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Striving to enhance the efficiency of computer numerical control (CNC) machining tools
used in green converter stations, in this paper, we introduce an innovative approach leveraging
multisensor fusion data for the optimal control of a machine’s motion along each coordinate axis.
The proposed method focuses on the optimal control of the machine’s motion along each
coordinate axis, while considering constraints of precision, speed, and acceleration. A trajectory
planning method synthesizing linear interpolation, circular interpolation, and a novel circular
arc transfer algorithm is employed. Unlike traditional techniques, our S-curve acceleration and
deceleration control model for path segments does not mandate identical start and end speeds for
a single path. The model’s efficacy was validated through simulation experiments on a rounded
rectangular cutting path, with sensor data simulating real-time machining conditions. The
results demonstrated that accounting for instantaneous machining speed and acceleration aids in
achieving maximum machining speed more rapidly. Our sensor-informed optimal control
algorithm ensured a seamless kinematic transition at the path’s intersection, minimizing abrupt
speed changes, which elevated the efficiency of the CNC tool’s motion, markedly reducing the
process time. This contribution serves as a major advancement in optimizing CNC machining,
promising considerable time efficiency in production.

1. Introduction

Machine tools play a key role in the equipment manufacturing of green converter stations,
which are facilities designed for high-efficiency energy conversion in power transmission
systems, often integrating environmentally friendly technologies. For example, high-precision
machine tools are essential for processing components such as the iron core and winding of a
converter transformer. They can accurately cut silicon steel sheets for the iron core with
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thickness tolerance within +0.03 mm and perform high-precision wire drawing processing for
copper conductors in winding to meet the high-efficiency requirements of converter
transformers. Computer numerical control (CNC) machining technology is evolving towards
high speed, efficiency, and precision, driven by the integration of sensor networks that monitor
real-time tool motion and machining states. High-speed machining requires rapid operation and
precise, swift stops of machine tool axes.

There are three main research directions. (1) The first improves interpolation methods such
as point-by-point comparison and time division,(’2 which can be enhanced by sensor-based
position feedback to reduce interpolation errors. For example, Shu et al® proposed an
optimization technique for linear interpolation, improving the processing efficiency of a product.
(2) The second is using the new S-curve acceleration and deceleration control model to achieve
feed speed with the change in the curvature radius region and an adaptive change.*->)
Researchers such as Xiao et al® proposed improved algorithms based on the algorithm of
inserting a circular arc path between adjacent linear segments of the machining trajectory. Lu
and Chen (/) proposed a genetic-algorithm-based S-curve acc/dec scheme. (3) The third is
inserting transition curves to improve speed and smoothness. Wang et al.®) and others proposed
pick-and-place path 19 trajectory planning to improve operational efficiency.(!") Analytical
transformation algorithms are proposed to smooth corners to generate curvilinear continuous
toolpaths in real time.(1214)

In this paper, by inserting the arc transfer model and combining it with the new S-curve
acceleration and deceleration control model, we integrate multisensor fusion data (e.g., position,
velocity, acceleration sensors) to perform path forward-looking planning under CNC machine
tool limitations. This sensor-driven approach enables the optimal control of machining tools by
adapting to real-time operational constraints and ensuring precision throughout the machining
process.

2. Optimal Control Model of Linear Machining Segment

2.1 Optimization model of straight line machining segment based on point-by-point
comparison method

The machining tool path is a series of straight line segments. Length is a multiple of
resolution, affecting a tool’s velocity and acceleration. For plane-type machining surfaces, the
tool path is typically composed of polyline segments, which requires the precise coordination of
multi-axis motion.

Considering the problem of the polyline segment formed by the connection of two straight
lines, the end point of the point-by-point comparison interpolation method is defined as the point
closest to the intersection of the polyline. This end point is then used as the starting point. From
this starting point, interpolation calculation is performed on another straight line. This process
allows for obtaining an interpolation calculation method for two adjacent polyline segments.
Figure 1 shows the interpolation feed chart for linear segments, illustrating the feed process of
the point-by-point comparison method. Figure 2 presents the linear interpolation of the point-by-
point comparison method, detailing coordinate changes during machining.
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Fig. 1. Interpolation feed chart for linear segments. Fig. 2. (Color online) Point-by-point comparison
method.

2.2 Control model of tool moving in a straight line

A new type of S-type acceleration and deceleration control method can be adopted for the
straight section of the processing profile. S is set to the given displacement of the line segment,
and § = S, + S, + Sy, (Where S, is the displacement during acceleration, S,, is the
displacement during the uniform speed process, and S,,,, is the displacement during
deceleration), V is the velocity, a is the acceleration, J is the jerk, Vj is the initial velocity, and V,
is the final velocity. The acceleration and deceleration times are the same as 7 and 7,, and the
constant speed time is 75.

The formula for calculating displacement is

Vst+%Jt3, 1e(0,1;]
(1 + 12 )i =0 0= 20 =T, 1 (5,21
(v +J12)1=JT7, e 2T}, 20 + T3]

S

(7 +JT12)I—%J(t—2T1 “TY —JT3, te QT + 13,27, + T3 + 1 ]

s

(V +J(T12 —Tzz))t+%J(t—2Tl ~T, T, + I} (2T + T3+ T3),

—JT, te QT + Ty + Ty, 2T, + T3 + 215 ].

When ¢ = 27, + T3 + 275, we obtain V, =V, +J(T12 -T7 ), i.e., by finding the value of either
one, we can find the value of the other. We solve for 7}, 7, in two cases below.
1. IfS,, >0, we can obtain

Var =V +JT2 - (@)



3138 Sensors and Materials, Vol. 37, No. 7 (2025)

Then, T; =\|(Vyax = V5 )/J » Where ¥, =V, +JI5 , and Ty = \[(V,,0e =V, )/J . However,

Sy =2V, T +JT7,
S, = (Ve + 1 )15, 3)

S iown =2V, Ty +JT5 .

2. If S, <0, we can consider that there is no uniform speed zone, so 75 is 0 and the maximum
speed V,,,, cannot be reached and ¢ =27, + T3 + 27,.

S(t):2VeT2+JT23+(Ve+VS+JT22),/(Ve ~V,)]J+ T3 “)

If T, is regarded as a variable in the above equation, then S(f) can be taken as a function about
T,, denoted as S(7,), which is monotonically increasing with respect to the interval T, e [0,c0).
The upper limit of T, values obtained from the above equation is /(¥ =V, )/J.

When V, > V,, the minimum 7, value is 0, and its possible value interval is [0, \(¥,qx —Ve) / J].
Therefore, if there is a positive solution for the given displacement S > (¥, +¥,)\/(V, -V, )/J, let
S(T») = S adopt the bisection method to solve T; otherwise, reselect the initial velocity ¥V and
final velocity V.

When V, < ¥, the T, minimum value \/(V, -V, )/J obtained is (¥, -V, )/J +T; >0. Then, the
interval of values is [\/(VS -v,)]J ,\/(Vmax -V,)]J } Therefore, if the displacement is given as

S >V, +V,)(Vs=V,)/J, Ty, there is a positive solution. Let S(T5) = S, and we use the bisection
method to solve 75; otherwise, reselect the initial velocity Vgand final velocity V.

Substituting the obtained 7,, we obtain 7}, and the sum of S,,, S,,, Sy, and T3 can be

obtained. When 77, 75, and T3 are obtained, the speeds of each region can also be determined.

3. Continuous Curve Optimization Model Composed of Straight Line and
Circular Arc Segments

3.1 Optimization model of linear machining section

We use the point-by-point comparison method to interpolate the straight line and the new
S-type acceleration and deceleration control method to calculate the change in the moving speed
of the tool on the linear motion path.

3.2 Optimization model of arc machining segment based on time division method

The working principle of time division interpolation equipment control is to calculate the
contour step length according to the feed rate, use it as the chord length for circular interpolation,
and calculate coordinate axis feeds. Figure 3 shows the circular interpolation with time division
method.
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Fig. 3. (Color online) Circular interpolation with time division method.

4. Arc Transfer Optimization Algorithm
4.1 Arc insertion method

In circular interpolation, the inserted transition arc is approximated by discrete linear
segments to satisfy machining error constraints, where Ej represents the allowable error of
the radius of the inserted arc and E,., indicates the total allowable error at the transition of the
trajectory segment as shown in Fig. 4 .

By setting |AB| =|AC| =d, ZBAO =6, AF| =E,, and |EF| =E, from the geometric
relationship in the figure, we can obtain
( d —dtan9]+E > E 5
cos @ k== ©)
d< Err _ER (6)
—tané
cos@

We insert arc radius R =d tan . The coordinates of points B, C, and O can be determined
according to the coordinates of d, R, Ey, E,,. point A.

4.2 Determination of transfer speed

(1) Transfer conditions
To ensure that the change in velocity vector at the transition of the trajectory segment is
dispersed into multiple interpolation periods, with 7 indicating the interpolation period,

there should be wT <2Rcos#, that is,

2Rcos@
<,

n< 2R %)
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Fig. 4. Schematic diagram of arc insertion: (a) original trajectory and (b) trajectory after arc insertion.

(2) Arc radius error limit
The radius of the arc allows the transfer speed formula determined by the machining error
constraints to be used as

2
w2 1—( —ﬂj . ®)

When the radius of the inserted arc is large, after simplification, the quadratic term is
discarded and expressed as

BRER o)

s

Vs <

(3) Acceleration limit

When the radius of the interpolation arc is large, because the interpolation step is much
smaller than the radius of the arc, the corners of two adjacent interpolation steps can be ignored,
and the acceleration limitation does not need to be considered. However, in the “arc transfer
method,” the radius of the inserted arc is small, and it is necessary to consider the acceleration
limit. The maximum allowable feed normal acceleration of the machine tool is limited. The
relationship between the feed normal acceleration and the feed rate and the radius of the inserted
arc is

a, =—. (10)

Then, the maximum allowable speed is

Vmaxz\/aNXR' (11)
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Using Eqgs. (15) and (16), we can obtain

Vi €(VVipar ) . (12)

The transfer speed between tracks using the arc transfer method is determined as

v:min{vl,vz,v3}, (13)

Let £,, =2 um, Ex = 0.9 um, @ = 600 mm/s2, and T = 1 ms; when the angle shown in
Fig. 50« (O°,90°) is the angle between two adjacent track segments 20 e (0°,180° ), the transfer
speed is calculated according to the above formula, and the v curve is shown in Fig. 5.

5. [Experiment

5.1 Data preparation

Figure 6 shows a schematic diagram of a cutting path in the shape of a rounded rectangle. The
four corners of the path each consist of 1/4 arcs from a complete circle with a radius of 0.5. The
dimensions of the rectangle are 41 x 41 (cm?). Figure 7 shows the processing speed profile of the
rounded rectangular cutting path, showing speed changes at each node.

During real-world machining operations, the tool initiates from the position of node 1 with
coordinates (—20.500, —0.000, 0.000) and an instantaneous speed of 0.13 m/min at this point. The
tool needs to increase to a maximum speed of 0.19 m/min to move from node 1 to node 2
(=20.500, —17.708, 0.000). Starting from node 2 (—20.500, —17.708, 0.000), the tool moves in a
clockwise direction and returns to this point (referenced as node 11), requiring a maximum
speed of 1.26, and finally slows down to a termination speed of 0.13 at node 11. Table 1 outlines

: ™
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Fig. 5. (Color online) v — 26 curve. Fig. 6. (Color online) Rounded rectangle cutting
path.
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Fig. 7. (Color online) Schematic diagram of the processing speed of the rounded rectangular cutting path.

the required maximum speeds throughout the operation. In the table, the maximum frequency

refers to the maximum frequency of the control pulse, which can be overlooked. The

corresponding speed denotes the movement speed of the tool, and it is measured in m/min.
During the movement, the limitation conditions of the machine tool for speed, acceleration,

jerk, and so forth are as follows.

Feed speed V range [V, Vinaxd: [0.13,6] unit m/min

Acceleration range [4,,,i,> Amard: [0.02,0.6] unit m/s? a

Jerk: 300 units mm/s3 J,,,,

Instant start speed V{y: ¥, = 0.13 unit m/min

Instant start acceleration a,: @, = 0.02 unit m/s

Error: =1 pm

Resolution: 1/1280 mm

NSk W=

5.2 Optimization model checking
5.2.1 Processing speed of rounded rectangle cutting path

Table 1 outlines the processing speeds for each segment of the rounded rectangular cutting
path. For the straight line segment AB, the speed at point A is 0.13 m/min (with the instantaneous
start acceleration and start speed considered), the maximum speed of the AB segment is 0.19 m/
min, and the speed at point B is 0.19 m/min. From point C to point J, the processing speed is
maintained at 1.26 m/min. For the segment from point J to point K, the speed at point J is 1.26 m/
min, and the terminal speed at point K is 0.13 m/min. Table 2 shows the analysis of different
paths.

5.2.2 Control calculation of rounded rectangle cutting path

For better verification, the following data are provided: J =300 mm/s> = 0.3 m/s*>, AB: V, =0,
V5 =0.19 m/min, and V,,,, = 0.19 m/min.
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Table 1
Speed requirements for rounded rectangular cutting path processing.

Path node Node coordinates (X, Y, Z) Corresponding speed (m/min)

1 (-20.500, —20.000, 0.000) 0.13

2 (=20.500, —17.708, 0.000) 0.19

3 (=20.500, 20.000, 0.000) 1.26

4 (=20.000, 20.500, 0.000) 1.26

5 (20.000, 20.500, 0.000) 1.26

6 (20.500, 20.000, 0.000) 1.26

7 (20.500, —20.000, 0.000) 1.26

8 (20.000, —20.500, 0.000) 1.26

9 (=20.000, —20.500, 0.000) 1.26

10 (=20.500, —20.000, 0.000) 1.26

11 (—20.500, —17.708, 0.000) 0.13

Table 2

Path analysis chart.

Path Initial speed (m/min) Final velocity (m/min) Acceleration time (s) Deceleration time (s)
Section AB 0 0.19 0.1 0
Section BC 0.19 1.26 0.24

CJ segment Uniform motion time is 77.4 s

JK segment 1.26 0.13 0.25

According to the new S-curve acceleration and deceleration algorithm of the straight line
segment, it is assumed that the AB segment has a uniform-speed stage, that is, there is S,, > 0. It

can be obtained as ¥, =V, +JI;.

Then, T =\(Vya —Va)/J =4/0.19/(60x0.3) =0.10s, where V,,, =V, +JI7, and T, =
P ax —Ve)/J =0s. The maximum acceleration, calculated as J7; = 0.03 m/s?, falls within the
allowable range of maximum acceleration; the accelerated displacement is
Sy =2V4T, +JT;? =0.03cm; the uniform displacement is S,, = 20 — 17.708 — 0.03 = 2.262 cm; the
BC segment has an initial speed V3= 0.19 m/min, V,, . = 1.26 m/min; and the acceleration time
is Ty = (Ve —V5)/7 =(126-0.19)/(60x0.3) =0.24s and the uniform time is 7, =
(162.54/100)/1.26/ 60 = 77.4s .

5.2.3 Analysis of simulation results

With the proposed algorithm to simulate the rounded rectangular cutting path on MATLARB,
the simulation results of the machining speed and machining acceleration of the entire
machining process are as shown in Fig. 8. Figure 9 details the machining speed and acceleration
changes in the AC segment, where (a) shows the relationship between machining speed and time,
and (b) shows the correlation between machining acceleration and time, further verifying the
effectiveness of the S-curve acceleration and deceleration control in this segment. Figure 10
presents the machining speed and acceleration curves of the JK segment, with (a) showing the
variation in machining speed with time and (b) displaying the change in machining acceleration



3144 Sensors and Materials, Vol. 37, No. 7 (2025)

0.08 . . . . . , , , 14
0.06 - 12
NA -
‘o 004 T
£ E
§ 002} £
K] gosf
ko 8
g 0 3
8 206t
j=2) [
E -0.02 §
= o
5 =04+
S 004f o
-006F 1 02—
008 . . . . . . . . 0 . . . . . . . .
0 10 20 30 40 50 60 70 80 N0 0 10 20 30 40 50 60 70 80 90
Processing time/t/s Processing time/t/s
(@) (b)

Fig. 8. (Color online) Processing speed and acceleration curves: (a) total curve of machining speed versus
machining time and (b) total curve of machining acceleration versus machining time.
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Fig. 9. (Color online) AC segment machining speed and acceleration curves: (a) curve of machining speed versus
machining time in AC section and (b) curve of machining acceleration versus machining time in AC section.

over time, which clearly reflects the deceleration process from 1.26 to 0.13 m/min using the new
S-curve acceleration and deceleration method.

5.3 Optimal model checking considering instantaneous startup acceleration and
instantaneous startup speed

5.3.1 Optimization model establishment

Consider the instantaneous starting acceleration and the instantaneous starting velocity, that
is, the initial acceleration and initial velocity are no longer zero. Let the given initial acceleration
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Fig. 10. (Color online) Processing speed and acceleration curves of JK segment: (a) curve of machining speed
versus machining time in JK section and (b) curve of machining acceleration versus machining time in JK section.

be ay, the initial speed be V};, and the calculation formulas of its speed and acceleration be as
follows.

te(0,7]
a (t)=Jt
i (t)=V, +a0t+%Jt2 (14)
S (1)=V, +a0t+%Jt2 +%Jt3

t e (T,.27]

a, (t)=ay—J(t-T)+JT;

v, (t)=V0+aOt+%Jt2+a0 (t—Tl) 15)

1 1 t
S ()= Vot +ant2 +th3 +Iﬂ v, (t)dt

(e QL 2T+ T3]
as = 0
V=7, (16)

te T+ Ty, 2T, + T, + T, |
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ay(1)=—ay~J[1~(21,+ T3]

¢ 17
teQh+TG+15,2T + T3 + 27, ]
as(t)=—ay—JTy +J[t—(2 + T3 +T5) |

‘ (18)

Aax = do +Jt
19
V, =Vy+ayT JF%JTI2 (19)

2

p 22 +\J4ag? +4 (Ve ~7) 20)

2J

Using the above formula, according to the arc machining segment method, we can obtain 77,
T,, and T3. Once S, S,, and S, are obtained, the velocity of each region can also be
determined.

5.3.2 Analysis of simulation results

Most of the processes are carried out at the required maximum processing speed, and the
total processing time is 85.38 s. Because the initial instantaneous velocity and initial acceleration
are considered in this question, the acceleration range is [0.02, 0.6]. Figure 11 shows the overall
machining speed and acceleration curves when the initial instantaneous velocity and acceleration
are considered: (a) shows the total curve of machining speed versus machining time and (b)
shows the total curve of machining acceleration versus machining time, clearly reflecting the
dynamic changes throughout the entire process. Figure 12 shows the local machining speed and
acceleration curves of the AB segment: (a) depicts the curve of machining speed versus
machining time in the AB section and (b) shows the curve of machining acceleration versus
machining time in this segment, detailing the start-up phase. Figure 13 shows the local
machining speed and acceleration curves of the BC segment: (a) is the curve of machining speed
versus machining time in the BC section and (b) is the curve of machining acceleration versus
machining time here, demonstrating the acceleration process to the maximum speed. Figure 14
shows the processing speed and acceleration curves of the JK segment: (a) is the curve of
machining speed versus machining time in the JK section and (b) is the curve of machining
acceleration versus machining time in this segment, reflecting the deceleration process to the
terminal speed.
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Fig. 11. (Color online) Processing speed and acceleration curves: (a) total curve of machining speed versus
machining time and (b) total curve of machining acceleration versus machining time.
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Fig. 12. (Color online) Local machining speed and acceleration curves of AB segment: (a) curve of machining
speed versus machining time in AB section and (b) curve of machining acceleration versus machining time in AB
section.

4 T T T T T T T T 0.08 T T T T T T T T

w
o
T
1=
o
=

=
(=}
[}

1=
(=}
a

0041 1

=
o
@

Processing speed/(m/min)

Machining acceleralion/(m/sQ)
8

0 . L L . . . L L 0 L L . I I L L L
6 6.5 7 7.5 8 8.5 9 9.5 10 6 6.5 7 75 8 8.5 9 9.5 10

Processing time/t/s Processing time/t/s
@ (b)

Fig. 13. (Color online) Local machining speed and acceleration curves of BC segment: (a) curve of machining
speed vs. machining time in BC section and (b) curve of machining acceleration vs. machining time in BC section.
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Fig. 14. (Color online) Processing speed and acceleration curves of JK segment: (a) curve of machining speed
versus machining time in JK section and (b) curve of machining acceleration versus machining time in JK section.

6. Discussion

The multisensor fusion S-curve acceleration and deceleration control model proposed in this
study performs better than the traditional circular arc transition algorithm in terms of trajectory
connection smoothness and processing time optimization. However, its curvature adaptability in
complex surface machining still needs to be improved. The current model assumes that sensor
data is real-time and noise-free, but in actual machining, sensor delays may lead to a lag in speed
adjustment. In the future, the Kalman filter algorithm can be introduced to optimize the
accuracy of data fusion. In addition, there is still room for optimizing the machining error of the
circular arc transition algorithm in small-radius curve segments. The effect of tool wear on the
trajectory can be predicted by combining deep learning. This model has significant application
value in the machining of high-precision components of green converter stations (such as silicon
steel sheets of converter transformer cores) and can be extended to the field of new energy
equipment manufacturing. The follow-up research will focus on the multi-axis linkage
machining scenario to further verify the effectiveness of the model in 3D complex trajectories.

7. Conclusions

In this paper, an arc transfer algorithm was proposed, through which the maximum transfer
speed allowed under the condition of satisfying the machining error can be obtained, which can
make the tool move in the direction before the moving speed drops to zero, that is, before
reaching the inflection point.
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