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As the core of the numerical control system, the motion control system of robots determines the machining
efficiency and quality of the numerical control machine tool. This study aims to improve the stability of robot
motion control systems, thereby further enhancing the efficiency and economic benefits of numerical control
machine tools. Therefore, the robot motion control system based on the graphic element information and ma-
chining path is designed. Combined with simulated annealing algorithm and S-type acceleration and decelera-
tion control algorithm, the robot motion control system is more accurate and efficient. From the findings, com-
pared with the traditional motion control system, the improved system significantly reduced the empty stroke
length by more than 50%. The S-type acceleration and deceleration control algorithm effectively improved the
stability of the swing arm and reduced the contour error. On the premise of ensuring the cutting accuracy, the
improved method could improve the smoothness of the part, reduce burrs, and make the part more suitable.
The proposed method can effectively improve the performance of robot motion control system and meet the
requirements for product quality in practical applications.

KEYWORDS: Graphic Element Information; Machining path; Automation; Control system; S-type accelera-
tion and deceleration control algorithm.
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1. Introduction

With the rapid development of China’s manufactur-
ing industry, robot motion system has shown obvi-
ous advantages compared with manual in controlling
quality, work efficiency, some high-risk links, and cost
[5, 14]. The application of robots in industrial manu-
facturing can significantly improve production effi-
ciency and product quality while significantly reduc-
ing workload and work costs. As an important tool for
the development of modern industrial engineering,
industrial robots have been widely used in various
industries [13]. How to improve the motion control
system of robots is also the research direction [7, 24].
This study aims to improve the accuracy and efficien-
cy of the robot motion control system by combining
Simulated Annealing (SA) algorithm with S-type
acceleration and deceleration control algorithm. SA
algorithm, as a heuristic optimization algorithm, can
effectively avoid the local optimal and find the glob-
al optimal solution. Meanwhile, the S-type accelera-
tion and deceleration control algorithm can generate
a smooth acceleration curve, which can quickly and
accurately control the robot’s motion. The combi-
nation of the two methods effectively improves the
performance of the robot motion control system in
speed planning and trajectory optimization. Shao et
al. [15] designed an improved robot that combined
industrial computer and STM32 to improve the mo-
tion accuracy and relative positioning ability of the
overhead wire inspection robot. The empirical re-
sults showed that it had high motion and positioning
accuracy, which met the work requirements of the
inspection robot. Li [6] developed a 6-DOF industrial
robot recognition method to achieve accurate motion
control and accurate payload estimation of industri-
al robots. Comparative experiments showed that the
proposed controller could estimate the payload as the
true value and exhibit better tracking performance.
At present, robot motion systems still have room for
improvement in terms of improving stability and re-
ducing economic losses. Therefore, it is important to
improve the design of robot motion control system to
ensure stability, accuracy and practical engineering
application.

The innovative of the research is as follows. For the

design of robot motion paths, the S-type acceleration
and deceleration method has been innovatively in-
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troduced to improve the stability of the robot motion
control system, hoping to improve the performance
of the Numerical Control (NC) robot motion control
system.

The contributions of the research are as follows. The
annealing algorithm is applied to design robot ma-
chining paths to optimize the motion path. Then, the
study adopts the S-shaped curve acceleration and de-
celeration method to maintain the stability of the ro-
bot motion control module. The sudden speed chang-
es caused by excessive acceleration is solved, avoiding
robot vibration and improving the performance of the
NC robot motion control system. The obtained robot
motion path is superior to traditional methods.

2. Related Work

In recent years, research on intelligent robots has re-
ceived extensive attention. To improve the effective-
ness and accuracy of robots in work tasks, many schol-
ars have optimized it. Liu et al. [10] proposed a robot
motion controller based on automatic parameter ad-
justment to improve the anti-interference perfor-
mance of the robot in practical applications. The state
equation and particle swarm optimization algorithm
were combined to design the robot motion controller.
The results showed that the method achieved the ex-
pected time and stability performance. Bao et al. [1]
proposed a new decoupling motion control algorithm
based onrobot attitude calculation. Four fuzzy propor-
tional calculus controllers were used to independently
control the robot motion in all directions. The results
showed that this method improved the flexibility and
accuracy of robot motion. Zhao et al. [23] proposed
a feedback controller method to complete period-
ic motion tasks. The adaptive characteristics of the
central mode generator were enhanced to reduce the
resistance in the system. The results showed that this
method could effectively simulate and identify human
body system. To solve the time problem of traditional
robot pivot motion, Lin [8] proposed an artificial intel-
ligence control algorithm based on steering motion.
The results showed that the steering speed of the pro-
posed wheeled soccer robot was 30% higher than that
of the traditional robot, which effectively solved the
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steering delay. Lin et al. [9] proposed a vision-based
controller method to improve the pickup and place-
ment functions of cable-suspended robots. The test
showed that this method was applicable to cranes, and
other large-scale manufacturing equipment requiring
cable-driven robots.

S-AAD is a commonly used method in motion control
systems to address sudden acceleration changes. By
introducingthelinear acceleration variable, the speed
calculation curve shows an S-shape. The sudden ac-
celeration changes in the traditional S-AAD cause
machine tool vibration and affect the surface quality
of the components. In response to this problem, Luo
et al. [12] reduced the slope change by determining
the speed-sensitive point of the curve to reduce the
flexible impact. The results showed that this meth-
od effectively reduced flexible impact and improved
machining accuracy. Wang et al. [19] combined the
S-AAD with B-spline curve interpolation algorithm
to realize the smooth speed transition. The simula-
tion results showed that the algorithm realized the
smooth acceleration transition in NC machining. Jia
et al. [4] proposed a smooth S-AAD based on jounce
finite contour to solve the insufficient smoothness of
existing tool paths. The results showed that the meth-
od had good performance in motion smoothness and
surface quality. Yu et al. proposed a four-order S-AAD
to solve the step problem in the acceleration phase
of traditional S-AAD in the NC machining. In addi-
tion, the uniform speed compensation algorithm was
used to solve the time consumption and instability
under different accuracy requirements. The results
showed that the method improved the motion stabili-
ty of NC machining while meeting real-time require-
ments [21]. To control the real-time speed of the robot
during movement, Xu et al. [20] adopted the S-AAD
to control the physical axis of the robot. The results
showed that this method could reduce the trajectory
error of the robot’s physical axis movement process
to less than 104, with simple operation and smooth
speed transition.

To summarize, robot automatic control systems and
S-AAD have been widely applied in their respective
fields. However, there is relatively insufficient research
on optimizing the design of robot control systems by
combining the two. Therefore, when designing the mo-
tion control system of NC robots, the S-AAD is inno-
vatively introduced based on the primitive information
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and machining path to improve the stability of the ro-
bot motion control system, improving the performance
of the NC robot motion control system.

3. Design of Motion Control Model
for NC Robot

3.1. Design of Motion Control Model Based on
Machining Path

The control content of the motion control system for
NC machining robot mainly includes two parts. The
first is that the NC robot arrives at the designated
place according to the command. The second is that
robots complete processing, cutting, welding and oth-
er tasks. During the control process, the robot motion
system is completed with the graphic element infor-
mation and machining path [11]. In all NC equipment,
the interpolation algorithm is embedded in the mo-
tion control module to ensure processing accuracy
and production process stability. The motion con-
trol model of NC robot needs to read and process the
primitive data before reading the data. In the drawing,
the data to be processed twice includes arc interpola-
tion and poly-line. Arc interpolation requires arc start
point, end point and radius. The secondary process-
ing formula is shown in Formula (1).
x =0.x+rxsin(0)
{y:O.y+r><cos(6’)' W

In Formula (1), the coordinate of the arc center is
(0O.x,0.y). 0 is the starting angle. @ is the ending an-
gle. A poly-line is a curve formed by splicing straight
lines and arcs. In DXF, a poly-line stores the endpoint
of each segment. The fixed points (ps.x,ps.y) and
(pe.x, pe.y) are the convexity bul corresponding to the
line segment. When the convexity is 0, the line seg-
ment is straight. When the convexity is greater than
0, the intermediate variable is m. The calculation is
shown in Formula (2).

m=(l/bul—bul)/2 @
The relationship can be obtained from Formula (3).

O.x =(psx+ pex—(pey— ps.y)yxm)/2
O.y =(ps.y+ pe.y —(pex— ps.x)xm)/2
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In Formula (3), O.x is the horizontal coordinate of
the arc center. 0.y is the ordinate of the circular arc
center. The fixed points (ps.x, ps.y) and (pe.x, pe.y) are
the convexity bul corresponding to the line segment.
m is the intermediate variable. The designer can-
not draw the drawing according to the optimal path
during the drawing process. Computer-aided design
records the data according to the drawing order of
the entity, instead of automatically calculating the
optimal path, resulting in many empty strokes and
meaningless cuts when processing parts. This greatly
slows down production efficiency and causes exces-
sive wear. Therefore, the machining path is improved
based on the SA. SA is a greedy algorithm. Compared
with the traditional greedy algorithm, SA can jump
out of the local optimal and make the result close to
the global optimal solution by introducing specific
criteria, which is one of the early algorithms intro-
duced to solve the optimization problem. SA starts
from a higher initial temperature according to the
metal processing and annealing [3, 22]. As the num-
ber of iterations increases, the annealing simulation
temperature decreases continuously to find the glob-
al optimal solution. During the annealing process, the
relationship between the energy state of particles and
temperature conforms to the Boltzmann distribution.
The distribution function is shown in Formula (4).

1df <0
P=1 . 4
e X1 df >0

In Formula (4), df = E(X,)- E(X,), and i is the cur-
rent moment. j refers to the next moment. X is the
Boltzmann constant. e is the natural index. T is the
temperature. In the SA algorithm, Metropolis method
is introduced to simulate the metal solid from con-
stant temperature to thermal equilibrium. df < 0 rep-
resents the cooling process. In the actual annealing
process, df should always be less than 0. Therefore,
df | KT < 0. The value range of P(df) is (0,1). With the
decrease of temperature 7, P(df’) decreases gradually.
The SA function is shown in Figure 1 [2, 17].

Figure 1 shows the commonalities abstracted from
the simulation and combinatorial optimization prob-
lems of solid material cooling processes in reality. To
find the minimum value of the function, the initial
function value is set to F(x,). When the program
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Figure 1
Optimization Process of Simulated Annealing Algorithm
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starts to iterate, the initial value of the control param-
eters, the decay factor, the number of iterations and
the stop condition produce a new solution. It is con-
sidered that the new solution is better than the previ-
ous one, and finally avoids the local optimal trap to get
the global optimal f(x,).In the calculation process,
to improve the calculation speed and reduce the com-
putational complexity, the current objective function
should be determined by the elements obtained by ex-
changing the current solution with the new solution.
The calculation process of SA is shown in Figure 2. In
Figure 2, firstly, a new solution is generated based on
the initial objective function, thereby obtaining a new
objective function. Then, the difference between the
two objective functions is determined. When the dif-
ference meets the preset conditions, the new solution
isaccepted. Otherwise, the new solution is recalculat-
ed. Then, the number of iterations of the algorithm is
determined. If the iteration satisfies the optimal solu-
tion, the optimal result is obtained. Otherwise, the
annealing temperature is lowered and the iteration is
repeated until the optimal solution is obtained.

1 S(x) < f(x)

®)

In the SA algorithm, there are generally two ways to
deal with the problem, the outer loop and the inner loop.
The transfer probability corresponding to Metropolis
criterion in the inner loop is shown in Formula (5).
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Figure 2
Flow Chart of Simulated Annealing Algorithm
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No

Reduce temperature
and repeat iterations

In Formula (5), ¢ is the control parameter. x, and X, are
two new solutions of the previous iteration and this
iteration. After completing a cycle, the temperature
condition is judged. If the temperature does not reach
the set value, the cycle is continued. If the temperature
meets the established conditions, the optimization is
completed and the optimization results are output.

3.2. Stability Design of Motion Control Module

To maintain the stability and accuracy of machining
complex parts, the interpolation algorithm module is
embedded in the NC system to process the machining
path density. To shorten the acceleration and decel-
eration time, ensure the stability of robot movement
and reduce system impact, the acceleration and de-
celeration of equipment needs to be controlled. Accel-
eration and deceleration control is the basis of stabil-
ity in NC system. In the machining path optimized by
SA, the S-AAD is used to maintain the stability of the
motion control module. The S-AAD control is based
on the linear acceleration and deceleration control
method to restrict the Jerk, thereby eliminating sud-
den changes in acceleration and improving algorithm
smoothness [16, 18]. The control process is divided
into seven different motion stages. After introducing
the concept of acceleration, the acceleration curve
can be continuously changed to avoid the sudden
change caused by excessive acceleration, which can
avoid robot vibration and improve product process-
ing quality. The S-AAD diagram is shown in Figure 2.

Figure 3
S-Shaped Curve Acceleration and Deceleration Diagram
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Assuming that the acceleration time is the same in
different motion time period, seven different phase
relations can be obtained. The acceleration phase re-
lationship is shown in Formula (6).

L=t =t, . ®)
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InFormula (6), ¢ ,isthe Jerk. 7, isthe acceleration time.
t, is the speed time. The relationship formula for the
uniform acceleration stage is shown in Formula (7).

a(t ) = jmaxtj

V(t ) - ]max f : (7)
l .

S(tl) :g]maxt‘j

In Formula (7), a is the acceleration. v is the speed. s
is the displacement. The relationship between acceler-
ation and deceleration stages is shown in Formula (8).

a(t3) = a(t2) - jmaxtj

V(t3) = jmaxtjz’ + jmaxtjta . <8)
1

s(ty) = s(t,) +v(t,)t, +Ea(t2)tf.

The relationship formula for uniform velocity stage is
shown in Formula (9).

a(t ) = _jmaxtj

[
V(t ) .]max j Ejmaxtjta : €)

3

1.
gjmaxtj

s(ty) = s(t,) + vt +%a(t4)t12. -

The relationship between deceleration and accelera-
tion stages is shown in Formula (10).

a(t, ):—
v(ty) =

jmaxtj
]max j

1.
+ E]maxtjta N (10)

3

.
g Jmaxtj

500 = 5(1) + 0, ), + 2 alt ) -

The uniform deceleration stage is shown in Formula (11).

a(t ) = _jmaxtj
V(t ) .]max J * <1D
5(19) = 5(6) + (), + 3 alts )
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The deceleration phase is shown in Formula (12).

v(t,)=0
a(t,)=0 . 12)
1 , 1.,
s(t;) =s(tg) + vt + Ea(t6)tj + gjmaxtj
In the above formula, the maximum speed, maximum
acceleration and maximum Jerk are calculated as
known conditions respectively. At the same time, if the
speed, acceleration and Jerk are restricted, the plan-
ning process of S-AAD control method can be calculat-
ed. In the practical application of S-shaped curve, the
whole motion trajectory is a collection of multiple path
points. After moving from the initial coordinate point
to the target coordinate point, the motion process will
continue to be repeated. In this movement process,
each path needstobe accelerated and decelerated. This
will cause frequent start and stop operations of the ro-
bot motion system, affecting the motion efficiency and
reducing the accuracy of the robot work. Therefore, in
order to reduce the impact of the starting and stopping
speed at the front and rear ends of the path on the mo-
tion system, the speed at the connecting ends is adjust-
ed. On the basis of not changing the original machining
path, the research adopts linear transition prospective
processing to control the speed at each connecting end
point. When dealing with the speed of the connecting
end points, the speed of each connecting end point
shall not be reduced to zero. The transition speed cal-
culated under the constraint conditions is used as the
connection speed between the current phase and the
next phase. That is, the current stop speed is used as
the initial speed of the next stage, so as to achieve area-
sonable transition between the two movements. When
determining the forward-looking point, the points with
high curvature and sharp corners in the motion trajec-
tory are processed with speed forward-looking. Curva-
ture represents the degree of curvature between two
segments of the path. In the calculation process, the
curvature values near the four points are calculated
by determining any four coordinate point functions, as
shown in Figure 4.

In Figure 4, P,, P,, P,, and P, represent any four coor-
dinate points. V, represents the speed from P, to P,.
V, represents the speed from P, to P,. R, represents
the curvature between P, and P,. R, represents the
curvature between P, and P,. @ represents the angle
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Figure 4
Speed Forward Motion Trajectory
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formed between P, and P,. The speed at the end point
transition includes the inlet speed and outlet speed
at the current stage. The outlet speed at the current
stage meets the conditions, as shown in Formula (13).

2
vo

SV +2aL,. 13)
InFormula (13), v, represents the initial speed of each
stage. a, represents the acceleration of the current
phase. L, represents the displacement of the current
phase. v, represents the stopping speed of each stage.
The outlet speed of the current stage can be calculat-
ed by combining the maximum sudden change speed
of the inflection point and the maximum speed of the
motion control system, as shown in Formula (14).
Vo = 0000(V, .V, V). 14)
In Formula (14), ¥, represents the maximum muta-
tion speed of the inflection point. V__ represents the
maximum speed of the motion control system. The
starting speed of the next stage is v, =v . Each for-
ward processing speed at the inflection point can be
obtained by solving Formula (14) until the last stage.
Similarly, each backward processing speed at the in-
flection point can be calculated. The initial speed and
stop speed of each stage can be obtained by combining
the speed obtained in the pre-treatment process and
the post-treatment process, as shown in Formula (15).
{Vm =min(v,,, V;n)
(15)

Vout = mln(vout ’ vout )

The data obtained after forward-looking processing
at each stage is used as the constraint parameter of
speed planning in S-AAD for acceleration and decel-
eration planning.
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3.3. Challenges and Limitations in
Implementation

A series of challenges and limitations have been en-
countered when approaching the design path of ro-
botic motion control systems, which provide enlight-
ening results for the research, as well as a glimpse into
the limitations of current methods in practical appli-
cations. First of all, there are problems with different
hardware. Because each robot has its own unique
hardware structure, it is very difficult to design and
implement a universal motion control system. For
example, differences in factors such as drivetrain,
encoder resolution, motor torque, etc. between ro-
bots may have an impact on motion control perfor-
mance. To solve this problem, a design method based
on graphic element information and processing path
is adopted to reduce the dependence on specific hard-
ware details as much as possible.

Secondly, the experimental environment also caused
some problems. In the field application process, the
diversity of robot operating environment may have
impacts on the design of motion control system. For
example, factors such as temperature, humidity, noise,
and even geographic location can have impacts on sys-
tem performance. Therefore, the system design is as
rigid as possible. Some adjustment mechanisms are
designed to adapt to different working environments.

In addition, system performance limitations are an-
other challenge encountered during the implemen-
tation process. Due to the limitation of computing re-
sources and processing power, it is a great challenge
to design a motion control system that can not only
respond in real time but also control accurately. The
designed approach requires some compromises, such
as finding a balance between real-time and precision.

4. Simulation Analysis and
Engineering Application of Robot
Motion Control System

4.1. Path Optimization Analysis of Robot
Motion Control System

To ensure the accuracy and reliability of the exper-
imental results, the experimental conditions is de-
signed and planned in detail. MATLAB is used to
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establish a simulation test environment. Matlab is
currently the most widely used simulation develop-
ment platform, which can utilize multiple tool mod-
ules to achieve more detailed visualization analysis
for robot motion trajectories. Firstly, a representa-
tive type of workpiece is selected, including different
shapes and different materials (such as metal or plas-
tic). Secondly, in terms of processing path and speed,
the specific processing path and speed are specified
in accordance with the predetermined experimental
design to gain a deeper understanding of the perfor-
mance of the motion control system under various
working conditions. For example, different types
of machining paths (linear and curved) are used to
match different machining speeds for testing in mul-
tiple scenarios. Considering that environmental fac-
tors may affect the experiment results, it is ensured
that the experiment is set up to simulate the actu-
al operating conditions, such as the corresponding
temperature, humidity, and possible electromagnet-
ic interference in the surrounding environment. At
the same time, the accuracy and performance of all
measuring tools and processing equipment meet the
experimental requirements. Finally, an efficient data
acquisition and processing system is used to capture
key parameters during the experiment, such as robot
joint angle, speed, acceleration, etc. Data processing
removes possible outliers and errors to obtain more
accurate, sensitive and reliable experimental results.
Table 1 shows the drawing optimization effects with
different number of machining elements.

From Table 1, when graphic elements increased, the
empty stroke of the traditional machining path also
increased. When the number of graphic elements was
30, the empty stroke length was 2468.3mm. When

Table 1

Comparison of Empty Stroke Length Optimization Results
under Different Number of Entities

Number of Before After Run
graphic elements = optimization @ optimization time
20 19836 mm | 1586.88 mm 0.23s

30 2468.3 mm 1592.9 mm 0.29s

60 172483 mm | 72744 mm 0.6s

100 352424 mm | 42953 mm 0.79s
120 426359 mm | 3410.9 mm 0.84s

2024/3/53

the number of graphic elements was 60, the length
of empty stroke was 7 times that of 30 elements. Af-
ter optimization based on SA, when the number of
graphic elements was 30, the empty stroke length was
1592.9mm, which was 35.4% less than the traditional
machining path. The running time was 0.29s. When
the number of graphic elements was 100, the machin-
ing path optimized by SA was reduced by 88%, and the
running time was 0.79s. When the graphic elements
increased, the optimization rate of the optimized path
was higher than that of the traditional machining
path. When the number of graphic elements exceed-
ed 100, the empty stroke length was reduced by more
than 80%, but the running time was longer. Compared
with a small number of graphic elements, the running
time increased by 0.56s. The drawings of a machined
parts are tested. The comparison diagram of path op-
timization is shown in Figure 5.

Theline segment with an arrow in Figure 5 represents
the robot motion path. In Figure 5(a), there were 11

Figure 5
Effect of Path Optimization

(éﬁraditional wayfinding path

(b) Optimized path
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turns in the traditional planning path. There were
multiple unnecessary empty trips. In Figure 5(b), the
path had 7 turns. Compared to traditional paths, the
improved machine motion path reduced unnecessary
empty trips by 4 turns. This indicates that the SA al-
gorithm proposed in the study can effectively reduce
the empty trips in the machining process and opti-
mize the running trajectory of the robot. In addition,
the accuracy change of the system is compared by an-
alyzing the accuracy of the swing arm and the moving
path of the NC robot. The control error of swing arm
movement when machining two parts with different
shapes shows in Figure 6.

Figure 6 shows the cutting accuracy comparison

of two different parts. In Figure 6(a), the proposed
method could correctly identify the machining path.

Figure 6
Drawing and System Cutting Error Diagram
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The error was about 0.3mm, which was within the
acceptable range. In Figure 6(b), the error of cutting
parts occurred at the corner part of parts, which could
be almost ignored. There was no cutting error in the
straight section. In Figure 6(c), the machining path
error of the comparison algorithm was obvious. There
were significant errors in some features. In Figure
6(d), the machining path bend was out of the drawing,
and the error exceeded 1mm. In general, the cutting
accuracy of the improved NC robot reached more
than 99%. It not only meets the production needs, but
also has a higher qualification rate than traditional
NC machines. The accuracy of the part corners and
arcs is higher. The robot motion control system with
path processing optimization meets the requirements
of movement error and task success rate, which has
good control effect.
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4.2. Smoothness Analysis of Robot Motion
Control System

The initial speed parameters of the S-shaped curve are
verified to obtain the best operating speed. The study
sets two conditions to verify the S-shaped curve. The
first starting speed is 0 mm/s, the maximum running
speed is 60 mm/s, the ending speed is 10 mm/s, the
maximum acceleration is 30 mm/s? and the running

Figure 7

Change of Speed and Acceleration Curve under Different
Conditions
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distance is 60 mm/s. The second is that the starting
speed is 0 mm/s, the maximum running speed is 60
mmy/s, the ending speed is 10 mm/s, the maximum ac-
celeration is 30 mm/s? and the running distance is 60
mmy/s. The speed and acceleration curve of S-AAD un-
der different conditions are shown in Figure 7.

In Figure 7(a), the S-shaped curve had uniform ac-
celeration and deceleration stages in both conditions.
The main difference was that the time of maintaining
constant speed was inconsistent. From Figure 7(b), in
the first condition setting, the S-AAD had a constant
speed operation stage. However, limited by the maxi-
mum operating speed, there was no uniform accelera-
tion and deceleration stage in the curve. The acceler-
ation and deceleration motion of the curve under the
second condition setting had a uniform motion stage.
After comprehensive comparison, the parameters
under the second condition are taken as the test pa-
rameters of S-AAD.

Inthe NC system, the vibration and impact of the ma-
chine tool affect the fluctuation of the swing arm and
the smoothness of the machined parts. The smooth-
ness of the part edge cannot meet the standard re-
quirements. This leads to part scrapping, increase
the wear rate of the swing arm, and cause additional
economic losses. The speed comparison between the
traditional algorithm and the research algorithm is
shown in Figure 8.
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In Figure 8, the speed curves of the two algorithms
were roughly the same. The maximum speed of the
proposed algorithm was faster than that of the tradi-
tional algorithm. In Figure 8(a), the traditional algo-
rithm took 6s to process parts, with frequent fluctu-
ations. In every 200 interpolation cycles, the number
of fluctuations reached 30. The part edges were de-
pressed and had low smoothness. In Figure 8(b), it
took 5.86s to process parts. Compared with the tradi-
tional algorithm, the fluctuation of the research algo-
rithm was not obvious. In every 200 interpolation cy-
cles, the fluctuation period only occurred once, with
small fluctuation amplitude. To summarize, the re-
search algorithm had good anti-swing and anti-fluc-
tuation performance compared with the traditional
algorithm. According to the automatic control theory,
there must be some following error in the control sys-
tem during processing, which is called contour error.
The contour error between traditional algorithm and
research algorithm is shown in Figure 9.

Figure 9 shows the contour error between traditional
algorithms and the research algorithm. In Figure 9(a),
when using traditional algorithms for machining, the
contour accuracy fluctuated within a range, resulting
in alarge number of errors. The error value fluctuated
greatly on the transition line segment. When the in-
terpolation period was 400, the contour error varied
within [0.5, 3.5]. Figure 9(b) shows the research algo-
rithm for machining contour errors. The error gener-

Figure 9
Comparison of Contour Error of Two Algorithms
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ated by the research algorithm in each interpolation
cycle was relatively small, which basically formed
a curve. The error value was basically on the fitted
curve. The error fluctuation value was significantly
reduced. This method maximizes the accuracy of the
cutting graph. In 1600 interpolation cycles, the error
trends obtained by the two methods were consistent,
but the actual errors differed significantly. Therefore,
the optimization algorithm can achieve very accurate
machining accuracy under the high-precision and
high-speed machining. The comparison of part edge
processing effect is shown in Figure 10.

Figure 10
Comparison of Part Burr under Two Algorithms
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Table 2
Comparison of Parts Processing under Two Algorithms

2024/3/53

Processing method Traditional algorithm Improved algorithm
Burr 34 9
Section finish 0.33 132
Section roughness 0.376 157
Part status Coarse Smooth
Depression 29 8

Figure 10(a) shows the parts processed by traditional
algorithms. There were many burrs on the edge and
the smoothness was low. After improving algorithm,
the burr on the edge of the machined part was great-
ly reduced and the edge was smoother. The parame-
ter comparison of the two algorithms for this part is
shown in Table 2.

From Table 2, the number of burrs in the traditional
algorithm was 34, and the optimization algorithm was
only 9. the optimized algorithm reduced the burr of
parts by 25 points compared with the traditional algo-
rithm. The depression reduced by 21 points. The sec-
tion maintained a high smoothness, and the part state
was highly matched with the drawing. Compared with
the traditional processing process, the part comple-
tion degree was higher. It can better meet the drawing
planning and daily production requirements.

Figure 11
Response Curve Contrast
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Figure 11 shows the response time comparison be-
tween the reverse step algorithm and the research al-
gorithm. It can be seen that the control of the research
algorithm effectively inhibits the overshoot, speeds
up the response time, which has a better tracking abil-
ity to the system input.

5. Conclusion

In conclusion, in robot motion control systems, the
integration of digital control technology and graphic
element information has greatly improved efficiency
and accuracy. The SA reduced unproductive move-
ment, saving up to 88% of time, with a maximum
processing time of 0.79s. Furthermore, the S-AAD
improved accuracy, ensuring the cutting accuracy of
over 99%. Compared with traditional NC machines,
it boasts a higher qualification rate, superior cutting
precision, and fewer time requirements for executing
complex tasks. While the machining is processed at a
constant speed, there are minimal fluctuations, con-
tributing to its resistance to oscillatory movement
and waveform disturbances. Regardless of the suc-
cess of this system in this study, there is still room for
optimization.

Firstly, there are differences in the structural design
of each robot. The factors such as the transmission
system and coding resolution of the robot system
have impacts on the path control results. In future
research, the impact of different transmission sys-
tems and coding resolutions in robot systems on
path control results will be further analyzed in
depth. The optimal transmission system and resolu-
tion conditions will be determined. Secondly, during
the experiment, the external environment, including
temperature, humidity, noise, etc., can also affect the
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control results of the robot motion path. The study
does not uniformly design the external environment,
which may have a certain impact on the results. In
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