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Abstract 
For improving energy efficiency of machining process, extensive studies have focused on how to 

establish energy consumption model and optimize cutting parameters. However, the existing methods 
lack a systematic method to promote the widespread use of energy efficiency methods in the industry. 
This paper proposes a systematic method integrating energy model, experiment design, and multi-
objective optimization model. Firstly, the energy model is established considering cutting energy and 
non-cutting energy. Then, the orthogonal experiment is designed with the three levels of four factors 
of spindle speed, feed speed, cutting depth, and cutting width in the X and Y cutting directions. The 
data of energy consumption, surface quality and machining time are obtained to study the effects of 
different cutting elements and cutting directions. Meanwhile, the standby, spindle idling, feed, SEC, 
material cutting and idling feed models of the CNC machine tools are established based on the 
experimental data. In addition, for verifying the accuracy of the established energy consumption model, 
five sets of experimental data are tested that show the prediction accuracy can reach 99.4%. Finally, a 
multi-objective optimization model for high efficiency and energy saving of processing process is 
establishes to optimize the cutting parameters from the three perspectives of energy consumption, 
processing time and surface quality. Combining the case of milling with constraints including machine 
tool performance, tool life, processing procedures, and processing requirements, the Pareto solution 
set is used to solve the Pareto of the target model. Through drawing a three-dimensional needle graph 
and two-dimensional histogram, the optimal cutting parameter combination for rough machining and 
semi-finish machining are provided, assisting in promoting the application of the sustainable 
techniques in the industry. 
Keywords：Energy consumption; machining time; surface roughness; multi-objective optimization; 
experimental analysis 

1. Introduction 

Nowadays, human society is faced with environmental, energy and population problems, among 
which energy is the most important. According to official statistics, industrial energy consumption 
accounts for the largest proportion of total consumption, reaching more than 70% in all walks of life, 
and the total amount is still rising [1]. Machine tools play a very important role in processing 
manufacturing and their energy consumption is very large, which cannot be ignored. Since the impact 
of the energy consumption of machine tools on the environment is obvious, the energy consumption 
of machine tools in the cutting process is proposed as an important indicator to evaluate the 
environmental impact. Therefore, energy efficiency is bound to be important indicators to measure the 
performance of machine tools in the field of industrial production and manufacturing. Additionally, it 
is of great significance to research the energy consumption characteristics of machine tools for 
reducing the energy consumption of usage stage.  
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As the energy consumption in the cutting process is used as an important indicator to evaluate 
the environmental impact, it is particularly important to measure, feature analyzes, predict and 
optimize the energy consumption. At the same time, the energy consumption modelling should be 
studied in detail as the basis of the above work. At present, the analysis of component composition 
and specific machining process are the basis of energy consumption modeling of the machining 
process. It collects, analyzes and stores the energy consumption of machine tool components by using 
acquisition equipment, which includes the energy consumption information of machine tool 
components under different machining conditions (standby, spindle idling, feed, material cutting, etc.). 
The energy consumption model of the machining process is obtained by integrating the power of each 
machining state with time.  

In the machining process, the material removal volume of the workpiece is often fixed. If 
unreasonable cutting parameters are selected, it often leads to an increase in energy consumption and 
tool wear. This paper proposes an optimization method for high efficiency and energy saving from the 
perspectives of energy consumption, processing time and surface quality of machining process. 
Combined with the actual case of plane milling, considering the constraints including machine tool 
performance, tool life, processing procedure and machining requirements, a multi-objective 
optimization model of machining process is established with the machining time, energy consumption 
and surface quality as the goal orientation. The multi-objective genetic algorithm is used to solve the 
Pareto solution of the target model, and the Pareto solution set is obtained. The three-dimensional 
needle graph and two-dimensional cylindrical graph are drawn based on the processing time, 
processing surface quality and processing energy consumption. Through the analysis of the 
relationship between the optimization objectives and combined with the actual processing of different 
process requirements, the optimal cutting parameters are provided for rough machining and semi-
finishing. 

The rest of this paper is arranged as follows. Section 2 gives the related literature review. The 
energy consumption model is established in Section 3. For obtaining the energy coefficient of specific 
machine tools, the experiment is designed in Section 4. The multi-objective optimization model 
combined with a case study is given in Section 5. Finally, Section 6 makes conclusions and looks 
ahead to future works.  

2. Literature review 

In the field of the energy efficiency optimization of the machining process, researchers have put 
forward various energy consumption modelling methods from different angles and summarized the 
models of different machine tools. Gutowski [2-3] analyzed the electrical energy data of the machine 
tool in the processing and manufacturing process and proposed a basic model based on the material 
removal rate. The power in the processing process was divided into two parts. One part was fixed in 
energy consumption, and the other part was approximately linear with the material removal rate. Based 
on Gutowski’s model [2], Rajemi et al. [4] established the energy consumption model of CNC lathe in 
turning process considering the tool change process and tool life. Based on the principle of metal 
cutting, Munoz et al. [5] proposed a quantitative method for analyzing different workpiece materials, 
tool models and materials, and different lubricants on energy consumption. Yoon et al. [6] established 
the energy consumption model of the whole stage of machine tools classifying the energy consumption 
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into basic energy consumption, spindle energy consumption, state energy consumption and cutting 
energy consumption based on theory and experiment. Mori et al. [7] proposed a general model for the 
working process of machine tools, and divided the normally used machine tools into three processes, 
namely, positioning process, machining process and non-machining process. Salonitis et al. [8] 
introduced the energy consumption of auxiliary system including standby energy consumption, 
lighting system and cutting fluid system caused by other loads. Diaz et al. [9] studied the machining 
process of a CNC milling machine, and divided its energy consumption into cutting part and air-cutting 
part, and established their energy consumption models, respectively, to obtain the energy consumption 
model of the CNC milling process. Davids et al. [10] researched on different machine tools related to 
energy utilization and found that the energy utilization rate of machine tools was generally low. The 
reason was that the energy consumption of other parts of the machine tool, such as the hydraulic 
pressure system and cooling lighting system, larger than the part used for cutting material. Yoon et al. 
[11] studied the energy consumption of machine tools under different cutting parameters to explore 
the influence of different tool wear on the cutting power of machine tools. Jeswiet et al. [12] introduced 
the concept of carbon emissions and studied the relationship between machine tool energy 
consumption and carbon emissions through many experiments. Nicla [13] proposed a method to 
establish a complex machine tool model based on energy state. The machine is divided into functional 
modules, and then the state and event models of each module are established by using the automation 
theory. The power model of machine tools is obtained by the synchronization algorithm, and the 
established model is verified by cutting experiments.  

On the other hand, optimizing the processing parameters could promote the application of an 
energy efficiency method to make the machine achieve better processing results. Based on the analysis 
of the cutting force empirical model, Liu et al. [14] established the tool nose energy model of CNC 
milling machine processing and then verified the accuracy of the model through the design of the 
milling cavity groove experiment. Agapiou [15] used the weighted method to optimize the cost and 
time of CNC machining process to improve efficiency, reduce cost and reduce time. Solimanpur [16] 
proposed the optimization model to determine the processing cost and surface roughness of each 
workpiece based on the turning process. Based on the surface grinding of the workpiece and the 
relevant constraints of the grinding process, Krishna [17] used the decentralized search method to 
optimize the three objectives of surface quality, production cost and production efficiency, and 
obtained the optimal value after weighting. Saravanant [18] targeted production efficiency, cost and 
surface quality as the optimization objectives based on the grinding process. Combined with the 
constraints of machine tool stiffness, quality during rough machining and production time during 
finish machining, the above objectives are transformed into an objective function, and the genetic 
algorithm is used to solve the reasonable processing amount. Campatelli [19] uses the surface response 
analysis method to study the working efficiency of the machining center. Through milling experiments, 
the effects of spindle speed, feed speed, cutting depth and cutting width on machining efficiency are 
analyzed, and a set of reasonable machining parameters are obtained. Hanafi [20] explored the 
minimum power consumption and surface quality optimization of the workpiece under dry cutting 
conditions. The grey correlation analysis and Taguchi method were used to analyze cutting speed and 
depth on the surface quality. Camposeco-Negrete [21] used variance analysis and Taguchi analysis to 
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study the turning process, and optimized the energy consumption based on turning parameters. The 
influence of cutting depth, table feed speed and spindle speed on the energy consumption of the lathe 
was studied, and the functional relationship between turning factors and processing energy 
consumption was established. The analysis of this model showed that the energy consumption of the 
machine tool was small when the feed speed was high and the surface quality was high. 

After the above analysis, there are the following problems and deficiencies in the energy 
consumption modelling and the multi-objective optimization issue of the machining process: 

(1) Energy consumption modelling 

Energy consumption modeling with cutting parameters as variables usually starts from cutting 
force and spindle speed to establish energy model, which is complex with large calculation, and many 
experiments are needed to support it. Using cutting force to establish energy consumption model can 
solve the material removal part, namely material removal power consumption, but ignore the machine 
standby, feed, spindle idle, chip removal and other auxiliary power consumption, cannot get the total 
energy consumption of material removal process [22]. There is also another problem in establishing 
an energy consumption model based on material removal rate. When the cutting parameters are 
different, but the material removal rate is the same, the applicability of the model is restricted. 

(2) Multi-objective optimization issue 

Many studies focused on reducing energy consumption and set optimization variables as cutting 
parameters to optimize the energy consumption of the machining process. However, it is one-sided to 
consider reducing energy consumption, which separates the relationship between reducing energy 
consumption and improving efficiency under actual processing conditions. Although reducing energy 
consumption, it may not ensure that the cost, quality and efficiency meet the production requirements. 
There are also studies that use machining power as a guide to optimize machining parameters, but 
machining power is not equal to energy consumption. This method separates the relationship between 
power and machining time. In the cutting process, the increase of material removal per unit time 
increases the power, but the total consumption does not necessarily increase. So the optimization 
results are difficult to achieve the expected value. Therefore, the optimization objective function of 
cutting parameters should be established by combining multiple objectives such as material removal 
rate, surface quality and energy consumption. 

For solving the existing problem, this paper proposes a systematic method to study the 
optimization of cutting parameters from the perspectives of energy consumption, processing time and 
surface quality, and proposes an optimization method for high efficiency and energy saving.  

3. Energy consumption modelling of machining process 

The power curve of CNC milling machine in machining process is mainly composed of start and 
stop state, standby state, spindle acceleration and braking state, no-load and cutting state, as shown in 
Fig. 1. In the starting state of the machine tool, the CNC system gets electricity, and then the machine 
tool gets strong electricity. It can be seen that the power value and fluctuation of this part are very 
large. This is because the rotor in the motor of the machine is still, and the stator magnetic field cuts 
the rotor winding at the maximum rate, so there is a large induced electromotive force. The stator also 
increase the current to maintain the flux corresponding to the power voltage, so the current is large 
when the machine is just started. Then, the tool and workpiece are manually clamped, and the machine 



 

5 

tools enters the standby state. It can be seen that the power curve is stable at this time, and the standby 
power is constant. After spindle speed set, the spindle system reaches the specified value after a brief 
acceleration. The power increase caused by the spindle startup is related to the speed. If the cutting 
fluid system is opened in the process, the power change caused by the spindle startup is regarded as a 
constant value. Next, the machine tool workbench feeds at a fixed feed speed, and the feed power is 
related to the feed speed of the workbench. When the machine tool enters the cutting state, the tool 
contacts the surface of the workpiece material to remove the excess material, and the load of the 
spindle motor increases. During the cutting state, the power curve changes significantly. The difference 
between the measured cutting power and the feed power in this state is removing the material. After 
the cutting state is over the spindle stops and the machine tool returns to standby state. By analyzing 
the power curve of the machining process, it can be concluded that the power of the machine tool in 
the cutting state is composed of standby power, idle spindle power, feed power and material removal 
power. 

 

Fig. 1. The power curve of milling process 

According to the linear cutting model of machine tool cutting process proposed by Gutowski’s 
team [2, 3], the energy consumption of machine tool in the cutting process can be divided into fixed 
and variable parts. The variable part has a linear relationship with the material removal rate, which is 
affected by the cutting parameters and satisfies the following relationship:  

 𝑃 = 𝑃0 + 𝑘 · 𝑀𝑅𝑅 (1) 
Where 𝑀𝑅𝑅 is the material removal rate, 𝑃 is the total power of the cutting process, 𝑃0 is standby 
power, and 𝑘 is the coefficient related to machine tool type and processing parameters. 

Kara et al. [23] established an energy consumption model reflecting the relationship between 
energy consumption per unit material removal and material removal rate, as shown in formula (2).  

 SEC = 𝑎0 + 𝑎1𝑀𝑅𝑅 (2) 

Where SEC is the energy consumption per unit material removal, 𝑎0 and 𝑎1 are parameters 
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related to the type of CNC machine tools. 
 In the machining process, the total energy consumption of the material removal part is equal to 
the product of the material removal amount MRR per unit time and the specific cutting energy SEC, 
as shown in Formula (3). 
 P = 𝑆𝐸𝐶 · 𝑀𝑅𝑅 (3) 

Combining Formulas (2) and (3), the energy consumption model established can be transformed 
as follows: 
 P = 𝑎1 + 𝑎0 · MRR (4) 

By comparing the power model of Gutowski [3] and the model derived by Kara [23], it can be 
concluded that both of them think that the power used for material removal in the processing is linear 
with the material removal rate, that is, 𝑎0 and 𝑘 are constant proportional coefficients. However, the 
actual research shows that 𝑘  is related to process parameters [24], and satisfy the following 
relationship with material removal rate:  

 𝑘 = 𝑏0𝑀𝑅𝑅𝑏1 (5) 
Where 𝑏0 and 𝑏1 are parameters related to the type of machine tool. 

It can be seen from the power curve of the machining process in Fig. 1 that the total power of 
the cutting process is composed of standby power, feed power, spindle idle power and material 
removal power, and there is the following relationship:  

 P = 𝑃standby + 𝑃spindle  idling + 𝑃feed + 𝑃material removal (6) 
Where the 𝑃standby is the standby power of the machine, 𝑃spindle  idling is spindle idling power, 𝑃feed  is the table feed power, and, 𝑃material removal is the material removal power. 

The standby power and cutting fluid power of the machine tool can basically be used as a fixed 
value. In the actual cutting process, the spindle idle power and spindle speed are approximately linear, 
and the feed power and feed speed of the workbench are also approximately linear. The specific 
formula is as follows:  

  𝑃spindle  idling = 𝑘1 · 𝑛 + 𝑏2 (7) 
 𝑃feed = 𝑘2 · 𝑣𝑓 + 𝑏3 (8) 
where 𝑛  is the spindle speed, 𝑘1  is the power coefficient of the spindle motor obtained by 
experimental fitting, 𝑏2 is the power loss coefficient of the spindle motor obtained by experimental 
fitting, 𝑣𝑓 is the feed speed, 𝑘2 is the power coefficient of the feed motor obtained by experimental 
fitting, and 𝑏3 is the power loss coefficient of the feed motor obtained by experimental fitting. 

Combined the proposed model of Gutowski [3] and Kara [23], it is assumed that the power used 
to remove the material is proportional to the material removal rate. By combining Formulas (4), (5), 
(6), (7) and (8), it can be obtained that:  

 𝑃 = 𝑃standby + 𝑘1 · n + 𝑏2 + 𝑘2 · 𝑣𝑓 + 𝑏3 + 𝑏0𝑀𝑅𝑅𝑏1 · MRR (9) 
In the actual machining process, the proportion of feed power to the total power of cutting process 

is far less than other parts, so it is not considered in the total power model of cutting process. Then the 
above model can be simplified as: 
 P = 𝑘1 · n + 𝑏0𝑀𝑅𝑅𝑏1 · MRR+ 𝑏4 (10)  

where 𝑏4 is the constant power factor of material cutting process, and 𝑏4 = 𝑃standby + 𝑏2. 
Combined formula (3) and (10), the SEC model of cutting process can be obtained as follows: 
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 SEC = 𝑘1 𝑛𝑀𝑅𝑅 + 𝑏4𝑀𝑅𝑅 + 𝑏0𝑀𝑅𝑅𝑏1  (11) 

When the material volume needed to be removed is V, the energy consumption calculation 
formula of cutting process is as follows:  

 𝐸𝑐𝑢𝑡𝑡𝑖𝑛𝑔 = 𝑆𝐸𝐶 · 𝑉 (12) 
It can be seen from the Fig. 1 that the power of the air-feed process includes three parts: standby 

power, spindle idle power and feed power, and the following relationship is obtained:  

 𝑃air−feed = 𝑃 standby + 𝑃spindle idling + 𝑃feed (13) 
The simultaneous formula (7) (8) (13) can obtain the power model of the air-feed process: 

 𝑃air−feed = 𝑘1 · n + 𝑘2 · 𝑣𝑓 + 𝑏5 (14) 
Where 𝑏5 is the constant power factor of the air-feed process and 𝑏5 = 𝑃standby + 𝑏2 + 𝑏3 . 

Based on formula (14), the energy consumption calculation formula of air-feed process is as 
follows: 

 𝑃air−feed = ∫ 𝑃air−feed𝑡air−feed0 𝑑𝑡 = 𝑃air−feed · 𝑡air−feed = 𝑃air−feed · 𝐴𝑣𝑓 (15) 

Where 𝐸air−feed is the total energy consumption of the air-feed process, 𝑡air−feed feed is the air-feed 

process, 𝑡 = 𝐴 𝑣𝑓⁄ , and A is the length of the workbench relative to the tool movement in the process 

of air-feeding.  

From Formulas (12) and (15), the total energy consumption of processing can be calculated by 
the following formula: 
 𝐸sum = 𝐸cutting + 𝐸air−feed = 𝑆𝐸𝐶 · 𝑉 + 𝑃air−feed · 𝑡air−feed (16) 

The analysis of Formula (16) shows that the energy consumption in the machining process 
consists of two parts. The first part is used for material cutting, which is realized by the relative contact 
between the tool and the workpiece. This part is related to the volume of the removed material and the 
specific cutting energy SEC. The former is usually fixed in actual processing, and the latter needs to 
be measured. The second part is used for the feed motion of the feed table or spindle in the machining 
process. It should be noted that the spindle and the feed shaft are unloaded simultaneously in the 
machining process, which cannot be ignored in the calculation. 
4. Experimental details and results 

4.1 Experiment design 

The energy consumption of the VMC580E CNC machining center is taken as the monitoring 
target with the energy consumption acquisition system, which provides the support for the energy 
consumption modelling and the subsequent multi-objective optimization of machining parameters. 
The main specifications and technical parameters of the VMC850E machine are shown in Table 1.  

The basic composition of the energy consumption data acquisition system is shown in Fig.2. It is 
mainly composed of the following parts: ①CNC machining center; ②WB-9128 three-phase power 
sensor; ③NI-9201 voltage acquisition module; ④NI-cDAQ-9188 acquisition chassis; ⑤Computer; 
⑥CNC acquisition program. The input voltage is AC 380V, and the input current range is 0~10A. The 
two output analog quantities are the active power with 0~5V voltage analog signals. A three-phase 
power sensor is connected to the input bus of the machining center using the three-phase three-wire 
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connection method. The machining process is carried out under the condition of plane milling and dry 
cutting. The layout of the cutting experiment is shown in Fig. 3. 
Table 1  

The main specifications and technical parameters of the VMC850E machine. 

Machine model VMC850E machine 

maximum speed of spindle 8000rpm 

Maximum power of spindle 7.5kW 

Working range of machine tools 650×400×500 mm 

table dimensions 1000×500 mm 

Quick move x/y/z 32/32/30 m/min 

positioning accuracy ±0.005 mm 

Machine size 2.8×2.5×2.8 m 

 

Fig. 2. Basic composition of energy consumption data acquisition system 

The machining material is an aluminum workpiece with a size of 150 × 50 × 30 mm. The tool 
used for machining is a two-tooth alloy milling cutter. The tool diameter is 8 mm. When the tool rotates, 
the feed table only feeds along the y direction and x direction to realize the material removal movement. 
The energy data in the same parameters based on X and Y cutting directions are obtained, respectively. 
The motion path diagram of milling cutter relative to the table in the cutting experiment is shown in 
Fig 4. Four times milling is carried out for each set of cutting parameters. In the actual machining 
process, there are two different paths of the workbench for the forwarding milling, and reverse milling. 
The average cutting thickness of forward milling is large and the deformation is small, so the power 
consumption is less than that of reverse milling. For ensuring the reliability of the experimental data, 
the average active power of the machining process measured four times is taken as the final active 
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power value of the machining process.  

CNC Machine 

Displayer

CLamping device

 

Cutting tool

Workpiece

Tool holder

Clamping device

 

                     (a)                              (b) 
Fig.3. (a) VMC850E machine (b) Machined workpiece and cutting tool 

 

Fig. 4. Motion path diagram of cutting tool relative to workbench in x and y directions 

In this experiment, the orthogonal experimental design method was used to divide the cutting 
direction into x direction and y direction according to the different cutting directions in actual 
machining. Each group determined 27 experiments with different cutting parameters at four factors, 
three levels. The processing parameters set in the experiment are shown in Table 2, which are the 
spindle speed 𝑛, the feed speed 𝑣𝑓, the cutting depth 𝑎𝑝 and the cutting width 𝑎𝑒. After obtaining 
the data, 22 groups were randomly selected from the 27 groups of data in the orthogonal experiment 
table for the modelling of machining process energy consumption, and the other five groups of data 
were used to test the accuracy of the model. Then, the spindle power speed experiment was set to 
measure the no-load spindle power at different speeds.  
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Table 2 

 Processing parameter setting. 

Cutting parameters level 1 level 2 level 3 𝑛(𝑟/𝑚𝑖𝑛) 1000 1500 2000 𝑣𝑓(𝑚/𝑚𝑖𝑛) 100 150 200 𝑎𝑝(𝑚𝑚) 0.2 0.3 0.4 𝑎𝑒(𝑚𝑚) 4 6 8 

4.2 Experimental results 

The spindle speed of the machine tool is set to idle from 500r/min, and the power data of the 
machine tool is collected for 60 seconds at different speeds. The idle spindle power is equal to the total 
power of the machine tool at each speed of the standby power. Finally, the spindle speed and idle 
power are summarized to obtain the spindle idle power experiment data shown in Table 3. 

Minitab software is used to piecewise fit the experimental data of spindle idle power, and the 
spindle-speed model under different spindle speed intervals is obtained. The goodness of fit R2 of 4-
segment functions are：𝑅2 = 95.34%；𝑅2 = 99.27%；𝑅2 = 96.77%；𝑅2 = 98.55%. Therefore, 
the spindle idling power model of VMC850E machine is： 

𝑃𝑠𝑝𝑖𝑛𝑑𝑙𝑒 = 96.85 + 0.2895 ∙ 𝑛                    500 < 𝑛 ≤ 15001316 − 0.8105 ∙ 𝑛 +  0.000175 ∙ 𝑛2      1500 < 𝑛 ≤ 2400   346.1.61 + 0.01239 ∙ 𝑛              2400 < 𝑛 ≤ 3300−40.64 + 0.1311 ∙ 𝑛                  3300 < 𝑛 ≤ 5100 } 

In order to verify the accuracy of the above spindle idling power model, eight groups of spindle 
speeds in four intervals are selected for verification experiments. The measured power is compared 
with the predicted power value of the above model to obtain the relative error. The verification of 
spindle idling power is shown in Table 4. It can be seen that the maximum relative error of the spindle 
idling power model established is 1.3%, indicating that the accuracy of the model prediction is good. 

In order to explore the relationship between the energy consumption of the feed system and the 
feed speed of the VMC850E machine, the feed power of X, Y and Z axes at different feed speeds is 
measured and then the experimental data are fitted and analyzed. The X direction feed is set from X=-
200mm to X=200mm in the current workpiece coordinate system, with feed speed of 100 mm/min, 
150 mm/min and 200mm/min, respectively. The Y direction is set in the same way. The Z axis moves 
from top to bottom and from bottom to top in the vertical direction, respectively. The motion range is 
Z=-150 mm to Z=+150 mm in the workpiece coordinate system, and the feed speed is set as above. 
The power measured in different directions and feed speed is recorded and the regression equation is 
fitted As shown in Table 5. The goodness of fit 𝑅2 of the four functions are 𝑅2 = 97.58%；𝑅2 =99.91%；𝑅2 = 100%；𝑅2 = 100%. 

In addition, the feed model in the table shows that the direction of X-axis and Y-axis has little 
effect on the feed movement; that is, the feed power of X-axis and Y-axis is independent of the 
direction of movement, and is proportional to the feed speed. For the Z axis, the power of the positive 
direction feed is slightly larger than that of the negative direction feed, because the Z axis in the 
positive direction feed to overcome the gravity work, so the energy consumption of the positive 
direction feed is greater than that of the negative direction. 
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Table 3 

 Experimental data of spindle idling power. 

Spindle speed (rpm) Active power (W) Regression equation 

500 217  

 

 𝑃𝑠𝑝𝑖𝑛𝑑𝑙𝑒 = 96.85 + 0.2895 ∙ 𝑛     500 < 𝑛 ≤ 1500 

600 275 

800 325 

900 388 

1100 427 

1200 454 

1400 474 

1500 496 

1700 441  𝑃𝑠𝑝𝑖𝑛𝑑𝑙𝑒 = 1316 − 0.8105 · 𝑛 + 0.000175 · 𝑛2    1500 < 𝑛 ≤ 2300 

1800 419 

2000 400 

2100 387 

2300 375 

2400 377 

 𝑃𝑠𝑝𝑖𝑛𝑑𝑙𝑒 = 346.1 + 0.01239 ∙ 𝑛      2300 < 𝑛 ≤ 3300 

2600 377.5 

2700 379 

2900 381 

3000 383 

3200 386 

3300 388 

3500 414  

 

 𝑃𝑠𝑝𝑖𝑛𝑑𝑙𝑒 = −40.64 + 0.1311 · 𝑛 3300 < 𝑛 ≤ 5100 

3600 420 

3800 468 

3900 471 

4100 508 

4200 509 

4500 558 

4800 595 

5100 612 

27 groups of CNC milling experimental data are obtained based on cutting experiments. The 22 
groups of 27 experimental data are randomly selected for energy consumption modelling, and the other 
five groups are used to verify the accuracy of the established energy consumption model. 
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Table 4  

Verification of spindle idling power. 

Spindle speed(rpm) Predictive power (W)  Observed power (W)  Relative error(%) 

850 342.93 346.1 0.9 

1350 487.68 484.3 0.7 

1900 407.8 412.7 1.1 

2250 378.31 383.6 1.3 

2800 380.79 378.2 0.7 

3140 385.00 387.1 0.5 

3720 447.05 444.3 0.6 

5060 622.73 618.9 0.6 

Table 5  

Experimental data of feed power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Using Eq. (11), the energy consumption data of milling based on Y and X directions are obtained. 
The SEC models based on Y and X cutting directions are fitted as follows: 

 𝑆𝐸𝐶𝑦 = 17.2 + 0.11409 ∙ 𝑛𝑀𝑅𝑅 + 665.70𝑀𝑅𝑅 − 0.703 · 𝑀𝑅𝑅 1000 < 𝑛 ≤ 150010.9 − 0.21901 ∙ 𝑛𝑀𝑅𝑅 + 1170𝑀𝑅𝑅 − 0.248 · 𝑀𝑅𝑅   1500 < 𝑛 ≤ 2000 }  

 𝑆𝐸𝐶𝑥 = 8.48 + 0.17064 ∙ 𝑛𝑀𝑅𝑅 + 563.81𝑀𝑅𝑅 − 0.467 · 𝑀𝑅𝑅  1000 < 𝑛 ≤ 1500 7.24 − 0.22395 ∙ 𝑛𝑀𝑅𝑅 + 1158.7𝑀𝑅𝑅 − 0.386 · 𝑀𝑅𝑅 1500 < 𝑛 ≤ 2000 } 

The energy consumption data of milling process based on Y direction is shown in Table 6. The 
goodness of fit of the SEC function model in the Y direction R2 is 𝑅2 = 100% when n∈(1000,1500), 
and 𝑅2 = 99.99% when n∈(1500,2000). The results show that the fitting degree of the model is good. 

feed speed (mm/min) power(W) Regression equation 

100 X direction 350 Px-=327.00 + 0.22 𝑣𝑓 

150 X direction 358 

200 X direction 372 

100 Y direction 357 Py-=319.33 + 0.38 𝑣𝑓 

150 Y direction 377 

200 Y direction 395 

100 Z+ direction 354 PZ+=350 + 0.04 𝑣𝑓 

150 Z+ direction 356 

200 Z+ direction 358 

100 Z- direction 345 PZ-=337 + 0.08 𝑣𝑓 

150 Z- direction 349 

200 Z- direction 353 
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The results of variance analysis of SEC model in each spindle speed range as follows: the 
goodness of fit R2 of SEC function model in X direction is 𝑅2 = 99.99% at n∈(1000,1500) and 𝑅2 = 99.99%  at n ∈ (1500,2000), which indicates that there is a close relationship between 
independent variables and dependent variables SEC. The experimental model and theoretical model 
fit well, which fully illustrates the necessity of segmenting the model.  

According to the same method, the milling power model and the air-feed power model are 
obtained as follows.  

  𝑃𝑦 = 665.99 + 0.11969 ∙ 𝑛 + 0.1532 · 𝑀𝑅𝑅    1000 < 𝑛 ≤ 1500 1192.63 − 0.22869 ∙ 𝑛 + 0.1381 · 𝑀𝑅𝑅   1500 < 𝑛 ≤ 2000 }  

 𝑃𝑥 = 569.02 + 0.17504 ∙ 𝑛 + 0.05610 · 𝑀𝑅𝑅    1000 < 𝑛 ≤ 1500  1171.29 − 0.22673 ∙ 𝑛 + 0.05754 · 𝑀𝑅𝑅  1500 < 𝑛 ≤ 2000  }  

 𝑃𝑎𝑖𝑟−𝑦 = 499.3 + 0.22 ∙ 𝑛 + 0.285 · 𝑣𝑓     1000 < 𝑛 ≤ 1500  1175.0 − 0.2020 ∙ 𝑛     1500 < 𝑛 ≤ 2000    }    

 𝑃𝑎𝑖𝑟−𝑥 = 501.3 + 0.22 ∙ 𝑛 + 0.1650 · 𝑣𝑓    1000 < 𝑛 ≤ 1500  1144 − 0.12690 ∙ 𝑛     1500 < 𝑛 ≤ 2000   }  

Table 6  

Energy Consumption Data of Milling Experiment Based on Y Direction. 
No n(r/min) vf(mm/min) ap(mm) ae(mm) MRR(mm3/s) SEC(J/mm3)  P(W) 

1 1000 100 0.2 4 1.33 593.25 791 

2 1000 100 0.3 6 3 270.67 812 

3 1000 100 0.4 8 5.33 159.34 850 

4 1000 150 0.2 4 2 402 804 

5 1000 150 0.4 8 8 108 864 

6 1000 200 0.2 4 2.67 303 808 

7 1000 200 0.4 8 10.67 81.94 874 

8 1500 100 0.2 6 2 429.5 859 

9 1500 100 0.3 8 4 221 884 

10 1500 100 0.4 4 2.67 325.5 868 

11 1500 150 0.3 8 6 151.33 908 

12 1500 150 0.4 4 4 220.75 883 

13 1500 200 0.2 6 4 221.5 886 

14 1500 200 0.3 8 8 114.13 913 

15 1500 200 0.4 4 5.33 167.63 894 

16 2000 100 0.2 8 2.67 285 760 

17 2000 100 0.3 4 2 378 756 

18 2000 150 0.2 8 4 191.75 767 

19 2000 150 0.3 4 3 254.33 763 

20 2000 200 0.2 8 5.33 144.94 773 

21 2000 200 0.3 4 4 191.75 767 

22 2000 200 0.4 6 8 100.13 801 
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The remaining five groups of experimental data in the orthogonal experiment are selected for 
verification. The prediction rate of the model are measured by comparing the experimentally measured 
value and the predicted value of the model. Acc is used to represent the prediction rate of the model 
calculated as formula (24). The verification data of milling process energy consumption based on Y 
and X directions are shown in Table 8 and Table 9. 

 Acc = 1 − |𝐸𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝐸𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 | (24) 

The data of the energy consumption verification experiment show that the predicted power values 
are slightly smaller than the measured data, but the errors are within an acceptable range. The 
comparative analysis shows that the energy consumption prediction accuracy of the energy 
consumption model in Y and X directions is more than 96%, and the maximum is 99.4%. It shows that 
the energy consumption model established in this paper has good predictability and can predict the 
energy consumption of machine tools in actual processing. 
Table 7  

Energy Consumption Data of Milling Experiment Based on X Direction. 
No n(r/min) vf(mm/min) ap(mm) ae(mm) MRR(mm3/s) SEC(J/mm3)  P(W) 

1 1000 -100 0.2 4 1.33 558 744 

2 1000 100 0.3 6 3 252 756 

3 1000 150 0.2 4 2 376 752 

4 1000 150 0.3 6 4.5 168.89 760 

5 1000 200 0.2 4 2.67 282.75 754 

6 1000 200 0.3 6 6 127.67 766 

7 1000 200 0.4 8 10.67 72.94 778 

8 1500 100 0.2 6 2 416.5 833 

9 1500 100 0.3 8 4 211.25 845 

10 1500 150 0.2 6 3 283.33 850 

11 1500 150 0.3 8 6 142.33 854 

12 1500 150 0.4 4 4 210.75 843 

13 1500 200 0.2 6 4 211 844 

14 1500 200 0.3 8 8 107.25 858 

15 1500 200 0.4 4 5.33 159 848 

16 2000 100 0.2 8 2.67 273.56 729.5 

17 2000 100 0.3 4 2 362.25 724.5 

18 2000 100 0.4 6 4 180 720 

19 2000 150 0.3 4 3 242.33 727 

20 2000 150 0.4 6 6 123.33 740 

21 2000 200 0.3 4 4 182.4 729.6 

22 2000 200 0.4 6 8 93.13 745 
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Table 8 

 Experimental data of milling process energy consumption verification in Y direction. 

Items Test 1 Test 2 Test 3 Test 4 Test 5 𝑛(r/min) 1000 1000 1500 2000 2000 𝑣𝑓(mm/min) 150 200 150 100 150 𝑎𝑝(mm) 0.3 0.3 0.2 0.4 0.4 𝑎𝑒(mm) 6 6 6 6 6 𝑀𝑅𝑅(mm3/s) 4.5 6 3 4 6 𝑉(mm3) 90 90 60 120 120 𝑆𝐸𝐶(J/ mm3) 187.3 143 291.7 191.5 130.5 𝐸Prediceted(J) 16860 12870 17500 22980 15660 𝐸Measured(J) 17536.4 13152.2 18123.4 23926.1 15753.7 

Acc 96.14% 97.85% 96.56% 96.04% 99.40% 

Table 9 

 Experimental data of milling process energy consumption verification based on X direction. 

Items Test 1 Test 2 Test 3 Test 4 Test 5 𝑛(r/min) 1000 1000 1500 2000 2000 𝑣𝑓(mm/min) 150 100 100 200 150 𝑎𝑝(mm) 0.4 0.4 0.4 0.2 0.2 𝑎𝑒(mm) 8 8 4 6 6 𝑀𝑅𝑅(mm3/s) 8   5.3  2.7  5.3   4 𝑉(mm3)  480 480  240 240 240 𝑆𝐸𝐶(J/ mm3) 96.3 143.4 313.9 138.1 182.5 𝐸Prediceted(J) 46200 68850 75330 33138 43800 𝐸Measured(J) 47562.8 70316.4 76893.5 34446.9 44398.7 

Acc 97.13% 97.91% 97.97% 96.20% 98.65% 

5. Multi-objective optimization for high efficiency and energy saving with a case study 

Based on the energy consumption model established in Section 3 and 4, the plane milling is an 
example to establish a multi-objective model of machining parameters oriented the energy 
consumption, machining time and machining surface quality. Then, the multi-objective genetic 
algorithm is used to complete the solution, and the Pareto [25] optimization solution set is solved. 
Meanwhile, the analysis is carried out and different optimal cutting parameters are selected according 
to the actual process.  

5.1 Description of the optimization problem with case study 

Taking VMC850-E machining center as the experimental object, the parameter optimization of 
CNC machining process for high efficiency and energy saving is carried out. The machining process 
is plane milling and dry cutting. The workpiece material is aluminum, and the size is 
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150mmx50mmx30mm. The total depth of milling is 1.2 mm, and the material removal amount is 9000 
mm3. Without considering the influence of forwarding milling and backward milling, the processing 
parameters that meet the minimum processing time, the maximum surface quality and the minimum 
processing energy consumption the optimization problem is obtained. The path of the milling cutter 
relative to the workpiece is shown in Fig 5.  

The milling cutter rapidly feeds 20 mm downward from the initial position along the direction of 
− Z axis to the layer to be machined with cutting depth 𝑎𝑝. After reaching, the spindle begins to rotate 
and the speed is n. At the same time, the feed speed v𝑓 moves 170 mm along the positive direction 
of X axis. After reaching the destination, the spindle stops rotating, and moves rapidly along the 
direction of + Z axis to increase by 20 mm to the safe distance. Then, at the fast feed speed, it moves 
170mm along the negative direction of X axis and moves a distance of cutting width 𝑎𝑒 to the positive 
direction of Y axis. Then move 20mm along the negative direction of Z axis to the machined layer 
with 𝑎𝑝 cutting depth, repeat the above steps until the milling of the machined layer with 𝑎𝑝 cutting 
depth is completed. After the first layer of plane milling is completed, 50 mm is moved to the positive 
direction of Y axis at the preset feeding speed, and the height of 2𝑎𝑝 decreases along the negative 
direction of Z axis to reach the second layer to be machined, and then the above actions are repeated 
until the total volume of the removed material is 9000 mm3. 

 

Fig. 5. Motion path diagram of milling cutter relative to a workpiece 

5.2 Objective functions of the model 
In this paper, NC milling is taken as an example to optimize the case of optimization problem 

from three aspects of low energy consumption, high efficiency and high quality. The minimum energy 
consumption, the shortest processing time and the best surface quality of the optimization target are 
selected to optimize the machining process. 

(1) Machining time (𝑇total) 
According to the description of the motion path of the milling cutter relative to the workbench in 
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the optimization problem, combined with the actual production process, the machine tool is generally 
in the state of continuous processing of multiple workpieces, and the machine tool is in the state of 
strong electricity at this time, and the processing time is relatively long. Therefore, the preheating 
process of the machine tool just starting and standby is not considered in the calculation range. 

The calculation formula of no-load time of machine tool spindle and feed-axis is: 

 𝑡𝑠−𝑓 = 𝐿𝑠−𝑓𝑣𝑓𝑥 = 20𝑣𝑓 · 50𝑎𝑒 · 10𝑎𝑝 (17) 

Where 𝑡𝑠−𝑓 is the no-load time of machine tool spindle and feed-axis. 
The calculation formula of no-load time of X, Y and Z direction feed-axis is:  

 𝑡𝑎𝑖𝑟 = 𝐿𝑥−𝑓𝑣𝑓𝑥 + 𝐿𝑦−𝑓𝑣𝑓𝑦 + 𝐿𝑧−𝑓𝑣𝑓𝑧 = 170𝑣𝑓 · 50𝑎𝑒 · 10𝑎𝑝 + 50𝑣𝑓 · 10𝑎𝑝 + 70𝑣𝑓 · 50𝑎𝑒 · 10𝑎𝑝 (18) 

The calculation formula of material removal time is: 

 𝑡𝑐𝑢𝑡 = 𝑉𝑀𝑅𝑅 = 9000𝑣𝑓𝑎𝑒𝑎𝑝 (19) 

In the machining process of workpiece, the time used in a certain process includes cutting time, 
auxiliary time and tool changing time. The total tool changing time is related to the single tool 
changing time and tool life. The calculation formula of the total tool changing time is as follows: 

 𝑇𝑐𝑡 = 𝑡𝑐𝑡 · 𝑡𝑐𝑢𝑡𝑇  (20) 

Where 𝑇𝑐𝑡 is the total time of tool change. 𝑇𝑐𝑡 is the time used for a single tool change, and: T is 
tool life. 

The tool life model used in the case is shown in the following formula. The tool diameter is 12 
mm, and the goodness of fit is 0.75085. 

 T = 𝑒5.674𝑎𝑝0.450·𝑎𝑒0.149𝑣𝑓0.212·( 12·𝜋·𝑛1000×60)1.576 (21) 

In addition, the auxiliary time 𝑡𝑎𝑢𝑥 in the machining process is also considered, which is 
accumulated by the lighting time and tool changing time. According to the above analysis, the total 
time function used in the machining process can be obtained as follows: 
 T𝑡𝑜𝑡𝑎𝑙 = 𝑡𝑐𝑢𝑡 + 𝑡𝑠−𝑓+𝑡𝑎𝑖𝑟 + 𝑇𝑐𝑡 + 𝑡𝑎𝑢𝑥 (22) 

(2) Energy consumption of machining process (𝐸total) 
Ignoring the energy consumption of machine tool startup, spindle acceleration and braking, the 

energy consumption of milling process is mainly composed of energy consumption of air-cutting 
process and actual cutting process. According to the previous energy consumption modeling, the 
energy consumption model of CNC milling is: 
 𝐸total = 𝐸cut + 𝐸air = 𝑆𝐸𝐶 · 𝑉 + 𝑃air · 𝑡air   

Using the SEC model and feed model based on X direction established in the previous chapter of 
this topic as the model of this optimization case. 

 𝑆𝐸𝐶𝑥 = 8.48 + 0.17064 ∙ 𝑛𝑀𝑅𝑅 + 563.81𝑀𝑅𝑅 − 0.467 · 𝑀𝑅𝑅  1000 < 𝑛 ≤ 15007.24 − 0.22395 ∙ 𝑛𝑀𝑅𝑅 + 1158.7𝑀𝑅𝑅 − 0.386 · 𝑀𝑅𝑅  1500 < 𝑛 ≤ 2000}  

(3) Surface roughness (𝑅𝑎) 
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The average deviation Ra of the contour is selected as the index to evaluate the surface quality of 
the workpiece. The smaller the Ra value is, the better the surface quality is. In order to obtain the 
model, the surface roughness tester TR200 was used to measure the machined surface of 25 groups of 
experiments based on Y direction in section 3.5, 22 groups were used for fitting and 3 groups were 
used for inspection.  The surface roughness measurement results are shown in Table 10. For the same 
machined surface, three different positions are selected to measure once, and the average value of 𝑅𝑎 
is taken, and the final value is taken as the 𝑅𝑎 value of the machined surface of the workpiece. 

SPSS was used to fit the surface roughness data in Table 10 to determine the parameters in the 
empirical model of surface roughness. The surface roughness constraint model of milling process (R2= 
92.3 %) was obtained as follows: 
 𝑅𝑎 = 19.492𝑛−1.616 · 𝑣𝑓1.529 · 𝑎𝑝−0.411 · 𝑎𝑒0.523 (23) 

The analysis of the above model shows that the surface quality is greatly affected by the feed 
speed. When the 𝑣𝑓 becomes larger, the processing time of the main cutting edge of the milling cutter 
is less and the contact frequency with the workpiece surface is reduced. On the contrary, when the feed 
speed is reduced, the milling cutter in the processing time becomes longer, and the contact frequency 
with the machined surface increases, which is similar to the effect of grinding, and is conducive to the 
improvement of the surface quality of the machined surface. 
Table 10 

 Surface roughness measurement. 
No n(r/min) vf(mm/min) ap(mm) ae(mm) Ra(𝜇𝑚) 

1 1000 100 0.2 4 0.63 

2 1000 100 0.3 6 0.94 

3 1000 150 0.2 4 2.80 

4 1000 150 0.3 6 2.83 

5 1000 200 0.2 4 3.69 

6 1000 200 0.3 6 3.36 

7 1000 200 0.4 8 4.26 

8 1500 100 0.2 6 0.86 

9 1500 100 0.3 8 0.50 

10 1500 150 0.2 6 1.64 

11 1500 150 0.3 8 1.13 

12 1500 150 0.4 4 0.99 

13 1500 200 0.2 6 2.77 

5.3 Optimize variables and constraints 
In milling process, cutting parameters are usually selected according to the geometric parameters 

of milling characteristics, and the cutting parameters are closely related to the energy consumption of 
machining process. In addition, plane milling based on machine tools often adopts layer-by-layer 
processing and parallel reciprocating processing. When the number of processing layers and steps is 
large, it will also affect energy consumption and time. The parameters of milling process with the 
greatest impact on the machining energy consumption and machining time of the machine tool are 
mainly the spindle speed n, the feed speed 𝑣𝑓, the axial cutting depth 𝑎𝑝 and the radial cutting depth 
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𝑎𝑒. Therefore, these four sets of cutting parameters are selected as the optimization decision variables. 
According to the parameters of Table VMC850E NC machining center, the spindle speed of the 

machine tool can be obtained, and the feed speed must be within the allowable range of the machine 
tool. The milling width should be determined by the machining process, but generally should be less 
than or equal to the tool diameter d. Combined with the above and the actual machining process 
experience, the range of four optimization variables is: 

 𝑠. 𝑡. { 
 1000𝑟/𝑚𝑖𝑛 ≤ 𝑛 ≤ 2000𝑟/𝑚𝑖𝑛100𝑚𝑚/𝑚𝑖𝑛 ≤ 𝑣𝑓 ≤ 200𝑚𝑚/𝑚𝑖𝑛 0.2𝑚𝑚 ≤ 𝑎𝑝 ≤ 0.4𝑚𝑚4𝑚𝑚 ≤ 𝑎𝑒 ≤ 8𝑚𝑚  

In addition, the maximum power of the machine tool should not be exceeded in the machining 
process. The following constraints are applied to the power of the machine tool: 

 𝑃𝑐𝑖 = 𝐹𝑐𝑖𝑣𝑖1000 ≤ 𝜂𝑃𝑚𝑎𝑥,𝑖=1,2,…,𝑛𝑝 (24) 

Where 𝜂 is the effective coefficient of machine tool power, 𝑃𝑚𝑎𝑥 is the rated power of machine 
tool, and 𝑃𝑐𝑖 is the cutting power corresponding to the i times cutting. 

For machine tools, tool life can also be used as constraints. In general, if a tool reaches the wear 
amount of VB＝0.3mm, the time used is T, then T can be called tool life.  In this case, the generalized 
Taylor tool life formula is used, as follows: 

 𝑇𝑡𝑙 = ( 1000𝑘𝑣𝐶𝑣𝑑𝑞𝑣−1𝜋𝑛𝑎𝑝𝑥𝑣𝑓𝑧𝑦𝑣𝑎𝑒𝑢𝑣𝑧𝑝𝑣)1𝛼 (25) 

Where 𝑘𝑣  is the correction coefficient of the cutting speed under the change of cutting 
conditions, 𝐶𝑣, 𝑞𝑣，𝑥𝑣, 𝑦𝑣, 𝑢𝑣, 𝑝𝑣,α is the material-related life coefficient of the workpiece and the 
tool used. It can be concluded that the tool life is greater than or equal to the minimum economic life [𝑇]: 
 [𝑇] ≤ 𝑇𝑡𝑙 (26) 

For the number of machining processes and milling layers, there are the following corresponding 
relationships with cutting parameters: 

 𝑁𝑤 = 𝑊−𝐴𝑤𝑓𝑎𝑒 + 1 (27) 

 𝑁𝑑 = 𝐻−𝐴𝑑𝑓𝑎𝑝 + 1 (28) 

 W = ∑ 𝑎𝑒𝑁𝑤−11 + A𝑤𝑓 (29) 
 H = ∑ 𝑎𝑝𝑁𝑑−11 + A𝑑𝑓 (30) 
where 𝑊 is the width of the plane feature to be processed, 𝐻 is the height of the plane feature to be 
processed, 𝐴𝑤𝑓 is the tool radial finishing allowance, 𝐴𝑑𝑓 is the tool axial finishing allowance, 𝑁𝑤 
is the number of radial milling layers, and; 𝑁𝑑 is the number of axial milling layers. 

In summary, the constraint conditions for multi-objective optimization of milling parameters in 
NC machining process are as follows: 
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s. t.
{  
   
  
   
  1000𝑟/𝑚𝑖𝑛 ≤ 𝑛 ≤ 2000𝑟/𝑚𝑖𝑛100𝑚𝑚/𝑚𝑖𝑛 ≤ 𝑣𝑓 ≤ 200𝑚𝑚/𝑚𝑖𝑛0.2𝑚𝑚 ≤ 𝑎𝑝 ≤ 0.4𝑚𝑚4𝑚𝑚 ≤ 𝑎𝑒 ≤ 8𝑚𝑚𝑃𝑐𝑖 ≤ 𝜂𝑃𝑚𝑎𝑥[𝑇] ≤ 𝑇𝑡𝑙𝑊 = ∑ 𝑎𝑒 + 𝐴𝑤𝑓𝑁𝑤−1

1𝐻 = ∑ 𝑎𝑝 + 𝐴𝑑𝑓𝑁𝑑−1
1

 

After determining the range of cutting parameters, it is also encoded. The binary encoding method 
is used to encode the four cutting parameters, and then each optimization variable is transformed into 
binary code, and then the binary code of the optimization variable is serially connected to form a 
chromosome string. A randomly generated solution can be expressed by the following formula, in 
which there are n genomes in the chromosome string: 
 𝐂𝐡𝐫𝐨𝐦𝐨𝐬𝐨𝐦𝐞 = [0,1,0,1,1…1,0,1]  

The range of spindle speed n in the optimization variables is [1000,2000]. Assuming accurate 
to a digit, there is 29 < 1000 < 210. If there is a 10-bit binary number 𝑥1 corresponding to binary 
code 𝑆𝑎 , the corresponding real number 𝑛1  in the interval can be calculated by the following 
relationship: 

 𝑛1 = 1000 + 𝑥1210−1 (2000 − 1000)  

The range of feed speed v𝑓 in the optimization variables is [100,200]. Assuming accurate to a 
digit, there is 26 < 100 < 27. If there is a 7-bit binary number 𝑥2 corresponding to binary code 𝑆𝑏, 
the corresponding real number 𝑣𝑓1 in the interval can be calculated by the following relationship: 

  𝑣f1 = 100 + 𝑥227−1 (200 − 100)   

The range of cutting depth 𝑎𝑝 in the optimization variables is [0.2,0.3]. Assuming accurate to 
2 digits after the decimal point, there is 23 < 0.1 × 100 < 24. If there is a 4-bit binary number 𝑥3 
corresponding to binary code 𝑆𝑐, the corresponding real number 𝑎𝑝1 in the interval can be calculated 
by the following relationship: 

 𝑎p1 = 0.2 + 𝑥224−1 (0.3 − 0.2)  

The range of milling width 𝑎𝑒 in the optimization variables is [4,8]. Assuming accurate to a 
digits after the decimal point, there is 25 < 4 × 10 < 26 . If there is a 6-bit binary number 𝑥4 
corresponding to binary code 𝑆𝑑, the corresponding real number 𝑎𝑒1 in the interval can be calculated 
by the following relationship: 

 𝑎e1 = 4 + 𝑥226−1 (8 − 4)  

In addition, S𝑎S𝑏S𝑐S𝑑 can be used to represent the population individual chromosomes of the 
four variables: spindle speed n, feed speed v𝑓, cutting depth 𝑎𝑝 and milling width 𝑎𝑒. 
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5.4 Multi-objective optimization 

In the optimization process, according to the operation steps of the genetic algorithm introduced 
before, the iterative optimization is carried out for many times until the end condition is satisfied, as 
shown in Fig 6, which is the optimization process of multi-objective genetic algorithm. 

 
Fig. 6. The flow chart of multi-objective genetic algorithm optimization 

Firstly, the tournament method is used to eliminate the poor individuals in the population. The 
setting of elimination rate in the process of elimination is related to the efficiency of genetic algorithm. 
The elimination rate is too high and too low cannot achieve the desired effect. If the elimination rate 
is too high, a considerable number of individuals will be eliminated, and the algorithm will fall into 
local optimal solution, which is not conducive to further optimization. If the elimination rate is set too 
low, the selection method of tournament-round roulette will be basically consistent with the selection 
strategy of round roulette, and will not work. The specific steps of the tournament-round gambling 
selection method are as follows: 

(1) Assuming the population size is n, the corresponding fitness 𝐴𝑖 of individual 𝑎𝑖 of each 
population is calculated, where i is a positive integer. 

(2) According to the relative fitness 𝐴𝐼 of each unit, 𝑎𝑖 is sorted, and a specified elimination 
rate is set to eliminate units with low relative fitness. 

(3) In the range of interval [0, A], n groups of random numbers are randomly generated. 
According to the strategy of roulette, the individuals with relative fitness corresponding to the 
generated random numbers are the selected individuals, where A is the sum of the relative fitness of 
the individuals retained in the above process. 

(4) Population crossover operation. According to the characteristics of binary encoding, the next 
generation of individuals obtained by crossing two parent chromosomes is still within the solvable 
range. The use of binary encoding method is conducive to simplifying the calculation of the crossover 
operator of the actual optimization problem. In the process of cross operation, two gene loci were 
randomly generated to exchange the genes between specific gene loci.  In the Pareto optimization 
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process, if the offspring chromosome is Pareto optimal solution, the corresponding offspring is 
retained. 

(5) Population variation operation. The mutation operator is similar to the selection operator of 
the population. Since the binary method is adopted in the encoding stage, the next generation of 
individuals obtained after individual variation is still within the solvable range. In the mutation stage, 
some individuals do not need mutation operation. First of all, presuppose specific mutation probability, 
to achieve specific requirements of the individual will change. Then, a mutant gene was randomly 
generated, and the gene at the gene locus was mutated. Finally, the crossover operator operation is 
carried out, and the individuals after mutation are determined to remain according to certain rules, 
only the better individuals after mutation are retained. 
5.5 Optimization results and analysis 

On the basis of constraint conditions, multi-objective genetic algorithm is used to solve Pareto 
front solution. The population size is set to 200, and the encoding method is binary encoding. The 
fitness function is the model of processing time, surface roughness and processing energy consumption 
to be optimized. The selection operation is based on the combination of tournament and roulette. The 
maximum evolutionary generations is set to 200, the mutation probability is 0.05, the crossover mode 
is double-point crossover, the crossover fractional probability is 0.75, and the optimal individual 
coefficient is 0.1. After setting the parameters, the algorithm is debugged many times to obtain the 
optimal solution. 

Due to the randomness of the initial population, the results of each optimization may be slightly 
different, resulting in the combination of cutting parameters is not completely the same. When the 
optimization generations reaches 200 generations, the Pareto front end basically reaches the optimal 
state. At the end of the algorithm, 20 sets of optimal solutions are output as the Pareto optimal solution 
set. The optimization case of cutting parameters in the final case are shown in Table 11. The 20 sets of 
solutions constitute the Pareto solution set, so the combination of cutting parameters is chaotic. In 
addition, it can be seen from the 20 groups of optimal solutions that the optimal value of the minimum 
spindle speed is 1549.44 r/min, which is 49.44% higher than the minimum spindle speed under 
constraint conditions. The cutting depth 𝑎𝑝  is basically unchanged in the 20 groups of optimal 
solutions, which is 0.4mm, and this value is the maximum value of the set constraint. It can be seen 
that the increase of the cutting depth is beneficial to the target tending to the optimal state. That is to 
say, the appropriate increase of the depth of cut is conducive to reducing the processing energy 
consumption, improving the processing surface quality and reducing the processing time. 

The three-dimensional needle diagram is drawn to intuitively show the relationship between the 
optimal solution of machining energy consumption, machining time and machining surface quality, as 
shown in Fig 7. The analysis shows that the three objectives are mutually inhibited, and the specific 
analysis is as follows: 

① In the plane domain of surface roughness and processing time, it can be seen that the surface 
roughness decreases and the processing surface quality improves when the processing time increases. 
On the contrary, when the processing time becomes small, the surface quality decreases. 

② In the plane domain of processing time and processing energy consumption, the energy 
consumed increases when the processing time increases. On the contrary, the shorter the processing 
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time, the lower the energy consumption. 
③ In the plane domain of machining energy consumption and surface roughness, the energy 

consumption of the machine tool is lower when the machining surface roughness is larger. On the 
contrary, the smaller the machining surface roughness is, the greater the energy consumption of the 
machine tool is. 
Table 11 

 Optimization results of cutting parameters in cases. 
No n(r/min) vf(mm/min) ap(mm) ae(mm) Ra(𝝁m) T(min) E(KJ) 

1 1938.30 178.03 0.40 7.92 1.13 23.11 4000.60 

2 1968.61 102.77 0.40 4.07 0.34 66.71 12739.28 

3 1900.20 127.46 0.40 7.15 0.66 34.75 6015.15 

4 1875.78 122.05 0.40 6.96 0.63 37.01 6434.70 

5 1589.17 194.83 0.40 8.00 1.79 20.93 3712.02 

6 1970.62 102.52 0.39 4.65 0.36 60.62 11312.88 

7 1966.79 106.47 0.40 6.29 0.45 45.63 8026.26 

8 1971.88 100.33 0.40 4.51 0.34 62.54 11717.62 

9 1972.38 100.83 0.40 4.01 0.32 68.43 13082.80 

10 1971.38 100.33 0.40 5.01 0.36 57.54 10575.56 

11 1960.24 105.88 0.40 6.00 0.43 47.52 8445.36 

12 1965.09 103.17 0.40 4.39 0.35 62.40 11772.02 

13 1872.51 193.87 0.40 7.95 1.36 21.13 3695.57 

14 1902.77 131.68 0.40 7.37 0.71 32.83 5651.98 

15 1918.61 106.10 0.40 6.43 0.47 45.10 7906.06 

16 1868.49 116.90 0.40 7.90 0.63 35.34 5935.92 

17 1954.94 104.32 0.40 5.80 0.42 49.68 8890.46 

18 1747.02 194.69 0.40 8.00 1.54 20.93 3677.80 

19 1953.15 109.10 0.40 6.94 0.49 41.44 7136.55 

20 1549.44 194.88 0.40 8.00 1.87 20.92 3720.22 

  
Fig. 7. Three-dimensional needle graph of optimal solution set 
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For the problem of disordered arrangement, 20 groups of parameters are taken to draw the optimal 
solution combination histogram for making the analysis and comparison more intuitive and convenient. 
The cylindrical diagram of the optimal solution parameter combination is shown in Fig. 8. The optimal 
cutting parameter combination under different requirements can be selected. Since the three objective 
functions are difficult to reach the ideal state at the same time, the optimal cutting parameters are 
selected according to different processes such as rough machining and semi-finishing. 

When using CNC milling machine for rough machining, it is necessary to consider less 
processing time and less energy consumption according to the combination of less energy consumption 
and short processing time to select cutting parameters. In semi-finishing process, high surface quality 
is usually pursued, that is, cutting parameters are selected according to the combination of low surface 
roughness. 

  

Fig. 8. The 20 groups of optimal solution histograms 

Table 12 

Cutting parameter optimization results. 

Process Selection basis Final parameter combination 

Rough 

machining 

Priority for low energy 

consumption and low time 

spindle speed 1747.02 r/min, feed speed194.69 

mm/min, cutting depth 0.4mm, cutting width 8mm  

Semi-

finishing 

 

Priority given to high 

surface quality 

 

Spindle speed 1972.38 r/min, feed speed 100.83 

mm/min, cutting depth 0.4mm, cutting width 

4.01mm 

As shown in Table 12, the solutions of Pareto solution set are screened and compared. When the 
rough machining is carried out, the selected parameter combination is the spindle speed of 1747.02 
r/min, the feed speed of 194.69 mm/min, the cutting depth of 0.4mm, and the cutting width of 8mm. 
Under this group of parameters, the processing energy consumption is low and the processing time is 
less. When semi-finishing, the selected parameters are spindle speed of 1972.38 r/min, feed speed of 
100.83mm/min, cutting depth of 0.4 mm, cutting width of 4.01mm. Under these parameters, the 
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surface quality is the best. 
6. Conclusions and future work 

This paper mainly focuses on the energy saving method of milling process, including the 
establishment of energy consumption model, experiment design and the optimization of multi-
objective parameters for high efficiency and energy saving. Firstly, the energy consumption 
composition of CNC machining process is analyzed, including spindle, feed, tool change, cutting fluid, 
auxiliary and other energy consumption. Additionally, the energy consumption model is deduced 
theoretically based on the analysis of the power curve of the machine tool machining process. The 
experiment design of the energy consumption acquisition system is completed to obtain the energy 
consumption data in the machining process. By designing the orthogonal experiment, the four 
processing parameters are selected as the spindle speed, feed speed, cutting depth and cutting width. 
On the basis of the experiment, the energy consumption data based on X and Y feed directions are 
obtained, respectively. The data are fitted to establish the energy consumption model, including the 
SEC model, the material cutting model and the air feed model. The energy consumption model of 
machining process is verified, and the results in X and Y directions show that the established model 
has a good predictability.  

Combined with the case of plane milling, the constraint conditions including machine 
performance, tool life, machining process and machining requirements are considered. And the multi-
objective optimization model of machining is established for trading machining time, energy 
consumption and surface quality. Then the multi-objective genetic algorithm is used to solve the Pareto 
solution of the target model. The Pareto solution set is obtained and the three-dimensional needle graph 
based on time, surface quality and energy consumption is drawn. The relationship between the 
optimization objectives is analyzed two by two. Finally, combined with different process requirements 
in machining, the optimal combination of cutting parameters is selected for rough machining and semi-
finishing machining, respectively. 

Although the energy consumption model of machining process and the multi-objective 
parameter optimization for high efficiency and energy saving are preliminarily studied, it is found that 
Y and X cutting directions are piecewise functions. The reason is that the idle power of the spindle 
decreases with the increase of the rotational speed in the (1500, 2400) interval, which approximately 
meets the quadratic function relationship. This is not consistent with the experience in the actual 
machining process, indicating that the spindle has a large loss in the working process. Therefore, in 
the follow-up study, the relationship between the spindle loss and the rotational speed will be further 
studied. 
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