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Abstract. In this paper, the improved particle swarm optimization algorithm has
been used to quickly find the optimal value of the objective function of CNC
machining parameters. The proposed method was used to optimize the rough
milling, semi-finishing milling and finishing milling operation parameters of SSCK80
NC machine tool, and the accuracy of cutting width and cutting depth was
significantly higher than that of substructure coupling method and response surface
method. The performance of spindle speed, feed, cutting power and cutting time
parameters optimized by this method are superior to those of the other two
methods. This method can effectively optimize NC machining parameters, meet the
actual machining requirements, and the optimized experimental NC machine tool
has good machining performance.
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1 INTRODUCTION

Manufacturing industry is not only an important indicator to measure the level of national
productivity, but also a strong guarantee for national prosperity and rejuvenation. Nowadays, with
the rapid development of big data, cloud computing, artificial intelligence and other technologies,
the manufacturing industry is facing new opportunities and challenges. In order to catch up with
the new wave of industrial revolution, the world's major manufacturing countries are actively
formulating a series of policies suitable for their own development. In 2003, the United States
implemented the "Industrial Internet" strategy, which refers to the development of network
security strategies at the national level to ensure the stability and order of the country and society.
After the outbreak of the world financial crisis in 2008, the United States formulated the "re-
industrialization" strategy and established the "Industrial Internet Alliance" together with Internet
giants. In 2013, the German government officially implemented the "Industry 4.0" strategy, which
triggered the fourth industrial revolution. It emphasized the integration of information and physical
systems to promote the intelligent development of manufacturing industry.
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In 2015, The State Council officially put forward the "Made in China 2025" strategy, which
emphasizes the establishment of a new industrial production mode combining informatization and
industrialization, so as to promote the whole nation from a manufacturing power to a
manufacturing power. These strategic goals have in common the application of advanced
technological means to the manufacturing field, and the continuous monitoring, guidance and
control of the actual production process, so as to drive the manufacturing industry towards a green
and intelligent direction [1-2].

As an important processing equipment of modern manufacturing industry, numerical control
machine tool integrates the technical achievements of computer technology, mechanical
automation technology, information processing technology, sensor technology and many other
fields, and has significant advantages in the manufacturing industry. The equipment can analyze
the CNC machining program and automatically execute a series of parts processing behaviors,
such as milling, drilling, turning, tapping and other operations, which solves the problem of difficult
to ensure product quality in complex parts processing often faced by the traditional machinery
manufacturing industry [3]

At present, CNC machining technology has been gradually expanded from the original
aerospace field to the automotive industry, shipping industry, construction and other mechanical
fields; the technology has a broad use space in the manufacturing industry. Advanced numerical
control machining technology can bring great economic benefits to manufacturers and has a
strategic role in realizing our manufacturing modernization goal. Therefore, on the basis of existing
results, it is an important task for our country to realize manufacturing power to further promote
numerical control machining performance as shown in Figure 1:
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Figure 1: Improved particle swarm optimization algorithm.

2 LITERATURE REVIEW

Cutting parameters mainly include cutting speed, feed speed and cutting depth. Reasonable
cutting parameters can improve product processing quality, improve processing efficiency and
reduce production costs. Therefore, the early research on cutting parameter optimization focused
on the machining quality, machining time and production cost as the research objects. Research
results on optimization of cutting parameters are mostly based on traditional targets such as
processing time, production cost or tool durability, which are difficult to meet the requirements of
modern manufacturing industry [4]. With the increasingly serious problem of global warming,
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more and more scholars begin to focus on the optimization of cutting parameters, which mainly
aims at machine tool energy consumption and carbon emission. In addition to taking machine tool
energy consumption and carbon emission as the research direction of cutting parameter
optimization, some scholars have taken the negative impact of cutting process on the environment
into account and conducted researches on cutting parameter optimization aiming at green
manufacturing [5].

There are many research results on the optimization of cutting parameters, some of which are
based on traditional indicators (such as production cost, processing time, tool wear degree, etc.).
This kind of optimization usually ignores resource consumption and environmental emissions,
which has been difficult to meet the requirements of green manufacturing. Part of the optimization
is based on the combination of machine tool energy consumption, carbon emissions and other
traditional optimization indicators, which can be attributed to the optimization of cutting
parameters for low-carbon manufacturing [6].

Compared with green manufacturing, which takes resource consumption and environmental
impact into consideration comprehensively, low-carbon manufacturing only focuses on the
reduction and control of carbon emissions, without considering the negative impact of waste water,
toxic and harmful substances on the environment. At present, the research results of cutting
parameter optimization for green manufacturing are limited and need to be further studied [7]. In
this paper, an improved particle swarm optimization method for NC machining parameters is
proposed.

3 RESEARCH METHOD

3.1 Improved Particle Swarm Optimization (PSO) of NC Machining Parameters

3.1.1 Mathematical model and constraint conditions

Symbol Meaning
v Cutting speed
f Cutting feed in the machining process
T, Total working hours
T Cutting time of one machining procedure
Tm
Th
T,

Tool changing time in the process of single process
Tool changing time between different processes

i Machine tool preparation time, loading and unloading time, tool
preparation time and other auxiliary time

D Tool diameter

L Cutting length

fz Cutter feed per tooth

a, Cutting depth

Tr Tool change time due to tool wear
ae Cutting width

B Tool cost

By Unit time management cost

B, Labor cost per unit time

T Tool wear resistance

Table 1: List of symbols used and their meaning.
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3.1.1.1 Mathematical model

In CNC machining, the cutting parameters under step less speed regulation in the NC machining
process are set as continuous variables. The lowest production cost and the highest productivity
are set as the optimization objectives of CNC machining parameters:

Ty=Ts+Tpn+Tp+T; (3.1)
In the formula symbols have their meaning as given in Table 1. The formula of process cutting
time is as follows (3.2):

T, = (zDL)/(1000vf,Z) (3.2)
In (3.3), the tool change time in single process of long-time processing resulting in tool wear is:
Y 4 Y 4 k
T = 2y g qn g D (3.3)
1000C}"

Where: Cy,m,y,p,u,k and q are the tool durability coefficients of CNC machine tools. The B, formula
of processing cost of a process in NC machining is as follows (3.4):

By =T, (2%+ By +B,) (3.4)
The feed rate and cutting speed cannot meet the two optimization objectives at the same time, set

the coordination coefficient n, use the single objective optimization problem instead of the multi-
objective optimization problem, obtain the objective function as follows (3.5):

minF(,f;) =Ts+ T + Ty + T; + 1B, (3.5)
Where: when n=1 and n =0, the objective function takes the lowest production cost and the
highest productivity as the optimization objectives respectively; When 0 <n < 1, the objective
function exists as a coordination function between different optimization objectives.
Considering the maximum cutting force, spindle speed, work piece quality, feed, maximum cutting
power and other factors in the process of machine tool processing, variables v, f,) in the design
objective function should meet the following constraints.
1) Cutting speed. The cutting speed is constrained by the following formula: (3.6) and (3.7):

ONmin
910, f) = B — v <0 (3.6)

ONmax
90, f) =v— B v <0 (3.7)

Where: N,,,, and 0, respectively represent the highest spindle speed of CNC machine tool and the
diameter of the work piece processed; N,,,;, indicates the lowest spindle speed of the machine tool.
2) Supply constraint. Equation (3.8) and (3.9) are as follows:

I3, f2) = frain — fz <0 (3.8)
84V, ) =f, — frax <0 (3.9
Where: fqx and frminrespectively represent the maximum feed and minimum feed of CNC machine
tools.
3) Cutting feed force. The cutting feed force is constrained by the maximum feed force of the
machine spindle as follows (3.10):

950, ;) = 9.81 X 60"F,CraXF.f; Fov"Fok, — Frax < 0 (3.10)
Where: Cp,ng, x5, yr, and kpare cutting force parameters; F,,, represents the maximum feeding
force of the spindle of the CNC machine tool.

4) Cutting power. The effective power of NC machine tool is used to constrain the cutting power in
the following formula (3.11):

—_ ch — n X y n
ge(w, f,) = oo = 9:81x60 FoCp G3F.f) Fv Fekp,

1000
Where: B, and u respectively represent the maximum power and effective coefficient of CNC
machine tools.
5) Cutting torque constraints. The cutting torque constraint formula using the maximum spindle
torque is as follows (3.12):

— UPnax <0 (311)
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9:(v.fz) = 2:16(())00 — M, <0 (3.12)

Where: My, _ represents the maximum torque of CNC machine tool spindle.
6) Surface roughness constraints. The surface roughness constraints of the work piece processed
by CNC machine tools are as follows (3.13):

2
gB(ver) = %_ Rmax < 0 (313)

Where: R, and r,, respectively represent the maximum roughness of work piece surface and the
radius of tool tip arc.

3.2 Improved PSO Algorithm

PSO algorithm obtains the optimal solution by iterating random particles initially set. Inertial
weight is used to improve the updating speed and position formula of particle swarm optimization
algorithm in the iterative process as follows: (3.14) and (3.15):
Uiprr = WU + 171 (qi — Zig) + J2r2 (0 — Zig) (3.14)
Zik+1 = Zi T Ui+ (3.15)
Where:z; and gjrespectively represent the position of the ith particle and the individual optimal
position obtained by the particle through searching; k and g4respectively represent the number of
iterations and the optimal position obtained by all populations through searching. j;,j, andr,n,
respectively represent the habit factor and random numbers [0,1]; w represents the inertia weight
that affects the current velocity and the previous velocity. The inertia weight can be used to
balance the ratio between local convergence ability and global convergence ability [8-9].
The change of the global optimal value and the particle movement are determined by the
individual optimal value. The current iteration individual optimal value should be superior to and
equal to the previous individual optimal value in the iteration process. Whether the particle evolves
to the global optimal position can be judged by comparing the previous iteration individual optimal
value with the current individual optimal value [10-11]. The judgment formula is as follows (3.16):

S(i k) = {1 F(aix) < F(qije-1)

0 F(dix) = F(aix-1)
Where: Judging whether the particle finds the minimum value by s(i,k); FO and q;; respectively
represent the optimization function and the individual optimal position obtained when the number
of iterations is. When F(q;x) < F(qix—1) andF(q;x) = F(qix-1), respectively represents when the
iteration number is k, the particle evolves to the global optimal position and does not evolve to the
global optimal position. The particle swarm evolution rate formula is as follows (3.17) when the
iteration number isk:

(3.16)

W, (k) = X7 (i, k) /1y (3.17)

=1
In the formula, W;(k) and n,, respectively represent the constant between [0,1] and the number of
population particles.
According to the above analysis, in order to improve the adaptability of inertia weight, the inertia
weight value can be adjusted by evolution rate. The adjustment formula of inertia weight is as
follows (3.18):

= (kmax—k) (@max—®min) + wminVVs +02 (318)

Kmax

Through the above improvement process, the particle swarm optimization algorithm has strong
searching and convergence ability, so as to avoid the particle swarm optimization algorithm falling
into the local optimal. The improved particle swarm optimization algorithm can quickly obtain the
optimal value of the objective function of CNC machining parameters [10-11].
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4 RESULT ANALYSIS

SSCK80 CNC machine tool was selected as an example analysis object, and CAD model was
imported to carry out cutting experiments. The machine tool adopted point position control as the
motion mode, and the spindle speed range was 1 600 r /min. Open loop control is adopted as the
control mode of machine tool. The number of tool is 8, the processing size range is 4 000 mm, and
the minimum motor speed and main motor power of machine tool are 35 r /min and 7
respectively. For 8 kW, torque and cutting force are 800 kN-mm and 3 800 N, respectively. Elastic
modulus and shear modulus are 170 GPa and 85 GPa, respectively. In order to visually
demonstrate the parameter optimization performance of the proposed method, substructure
coupling method and response surface method are selected as comparison methods to test the
optimization performance of the proposed method. Set the spindle design variable as 1 and
particle dimension as 12. Determine the range of different dimensions according to the constraint
conditions, set the number of particles in the population and the maximum number of iterations as
25 and 250 respectively, and set the sub factor as 1.6. Numerical control machining parameter
optimization curves of different methods are shown in Figure 2 [12-16].
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Figure 2: Comparison of results.

SSCK80 machine tool was used to implement three kinds of CNC machining operations, including
rough milling, semi-finishing milling and finishing milling. The machining requirements were as
follows: rough milling contour surface roughness was 7.1 ym; The surface roughness of semi-
finished milling is 4.2 pm [17-18]. The finish milling contour surface roughness is 2.8 um. Three
methods were used to optimize the rough milling contour process of SSCK80 machine tool, and the
results of numerical control machining parameters optimization were shown in Table 2.

Machining parameter Textual Substructure coupling Response surface

method method method

Spindle speed /(r/min) 3398.4243 3125.4825 3054.2817
Cutting width/mm 18.6542 18.4635 18.3754
Cutting depth/mm 6.0004 6.0456 6.0685

Feed rate /(mm/min) 1198.5425 1184.6456 1158.1665
Surface roughness / um 6.5843 6.8671 6.9785
Cutting power/kW 24.5846 24.1653 23.6481
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Cutting time/s 4.0548 4.3548 4.5684

Table 2: Contour NC parameters optimization of rough milling.

Three methods were used to optimize the shape process of semi-finished milling of SSCK80
machine tools. The results of numerical control machining parameters optimization were shown in
Table 3.

Machining parameter Textual method Substructure coupling Response surface

method method

Spindle speed /(r/min) 3481.5200 3326.8500 3315.8400
Cutting width/mm 2.6002 2.6005 2.6007
Cutting depth/mm 1.9998 1.9884 1.9846

Feed rate /(mm/min) 599.8542 571.6426 561.5817
Surface roughness / pm 3.6841 3.9182 4.0259
Cutting power/kW 4.5136 3.9418 3.8542
Cutting time/s 8.1654 8.8645 9.1546

Table 3: Numerical control parameters optimization results of semi-finished milling.

Three methods were adopted to optimize the finish milling contour process of SSCK80 machine
tool, and the optimization results of NC machining parameters were shown in Table 4.

Machining parameter Textual Substructure coupling Response surface

method method method

Spindle speed /(r/min) 3354.8100 3258.1600 3215.2500
Cutting width/mm 1.5001 1.5004 1.5007
Cutting depth/mm 1.1999 1.1984 1.1846

Feed rate /(mm/min) 499.,5842 475.1652 458.6154
Surface roughness / um 2.6845 2.7659 2.7958
Cutting power/kW 3.5481 3.2546 3.1548
Cutting time/s 13.5846 15.6428 17.8166

Table 4: Numerical control parameters optimization results of finishing milling.

The method presented in this paper was used to optimize the machining parameters of SSCK80
CNC machine tool. The blank of the workpiece with a diameter of 60 mm was processed to meet
the production demand after 8 times of cutting. Each time, the cutting speed was 58 mm, 54 mm,
52 mm, 48 mm, 46 mm, 43 mm, 41 mm and 39 mm, respectively. The optimization results of
cutting speed and feed during 8 times of cutting are shown in Table 5, and the cutting speed and
feed of the proposed method are shown in Figure 3. In Table 5, the experimental results once
again verify the effectiveness of the proposed method in searching the optimal solution of the
objective function of NC machining parameters by using the adaptive decline method of inertia
weight value and improved particle swarm optimization algorithm.

Number of Textual method Substructure coupling Response surface

strokes method method
Spindle Feed rate/( Spindle Feed rate/( Spindle Feed rate/(
speed/( m mm /min) speed/( m mm /min) speed/( m mm /min)
/s) /s) /s)

1 0.85 3.85 0.58 2.85 0.67 3.12

2 0.76 3.83 0.53 2.83 0.64 3.09
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3 0.73 3.81 0.52 2.81 0.59 3.07
4 0.72 3.79 0.48 2.79 0.57 3.03
5 0.68 3.78 0.46 2.76 0.51 2.97
6 0.65 3.77 0.42 2.75 0.49 2.94
7 0.62 3.76 0.38 2.71 0.47 2.91
8 0.59 3.75 0.35 2.69 0.41 2.86
Table 5: Results of cutting optimization.
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Figure 3: Cutting speed and feed of the proposed method.

5 CONCLUSION

o -

In this essay, the multi-objective optimization problem of minimum production cost and maximum
production efficiency is transformed into a single objective optimization problem by using the
coordination coefficient. The objective function was established and the relevant constraint
conditions were set. The improved particle swarm optimization algorithm was used to find the
optimal solution of the objective function of NC machining parameters. SSCK80 numerical control
machine tool was used to verify the effectiveness of this method in optimizing numerical control
machining parameters. The verification results show that the optimization of NC machining
parameters by this method can meet the machining requirements and optimize the machining
performance of NC machining machine tools, which can provide a reference for the practical

application of NC machine tools.
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