Hindawi

Mathematical Problems in Engineering
Volume 2020, Article ID 9681530, 12 pages
https://doi.org/10.1155/2020/9681530

Research Article

Research on a LADRC Strategy for Trajectory Tracking Control of
Delta High-Speed Parallel Robots

Cheng Liu,' Yanming Cheng ®,' Dejun Liu,' Guohua Cao,’ and Ilkyoo Lee’

College of Electrical and Information Engineering, Beihua University, Jilin, China
2College of Mechanical and Electric Engineering, Changchun University of Science and Technology, Changchun, China
3Division of Electrical, Electronics & Control Engineering, Kongju National University, Cheonan, Republic of Korea

Correspondence should be addressed to Yanming Cheng; mycheng@kongju.ac.kr

Received 19 June 2020; Revised 9 August 2020; Accepted 17 August 2020; Published 30 August 2020

Academic Editor: Kalyana C. Veluvolu

Copyright © 2020 Cheng Liu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In order to better track the planned trajectory of Delta high-speed parallel robot, this paper proposes a dynamics control strategy
for Delta high-speed parallel robots based on the linear active disturbance rejection control (LADRC) strategy which realizes
decoupling control through observing and compensating the coupling and internal and external disturbances between the three
joints. Firstly, the structure and dynamics model of the Delta high-speed parallel robot are analyzed, respectively. Secondly, the
control scheme of the Delta high-speed parallel robot dynamic LADRC strategy is constructed, and then, the system stability is
analyzed. Taking a representative 8-shaped space helical variance trajectory as a given input of the system and a triangular wave as
an external disturbance as given disturbance input of the system, simulations are carried out to demonstrate the effectiveness of
the proposed LADRC strategy; results indicate that the system with the LADRC strategy has a good quick and precise real-time

trajectory tracking and strong robustness.

1. Introduction

The parallel robot has the advantages of high speed, light-
weight, and strong flexibility, which is complementary to the
serial robot. Thereby, an increasing number of researches
were carried out by numerous research institutions at home
and abroad [1, 2]. At present, the parallel robot has not been
widely used inasmuch as it has a difficult design of the
parallel mechanism, difficult kinematics solution, complex
trajectory planning, difficult trajectory tracking control, and
other problems [2-6]. In this paper, Delta parallel robot is
chosen as a study object; the control of Delta parallel robot
can be divided into two types: one is kinematics control,
which ignores the centripetal force, Coriolis force, and all
kinds of disturbances of the robot. It directly controls the
rotation angle of the servo motor through the given rotation
angle of trajectory planning, which is mainly used in the low-
speed parallel robot; the other is dynamics control. Under
the-condition-of-high-speed:motionif the centripetal force,
Coriolis force, and all kinds of disturbances are ignored, the

operation accuracy of the robot will decrease, and the joints
of the robot will vibrate. Therefore, the dynamics control
method is designed to improve the dynamic response of the
robot system and effectively control all kinds of forces and
disturbances in high-speed motion, which realize that the
control of the robot in high-speed motion accuracy is of
great importance. The controls of three joints of Delta
parallel robot are coupled with each other, and the control
object has nonlinear characteristics. Therefore, its control
has always been a difficult issue in the field of parallel robots;
the quality of control strategy directly affects the quality of
trajectory tracking, the speed, and operation accuracy of the
parallel robot.

The existing control strategies that have been applied to
the parallel robot include PID control [7-11], calculated
torque control [12-17], and sliding mode variable structure
control [18-20]. These methods have higher requirements
on the model of the control object, and the operating
conditions and operating environment are deterministic. In
order to improve the control performance, some scholars
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combined the intelligent control strategy with the traditional
control strategy on control of the Delta parallel robot
[21-28].

It is generally accepted that classical PID control has
good robustness and reliability, and it is easy to be realized. It
plays an important role in single input and single output
applications. The outputs of three joints of Delta parallel
robot are coupled with each other, and the control is
nonlinear. The classical PID control is difficult to ensure
high-precision and high-speed trajectory tracking and has
poor robustness. Therefore, scholars at home and abroad are
committed to researching the improved PID control
method.

In literature [7-11], starting from the robot joint or joint
drive servo system, PD control, PD + speed feed-forward,
PD + position feed-forward, a nonlinear combination of PID
parameters, online optimization of PID parameters, fuzzy
self-tuning PID, and other controllers as well as various
dynamic compensation controllers are used to enable the
robot joints to track the given trajectory curve. The method
of calculating torque control is to simplify the dynamic
model of each joint and carry out decoupling control, which
can achieve linear control of each joint. In literature [12-17],
the dynamics control of the robot is realized based on the
computational torque control method which achieves a good
trajectory tracking control. In order to improve the tracking
performance of the system, various improvements and
compensations are made to predict or calculate the torque in
the literature, and the robustness of the system is analyzed.
In the nonlinear control system, the sliding mode variable
structure control strategy is very popular with researchers,
but the controller itself has the problems of chattering and
easy to be disturbed. In literature [18-20], a new adaptive
variable structure controller, a new smooth sliding mode
control algorithm, and a combination of REF neural net-
work and sliding mode control algorithm are used to solve
the chattering problem of the traditional sliding mode
control, with strong robustness. Since the advent of artificial
intelligence control technology in the 1960s, an increasing
number of control systems have been added to the elements
of artificial intelligence. There are many active figures of
artificial intelligence control technology in control of robot
trajectory tracking of the robot. Experts and scholars have
applied various neural networks, predictive control, fuzzy
algorithm, expert system, and other technologies to control
of robot trajectory tracking of the robot, which achieve good
results. Moreover, the performance of the controller is
improved by combining the artificial intelligence method
with PID control, calculation torque method, and sliding
mode variable structure control, such as the achievements in
literature [11, 20, 27-29]. However, the aforementioned
methods excessively depend on the model and are difficult to
be realized due to the complexity of calculation. Conse-
quently, these methods cannot meet the requirements of
high-precision and high-speed control of high-speed parallel
robot.

In literature [30], the method of combining the Active
Disturbance Rejection Controller (ADRC) with General-
ized Proportional Integral (GPI) was adopted. ADRC has
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the advantage of being model independent, and General-
ized Proportional Integral Observer (GPIO) was used in-
stead of Extended State Observer (ESO), which has a better
performance comparing with the calculated torque.
However, the entire system has many parameters to be
tuned, which can achieve good results at a specific load
time. Nevertheless, the performance of the system de-
creases when the load changes, and the parameters cannot
be optimized.

In the last few years, Professor Gao Ziqiang proposed the
linear active disturbance rejection control method [31]
(LADRC) which mainly deals with the linearization of the
Extended State Observer and the error feedback combined
controller, which is convenient for stability analysis and
parameter tuning by using the frequency domain method.
The LADRC has been widely used in a wider range owing to
its advantages of simple parameter tuning and strong anti-
interference ability, and more achievements have been
achieved in some literature [32-38]. Motivated by the
aforementioned analysis, this paper proposes an LADRC
strategy to apply to the dynamic stability control of Delta
high-speed parallel robot for the first time. Simulation re-
sults demonstrate that the system with LADRC strategy has
the performance of a good trajectory tracking and strong
robustness.

2. Structure and Dynamics Modeling of Delta
High-Speed Parallel Robots

2.1. Structure of Delta High-Speed Parallel Robots. In this
paper, the structure sketch of Delta high-speed parallel robot
is depicted in Figure 1. A1A2A3 is a fixed platform, BIB2B3
is a mobile platform, Ai is a rotating joint, Bi and Ci are
spherical joints, AiCi is an active arm, and CiBi is a driven
arm, i=1, 2, 3. O is the center of the fixed platform, and P is
the center of the mobile platform. R is the outer circle radius
of the fixed platform, and r is the outer circle radius of the
mobile platform. Both A1A2A3 and B1B2B3 are regular
triangles.

2.2. Dynamics Modeling of Delta High-Speed Parallel Robots.
According to the literature [30], the dynamics equation of
delta high-speed parallel robot can be expressed by

M (0)0+C(6,0)0+G(0) =1 (1)

Add friction force and disturbance to formula (1), and
formula (2) can be obtained as

M(©)0+C(0,00+GO) +F@O)+1,=1, (2)

where 0 € R" is the rotation angle of the three joints of Delta
high-speed parallel robot; M (6) € R™" is inertia matrix of
the three joints of Delta high-speed parallel robot; C (6, 0) is
centripetal force and Coriolis force; G () € R" is the gravity
term; F (0) € R" is friction; 74 is disturbance term; and 7 is
servo input.

Formula (2) is transformed into formula (3), as
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FIGURE 1: Mechanism sketch of three-degree-of-freedom Delta
high-speed parallel robots.

6=-M"C(6,000-M"'G(O) - M 'F(B) - M (O)r;+ M.
(3)

3. Study on LADRC Strategy

3.1. Scheme of LADRC. The mechanical structure of the
Delta high-speed parallel robot is complex, and the three
joints are coupled with each other. The control structure is
shown in Figure 2. X, (s),X, (s), and X;(s) are inputs of
Delta high-speed parallel robot. Y, (s), Y, (s), and Y; (s) are
outputs of the Delta high-speed parallel robot. When one
X; (s) is changed, at the same time, the other two X; (s) will
follow it, and three Y, (s) will change. Thereby, in order to
realize the trajectory tracking control of Delta high-speed
parallel robot, three joints need to be input at the same time
and decoupled each other.

When the parallel robot is running, the decomposed load
on each joint changes nonlinearly with the change of pose
and angular acceleration, which cannot be expressed line-
arly. Therefore, PID control cannot meet the requirements of
the high-speed and high-precision control system of Delta
high-speed parallel robot. According to the motion re-
quirements and nonlinear characteristics of Delta high-
speed parallel robot, this paper adopts the LADRC strategy
to control Delta high-speed parallel robot. An 8-shaped
space helical variance trajectory as the input signal is used to
verify the trajectory tracking of the control strategy.

Figure 3 shows the LADRC strategy. The LADRC strategy
has strong robustness, in that many uncertain factors are
omitted in dynamics modeling. In practical control, these are
uncertain factors of control, while the LADRC strategy does
not depend on the establishment of the dynamics model,
which circumvents the error problem of the dynamics model
of the parallel robot. Control idea is to control each joint
separately; the coupling parameters between the joints, the
rbance in actual
e to compensate.

—

*Iﬁ
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Gi3(9)
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Gy (9)
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G (s) + Y (5)=

W

Figure 2: Control system structure of Delta high-speed parallel
robot.

Finally, the high-precision trajectory tracking control of Delta
high-speed parallel robot is realized.

3.2. Design of System Controller. The dynamics of Delta high-
speed parallel robot are expressed by formula (3) which can
be converted into

0=-a,0-0a,0+ f,(6,0,w,t)+by, (4)

where y is the input of the system; 6 is the output of the
system; —a, 6 — a,0 is known modeling dynamics of object;
f0(6,0, w,t) is unknown modeling dynamics of objects and
sum of external disturbances; b is the uncertain control gain;
and b, is the approximate value of uncertain control gain b;
letf (6,0, w,t) = f(-)—a,0-a,0+ f,(0,0,w,t) + (b—byu
which is called “total disturbance.”

Let x; = 0, x, = 0, and x5 = f (-). Formula (4) expresses
state equation of the second-order objects which can be
written as

X1 = Xy
Xy = X3+ bop, (5)
%;=h+f.

The state equation of the LESO (Linear Extended State
Observer) designed for formula (3) is expressed as follows:

e=z, -0,

zy =2, = B f1(e),

_ (6)
zy =23 - By f>(e) + by,
z3=—P5f5(e),

p=y )

where L is the gain of LESO; L=[f, B, B5]
file)=2z,-60(i=1,2,3), and f;, B,, and f3; are selected
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FIGURE 3: Delta high-speed parallel robot based on LADRC.

appropriate gains of LESO, respectively; LESO can track all
variables including z, =6, z, =0, and z; = f(:) in the
system expressed through formula (6) in real time.

Linear control law can be expressed by

_ | /0
% y
— G (s) —»O—» G, (s) | by | » G(s)

. H(s)
uy=k,(v=z)+kys(v-2,) (8)
FIGURE 4: The single closed-loop structure diagram.
According to formula (6),
_ Bis” +Bys+ Bs 0+ bys u
1= >
S+ ﬁlsz + s+ By S+ ﬁ152 +Bys+ 5 According to formula (8),
(Bys +Bs)s by (s +By)s 1
Z; = g] 9 =T k - k ) — - .
S N T T S R Ho bo[ p(v2) tha(P-2) - 2] (10)
z. = Bss” 06— byps ' Substitute z,,z,, and z;into formula (11) as follows:
’ S +PSSHPys+Ps 8+ PSS+ Pys + Py
1 S4B+ s + KBy + K s+ B3)s” +(kyBy + kg )s + kB
/31 ﬁz ﬁ3 (kp+kds)v( pF1 dar2 3) ( pP2 d 3) pP3 ' (11)

by S (B k) (B + Ky + ke gBy)s

3.2.1. Stability Analysis. From equation (13), the single
closed-loop structure diagram is shown in Figure 4.

One has
G, (s) =k, +kgys, (12)
S+ ﬁlsz + s+ 55
G,(s) = (13)

S (B +kg)s +(By + Ky + K gBy)s

(kpﬁl +k g, + ﬁa)sz +(kpﬁ2 + kdﬁ3)s + kpﬁ?a.

H{s) = s3+ﬁlsz+ﬁzs+[33

(14)

From the structure diagram in Figure 4, the closed-loop
transfer function can be obtained as

((G1 ()G, (5)G(s))/by)
(s).

(15)

3+ /3152 + s+ B

(1) The Scenario of Precisely Known Controlled Object. It can
be seen from the above analysis that dynamics model for-
mula (3) of the parallel robot is established by omitting the
moment of inertia and the friction between joints; thereby,
the model is considered to be known.

Theorem 1. When the model of the controlled object is
known accurately, the differential tracker does not affect the
stability of the system but only affects the zero point of the
system. Reasonable selection of by, k, k 4, By, By, and P can
make the system stable.

Proof. 1f the object model is known precisely, its transfer
function is

ko

G(s)=5—""
s"+a;s+a,

(16)

Substituting formulae (14)-(18) into formula (17), one
obtains
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6. (s) - (kp+kgs)[$+Byis® + Bos + Bs | ko
b _ .
bo{ [ + (B + K a)s” +(Bo+ Kk, + k By )s|[8° + ars + a, |} + ko [(k By + K ay + By )s” + (KB, + K 4By )s + ks |
(17)
Closed-loop characteristic equation is presented as
D(s) =bys” +by (By + kg +ay)s’ +by(By + k, +k By +ay (B +ky)+a,)s’
+ [boal(ﬂz +k,+ kdﬁ1) +boay (B +kg) + kO(kpﬁl +k By + ﬁ3)]52 + [boaz(ﬁz +k,+ kdﬂl) (18)

+ k(K By + k Bs) |5 + Kok o B

The following constraint can be specified:

D, = by,

D, =by(B, +k4+ay),

D, =by(By + Kk, + k4P +afy +ak, +ay),

D, = [bya, (B, + k, +k 4By ) + boay (By + K 4) (19)
+ko(Fe By + ks + B5) ],

D, = [byay (B, + K, + k aBy) + ko(K By + Kk afs) ],

Dj = kok s

From Routh criterion, the stability of the system can be
obtained as

s D, D, D,
s D, D, D
s B3, Bsys
s By By

1

s Bsp»
s’ Bg,»
B.. = DD, - DyDs
31 D, ’ (20)
Bo = D,D, - D,D;
32 = D, >
B leDs B DIBSZ
e B, '
By, = Ds,
B B, B3, — B3, Ds
51 By, >

Ol LEN Zyl_i.lbl

(2) The Scenario of Unknown Parameters of the Controlled
Object. When Delta high-speed parallel robot runs at a high
speed, the coupling relationships between joints are sig-
nificantly relevant to the effects of the moment of inertia
and friction between joints. They will result in the system
chatter in the process of operation and ultimately destroy
the stability of the system and decrease trajectory tracking
performance if these impact factors were not taken into
account. Therefore, in the design of the LADRC strategy,
these factors are taken into consideration as unknown
model parameters of the system when carrying out
modeling.

The stability of the system model is proved as follows. Let
the nominal model of the object be G,,, and then the actual
object is G(s) = G, (1 + 6G(s)); dG is the perturbation of
nominal model and meets [6G(jw)|<d(Gw);dG (w) is
bounded the uncertainty of multiplicative norm.

Owing to the closed-loop characteristic equation
1+ G, (s)(1/by)G(s)H (s) = 0, the following expression is
obtained as

1+G, (s)biGn (s)(1+38G)H(s) = 0. (21)
0

According to robust stability criterion, for arbitraryw,
the inequality satisfying formula (21) is as follows:
by + G, ()G, ($)H (5) + G, (5)G,, ($)H (5)0G (s) = 0,

_|by + G, (5)G,, ()H ()| (22)

| GG, (9H(s) |

0G(w) < AG(w)

The conditions given by formula (22) can stabilize the
system.

It can be seen that selecting by, k,, k4, B, B, and fB;
properly can make the system stable, which can guarantee
that the system has the stability and certain robustness.

It can be concluded from the above stability proof that
the LADRC strategy not only realizes the dynamics control
of the trajectory tracking of Delta high-speed parallel robot
but also guarantees that the uncertain factors of the model
will not affect the stability of the system at high-speed
operation. O
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3.2.2. Design of Delta High-Speed Parallel Robots. The
controller structure of the LADRC strategy is shown in
Figure 5.

As shown in Figure 5, the LADRC strategy only needs to
be set by setting up stability conditions of LESO which are
B1>0, f,>0, and ;>0 and meet 5,5, > f3;.

As depicted in Figure 2, Delta high-speed parallel robot
is composed of three inputs X, (s), X, (s), and X;(s) and
three outputs Y, (s), Y, (s), and Y;(s), which are coupled
with each other and can be constructed as shown in the
following formula:

Y, (s) =G (8)X(s) + G5 (8) X, (s) + G5 (8) X5 (8),

Y, (s) = Gy (8)X,(8) + Gyp ()X, (8) + Gy3 (8) X5 (),

Y5 (s) = Gs1(8) X, (8) + G3, ()X, (8) + Gas (8) X5 (8).
(23)

According to formulas (6) and (23), the system equation
of Delta high-speed parallel robot can be obtained as
expressed in

él = f1(61791>.“1 (t)’t) +kypys
0, = f1(6,, 00145 (),1) + ko, (24)
0, = fl(63’ 0. 143 (t)’t) + ka3,

where  f,(0,,0,,u,(£),1),  f,(0,,0,,u,(t),t), and
(f5(05,05,u5(t),t)) are equivalent comprehensive distur-
bance which are the comprehensive functions of the cou-
pling term between the three axes, the uncertainty term in
high-speed motion, and various disturbance terms in the
field. The control structure block diagram is shown in
Figure 6.

4. Simulation and Results Analysis

In this section, to verify the performance of the controller
based on the proposed LADRC strategy, the primary pa-
rameters of Delta high-speed parallel robot are summarized
in Table 1.

An 8-shaped trajectory that is a representative space
helical variance trajectory is taken as inputs of the system,
which is expressed as

[(x, =t,
. 1
1 x, =800 51n<<0.3t + —) * n), (25)
360
| x5 = 800 sin (0.6t * 7).

The pictures of different views corresponding to formula
(25) are depicted in Figure 7.

For obtaining trajectories under some conditions, the
first step is to verify the performance of the system when
the disturbance is not introduced and then verify the
performance of the system when the disturbance is in-
troduced. To better estimate, the control effect, the angle
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™ |r O——1 ¢, law

1/s

FiGure 5: Structure diagram of LADRC for the second-order
system.

limit, time (speed) limit, and space limit of the robot are
removed.

Case 1. The case of 8-shaped trajectory input without
disturbance.

According to z;(i = 1,2,3) in formula £fd9(9), stability
conditions of LESO must meetf; >0, 5, >0, 5>0, and
BB, >P5. On this basis, it is concluded that coef-
ficientsf, = 1, 3, = 65000, and f3; = 600 through a large
number of simulation experiments. The trajectory of Delta
high-speed parallel robot is set as the 8-shaped trajectory.
The given trajectories of joint 1, joint 2, and joint 3 are set
according to formula (25). According to Figure 6, the
simulation curve of trajectory tracking control is obtained in
Figure 8, the blue circle denotes the given circular trajectory,
and the red curve denotes the trajectory controlled by the
LADRC strategy.

In order to verify the robustness of the controller against
disturbance, a triangular wave external disturbance with an
amplitude of 50 mm and a period of 0.2 Hz is added after the
Delta high-speed parallel robot runs to 5s. The disturbance
signal is shown in Figure 9.

Figure 10 shows the tracking trajectories of three joints
in the scenario of only PID control without the LADRC
strategy.

The tracking trajectory of only using PID control under
the condition of without the LADRC strategy is obtained in
Figure 11.

From Figures 10 and 11, it is very obvious that only using
PID control completely cannot control the tracking tra-
jectory. Therefore, it is very necessary to introduce the
LADRC strategy to resolve the antidisturbance of PID
control. Figures 12 and 13 show the effects of tracking
trajectory control when the LADRC strategy is used.

In Figure 13, the fluctuation of the three-dimensional
trajectory is not obvious, and the 8-shaped trajectory is
slightly vibrated. It is verified that the LADRC strategy can
realize the decoupling control of three joints and has strong
robustness under the disturbance of the triangular wave for a
representative space helical variance trajectory of 8-shaped
trajectory input.

Simulation results show that the LADRC strategy can
realize the decoupling control of three joints and realize the
quick and precise real-time tracking of the given trajectory
and has good robustness.
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FIGURE 6: Simulation structure block diagram.

TaBLE 1: Primary parameters of Delta high-speed parallel robot for simulation.

Parameters Value
Rated output power of servo motor 750 W
Rated speed of servo motor 3000 rpm
Rated torque of servo motor 2.38M-m
Moment of inertia of servo motor 1.59 x 107 (kg/m?)
Reduction ratio 20:1
Mass of active arm 2.35kg
Mass of driven arm 0.9kg
Length of active arm 400 mm
Length of driven arm 1000 mm
1000 T T T T T T T T T
800 1
) ) ) 600 1
_ 0 ' S R ‘ E 00 ]
£ 25 =
£ = of ]
5 20 4 g
5 15 g -200} ]
2 104 = 00} ]
5 4
-600 1
1000
1000 -800 ¢ |
it o 10000 2800 —600 400 200 0 200 400 600 800 1000
](171 -500 ~500 A‘.‘o“x““ s
~1000 1000 post Position x (mm)
(a) (b)

Figure 7: Continued.
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FIGURE 7: 8-shaped trajectory. (a) The space trajectory in 3D coordination system. (b) The projection on the x-y plane. (c) The projection on
the y-z plane. (d) The projection on the x-z plane.
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FIGURE 8: Trajectories without disturbance.
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FIGURE 9: Disturbance signal.
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F1GURE 10: Trajectories of 3 joints without the LADRC strategy. (a) Trajectories of joint 1. (b) Trajectories of joint 2. (c) Trajectories of joint 3.
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FiGURE 11: The tracking trajectory of without the LADRC strategy.
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FIGURE 12: Trajectories of 3 joints with the LADRC strategy. (a) Trajectories of joint 1. (b) Trajectories of joint 2. (c) Trajectories of joint 3.
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5. Conclusion

Aiming at the motion requirements, nonlinear character-
istics, and the omission of the relevant factors for modeling
Delta high-speed parallel robot, this paper proposes an
LADRC strategy to be applied to the dynamic control of
Delta high-speed parallel robot. Through the stability
analysis, the LADRC strategy can realize the dynamic
control of the trajectory tracking of Delta high-speed parallel
robot, and when the robot is running at high speed, the
stability of the model will not be affected by the uncertain
factors of the system.

In order to verify the proposed LADRC strategy, the
circular trajectory, a representative 8-shaped space helical
variance trajectory, and a triangular wave external distur-
bance with large amplitude are input, respectively. The PID
method and the linear ADRC control strategy are used to
simulate, respectively. The simulation and comparative
analysis show that the LADRC strategy is applied to the
Delta high-speed parallel robot control which has a good
quick and precise real-time trajectory tracking and strong
robustness.
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