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SOME OPTIMIZATION ASPECTS IN TURNING PROCESSES
Summary: Effective application of turning technology necessities the determination of optimal turning process parameter values. Turning process optimization is an active field of research where different optimization algorithms and methods are being applied to solve different single and multi-objective optimization problems. This paper focuses on some aspects of turning optimization regarding the analysis of main parameters values that can be achieved on a given lathes as well as suggesting the application of discrete optimization methods, i.e. brute-force search algorithm and its hybridization with the epsilon-constraint method for solving and multi-objective turning optimization problems, i.e. Pareto optimization problems. The optimization solutions obtained by previous researchers using different optimization algorithms and optimization solutions obtained by the proposed optimization approach were compared and discussed.
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1. INTRODUCTION
Turning is one of the oldest and most widespread materials machining technology based on material removal from the workpiece in the form of chips by using cutting tool with defined cutting geometry [1]. 
Turning technology is a complex, multi-parameter machining process. For a given machine tool, cutting tool and workpiece material the principal factors that affect the actual cutting process include feed rate, depth of cut, cutting speed and tool geometry. In manufacturing practice machinist and process planners typically select cutting speed, feed rate, depth of cut, etc, by using handbooks and cutting tool recommendations. This approach, however, does not guarantee an optimum performance and moreover, it is not sufficient when several goals need to be met. More advanced approach integrates experimental, statistical, mathematical and artificial intelligence methods for development of different empirical equations for prediction of a given turning performance and its optimization [2]. Regarding the optimization of turning processes the current trend is the use of response surface methodology (RSM) as well as meta-heuristic algorithms such as genetic algorithm (GA), simulated annealing (SA), particle swarm optimization (PSO) algorithm, etc.
Single-objective optimization of turning process has been considered by a number of authors such as [3-5]. Several authors focused also on Pareto optimization of turning process, i.e. optimization problems where one needs to determine trade-off (compromise) solutions with respect to several optimization objectives such as surface roughness, material removal rate (MRR), tool wear, cutting force, etc [6, 7].
Although a good amount of research work has been carried out by previous researchers on turning optimization by using different optimization methods, two main drawbacks can be identified: (i) in the case of using meta-heuristic algorithms the obtained solution may be far from even near optimal solution as well as the optimality of the determined solution is impossible to prove, (ii) the use of different optimization methods, including meta-heuristic algorithms, determine optimal solutions which corresponds to a set of machining parameter values that cannot be set on a given machine tool.
This paper focuses on some aspects of turning optimization regarding the analysis of main parameters values that can be achieved on a given machine tool as well as suggesting the application of discrete optimization methods, i.e. brute-force search algorithm since it is one of the simplest parameter free optimization algorithms. The biggest advantage of its application is the fact that it guaranties the optimality of the determined solution in the given discrete domain. As such, its combination with the (-constraint method was proposed for solving Pareto optimization problems.
2. OPTIMIZATION OF TURNING PROCESS
For a given workpiece material three main parameters such as cutting speed, feed rate and depth of cut define cutting regime. If D is the worked diameter of the workpiece in mm and v is the cutting speed in m/min, then the spindle speed n in rpm is given by [1]:
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Feed (f) is a path that cutting tool passes (longitudinally or transversely) while the workpiece makes one revolution. The depth of cut (ap) is the penetration of the cutting tool into the workpiece of diameter (d) and is given by [1]:
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Whether using conventional or CNC lathes the afore-mentioned turning parameters can be adjusted at the machine tool in the finite range and can have a finite number of possible values. Typical turning parameter values in the case of turning of steel (low carbon, medium carbon, high carbon, non-alloy, low-alloy, high alloy, stainless steel, castings and manganese) depends on the type of turning process (finishing – F, light roughing – LR, roughing – R, and heavy roughing – HR). In general, turning parameter value ranges as well as minimal possible values (steps) that can be adjusted are given in Table 1.
Table 1 Possible values of main parameters in turning operations
	Turning parameter
	Range of change
	Step

	
	F
	LR
	R
	HR
	

	Feed, f (mm/rev)
	0.03-0.3
	0.2-0.5
	0.4-1
	1-1.8
	Δf= 0.001 mm/rev

	Cutting speed, v (m/min)
	40-480
	30-400
	15-320
	10-200
	Δv= 1 m/min

	Depth of cut, ap (mm)
	0.025-2
	2-4
	4-10
	6-20
	Δap= 0.001 mm

	Spindle speed, n (rpm)
	20-3000 (depending on machine tool characteristics)
	Δn= 1 rpm

	Tool nose radius, r (mm)
	0.2, 0.4, 0.8, 1.2, 1.6, 2, 2.4, (2.5)
	


3. APPLIED OPTIMIZATION METHODS
In this study for solving single-objective and Pareto turning optimization problems brute force search algorithm and (-constraint method were applied, respectively.
When solving an optimization problem brute force search algorithm systematically searches of all the possible solutions without the use of any heuristic only by optimization problem’s formulation. It is one of the simplest optimization algorithms for implementation that always finds the solution if one exists. Its application is justified for solving small/medium scale optimization problems where the number of possible solutions is limited. The greatest advantage is that it guaranties the optimality of the determined solution
A typical Pareto multi-objective optimization problem considers a number of objective functions which are to be maximized or minimized. In the (-constraint method the idea is to optimize one of the objective functions using other objective functions as constraints, incorporating them in the constraint part of the multi-objective problem formulation [8]. Thus, the mathematical formulation can be expressed as:
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where x=(x1, x2, ..., xn) is the n-dimensional vector of decision variables, f1(x), f2(x), ..., fm(x) are m objective functions and X is the feasible region.
4. CASE STUDIES
4.1 Single-objective optimization problems in turning
Different single-objective turning optimization problems were considered. Surface roughness (Ra), tool wear (VB) and residual stress (σR) mathematical models were developed in terms of different number of independent variables (turning parameters) such as feed rate (f), depth of cut (ap), cutting speed (v), tool nose radius (r) and intensity of ultrasonic power (up). Formulation of single-objective turning optimization problems are summarized in Table 2. Previously applied optimization methods and comparison with obtained results in present study are given in Table 3.
Table 2 Mathematical models and single-objective optimization goals and constraints
	Ref.
	Mathematical model
	Goal
	Turning parameters

	[3]
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	Min
	v= 220÷280 m/min

f= 0.1÷0.2 mm/rev

ap= 0.3÷0.9 mm

r= 0.4÷1.2 mm

	[4]
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	Min
	v= 50÷150 m/min

f= 0.1÷0.3 mm/rev

ap= 0.5÷1.5 mm

	[5]
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	Min
	v= 10÷90 m/min

f= 0.1÷0.3 mm/rev

up= 20-100 %


Table 3 Comparison of single-objective optimization solutions
	Ref.
	Method
	Solution
	This study

	[3]
	RSM
	Ra= 0.26 µm

v= 255.758 m/min; f= 0.1 mm/rev;

ap= 0.3 mm; r= 1.2 mm
	Ra= 0.18 µm

v= 264 m/min; f= 0.1 mm/rev;

ap= 0.3 mm; r= 1.2 mm

	[4]
	GA
	VB= 0.347 mm

v= 50 m/min; f= 0.21 mm/rev;

ap= 0.5 mm
	VB= 0.3095 mm

v= 50 m/min; f= 0.3 mm/rev;

ap= 0.5 mm

	[5]
	RSM
	σR= -671.29 MPa

v= 30 m/min; f= 0.1 mm/rev;

up= 60 %
	σR= -673.25 MPa

v= 33.87 m/min; f= 0.1 mm/rev;

up= 62.09 %


As could be observed from Table 3 the determined optimization solutions are in better than the one obtained by previous researchers by using optimization methods such as GA and RSM. More significantly, these optimization solutions correspond to a set of turning parameter values that can be easily adjust on a machine tool.
4.2 Pareto optimization problems in turning
In the case of multi-objective turning optimization problems emphasis was placed on Pareto multi-objective optimization dealing with two contradictory objective functions. In terms of feed rate (f), depth of cut (ap) and cutting speed (v) different mathematical models for the prediction of surface roughness (Ra), main cutting force (Fc), material removal rate (MRR) and tool wear (VB) were developed upon which multi-objective optimization problems were formulated (Table 4).

Comparison of Pareto fronts as determined by Kumar et al. [6] and Dhandapani et al. [7] and obtained in the present research are given in Figures 2 and 3, repectively. As could be seen determined Pareto fronts are better than the one obtained by using GA or NSGAII. Moreover, the distribution of optimization solutions is much better.
Table 4 Mathematical models and Pareto optimization goals and constraints
	Ref.
	Mathematical model
	Method
	Turning parameters

	[6]
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	GA
	v= 75÷120 m/min

f= 0.05÷0.2 mm/rev

ap= 0.5÷1 mm

	[7]
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	NSGA-II
	v= 108÷136 m/min

f= 0.203÷0.432 mm/rev

ap= 0.1÷0.3 mm
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Fig. 2 Comparison of Pareto fronts: case study Kumar et al. [6]
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Fig. 3 Comparison of Pareto fronts: case study Dhandapani et al. [7]
It is interesting to note that all Pareto solutions have the same values of cutting speed and feed and only depth of cut changes.
5. CONCLUSION

This paper discussed some important aspects in optimization of turning processes and proposed the use of brute-force search algorithm for solving single-objective optimization problems and its hybridization with the epsilon-constraint method for solving Pareto turning optimization problems. It is believed that its application is justified considering that the determined optimization solution must correspond to the set of turning parameter values that can be achieved on a given lathe. As could be observed, the use of metaheuristics bares the risk of determining of local optimal solutions. Also, regardless of applied optimization algorithms, in a number of case studies considered, the determined optimization solutions by previous researchers were not practically feasible. Finally, it has to be noted that the optimality of the determined solutions, for a given discrete optimization space, is guaranteed.
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