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ABSTRACT: The objective of this research is to develop a strategy that will be helpful in selection of cutting
parameters during single pass turning operation for reducing the real time current drawn from the grid. As current is
directly related to the energy been used during machining so minimizing energy will automatically reduce the current
been drawn from the grid. The important cutting parameters that can be varied during machining are Cutting Speed,
Feed Rate and Depth of Cut. Two different approaches can be used for selection of cutting parameters for reducing the
real time current drawn. The first approach that can be used is to minimize the real time current drawn by considering
the problem as un-constrained and the second approach is that to optimize the problem by considering the problem as
constrained by tool life of the indexable insert used for turning. In this research the first approach is used. An equation
has been developed to find the energy consumed during single pass turning operation which include the terms for idling
energy and term for cutting energy. For solution of the problem Statistical Analysis has been performed using Design
Expert software and a regression model for energy used during cutting has been obtained. The final equation obtained
has been programmed in MATLAB to perform the iterative procedure by using nested loops with a suitable step size.
The results obtained have been arranged in ascending order to find the minimum energy points at the top. The
minimum energy obtained for this problem was at cutting speed equal to 250 m/min, feed rate equal to 0.2 mm/rev and
depth of cut equal to 0.5 mm.
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I. INTRODUCTION

Energy crisis is increasing day by day because with the advancements in technology the energy consumption increases
from individual utility to the huge industries that rely on the energy to even a higher extent. Manufacturing industry is
huge energy consuming sector which draws energy for manufacturing ranging from a small component to the
manufacturing of large assemblies. Machining is a widely used manufacturing process which shapes the product by
material removal technique. Machining, like other manufacturing processes, consumes a lot of energy, so optimizing
the process for minimum energy is extremely important. Turning operations are a special class of mechanical
machining process in which the work piece rotates with a particular speed and the cutting tool is given a proper feed
rate and depth of cut to remove the material [1].
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Significant research has been conducted on optimizing cutting parameters based on reducing the cost of the machined
products or decreasing the production time. As an example Chen et al [2] explained the methodology for optimizing the
cutting parameters for reducing the cost of machined product in turning operation. Similarly Hinduja and Sandiford [3]
presented the model for reducing the cost of machined product in milling process by optimizing the cutting parameters.
Chapman [4] suggested that energy usage can be can be optimized by studying in detail the individual process. This
research activity is dedicated to the optimization of cutting conditions based on criteria of minimum energy
consumption by using Response Surface Methodology. Noorul and Jeyapaul [5] used taguchi technique in order to
increase the efficiency of more than one response in drilling Al / SiC composite. After that Mohan et al. [6] utilized
design of experiment technique and ANOVA to enhance the efficiency in surface roughness of drilling Glass fiber
polyester. Palanikumar [7] used response surface methodology to enhance the efficiency of the processes for reducing
the surface roughness of work piece with PCD tools while machining Al / SiC composite. Tosum and Ozler [8] used the
Taguchi technique to perform the optimization of more than one characteristics in hot turning operations. Contour plot
technique was utilized by Taramen to optimize the tool wear and forces that occur on the tool during finished turning
operations [9]. Hamdan A. et al., carried out experiments to optimize the cutting conditions while machining of
stainless steel to a cheive a better surface finish [10]. M. Kaladhar et. al., conducted experiments for the optimization of
Material removal rate and surface finish of AISI 304 [11]. Khidhir and Mohamed focused on the influences of the
cutting conditions on tool life in machining nickel based hastelloy-276 [12]. Selveraj and Chandermohan research was
inclined towards the application of Taguchi’s technique to the optimization of cutting parameters for surface roughness
of AISI 34 austenitic steel while turning in the dry environment [13]. Singh et. al., figured out the effects of cutting
parameters on the material removal rate and surface roughness of EN-8 steel [14].

Il. RELATED WORK

Limited amount of work has been published that relates to the energy issues during machining as an example that of
Dahmus and Gutowski [15]. Gutowski et al. stated that the fraction of energy consumed for actual machining may be a
small portion of the total energy consumed when the total energy of machine tool is also taken into account [16]. This
was also found they the primary energy that is used in raw materials is quite enormous as compared to final shaping
processes [17]. The electrical power requirement for machining process can be calculated from the equation 2.1 found
from the work of Gutowski [16].

P=P +KV

Where P is the instantaneous power requirement for machining in watts, Po is the idling power requirement of the
machine tool in watts, K is the specific energy requirement for the turning operation in cubic millimetre per watt
second and V is the volume removed per unit time in millimetre cube per second. Specific energies for different
materials can be found from literature published by Kalpakjian & Schmid [18]. But these values though the name
dictates that they are specific but they are not constant for a material because they depend on the cutting parameter
cutting tool. While turning a work piece energy is consumed in the form of current been drawn from grid. During
machining two types of energies in the form of current drawn include idling energy and energy used for cutting. The
cutting energy itself is comprised of two energies, one that is related to the material removal and the other belongs to
machine tool which is consuming energy during the time it is cutting material. The energy required for removal of unit
material is called as specific cutting energy. Though this energy is specific but research shows that this energy remains
specific if carried out with cutting speed more than certain limit. Cutting with different grades of tool insert and
geometries will affect the energy requirement for removing same amount of material.

As mentioned earlier that decent attention has been paid to the optimization of cutting parameter based on the criteria
of reduced cost, reduced production time, reducing surface roughness, increasing tool life and decreasing tool wear but
energy side still needs to be addressed. This research aims at optimizing the cutting parameters for reducing the energy
footprints of the turned machined products by using the Response Surface Methodology. Literature also figure out that

Design of Experiment, Response Surface Methodology and Taguchi techniques have been extensively used for
optimization of cutting parameters in machining operations for reducing production time and cost while improving
machining quality.
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I1l. MATERIALS AND EQUIPMENTS

The work piece (length 200 mm, diameter 75 mm) used for carrying out experiment was 1045. The machining was
conducted using Carbide inserts KC - 5010 from KENNA METAL having a nose radius of 0.4 mm. Allowed cutting
conditions for these inserts are listed in table 1.

Table 1: Allowed cutting condition for the insert

Cutting parameter Max. allowed Min. allowed
Cutting Speed 150 m/min 250 m/min
Feed Rate 0.10 mm/rev 0.20 mm/rev
Depth of Cut 0.5mm 1.5mm

The turning machine tool used for experimentation was Doosan Lynx 220L (rpm 20-3000, 25 Hp). To gather the data
regarding the energy consumption a digital clamp-meter (SOGO JPN 26B) was used to measure the real time current
drawn by the equipment.

IVV.RESEARCH METHODOLGY

An equation needs to be developed which can be used to calculate the energy used in a single pass turning operation.
Two different mathematical relations are required that is a relation for calculating idling energy consumption and
energy during cutting. Once the equation has been developed experiments can be conducted. For the specific scenario
that is the work material and cutting tool insert recommended cutting range should be evaluated to satisfy the tool
breakage constraint. An experimental layout should be set with the help of Design Expert Software by using Response
Surface Methodology technique in the whole recommended cutting range. Experiments are then supposed to be
conducted at all design points obtained from design expert software. As a result of above experiments the parameters
that are going to be found are machine setup time, current during idling of machine, current dawn during cutting. The
corresponding values of Cutting Energy should be fed back to Design expert software. Model will be Analysed,
ANOVA will be evaluated, diagnostic plots and lack of fit test for the model will be obtained from design expert
software. If the Model fits well, Regression equation will be obtained. If not then some model fitting technique such as
output transformation will be applied for proper fit of the model. Confirmation Experiments need to be conducted to
check further the validity of the model obtained. Now if the Model is valid then the Cutting Energy term in the total
Energy equation obtained should be replaced with their Regression Models. The total energy equation obtained will be
programmed in MATLAB to perform iterative procedure to find out energies output for all possible combination of
cutting parameters. All the results obtained will be arranged in ascending order. All points which violate the power
constraint of the machine tool will be eliminated. The remaining result then shows all feasible points in ascending order
from minimum energy perspective.

V.ANALYTICAL MODEL

From the perspective of energy utilized form grid by drawing current, the total energy can be divided into two groups
i.e. Energy used during idling and energy used during cutting. While cutting the material the machine is still using the
idling energy but put extra load on the grid when the cutting tool is engaged. These two terms will be separately called
as machine tool energy during cutting and actual cutting energy. The total energy used will be the sum of energy used
during idling and energy used during cutting. Energy used during cutting is the sum of the idling power and machining
time product and cutting energy requirement for material.

Mathematically

E,=E +E,
Where E; is the Total energy
E =Rt
Where E; is the energy used during idling, P, is the instantaneous power requirement and t; is the machine setup time

required which will be found experimentally. P; can be measured by measuring by current drawn during idling and
multiplying it with the voltage. So
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E, =31,V
Similarly
E,=P.t,
Where E; is the energy used during machining, P is the instantaneous power requirement and t, is the machining time

required. Finally E, will be equal to \/§'|2'V L, where 1, is the current drawn during machining. Now as mentioned
earlier, this energy can be further written as the sum of two parts, so mathematically

E, =Rt +Rt,
Where P, is the power that will be required if only power required is for cutting and the different modules of machine
are not drawing the current. The term P.t, represents actual cutting energy and as mentioned earlier the specific cutting
energy requirement can change and hence for this part a regression model will be fitted from experimental data so as to

predict this part of energy for different combination of cutting parameters. From experimental data this part of energy
can be found from the equation as follows;

Pctz =E, - Potz
Machining time can be found with the help of equation below [1];

7.D.L
t,=

Where D,L,V. and f are Diameter, Length, Cutting Speed and feed rate respectively. Incorporating the regression model
in the E, equation will yield

E,=F, (C—de] + Re gressionModelCuttingEnergy

C
Final expression for Et will be

c

E, =~/3.1,V (tl +iT/'—df'I+ RegressionModelCuttingEnergy]

V1. EXPERIMENTATION

To avoid performing all the experiments for all combination of cutting parameters, experimental plan will be obtained
from Design Expert software using Response surface Methodology. A total of 30 experiments were performed and the
current drawn in all cases was measured. Machine setup time was measured as 3 minutes and idling current was
measured as 4.5 Amperes. The rest of the results are shown in table below.

Run Order Cutting Speed (m/min) Feed Rate (mm/rev) Depth of Cut (mm) | Current (Amperes)
1 Al B3 Cl 5.9
2 A2 B3 C2 8.3
3 Al B2 C2 6.6
4 A3 Bl C1l 5.7
5 A3 B3 Cl 6.9
6 A3 Bl C3 8.0
7 A3 Bl C3 8.0
8 A2 B2 C3 8.7
9 Al Bl C3 6.6
10 A2 Bl C2 6.4
11 A2 B2 C3 8.8
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12 A3 B3 C3 11.5
13 A2 B2 Cl 5.9
14 Al B2 C2 6.4
15 Al B3 C3 8.7
16 A3 B3 Cl 6.8
17 A2 B2 C2 7.3
18 A2 B3 C2 8.4
19 A2 Bl C2 6.6
20 A3 B1 Cl 5.6
21 A3 B3 C3 11.6
22 A2 B2 C2 7.4
23 Al B3 Cl 5.9
24 A3 B2 C2 8.0
25 Al Bl C1l 5.2
26 Al Bl C1l 5.2
27 Al Bl C3 6.7
28 Al B3 C3 8.7
29 A2 B2 Cl 5.9
30 A3 B2 C2 7.9

A= Cutting Speed Al, A2, A3 equals 150, 200 and 250 m/min respectively

B= Feed Rate B1, B2, B3 equals 0.1, 0.15, 0.2 mm/rev respectively

C= Depth of Cut C1, C2, C3 equals 0.5, 1, 1.5 mm respectively

VII. STATISTICAL ANALYSIS

A lot of situations in real world where the underlying physics of problem is either complicated or unknown and are
solved using statistical analysis. Instead of having the actual model describing the behaviour of an output in response to
the input parameters, an approximate model is obtained which is according to the observed data during experimentation.
Response surface methodology is a good tool for obtaining the Response Surface in response to the varying input
parameters. Regression models are obtained which can predict the response in those areas where experiments are not
even performed. Central Composite design is used.

The Regression model obtained for the cutting energy is given below. The output is transformed for better fit of the data.

- L =3.8133*10° - 4.1478*10 ° D +1.3841*10° D?
CuttingEnergy

ANOVA table for the cutting energy is given below. The insignificant terms have already been eliminated. ANOVA
table clearly shows the effect of depth of cut on cutting energy requirement for different mount of material to be
removed. As all the experiments were conducted either close or exceeding the cutting speed of 3 meters per second so
the effect of cutting speed was insignificant and has been hence dropped from ANOVA table.
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Response 1 Cutting Energy
ANOVA for Response Surface Quadratic Model
Analysis of variance table [Partial sum of squares - Type III]
Degrees of Mean
Source Sum of Squares freedom Square F Value p-value Prob > F
Model 1.03145E-11 2 5.15725E-12 4352935 = 0.0001
C-Depth of cut 9 51625E-12 1 9.51625E-12 8032120 = 0,0001
CA2 7.98242E-13 1 TO8242E-13 673750.2 = 0.0001
Residual 3.19889E-17 27 1.18477E-18
Lack of Fit 1.036E-17 12 8.63332E-19 0598734 08121
Pure Error 2.16289E-17 15 1.44193E-18
Cor Total 1.03145E-11 29

Response surface for the actual cutting energy is given below for varying cutting speed and feed rate and a constant
depth of cut equal to 1 mm.

1.0308E-006

1.05025E-006

-1

1.0497E-006

1.04915E-006

(Cutting Energy)

1.0486E-006

0.10

25000 .

200.00
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175.00

A: Cutting Speed 15000 0.20

VIIIl. ITERATIVE PROCEDURE USING MATLAB

The equation for the total energy has been programmed in MATLAB to perform the iterative procedure in the whole
recommended cutting range by running the nested loops for the three variables that are cutting speed, feed rate and
depth of cut. Step size of 10, 0.01 and 0.1 was chosen for cutting speed, feed rate and depth of cut respectively. The
results are placed in ascending order to find the minimum energy points. All the points have been tested for the power
constraint by comparing the available power at the spindle, to the power required for the machining. Based on this, any
ratio less than unity was chosen as criterion for indication of constraint being violated.

IX.RESULTS AND DISCUSSIONS

The idling energy of a machine which is used in the form of machine setup time is a huge contributor in single pass
turning operations. This energy is fixed and has nothing to do with cutting parameters and varying cutting parameters
will not affect this part of energy. To reduce this energy the two possibilities are to either design machine tools that can
be set easily or to design machine tools having low idling power requirements.

The Response surface of the actual cutting energy shows that energy requirement for a specific amount of material to
be removed is approximately same as for as the work piece materials and other problem variables remain constant.
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ANOVA table for cutting energy shows the effect of depth of cut on the cutting energy requirement and shows the
effect of cutting speed and feed rate as insignificant. Though they are important contributors to instantaneous power
requirement but for the cutting energy requirement these term cancels out when multiplied with the machining time.
This result is in complete agreement with the theoretical model involving the concept of specific energy for the
calculation of cutting energy requirement. Besides this the specific energy remains almost constant after a cutting speed
of 3 m/s and as all the above experiments are conducted either exceeding or are close to cutting speed equal to 3 m/s.
So from all these perspectives the fitted surface seems to be in agreement with the theory.

If the machine tools with low setup time are designed they will only reduce the machine setup time but if the machine
tools with low idling power are designed they will also reduce the machine tool energy used during cutting and hence
the cutting energy part of the total energy.

X.CONCLUSION

Based on the method proposed in this research the final results showed that the minimum energy point was obtained
at a cutting speed equal to 250 m/min, feed rate 0.2 mm/rev and depth of cut equal to 0.5 mm.
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