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Abstract Material-cutting energy modeling is the key tech-
nology of energy modeling of machining process, being the
foundation of energy optimization. The material-cutting pow-
er changes dynamically during variable-material removal rate
(MRR) machining process. Hence, the energy characteristic of
variable-MRR machining process is more complicated than
that of constant-MRR machining process. In this paper, a
modeling method of material-cutting energy for
variable-MRR machining process is proposed. The dynamic
power characteristics are fully considered in this method, and
the impacts of cutting parameters on material-cutting energy
are also considered. Experimental studies were conducted to
obtain the fitting coefficients of the proposed energy model.
Finally, energy calculations of four actual end face turning
processes were performed. The results show that the predic-
tive accuracy of all tested end face turning cases is above
90 %. The proposed method provides an accurate energy
model for process planning in metal cutting process, which
helps manufacturers determinate the energy-optimal process
plan.
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Nomenclature

a, Depth of cut (mm)

a(1) Functions of depth of cut against time

pi Average depth of cut of subinterval i (mm)

Cre Constant

dy Diameter of workpiece (mm)

Eye Material-cutting energy (J)

f Feed rate (mm/r)

§(0)] Functions of feed rate against time

f Average feed rate of subinterval 7 (mm/r)

F, Main cutting force (N)

k. Correction coefficient

/ Feed distance during cutter entering stage (mm)

MRR Material removal rate (cm®/s)

MRR  Average material removal rate (cm>/s)

n Spindle speed (1/min)

Npe Constant

N Number of subintervals

Pyc Material-cutting power (W)

Py ¢ Material-cutting power in dry environment (W)

Puyc ww  Material-cutting power in wet environment (W)

Puc Average material-cutting power (W)

Pyc_a  Average material-cutting power in dry environment
(W)

Pyc_w  Average material-cutting power in wet environment
(W)

Pry Theoretical cutting power (W)

SCE Specific cutting energy (kJ/cm®)

t Cutting time (s)

ton Duration of cutter entering stage (s)
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Heur Duration of fully cutting stage (s)

T Duration of variable-MRR machining process (s)
Vo Initial cutting speed (m/min)

Ve Cutting speed (m/min)

v(?) Functions of cutting speed against time

Vei Average cutting speed of subinterval i (m/min)
vy Feed speed (mm/s)

Xre Constant

VFe Constant

« Constant

Qg Coefficient of power loss

I6) Constant

0% Constant

A Constant

Ao Constant (J/cm®)

k, Main angle (°)

At Duration of each subinterval (s)

1 Introduction

Manufacturing consumes significant amounts of energy and
releases large amounts of wastes (e.g., solid, liquid, and gas-
eous wastes), resulting in substantial stress on the environ-
ment [1]. Machining represents one of the main
energy-consuming activities in manufacturing industries, and
energy consumption determines 20 % of machine tool operat-
ing cost [2]. It is noted that computer numerical control (CNC)
machining is one of the fundamental machining technologies,
and its impacts to the environment are mainly attributed to
electrical energy use [3]. Much of our electricity is still pro-
duced from carbon intensive sources in the foreseeable future,
and CO, is emitted into the atmosphere adding to the effect of
global warming during the production process of electricity
[4, 5]. According to the report of the International Energy
Agency (IEA), the manufacturing industry is responsible for
nearly one third of global energy consumption and 36 % of
global CO, emission [6]. It is clear to see that the manufactur-
ing industry has become one of the major sources of energy
consumption and carbon emissions. Hence, sustainable
manufacturing technique has drawn more and more attention
in manufacturing industries. Reducing the energy consumed
by machining processes has been identified as one of the strat-
egies to significantly improve the environmental performance
of manufacturing processes and systems [7, 8].

The first step towards reducing and optimizing the energy
consumption in machining is to analyze the impact of machin-
ing parameters on energy consumption [9]. Hence, power and
energy modeling method of machining process is the founda-
tion of the energy reduction and optimization of manufactur-
ing processes. An accurate energy consumption model could
improve energy forecasting of machining processes or in early
product design stage, consequently, makes it possible to select
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the most energy efficient option [10]. According to the char-
acteristic of material removal rate (MRR), machining process-
es can be grouped into two types: constant-MRR machining
process and variable-MRR machining process.
Constant-MRR machining process is defined as the process
that all of the cutting parameters remain unchanged during
machining. Variable-MRR machining process is defined as
the process that at least one of the cutting parameters changes
with time during machining. As shown in Fig. 1, taking turn-
ing process as an example where the cutting parameters are
cutting speed v,, feed rate f'and depth of cut a,, the power
characteristics of these two types of processes are different.
The power of constant-MRR process is a stable value, while
the power of variable-MRR process changes over time and the
power characteristic is more complicated. Moreover, the total
cutting power of machining process can be divided into two
parts: air-cutting power and material-cutting power [11-13].
Air-cutting power is the power demand while following the
same tool path and using the same cutting parameters without
material removal. The difference between total cutting power
and air-cutting power is the power required for material remov-
al (material-cutting power) [14]. The material-cutting power is
the main factor resulting in the difference between the cutting
power of variable-MRR machining process and constant-MRR
machining process. Therefore, material-cutting energy is fo-
cused in this study. The aim is to propose a modeling method
of material-cutting energy for variable-MRR machining
processes.

The remainder of this paper is organized as follows. Litera-
ture review is presented in the next section. Then, detailed dis-
cussions of the material-cutting energy model for variable-MRR
machining processes are given in Section 3, followed by the
experimental study to obtain the fitting coefficients of the devel-
oped material-cutting energy model in Section 4. Finally, the
conclusions and future research directions are summarized in
Section 5.

2 Literature review

Power or energy modeling and energy efficiency issues of
machining processes have been discussed in some existing
literatures [15—19]. Extensive experiments were conducted
by Gutowski et al. [20, 21], and a linear function between
cutting power and MRR was developed. It was shown that
the cutting power is mainly affected by MRR. Kara and Li
[14, 22] investigated the relationship between specific energy
consumption (SEC) and MRR. Curve estimation indicated
that inverse model (SEC =C,+ C;/MRR) provides the best
fitness between SEC and MRR [14]. An improved energy
consumption model was proposed by Balogun et al. [23]
based on the model developed by Gutowski. Basic power,
ready state power, and coolant pumping power were also
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included in their improved model. Similarly, another im-
proved power model was proposed to estimate the energy
consumption of a CNC milling machine as function of MRR
and spindle speed 7 (P =Pgunaby + k17 +b +koMRR) [10].
However, the improved models provided by Balogun et al.
[23] and Li et al. [10] were both based on the MRR, which
was viewed as a single variable. Actually, MRR is determined
by the co-effect of cutting speed v,, feed rate £, and depth of cut
a,,. The effect of each cutting parameter (v, £, a,,) was not fully
considered in the previous two improved models. In the work
of Jia [13], the effect of cutting speed, feed rate, and depth of
cut were all taken into account to establish the material-cutting
power model. An exponential model was developed between
material-cutting power and three cutting parameters (v, f,a,).
However, it is only used to calculate the power of the
constant-MRR machining process (e.g., external turning
process).

As mentioned previously, the energy consumption character-
istics of constant-MRR machining process and variable-MRR
machining process are different. Most of existing studies
focused on power or energy modeling of constant-MRR
machining processes, e.g., external turning [14, 24], face milling
[25-29], etc. The cutting speed v,, feed rate f, and depth of
cut a, in constant-MRR machining process are all constant.
Hence, the cutting power is a constant value during cutting
process. The situation is significantly different, when it comes
to variable-MRR process. As the MRR is changing during
machining process (at least one of three cutting parameters
is changing during machining), cutting force will change with
the varying cutting parameters. Consequently, the cutting
power will be a dynamic changing value as well. For instance,
end face turning, grooving, and chamfering are typical
variable-MRR machining processes. It is easy to be seen that
energy models of variable-MRR machining process are more
complicated than that of constant-MRR machining process.
The energy modeling methods used for constant-MRR machin-
ing process can provide certain reference value for
variable-MRR machining process. Up to now, research specially
focused on the energy modeling method of variable-MRR
machining processes is really rare. The power profiles

10 20 30 40 50
Time (s)

of end face turning were mentioned in Liu et al. [30]; however,
detailed information of power model for end face turning was
not provided. Hu et al. [31] proposed an online energy efficiency
monitoring approach of machine tools, where the total energy
consumption of machine tool is obtained based on the constant
energy (measured in advance) as well as the variable energy
(estimated online according to power balance equation and ad-
ditional load loss function). Tristo et al. [32] established an on-
line power consumption monitoring system to analyze the ener-
gy efficiency in microelectrical discharge machining process.
The realization of the above two approaches are dependent on
the online power monitoring of machine tool. Machining param-
eters optimization considering energy consumption for machin-
ing processes was conducted by several researchers [9, 33-35].
However, the energy model of variable-MRR machining pro-
cess was not mentioned in the above energy optimization related
references. A Therblig-based energy modeling method of ma-
chining process was proposed by Jia et al. [36]. In the above
paper, power calculations of several variable-MRR processes
(end face turning and grooving process) were mentioned, and
simplified models were used for computing the power of
variable-MRR processes (average material-cutting power was
obtained by using average-MRR as a variable). Diaz et al. [37]
divided variable-MRR milling process into multiple subintervals
and established the relationship between average energy con-
sumption and average-MRR in each subinterval. However, the
MRR was considered as a single parameter in both afore-
mentioned two methods. As mentioned previously, the MRR
is simultaneously influenced by cutting speed v,, feed rate f;
and depth of cut a,. More important, the impact character-
istics of these cutting parameters on the material-cutting
power are not the same. Hence, an improved
material-cutting energy modeling method for variable-MRR
machining process is proposed based on the decomposed
MRR in this study. The variable-MRR machining processes
are decomposed into N subintervals, and the function be-
tween material-cutting power and cutting parameters (v..f,
a,) is established in each subinterval by fully considering
the impacts of three cutting parameters on the
material-cutting power. Consequently, the material-cutting

@ Springer



2808

Int J Adv Manuf Technol (2016) 85:2805-2818

energy model of the variable-MRR machining process can
further be built.

3 Modeling methodology

3.1 Material-cutting energy model for general
variable-MRR process

The material-cutting power of the variable-MRR process
changes with time during machining due to the dynamic
changing cutting parameters. The power profile of a common
variable-MRR machining process is shown in Fig. 2. The
material-cutting power is the main factor resulting in the dif-
ference between the cutting power of variable-MRR machin-
ing processes and constant-MRR machining processes. Un-
derstanding the characteristic of material-cutting power is
helpful to the material-cutting energy modeling. This section
focuses on the material-cutting energy modeling method for
variable-MRR processes.

3.1.1 Average-MRR based model

Material-cutting power changes with time during the
variable-MRR machining process due to the changing MRR
(as shown in Fig. 3). Based on the references [36, 38—40], the
relationship model between material-cutting power and MRR
can be established.

Py = 1000-(1 + a)-SCE-MRR (1)

Where Py, is material-cutting power, W; « is coefficient of
power loss; SCE is specific cutting energy, kJ/em®; MRR is
material removal rate, cm’/s.

To simplify the analysis of the material-cutting power of
variable-MRR machining process, average-MRR of the cutting
process is viewed as a single parameter. Based on formula (1),
the function between average material-cutting power and
average-MRR can be expressed as follows:

2500 - Variable-MRR Machine: CK6153i lathe
Gefoap) Material: 45# Steel
Variable cutting power Cutter: yo=+7°, 1=45°

2000 - = n=400r/min
Py d=57mm
% M?xterial-cutling 0.15mm/r
% 15004 [ V7 a,=1.5mm
o R , T ,* ,,,,,,,,,,,

e L . .
10004 TOReE"e A oer
T * A2 T T
20 40 60
Time (s)

Fig. 2 Power profile of a common variable-MRR machining process

@ Springer

A
3 MRR
z /
£
]
&
=
>
T t
Fig. 3 Schematic diagram of average-MRR
Pyic = M*MRR (2)

Where P, ¢ is average material-cutting power, W; ) is a
constant, J/cm3; MRR is average material removal rate, cm’/s.
The equation Ag= 1000 - (1 + cvp) - SCE is satisfied.

Energy consumption of the variable-MRR machining pro-
cess can be calculated as follows:

Eyc = A-MRR-T (3)

Where E,,c is material-cutting energy of variable-MRR
machining process, J; T is duration of variable-MRR machin-
ing process, s.

Based on Egs. (2) and (3), the material-cutting energy of
variable-MRR machining process can be obtained. However,
the disadvantages of the above simplified average model are
as follows: (1) MRR is essentially determined by the co-effect
of cutting parameters, but MRR was simplified as a single var-
iable in the above model. Consequently, the effect of each cut-
ting parameter (v, f, @,) on material-cutting power was not
fully considered. (2) As the obtained power is the average
material-cutting power, the dynamic changing of
material-cutting power of machining process cannot be
reflected, and it is hard to know the energy distribution of the
whole machining process. In order to deal with the above prob-
lems, an improved material-cutting energy model is proposed in
next subsection.

A
i L
;;“ - f( i’fapz)
=
E ¢
Af T t

Fig. 4 Schematic diagram of decomposed-MRR
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Fig. 5 Three stages of a typical
end face turning process

3.1.2 Improved energy model
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influence of the three cutting parameters (v, f and a,) into
account.

As shown in Fig. 4, the variable-MRR machining process is

decomposed into N subintervals to investigate its energy con-
sumption. The variations of cutting parameters (v, f, a,) in
each subinterval will be very small if the value of N is large
enough. The actual value of each cutting parameter can be
substituted by the average value of corresponding parameter
in each subinterval. Hence, it can be treated as a

Fc — kFc'CFc'V’Z‘FC.fyF(.a;FC (6)

Where F, is main cutting force, N; kg is correction coeffi-
cient; Cr., np., Vre, Xr. are constants; v, is cutting speed,
m/min; fis feed rate, mm/r; o, is depth of cut, mm.

Based on Egs. (4) ~(6), the material-cutting power can
further be written as follows:

constant-MRR machining process within each subinterval.

The larger the N is, the more each subinterval is close to a

constant-MRR machining process.

According to the references [39, 41], material-cutting pow-

er can be expressed as follows:

Pyc = (1 + ) Preus

Where PT,, is theoretical cutting power and also the min-
imum power required for material removing, W. aq is the

coefficient of power loss.

The theoretical cutting power is generated by cutting force,
which includes main cutting force, radial cutting force, and
axial cutting force. Main cutting force is responsible for 9 ~
99 % of the generation of total power [42]. Therefore, the
theoretical cutting power can be written as follows:

Proy = Fc'Vc/6O

Pyc = (1 + Oz())-Fc'VC/60
— (1 + ao),kFC_CFC,VZFC+1_f_VpL»,a;Fc/60 (7)

The material-cutting power can also be expressed as fol-
(4)  lows:

PMC = )\'V?'fﬂ'(l; (8)

Where A\, «, [ and ~y are constants; the following equa-
tions are satisfied: A\=(1+ay) - kp.- Cr/60, a=np.+1, 8
=VFes VT XFe

As each subinterval of variable-MRR machining process is
treated as a constant-MRR machining process, average
material-cutting power of subinterval i can be expressed as
Eq. (9) based on formula (8):

(5) _a_f__
Pyc,i = AVe +f; -Gy 9)

Where F,. is main cutting force, N; v, is cutting speed,

m/min.

The main cutting force can further be represented as Eq. 6
[43], which is a commonly used empirical formula taking the

Where v,; is average cutting speed of subinterval 7, m/min;
}Ti is average feed rate of subinterval i, mm/r; @, is average
depth of cut of subinterval i, mm.

Table 1 Material-cutting energy model for end face turning process

Item

Material-cutting energy model

Average-MRR based model

Improved energy model

Eyc =X oMRR-T, (MRR = %7 T =ten+ lf/’cut)

e C2fm? \ L g N et 2fm N\ s s
EMch) {X(vo 600001) S (apt [ ten) ]dt+Lm X[ vo 60000t feay dt
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Table 2  Process parameters and their levels

Factors Parameters Level 1 Level 2 Level 3
A n (r/min) 400 600 800

B dy (mm) 37 47 57

C f (mm/r) 0.05 0.1 0.15

D a, (mm) 0.5 1.0 1.5

Energy consumption of the variable-MRR machining pro-
cess can be calculated as follows:

a__ 0 5
()\.V—m. .fl_ .a—pi -At>

Where N is number of subintervals, At is the duration of
each subinterval, s. At=T/N, Tis duration of variable-MRR
machining process, s.

When the three cutting parameters can be expressed as the
function of time, then the material-cutting power of
variable-MRR machining process can be written as formula (11).

Purc(t) = Mve ()" () -ay(t)” (11)

Where v (1), f(1), a,(t) are functions of cutting speed, feed
rate, and depth of cut against time, respectively.

Based on formula (11), the energy consumption of the
variable-MRR machining process can be derived by the ener-
gy method.

N

EMC:Z

i=1

(10)

T T
EMczi/ PMcUyh:i/ Ave () f (6 ap(6)'dt  (12)
0 0

In the above model, the MRR is further broken down
rather than be treated as a single variable. While fully
considering the impact of each cutting parameter on the
material-cutting power, the improved model will be more
consistent with the material-cutting energy consumption
behavior of actual machining.

Fig. 6 Measured power profiles 2500~

of four experiments 2000

3500+

3000+ Power profile of Experiment 18
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Power profile of Experiment 3
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3.2 Material-cutting energy model for typical
variable-MRR process: end face turning

3.2.1 Material-cutting energy model of end face turning
process

End face turning process is a typical variable-MRR process. In
this section, the specific expressions of MRR, v.(¢) , f (¢)
and a,(t) in the material-cutting energy model of
variable-MRR process are established by taking end face turn-
ing process as an example. As shown in Fig. 5, the end face
turning process can be divided into three stages: (1) cutter
entering stage (D — ), (2) fully cutting stage (2 — @)
and (3) cutter exiting stage (3) — @). The material-cutting
energy consumption of the cutter exiting stage is very small
due to its small cutting speed and short cutting time. Hence,
the material-cutting energy of the cutter exiting stage is not
considered in this study. Thus, the material-cutting energy
model of the cutter entering stage and fully cutting stage are
focused on in this section.

Stage 1: Cutter entering stage (D) — @)

For the cutter entering stage, the cutter is gradually cutting
into the workpiece with the gradually decreasing cutting
speed, increasing depth of cut, and constant feed rate. Func-
tions of cutting speed and depth of cut against time are
expressed by Eqgs. (13) and (14), respectively.

n 2fn 2fmn?
”mzmmcwiﬁozwkmmt

Where d, is diameter of workpiece, mm,; fis feed rate, mm/
r; n is spindle speed, r/min; ¢ is cutting time, s.

(13)

ay(t) = ayt/to, (14)

Where «, is depth of cut, mm; 7., is duration of cutter
entering stage, s.

2500

" Power profile of Experiment 9

2 40 60 80 100 120 140 160 180
Time(s)

ITime(s)

" Power profile of Experiment 27

I i
100 120

Time (s)
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Table 3 Detailed material-

cutting power data of experiment No 1(s)  ve(mmin)  Progrcu (W) Pair-cadW)  Prmc(W)

3 at dry cutting environment

Ist cut 2ndcut  3rdcut  Avg
3-1 0.1 4637 927.12 92475  931.05  927.64 91649 11.15
32 02  46.12 935.02  941.02 93234  936.13  916.49 19.64
33 03 4587 976.12  963.08  952.63  963.94  916.49 4745
34 04 4562 1009.96  986.15  993.86  996.66  916.49 80.17
3-5 05 4537 1019.12  1024.54 101197 1018.54  916.49 102.05
3-6 0.6 45.12 1048.96  1041.85 104573 1045.52 916.49 129.03
3-7 0.7 44.87 1097.14  1056.17 1085.89 1079.73  916.49 163.24
3-8 0.8 44.62 1136.19  1093.82  1096.68 110890  916.49 192.41
3-9 0.9 44.36 115320 113291 112399 1136.70  916.49 220.21
3-10 1.0 44.11 1173.00 1156.75 116249 1164.08 916.49 247.59
3-11 1.1 43.86 1207.08  1202.89 118790  1199.29  916.49 282.80
3-12 1.2 43.61 1241.82 123344 1221.10 1232.12  916.49 315.63
3-13 1.3 43.36 1267.52  1251.85 1258.64 125933  916.49 342.84
3-14 1.4 43.11 1295.76 129337 1277.63 128892  916.49 37243
3-15 1.5 4286 1322.01 131423 130571 131398 916.49 397.49
3-16 1.6 42.60 134946 133830 1336.58 134145 916.49 424.96
3-17 1.7 4235 1370.56  1365.01 134473  1360.10 916.49 443.61
3-18 1.8 4210 1376.95 1367.38 136131 1368.55 916.49 452.06
3-183 183 0.63 964.57 963.82 966.12 964.84 916.49 48.35
3-184 184 038 951.68  950.45 94685  949.66  916.49 33.17
3-185 185 0.13 95333 93725  950.78  947.12  916.49 30.63
n =400 r/min; dy=37 mm; f=0.15 mm/r; a,= 1.5 mm
The material-cutting power of cutter entering stage can be B _2f mn? \ 5
obtained by substituting the formula (13) and (14) into formu- Pyc =X <V0 60000 " > fay (16)

la (11).

2fmm® \* /
PMC :)\'(Vo_ 66000 t) 'fd'(ap'l/ten)’) (15)

Stage 2: Fully cutting stage (2 — @)
For the fully cutting stage, the cutter is removing the ma-
terial with constant feed rate, depth of cut, and decreasing

cutting speed. The cutting speed is satisfied: v.(¢) = {555
(dof%”t) :vofzé-gggg t. Based on formula (11), the

material-cutting power can be expressed as:

Table 4 Curve fitting results (I-model) dry

Coefficients Value Standard #-Value Prob  Statistics

error >
A 30.03755 0.28113 106.84735 0 R-square(COD)
A 1.03538 0.00213 487.05996 0 0.98492
B 0.79167 0.00227 348.86668 0 Adj. R-square
r 1.03915 0.0031  335.52449 0 0.98491

According to Egs. (15) and (16), the material-cutting power
of end face turning process can be expressed with a piecewise
function:

2fm® \* 5
A-(Vo—ﬂt> Sl apet/ten)” 0t <t

60000
Pyc = 2 fo}’lz a
A (VO_ 60000 t) ‘fd'a;/ >tenSt < leop +t/'cul
(17)
Table 5 ANOVA for material-cutting power (I-model) dry
DF Sum of Mean F value Prob
squares square >F
Regression 4 5.48573E8 1.37143E8 27241933771 0
Residual 8054 4.0546E6  503.42692
Uncorrected 8058  5.52628E8
total
Corrected 8057 2.68787ES8
total
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Table 6  Fitting coefficients of material-cutting energy model for end face turning process

Item Model

Average-MRR based model

Cutting environment Dry

Fitting coefficients Ao=3060.256

Improved energy model

2fmn?

Cutting environment Dry

Fitting coefficients

Epe — A o-MRR-T, (MRR -

Eyc =1 {/\- (vo—mz) Cf @yt 1) 7 Yt + T A <v0—

A=30.038, ar=1.035, 8=0.792, v=1.039

T 2 a,
s T =t +t/aw>
Wet
Ao=2964.198
2fmn?
— ) “fP.a? 1dt
60000 ) fra ]

Wet
A=27.133, a=1.078, 3=0.845, v=1.043

Meanwhile, the following equations are satisfied:

™

_ [ _ ap-cotk, _
~ 1000

; do/2-1 _ dy/2-a,-cotk,
v oaff60 T Ty

vy nf /60

(18)

Where vy is initial cutting speed, m/min; 7 is spindle speed,
r/min; d, is diameter of workpiece, mm; ¢, is duration of
cutter entering stage, s; / is feed distance during cutter entering
stage, mm; vyis feed speed, mm/s; o, is depth of cut, mm; . is
main angle; fis feed rate, mm/r; #,, is duration of fully cutting
stage, s.

Material-cutting energy of the cutter entering stage can be
calculated by formula (19).

E, — / { A (VO_W

60000
Material-cutting energy of the fully cutting stage can be
calculated by formula (20).

2
Ejous = / {)\. (Vo— 2fmn

60000
Material-cutting energy of the end face turning process can
be expressed as follows:

do, t

Vo en =

Len

t> a-f*g- (a,,-t/teny} dt  (19)

0

ten=+tfou

t)a-f3-a; ]dt (20)

ten

Eyc =Ee, + Eﬁ’ut

len 2f7Tn2 @ 3 K
_/0 [/\-(VO o t) f ~(a,,-t/te,,> [ e
tenttfou Zfﬂ-nz @
o vo— B
+ / . B (vo i t) fhay|de (1)

For the end face turning process, the average-MRR can be
expressed as follows:

2
wdy X ap

MRR = 2000 x T

(22)
Where T is duration of end face turning process, s, the
equation T'=t,, + t1,, is satisfied:
According to the formula (3) and formula (21), the
material-cutting energy model for end face turning process
are summarized in Table 1.

3.2.2 Fitting coefficients of material-cutting energy model

The coefficients of the average-MRR based model
(abbreviated as A-model) and the improved energy model
(abbreviated as I-model) are dependent on the co-effect of
machine tool, cutter, and workpiece material, which are

Fig. 7 Comparison of calculated 2000 :
power profiles of the A-model =i (.alcululcd Power (A-Model)
d I-model -===-Calculated Power (I-Model)
an Machine: CK6153i lathe
1500 - 1" Cut ) 2" Cut 3" Cut Material: 45# Steel
» i power § A Cutter: yo=+7°, k=45°
g ! % cut'tmg power : i I, LY 5 Kr
= Ly ‘,_'_ = ‘ ;__ e (8 _‘_s‘_ e Cutting environment:dry
'y 1 s ~ .
% J s ) 1 V N ' J! L I n=520r/min
4 ] >3 L "
o - . - d/=57mm
10001 =0.09mm/r
Air-cutting power 4,=0.8mm
500 -+ T —m 77—
0 25 50 75 100 125 150 175 200
Time (s)
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Table 7  Parameter values of four test experiments

Parameters Test 1 Test 2 Test 3 Test 4
Spindle speed (1r/min) 520 620 500 620
Workpiece diameter (mm) 57 47 47 57
Feed rate (mm/r) 0.09 0.14 0.11 0.12
Depth of cut (mm) 0.8 0.6 0.5 0.7
Cutting environment dry dry wet wet
Cutter entering time (s) 1.03 041 0.55 0.56
Fully cutting time (s) 35.51 15.83 25.09 22.42
Total cutting time (s) 36.54 16.24 25.64 22.98

difficult to be obtained by theoretical analysis. Therefore, sta-
tistical analysis and curve fitting were conducted to obtain the
coefficients of material-cutting energy model.

The material-cutting power is mainly influenced by cutting
parameters (cutting speed v,, feed rate /; and depth of cut a,) .
Cutting speed changes during the end face turning process.
The initial cutting speed is determined by spindle speed n and
diameter of workpiece d0. Therefore, spindle speed n, diame-
ter of workpiece dy, feed rate £, and depth of cut a,, are selected
as the process variables for design of experiment (DOE). Ex-
periments were conducted on a CK6153; CNC lathe, which
was manufactured by Jinan First Machine Tool Group Co.,
Ltd. of China. Blank material selected for the experiments was

45# steel (ASTM 1045 steel), which is widely used in struc-
tural parts (gears, shafts, etc.). The chemical composition of
45# steel is 0.44 % C, 0.23 % Si, 0.61 % Mn, 0.012 % P,
0.024 % S, 0.02 % Ni, 0.03 % Cr, 0.05 % Cu, 0.002 % Pb,
and Fe (remainder). The chosen cutter was
SNMG120408N-GU-AC725 (k,=45°, yo=+7°), which
was manufactured by SUMITOMO of Japan. The levels of
four experimental variables (n, dy, f, a,) are determined by
comprehensively considering the performance of machine
tool, characteristics of material, and recommended values giv-
en by cutter manufacturer, as shown in Table 2.

The experiments were arranged by using L27 (3'%) orthog-
onal array according to the Taguchi method. Taguchi method
is an experimental strategy in which a modified and standard-
ized form of DOE is used [44]. Each combination of cutting
parameters was repeated three times to improve the reliability
and accuracy of the observed data. The cutting environment
refers to whether the cutting fluid is applied or not. In order to
evaluate the impacts of the cutting fluid on the
material-cutting energy, the experiments conducted in the con-
dition of dry environment were repeated with cutting fluid. To
record the power and energy data of CNC machine tool, an
experimental setup was built by our research group. The ex-
perimental setup is composed of three voltage sensors (LEM
LV25-P), three current sensors (LEM LAS55-P), two NI-9215
data collecting cards, a CompactDAQ crate, and a LabVIEW

1 3
n=520r/min dy=57mm f=0.09mm/r a,=0.8mm ) [Formula(17),(23)]
Cutting environment = dry &, =45° 30.038- (v, 7%0] 035 #0792 0.781)19% 0<r<1,,

Pyc a = 5 o
2 30,038 (vg - 2L 0SS (0192 G100y g
andy  3.14-520.57 [Formula(18)] 60000 ‘
vy = =———— = =903.12 m/min
1000 1000
a,-cotk,  0.8-cot45” 4
oy = ”nf 60 L= 520-009/60 1.03 s [Formula(17),(23)]
’ » 4.464-(93.12—2.550)19%% . (0.78)! 9% ,0<r<1.03
— . o MC d =
;o _do[27ay ootk 57/2-0.8-cotdS oo 3541 (93,122,551 0% 1.03<1<36.54
Jeut nf /60 520-0.09/60
S 1.03
E,, = jo [4.464-(93.12-2.55)19% .(0.78)" %] ar [Formula(19)]
4.464 1.03 1.03
__ 4464 (93.12-2.55¢)1933.(0.781)%9%°| 7 —[-2.25-1.035-(0.78¢)> %% (93.12 - 2,55z)0'035]‘ =195.86J
0.78-2.039 0 0
6
36.54 [Formula(20)]
36.54 1.035 3.541 2.035
E oy = L o [3-541-(93.12-2.550)" 0 dt = —————(93.12-2.550)" =6556.85 ]
: : -2.55.2.035 103
7
[Formula(21)]

Epge = Egy + E oy =195.86 +6556.85 = 6752.71 J

Fig. 8 Material-cutting energy calculation process for Test 1
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94.64 %
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,0.55<¢ < 25.64
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Accuracy

interface. For detailed information about the experimental set-
up, you can refer to reference [45]. The measured power and
energy information were sorted in the SQL Server database
2005, and the measured power profiles of four experiments [3,
6, 18, 27] are shown in Fig. 6.

The sample rate of the experimental system was set to
10 Hz. The end face turning processes were executed on the
CK6153i lathe while power and energy data were recorded by
the abovementioned experimental setup. Since each set of
experiment was repeated three times, the value of Progi-cut
adopts the average value of three measurements. As shown
in Table 3, taking experiment 3 as an example, the duration of
cutter entering stage is 1.5 s and the duration of fully cutting
stage is 17 s. Data observed during fully cutting stage
(1.6~18.5 s) were selected to conduct data fitting. Experimen-
tal data of other 26 sets of experiments can also be processed
with the similar method.

Curve fitting was carried out on Origin8.0® Software for
all of the 27 groups of experimental data under a dry environ-
ment. Based on the formula (9), the curve fitting results and
analysis of variance (ANOVA) were shown in Tables 4 and 5,
respectively. According to Table 5, the coefficient A=
30.037559 and exponents a=1.03538, 3=0.79167, v=
1.03915. By substituting the above values (accurate to the
third decimal place) into formula (17), the piecewise function
of material-cutting power for the end face turning process at
dry environment can be expressed as follows:

2 10
60000

1.035
30.038- <Vo 2’ t) 07924109

35
30.038- (Vo* -_fo'm-(a,,-t/ten)]'ow 0<t < 1,

Pyca=

slen<t < len + tieus

(23)

" 60000 »

The small P value (Prob=0<0.05, 95 % confidence level)
in ANOVA table indicates the strong correlation between P-
wmc a and v, f, a,. The R-square value is 0.98492, which
indicates that the developed model could well describe the
material-cutting power under various combinations of v,, f,
ay,
The material-cutting energy of end face turning process at
dry cutting environment can be expressed as follows:

fen P f7Tn2 1.035 1.039
Evca = 30.038- ( vo- - 0.792.( b ]dt
e / 0 { (V" 60000 ) S @t/

fentHur 2fmn? \ M0
30.038- — ¢ L £0.792, 1,039}dt
+/ [ (V" 60000) S,

ten

(24)

Similarly, fitting coefficients of improved energy model at
wet cutting environment can be obtained. To compare the ef-
fectiveness of the improved energy model and average-MRR
based model, fitting coefficients of the average-MRR based
model were also obtained based on the same experimental data
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Fig. 9 Calculated power profiles with A-model and I-model vs. measured power profiles of the four tests

as the improved energy model. The obtained coefficients of
material-cutting energy model for end face turning process
are summarized in Table 6. Since the fitting coefficients vary
between different machining processes (grooving, chamfering,
milling process, etc.), the same modeling methodology needs
to be repeated to other machining process [10].

When the fitting coefficients are determined,
material-cutting energy of end face turning process under oth-
er combinations of cutting parameters can be calculated. Sup-
posing the combinations of cutting parameters are (n =520 1/
min, do =57 mm, /= 0.09 mm/r, a, = 0.8 mm), and the cutting
process was repeated three times under dry condition. Based
on the A-model, I-model, and the fitting coefficients in
Table 6, the calculated power profiles can be obtained, as
shown in Fig. 7.

4 Experimental study

To examine the validity of the improved energy model,
four test experiments were conducted. As shown in

Table 7, the parameter values of the four tests were cho-
sen randomly and combinations of parameter value for
these four tests were different with the data used for curve
fitting. The material of the blank selected for the tests was
45# steel (ASTM 1045 steel). The four tests were con-
ducted on the CK6153i CNC lathe, and each test was
repeated three times to improve the reliability of the observed
data. The selected cutter was SNMG120408N-GU-
ACT25 (k,=45°,vo=+7°).

According to the improved energy model in Section 3.1.2,
the material-cutting energy calculation processes for test 1 are
displayed in Fig. 8.

Following the same calculation processes, material-cutting
energy for Test 2~Test 4 can also be obtained. The calculation
results are listed in Table 8. The power and energy during four
tests were recorded by the experimental setup built by our
research group. The comparison of calculated power profiles
with I-model and measured power profiles of the four tests are
shown in Fig. 9. The calculation results of material-cutting
energy with A-model are also obtained, which are shown in
Table 9. The comparison of the calculated power profiles with

Table 9  Calculation results of material-cutting energy for test groups (A-model)

No Power model _ . 1(s Ecucutatea Eveasurea J Accurac
MRR (cm3/s) Prtoren (W) (s Calcutated () Me a () y
Test 1 . _ 0.056 170.98 36.54 6247.23 6453.44 96.80 %
Ppc_qa = 3060.256-MRR
Test 2 . _ 0.064 196.11 16.24 3185.63 2899.04 90.11 %
Pyc_qa = 3060.256-M RR
Test 3 _ _ 0.034 100.30 25.64 2571.36 2412.77 93.43 %
Pycy =2964.198-MRR
Test 4 0.078 230.37 22.98 5294.74 5571.19 95.04 %

Prc_w = 2964.198-MRR

Accuracy = (l'lECalculaled - EMeasuredVEMeasured) x100 %
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A-model and [-model and measured power profiles of the four
tests are shown in Fig. 9.

The impact of cutting parameters on material-cutting power
is fully considered in the improved energy model (I-model),
and the mathematical expression of this model is more com-
plicated than the average-MRR based model (A-model).
However, the basic input parameters of [-model are common-
ly used cutting parameters (cutting parameters v,., f, a,, spindle
speed n), which are easily to be obtained. As the
average-MRR is viewed as a single parameter in A-model,
the dynamic characteristic of cutting power of cutting process
is not reflected by A-model. The transparency of energy con-
sumption of A-model is not satisfactory. However, the impact
of cutting parameters on material-cutting power is considered
by I-model, and the dynamic characteristic of cutting power of
cutting process can also be reflected. The [-model improves
the transparency of power and energy consumption of ma-
chining process and facilitates the exploration of high cutting
power or low energy efficiency process. The I-model lays a
solid foundation for energy optimization of machining pro-
cesses. The accuracies of two models are both higher than
90.0 %, and the average accuracy of the I-model (95.0 %) is
higher than that of the A-model (93.8 %). The calculation
results of material-cutting energy with the above two models
are shown in Fig. 10. Under the circumstances that the accu-
racy is not very important and just a rough result is required
and the power details of cutting process are not concerned, the
A-model can be employed to reduce the computational com-
plexity. But when the high accuracy and the understanding of
dynamic characteristic of cutting power for cutting process is
required, the I-model is more appropriate.

Moreover, the maximum cutting power is more important
than average cutting power of machining process when judg-
ing whether one machine meet the cutting requirements. Due
to the fact that only the power provided by machine spindle is
greater than the maximum cutting power of machining pro-
cess, the machine is likely to meet the cutting requirements. If
only the average cutting power is known while the maximum
cutting power is unknown, one problem will exist: even the
power provided by machine spindle is greater than the average

cutting power, whether the power provided by machine spin-
dle is greater than maximum cutting power or not is still not
sure. Once the power provided by machine spindle is smaller
than maximum cutting power, it will cause the machine spin-
dle power shortage and make the spindle stop. Hence, the
I-model can provide more accurate and effective power data
compared to the A-model when judging whether one machine
meet the cutting requirements.

5 Conclusions

The energy characteristic of variable-MRR machining process
is more complicated than that of constant-MRR machining
process due to the dynamically changing cutting parameters.
In this paper, a modeling method for material-cutting energy
of variable-MRR machining process is proposed. The
variable-MRR machining process is decomposed into N sub-
intervals by considering the dynamic changing cutting power.
For each subinterval, the average material-cutting power is
used to substitute the actual material-cutting power. Moreover,
the total material-cutting energy is obtained by summing up
the average material-cutting energy of each subinterval. With-
in each subinterval, the effect of each cutting parameter (v..f,
a,) on material-cutting power is fully considered rather than
only taking into account the overall impact of MRR. The
advantages of the improved energy model are as follows: (1)
the variable-MRR machining process is divided into a large
number of subintervals to analyze the power and energy con-
sumption characteristic based on the thought of differential,
which improves the transparency of material-cutting energy
consumption of the variable-MRR machining process and
makes it convenient to explore the high cutting power or
low energy efficiency subintervals. (2) Within each subinter-
val, the function between material-cutting energy and three
cutting parameters (v..f,a,) is developed rather than taking
the MRR as a single variable. This model is more constant
with the actual situation and can well represent the energy
consumption characteristic of variable-MRR machining pro-
cess. (3) Variable-MRR machining process, as one of the

Fig. 10 Calculation results of 8000 -
material-cutting energy with A- 75271 ® Calculated value (A-model)
model and I-model 7000 - 624723 " 6453.44 ® Calculated value (I-model)
6000 - O Measured value 520474 542027 5571.19
S 5000
3
g 4000 3185.63 3112.11
0 . - 2899.04
3000 - 2571.36 2542.07 2412.77
2000 -
1000 1
O Jd | -
Test 1 Test 2 Test 3 Test4
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common machining processes, the establishment of its
material-cutting energy model can lay a solid foundation for
energy modeling and energy optimization of machining pro-
cesses. Experimental studies were carried out to obtain the
fitting coefficients of the material-cutting energy model of
variable-MRR machining process. The feasibility of the de-
veloped material-cutting energy model was verified by
conducting material-cutting energy calculation of four test
experiments.

Material-cutting energy model for variable-MRR machin-
ing process has been established in this study. The energy
consumption of a typical machining process is mainly com-
posed of energy consumption of non-cutting process and cut-
ting process (constant-MRR cutting process and
variable-MRR cutting process). Only the energy model of
variable-MRR cutting process is combined with the energy
models of non-cutting process and constant-MRR cutting pro-
cess, and the complete energy model of machining process
can be established. Further efforts will be conducted to estab-
lish an energy model of complete machining process based on
the energy model of non-cutting process, constant-MRR, and
variable-MRR cutting process. The energy optimization of
machining process will be further researched based on such
an energy model.
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