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Abstract

In this paper, a rope-driven continuous robotic arm is taken as the research
object, and its dynamic modeling and motion control methods are studied. Ge-
ometric analysis and coordinate transformation method are used to establish
the kinematic model of the robot arm, and the Lagrangian method is used to
construct the dynamics equation of the robot arm. The corresponding control
system is designed based on the rope-driven robotic arm model, and the PID
algorithm is used to realize the motion control of the robotic arm, and the
simulation model is constructed using Simulink. The analysis shows that the
actual joint trajectories of the rope-driven robotic arm under PID control can
track the desired trajectories better, but due to the inherent strong coupling
characteristics of the rope-driven robotic arm, the tracking errors of some
joints show a tendency to accumulate over time. A fuzzy PID control algorithm
is further proposed and simulation experiments are carried out, and the results
show that after the introduction of the fuzzy control strategy, the joint angle
tracking error of the rope-driven robotic arm is stabilized within the range of
[-0.0014 rad, 0.0014 rad], which effectively solves the problem of error accu-
mulation over time in PID control. And the position control error of the end
of the robotic arm is stabilized in the range of [-0.6 mm, 0.8 mm], which ver-
ifies the correctness of the established dynamics model and the effective con-
trol of fuzzy PID control on the rope-driven continuous robotic arm.
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1. Introduction

The rope-driven continuous robotic arm shows good potential for application in
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exploration, mining and rescue tasks. Compared with the traditional rigid robotic
arm, which is not flexible enough to adapt to the narrow working environment,
the rope-driven continuous robotic arm is better able to perform tasks in complex
and narrow scenarios due to its high degree of freedom and flexibility. However,
the special results of rope-driven robotic arms also make them highly coupled and
nonlinear, which leads to many challenges in practical applications, such as com-
plex dynamics modeling and difficulty in realizing precise motion control.

The study of dynamics modeling methods is of great significance in the field of
rope-driven robotic arms, and there are various methods for establishing dynam-
ics models, such as Newton-Euler method, Lagrange method [1], Kane method
[2], etc. Xu Wenfu’s research team [3] [4] innovatively combined the D-H param-
eter method with the Newton-Euler method. Scholars such as D. Axinte [5] pro-
posed a new method to integrate the constant curvature model with the Newton-
Euler method. However, Newton-Euler kinetic modeling is not intuitive enough
to describe the complex coupled forces between the connecting rods of the rope-
driven robotic arm. The Lagrange method describes the motion of a robotic arm
by defining generalized coordinates in the configuration space. YANG et al. [6]
proposed a modular dynamic modeling method for rope driven multi-stage flex-
ible robotic arms. The NIU research team [7] established a closed model for axial
contraction of a rope driven robotic arm based on Lagrange theory, and derived
simplified closed analytical equations for bending and twisting based on Cosserat
theory.

Different from the traditional rigid robotic arm, the rope-driven continuous
robotic arm has the characteristics of multiple degrees of freedom and strong cou-
pling, which makes it more difficult to realize its precise control. Shineng Geng
and other scholars [8] established a kinematic mapping model based on the con-
stant curvature assumption. Renda F et al [9] proposed a research method based
on the discretized Cosserat model. Fuzzy control has been widely used in real-
time control systems due to its feature of state reasoning without the need for an
accurate mathematical model, which can be realized only by input and output
variables [10]. Goharimanesh and other scholars [11] proposed a novel control
strategy combining the Cosserat rod model with fuzzy reinforcement learning and
innovatively used Taguchi method and genetic algorithm to optimize the control
parameters. Xu Wei et al [12] designed a four-degree-of-freedom rope-driven
continuous robotic arm and proposed a fuzzy controller with parameter self-tun-
ing, which significantly improved the dynamic performance of the system.

In summary, this paper carries out research on the kinetic modeling and motion
control method for a rope-driven continuous robotic arm. Geometric analysis and
coordinate transformation methods are used to establish the kinematic model of
the robotic arm, and the Lagrangian method is used to construct the kinetic equa-
tions of the robotic arm. A PID algorithm is used to realize the motion control of
the robotic arm, and a fuzzy PID control algorithm is further proposed to realize

the dynamic adjustment of the PID parameters by introducing fuzzy logic.
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2. Description of the Structure of the Rope-Driven Robot
Arm

The rope-driven continuous robotic arm studied in this paper adopts a modular-
ized structure, which is mainly composed of three parts: drive unit, robotic arm
body and transmission system. The arm body contains two joint modules with the
same structure, and each module has two degrees of freedom: bending and rotat-
ing. Adopting glass fiber as the core material of the flexible support rod, a flexible
support rod axially runs through seven equidistant support discs, including a base
disc, an end disc and five intermediate support discs, as shown in Figure 1. The
transmission system adopts three groups of super-elastic steel wire ropes as the
power transmission medium, and the coordinated movement of the driving ropes
can realize the continuous deformation and multi-attitude movement of the ro-

botic arm in space.

Figure 1. Structure of robotic arm.

Each joint module is bolted in series. The base disk of the first joint segment is
fixed to the drive unit, while the base disk of the subsequent joint segment is con-
nected to the end disk of the previous joint segment, as shown in Figure 2. The
drive rope of each joint module passes through the base disk and each support

disk of the joint segment in turn, and is finally fixed to the end disk.

Figure 2. Schematic diagram of joint connection.
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The support discs are made of aluminum alloy with a diameter of 40 mm and a
total of 14. The support disc of the first segment robotic arm has 6 uniformly dis-
tributed drive rope perforations and 1 center positioning hole, while the support
disc of the second segment robotic arm has 3 drive rope perforations and 1 center
positioning hole, as shown in Figure 3. The drive ropes inside a single joint mod-
ule are distributed using 120° equirectangular distribution, while the drive ropes
between neighboring joints maintain a phase difference of 60°. To facilitate the
system description, the numbering rule of n/(n=1, 2; 7= 1, 2, 3) is used to denote
the perforation hole position corresponding to the ith drive rope in the nth seg-
ment of the robotic arm. The center distance between all the drive rope threading
holes and the center positioning holes is maintained at an equidistant distribution
of 16 mm. Table 1 shows the configuration of the rope-driven robotic arm. Through
the modularized series connection method, the number of joints can be extended
according to the actual application requirements, so as to improve the degree of
freedom of the robotic arm, enhance the spatial movement capability of the end-
effector, and meet the operation requirements under complex working condi-

tions.

Figure 3. Schematic diagram of driving

rope arrangement.

Table 1. Configuration of rope-driven continuous type robotic arm.

Configuration Numerical
Single joint segment length: / 300 mm
Center support bar diameter: d,,, 2 mm

Support disc radius: r 40 mm

Distance from crossing hole to center pole 16 mm
Number of joints 2
Number of single joint support discs 7
Total degrees of freedom 4
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3. Kinematic Analysis of Rope-Driven Robotic Arm

Aiming at the structural characteristics of the rope-driven robotic arm, this study
adopts a kinematic analysis method based on geometrical principles to establish a
simplified geometrical model with the following basic assumptions [13]:

1) In the proposed robotic arm model, the strain-stress relationship of the su-
perelastic wire rope is assumed to be linear and isotropic [14], the only external
force on the robotic arm is the driving force, and the mechanical behavior of the
backbone is similar to that of an Euler-Bernoulli beam; 2) the robotic arm disc is
thin and hard, and the friction between the driving rope and the disc is negligible
[15]; 3) since the gravitational potential energy is relatively small, the effect of
gravitational potential energy can be neglected during the analysis; 4) The shape
of the continuous type robotic arm is assumed to be a smooth and continuous
curve, and the curvature of each trunk segment is kept constant; 5) The robotic
arm is in static equilibrium [16]; 6) The center support rod and the driving rope
are always perpendicular to each disk; 7) The center support rod of the robotic
arm does not torsion, ie., only the advective kinetic energy of the driving rope,
the support rod, and the disks are taken into account, while the rotational kinetic
energy is not taken into account.

In constructing the single-joint kinematic model [17], it is first necessary to es-
tablish the reference coordinate systems {0} and {1} at the centers of the base disc
and the end disc of the robotic arm, respectively. The z-axis of these two coordi-
nate systems are both perpendicular to the plane of the corresponding discs and
are set along the axial extension direction of the robotic arm, the x-axis is deter-
mined with the first drive rope perforation on the respective discs as the reference,
and the y-axis is determined according to the right-hand rule to determine the

spatial orientation, as shown in Figure 4.

Xp

Figure 4. Geometric model of single joint of robotic arm.

Consider a rope-driven continuous robotic arm system consisting of Nsegments,

each containing K support disks. Among them, the center points of the first and
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last support discs of each segment are fixedly connected to the base coordinate
system and the end coordinate system, respectively. Figure 5 illustrates the geo-
metrical configuration of the nth segment of the robotic arm when it is bent [18],
with the base coordinate system denoted by O, ,-X, .Y, \Z, (n=1,2,---,N) and
the end coordinate system denoted by O,-X,Y,Z, (n=1,2,--,N). By rotating the
base coordinate system O, -X, Y ,Z | around its axis Z, , byan angle ¢,
the bending plane coordinate system O, -X, Y Z = of the robot arm can be es-
tablished, and let &, denote the bending angle of the end of the robot arm, then
the joint variable g of the N-segment rope-driven continuous robot arm can be

denoted as q=[6’1 o 0, ¢, 0y (DN]T-

Xm

Xy

Figure 5. Geometric modeling of the nth segment of the robotic arm.

This special drive mode of rope drive determines that the kinematic analysis of
rope-driven robotic arm needs to establish the mapping relationship among drive

space, joint space and task space, as shown in Figure 6.

Drive space-joint Joint space-task
space mapping space mapping
AL 0. @ T
Amount of change in Joint variables End position and attitude

drive rope length

Figure 6. Spatial mapping relationship diagram of rope-driven robotic arm.

Joint space to drive space kinematic mapping, i.e., when the bending angle and
rotation angle of the joints are given, the length change amount of each drive rope
can be solved. In the kinematic analysis, although the center support rod and the

driving ropes both have the same bending angle, their radii of curvature differ due
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to the radial offset, as shown in Figure 7. And the kinematic coupling effect brought
by its unique rope arrangement must be fully considered. After the decoupling
process, the length variation of the driving rope of the robotic arm and the joint

variables can be expressed as follows

N
ALm' = zrgn Cos(q)n + ani) (1)

n=1

where in, AL, denotes the amount of change in the length of the zth drive rope
of the nth section of the robotic arm, r denotes the center distance between the
drive rope hole and the center support bar hole in the support disk, and ¢«,, de-
notes the distribution angle of the ith drive rope of the nth section in the support
disk.

Zn—]

Figure 7. Schematic diagram of rope-driven robotic arm bending.

The kinematic mapping analysis of a rope-driven continuous robotic arm from
the joint space to the task space refers to solving for the end position of the robotic
arm in the task space when the joint variables ¢, (n=1,2) and ¢,(n=1,2) are
known. It can be described by the homogeneous transformation matrix 7" from
the base coordinate system to the end coordinate system of each joint segment of

the robotic arm
[, ) . . l i
sin® g, +cos’ @, cos®, cosg, sing, (cosd, —1) cosg,sind, —(1—-cosh,)cosg,
n

g _| €059, sing, (cos@, —1) sin’ ¢, cosd, +cos’ g, sing,sin6, QL(I —cosf, )sing, @

. . . [ .
—cos g, sind, —sing, sing, cosd, —sind,
n

0 0 0 1

According to the chain rule in the analysis of robot kinematics, the homogene-
ous transformation matrix representation of the N-segment robotic arm can be

obtained

OTN — OTi . 17—v2 ) 2713 N—ITN (3)
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Based on assumption conditions 1 - 6, denote the position homogeneous coor-
dinates of any point on the center support bar of the nth section of the robotic
arm with respect to the base coordinate system O,-XY,Z, of the robotic arm as
ro =[x, ¥, 2, I]T , and the position homogeneous coordinates with respect to the

end coordinate system O, -X, Y, ,Z , ofthe (n-1)th section as

n—1

T
rl = [xnl ynl an 1] 4 Where

n

b :L 1—cosﬂ cos @,
nl 9 l n

n

[ s 0 ) .
=—| 1-cos—2= [sin 4
ynl 9"( Z j ¢n ( )
! . 5,0,
z, =——sin
o, /

where s, denotes the arc length of the point from the center point of the first
support disk.
The transformation relation between the position coordinates r,, and r, is

expressed as

T = OTH T (5)

4. Rope-Driven Robotic Arm Dynamics Modeling

Due to the need for dynamic modeling, the rope-driven robotic arm model is sim-
plified by rigid-body equivalence in this paper. The supporting disc in the nth
section of the robotic arm, as well as the center support rod and the driving rope
connected to it, are regarded as a basic unit, as shown in Figure 5. In the Ath unit,
the center support rod is equivalent to a lightweight connecting rod, while the center
of mass of this unit is assumed to be located at the center of the supporting disc.
This simplified method significantly reduces the computational complexity while

ensuring the accuracy of the model.

4.1. Calculation of Kinetic Energy of Rope-Driven Robot Arm

Based on assumption 7, the kinetic energy of each segment of the robotic arm can
be expressed as the sum of the kinetic energy of each unit, andlet s,, denote the
arc length parameter at the center-of-mass point of the 4th unit on the nth seg-

ment, which is mathematically expressed as

k
S = ?l (6)
where K denotes the number of support disks for each segment of the arm, and /
denotes the length of the center support bar for each segment of the arm.
Substituting Equation (6) into Equations (4) and (5) yields a homogeneous co-
ordinate representation of the Ath cell center of mass point on the nth segment

with respect to the coordinate system O,-X Y, Z,

Vako =[xnk Yok Znke I]T (7)
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Deriving Equation (7) for time ¢ the kth cell center-of-mass velocity is ex-

pressed as
L T .
k0 = ['xnk ynk an 0] = Ank .qn (8)
where ¢, isthe Ath cell center-of-mass joint velocity matrix on the nth segment,
which has dimension 2x1,and 4,, is the matrix of coefficients corresponding
to the joint velocities, which has dimension 4x2.
According to the kinetic energy formula, the expression for the kinetic energy
of the 4th cell center of mass point on the nth segment is given by
1
nk Emnkv;{kovnk()
1 .
= Emnkqn A I4><4Ankqn (9)
1. .
= Eq; : (A»;rk14><4mnk Ank ) "4,
m, =m, +m,+3-(N—n+1)m, (10)

where m,, denotes the total mass of the k&th unit on the nth segment, m_ ,m,,m,
denotes the mass of the center support bar, the support disk, and the drive rope
of the unit, respectively, and [, , denotes the unit matrix of 4x4.

The kinetic energy of a single segment of the arm is expressed as
K
I, = Z T
:_qn (ZAkmnkAnkj q, (11)

eI
=—§"™™M
zqn nqn

Taking the first segment of the robotic arm as an example, the matrix form of

Equation (11) is

myy Ay Gy
T 21[9 (o] ay  ay as 0 ) myy 1% Q| 0, (12)
ot Ay Ay ag 0 myy, as; A | | @
my, 0 0

where g, denotes the coefficient corresponding to the velocity of each joint of
the unit center of mass after the derivation of the coordinates with respect to time.

From Equations (9), (10) and (11), the kinetic energy equations for the entire
rope-driven continuous type robotic arm are obtained

T= fokn

n=1 k=1

Z M,q (13)

1. .o 1. .
=ECI1TM1q1 +E‘12TM2q2
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The matrix form of Equation (13) is expressed as

_1 .T -.T M] q'l
T—E[% Q2:|'|: M2:||:q2:| (14)

where M, e R*™" isa symmetric positive definite matrix, where

N
M:ZZA:;('IMA&'mnk.Ank (15)

n=1 k=1

Taking the first segment of the robotic arm as an example, when & = 1, the

expression for the mass matrix Mis

my, ap ay
a, ay as; 0 my, as; dy
M, = 0 . .
Gy 4y dg my, s g (16)
my, 00
Sm +aim, +al + +
_ Ay, + Ay iy + dgs my, Ay, Ao 1y + Ay Ay Y+ Ay Ay T
2 2 2
ay, Gy My + A Ay My + as dg iy Ay iy +agmy + ag iy,
When & = 2, this gives
mp, ap dy,
a, ap as 0 m, a3y Ay
M, = . . .
Gy 4y dg m, dsy gy
(17)
my, 00
“m,, +ahm, +a: + +
_ Ay, + A3y, + Ay Ay, + A3 Ay My, + sy Ay Ty,
2 2 2
Ay Ay + A3 Ay, My, + Asy Ay My, Ay + Ay, +dgm,,

When k=3, -
And so on until & =7, and the same is true for solving the mass matrix M for

the second segment of the robotic arm.

4.2. Calculation of the Potential Energy of a Rope-Driven Robot
Arm

According to assumption 3, ignoring the gravitational potential energy of the ro-
bot arm and considering only its elastic potential energy, the elastic potential en-
ergy on the nth segment is

2 2
U, :j’ﬂ-(%] ds+3(N—n+1)-LjE22[2 [HTJ ds

02
) , (18)
_ B0, +3(N—n+1)—E2120”
21 21

where E|,E, isthe modulus of elasticity of the support rod and drive rope, re-
spectively, and /;,1, isthe moment of inertia of the support rod and drive rope,

respectively.
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The total potential energy of the rope-driven continuous type robot arm is ex-
pressed as

N
g (BB (B ELY
o 2/ / 21/ 21/

4.3. Rope-Driven Robotic Arm Generalized Force Calculation

The generalized force refers to the force or moment acting on the generalized co-
ordinate position. Since each segment of the robotic arm has two degrees of free-
dom, the position and attitude of the robotic arm can be determined by applying
the driving force only on the two driving ropes of each segment of the robotic
arm, in addition to considering that the robotic arm ontology structure has central
symmetry [19]. In a particular position case, the driving force F,F,,F, exhibits
spatial rotational symmetry during motion, 7.e., only two of the forces are effective
in a certain determined position and attitude case. Based on the assumption con-
dition 2 and combined with D’Alembert’s principle, the generalized force calcu-

lation formula of the rope-driven continuous-type robotic arm can be obtained as

OAL OAL OAL OAL

7, =F L F 24 F 2L F, 22
=1 26, 12 26, 21 26, 2 26,
OAL OAL OAL OAL

7, =k, H+ B, 2+ Fy, 2+ F 2
o9, o9, o9, o9,

(20)

OAL OAL OAL OAL

=k, +F, 2+ By 2+ F =
06, 06, 06, 06,

74_F115AL1+E25AL12+F16AL1+FH@AL22
o0p, 0, o, 0P,

where F,, denotes the driving force provided by the ith driving rope of the nth
segment of the continuous type robotic arm.
Combining Equations (1) and (20), it can be further deduced that

2 2
7, = Frcosg, + F,r cos(gp1 +?n) + F, rcosg, + Fzzrcos[qol +?nj

. . 2 . . 2
7, =—F,0rsing, —F{ﬁlrsm((pl +?n]—F21¢91rsm o —F,0r sm(gz)1 +?TEJ
(21)
2n
7, =F, rcosp, + F,,rcos| ¢, +T

. . 2
7, =—F, 0,rsingp, — F,,0,rsin ((02 + Tnj

4.4. Rope-Driven Robotic Arm Dynamics Model

According to robotics, it is known that for any mechanical system, the Lagrangian
function is defined as the difference between the kinetic energy and the potential
energy of the system, which leads to the dynamical equations of the system, ie.,

the Lagrangian equations of the second kind are
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A8 O U . w=12:2N (22)

aoq, oq, oq, "
where 7'and Uare the kinetic and potential energies of the continuous type ro-
botic arm, respectively, ¢, is the corresponding joint velocity, and 7, is the
corresponding generalized force.
Substituting Equations (13), (19), and (21) into Equation (22), the equations for
the dynamics of the rope-driven robotic arm can be obtained as

M(q)§+C(q.9)d+K(q)g=7 (23)

R*™2N s the inertia matrix of the robotic arm, C e R*™?" is the

R2N><2N

where M e
Koch force-centripetal force matrix, and K € is the generalized stiffness

matrix, which is expressed in matrix form as

1

M, M, M; M, él G G, Gy Gy 91
M, My, My M, ) & n G Gy Gy Gy . @
My My, My M, éz G G Gy Gy '92
My, M, Mz M,]|¢, _C41 Cp Cy Cullo (24)
K, K, K; K, o _Bu B, B, B, £
n Ky Ky Ky Ky 1@ _ By B, B, By ) £
Ky Ky, Ky Ky | |6, By, By, By By ||F
Ky Ky Ky Kyllo | By Bp By By |F,

where M,,C,,K;,B; denotes the inertia matrix, the Coriolis-Centripetal ma-
trix, the generalized stiffness matrix, and the matrix of coefficients in front of the

generalized force terms of the robotic arm, respectively.

5. Motion Control and Simulation of Rope-Driven Robotic
Arm

The design of the control system is crucial for the stable operation of the rope-
driven robotic arm. Based on the constructed dynamic model of the rope-driven
robotic arm, PID and fuzzy PID control strategies are used to control it, and sim-

ulation analysis is carried out using Simulink.

5.1. PID Control of Rope-Driven Robotic Arm

1) PID controller design
PID control is a linear control method based on error feedback, and its control

algorithm can be expressed as follows
T
u(t) + J de( )}

=K,e +Kj dt+Kdd(lt)

(25)

where: K, K;, K, areproportional, integral and differential gain coefficients,

respectively.
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The dynamic equations of the rope-driven continuous type robotic arm ob-

tained from the above modeling are
t=M(q)i+C(9.9)4+K(q)q (26)
Set the tracking error to
elt)=q, —
)= 27)
e(t) =4,—4

where e(t) is the deviation of the desired joint variable from the actual joint
variable, ¢, isthe desired joint variable, and ¢ is the actual joint variable.

The introduction of PID control results in
t=M(q)G+C(q,9)q+K(q)q+u(r)
M ()i Clad) i+ Kla)a el [ (o, 20 2
The block diagram of the rope-driven robotic arm PID control system is shown

in Figure 8. Substituting Equation (27) into Equation (28) yields the complete

expression of the PID control law for the rope-driven robotic arm as

t=M(q)§+C(q.4)q+K(q)q+K,(q,~q)

, o (29)
+K1JO(Qd _q)dt+Kd (CId _Q)
___________________________________________________________________ Disturbance
ional i PID controller | Robotic arm systems | ,
Input signa | ! Control | iOutput signal
Given [1() 4+ ~€® | |Correcting| |Amplifying { volume | | Executing| [Rope-driven | y(®
device Deviat,:‘ion device element : ! |agency manipulator armi
7| signal: i e
Comparator b(t), .
Main feedback signal

Feedback device

Figure 8. Block diagram of robotic arm PID control system.

2) PID control simulation

The trajectory tracking simulation of the rope-driven continuous robot arm is
carried out according to the control system designed above. The simulation step
size is taken as A= 0.1 s, and the total simulation time is set to 7= 24 s; the initial

joint angle and speed are set to 0; the desired trajectory is
0, =ZsinZ¢ 1) =ZsinZ¢, 9, =Csintt o, =ZsinZy
M3t T st TR 3T e T T s

Setting the three parameter values of the PID controller, K, =180, K, =22,
K, =0.6 the simulation results of PID control for trajectory tracking of Matlab-
based rope-driven continuous robotic arm are shown in Figure 9, in which 6,9,
on the left side of the figure represents the actual trajectory, 6,,,¢,, isthe desired
trajectory, and the right side figure represents the error between the actual joint

angle and the desired joint angle.
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Figure 9. Trajectory tracking and error of each joint of the robotic arm.

According to the simulation results: the left image shows that the actual joint
trajectories are able to track the desired trajectories well, with obvious deviations
only when the corner changes. However, the error analysis curves on the right side
show that the tracking errors of some joints show a tendency to accumulate over
time, with the most significant error in the first joint near the base. This phenom-

enon is mainly due to the inherent strong coupling characteristics of the rope-
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driven continuous robotic arm, where the motion of the rear joints significantly
interferes with the front joints, especially the trajectory tracking accuracy of the
first joint, which results in the accumulation of the error.

The above research results show that the PID control strategy demonstrates
certain feasibility in the motion control of rope-driven continuous robotic arm,
however, there are obvious limitations of the control method: the error of the ro-
botic arm system shows a dispersion trend over time, which leads to a significant
decrease in the control accuracy. In order to meet the demand for high-precision

control, it is necessary to improve and optimize the existing control strategy.

5.2. Fuzzy PID Control of Rope-Driven Robotic Arm

Fuzzy logic control is added to the PID control, and a fuzzy PID controller is con-
structed by combining the fuzzy inference mechanism with the PID parameter ad-
justment to realize better control of the rope-driven continuous robotic arm, which
is a nonlinear system.

1) Fuzzy PID controller design

In the fuzzy PID control system, the system deviation eand its rate of change de
are used as the system inputs, which are mapped to the corresponding fuzzy set af-
filiations after the fuzzification process. Based on the fuzzy rule base constructed
by the expert knowledge base, inference operations are performed on the fuzzified
inputs to obtain the fuzzy outputs of the three control parameters. Subsequently,
the defuzzification algorithm is used to convert the fuzzy outputs to the exact val-
ues AK,,AK;,AK, for real-time adjustment of the proportional, integral and
differential parameters of the PID controller as shown in Equation (30). The final
generated control signal u(7) acts on the controlled object to realize the dy-
namic optimal control of the system. The fuzzy PID control system for the rope-

driven robotic arm is shown in Figure 10.

| |

Fuzzy _.’—‘
inference Defuzzification :

e

_dri t
r®) @ PID controller u(® El(:lfl(i:pii‘t/z?arm y(©

Figure 10. Fuzzy PID control system diagram for robotic arm.

The online correction formula for the PID control parameters is as follows

K,=K,+AK,
K, =K, +AK, (30)
K,=K,,+AK,
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Combining equations (25) and (30), the control law of the fuzzy PID controller
is obtained as follows
de(t
u(t)=K,e(1)+K, [ e(r)dr +K, %

=(K,o +AK, )e(r)+ (K, +AK,)-[! e(r)dr (31)
de(t)
dr

+(Ky o +AK,)

where K ,,K,,,K,, isthe initial value of the three PID parameters.

The design process of the fuzzy controller mainly includes the following key
steps: firstly, determine the structural framework of the controller according to
the input and output characteristics of the system; secondly, select the appropriate
affiliation function to describe the fuzzy set of input and output variables, and estab-
lish the corresponding fuzzy rule base based on the experience of the experts; and
lastly, clarify the fuzzy outputs on the basis of the determination of fuzzy inference
mechanism [20].

In this study, the two-dimensional fuzzy controller structure is selected, the
number of fuzzy sets of input and output variables are set to 5, the triangular and
Gaussian composite form of the affiliation function is designed, the Mamdani in-
ference algorithm is used, and the center of gravity method is selected as the de-
fuzzification strategy to ensure that the control system is both stable and accurate,

and the mathematical expression for the center of gravity method is
~ IxuN (x)dx
I Hy (x ) dx

2) Fuzzy PID control simulation

(32)

In order to facilitate the comparative analysis, the simulation parameters of the
fuzzy PID controller are set to be consistent with the PID controller, and the sim-
ulation results are shown in Figure 11.

Simulation results show that the control system exhibits good trajectory track-
ing performance after the introduction of fuzzy control strategy. The joint angle
control error is stabilized within the range of [-0.0014 rad, 0.0014 rad], which
effectively solves the problem of error accumulation over time in PID control.
Although the system still has obvious error fluctuations in the startup phase, the
overall control effect is significantly improved. Figure 12 shows the change of the
deviation between the actual position and the desired position of the end of the
robotic arm during trajectory tracking.

From the figure, it can be seen that the position control error of the end of the
robotic arm is between [-0.6 mm, 0.8 mm]. This result indicates that the PID
controller with the introduction of fuzzy control strategy can effectively enhance
the control performance of the rope-driven continuous-type robotic arm and re-
alize the expected control objective. The comparative analysis can confirm that
the improved control scheme effectively enhances the adaptability of the robotic

arm system to complex motion tasks.
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Figure 11. Trajectory tracking curves and errors for each joint of the robotic arm.
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Figure 12. End position error of rope-driven continuous type robot arm.
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6. Conclusion

This study addresses the dynamics modeling and control strategy of a rope-driven
continuous type robotic arm. The kinematic model of the arm is established by geo-
metric analysis and homogeneous coordinate transformation. For the dynamic
characteristics of the rope-driven robotic arm system, the Lagrangian method is
used for modeling, and the complete dynamic equations including inertial force,
elastic force and driving force are deduced in detail. Based on the kinetic model of
the rope-driven robotic arm, the PID controller is designed, and the simulation re-
sults show that the PID controller has certain feasibility for the tracking of the joint
trajectory of the robotic arm, but there is a tendency for the joint angle error to
diverge gradually with the extension of time. In order to suppress the gradual growth
of error, fuzzy logic control is introduced to optimize the control system of the rope-
driven continuous robotic arm, select fuzzy inputs and outputs, establish fuzzy
rules, and design a fuzzy PID controller. The final results show that the joint track-
ing error of the PID control system with the addition of fuzzy control is between
[-0.0014 rad, 0.0014 rad], which suppresses the trend of gradual increase of error,
and the end position error is also stabilized at the millimeter level, which is within
the acceptable range, which proves the correctness of the established model as well
as the effective control of fuzzy PID control on the rope-driven continuous type

robotic arm.
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