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Estimation of the Cutting Torque
Without a Speed Sensor During CNC Turning
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In this paper, the cutting torque of a CNC machine tool during machining is monitored
through the internet. To estimate the cutting torque precisely, the spindle driving system is
divided into two parts: electrical induction motor part and mechanical part. A magnetized
current is calculated from the measured three-phase stator currents and used for the total torque
estimation generated by a spindle motor. Slip angular velocity is calculated from the magnetized
current directly, which gets rid of the necessity of a spindle speed sensor. Since the frictional
torque changes according to the cutting torque and the spindle rotational speed, an experiment
is adopted to obtain the frictional torque as a function of the cutting torque and the spindle
rotation speed. Then the cutting torque can be calculated by solving a 2™ order difference
equation at a given cutting condition. A graphical programming method is used to implement
the torque monitoring system developed in this study to the computer and at the same time
monitor the torque of the spindle motor in real time through the internet. The cutting torque of
the CNC lathe is estimated well within an about 3% error range in average in various cutting
conditions.
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Friction
Nomenclature R,  : Resistance of rotor [ Q]
B . Equivalent damping ratio [Nm] T. : Cutting torque [Nm]
las, lgs . Stator current in ¢, g direction [A] Te . Electrically generated torque from the
imr . Magnetized current [A] spindle motor [Nm]
J . Equivalent inertia applied to the motor Tyco . Coulomb frictional force with no load
axis [Nm?] T: . Total torque applied to the motor [Nm]
Ln . Mutual inductance between stator and 07Ty : Increment of the frictional torque due to
rotor [H] cutting torque increment
L, . Inductance of rotor [H] 0Ty : Increment of the Coulomb frictional tor-
) > Number of poles que increment due to cutting torque in-
crement
* Corresponding Author, 0Ty : Increment of the damping torque due to
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1. Introduction

Cutting force is well known to be one of the
best signals to monitor a cutting condition. Among
various cutting force measuring equipments, a
tool dynamometer has been the most widely used
for the cutting force measurement in a laboratory
owing to its accuracy and wide bandwidth of the
measured signal. However, drawbacks such as
high price, installation difficulty, limitation of a
workpiece size, electrical wiring problem and re-
striction of using cutting fluid, have been preven-
ting it from being used in an industrial environ-
ment. To overcome these difficulties, a variety of
indirect cutting force measurement systems have
been developed over the years. Huh estimated the
cutting force using the RMS value of three-phase
currents, total power and the modeling of the
spindle driving system on the CNC lathe (Lee
et al.,, 1998 ; Huh et al., 1999). Stein and Wang
proposed a cutting force estimation method using
the current of the DC feed motor (Stein et al.,
1986) . Choi monitored the average cutting torque
using the average spindle motor power per revo-
lution during the milling process (Choi, 1997),
and Park and Luca presented a linear model to
estimate the cutting torque during the drilling
process (Park and Luca, 1994). Mannan moni-
tored the cutting process using the power and the
current of both spindle and feed direction motors
(Mannan and Broms, 1989). Since the measure-
ment of the total power in the spindle system is
relatively easy and needs no speed measurement
sensor, it has become one of the most widely used
technologies for the estimation of the cutting
torque. However, motor power includes not only
the power used to overcome the cutting torque
and the power dissipated in stator and rotor
circuits, but also the power fluctuation due to
internal inductance and the torque consumed to
overcome frictional force in the mechanical sys-
tem.

In this study, the spindle driving system was
divided into two parts for the analysis, electrical
induction motor part and mechanical part. We
measured the stator currents, from which the
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magnetized current was derived to determine the
angular velocity of the spindle motor. We also
calculated the magnetic flux and the generated
torque from the spindle motor using both stator
and magnetized currents. The procedure of esti-
mating the spindle motor velocity removed the
necessity of an encoder. In the mechanical part,
frictional torque was formulated as a function of
angular velocity and cutting torque and conse-
quently determined the cutting torque more pre-
cisely. A graphical programming method was
used to implement the torque monitoring system
to the computer and to monitor the torque of a
spindle motor in real time through the internet.

2. Estimation of the Angular
Velocity and Torque
of an Induction Motor

2.1 Estimation of the generated torque with-
out a speed sensor
D-q voltage equation of an induction motor in
the synchronized rotating coordinate is given in
Egs. (1) and (2) (Chung, 1993).

Adr:Lridr—i_Lml.ds:Lml.dT (1)
Aqr:LrZ.qr"f'LmZ.qs (2)

When the reference frame is fixed in the rotor,
the magnetic flux of the rotor in ¢ direction (Aqr)
was 0, and the magnetic flux of the rotor in d
direction (A4r) is constant. In this case, a first
order ordinary differential equation to calculate
the magnetized current from the measured stator
current can be obtained as follows (Chung,
1993),

. L -

AL
The slip angular velocity can be also obtained as
follows.

Rr( _ﬂ> lgs

w Ly _ lgs (4)
st Lmlmr < Lr > l
R, mr

After the slip angular velocity was obtained, the
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angular velocity of the motor is easily calculated
from the fact that the slip angular velocity is the
difference between the synchronized angular ve-
locity and the spindle angular velocity. The syn-
chronized angular velocity is the angular velocity
of the stator current.

iqs _ L m l.qs ( 5)

(%)
where Ar=L ninr

The torque generated by the spindle induction

Wr=wW— Wst=—

motor is as follows.

b Lnm

D Ln i (©

Te:%
Consequently, the electrically induced torque in
the induction motor can be calculated by the
Eq. (6), in which the 74 is measured and the A,
is obtained from the equation Ar=L puimr, while
parameters p, Ln, L, are given.

2.2 Modeling of the mechanical part of the
spindle system
The mechanical part of the spindle motor sys-
tem which includes a motor axis, a gear box and
a spindle head can be expressed by the first order
differential equation of the angular velocity as in
Eq. (7).

J Lt Bo,=T.~ T, (7)
In the Eq. (7), T} is the total equivalent torque
applied to the motor and is the sum of the fric-
tional, damping, and cutting torques (Lee et al.,
1998).

T.= ch0+5Tf+ T

:cho+5ch+ 6va+ Tc <8>

Here, 075 is the increment of the frictional force
due to the increase in cutting force and is com-
posed of two components, 6 Ty and 8§ Ty,. Hence,
it is necessary to find the relationship between
0Ty, 6Ty and the cutting torque, 7T¢ to deter-
mine the relationship between 67y and T¢. Tyco
is the experimentally obtained Coulomb frictional
torque with no load.

2207

> [ = average torque without load |

4.0 -

35+

e

3.0

.

2.5 -

20 * *

Te(Nm)
=]

00 L) T T T T T
500 1000 1500 2000 2500 3000

Motor Speed(rpm)

Fig. 1 Average torque without load according to
motor speed variation

In the steady state, the angular velocity is kept
constant (dw,/dt=0). Since 67y and T, are 0
during idling, the Eq. (7) becomes,

BC()r: Te* chO (9)
Eq. (9) could be rewritten as,
Te:Bwr+ chO (10)

In the Eq. (10), 7. was expressed as a linear
function of w,. As a result of an experimental
measurement of 7, and w,, constants B and Ty
can be obtained from the experimental data. T
at various speeds was measured to determine the
B and Ty, and the results are given in Fig. 1.
The parabola seems to be the best fit for the
measurements. However, two linear equations are
used to fit the data instead of the parabola, due
to the linear relationship between 7, and w, as
given in Eq. (10), and we obtained the values of
B and Ty at below and above 1000 rpm, respec-
tively.

To figure out the effect of the running time of
the CNC machine on B and Ty, some experi-
ments were carried out during an extended time.
After the CNC machine was turned on, the spin-
dle kept on running without load for 6 hours,
and T,s were measured for every 30 minutes. Ex-
periments were executed at different cutting ve-
locities from 500 to 3000 rpm under the condi-
tion of 24.5°C ~27.2 °C and 35~46% relative hu-
midity. The results are given in Figs. 2 and 3. As
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shown in Fig. 2, the variation of Ty, along with
time is under 0.1 Nm, which is ignorable. The
variation of B is also negligible as well, as shown
in Fig. 3.

Next, we attempted to figure out the relation-
ship between 87y and Tv. Inserting Eq. (8) into
Eq. (7) yields,

Tt Bo=To— Tro—0T,— T, (11)
In Eq. (11), since J, B, Te, Tsco and wy are either
already known or can be measured, Eq. (11)
represents the relationship between 87y and Te.
T can be determined at a given w, either when
the relationship between 67y and 7. is discov-
ered or when 87 is a function of given para-
meters such as J, B, Te, Tyo and w,. In this
study, the relationship between 67y and T, at
a given w, was determined experimentally. The
cutting conditions were varied : 9 different cutting
velocities (500~ 1000 rpm with a step of 100 rpm
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Fig. 4 Nonlinear friction torque during machining

and 1200, 1400, 1500 rpm) and 6 different depths
of cut (0.5~3 mm with an increase of 0.5 mm
each set). A commercially available SisN4 ceramic
inserts were used to turn AISI1045 workpiece
with a diameter of 105 mm, and a tool dyna-
mometer was used for the cutting toque measure-
ment. The results are given in Fig. 4. In Fig. 4,
one could easily see that 07 can be represented
as a parabola function of 7. as follows.

8Ty=Cx*T.+Dx*T¢ (12)

The coefficients, C and D in Eq. (12) can be
obtained by fitting the data measured at the same
cutting velocity in the parabola equation. The
coefficients C and D are a function of the cutting
velocity again, as shown in Figs. 5 and 6. The
coefficient C is fitted in the 3" order difference
curve, and the coefficient D is fitted in the para-
bolic curve as a function of cutting velocity as in
Eq. (13).

C=C(w,) =—0.5426940.02318w,—1.96254F
—405+5.64549 E—T 0} (13)

D=D(w,) =0.01061—0.00026w,+0.53E —6 ¢
C and D are functions of @, in Eq. (13). Inser-

ting Eq. (12) into Eq. (11) and rearranging Eq.
(11) yield,

Tc+c* Tc+D* Tc:Te_BCUT_TfCO (14)

Eq. (14) is a 2™ order difference equation of
T.. Since B and Ty, are coefficients and C and
D can be calculated from Eq. (13) at a given
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angular velocity w,, Eq. (14) can be solved re-
garding 7, at a given cutting velocity.

3. Experimental Setup

For the experiments, we used the Hyundai
HiT-15 CNC lathe, whose spindle motor was
1PH6137-4NZ00 of SIEMENS Co. Specifications
of the motor is given in Table 1. To measure the
cutting force, Kistler 9257B tool dynamometer
and 5019A charge amplifier were used. Three-
phase stator currents of the induction spindle
motor were measured by the 9275 Clamp on AC
sensor of HOIKI. Both the currents and the cut-
ting force signal were digitized by the NI-DAQ
PCI-MIO16E4 board and stored in a 586pc for
the following calculations. These analog signals
were also stored in a tape data recorder for the
further analysis. A graphical programming was
used to construct the torque monitoring system

Table 1 Specifications of induction motor

Phase/Pole 3 phase/4 pole
Rated Power 11 [kw]
Rated Current 41.8 [A]
Rated Speed 750 [m/min.]
Rated Voltage 217 [V]

Rated Frequency 26.3 [Hz]

that could be monitored through the internet. The
torque monitoring scheme using the internet is
shown in Fig. 7. A web publishing tool provided
by LabVIEW was used for a real time monitoring
of the torque during machining on CNC lathe.
The torque observed and the velocity monitored

at a client computer through the internet is shown
in Fig. 8.

¢ -
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Fig. 7 Torque monitoring of CNC lathe through the
internet
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Fig. 8 Torque and velocity monitored at client

computer through the internet
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4. Results and Discussions

Experiments were carried out under 500, 900,
1000, 1100 and 1500 rpm cutting velocities. Com-
mercially available SisNy ceramic inserts were
used for the experiments with 0.2 mm/rev. feed
rate and the depths of cut, 0.5, 1.0, 1.5, and 2.0
mm. 100 data per second per channel were digi-
tized and stored in a personal computer. To
reduce the sensitivity of the current signal to the
noise, we used the moving average method, in
which the average of 20 data was taken. When-
ever 1 set of new digitized data was imported to
the computer, 1 set of the oldest data was dis-
carded, and the new average values were calcu-
lated for a new torque estimation.

In the experiment under the 500 rpm cutting
speed and the | mm depth of cut, the error of the
estimated cutting torque was 2.6% in Fig. 9.

Figure 10 shows the results from machining a
workpiece with steps to determine the estimation
capability under varying cutting conditions. The
depth of each step was 0.5 mm, and the velocity
was 500 rpm. Time delay between the reference
and the estimated cutting torque was about 0.3 sec
when a step was introduced during machining.
The result obtained under the cutting condition
of 1000 rpm and the 2 mm depth of cut is shown
in Fig. 11. The error is 2.8% in this case. In
Figs. 12~ 14, the depth of cut varies from 0.5 mm

50
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T(Nm)

-10 T T T T T T 1

0 5 10 15 20 25 3c
Time(s)
Fig. 9 Estimated and reference cutting torque
(Material : Gray cast iron, Spindle speed :
500 rpm, Depth of cut :1 mm)
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to Imm during machining, while the cutting speed
is 900 rpm, 1100 rpm and 1500 rpm, respectively.
Fig. 12 shows the results under the condition that
was not used to obtain the equivalent damping
ratio B and the Coulomb frictional force Tyco.
The cutting condition in Fig. 14 was used neither
for the calculation of equivalent damping ratio
B and the Coulomb frictional force, Ty nor
for the calculation of the increment of the fric-
tional force, 67y. The errors were different in
each step, but the average of the errors was 2.9%.
The result acquired at the relatively fast velocity,
1500 rpm, is shown in Fig. 14. The average error
in this case is also below 3%.
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Fig. 10 Estimated and reference cutting torque
(Material : AISI1045, Spindle speed: 500
rpm, Depth of cut: 0.5 mm, 1 mm, 1.5 mm,
2 mm)
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Fig. 11 Estimated and reference cutting torque
(Material : AISI1045, Spindle speed : 1000
rpm, Depth of cut: 2 mm)
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Fig. 12 Estimated and reference cutting torque
(Material : AISI1045, Spindle speed: 900
rpm, Depth of cut: 0.5 mm, I mm)
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Fig. 13 Estimated and reference cutting torque
(Material : AISI1045, Spindle speed : 1100
rpm, Depth of cut: 0.5 mm, I mm)
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Fig. 14 Estimated and reference cutting torque
(Material : AISI1045, Spindle speed : 1500
rpm, Depth of cut: 0.5 mm, 1 mm)
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Relatively big errors of 5.3% and 5.8% were
occurred in two cases ; one was at the velocity of
1100 rpm and the depth of cut, 1.0 mm, and the
other was at the velocity of 1500 rpm and the
depth of cut, 2.0 mm. The errors were big because
1100 rpm was not used for the coefficient esti-
mation (as mentioned in chapter 2.2, 9 different
cutting velocities (500~ 1000 rpm with a step of
100 rpm and 1200, 1400, 1500 rpm) and 6 differ-
ent depths of cut (0.5~3 mm with an increase of
0.5 mm each set) were used for the estimation).

5. Conclusions

The CNC spindle system was divided into two
parts for the analysis: electrical part and me-
chanical part. To increase the accuracy of the
estimated torque during machining on the CNC
lathe, Coulomb friction and equivalent damping
ratio were determined before and after 1000 rpm.
On the basis of the measurement of both, in-
crement of the frictional force was also deter-
mined as a function of cutting torque and cutting
velocity. When the proposed algorithm was ap-
plied to the actual system, the average of the error
was below 3% under a steady state condition, and
the delayed time was 0.3 sec in the transient state.
The algorithm proposed in this study was im-
plemented to a computer to monitor the cutting
torque using the internet, which showed the satis-
factory results.
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