© WRAX

Optimization of the Constrained Machining Parameters
Problem by the SUMT
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1. Introduction

The determination of the optimum machining
conditions in metal cutting is an important
aspect in an economic manufacturing process.
The main objective in general will be either to
minimize the cost of production or to minimize
the machining time. In practice there will be

constraints on all the machining operations

* A4, 2Aggw JANEdFE
*x Py, Fddvdta

which put restrictions on the choice of the cut-
ting parameters. These constraints may origi-
nate from various considerations like the tool
life, the machine tool dynamics, and the requir-
ed surface finish. All these requirements should
be considered in finding a solution to the mach-
ining problem, which may be either minimiza-
tion of the production cost or machining time.

Several workers have attempted to solve the
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problem of determining the optimum machin-
ing conditions by making some simplified
mathematical models. Wu and Ermer [1] fou-
nd the optimum machining parameters for the
turning operation under the assumption that
the empirical parameters in the tool - life egua-
tion are Known. Barrow [2] showed that the
indices involved in the extended taylor's equa-
tion for tool life could be treated as determinis-
tic for a wide range of cutting conditions. Iwata,
et al. [3] proposed an an analytical method
applying a chance - constrained programming
concept to determine the optimum cutting con-
ditions considering the probabilistic nature of
the objective function and constraints. Chang,
et al. [4] developed a mathematical model for
milling operations and identified the five pri-
mary control variables.

Many mathematical programming methods,
such as geometric programming and goal pro-
gramming, etc., have been reported in the litera-
ture. Ermer [5] solved the constrained machin-
ing economics problem by using geometric pro-
gramming. Hati, et al. [6] applied the mathe-
matical programming techniques to determine
the optimum cutting parameters of machining
operations. Philipson [7] discussed goal pro-
gramming technique to resolve some multiple
criteria machining problems. Iwata, et al. [8]
dealt with the problem of optimizing the number
of passes by applying the concept of dynamic
programming and stochastic programming.

In this paper, the mathematical program-
ming technique Seguential Unconstrained Min-
imigation Jechnigues(SUMT) is applied to find
the cutting parameters which will achieve the
objective stated earlier under a specified con-
straint set for machining operations. In the sec-
ond section, some basic machining calculations
(i.e., production cost, feed, speed, machining

time, etc.) and some constraints are addressed.
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In the third section, the proposed method,
SUMT, is described with the generalized object
function and constraints of the cost model. In
the fourth section, a typical example is demon-
strated to obtain the cost - minimizing cutting

conditions in a turning operation.
2. Basic model of the production cost

Mathematical models of the production cost
and the constraints in machining the work-

piece are given in the following.

2.1 Mathematical model of produc-
tion cost

The production cost model, which describes
the average unit cost to produce a workpiece by
means of a simple, rough turning operation, is
the sum of four costs : the machining cost, the
tool cost, the tool changing cost, and the han-
dling cost.

(a) Machining cost=C,,,,

where C, is the cost of operating time, $/min,
and ¢, is the time to machine a workpiece, min.

t
{b) Tool cost=C,—2

where C, is the tool cost per cutting edge,
$/edge, T is the tool life, min/edge, and ¢,,/T is
the number of tool edges required per workpiece.

t

{c) Tool changing Costzcotc—é",—

where tc is the tool changing time, min/edge.

(d) Handling cost=C,¢,

where th is the handling time, min/piece.

Hence, the production cost per workpiece as
the objective function is given by

t
CU - C(!t”I + COt]I + ;vé—:’&‘ (Cotr + CI) ( 1)

The machining time(t,,) is the total amount

of time it takes to finish a workpiece. For a con-
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stant depth of cut
TDL
= 1avr 2)

where D is the diameter of workpiece, inch
L is the axial length of cut, inch
V is the cutting speed, sfm
fis the feed, ipr.
The generalized tool - life equation for the

tool work pair is given by :
VT fr gx=C, (3)
From which
P=Cf oV )

Substituting for t,, which is shown in equa-
tion (2) and T which is shown in equation (4)

into Equation (1) results in the following :

L, m
DHDL Vvu1 Hrlt
Cu=Cutyr CogP v o L
Dn C 0
DL Y:‘l ,11’1 VOHDL
+Cl — f____vlv_ :C<)t/r+9"‘} \74 1
1207 Cun 127

cyiniph] ColtDLE C.MDL_|
12(‘1)'11 CC” 12@ n‘ C(rzf

For a given ®, L, D, ¢t,, C,, C,, t, and C,, the

equation (5) can be written in the form :

m

C“:K1+&V"+5§Vﬁ'1f” (6)
f f
where,
Klz Cuth
¢, ®DL
K:=""13

C,TIDL¢ C. DL
Ks= - tl + : N
1204 Con 120w Conf

2.2 Mathematical approach of Con-

straints.

For the optimization of the objective func-

tions considered, the factors that impose restr-
ictions on the cutting parameters need to be
considered. The restrictions come from various
considerations like the required surface finish,
the availability of power, the force developed,
and the minimum tool life. The dominant
restricting parameter assumed here is surface
finish while the other constrains equations
include availability of speeds, feeds, and power.

(a) Surface finish

Equations for surface finish have been repre-
sented as only experimental forms. These equa-
tions are suitable in optimization problems.
Oslen [9] expressed surface finish experimen-
tally as a function of feed and cutting speed.
According to his paper, the expressions for sur-

face finish are represented as follows :

R,=5.1x 10> pin. f>0.03 ipr (8)
R,=136x 100%™V 'y in.

for 15 <V <750 and f<0.03 ipr (9)
Ra=7.34x 10" " win for f<0.0 ipr (10)

The surface finish constraint is represented

as
R,<Rmax (11)

(B) Bounds on the cutting speed
The lower and upper bounds on the cutting

speed are taken as

Vo <V<Vi (12)

min—=

(b) Bounds on the feed.

The feed is restricted as
fmingf—/\-fmux (13)

(d) Restriction on the cutting force

It is necessary to put a restriction on the
force developed because a higher value of the
force may produce an excessive deflection of the
workpiece and require a large power for the

cutting operation. The constraint on F, can be
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expressed as

F.<F,_ (14)

(e) Constraint on power
The cutting power should not exceed the
available power, and thus the constraint

becomes
P.<P,.. (15)

(f) Bounds on the tool life.
The bounds on the tool life are taken as

toin <T <t (16)

3. Penalty function method

Penalty function methods transform the
basic optimization problem into alternative for-
mulations such that numerical solutions are
sought by solving a sequence of unconstrained
minimization problems. The optimization prob-

lem can be represented as follows :

minimize flx)
subject to g (x)<0,/j=1,2,3,--- m (17

This problem is converted into an uncon-
strained minimization problem by constructing
a function of the form

=X, r))+r, ZG; [gx)] (18)

where G, is some function of the constraint &
and r, is a positive constant known as the
penalty parameter. The second term on the
right side of equation (18) is called the penalty
term. If the unconstrained minimization of the
the ¢ - function is repeated for a seguence of
values of the penalty parameter Yi(k= 1,2--4),
the solution may by brought to coverage w that
of the original problem stated in equation (17).
This is the reason why the penalty function
methods are known as SUMT. The penalty

function formulations for inequality con-
strained problems can be divided into two cate-
gories, namely the interios and the exterior
methods. Since the interior method is adapted
for this work, only interior penalty function
will be discussed on detail.

In interior penalty function methods, a new
function(® - function) is constructed by aug-
menting a penalty term to the objective func-
tion. The penalty term is chosen such that its
value will be small at points away from the
constraint boundaries and will tend to infinity
as the constraint boundaries are approached.
Hence the value of the @ - function also “blows
up” as the constraint boundaries are approa-
ched. Thus, once the unconstrained minimiza-
tion of ®(X, r,) is started from any feasible
point X;, the subsequent points generated will
always lie within the feasible domain since the
constraint boundaries act as barriers during
the minimization process.

The ® - function defined originally is

1
&g{X)

X, r)=AX)-rk & (19)

It can be seen that the value of the function 0
will always be greater than f since 8{X) is neg-
ative for all feasible points X. If any constraint
8/X) is satisfied critically (with an equality
sign), the value of o tends to infinity. It is to be
noted that the penalty term in equation (19) is
not defined if X is infeasible. This introduces
serious shortcomings. Since this equation does
not allow any constraint to be violated, it requ-
ires a feasible starting point for the search
toward the optimum point. However, in many
engineering problems, it may not be very diffi-
culty in finding a point satisfying all the con-
straints, g(X)<0, at the expense of large val-
ues of the objective function, fiX).

In this study, Phi - function can be obtained
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Start with an feasible point
JAAv=vi,r,=ri, and c=ci

___>rComtmct dXr)=¢ l
v

[ Find unconstruct minimum X* of ¢, l

Find ri+1=cr,

Take the new starting point as
X=Xx*

Fig. 1 Flow chart for penalty function method

by substituting the production cost Cu shown
in equation (6) and constraints shown in equa-
tions (11) and (14) into equation (19). Thus

Phi - function can be represented as follows :

<D(X)=K1+&V’1+&Vi"f':

f f
1 1
- 20)
rkz[Ra_Rmax+Pc_Pmax:\ (

The solution procedure of above penalty

function method is coupled with the nelder and
mead method of unconstrained minimization
and coggins method of one dimensional search.
The flow chart of the algorithm is shown in
Fig. 1.

4, Numerical Experiment

In order to illustrate the algorithm, the opti-

mization problem for the turning operation is

used. The numerical data and results of the
processing algorithm will be addressed.

4.1 numerical data

The numerical data of equation (20) are
taken as follows :

Bhn=195
®=60degree

D=6in.

L=8in.
C,=$0.1/min.
C,=$0.5/cutting edge
th=2.0min.
tc=0.5min.

d=depth of cut=0.2in.
n=0.25

m=0.29

x=0.35

Substituting of the above values reduces

equation (6) as follows :
C,=0.20+1.26{ 'V 1+1.799 x 10°Vf**¢ (21)

The restriction parameters for the above con-
ditions are

(1) available speeds and feeds :

0.001<f<0.009 ipr
18 rpm <N <540 rpm

(2) surface finish :
Based on values about speeds and feeds, a
surface finish constraint among equations (8),

(9), and (10) is chosen as follows :
R,=1.36x10°x fro0y 15 (22)

Let Rmax= 100 microin. The restricting

equation for surface finish is
1.36 x 102V 52<100 (23)

(3) power :
3.58 f0.78 V0.91= “(HP) eta  (24)

where, Hp=power in horsepower
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n=cefficiency
Let (HP =35 hp. The restricting equation for

power is :
3.58f° VP <5 (25)
4.2 Procedure of solving problem

The problem reduces to the minimizing of the
objective function of C, subject to restrictions
listed above in (1), (2), and (3).

min C,=0.20+1.26f 'V '=1,799 x 10 3 V?f 16
(26)

subject to

£,(X)=136.84 X 10V, ., - 100<0
85(X)=3.58£™V0e —5<0

The ® - function is obtained by substituting
above C,, g,(X), and g,(X) into equation (20)
and is given by

O(X)=020+1.26f"'V '+1.799x 108V 3™

1
r}(2{136.84 " 106/,1.004V 152 _ 100

1
5'5‘80.78 Vom“:g} (27)

Let starting feasible points, f=0.02, V=
200.0, and r,=10. The equations embodied in

equation (23} are solved for determining the

Table 1. Results of processing SUMT

Iteration | o(x) feed speed 1
1 2.565900 0.002004 | 284.000061
2 2.565900 0.002004 | 284.000061
3 2565900 0.002004 | 284.000061
4 | 2483929 0.002301 251.711548
5 2.404464 0.002301 | 263.210571
6 | 2.385096 0.002398 - 253.360504
7 | 2376772 0.002424 - 251.380676
8 2.368825 0.002450 . 249.400848
9 2.365742 0.002463  248.240540
10 2.364515 0.002465  248.240540

Final value | 2.364515 0.002465 |, 248.240540

optimized parameters. The results of the pro-
gram execution are shown in Table 1. With ref-
erence to the table, the following results have
been obtained after 10 iterations carried out by
a computer :

f=0.002465 ipr and V=248.240540 fpm

5. Conclusions

An analytical procedure and a software pro-
gram have been developed using SUMT to
determine the optimum value of the cutting
speed and the feed considering the production
cost and the constraints inherent to machining
processes. The suggested criterion for the
determination of the optimum cutting condi-
tions is production cost which can be obtained
by the summation of four costs : (1) machining
cost, (2)tool cost, (3) tool changing cost, and (4)
handling cost. The establishment of accurate
mathematical models of the surface finish and
the cutting power is essential to the determina-
tion of the optimum cutting conditions. The
more constraints, such as cutting force, chatter
vibration etc., are included in the penalty func-
tion, the more accurate machining parameters
can be obtained.

The effectiveness of the proposed algorithm
was demonstrated by means of an example. If
the penalty function method implements sever-
al starting points, we can determine more accu-
rate optimization parameters with fewer itera-

tions.
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