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ABSTRACT Energy modeling and energy-saving have attracted extensive attention in the manufacturing
industry. Energy monitoring, modeling, and management issues of grinding, milling, and turning processes
have been widely studied. However, special research on drilling power and energy consumption needs to
be strengthened. The existing drilling power and energy models have the problems of high computational
complexity and low practicability. To address this issue, an improved rapid power and energy prediction
method of drilling process is proposed in this study. The motivation of the proposed method is to reduce the
computational complexity and improve the practicability without losing the predictive accuracy for drilling
power and energy. To verify the effectiveness of the proposed method, experimental and case studies were
carried out. The results show that the number of formulas, variables, coefficients of the proposed method are
all decreased significantly, therefore, the computational complexity is greatly reduced. Meanwhile, power
predictive accuracy is improved by 1.91% instead of decreasing compared with the traditional method.
Consequently, the simpler model, lower computational complexity, and higher power accuracy make the
proposed method more practical in manufacturing industry.

INDEX TERMS Drilling processes, power prediction, energy prediction, sustainable manufacturing.

I. INTRODUCTION
Sustainable manufacturing is of great significance in
manufacturing, mechanical engineering, energy science,
environmental science and other fields [1]. The purpose of
sustainable manufacturing is to reduce energy and resource
consumption while manufacturing products efficiently [2],
and bring economical and environmental benefits to the man-
ufacturing industry and human society [1]. Reducing energy
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consumption in machining processes has been viewed as
an effective way to promote sustainable manufacturing [3].
Consequently, energy saving and sustainability improvement
have gradually become the research focus of manufactur-
ing [4], [5]. The energy consumption of manufacturing activ-
ities accounts for about ninety percent of the total energy
consumption of industrial sectors [6]. However, the energy
utilization efficiency in manufacturing is not high which indi-
cates that the potential of energy-saving in the manufacturing
industry is remarkable [7]. More specifically, the research
of the International Energy Agency (IEA) showed that
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FIGURE 1. Framework of the proposed method: (a) Machining system; (b) Power & energy modeling; (c) Improved vs. traditional method.

energy-saving potential of the manufacturing industry is
25EJ∼37EJ, which accounts for 18%∼26% of the total
energy consumption in the industry [8]. As one of the most
commonly-used processing technologies in manufacturing,
the machining process plays a vital role in energy conserva-
tion and emission reduction for manufacturing [9]. Moreover,
milling processes, turning processes, grinding processes, and
drilling processes are typical and commonly-used machin-
ing processes in manufacturing industry [10]. A growing
number of researchers are focusing on energy management
of milling [11], turning [12], and grinding processes [13].
However, special research on drilling power and energy con-
sumption needs to be strengthened. One type of the existing
drilling power and energy models is based on the drilling
force or drilling torque models [14], [15]. Due to the high
computational complexity of drilling force and torque, the
computational complexity of the above drilling power and
energy models is very high. The other type of drilling power
model is composed of sub-power models, such as standby
operating power model, spindle-rotating power model, feed-
ing powermodel, and so on [16]. Because of the accumulation
of prediction errors of each sub-power model, the accuracy of
total drilling power prediction needs to be further improved.
To fill these gaps, an improved rapid power and energy pre-
diction approach of drilling is proposed in this research. The
contribution of this research is that the computational com-
plexity will be reduced while the drilling power prediction
accuracy is improved, which makes the proposed method
more practical in the manufacturing industry. The method
can help managers quickly evaluate the energy consump-
tion of drilling schemes, and provide decision support for
energy-saving scheme selection. In addition, the outcomes
of this study can provide model and data support for energy
optimization of drilling.

Figure 1 demonstrates the framework of the method in
this article. First, the energy consumption characteristics of

drilling machining system are analyzed (see Fig.1a). Then,
an improved rapid power and energy prediction models
are proposed based on material removal rate and specific
energy consumption (see Fig.1b). Finally, as shown in Fig.1c,
the improved rapid power and energy prediction method
is compared with the traditional method from the follow-
ing aspects: computational complexity of prediction model,
power accuracy, energy accuracy, etc.

The rest of this article is organized as follows. The litera-
ture review is given in Section II. Then, section III demon-
strates the proposed method, including the improved rapid
power and energy prediction method, and the comparison
with the traditional method. Section IV conducts the experi-
mental study to obtain the coefficient values in the proposed
method. In Section V, a case study is conducted to verify the
proposed method of the paper. The results and discussion
of the research are given in Section VI. In Section VII,
conclusions are summarized and future work is discussed.

II. LITERATURE REVIEW
More andmore literatures have studied the energy-saving and
sustainability improvement of manufacturing and remanufac-
turing processes [17]–[24]. Especially for the manufacturing
process, a considerable amount of researches focus on energy
monitoring, modeling, and energy-savingmethods [25]–[30].
Various previous studies indicate that the energy efficiency of
machining is not high enough [31]–[33], which is generally
lower than thirty percent [34], [35]. Hence, the potential
of energy-saving for machining process is very consider-
able [36]. Consequently, on the one hand, energy manage-
ment of machining and the improvement of energy efficiency
have a good theoretical research value. On the other hand,
it also has good practical significance [37]. In recent years,
energy monitoring, modeling, and efficiency improvement
of different types of machining processes have been exten-
sively researched. For instance, Asrai et al. [38] proposed a
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novel mechanistic model of energy consumption for milling
processes. Xiao et al. [39] proposed a knowledge driven
optimization method for energy-efficient turning, which had
a high potential for improving energy efficiency of the turning
process. Sinha et al. [40] attempted to establish a composition
model of specific grinding energy for the grinding process.
Likewise, drilling is also a typical and broadly employed
machining process in the manufacturing industry [41]. How-
ever, its energy modeling and energy efficiency enhancement
has not been well-studied [16].

Existing energy monitoring and energy modeling related
researches of drilling primarily focus on unconventional
processes, including micro-drilling process, electrical dis-
charge machining (EDM)-drilling, and laser drilling.
Franco et al. [42] analyzed energy as a vital performance
indicator for micro-drilling processes. Yoon et al. [43]
established new models and methods to better manage the
manufacturing energy and manufacturing costs for the micro-
drilling. Pellegrini and Ravasio [44] developed a sustain-
ability index with energy consumption as one of the main
indexes, which was applied to the micro-EDM drilling pro-
cess. Yang et al. [45] introduced a modeling method for the
energy consumption of EDM drilling process based on mate-
rial removal rate. Cao et al. [46] performed a monopulse
EDM ablation drilling experiment on Ti-6Al-4V titanium
alloy and the results show that the machining efficiency
of EDM drilling is low. Pastras et al. [47] developed an
analytical and numerical approach of evaporation pulsed laser
drilling process and established the energy efficiency of the
pulsed laser drilling process dependent on the laser source
parameters. Nguyen et al. [48] carried out optimization of
electrical discharge drilling process by comprehensively con-
sidering three objectives, including energy efficiency, product
quality, and drilling productivity.

At present, studies regarding the energy modeling of con-
ventional drilling are insufficient. The research on the cut-
ting force of drilling can provide a basis for the power or
energy modeling of drilling. Dehghan et al. [49] measured
and analyzed the temperature, thrust force, and torque of

drilling. Li et al. [50] carried out research about drilling force,
including identified relevant parameters of drilling force,
established drilling force model, and verified the proposed
model. Glaa et al. [51] developed a numerical model for
predicting cutting forces and torque of the drilling process
for titanium alloy Ti6Al4V and verified the effectiveness
of the model by experimental drilling tests on a verti-
cal machine. Naisson et al. [52] established an analytical
model of thrust force and torque of the drilling process,
and experimental studies were conducted in various cut-
ting conditions to validate the modeling approach. How-
ever, the modeling of drilling power or energy based on
cutting force is generally complex and difficult to calcu-
late. Meral et al. [53] indicated that the parameters such as
drilling parameters, workpiece material, and cutting tool of
drilling, affect performance indicators such as surface rough-
ness, drilling force, drilling energy, etc. Zhang et al. [54]
conducted multi-objective parameter optimization of peck
deep-hole drilling process by considering both the energy
consumption and processing time. in addition, experimental
studies were carried out to verify the effectiveness of the pro-
posed method. In our previous studies, we proposed a drilling
power model, which decomposed into the power of material-
drilling, cutting-fluid-spraying, spindle-rotating, feeding, and
standby operating [16]. The prediction accuracy of the above
power prediction model of drilling is high. However, its
computational complexity is also very high and the industrial
practicability needs to be improved. To address this issue,
an improved rapid power and energy prediction approach
of drilling is proposed in this research. The purpose of the
proposed method is to reduce the computational complexity
and improve the practicability without losing the prediction
accuracy of drilling power or energy.

III. METHODOLOGY
The rapid modeling procedure of drilling power and energy is
shown in Fig. 2. Total drilling power is calculated with mate-
rial removal rate (MRR) and specific energy consumption
(SEC). MRR represents the material volume of tool cutting

FIGURE 2. Rapid power and energy modeling procedure of drilling.
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within unit time (one second or one minute). While SEC
indicates machine tool energy consumption to remove unit
volume of material (it can be one mm3 or one mm3) [32].
Then, total energy consumption of drilling is obtained by
multiplying SEC by the volume of material removed during
the drilling process.

A. IMPROVED RAPID POWER AND ENERGY PREDICTION
METHOD OF DRILLING
1) RAPID POWER PREDICTION MODEL OF DRILLING
As mentioned above, the total power of drilling can be cal-
culated with MRR and SEC. Therefore, it is necessary to
model MRR firstly to establish the total drilling power mode.
According to the definition, MRR can be calculated as:

MRRd =
Vd
td

(1)

where MRRd stands for the material removal rate of
drilling process, mm3/s;Vd represents the volume of mate-
rial removed by cutting tool during drilling, mm3; td is the
material drilling duration, s.

According to the characteristics of drilling movement,
the material volume of the cutting tool (Vd ) can further be
expressed as:

Vd = π (
dT
2
)2 × ld (2)

where Vd indicates the volume of material removed by the
cutting tool, mm3; dT is cutting tool diameter, mm; ld stands
for the depth of drilling, mm.

For the drilling process, the material drilling duration (td )
is expressed as:

td =
ld
vd
=

ld
nf
/
60

(3)

where td is the material drilling duration, s; ld is the depth of
drilling, mm; vd is the feeding velocity of drilling, mm/min; f
represents the feed rate of drilling, mm/r; nmeans the spindle
rotating speed, r/min.

By substituting Eq.(2) and Eq. (3) into Eq. (1), the material
removal rate can further be expressed as:

MRRd = π(
dT
2
)2nf

/
60 (4)

where MRRd indicates the material removal rate of drilling
process, mm3/s; dT is the diameter of cutting tool, mm; f
indicates the feed rate of cutting tool, mm/r; n represents the
spindle rotating speed, r/min.

Similarly, establishing the SECmodel is another important
basis for obtaining the total drilling power mode. In this arti-
cle, SEC of drilling indicates energy consumed by machine
tool for drilling one mm3 of material, the unit of SEC is
J/mm3. Based on our previous experimental research and data
analysis of the drilling process, the SEC of the drilling process
can be expressed as [55]:

SECd = α +
β

MRRd
+

γ

MRR2d
(5)

where SECd represents the specific energy consumption of
drilling process, J/mm3; α is a constant value; MRRd indi-
cates the material removal rate of drilling process, mm3/s;
β is a coefficient of 1

MRRd
; γ represents a coefficient

of 1
MRR2d

. The values of the constant α and coefficient β, γ

can be obtained through curve fitting with experimental
data.

With the established models of MRR and SEC of the
drilling process, the total drilling power can be obtained and
the corresponding formula is written as:

Pd = SECd ×MRRd (6)

where Pd indicates the total power of drilling process, W;
SECd is the specific energy consumption of drilling, J/mm3;
MRRd represents the material removal rate, mm3/s.

By substituting Eq.(5) into Eq. (6), the total drilling power
prediction model of drilling can further be written as:

Pd = αMRRd + β +
γ

MRRd
(7)

where Pd indicates the total power of drilling process, W;
MRRd represents the material removal rate, mm3/s; α, β and
γ are the coefficients of the formula.

2) RAPID ENERGY PREDICTION MODEL OF DRILLING
In section 3.1.1, the model of specific energy consumption
(SEC) of drilling process (Eq.5) and the model of the volume
of material removed by cutting tool (Eq.2) have been estab-
lished. Therefore, the energy prediction model of drilling can
be built rapidly and conveniently.

Ed = SECd × Vd (8)

where Ed indicates the energy consumption of drilling, J;
SECd is the specific energy consumption for drilling, J/mm3;
Vd represents the volume of material removed by cutting
tool, mm3.
By substituting Eq.(5) and Eq. (2) into Eq. (8), the energy

prediction model of drilling can further be expressed as:

Ed = (α +
β

MRRd
+

γ

MRR2d
)× π (

dT
2
)2 × ld (9)

where α is a constant value; MRRd indicates the material
removal rate of drilling, mm3/s; β is the coefficient of 1

MRRd
;

γ represents the coefficient of 1
MRR2d

; dT stands for the cutting

tool diameter, mm; ld indicates the depth of drilling, mm.

B. IMPROVED METHOD V.S. TRADITIONAL METHOD
As depicted in Fig.3a and Fig.3b, the improved rapid pre-
diction method is compared with traditional method. In the
traditonal method, the total drilling power is divided into
five parts: (1) standby-operating power (Pso), (2) cutting-
fluid-spraying power (Pcfs), (3) spindle-rotating power (Psr ),
(4) z-axis-feeding power (Pzf ), and (5) material-drilling
power (Pmd ). The total drilling power model is established
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FIGURE 3. Improved rapid prediction method compared with traditional method: (a) Improved prediction method; (b) Traditional prediction method;
(c) Radar map for improved and traditional method.

through building the power model of the above five parts.
Then, the drilling energy is obtained by multiplying the
drilling power by cutting duration [56].

As shown in the radar map of Fig.3c, the compari-
son between the improved and traditional method is con-
ducted from eight aspects: number of formulas, number of
variables, number of coefficients, computational complex-
ity, energy transparency, practicability, power accuracy, and
energy accuracy. The specific meanings and index value
ranges of the above eight aspects are listed in Table 1.

For the index of number of formulas, the index value can
be an integer value range from zero to positive infinity. The
smaller the number of formulas is, to some extent, reflects
the simpler the calculation process will be. When it comes
to the index of number of variables, the index value can
also be an integer value range from zero to positive infinity.
Moreover, the smaller number of variables indicates a smaller
input workload of the calculation process. Similarly, a smaller

number of coefficients represents a better availability of the
formula. Computational complexity can be divided into three
levels: small (the value is ‘1’), general (the value is ‘2’),
and large (the value is ‘3’). It is obvious that the smaller the
computational complexity, the better. Energy transparency is
also divided into three levels: poor (the value is ‘1’); general
(the value is ‘2’); good (the value is ‘3’). The higher the
energy transparency, the better. The practicability is divided
into three levels: poor (the value is ‘1’); general (the value is
‘2’); good (the value is ‘3’). The higher the practicability, the
better. When it comes to the power accuracy and the energy
accuracy, the closer predictive value to 100% demonstrates a
better model was established.

IV. EXPERIMENTAL STUDY
A. EXPERIMENTAL INFORMATION
To obtain the values of the constant α and coefficients β
and γ in Eq.(5), an experimental study was performed on
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TABLE 1. Specific meanings and index value ranges of the eight comparison aspects.

FIGURE 4. Drilling experimental related information: (a) Machine tool; (b) Cutting area; (c) data collecting platform; (d) Measured power profile.

a CNC machine tool (XHK-714F machining center, see
Fig.4a). For the studied machine, the maximum feed speeds
of X-/Y-/Z- axes are 12/12/10 m/min and the rated-power of
the spindle motor is 7500W. The drilling tool used for the
experiments was parallel shank twist drill. The diameters of
the drilling tools were 8mm, 10mm and 12mm according
to the experimental design, and the drill point angle of all
drilling tools was 118◦, as shown in Fig.4b. The workpiece

material used for drilling experiments is AISI 1045 steel.
The dimension of the workpiece is 150 × 150 × 30 mm.
According to the recommended parameter values for cutting
tool, machine tool performance, and manual of machining
process [57], [58], values of drilling parameters for experi-
mental study were selected, as listed in Tab. 2.

The drilling experiments were designed by orthogonal
array, during drilling experiments, values of drilling power
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FIGURE 5. Acquired power profiles of drilling experiments: (a) Power profile of experiment #3; (b) Power profile of experiment #9; (c) Power
profile of experiment #18; (d) Power profile of experiment #25.

TABLE 2. Designed levels of drilling parameters for orthogonal
experiments.

and drilling energy were gathered with an energy acquisition
platform (see Fig.4c), which was built up by our research
group. The sampling frequency of the platform was set to
0.1 seconds. For detailed information on the energy acqui-
sition platform, please refer to literature [16]. The measure
power profile for the experimental study is shown in Fig.4d.

According to the L27 (313) orthogonal table, 27 groups
of drilling experiments were performed on the researched
machining center (XHK-714F). For one group of drilling
experiment, the drilling processes were repeated three times
with the same drilling parameters. Themeasured total drilling
power for the experiment was obtained by averaging the three
measurements. The acquired power curves of four drilling
experiments (experiment #3, #9, #18, #25) are shown in
Figure 5.

B. PARAMETER ACQUISITION
Based on the designed parameter levers and the L27 (313)
orthogonal table, the specific drilling parameter values

of 27 groups of experiments are listed in the second to fourth
columns of Table 3. According to formula (4), the material
removal rate can be calculated as: MRRd = π ( dT2 )2nf /60.
Combined with the information in Table 3, the MRR can
also be expressed as: MRRd = π (

2 )
2
×¯×®/60. For

the experiment#1, the used drilling parameters are dT =
8.0 mm, f = 0.06 mm/r, n = 450 r/min. Then, the material
removal rate of this experiment can be obtained: MRRd =
π ( dT2 )2nf /60 = π( 82 )

2
× 450× 0.06/60 = 22.619 mm3/s.

Similarly, material removal rates of all 27 groups of experi-
ments can be obtained, as listed in column ° of Table 3.

As mentioned above, during the drilling processes of the
experiments, drilling power and drilling energy values were
gathered with the data acquisition platform in Figure 8.More-
over, the measured total drilling power values of 27 groups of
experiments are shown in column ± of Tab. 3. According to
Equation (6), the total drilling power is computed as: Pd =
SECd ×MRRd . Moreover, the SEC of drilling can be calcu-
lated as: SECd = Pd/MRRd . Combined with the information
in Table 3, the SEC can also be calculated as: SECd = ±/°.
For the experiment#1, the measured total drilling powerPd =
803.692 W, material removal rate MRRd = 22.619 mm3/s.
Therefore, the SECd of this experiment can be calculated:
SECd = Pd/MRRd = 803.692/22.619 = 35.531 J/mm3.
By using the same method, SECd values of all 27 groups of
experiments can be obtained, as listed in column² of Table 3.
According to formula (5), the SECd can be expressed as a

polynomial function of MRRd: SECd = α +
β

MRRd
+

γ

MRR2d
.

With the obtained values of MRRd and SECd in Table 3,

105276 VOLUME 9, 2021



S. Jia et al.: Improved Rapid Power and Energy Prediction Method of Drilling Process for Sustainable Manufacturing

TABLE 3. Orthogonal experiment sequence and MRR, measured total drilling power and SEC values of each experiment.

FIGURE 6. Nonlinear regression results of specific energy consumption.

the nonlinear regression model was developed according to
Eq. 5 by using SigmaPlot 14.0 R© Software. The nonlinear

regression results for specific energy consumption of the
researched machine tool are depicted in Figure 6.
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According to the nonlinear regression results in Figure 6,
the values of the constant α and coefficients β, γ are obtained
as follows: α = 3.7314, and γ = −1700.7184. Con-
sequently, the specific energy consumption model of the
machining tool (XHK-714F machining center) is expressed
as:

SECd = 3.731+
792.988
MRRd

−
1700.718

MRR2d
(10)

The nonlinear regression results show that the R-Square
value is 0.9993 and is very close to ‘‘1’’, which demonstrates
that the above established SEC model can well describe the
SEC under different material removal rates.

V. CASE STUDY
To verify the proposed improved method, a case study was
further performed on a machining center (XHK-714F). The
material of workpiece is AISI 1045 steel and the drilling tool
is parallel shank twist drill. The detailed parameter values of
four cases are given in Tab. 4. The drilling power and drilling
energy values of the cases were measured simultaneously
with the data acquisition platform.

A. RAPID POWER PREDICTION OF DRILLING CASES
According to formula (4), the material removal rate can
be calculated as: MRRd = π ( dT2 )2nf /60. Combined
with the drilling parameter values of the cases in Tab.4,
the MRRd for the drilling case 1 is calculated as: MRRd =
π ( dT2 )2nf /60 = π ( 122 )

2
× 460× 0.07/60 = 60.696 mm3/s.

For the researched machine tool, the specific energy con-
sumption model has been established as: SECd = 3.731 +
792.988
MRRd

−
1700.718
MRR2d

. Then, the SECd for the drilling case 1

can be obtained SECd = 3.731 + 792.988
60.696 −

1700.718
60.6962

=

16.334 J/mm3. Hence, the drilling power of case 1 can be

easily predicted with Equation (6): Pd = SECd × MRRd =
60.696 × 16.334 = 991.41 W. Similarly, predicted drilling
power values of the drilling case 2∼4 were all obtained,
as shown in Table 5.

B. RAPID ENERGY PREDICTION OF DRILLING CASES
According to formula (2), the material volume of removed
by cutting tool is computed as: Vd = π ( dT2 )2 × ld . The
drilling parameters of drilling case 1 can be obtained from
Table 4: diameter of cutting tool dT = 12 mm and drilling
depth ld = 10 mm. Then, the material volume removed
by the cutting tool for case #1 can be calculated as: Vd =
π ( 122 )

2
× 10 = 1130.973 mm3. In addition, the SECd for

drilling case #1 has been obtained in Table 5: SECd =
16.334 J/mm3. Consequently, the drilling energy of the case
#1 can be easily predicted with Equation (8): Ed = SECd ×
Vd = 16.334× 1130.973 = 18473.31 J. Similarly, predicted
energy values of the drilling case #2∼#4 were all obtained,
as shown in Table 6.

VI. RESULTS AND DISCUSSION
A. RESULTS
With the energy acquisition platform, acquired power values
of four drilling cases were obtained, which are listed in Tab. 7.
The prediction accuracies of drilling power for the researched
cases with traditional and improved models were acquired,
which are shown in Table 6. It can be seen that the power
predictive accuracies for the drilling cases with the traditional
model are 96.41%, 97.22%, 96.51%, and 98.75%, respec-
tively. In addition, the predictive accuracies of the drilling
cases with the improved model are 98.77%, 99.80%, 99.12%,
and 98.82%, respectively.

Similarly, collected energy values for drilling cases can
be obtained using the power and energy collecting platform,

TABLE 4. Drilling parameters of four drilling cases.

TABLE 5. Predicted drilling power with the improved rapid power predictive model.
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TABLE 6. Predicted drilling energy with the improved rapid energy predictive model.

FIGURE 7. Predictive accuracy comparison of drilling power between traditional and improved method.

TABLE 7. Predictive accuracies of drilling power models.

which are listed in Tab.8. The predictive energy accuracies
for the drilling cases with traditional and improved models
were acquired, which are shown in Table 8. It can be seen
that the energy predictive accuracies for the drilling cases
with the traditional model are 96.14%, 95.58%, 94.92%, and

98.16%, respectively. In addition, the predictive accuracies
of the drilling cases with the improved model are 93.41%,
98.35%, 97.32%, and 95.49%, respectively.

B. DISCUSSION
The prediction accuracy comparison of drilling power
between traditional and improved methods is depicted
in Fig. 7. It is indicated that the prediction accuracies of
cutting power for drilling cases by using the improvedmethod
are all above 98%. The average predictive accuracy with the
improved method is up to 99.13%, which is 1.91% higher
than the traditional method. The reason is that the traditional
power model is composed of several sub-power models,
and the prediction errors of each sub-power model will be
accumulated when calculating the total drilling power. The
proposed rapid power prediction model is obtained directly
by multiplying specific energy consumption (SECd ) and
material removal rate (MRRd ). Because the error accumula-
tion is avoided, the power prediction accuracy is higher than
the traditional method. In addition, because there is no need
to calculate the sub-powers, the computational complexity
of the proposed method is also significantly reduced, which
makes the industrial practicability better.

Except the sub-power based model, the proposed model
is also compared with the cutting force-based model, which
is shown in Table 9. The comparison results indicate that
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TABLE 8. Predictive accuracies of different energy models.

TABLE 9. Comparison of different models.

FIGURE 8. Predictive accuracy comparison of drilling energy between traditional and improved method.

the power predictive accuracy of the proposed method is
the highest, which is 0.26% higher than that of cutting
force-based model and 1.91% higher than that of sub-
power-based method. Due to the complexity of cutting force
model, the computational complexity of cutting force-based
method is the largest. The computational complexity of the
proposed method is significantly reduced compared with the
cutting force-basedmethod and the sub-power-basedmethod.
It can be seen that the proposed method is superior to the

traditionalmethods in terms of power prediction accuracy and
computational complexity.

Moreover, the predictive accuracy comparison of drilling
energy between traditional and improved methods is shown
in Figure 8. It is demonstrated that the average prediction
accuracy of the improved method and the traditional method
is basically the same, with a difference of only 0.06%. For
drilling case 2 and case 3, the predictive accuracies with the
improved method are 2.77% and 2.40% higher than that of
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FIGURE 9. Radar map comparison: (a) Radar map for improved method; (b) Radar map for traditional method; (c) Radar map
comparison for improved and traditional method.

the traditional method, respectively. It is necessary to point
out that the improved prediction method involves only four
variables, and only three coefficients need to be fitted. How-
ever, in order to predict energy consumption, the traditional
method involves nine variables, and nine coefficients need to
be fitted. That is to say, the computational complexity of the
proposed method is greatly reduced when the energy predic-
tive accuracy is basically the same as that of the traditional
method, which makes the proposed method more practical in
the manufacturing industry.

According to Figure 3 in Section3.2, five calculation for-
mulas are needed in the improved method. However, in the
traditional method, because of the need to calculate each
sub-power value of drilling process, a total of eight formu-
las are needed. Therefore, the corresponding values can be
marked in the radar map, as shown in Figure 9. In addition,
there are four variables in the improved method: dT -diameter
of cutting tool, n-rotating speed of spindle, f -feed rate, and
ld -drilling depth. It means that once the improved model
is built, only four variable values are needed to obtain the
drilling power and energy consumption.When it comes to the

traditional method, the number of variables is nine.Moreover,
values of the other six indexes for the improved and tradi-
tional method can be obtained and the corresponding values
are marked in the radar map (see Figure 9).

It can be seen from the radar map that the number of
formulas, variables and coefficients of the improved rapid
power and energy prediction method in this paper are all less
than those of the traditional method. Consequently, it makes
the computational complexity of the improved method lower
than that of the traditional method. Due to the simplicity and
convenience of computation, the improvedmethod paysmore
attention to total drilling power and does not calculate each
sub-power value, which makes the energy transparency of the
improvedmethod inferior to the traditional method. However,
it should be pointed out that the drilling power and energy still
can be obtained with the improved method, which can meet
the demand in most conditions. Moreover, the simpler model
with lower computational complexity and easily acquired
parameters make the practicability of the improved method
better than the traditional one. For predictive power accuracy,
the proposed method is 1.91% higher than the traditional
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FIGURE 10. Practical implications of the proposed method.

method. The reason is that the improved method is to directly
predict the total drilling power instead of accumulating by
sub-power values, so that the error accumulation in the pro-
cess of sub-power value accumulation can be avoided. When
it comes to the energy accuracy, the average predictive accu-
racies of drilling energy with the improved and traditional
method are both above 96% and the difference is only 0.06%.
It can be seen that in addition to transparency and energy
accuracy, the improved method performs better in the other
six aspects than the traditional method. More specifically,
the improved method can obtain a simpler calculating model,
lower computational complexity, higher power accuracy and
better practicability by sacrificing a certain degree of energy
transparency.

As shown in Fig.10a and Fig.10b, The proposed method
establishes a simple model with low computational complex-
ity and high prediction accuracy, which makes the prediction
of power and energy more convenient and practical in the
manufacturing industry. More specifically, this method can
help workshop managers or operators quickly evaluate the
power and energy consumption of drilling schemes, and pro-
vide decision support for energy-saving selection of drilling
schemes and scientific planning of technological process.
In addition, the outcomes of this study can provide model and
data support for energy optimization of drilling processes,
as depicted in Fig.10c.

The main limitation of the proposed method is that when
the established model is directly applied to different type of
drilling machines or drilling other materials, the accuracy of
the model would decline. To obtain high prediction accuracy,
the coefficients in the model need to be rebuilt again by
using the same modeling method. To deal with this prob-
lem and make the proposed method more convenient to be
used by operators and managers in manufacturing industry,

the following studies will be carried out in our future work.
On the one hand, preliminary experimental researches will
be conducted to obtain the coefficient values in power and
energy consumption models for typical types of drilling
machine tools and workpiece materials in advance. On the
other hand, a supporting software will be developed to realize
the calculation processes of themethod and the obtained coef-
ficient values for the method will be stored in the database
of the supporting software. Users only need to select infor-
mation of machine tools, workpiece materials and so on,
so that the power and energy consumption could be rapidly
predicted.

VII. CONCLUSION
A. SUMMARY OF THE RESEARCH AND PRACTICAL
IMPLICATIONS
Drilling process, as a commonmachining technology in man-
ufacturing industry, its energy modeling and optimization has
not been studied very well. The existing power and energy
modeling approaches of the drilling process based on the
drilling force model or based on the sub-power models, such
as standby operating power model, spindle-rotating power
model, etc. However, the following aspects still need further
improvement: the power and energy model are too complex,
the calculation complexity is very high, and the industrial
practicability needs to be improved. To address these issues,
an improved rapid power and energy prediction approach for
drilling is developed in this research. Moreover, experimen-
tal study and case study were performed on a XHK-714F
machining center. The research results showed that the power
and energy predictive accuracies are 99.13% and 96.14%,
respectively, which illustrated the feasibility of the improved
modeling method in this paper.
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Additionally, the power and energy models are simpler
and the computational complexity is lower compared with
the traditional approach. As a result, the industrial practi-
cability of the proposed method is significantly improved.
The advantages of the proposed improvement method are
summarized as follows: (i) an improvement of 1.91% power
predictive accuracy is achieved compared with the traditional
approach, which can provide more accurate power model
support for energy optimization of drilling; (ii) the num-
ber of formulas, variables and coefficients are significantly
reduced without losing the energy accuracy of drilling. More
specifically, the number of formulas is reduced from 8 to 5;
The number of variables is reduced from 9 to 3; When it
comes to the number of coefficients, it is changed from
9 to 3. Consequently, the computational complexity of the
proposed method is greatly reduced compared with the tradi-
tional method; (iii) the simpler model, lower computational
complexity and higher power prediction accuracy make the
proposed method more practical in industry.

As mentioned above, the proposed method establishes a
simple model with low computational complexity and high
prediction accuracy, whichmakes the prediction of power and
energy more convenient and practical in the manufacturing
industry. More specifically, the method can help workshop
managers quickly evaluate the energy consumption of drilling
schemes, and provide decision support for energy-saving
selection and scientific planning of technological process.
In addition, the outcomes of this study can provide model and
data support for energy optimization of drilling.

B. LIMITATIONS AND FUTURE RESEARCH DIRECTIONS
Drilling power and energy consumption are influenced by
drilling parameters, machine tools and workpiece materials.
Consequently, the established rapid power and energy model
has good accuracy for predicting power and energy of the
XHK-714F machining center when drilling AISI 1045 steel.
However, the main limitation of the proposed method is that
when the established model is directly applied to other type
of drilling machines or drilling other materials, the accuracy
of the model would decline. In order to obtain high prediction
accuracy, the coefficients in the model need to be rebuilt
again by using the same modeling method. It is necessary to
point out that although a specific model could not be applied
to all situations, the rapid modeling method for building
drilling power and energy model is universal. Based on the
modeling method proposed in this article, the power and
energy model for any type of materials using any drilling
machine tools could be rapidly established. In order to make
the proposed method more convenient to be used by opera-
tors and managers in manufacturing industry, the following
studies will be carried out in our future work. On the one
hand, preliminary experimental researches will be conducted
to obtain the coefficient values in the power and energy con-
sumption models for typical types of drilling machine tools
and workpiecematerials in advance. On the other hand, a sup-
porting software will be developed to realize the calculation

processes of the method and the obtained coefficient values
for the method will be stored in the database of the supporting
software. Users only need to select information of machine
tools, workpiece materials and so on, so that the power and
energy consumption could be rapidly predicted.
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