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Abstract: The optimal selection of machine equipment can reduce the energy consumption and
processing time of the parts processing process in enterprises. The energy consumption and time
of using different equipment to process the same product vary greatly. Traditional equipment
selection is only through qualitative analysis comparing the process characteristics of using different
equipment or optimizing parameters for a single piece of equipment. It does not take into account the
dynamics of the production process and does not consider the impact of process factors on production
decisions. To solve this problem, we established a production equipment selection model based on
the business compass model and proposed a calculation method that considered energy consumption
and time objectives in the production process. Quantitative analysis can be performed for different
equipment. The energy consumption and processing time of different equipment are calculated by
the beetle antennae search (BAS) algorithm. A case study of machining end cap holes was carried
out. The results showed that this method can calculate the optimal energy consumption and the
optimal time of different equipment for producing the same product, which has good theoretical
and practical significance for enterprises and governments to choose energy-saving and efficient
production equipment.

Keywords: equipment selection decision; business compass; energy consumption; processing time;
beetle antennae search algorithm

1. Introduction

Industry plays a very important role in global economic development and has a huge
impact on the development of various countries and regions [1]. Energy consumption in
the industrial sector accounts for about 70% of the total energy consumption. Energy short-
age and serious environmental pollution are the two major problems affecting economic
growth and sustainable development [2]. The production model of high consumption,
high pollution, and low profit in traditional industries is no longer suitable for the needs
of social development. Modern manufacturing is changing to high-quality development
and developing towards a green and sustainable direction [3,4]. The optimal selection
of machine tool equipment is one of the effective ways to improve the greenness of the
enterprise parts processing process. Under the condition that the production process
requirements are met, there are often many options for machine tool equipment. The
machining quality, time quota, cost, energy consumption, and noise pollution of different
machine tools are different. Therefore, the selection of suitable processing equipment and
processing technology is of great significance for enterprises to save energy and time [5–7].

Many scholars have studied the selection of processing technology. Liu et al. pro-
posed a multi-objective optimization method for CNC machine tools that integrates the
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advantages of quality function deployment (QFD), fuzzy linear regression, and 0–1 objec-
tive planning. The engineering practicability of this method is verified by the case of the
multi-objective decision-making problem of CNC machine tools in the process of building
an intelligent manufacturing platform [8]. Zhou et al. proposed a machine tool selection
method based on the combination of fuzzy analytic hierarchy process and entropy weight
ideal point method and verified the method through the selection of machine tools for pro-
cessing camshafts [9]. Li et al. established an evaluation model for machine tool equipment
selection based on AHP and the ideal point method. The AHP was used to determine the
weight of each influencing factor, and the selection model of machine tool equipment was
evaluated by the ideal point method (TOPSIS). Combined with the selection of a batch of
valve body and valve core stepped hole processing equipment in a factory, the feasibility
and practicability of this method are illustrated [10]. Han et al. combined the entropy
weight method with the TOPSIS method and established a decision-making model for the
green process scheme of machining based on the entropy weight TOPSIS method. The
feasibility and practicability of the model are verified by taking three machining process
schemes of the lifting beam of the dump truck [11]. Zanuto et al. used a commercial
life cycle assessment (LCA) tool to compare the environmental impact of different pro-
cess operation strategies [12]. Klink et al. study grinding, EDM, laser machining, and
milling manufacturing techniques, and different manufacturing processes are compared
with each other with examples of machining mold cavities [13]. The era of Industry 4.0
will fundamentally change the production mode of the manufacturing industry, and the
application of information technology in the manufacturing industry will be more extensive.
Liu et al. proposed a digital twin-driven dynamic evaluation method for machining pro-
cesses and verified it [14]. Chen et al. proposed an automated process planning approach
for hybrid manufacturing processes, capable of automatically setting key parameters such
as depth, tool accommodation, angle, and tool selection [15]. Komatsu proposed an au-
tomatic method for selecting machine tools by evaluating various machining processes
and this method was validated [16]. Koremura et al. proposed a prediction method for
process evaluation indicators using a computer-aided process planning (CAPP) system. By
using these indicators, the operator can choose the most suitable one from the alternatives.
A case study of process planning was carried out through bar machining, and the results
showed the application value of the evaluation index [17]. The above literature proposed
many methods for the selection of equipment in the production process, which effectively
achieve the purpose. However, these methods used qualitative analysis when evaluating
the equipment selection scheme, and the objectivity of the data cannot be well reflected.

To optimize machining parameters, Han et al. proposed a variable parameter drilling
(VPD) method that can improve the machining efficiency and hole surface quality of porous
parts and verified by a combined algorithm (CA) [18]. He et al. proposed an improved
method to comprehensively optimize the distribution and parameters of machining al-
lowance and conducted two case studies [19]. Wang et al. established a multi-objective
optimization model of CNC turning process parameters based on the second-order regres-
sion equation of the response surface and used an improved artificial bee colony algorithm
to solve the optimal parameter combination. The comparison with the results obtained by
the NSGA-II algorithm showed the superiority of this method [20]. Li et al. constructed and
validated the energy consumption and quality model of laser welding [21]. Jia et al. studied
the power and energy consumption of the drilling process and established a mathematical
model of energy consumption and verified the method through a hole machining case [22].
Xiao et al. proposed a CNC machining center process parameter optimization model
that comprehensively considered energy consumption and cost, used a CA to solve the
model, and verified the method by plane milling [23]. Ma et al. integrated CAD and CAM
applications for virtual machining and process parameter optimization for complex end
milling. The method was validated by machining an impeller [24]. Zhang et al. established
an optimization model for the sequence of steps with the auxiliary processing time as the
objective function and obtained the sequence of steps with the shortest auxiliary processing
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time through an improved genetic algorithm, which effectively reduced the processing
time of parts [25]. The above literature optimized the process parameters of the machining
process and compared and validated the data through quantitative analysis. However,
these studies were performed on the same equipment and did not consider the effects of
different processing equipment options.

There are many types of machine tools, and a certain processing feature of a product
can often be realized by different machine tools. Under the condition that the production
process requirements are met, the energy consumption and time of the processing process of
different equipment vary greatly. The choice of machine tool equipment is a multi-objective
and multi-scheme decision-making problem. In the actual design process, designers often
rely on qualitative analysis to select processing equipment and cannot provide exact
data support for equipment selection. Based on the business compass model, this paper
established a production equipment selection model and analyzed the management process
of enterprise equipment selection. A unified energy consumption and time objectives
calculation model for different equipment was established, which was solved by the beetle
antennae search algorithm. The method was verified by two kinds of equipment selection
for processing a certain end cap hole, which can provide a reference for the efficient and
energy-saving production of enterprises.

2. Production Equipment Selection Model Based on Business Compass Model
2.1. Business Compass Model

The business compass model is a new type of enterprise management and operation
model, which organically integrates Chinese and Western management sciences, and
summarizes a theoretical system with practical guiding significance from an innovative
perspective. The “five dimensions” in the business compass not only come from the
experience summary of business management theory but also the results of a large amount
of practical research, which are closely related to the ancient Chinese “five elements” theory.
A systematic view of Taoist philosophy in ancient China, the “five elements” theory is an
important point of view [26–28]. The business compass model is shown in Figure 1. The
“five dimensions” in the business compass are trend, path, skill, tool, and benefit, which
provide a systematic view of business management. It is not only the five elements of
business operations but also the five business capabilities that can introduce the production
and operation of enterprises in detail.
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Figure 1. Business compass model.

The trend of the business compass is the environment in which an enterprise operates,
including policies, industry prospects, and market demands. An enterprise’s grasp of the
“trend” often determines whether the enterprise can develop in the long term. The path of
the business compass is the guiding ideology of enterprise management and the direction of
enterprise development. The skill of the business compass is an enterprise’s strategy, tactics,
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and strategic choice and layout, which determines the specific field in which the enterprise
raises the technical threshold and defines the direction of technological innovation, product
iteration, and service upgrade. The tool of the business compass is the product and
technology of the enterprise, and it is the realization tool of the enterprise’s production.
The benefit of the business compass refers to the profit. The effective distribution of profit
can fully mobilize the enthusiasm of the internal members of the enterprise and can also
promote the enterprise to have a good growth environment [29].

2.2. Equipment Selection Model Based on Business Compass

There are often a variety of machine tools that can be selected for processing the
same product, The energy consumption and cost of different equipment vary greatly.
Choosing the right processing equipment is of great significance for the high efficiency
and energy saving of enterprises. As the guiding concept of enterprise management, the
business compass can provide guidance for the selection of equipment for processing
the same product. The business compass can provide guidance on enterprise equipment
selection. “Trend” is the environment in which enterprises make equipment selection.
In recent years, the manufacturing industry has been developing in the direction of low-
carbon manufacturing and green manufacturing, and enterprise production should keep
up with the development trend. “Path” is the purpose of equipment selection. The goal
of an enterprise is to produce products, and equipment alternatives should be selected
according to product characteristics. “Skill” is how to choose the appropriate production
equipment, which needs to be judged according to the product and the current technical
level. “Tool” is the production equipment, and the performance, parameters, and processing
links of the equipment must be considered. “Benefit” is the profit of the product and
what equipment to choose can make the profit of the product the highest. This article
summarized the model of enterprise production equipment selection based on the model
of the business compass, as shown in Figure 2. This model takes the production and
operation of the enterprise as the core. The management concept of the business compass
guides the management and operation of the enterprise. The operation department is
responsible for the management of the production conditions and technological innovation
of the enterprise. The designer initially selects several suitable schemes according to the
production conditions of the enterprise and the characteristics of the workpiece to be
processed, conducts a comprehensive evaluation of the schemes, and then selects the most
suitable production equipment. It can be seen from this that the model has good industrial
applicability when selecting equipment for the production of the same product and can
help enterprises select suitable processing equipment. The selection of equipment can help
enterprises to produce with high efficiency and energy saving, and enterprises can obtain
more profit space and promote enterprise development.
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3. Multi-Objective Unified Computing Model for Different Equipment

The industrial industry pays great attention to the economy of the production process.
By optimizing the energy and time objectives of product processing, the optimal energy
consumption and time of the production process can be obtained, thereby reducing the
investment of resources and promoting the rational use of resources. Energy cost and
worker time cost are important components of the total cost. Reducing energy consumption
and processing time can also reduce production costs and increase profits. Many types
of equipment can be used to produce the same product, and it is important to choose the
right one. The establishment of a uniform energy consumption and time objective function
model is the basis of equipment selection. The unified energy consumption and time model
has better engineering applicability. The calculation process of energy consumption and
time is as follows [30–33].

3.1. Energy Consumption Objective

According to the state of the machine tool in the working process, the energy con-
sumption of the machining process can be divided into standby energy consumption E f ,
no-load energy consumption Eair, actual cutting energy consumption Ec, and additional
load energy consumption Ea. During the cutting process, the state of the machine tool has
little effect on the energy consumption of the auxiliary systems, such as lighting systems,
cooling fans, and lubrication systems, and its power is only related to its own characteristics.
The energy consumption calculation process is as follows.

The power of the machine tool with no load Is related to the spindle speed, and the
expression is as follows:

Pair = An2 + Bn + C (1)

where coefficients A, B, C can be obtained by fitting the measured data, Pair is the no-load
power, and n is the spindle speed.

The no-load energy consumption is

Eair = (An2 + Bn + C)× tair (2)

where Eair is no-load energy consumption, and tair is machine no-load time.
The actual cutting energy consumption Ec is,

Ec = Pctc = Fcvctc (3)

Pc is the cutting power for machine tool, tc is cutting time, Fc is cutting force, and vc is
cutting speed.

The milling process of machine tools is accompanied by additional load loss, and the
additional loss mechanism is very complicated. It is generally believed that the loss of energy
of the additional load is approximately proportional to the cutting energy consumption.

Ea = bEc (4)

where b is the correlation coefficient, generally between 0.15 and 0.25.
The energy consumption of the cutting process is

E = E f + Eair + Ec + Ea = Pf t f + (An2 + Bn + C)tair + (1 + b)Fcvctc (5)

where Pf , t f are the standby power and standby time of the machine tool, respectively;
A, B, C are coefficients related to no-load power consumption; n is the spindle speed, tair
is machine no-load time; b is the correlation coefficient; and Fc, vc, tc are the cutting force,
cutting speed, and cutting time, respectively.



Processes 2022, 10, 1846 6 of 15

3.2. Time Objective

The total time T of the workpiece cutting process mainly includes: standby time t f , no
load time tair, and actual cutting time tc. The total time T of the cutting process is calculated
as follows:

T = t f + tc + tair (6)

tc =
60L
n f

(7)

where L is the total length of the toolpath during the machining process, n is the spindle
speed of the machine tool, and f is the feed rate during the machining process.

3.3. Constraints

The value of the objective function must meet the machining cutting parameters and
quality requirements, and the relevant constraints are such as Formulas (8)–(13).

nmin ≤ n ≤ nmax (8)

where nmin is the minimum spindle, and nmax is the maximum spindle speed.

fmin ≤ f ≤ fmax (9)

where fmin is the lowest feed rate, and fmax is the fastest feed rate.

Pc ≤ ηPmax (10)

where Pmax is the machine maximum power, and η is the effective coefficient of ma-
chine power

F ≤ Fmax (11)

where Fmax is the maximum cutting force.

Tmin ≤ T ≤ Tmax (12)

where Tmin is the tool life lower limit, and Tmax is the tool life upper limit.

R ≤ Rmax (13)

where Rmax is the maximum allowable surface roughness.

4. Beetle Antennae Search Algorithm
4.1. Analysis of Beetle Antenna Search Algorithm

The BAS algorithm was proposed by Jiang et al. in 2017 [34]. The BAS algorithm
was proposed based on the foraging behavior of beetles. In the process of beetle foraging,
it uses its left and right antennas to detect the food taste concentration. If the food taste
concentration detected by the left antenna is greater, it will move to the left; otherwise,
it will move to the right. During the whole process of moving, its position is constantly
adjusted and changed until it moves to the position of the food. Different from many
multi-swarm heuristic algorithms, the BAS algorithm requires only one beetle; therefore, its
operation is simple, the amount of calculation is less, and the iteration speed is faster [35,36].

4.2. Beetle Antenna Search Algorithm Flow

The flowchart of the BAS algorithm is shown in Figure 3. The following are the specific
steps [37]:
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1. For an n-dimensional optimization problem, record the centroid of the beetle as
x(x1, x2, · · · , xn); then, the fitness function can be expressed as f (x1, x2, · · · , xn). Be-
fore the beetle searches for food, its initial position needs to be set, that is, the initial
value of x.

2. Since the direction of the beetle search is random, it is necessary to establish a random
vector of beetles and normalize it.

V =
rands(n, 1)
||rands(n, 1)|| (14)

where rands(n, 1) is a randomly generated n-dimensional vector between 0 and 1.
At this time, the beetle’s left antenna coordinate xl and right antenna coordinate xr
can be obtained as:

xl = x + d×V (15)

xr = x− d×V (16)

where d is the distance between the antenna of left and right.
3. Compare the food taste concentration and fitness value of the left antenna and the

right antenna of beetles.
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When f (xl) < f (xr), then:

xk = xk−1 + step× xl − xr

||xl − xr||
(17)

When f (xl) ≥ f (xr), then:

xk = xk−1 − step× xl − xr

||xl − xr||
(18)

In the above two formulas, step represents the moving step of the beetle, and xk and
xk−1 represent the value of x at the k and k− 1 iterations, respectively.

4. Enter the iterative process. When the maximum number of iterations is reached or
the fitness value meets the requirements, the iteration stops and the result is output,
which is the optimal value at this time.

The algorithm runs on MATLAB 2016b. The dimension n is 2, the initial step size of
the beetle step is 0.3, the distance between the two whiskers of the beetle d is 2, and the
number of iterations is 300.

5. Case Study

An enterprise needs to process a batch of end caps. The size of the workpiece to
be processed is shown in Figure 4. The material is Q235, and the thickness is 20 mm,
with 100,000 pieces produced. Now, it is necessary to process four holes on the end cap.
Available equipment is a lathe and a drill.
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5.1. Analysis of Available Equipment Conditions

The company currently has two types of equipment for processing this part, namely, a
lathe and a drilling machine. Tables 1–3 show the main parameters of the lathe. Table 1
shows the lathe parameters, Table 2 shows the range of the lathe cutting parameters, and
Table 3 shows the relevant parameters of the turning experience model.

Table 1. Lathe parameters.

Model Spindle Motor
Power/kw

Low Gear Speed
Regulation

Range/(r·min−1)

High Gear Speed
Regulation

Range/(r·min−1)

C2-6136HK/1 5.5 100–1000 300–2100
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Table 2. Selection range of cutting parameters.

Cutting Parameters Value Range

f /(mm·r−1) 0.05−0.3
ap/mm 0.5–4

n/(r·min−1) 50−1000

Table 3. Turning empirical model parameters.

CFc xFc yFc nFc kFc

2795 1 0.75 −0.15 0.778

The model of the drilling machine is the ZXK50 CNC vertical drilling machine. Table 4
shows the relevant parameters of the drilling machine, and Table 5 shows the parameters
of the drill bit.

Table 4. Drilling Machine Parameters.

Machine Rated
Power p/kw

Spindle Speed
Range (r/min)

Feed Speed Range
(mm/min) Machine Efficiency η

3.7 45–2000 20–600 0.8

Table 5. Drill Bit Parameters.

Number of Cutting Edges Material Economic Life/min

2 YG8 50

5.2. Optimization Results

The application process of the BAS algorithm in the end cap processing includes the
following steps:

1. Establish a fitness function according to the energy consumption and time models of
the production processes of different equipment.

2. Determine the random vector of beetles. The dimension n is 2, the initial step size of
the beetle step is 0.3, the distance between the two whiskers of the beetle d is 2, and
the number of iterations is 300.

3. The coordinates of the left and right antennas of the beetle are calculated, and the
corresponding fitness values are calculated.

4. Update the location of beetles.
5. Determine whether the number of iterations is satisfied and output the result if it is

satisfied. If not, go back to Step 2.

The optimal energy consumption and processing time of different equipment when
processing the same product can be obtained through the BAS algorithm. Figure 5 shows
the energy consumption and iteration times of lathe processing, and Figure 6 shows the
energy consumption and iteration times of drilling machine processing. Figures 7 and 8
separately show the time and iteration times of lathe and drilling processing. Through
the optimization calculation, the optimal objectives when different equipment process the
same product can be obtained.
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5.3. Results and Discussion
5.3.1. Comparison

The optimization results of processing the same product with different equipment
are shown in Table 6. As can be seen from the table, the energy consumption of lathe
processing is reduced by 15.2%, and the processing time is reduced by 0.61% compared
with drilling machine processing. Less energy and time are used when machining this part
with a lathe, so a lathe is chosen as the machining equipment. The optimal values of energy
consumption and time are 46.73 and 6.54, respectively. This method improves the profit of
the enterprise by choosing a way of less energy consumption and processing time.

Table 6. Comparison of Different Equipment Optimization Results.

Equipment Energy Consumption Time

Lathe 46.73 6.54
Drilling machine 55.12 6.58

5.3.2. Compared with Previous Works

In order to achieve energy-saving and high efficiency in the production process,
scholars at home and abroad have studied some equipment selection optimization methods
and algorithms and have effectively achieved the goal. However, there are also some
problems. The comparison between the traditional equipment selection method and the
method proposed in this paper is shown in Figure 9. The calculation of different schemes
in [8–17] was static, and only qualitative analysis was carried out for different equipment.
Qualitative analysis in the new era is difficult for enterprises to make the appropriate choice
based on the actual situation. Refs. [18–25] carried out parameter optimization for the
same equipment without considering the influence of different processing equipment for
the same product. In [22], Jia et al. proposed a method for obtaining and saving power
and energy consumption during drilling and established a mathematical model of energy
consumption. The method is verified by a case of hole machining, and the optimal energy
consumption is obtained. If the turning method is used, the energy consumption can be
reduced by more than 5%.
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Based on the model of the business compass, this article combined enterprise man-
agement with production equipment selection and established a production equipment
selection model. The unified energy consumption and time model of different equipment
were established and used the beetle search algorithm to calculate. Compared with other
algorithms, the beetle antennae search algorithm only needs one body, and the amount of
computation is greatly reduced. It is simple in principle, uses fewer parameters, requires
less computation, and is faster to solve. The result proves the necessity and significance of
the method.

5.4. Practical Implications and Future Steps

This article proposed an equipment selection model based on the business compass,
and a unified calculation method for energy consumption and time of different devices,
which was verified by an example. This research can help enterprises choose the best
production equipment and provide a reference for energy-saving and efficient production of
enterprises. However, this article only considers the comparison of different equipment for
processing the same product. In the future, the influence of workshop workers, equipment
status, material information, and other factors on the equipment selection will be analyzed.

6. Conclusions

Equipment selection is an important part of product production decision-making and
is of great significance to product production and operation management. Choosing the
right production equipment can save resources, improve production efficiency, help the
planning and implementation of production and operation management activities, and
promote the realization of efficient, flexible, punctual, and clean production and operation
management goals. The selection of production equipment is a complex issue, which can
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promote the sustainable development of society. Based on the enterprise management
model of the business compass, this article established a model of enterprise production
equipment selection and proposed a unified method to calculate the energy consumption
and processing time of various equipment. This model can help enterprises to produce
energy-saving and efficient production.

1. Based on the model of the business compass, this article established a model of
enterprise production equipment selection. This model combines enterprise opera-
tion management with production equipment selection and analyzes the enterprise
management process to realize equipment selection.

2. A unified energy consumption and time calculation model to produce the same
product with multiple equipment was established and the model was verified by the
case of machining end cap holes.

3. The BAS algorithm was used to optimize and calculate the energy consumption and
time of multiple equipment processing.

The research result showed that this method can quantitatively analyze the energy
consumption and time when different equipment processes the same product. It has impor-
tant significance for enterprise production. From the perspective of enterprise management,
a method for selecting production equipment is proposed, which can provide guidance for
enterprises to choose energy-saving and efficient equipment during production and can
also provide advice for the government to save energy. However, in this paper, only the
energy consumption and processing time of the production process were studied. More
optimization objectives such as the economy and carbon emission will be considered in the
future. This paper only considers the comparison of different equipment for processing
the same product and will analyze the influence of workshop workers, equipment status,
materials, and other factors on equipment selection in the future.
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