
the system.

As shown in Figure 10, the first-order natural frequency
was between 5.7 and 6.4 Hz. Spectrum analysis of the excitation
force (Figure 9) revealed that the amplitude of the frequency
components in F. was higher than that in F,. Therefore, dur-
ing the subsequent relatively stable motion, the vibration gen-
erated when the task was completed in 5s was more evident
than that generated by the task with a 2s duration when the
excitation force was not significantly different.

3.3. Effect of a Load on the Dynamic Characteristics of the
Robot. Figure 11 shows the change in the first-order natural
frequency when the robot moved with and without a load. It
can be observed that a load has a significant influence on the
natural frequency. After adding the load, the natural fre-
quency of the robot reduced, and the amplitude of the fre-
quency components with similar excitation and natural
frequencies increased; hence, the vibration intensified signif-
icantly. Therefore, the load cannot exceed a specific value to
ensure dynamic accuracy and prevent severe vibration.
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TaBLE 1: Initial value of arm angle corresponding to the angle of each joint.
o 0° 45° 90’
Joint [-0.1484, 0.2176, 0, 1.7526, -0.3814, [-1.1881, 0.6817, 1.4924, 1.7526, 0.3604,  [-1.0822, 1.2726, 1.9487, 1.7526, 0.6073,
angles -0.4852, -0.1630] -0.4772, -1.5397] -0.7833, -2.4546]

3.4. Influence of the Initial Pose on Vibration. During the opti-
mization process, the initial value of the arm angle « had a sig-
nificant influence on the optimization results. For the same
end position, different « values led to different initial joint
angles and vibration effects. In this section, the effect of the
initial arm angles on the end vibrations under the same trajec-
tory is reported. The considered arm angles were 0°, 45°, and
90°. As shown in Figure 12, when the initial arm angle o was
0°, the torque of the joint was the largest, whereas the corre-
sponding vibration was the smallest. When « = 45°, the initial
torque of the joint was the smallest; however, the correspond-
ing vibration was significant. The angles of each joint of the
robot corresponding to the initial arm angle « are listed in
Table 1. In this study, when the initial conditions were rela-
tively poor (ie., a=45), the initial vibration of the joint
was significant.

4. Vibration Suppression

To ensure end accuracy, the arm angle of the robot was opti-
mised in zero space using the analytical solution method,
and a trajectory with a vibration suppression effect was
obtained under the premise of satisfactory joint angle, angu-
lar velocity, and angular acceleration of the robot. The ana-
Iytical solution method for the inverse solution of 7-DOF
redundant robots is based on the method introduced [31],
and its principle is illustrated in Figure 13. The shoulder

Reference

Current plane

plane

Shoulder
joint

—

Wirist
joint

FIGURE 13: Principle diagram of the inverse kinematics solution for
7-DOF redundant robot.

and wrist joints are equivalent joints, and « is the arm angle,
i.e, the angle between the current plane formed by the
manipulator and the specified reference plane. Each joint
angle value as a function of pose x and arm angle « is
expressed as follows:

0=f"(x"q), (10)

where f denotes the kinematic function of the robot.
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(a) Position and posture of P,

FIGURE 14: Initial posture and end posture of the robot.

The inverse kinematics solution method revealed that
the robot’s inverse kinematics were greatly affected by the
angle o, which needs to be optimised in the solution process.
The angular velocity of the joint and the angular velocity of
the robot can be obtained by differentiating the joint angle of
the robot as follows:

0111 = (01 = 0,)/At, (1)
. . . 11
6t+1 = (6t+1 - Gt) /At,

where At is one control cycle of the robot.

Using the above equations, the planning problem of the
positioning layer was transformed into a problem of opti-
mising the arm angle « for the minimum excitation force
under the premise of a satisfactory joint angle, angular veloc-
ity, and angular acceleration.

min ¢ = (M},6+CL,6) ! (M3,0+CL,0),
st. 0

V. <0<V

min =

<0<0 (12)

min = Y = Ymax>’

max’

A, <0<A

- max*

5. Experimental Study

An experimental study was conducted to validate the pro-
posed vibration suppression method based on trajectory gen-
eration. Figure 14 shows a self-developed collaborative robot
with seven DOFs and anthropomorphic configuration. The
trajectory of the robot end was generated to study the impact
of joint angle 0 on the vibration of the robot. The robot end
moved in a straight line from point P, to point P, and its atti-
tude remained unchanged. The trajectory generation method
is based on S-curve. The results for position, speed, maxi-
mum acceleration, and acceleration are shown in Figure 15.
The details of the model parameters are listed in Table 2.
The initial and target attitudes of the robot are shown in

9
(b) Position and posture of P,
e Y
L
. L twﬂ
. S
Y /r/ Viax \
Vs \—WVe t
“ A
g
J4 Ji ||
.
PR = Sl Ta o o T
—p > T; L» > Ts »lp
3 T T3 T4 s Te T7

FIGURE 15: S-curve planning.

Figure 14. Planning parameters of the robot end are listed
in Table 3.

A torque sensor was mounted on the joint to measure
the vibration of the robot. A low-pass filter was used to
remove unwanted noise from the output of the torque sen-
sor, and the amplitude of the signal was regarded as the
amplitude of the vibration. The torque at the joint was calcu-
lated by substituting the actual angular velocity of the joint
into the theoretical model.

Vmax 18 the maximum speed of the robot end, T is the
running time for each stage where k=1,2, ---, 7, L is the dis-
placement of the robot throughout the operation, A, is the
maximum acceleration in the acceleration stage, and J is the
acceleration of each stage.

5.1. Effects of Different Trajectories and Loads on Vibration.
Torque sensors were used on the joints to observe the vibra-
tions of the robot. Figure 16 shows the vibration behaviour
of the robot that covers the same trajectory in 2 and 5s. Ini-
tially, the vibration corresponding to the 2 s motion was sig-
nificantly more intense than that corresponding to the 5s
motion. For subsequent motions, the vibration for the 5s
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TaBLE 2: Initial posture and joint angle of the robot.

Points

Py

P,

Position/mm (x, y, z)
Attitude/”

Joint angle/rad

[506.102, -75.6716, 264.402]
[1.5096, 86.8577, -29.4258]
[-0.1484, 0.2176, 0, 1.7526, -0.3814, -0.4852, -0.1630]

[661.72, 370.513, 138.943]
[1.5096, 86.8577, -29.4258]
[0.5087, 0.8476, 0.0033, 1.0840, 0.8939, -0.6359, -1.3373]

TaBLE 3: Planning parameters of the robot end.

Parameters 2s 5s
T/s [0.08, 0, 0.08, 1.84, 0.08, 0, 0.08] [0.18, 0, 0.18, 4.84, 0.18, 0, 0.18]
J/(mm/s>) [12260, 80460, -9930] [1000, 2870, -920]
A/(mm/s?) [980, 6440, -800] [180, 1150, -324]
v/(mm/s) [78.5, 225.5, -64] [31.5, 90.5, -25.5]
L/mm [158, 454, -128] [158, 454, -128]
110 110
100 - 100 4
90 4 90 4
\ZE/ 80 - iZE/ 80
S S
70 4 70
60 - 60
50 T T T T T 50 T T T T
0 1 2 3 4 5 6 0 0.1 1 1.5 2 2.5

— 5s

(a) Joint torque for the 5s motion

t(s)
— 25

(b) Joint torque for the 2 s motion

FiGurek 16: Influence of different trajectories on robot vibration.

motion was more intense than that for the 2s motion. The
excitation force F, was larger than F;, indicating that the
size of the excitation force alone did not determine the vibra-
tion of the robot.

It can be observed from the analysis results in Figure 17
that the load has a significant influence on the vibration of
the robot. Its influence on the 2s motion was smaller than
that on the 5s motion. With a load, the vibration for the
5s motion was more pronounced; however, without a load,
the vibration for the 5s motion was significantly reduced.
This reduction was more evident than that for the 2s
motion.

It can be observed from the vibration equation and
vibration phenomenon of the robot that the trajectory of
the robot joint has a significant influence on the excitation
force. Therefore, the excitation force can be optimised by
optimising the robot joint trajectory. The smaller the excita-
tion force, the better the vibration reduction of the robot.
For a task with a required end trajectory, the trajectory of

the joint cannot be represented by the existing trajectory
equation. Under the premise of a limited end trajectory,
the redundant characteristics of the robot were used to opti-
mise the joint trajectory through self-motion. Finally, vibra-
tion suppression of the robot was realised.

5.2. Verification of the Vibration Suppression Algorithm. For
the results presented in this section, the initial arm angle a of
the robot was set to 457, the planning period of the robot was
0.01s, and the robot load was 5kg. The trajectory of the
robot was optimised by the method described in this article.
Then, the optimised robot joint trajectory was substituted
into the dynamic model of the robot, and the torque of the
second joint of the robot was obtained using the Newmark
method.

Figure 18 shows the joint torque obtained by the position
layer trajectory planning compared with that obtained
before planning. Before vibration suppression, the robot
experiences a slight vibration owing to the influence of
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FiGure 18: Comparison of joint torques before and after
optimization.

acceleration during the initial movement, and the joint tor-
que vibration amplitude is approximately 5Nm. Subse-
quently, the vibration gradually becomes intense during

smooth operation (0.5s-1.5s). The initial motion generates
a shock force through the optimised trajectory owing to
acceleration, resulting in a slight vibration, which is signifi-
cantly weakened during smooth operation. Through com-
parison, the vibration of the joint torque after planning
was considerably lower than that before planning, which
illustrates the effectiveness of the trajectory planning method
for vibration suppression of the robot.

Figure 19 compares the joint angles before and after the
optimization of robot trajectory planning. It can be seen
from the figure that the trajectory of optimised anterior
and posterior joints 4 does not change. The trajectory of
the other joints changes owing to the self-motion character-
istics of the redundant robot.

Figure 20 shows the x-direction trajectory of the opti-
mised front and rear ends. It can be seen from the figure that
the trajectories of the front and back ends of the optimiza-
tion are the same, indicating that the position layer trajec-
tory planning can effectively suppress vibrations to ensure
the end trajectory.



12

0i (rad)

o N
a PSRN
o W

o
=N

|
|
DD DD
S
QJQDQD'PQDQDQJQD

o

<
N|
~

FIGUure 19: Contrast of joint trajectories. Note that 0;; represents
the unoptimised joint trajectory, and 0; represents the optimised
joint trajectory.

700

650 -

600 ~

X (mm)

550 |

500 T T T T

—— Un-optimized
-- Optimized
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6. Conclusions

In this study, the factors influencing the vibration behaviour
of a robot were analysed by establishing a rigid-flexible cou-
pling dynamic model of a flexible space robot. The following
conclusions can be drawn: (1) the same path and different
motion times lead to different vibration behaviours of the
robot. In the trajectory planning process, the size and fre-
quency of the excitation force should be considered compre-
hensively. The excitation force must be reduced and
monitored to avoid the natural frequency of the system.
(2) The loads affected the dynamic parameters of the robot
and changed its natural frequency. Thus, the load capacity

International Journal of Aerospace Engineering

should be effectively limited during robot design. The above
conclusions reveal the factors influencing robot vibration
behaviour and provide support for the design and develop-
ment of robots.

Subsequently, through the above analysis, the trajectory
planning method was used to suppress the vibration of the
robot, and the joint torque before and after the vibration
suppression was compared experimentally. The vibration
of the joint torque after planning was significantly lower
than that before planning. The vibration amplitude reduced
by 80%, which can improve the positioning accuracy and
work efficiency of the robot, and illustrates the effectiveness
of the trajectory planning method for the vibration suppres-
sion of a robot.
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