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Abstract : In this paper, an easy and rapid calibration method of a cutting force estimator with motor currentsis
proposed for end milling machines. The rapid calibration method consists of following three steps: selection of
standard cutting conditions for the end-mill and the workpiece, calibration of drive systems, and calibration of
cutting force coefficients. The proposed method makes cutting force estimator calibrated easily and rapidly
without additional cutting force measurement system, so that it is possible to raise practicality of the cutting force

control system.
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1. Introduction

In modern manufacturing processes, there is an ever-
increasing demand for higher productivity by reducing
machining time with the increase of cutting force and
material remova ratel] However, the excessive
increase of cutting force results tool breakage, poor
machined quality, and bad effects on the machine tool.
One of the most straight-forward methods of improving
productivity and quality in machining processes is real-
time estimation and control of cutting forces[2] If we
develop a cutting force estimator through the
measurement of motor currents in end milling
processes, we should calibrate the motor currents
according to cutting force values as quickly as possible.
In this case, the easy and rapid calibration method is
required for initial set up of the cutting force estimator
on the milling machine.

In this study, an easy and rapid calibration method of
a cutting force estimator with motor currents is
proposed for end milling machines. The rapid
calibration method consists of following three steps: (1)
selection of standard cutting conditions for the end-mill
and the workpiece, (2) calibration of drive systems, and
(3) calibration of cutting force coefficients. In the first
step, general end-mill and workpiece are selected
standards for measuring cutting forces without an
expensive dynamometer. And construct database of
cutting forces as motor currents according to the
standard cutting conditions. The calibration of drive
systems means identification of relationships between
motor currents and  cutting forces  without
dynamometers through the measured currents and
already known cutting forces obtained from standard
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cutting conditions. From this result, system parameters
of the drive systems, and relationships between currents
and cutting forces can be calibrated. The last step is to
identify cutting coefficients for an end-mill and a
workpiece. Through experiments with the standard
cutting conditions for a new end-mill and a workpiece,
the cutting coefficients can be identified with estimated
cutting forces from the calibrated cutting force
estimation system. The calibrated cutting coefficients
become important parameters of an anaytical model
that estimate axial and radial depth of cuts and various
cutting forces using estimated feed cutting force and
cutting torque obtained from motor currents.

For various end-mills and workpieces, the validity of
the developed rapid calibration method is verified on a
horizontal machining center through experiments of the
cutting force control.

2. Cutting Force
2.1 Force Modeling of End Milling

Cutting forces are described as functions of cutting
pressures acting on the instantaneous chip load area [3-6]
asshownin Fig. 1,

dF =K dzh(f), dF =rdF )

where dz=[R/tan(b)]df is thickness of the axia
eement of the cutting edge, h(f)=t sinf) is
instantaneous chip thickness, t isfeed per atooth. The
cutting pressure K can be expressed as a function of
the average chip thickness. In the periphera down-

milling process instantaneous forces in the X and Y
directions along the chip load of a single flute are given

by



Fig. 1 Cutting forces in peripheral end milling process
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Fig. 2 Cutting mechanism of end milling process

drF,(f)= dF cosf +dF, sinf

dF,(f )= - dF, sinf +dF, cosf 2

Integrating Eq. (2) within the contact range of a single
tooth as shown in Fig. 2,

Ei(f)=K(529ntdt

I8

F.(f)= K(Sz(sint cost +r,sin’t )dt

Fw(f)zKQT(- sin’t +r,sint cost )dt ©)

The average forces per a tooth can be obtained to divide
total cutting forces through cutting range [farfe] by
period of tooth f =2p/N . Average cutting forces
for several teeth cutting are

Fat = KRchI’

Fax = KRr (A +rlBr)

I:ay = KRr (_ Br +|'1A)
where, 5 - tanb ,

A= zf_N(RZ - 2R)

:tanb
r 2fN
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Generally, cutting force coefficients in Eq. (4) are
function of average chip thickness t_ :tcR/(P - fr) ,

n= ke

2.2 ldentification of Radial and Axial DOC
The radia immersion ratio R =d,/R can be

expressed by the force ratio of average feed force to

K, =ktP

sa !

©)

average tangential force, derived from linear
interpolation.[7]
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And the axia immersion ratio R =d,/R can be

derived from the estimated radia
average cutting force

—_ Fax
R =K (A +1B)

immersion and
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3. Rapid Calibration of Cutting Force Estimator
3.1 Selection of Standard Cutting Condition

Standard cutting conditions are firstly determined by
the cutting conditions recommended by the tool makers.
Then, in order to obtain the expected data during
cutting, the cutting experiments are performed within
the boundaries that do not exceed the limit.

In this study, carbide 4-flute flat end mills
(f =8mm) and SM45C for workpiece are used. And

Table 1 shows the standard cutting conditions based on
the recommendeation of the tool maker.

The feedrate (100~700mm/min) that is designed for
the average cutting force not to be over 1000N, and the
radial depth of cuts (0.1~2.0mm) are adopted in the
experiments. The major factor to analyze the cutting
characteristics of tools and workpieces, the cutting
force coefficients, are shown in Table 2 and Table 3.
The cutting forces are estimated through the cutting
force coefficients, and then the current stage of the
cutting process can be determined.

Table 1 Standard cutting conditions

Spindle speed 1260 Cutting speed 31,6673
(rpm) (m/min)
Feedrate Chip thickness
vmin) | 20 | (mmtootry | *04%®
Radial DOC 0.1D Removal
Volume 0.4762
Axial DOC 15D (mm®/tooth)




Table 2 Parameters of cutting force coefficients for carbide
K N

1007.59 0.2242

-0.2557 -0.1546
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Fig. 4 Spindle system modeling for Eq. (8)

3.2 Calibration of Drive System
Spindle system : When spindle speed is condant,
dynamics of spindle systems are given by [2]

F. =Kl

tl" as

+Ky;

(8)
where, K, =196.61, K, =-1911.0

Feeddrive system : Dynamics of feed drive sysems are
given by

—_ 2
I xf lew +K><2W+K><3

a

Fax :Kx4(|ax_ Iaxf)+K><5/W
= K><4Id><+K><5/W

©)

(10)

where, w isthe federate(m/min), | _ isthe measured
average motor current, | isthe motor current due to
nonlinear friction torque disturbance torque.

The variables in Eq. (9) are evaluated by measuring
the feeddrive motor currents according to the unloaded
feedrate. Fig. 5 shows the experiment results and the
evaluated values of variables are presented in Table 3.
The relationship between feeddrive motor currents and
cutting forces are expressed by Eq. (10). The model is
established with the considerations of the feeddrive
motor currents subtracted from the currents due to
friction and the forces inversely proportional to the
feedrate. Fig. 6 shows the experiment results to
evaluate variables of the model and the values of them
isshown in Table 3.
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Fig. 5 Feedrate vs. feeddrive motor current for Eq. (9)
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Fig. 6 Feeddrive motor current vs. feed force for Eq. (10)

Table 3 Parameters of feeddrive system

K 35788 K, 196.61
K, -7.2469 K,s -1911.00
Ky 19.7252

3.3 Calibration of Cutting Force Coefficients

In order to verify the rapid calibration of the cutting
force estimator, the estimated vaues and the
experiment results, which are performed with the HSS
4-flute flat end mill, are compared each other. Before
the calibration by the currents, the specific cutting force



coefficients that are evaluated from the cutting forces
are presented in Table 3 and Table 4.

From the results of section 3.1 and 3.2, the cutting
forces can be determined through the estimation of feed
forces from the current in the feed drive motor and the
estimation of tangential cutting force. And, based on
the standard cutting condition, the cutting experiments
are carried out with the unknown tool and workpiece,
and then the specific cutting force can be evaluated by
the equation (4) without the tool dynamometer. In Table
5 and Fig. 8, the cutting pressures calculated from the
estimated cutting forces are compared. The cutting
pressures are estimated well, but the coefficient r;

shows relatively large errors due to the non-linearity of
the feeddrive motor currents and the large friction
effect in small radial DOC.
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Fig. 7 Cutting force coefficients for HSS flat end mill

Table 4 Parameters of cutting force coefficients for HSS

K n
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Fig. 8 Cutting force coefficients with motor currents

Table 5 Parameters of cutting pressure by motor currents

(a) Carbide (b) HSS
k 1052.96 703.26
p -0.2403 -0.3176

4. Conclusion

An easy and rapid calibration method of a cutting
force estimator with motor currents is proposed for end
milling machines. With the general end-mill and
workpiece, the database of cutting forces and motor
currents is constructed according to the standard cutting
conditions. Relationships between currents and cutting
forces are calibrated through cutting forces obtained
from the constructed database and the measured
currents really, and then cutting force coefficients are
identified with only motor currents.

References

(1) Spence, A. and Altintas, Y., 1991, "CAD Assisted
Adaptive Control for Milling,” ASME Journal of
Dynamic Systems Measurement and Control, Vol.113,
pp.444-450.

(2) Altintas, Y., 1992, "Prediction of Cutting Force and
Tool Breakage in Milling from Feed Drive Current
Measurement,” ASME Journa of Engineering for
Industry, Vol.114, pp.386-392.

(3) Tlusty, J. and Macneil, P, 1975, "Dynamics of
Cutting Forces in End Milling,” Annals of the CIRP,
Vol.24, pp.248-252.

(4) Sutherland, J. W. and Devor, R. E., 1986, "An
Improved Method for Cutting Force and Surface Error
Prediction in Flexible End Milling Systems” ASME
Journal of Engineering for Industry, Vol.108, pp.269-279.
(5) SC. Kim and S.C. Chung, 1998, "Cutting Force
Estimation Using Feeddrive and Spindle Motor
Currents in Milling Processes’, Transactions of the
Korean Society of Mechanica Engineers (A), Vol.22,
No.11, pp.2029-2038. (in Korean)

(6) S.C. Kim and S.C. Chung, 1999, "Robust Cutting
Force Control Using Indirect Force and Disturbance
Estimators in the End Milling Process’, The
Proceedings from ASPE 1999 Annual Mesting, pp.248-
251

(7) S.C. Kim and S.C. Chung, 1999, "Red-Time
Estimation of Radial and Axial Depth of Cuts in End
Milling Using the Cutting Forces’, The Proceedings
from KSMTE 1999 Annual Meeting, pp.34-39. (in
Korean)



