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Abstract. Machine tool utilization has various significant environmental negative
impacts caused by the energy consumption such as the global warming and green-
house emission. Thus, manufacturing parts with sustainable methods is needed
to decrease the ratio of environmental negative impacts. This conducts to using
models to predict energy during the cutting operation. The objective of this study
is to calculate the quantity of the variable energy consumed by the cutting system
using two methods: coupled and uncoupled system. This work takes into account
the cutting force dynamic behavior. Furthermore, in this work a comparison of
consumed energy by two systems for two types of machining (face milling and
peripheral) and rotational speed. Results prove that there is no difference between
the coupled and uncoupled systems. In addition, the peripheral operation con-
sumes more energy than the face milling. In a second time, this paper presents a
formulation to optimize the consumed power during a single pass of face milling
operation. Based on the Particle Swarm Optimization (PSO) algorithm, the opti-
mum values of cutting parameters (rotational speed �, feed per tooth f z and axial
depth of cut ap) is determined which leads to a minimal consumption of electrical
energy during the removing material process.

Keywords: Manufacturing · Machine tool · Cutting system · Energy
consumption · Sustainable manufacturing

1 Introduction

In manufacturing, a high portion of total electrical energy provided is consumed by the
cutting phase (Ben Jdidia et al. 2020) which conducts to various negatives impacts on
environment such as the global warming and greenhouse emission (Peng and Xu 2017).
Thus, it is urgent to reduce the quantity of consumed energy during machining (Jin et al.
2015). That’s why the formulation of the energy is needed during the removing material
phase to analyze the impact of various parameters on energy consumption and then to
decrease the required energy for machining (Bhushan 2013; Jia et al. 2014). Several

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
M. Ben Amar et al. (Eds.): A3M 2021, LNME, pp. 288–300, 2022.
https://doi.org/10.1007/978-3-030-84958-0_31

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84958-0_31&domain=pdf
https://doi.org/10.1007/978-3-030-84958-0_31


Optimization of the Electrical Energy Consumed 289

works aim to model the electrical energy demanded by different machine tool compo-
nents. The cutting system formed by the table and the spindle system is the movable
parts in manufacturing and the exploration of this motion system is very important.

To estimate the quantity of the energy consumed by the cutting system during a face
milling operation, two models to determine the consumed energy by the axis feed and
the spindle system are elaborated by (Avram and Xirouchakis 2011). Authors used a
constant value of cutting force components to calculate the energy needed to remove the
material. The dynamic nature of the cutting forces is neglected.

Similarly, for milling operation (Edem and Mativenga 2017) includes the impacts of
the weights of the table in the axis feed model. Besides, the total power consumed by
the spindle is composed of a power needed to spindle acceleration and a power needed
to remove the material. This latter is obtained by multiplying the specific pressure of cut
by the rate of the removal material. Also, in his study the variation of the cutting force
with time which impacts the cutting power prediction accuracy is neglected.

(Borgia et al. 2016) have established two models to determine the power consumed
by the cutting system by considering the effect of the material shear and the friction
contact area between the tool flank face and workpiece surface. However, the cutting
force model neglects its dynamic behavior.

To estimate the cutting force (Lv et al. 2016; Deng et al. 2017; Li et al. 2017; Hu
et al. 2017) are based on a generic exponential formulation of the cutting parameters.
The model coefficients are identified thanks to a regression analysis which needs several
cost experiments. In these works, the cutting force is modeled without considering its
dynamic nature during the milling operation. By consequence, the energy needed to
rotate the spindle to cut the material is constant while the spindle system is described
by (Rief et al. 2017) as a dynamic consumer of energy. In fact, in his investigation, the
cutting power is modeled as a fraction between the material removal rate and the specific
material removal rate. The cutting section variation over time is not considered. The
cutting section variation over time intervenes in the chip thickness formation. Thus, this
static behavior, which neglects the temporal parameter, is satisfactory only for turning
process where the cutting section is constant.

The background of models presented above is used to calculate the energy supplied
to themachine tool to produce parts. However, themilling force dynamic nature is totally
absent which conducts to inaccurate energy estimation. Until now, there are no works
that model the coupling between the axis feed and the spindle system. That’s why; the
objective of this study is to look after a better prediction of the demanded cutting system
power for a face milling operation. The investigation presents a consideration of the
dynamic behavior of the cutting force in order to ameliorate the evaluation of the cutting
system consumed energy during a face milling operation.
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2 Numerical Machine Tool Consumed Power

During a cutting operation the overall electrical consumed powerPcutting system, is written
as the sum of the power needed to move the table Ptable and the power needed to rotate
the spindle system Pspindle as shown below:

Pmachine-tool(t) = Pspindle(t) + Ptable(t) (1)

with
{
Pspindle(t) = Ft(t) × Vc

Ptable(t) = Fx(t) × Vf
(2)

where
Ft(t) and Fx(t) are respectively the nonlinear tangential and feed components of the

cutting force. During a milling operation, the cutting forces are nonlinear.
Vf (mm/min) is the feed rate and Vc (m/min)is the cutting speed.
In the rest of this paper, we will focus on the cutting force computation in order

to calculate the feed and tangential components. Two methods are illustrated in this
work. The first one (given by the Sect. 2.1) considers the spindle and the table systems
separately. Any coupling between the two machinery parts is considered. Two motion
equations, relative to each part (table and spindle), are resolved in order to calculate the
cutting force. The second method (given by the Sect. 2.2), which better describes the
machinery process, considers a coupling between the table and the spindle. The equation
of motion of the machine is resolved, taking account of the table and the spindle in the
same time, to calculate the cutting force.

2.1 Decoupled Modeling

For the first method, the cutting system is considered decoupled. To determine the
cutting force, a resolution of the spindle equation of motion is performed. The spindle
is discretized based on the Finite Element Method (FEM) into 15 linear beam elements
(Fig. 1). The theory of Timoshenko is included to describe the shear constraints in the
beam elements.

In this case, the equation of motion of the spindle is as following:

[
Mspindle

]{q̈} + [
Cspindle

]{q̇} + [
Kspindle

]{q} = {Fc(t)} (3)

where [Mspindle], [Cspindle], [Kspindle] are respectively the mass, the damping and the
stiffness spindle matrix. The vector {q} constitutes the degrees of freedom associated
to various nodes and caused by elastic movements.
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Fig. 1. Schematic representation of spindle system

The total variable cutting force is described in the second member. Two operating
modes are defined: the face milling operating mode and a peripheral operating mode.
For a face milling operating mode, the cutting force is described by this equation (Budak
2006):

Fc(t) =

⎧⎪⎨
⎪⎩
FX (t)
FY (t)
FZ (t)

⎫⎪⎬
⎪⎭ =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

N∑
i=1

dFX (�i(t))

N∑
i=1

dFY (�i(t))

N∑
i=1

dFZ (�i(t))

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

=
N∑
i=1

⎡
⎢⎣
cos(�i(t)) sin(�i(t)) 0

sin(�i(t)) −cos(�i(t)) 0

0 0 1

⎤
⎥⎦

⎧⎪⎨
⎪⎩
dFt,i(�i(t))
dFr,i(�i(t))
dFa,i(�i(t))

⎫⎪⎬
⎪⎭ (4)

The parameters are shown by the following Fig. 2:

Fig. 2. Face milling parameters
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where N is the tool teeth number and �i(t) is the instantaneous angular position of the
ith tooth given as:

�i(t) = � t + (i − 1)�p (5)

with � is the angular speed of the spindle and Φp is the tooth spacing angle.
For peripheral operation the total cutting force is determinated as (Hentati et al.

2016):

Fc(t) =

⎧⎪⎨
⎪⎩
FX (t)
FY (t)
FZ (t)

⎫⎪⎬
⎪⎭ =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Nf∑
k=1

N∑
i=1

dFX ,i(�i(t))

Nf∑
k=1

N∑
i=1

dFY ,i(�i(t))

Nf∑
k=1

N∑
i=1

dFZ,i(�i(t))

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

=
Nf∑
k=1

N∑
i=1

⎡
⎢⎣

−cos(�i(t)) −sin(�i(t)) 0

sin(�i(t)) −cos(�i(t)) 0

0 0 1

⎤
⎥⎦

⎧⎪⎨
⎪⎩
dFt,i(�i(t, z))
dFr,i(�i(t, z))
dFa,i(�i(t, z))

⎫⎪⎬
⎪⎭ (6)

where dFX,i, dFY,i and dFZ,i are the differential feed, normal to feed and axial forces
components expressed using dFt,i, dFr,i and dFa,i that are the tangential, radial and axial
components for the ith tooth which are described as a nonlinear function of variable chip
load h(Fi) as follow: ⎧⎨

⎩
dFt,i(�i(t)) = g(�i(t))ktaph(�i(t))
dFr,i(�i(t)) = kr dFt,i(�i(t))
dFa,i(�i(t)) = ka dFt,i(�i(t))

(7)

where the function g(Fi(t)) describes if the ith tooth is active or not, kt , kr and ka are
the specific constant pressure of the cutting force and ap is the axial depth. We choose
kt = 2200 (N/mm2), kr = 0.8 (N/mm2) and ka = 0.7 (N/mm2).

During the face milling and the peripheral operations, the variable chip generated
is composed of a static part named hs and a dynamic one named hd relative to the
instantaneous angular position.

hj(�i(t)) = fzsin(�i(t))︸ ︷︷ ︸
hs

+ (uX (t) − uX (t − τ))sin(�i(t)) + (uY (t) − uY (t − τ))cos(�i(t))︸ ︷︷ ︸
hd

(8)

The difference between the variable chip thickness generated by a face milling oper-
ation or peripheral operation resides on the expression of the instantaneous angular
position which can be expressed with function of only the ith tool teeth number or with
function of both the ith tool teeth number and disks number (k).

The spindle system motion equation is resolved based on Newmark method coupled
with Newton Raphson iterative method due to its non linearity.

2.2 Decoupled Modeling

For the secondmethod, the total cutting energywill be obtained from a coupling between
the spindle and the table where the cutting force is determined from the equation of
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motion formed by the finite element modeling of both the table and the spindle system.
In this case, the equation of motion is presented as follow:

[Mmachine-tool] {q̈} + [Cmachine-tool] {q̇} + [Kmachine-tool] {q} =
{
Fc(t)
−Fc(t)

}
(9)

where [Mmachine-tool], [Cmachine-tool], [Kmachine-tool] are respectively the mass, the
damping and the stiffness cutting system matrix expressed as following:

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

[Mmachine-tool] =
[
Mspindle 0

0 Mtable

]

[Kmachine-tool] =
[
Kspindle Kcoupling

Kcoupling Ktable

]

[Cmachine-tool] = α[Mmachine-tool] + β[Kmachine-tool]

(10)

To obtain eachmatrix of the spindle and the table, the first step consists on developing
the finite element model of the spindle structure and the table to obtain each stiffness
and mass matrix. The vice and the workpiece are considered rigid in our model and they
are modeled by a concentrated mass at the contact point between the spindle and the
table (Fig. 3). The cutting force is placed in the contact point which corresponds to node
1 of the spindle and node 60 of the table.

Spindle

Table 

Contact point 

Fig. 3. Cutting system finite element model

The coupling is modeled by a localized rigidity kcoupling added in the contact point.
The equation ofmotion of the coupled cutting system is resolved usingNewmarkmethod
coupled with Newton Raphson.

The flowchart describing each step used to computing the estimated machine tool
consumed power is given by Fig. 4.

The temporal responses of the displacement vectors along the X, Y and Z directions
of the node 1 of the spindle and the node 60 of the table are presented in these figures
and show that the displacements of the two nodes are identical in terms of norm but
in opposite directions. Thus, the coupling between the two systems is well modeled
(Fig. 5).



294 A. Ben Jdidia et al.

Inputs:  Spindle and table characteristics; Cutting conditions, 
coupling stiffness constant…

Dynamic equation resolution (eq. 9)
(Newmark coupled with Newton Raphson method)

Cutting forces Fc(t)

Table consumed power Ptable Spindle consumed power Pspindle

Output: Machine tool consumed power Pmachine-tool

Fig. 4. Flowchart describing machine tool consumed power computation

Knowing the machine-tool consumed power, the machine-tool cutting energy can
be deduced by the following equation:

Emachine-tool

tcutting∫
0

Emachine-tool(t)dt (11)

2.3 Experimental Machine Tool Consumed Power

A CNC FEELER fv-760 milling machine is used to elaborate an experimental study.
The characteristics of the machine are given by Table 1. The used mild steel work-piece
is a 150 mm length, 100 mm width and 50 mm thick.

In order to calculate the total energy consumed by the cuttingmachine during the cut-
ting period, both table and spindle consumed power are measured using an experimental
situ. An electrical connection performed at the output of the spindle or the table drives.
Then, two NI-9223 data collecting cards are used to converts the signal to a digital one.
The signals are recorded by a NI cDAQ-9174. A LabVIEW interface is used to acquire
the instantaneous power consumed by the machine (Fig. 6).

Each mechanical measured power is giving by subtracting the Joule power from
the total one absorbed by the spindle or the table systems. The Joule power can be
determinated using the motor resistance measured by a multi-meter (R = 2.42 � for the
spindle and R = 0.29 � for the table) and the currents values per phase as expressed in
the following expression:

PJoule = R
(
I20 + I21 + I22

)
(12)
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Fig. 5. Displacement evolution of node 1 of the spindle and node 60 of the table in direction X
(a), direction Y (b) and direction Z (c)
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Table 1. Spindle and table characteristics of a cutting machine CNC FEELER fv-760

Parameter Value

Spindle Maximum feed system cross travel along Z axis 510 mm

Spindle diameter 80 mm

Machine speed 1500–2000 rpm

Column - spindle axis 665 mm

Tool holder BT 40

Table Maximum feed system cross travel along X axis 760 mm

Maximum feed system cross travel along Y axis 420 mm

Rapid traverse along X, Y, and Z axes 24 m/min

3 current 
sensor

3 voltage 
sensor 

NI cDAQ-9174 
2 data collecting 

NI 9223

LabVIEW 

Fig. 6. Setting up measuring instruments on the machine tool

The total power consumed by the tool machine during the cutting period will be then
the sum of the mechanical power consumed by the spindle and the table systems.

The total energy consumed by the cutting machine, FEELER fv-760, will be com-
puted by multiplying the total consumed power by the total time spent to execute the
material removing.

2.4 Results and Discussion

In order to improve the accuracy of our formulation, comparisons between numerical
and experimental table and spindle consumed powers and energies are done. The Table
2 recapitulates the obtained results given for a face milling cutting operation and a
rotational speed equal to 716 rpm. The cutting parameters for this study are: a cutting
speed of 140 m/min, an axial depth of cut equals to 2 mm and a feed per tooth equals to
0.2 mm/tooth.

We note a concordance between the numerical and experimental powers and energies
consumed by both table and spindle. In fact, the errors between numerical and experi-
mental powers consumed respectively by the table and the spindle are 2.44% and 3.36%
and the errors between numerical and experimental energies consumed respectively by
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Table 2. Comparison between table and spindle consumes powers and energies

Consumed power (W) Consumed energy (J)

Numerical Experimental Numerical Experimental

Table 14.79 15.16 105.46 101.07

Error (%) 2.44 4.16

Spindle 729.73 756.76 9140.6 9609.4

Error (%) 3.36 4.9

Uncoupled model 744.52 771.92 9246.06 9710.47

Error (%) 3.55 4.78

the table and the spindle are 4.16% and 4.9%. A good agreement is noted between
experimental and numerical results showing the robustness of our modeling.

For those cutting conditions,we can compute the experimental total consumedenergy
and the numerical total consumed energy for an uncoupled modelization. The obtained
results are summarized in the Table 2 (last two lines). The numerical obtained results
obtained for the uncoupled model are validated with experiments, in which the error is
3.55% and 4.78% respectively in terms of consumed power and consumed energy.

Table 3. Comparison between coupled and uncoupled model

Rotational speed (rpm) 1500 2000

Coupled
system

Peripheral 866.9 1147.93

Face milling 606.26 862.71

Uncoupled
system

Peripheral 872.8 1188

Face milling 613.15 868.8

Error 1 (%) Peripheral 0.7 1.10

Face milling 1.18 0.7

Error 2 (%) 29.7 26.86

Erreur1(%) =
(
Puncoupled − Pcoupled

Puncoupled

)
× 100

Erreur2(%) =
(
Pperipherical − Pface milling

Pperipherical

)
× 100 (13)

In order to show the impact of the coupling in our modeling, a parametric study is
elaborated for a FEELER fv 760 working in the same cutting operation parameters. A
comparison between the coupled and uncoupled model results, rotating at 1500 rpm and
2000 rpm, are summarized in Table 3, giving the CN machine consumed power for two
machining types (peripheral and face milling), during a single pass of each operation.
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The obtained results in Table 3 show, firstly, that the error (1) between the consumed
power by the coupled and uncoupled system is between 0.7 and 1.18% for the two differ-
ent rotational speeds. Thus, one concludes that there is no different between the coupled
and the uncoupled system to estimate the required consumed power. Furthermore, it is
clear that the consumed power consumed by the coupled system is slightly lower than
the one demanded by the uncoupled system. This result is explained by the consideration
of the mass, stiffness and damping matrices of the table in the motion equation which
influences the outputs of the motion equation and the value of the cutting force.

In addition, results prove that the peripheral operation consumes more power than
the face milling. In fact, we note in the case of the uncoupled system an increase of
26.86% for the rotational speed 1500 rpm and an increase of 29.7% for the rotational
speed 2000 rpm. This increase can be explained by the increase of the stress distribution
in the case of peripheral machining where the contact zone will be linear while in the
case of face milling machining, the contact zone will be the entire contact surface tool-
piece and the stress distribution will be all along this surface.

3 Optimization of the Consumed Cutting Energy

In manufacturing, the machining phase is the main electrical energy consumer (Li et al.
2016). Due to her significant part of electrical energy consumption, the CNC machining
has an important negative effect on environment (Dahmus and Gutowski 2004). It is
then urgent to reduce the consumed energy by the machining operation (Jin et al. 2015).
The goal of this section is to develop a new model of face milling machining energy
optimization.

Our objective is to find the optimum cutting parameters for a single pass of face
milling operation (rotational speed �, feed per tooth f z and axial depth of cut ap) to
minimize the cutting energy Pmachine-outil computed as described in Sect. 2. Due to the
indifferent consumed power of the machine tool, for the coupled and uncoupled model,
we will use in this section the uncoupled modelization. Our optimization problem is
described as following:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

min(Pmachine-tool)

s.c. :

⎧⎪⎨
⎪⎩

g1 = ks ae ap fz N
π D ≤ Fmax

g2 = ks ae ap fz N Vc
60000π D ≤ Pmax

g3 = 8ks ap fz z Vc
π2 D3 ≤ τmax

(14)

where g1, g2 and g3 denotes functions defining constraints related respectively to the
maximum cutting force Fmax that can be supported by the cutter tool, the maximum
cutting power available on the spindlemachinePmax , and the rupture resistance condition
of a milling cutter.

The limit of the machine tool must be also considered as following:

⎧⎨
⎩

�min ≤ � ≤ �max

f minz ≤ fz ≤ f maxz
aminp ≤ ap ≤ amaxp

(15)
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To resolve the optimization problem, particle swarm algorithm (PSO) is used. The
resolution is repeated 10 times to decrease the random effect of PSO algorithm. The
tool and the workpiece materials are respectively carbide and steel. The parameters used
during the simulation are summarized in Table 4.

Table 4. Optimization parameters

Parameters Value

Workpiece length (mm) 100

Tool diameter (mm) 40

Radial depth of cut (mm) 20

Axial depth of cut range of variation [apminapmax] (mm) [1; 4]

Feed per tooth range of variation [f zminf zmax] (mm/tooth) [0.1; 0.6]

Rotational speed range of variation [�min �max] (rpm) [397,8; 2387]

Using the PSO algorithm, the cutting parameters obtained by minimizing the cut-
ting energy are: an axial depth of cut ap equals to 1 mm, a feed per tooth f z equals
to 0.1 mm/tooth and a rotational speed � equals to 802.83 rpm. For those cutting
parameters, the total energy consumed by the machine tool Emachine-tool is equal to
319 J.

4 Conclusion

This work includes the non-linearity of the cutting force to estimate the consumed
power by the machine tool cutting system. Two methods are developed to evaluate
this quantity of consumed power: coupled and uncoupled cutting system. To validate
the establish model, a comparison between numerical and experimental powers and
energies consumed by the table and the spindle is performed. The obtained results show
a concordance between the experimental and numerical results. A parametric study is
elaborated in order to show the effect of the coupling consideration in the equation
of motion, shows that the coupled and uncoupled cutting system consumes the same
quantity of power. By comparing the consumed power for two types ofmilling operation,
it is shown that the peripheral operation consumesmore power than the facemilling. This
study ameliorates the background described above by including the milling cutting force
nonlinear behavior to calculate the consumed power by the cutting system. In a second
time, an optimization of this consumed power is formulated. Using the PSO algorithm,
the optimum cutting parameters is determined which conduct to a minimal consumption
of electrical energy. As perspectives, we propose to perform an optimization of the
consumed energy in the case of a multi pass face milling operation.
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