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Abstract This article presents an enhanced methodology
for cutting torque prediction from the spindle motor current,
readily available in modern machine tool controllers. This
methodology includes the development of the spindle power
model which takes into account all mechanical and electrical
power losses in a spindle motor for high-speed milling. The
predicted cutting torque is further used to identify tangential
cutting force coefficients in order to predict accurately the
cutting forces and chatter-free regions for milling process
planning purposes. The developed model is compared with
other studies available in the literature, and it demonstrates
significant improvements in terms of the completeness and
accuracy achieved. The developed model is also validated
experimentally, and the obtained results show good compli-
ance between the predicted and the measured cutting torque.
The developed enhanced procedure is very appealing for
industrial implementation for cutting torque/force monitor-
ing and tangential cutting force coefficient identification.
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1 Introduction

In the highly competitive economic environment, modern
manufacturing industries face many challenges in order to
achieve high productivity. To meet these challenges, many
studies are conducted to predict the cutting forces and chatter-
free regions during the milling process by mathematical mod-
eling [1, 2]. High cutting forces and unstable milling lead to
high vibration, poor surface quality, and reduction in spindle
and cutting tool life, thus affecting the overall productivity.
Cutting force coefficients are needed for accurate predic-
tion of the cutting forces and chatter-free regions during the
milling process [3]. They must be experimentally deter-
mined from cutting force measurements for a given combi-
nation of cutting tool geometry and workpiece material [4].
In the standard procedure, the cutting force coefficients
are identified from average values of the cutting force com-
ponents measured by a cutting force dynamometer in slot
cutting experiments at different feed rates [5, 6]. This ex-
perimental setup is impractical in modern shop floors due to
its high cost and hardware setup complexity. Therefore,
there is a constant need in industry for simple and efficient
procedures for cutting force coefficient identification.
Tangential cutting force coefficients, which are the most
significant for cutting force and chatter-free region prediction,
can be obtained from the cutting torque measured directly on a
spindle by using piezoelectric torque dynamometers or capac-
itance spindle displacement sensors [7]. However, these
approaches are also plagued with practical problems, such as
heat generated by the spindle motor (in the case of the built-in
torque sensor), variable sensitivity throughout the machine tool
power range, complicated assembly and, again, high costs.
To overcome these problems in cutting force/torque deter-
mination, a simple and cost-effective solution is found in
using built-in current sensors for motion control in servo
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motors. When a change of the mechanical load on the motor
occurs, the motor current is modified by the servo controller to
overcome it. In modern CNC machine tools, the motor current
can be digitally output to external signal acquisition systems.

Current sensors of feed-axis servo motors can be used for
the calculation of force components normal to the machined
surface [8]. However, due to the high influence of friction
forces in feed-axis servo drives, the application of this
method for cutting force component determination is limited
to discrete monitoring in specific locations where friction
influence can be predicted sufficiently accurately.

On the other hand, cutting torque can be calculated
relatively easily from the spindle current due to the smaller
magnitude of friction forces and constant operational speed
[7]. Dunwoody [9] has proposed a procedure for the indirect
identification of tangential cutting force coefficients (K. and
Ki.) from the cutting torque. Instead of being measured
directly, the cutting torque is obtained from a difference in
spindle power consumption in material cutting and air cut-
ting. The spindle motor current, measured by a built-in load
meter, is proportional to the total power spent by the spindle,
which is expressed as:

(1.1)

where [ is the spindle current proportional to the total
spindle power (useful power, spent on cutting plus losses
measured by a built-in load meter and obtained from the
controller), K, is the load meter constant, and Ppcr i the
effective power from the electrical network.

In Dunwoody's model, the total power spent by the
spindle is calculated as the product of the spindle angular
speed (wy) and the sum of torques that the spindle has to
overcome as

I = KlmPACejf

I = Kin@p(Te + boys + Top) (12)

where T, is the cutting torque, bwy, is the torque needed to
overcome viscous friction, and 7. is the torque needed to
overcome Coulomb friction.

For air cutting (7,,=0), the measured spindle motor
current accounts only for power losses. It is derived from
Eq. 1.2
Iy = K;mbwi[ + K Ty

(1.3)

where /¢ is the spindle current proportional to the power loss.
This model is simple and efficient, but does not take into
account the dependency of Coulomb friction losses on spindle
speed, which is especially important in the case of high-speed
machining [10]. Furthermore, this model does not include, at
least explicitly, the electric losses in the spindle motor.

In the present work, the model for total spindle power
estimation is improved in terms of including all mechanical
and electrical sources of power loss in the spindle drive.

@ Springer

Figure 1 illustrates a typical modern motorized spindle with
a simplified presentation of all mechanical torques that it has to
overcome while rotating: friction in bearings, Ttg; (i=1, 2...);
cutting torque, T¢,; and windage friction torque, 7.,

The Coulomb friction is generally dependent on mate-
rial characteristics and normal forces in the friction con-
tact, while the viscous friction is dependent on the speed
of relative motion of bodies in contact and the properties
of the fluid film that separates them. In order to sustain
the combined radial and axial load, the bearings in mo-
torized spindles are typically featured as pairs of angular
contact ball bearings. The first general load deflection
analysis of angular contact bearings, including the influ-
ence of centrifugal forces on balls and gyroscopic effects,
was developed by Jones [11]. Palmgren [12] has provided
empirical expressions for viscous friction torque in the
bearings. The study performed by Houpert [13] included
elements of Hertzian theory to determine the geometrical
properties of the contact zone and pressure distribution in
the fluid, but did not take into account the centrifugal and
gyroscopic effects on rolling elements. The most compre-
hensive analytical study of Coulomb and viscous friction
in bearings is given by Harris [14].

The low-friction properties of angular contact bearings
are of special importance in high-speed machining. The
value of contact angles between the balls and the rings in
such a design is a function of dynamic variables in opera-
tional conditions. Antoine et al. [15] have developed a
procedure for the explicit angle calculation in angular con-
tact ball bearings.

The windage friction torque originates in the air gap
between the rotor and stator due to the dynamic viscosity
of the air. This problem has been analyzed by Bossmanns
and Tu [16]. Besides the mechanical losses, the power flow
in motorized spindles also includes different types of losses
due to electrical phenomena in the spindle motor. This
power flow is illustrated in Fig. 2.

Although extensive research has been conducted in the
last three decades, the electrical power losses are still not
completely explained by theoretical models in a comprehen-
sive manner. Jordan [17] and Hughes [18], among others,
explain the phenomena that cause different types of electri-
cal losses. Bossmans [19] provides some semi-empirical
expressions to calculate motor core and copper losses, while
Kofler [20] and Agamloh [21] report some experimental and
empirical results of stray loss estimation.

In this paper, a holistic model for total spindle power
calculation is presented. This model is inspired by the afore-
mentioned research results and features some enhancements
in terms of the generality and derivation of all geometric,
kinematic, and dynamic variables that appear in the devel-
oped model. Furthermore, it expresses all sources of power
loss as a function of spindle angular speed and mechanical
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Fig. 1 Free body diagram of a

the mechanical load on the motor shaft

motorized spindle

load on the spindle shaft, which allows for easy experimen-
tal validation and practical implementation.

The enhanced procedure for cutting torque and tangential
cutting force coefficients identification from spindle motor
current consists of four steps:

1. Development of a holistic theoretical model for total
spindle power calculation that includes the power loss
due to the spin-related friction torque in the spindle
bearings, the power loss due to the windage friction
torque, and electrical losses in the spindle motor

2. Air cutting tests at different spindle speeds (spindle
motor current measurement) and slot cutting tests at
different spindle speeds (spindle motor current and cut-
ting torque measurement)

3. Development of an empirical model for cutting torque
prediction as a function of the spindle rotational speed
and spindle current

4. Slot cutting tests at different feed rates for validation of
the cutting torque prediction model and the identifica-
tion of tangential cutting torque coefficients:

(a) Spindle current measurement (for cutting torque
prediction),

(b) Direct cutting torque measurement with a torque
dynamometer (for comparison and validation of
the procedure)

The content of the article is organized as follows. In
Section 2, the detailed model of the total power spent by
the spindle motor is presented. The mathematical expres-
sions for all modeled mechanical and electrical losses are
presented in this section, while some more detailed deriva-
tions are provided in the Appendix. The experiments per-
formed to identify the parameters in the empirical model are

TfB1TfBz LK

Stator A
\ 4=

. _ : ._.__._.._.%-H.._._?_.+_._._.E5[l|_

?
|
Rotor)

Spindle bearin:

demonstrated in Section 3, along with the results and accuracy
obtained. An industrial implementation of the model, for
tangential cutting force coefficient identification, is presented
in Section 4. This section is followed by conclusions on the
important contributions of the presented research work.

2 Theoretical model for the total spindle power
calculation

Motorized spindles of modern machine tools typically use
alternate current (AC) induction motors. Therefore, the expres-
sions for mechanical and electrical losses estimation presented
in the further text will correspond only to AC induction motors.

The total power, Pac (in watts), drawn by a symmetrical
three-phase induction motor from the electrical network is
calculated by the following expression:

Pac = V3UI (2.1)

where U is the voltage and / is the current. Only a portion of
the total power, termed as effective electric input power,
Pacesr (in watts), is actually used for overcoming mechani-
cal losses or dissipated as heat. It is expressed as:

Pycop = V3UI|cos | (2.2)

In Eq. 2.2, cosy represents the power factor (¢ is the phase
angle between the vectors of voltage and the current). In
modern electric motor designs, automatic power factor correc-
tion units are implemented to achieve |cos | = 1, thus reduc-
ing transmission losses and improving voltage regulation.

The total power (in watts) used by a motorized spindle to
overcome the mechanical load and compensate for

Fig. 2 Power flow in a reactive power |>
motorized spindle
total power power for productive power
apparent ! .
consumed from ggw or effective overcoming the (cutting torqus)
the network by power mechanical load
an AC motor on the motor shaft
. ductive mechanical power
losses of the motor's electrical losses unpro . o
power converter (core, copper and stray losses) (Coulomb and viscous friction)
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mechanical and electrical losses in the system is expressed by
summing up the following components:

PACeff = Pey + Pt + Per (23)

where

— Py = Ty is the power providing the cutting torque,
T.u» needed to overcome tangential cutting force in the tool/
part contact at a spindle rotational speed, wy (per second)

— Py, and P, represent the total mechanical and electrical
power losses, respectively, in the spindle drive system.

2.1 Mechanical losses in a motorized spindle

Total mechanical losses in the motorized spindle are the conse-
quence of the Coulomb and viscous friction phenomena in
contact areas due to the relative motions of the members of
kinematic pairs. The total torque required to overcome all sources
of mechanical power loss in a motorized spindle is expressed as

P ml

Tml:_:Tp,'i'Tv

- (2.4)

where T}, is the torque to overcome the Coulomb friction forces
and T, is the torque to overcome the viscous friction forces. This
equation is further decomposed according to the physical sources
of friction loss into

T = TB;LI + TBus + Ty + Thw (25)

where T, is the load-related friction torque in spindle bearings,
T, is the spin-related friction torque in spindle bearings, Tg,, is
the viscous friction torque in spindle bearings, and 7., is the
windage friction torque in the air gap between the stator and the
rotor.

2.1.1 Load-related friction torque in spindle bearings, Tg,,

The dependency of friction losses in bearings on both load
and velocity is of great importance in high-speed machining
analyses. Angular contact ball bearings are commonly used
in motorized spindles. The most comprehensive theoretical
bearing friction model is given by Harris [14].

Bearing friction torque due to the applied load is calcu-
lated as

TBul :ﬁFade

where f; is a unitless factor depending upon the bearing
design and relative bearing load, F, is contact angle-
related load (newton), and dg,, is the diameter of a bearing
that corresponds to the centers of the balls (in millimeters).

Bearing friction torque due to the applied load can be
calculated analytically/numerically. It does not depend on
spindle speed, but it is strongly dependent on the bearing

(2.6)
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geometry and type. The power needed to overcome the bear-
ing friction torque due to the applied load is expressed as

Py = Ty = filF adppoy (2.7)

Equation 2.7 is simplified to describe the power needed to
overcome the bearing friction torque due to the applied load.

PB/[,I = KBule (28)

where Kp, is an applied load constant.
For ball bearings, the factor f; can be calculated by using
the following expression [14]:

i=c)

where z and y are constants depending on the ball bearing contact

angles. For nominal contact angles between 30° and 40° in

angular contact ball bearings, the values of these coefficients

are z=0.001 and y=0.33 [14]. F and C; are the static equivalent

load and the basic static load (both in newton), respectively.
The basic static load, Cs, is approximated by using

(2.9)

Cy = ¢yiZd2 cosa (2.10)

where

s 1s a unitless parameter depending on the following
ratio, yp:

dp cosa

) = (2.11)

dgp

— i is the number of rows of rolling elements,
—  Zis the number of balls per bearing,

— d,, is the ball diameter (in millimeters),

— «a is the ball bearing contact angle (radian)

Static equivalent load is equal to the radial load at radial
bearings and to the axial load at thrust bearings. For angular
contact ball bearings, it is calculated by using

F, = max(X,F, + Y,F,,F,) (2.12)

where X; and Y are constants depending on the ball bearing
contact angle, F, is the radial load (in newton), and F, the is
axial load (in newton).

Values of C; are generally given in manufacturers’ cata-
logues along with the data to enable the calculation of Fj
[14]. Contact angle-related load can be calculated by using
the following expression:

F, = max(0.9F,cota — 0.1F,, F}) (2.13)

The notion of the bearing contact angle needs to be
explained in detail because its value depends on the work
conditions of the bearing. The derivations of expressions for
the calculation of the dynamic values of the bearing contact
angle are given in the Appendix.
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2.1.2 The spin-related fiiction torque, Tg,;

When a rolling element rotates relative to a deformed surface
in the contact areas with raceways, instead of a simple rolling
motion, a combination of rolling and sliding motions of the
rolling element is generated. Additionally, in the case of
angular contact ball bearings, due to the gyroscopic effect,
the rolling motion does not occur exactly on a line parallel to
the raceway. As a consequence, an additional motion occurs:
the “spinning” rotation of the ball. It represents the pure
sliding in the contact area, thus contributing significantly to
the overall bearing friction power loss.

Detailed analysis of this problem is given by Harris [14]; here,
the main conclusions from [14] are applied to the case of spindle
bearings. Two variables, the angular speed of ball spinning and
the corresponding friction torque, are determined in order to
calculate the power loss due to the ball spinning phenomenon.

Figure 3 illustrates the speed vector for a single ball in a
bearing. The pitch angle (3 is a consequence of the angular
contact bearing design, whereas the yaw angle 3’ is a con-
sequence of the existence of the gyroscopic motion. The
other variables are represented in Fig. 3:

— o, is the vector of the resultant angular velocity of the
ball (composed of the rolling, sliding, and spinning
motion components)

— x is the axis of the bearing rotation

—  y is the current angular position of the ball in the bearing

The angular speed of spinning for a ball in the bearing
Opin can be calculated using the following expression [14]:

!
1 —y,cosa;
A il

tan(a; — ) + sin a,-) (2.14)
14

Wspin = OMm (

where

— wy is the angular speed of the motor (spindle) shaft

— o4 and «, are the dynamic values of the bearing contact
angle corresponding to the inner and outer raceways,
respectively (see Fig. 11b)

- y; is a geometric parameter that defines the ratio
between the ball diameter, dy,, and the bearing diameter
corresponding to ball centers, dpy,

! db
=— 2.15
b de ( )
— [ is the pitch angle (see Fig. 3) defined as
B = arctan (&O,) (2.16)
Cos oy + 7y

Assuming that the gyroscopic motion can be neglected
and that the spinning occurs in the center of the contact
surface between the ball and the inner raceway, Harris [14]

y z
W, B
BI
\ x'
N
Pitch >, z
¥y circle ™
Y
Ay
2
A .

Jo,

Fig. 3 Ball angular speed vector in a non-zero ball-raceway contact.
Redrawn from [14]

derives the following expression for the spinning torque on
the inner/outer (i/0) raceway:

TByusifo) = %Mb Wii/0)a(i/0)E /o) (2.17)
The variables in Eq. 2.17, except the friction coefficient,
L, between the ball and the raceway (steel/steel contact), are
explained in detail in the subsequent text. Normal loads, W,
and W; on the contact surfaces between the ball and the outer
and inner raceways, respectively, are calculated using the
following expression (see Fig. 12 for more details):

FSa

— (2.18)
Nb sma(,»/o)

Wiifo) =
where Fg, is the axial force that acts on a bearing (see
Fig. 11b) and N, is the number of the balls in the bearing.

The semi-major axis of the projected contact ellipse, a(i), in
ball/inner and ball/outer raceway contact zones, respectively, is
calculated as [14]

1

L 0.02364" W) 3
Uifo) = V12304 i/0) | 3

(2.19)
Pi/o)

In order to complete the explanation of all variables that
occur in Egs. 2.17 and 2.19, we need to define the following
set of geometrical parameters [14]:

— radii of the inner and the outer raceway groove curva-
tures, respectively: Riio)
— raceway curvature sum:

1 d 2Y1(i/0)
i = —[4— 2y 2.20
Z (W) = d, ( Rijo) 1= ¥n(ijo) (2.20)
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— raceway curvature difference:

dp 2Yifo
_ Rifo) 1‘71‘/0
Fo)ije = o 2 (2.21)
Ry 1=Yiso

— geometrical parameter that defines the ratio between the
ball diameter, d},, and the bearing diameter corresponding
to the ball centers, dpy,, projected in the direction of
normal load W)

dp
Vb(ifo) = d_Bb COS (/o)

(2.22)

— complete elliptic integral of the second kind on the
elliptic contact zones between a ball and inner and outer
raceways, respectively:

2
za;,, (b7,
(1/0)( (1/0))
Cifo) =5 (2.23)
— dimensionless contact parameters az‘i /o) and bz:. /o) that
can be obtained as a function of the raceway curvature
difference F(p),, (Eq. 2.21) by interpolating pre-

calculated tabular values [14].

Finally, from Egs. 2.14 and 2.17, we obtain the total
power required to overcome the spin-related friction torque
for all V, balls as

PB/lS - Nb(TBp,si + TB/Lso)wspin (224)

Equations 2.14-2.23 demonstrate that all variables
contributing the power lost due to the ball spinning are
dependent either on the spindle speed or on the dynamic
contact angles, which are in turn also spindle speed-
dependent. Therefore, a numerical simulation is per-
formed to determine a possible model describing the
dependency of the power required to overcome the
spin-related friction torque on the spindle speed. Power
loss due to the spin relation friction in bearings, accord-
ing to Eq. 2.24, is calculated for spindle speeds up to
20,000 rpm. The calculation is done using a program
written in C++. The input parameters for the calculation
are taken from the case study given in [22].

Based on the results presented in Fig. 4, the following
polynomial model is assumed for the power loss due to the
spin-related friction in bearings as a function of the angular
speed of the spindle:

Pgs = Kopuswy + KIB;sti/I + KzBuswL (2.25)

where Kop,,s and K>, are constants. The fifth degree term
in the polynomial function ensures a better prediction of the
power spent due to the spin-related friction during high-
speed machining conditions.

@ Springer

2.1.3 Friction torque due to lubricant viscosity, Tg,

The torque due to lubricant viscous friction is given by the
following expression [12]:

2 .
o { 1077f, (van )3, if vipy > 2,000 (2.26)

BT160 x 1077fd3,, if vy < 2,000

where v is kinematic viscosity (centistokes), ny is a spindle
(motor shaft) rotational speed (revolutions per minute), and
£, 1s a factor depending on the type of bearing and method of
lubrication (Table 1).

If we limit the domain of application of this model to
spindle rotational speeds higher than 2,000 rpm (which
should correspond to the kinematic viscosity of the fluid
on all working temperatures), we can express the power
needed to overcome the torque due to lubricant viscous
friction as

2
2 30wy '\
Py, = 1077f,(vay i3y = 1077%, (v :M> d3om

=

Py, = 4.5 x 1077f,d3, (v) 0, (2.27)
or, in a simplified way,

5
PBV = KBVa)j/, (228)

where Kg, is the lubricant viscous friction constant.

2.1.4 Windage friction torque, T,,,

Another friction source is the air gap between the rotor and
stator, i.e., the dynamic viscosity of the air. This problem has
been analyzed by Bossmanns and Tu [16]. The rotor and the
stator have different surface velocities (the stator has zero
surface velocity), and the circumferential velocity profile of

900 T T T T T T T T T

800 -
700 -
600 -
500 -
400 -
300
200

100 -

Power loss due to the spin-related friction [W]

0 0.2 04 0.6 0.8 1 12 14 1.6 1.8 2
x10*

Spindle speed [rpm]

Fig. 4 Power loss due to the spin relation friction in bearings vs.
spindle speed
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Table 1 Values of f, depending on ball bearing type and method of
lubrication [14]

Type of Grease  Oil Oil Oil bath (vertical shaft)
lubrication mist bath or oil jet
5 2 1.7 33 6.6

air is assumed to be linear between the two boundaries. The
velocity gradient and shear stress are therefore assumed to
be constant. Shear stress can be computed as [16]

d
Ou [0}V %

= :U‘Aira_y = Hir (2.29)

where pia;;=18.5x 10%% Ns/m? is the dynamic viscosity of
air, u is the velocity of air in the circumferential direction (in
meters per second), y is the radial coordinate in the gap (in
meters), wyy is the spindle (motor shaft) angular velocity
(radian per second), dr is the rotor diameter (in milli-
meters), and /g,y is the gap between the rotor and stator
(in millimeters).

The additional (windage friction) torque, T.., required
for rotation at a given speed is [16]

IRot

d d3 .l o)
Ty = ERot / tdA,o = AR ot!Rot L Air OM

2.
2 4hGap (2:30)

0
where:

—  Ago is the cylindrical surface area around the rotor, with
a differential:

- dAR()t - ﬂ'dRotdl (231)
—  Irot 18 the length of the rotor.

Based on Eq. 2.30, the power loss due to the windage
friction can be expressed as

3
- dRot “IRot * Hair 2

Py = Ty = : 2.32
() 4 hgap Wy ( )

or, in a simplified manner:

Py = Koy, (2.33)

where K, is the windage friction constant.

2.2 Electrical losses in a motorized spindle

The losses in electric motors originate in several motor
components. They are due to very complex phenomena
and are dependent on the type, characteristics, and the
application of an electric motor. Consequently, in spite of

numerous research efforts resulting in various methodolo-
gies for analytical or experimental determination of these
losses, they still represent a domain where many questions
are left unanswered.

According to their sources, electrical losses can be divid-
ed into four groups [17]: copper losses in the stator, Pgcy;
copper losses in the rotor, Prcy; iron losses, Pyre; and stray
losses, Pgyay. Hence, the total losses due to electrical phe-
nomena are calculated as

Py = Pscy + Preu + Pyre + Poyray (2.34)

2.2.1 Copper losses

Copper losses are a function of the current flowing through
the stator winding, /s (amperes), and the rotor cage, /g
(amperes). They can be calculated using the following
expressions:

Pscu = RsI3 (2.35)

Prey = RI2 (2.36)

where Rg and Ry (both in ohm) are, respectively, the electric
resistances of stator and rotor materials (copper).

An illustration of a typical current—speed curve for a cage
induction motor is given in Fig. 5. The form of the curve is
similar for both stator and rotor current dependency on
speed. From Fig. 5, the following mathematical model
corresponding to the current—speed curve (Ar)s and Bgsg
are constants depending on the motor type) is defined:

Irjs = Arys — Brjswy, (2.37)
By introducing Eq. 2.37 into Eqgs. 2.35 and 2.36, we get
12
Pr/s)cu = Reys(Arjs — Bryswy,')
= Ryys (AZR 15— 2Ar/sBryswy! + By /Sw;f) N

Preu = Korcu + Kircu®) + Korcut)f (2.38)

Pscu = Koscu + Kiscu®y, + Kascu®y) (2.39)

where Korcu Kircw Korcus Koscus Kiscus and Kogey are
constants.

2.2.2 Iron losses

Iron losses are the result of hysteresis and eddy currents
induced in the stator and rotor by the rotating magnetic field.
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current
A

Mhlaad_sn.esn\l‘

T »>

spindle speed
Fig. 5 Current-speed curve for a cage induction motor. Redrawn from [18§]

They can be described as a function of the modulating
frequency, f, as [19]

PMFe = KEf(:;f;ated +f)

where frueq 1S the rated frequency (corresponding to the
rated voltage of the electromotor) and Kg is the eddy
current-related constant.

Taking into account that

f:nM&— 3060M &: wMNp
’ 60 2

(2.40)

= 2.41
60 V4 ( )
where N, is the number of magnetic pole pairs and 7y (in

revolutions per minute) is the rotational speed of the motor
shaft. Equation 2.40 yields

wyuN, 0N, \
PMFeKE3fmtede+KE( X p> =

2 2

Pyre = Kivre@yr + Kompe@y, (2.42)

where Kyvpe and Koypp. are the constants.

2.2.3 Stray losses

Stray losses represent the same phenomenon as iron losses,
but due to the spindle parts outside the motor that are located
in the area reached by the magnetic field. These losses are also
frequency-dependent, but they are difficult to calculate. There
are several methodologies to determine them experimentally
or estimate them by performing a finite element analysis [20].

An experimental analysis by Agamloh [21], conducted on
about a thousand 60-Hz induction motors, has determined an
average stray power loss at 1.2 % of useful power, Py
(invested in overcoming the cutting torque)

Pyray = 0.012P¢ (2.43)

2.3 Model synthesis

Table 2 gives a review of the expressions presented in
Sections 2.1 and 2.2 which provide the dependency of
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different sources of power loss in a motorized spindle
drive.

The total spindle power is given by Eq. 2.3, which is
expressed in detail as

Pacer = Kpuon + Kopyson + Kipusoy, + Kopus@yy + KBva)i/[""
+K w0y, + Korcu + Kircu®y,' + Korcu®)” + Koscu
+Ki1scu®), +
+Kascu®y + Kivre®us + Kompe®y + 0.012P s + Py
(2.44)

and spindle current proportional to the total spindle power,
from Eqs. 1.1 and 2.44, is given as

1= KlmKZB/l.swi/[ + KlmKlB/st;W + Klm (Kvw + K2MFe)w§/[

+ KImKvai[ + Kim (Kgyu + Kopus + Kimre) 0u
+ Kim(Kircu + Kiscu) @y + Kim (Korcu + KzSCu)ij2
+ Kim (Korcu + Koscu) + Kim1.012T 0
(2.45)

For air cutting (7,,=0), the measured spindle motor
current accounts only for the losses in the spindle drive.
Hence, Eq. 2.45 becomes

Iy = KlmKZByssz\/] + KlmKprswfu + Ko (Ko + Komre ) @03
5
+ KinKpy 03, + +Kipm (Kpu + Kopus + Kivre)@ur
+ Kim(Kircu + Kiscu) @y + +Kim (Karcu + Kascu) @3
+ K (Korcu + Koscu)
(2.46)

The different constants in Eq. 2.46 are combined and the
resulting expression is given by

5
Ir = ala)i,, + aza)i,] + a3w§4 + a4a)}v,—|—

| 5 (2.47)
+aswy + agwy, + a7, + ag
Equation 2.45 is rewritten as

I =1t + Kpy - 1.012To0ps (2.48)

3 Development of an empirical model for cutting torque
prediction

MIKRON HPM 600U, a five-axis milling machine equipped
with the controller iTNC530, is used for experimentation
purposes. A flat end mill of 20 mm diameter with two flutes
is used as cutting tool. The material of the workpiece is Certal
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Table 2 Power loss components in a motorized spindle drive

Power loss component Expression Equation no.
Power needed to overcome the bearing friction torque due to applied load Py = Kpuoy 2.8

Power needed to overcome the spin-related friction torque Pgs = KOBpsst + Kipys@yy + Kopus®, 2.25

Power needed to overcome the torque due to lubricant viscous friction Py, = K, ), 2.28

Power loss due to windage friction torque Py = Ky, 233

Rotor copper loss Preu = Korcu + Kircu®),' + Korcu®) 2.38

Stator copper loss Pscu = Koscu + Kiscu®y + Kascuyf 2.39

Iron loss Puyre = Kinpewys + Koype w3, 2.42

Stray losses Pytray = 0.012P 2.43

(AlZnMgCu 0.5). The data acquisition platform is developed
in LabVIEW 2010. The cutting torque dynamometer (Kistler
9125A) and the measurement platform are shown in Fig. 6.
The constants, a; (i=1, 2...8), in Eq. 2.47, are identified with
air cutting experiments performed at different spindle speeds.
The spindle speed is varied from 500 to 20,000 rpm, with an
increment of 500 rpm. Spindle motor current is acquired
directly from the machine controller. By using MATLAB
2010a as the programming environment, the developed model
is fitted to the measured spindle motor current and the values
of g; are calculated.

The obtained values of constants g;, corresponding to the
model given in Eq. 2.47, are:

ar=498-10 28] a
= 1731078 [A] g
as =5.11-107° [ A a7 = ~6.33- 107 A - pm?]

as = 3.25- 10-‘0[@/35/3} ag = 0.1410

—12
—1.21-10 {ﬁ}
2.76 - 107 %A - rpm]

(3.1)

Although a; has a very small value, its combined effect
with @y, (in revolutions per minute) at a high spindle speed
cannot be ignored. It helps ensure the accurate prediction of
the developed model at higher spindle speeds.

After introducing the values of constants a;, Eq. 2.46 becomes

I = 4.98 x 10720}, — 1.73 x 10" Baw;, +5.11 x 107

13.25 x 10710 5/3 121 x 10~ lsz+276><10 Sy,
—6.33 x 107° *2+01410
(3.2)

The comparison of results, presented in Fig. 7, clearly
shows better compliance of the developed model to the exper-
imental data than Dunwoody's model [9], presented in Eq. 1.3.

The load meter constant, K|, is identified with slot cutting
experiments performed at different spindle speeds. Spindle
speed is varied from 1,000 to 20,000 rpm, with an increment
of 1,000 rpm. The stable axial depth of cut (2 mm) and feed

(0.1 mm/flute) are kept constant during the experiments. Cut-
ting torque (7., is measured with a cutting torque dynamom-
eter (Kistler 9125A), while the spindle current corresponding
to the total spindle power (/) is acquired directly from the
machine controller. On the other hand, the spindle current
proportional to the power loss (/) is calculated from Eq. 3.2.

The measured values of the total spindle motor current (/)
and the calculated spindle motor current corresponding to
the power spent for cutting (/—/y) are presented in Fig. 8a.
The percentage of total losses, (If : 100) /1, is presented in
Fig. 8b. The plots demonstrate that the total losses are quite
significant, especially at high spindle speeds.

Subsequently, from Eq. 2.48, we get

-1

S A—
10127,  mom

(3.3)

The load meter constant, Kj,,, is estimated by linear
presented as a solid line, as shown in Fig. 9.

The values of the spindle motor current at lower spindle
speeds are not reliable, as can be seen in Fig. 8a, because
they are too small to be accurately measured by the load
meter. After excluding the data corresponding to spindle
speeds smaller than 4,000 rpm (see Fig. 9), the obtained
value of K, is 1.9973x10™* A/W.

By rewriting the complete model (Eq. 2.45) as

regression of the values, and the fitted line is

I=498-10"2w;, —1.73 x 107 Bw}, + 5.11 x 10°0},
1325 x 1072%7° — 1.21 x 107 2@y, +2.76 x 10 8y,
—6.33 x 107° —2 +0.1410 + 1.012 - 1.9973 x 10~ Tw,wM

(3.4)

From Eq. 3.4, the developed model to estimate the cut-
ting torque from the spindle motor current obtains its final
expression as

1-4.98x10 %@} +1.73x10" % w3, —5.11x10~

1.012-1.9973x 10wy
1.21x10 2wy —2.76x1078 "+633x10 Sw,2-0.1410

1.012:1.9973x 10 %y,

9 2 ~10,5/3
w0y, —3.25x10" "o
M M

Tew =

(3.5)
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Fig. 6 Experimental setup. a
Cutting torque dynamometer
mounting. b Data acquisition
platform

Cutting torque (Eq. 3.5) is defined as a function of spindle
speed (revolutions per minute) and spindle motor current
(ampere), which in turn is load-dependent. It is probable that
the load meter constant depends on the given combination of
workpiece material and tool geometry. It is, however, still to
be determined how significant this influence is.

4 Validation and implementation of the developed
cutting torque model

In the previous section, it has been demonstrated that the
developed model of the spindle power predicts the total
power losses accurately. The next objective is to validate
experimentally the developed cutting torque prediction
model (Eq. 3.5) and propose its industrial application for
tangential cutting force coefficient identification.

Cutting force coefficients are identified by performing slot
cutting experiments at different feed rates. The feed rate is
varied from 0.04 to 0.18 mm/flute, with an increment of

2.5 T T T T T T T T T
#* Measured i
Developed Model
2 === Dunwoody 4

-
()]

=

Controller Current (A)

0.5

0 02 04 06 08 1 12 14 16 18

Spindle Speed (rpm) x 10

Fig. 7 Air cutting experimental results
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b Measurement Platform

0.02 mm/flute. Stable axial depth of cut (4 mm) and spindle
speed (7000 rpm) are kept constant during the slot cutting
experiments. Spindle motor current is acquired from the con-
troller, and then the cutting torque is estimated with the devel-
oped model (Eq. 3.5). For validation of the developed cutting
torque prediction model, the cutting torque is also measured
directly with the cutting torque dynamometer. The results
presented in Fig. 10 validate that the cutting torque predicted
with the developed model is in good compliance with the
measured cutting torque values. The same data will also be
used to identify the tangential cutting force coefficients.

The tangential cutting force per unit depth of cut along
the cutting edge j of an end mill is given by Altintas [23]

dFij(¢) = Kich(¢9) + Kie (4.1

Here, ¢ is the immersion angle, K. is the tangential
cutting force coefficient contributed by shearing action, K
is the tangential edge force coefficient, and A(9) is the chip
thickness which is given by

h(¢) = fisin(¢)

where f; is the feed rate in (millimeters per flute). The
instantaneous cutting torque can be calculated as

(4.2)

dT.;(¢) = R(Kich(9) + Kie)g () (4.3)
a b

10 T L) T 30 T T T

25} [

z § 20} -

[&] E 10F .

5. -

% o'.5 1 1'.5 2 % o'.5 1 1'.5 2

Spindle Speed (rpm)x 104 Spindle Speed (rpm)X 104

Fig. 8 Illustration of the total power loss dependency. a Spindle speed
vs. current. b Spindle speed vs. total losses
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Fig. 9 Slot cutting experimental results

where R is the radius of the milling tool and g(¢) is a
function which is unity while the tooth is in the cutting zone
and zero when the tooth is out of the cutting zone.

The average torque per unit depth of cut is given by

27

_ R .
aTey =5, [ 0)(Kfsino) + K. 44)
0
For slot cutting tests
_J1if0<o<n
g(¢)_{0ifﬂ§¢<2ﬂ (4.5)

The average torque per unit depth of cut, for a single
flute, is expressed as [9]

— _ RK. . RK.
dT; = i+ 4.6

e (4.6)

7 T T T T T T Ll Ll Ll

B Measured

6k 4 Developed Model | |

5F 4
: x=7
g 4r ,,’: 1
] e 2
= -z
2 3k ’/,/ _
£ -
g X
(&) /,/’

2 z- 4

P 2
-
L -Z2-7
1F 4

0.04 0.06 0.08 01 012 0.14 0.16 0.18

Feedrate (mm/flute)

Fig. 10 Average cutting torque values

Total average torque, for all cutting flutes and given
depth of cut (a), is given by

—  RNaK,. . RNakK,
T.= “f+ d (4.7)
V4 2
The cutting and edge components (% , %) are

estimated by a linear regression of the cutting torque values
as presented in Fig. 10. Tangential force coefficients are
identified from the direct measurement of cutting torque
by a torque dynamometer and also from the estimated val-
ues of cutting torque from the developed model. The com-
parison of the results is presented in Table 3.

Edge force coefficient (Ki.) has a negligible effect on the
cutting forces and has no effect on chatter-free region pre-
diction [23]; therefore, 16.56 % error in its determination is
quite acceptable. On the other hand, precise identification of
the tangential cutting coefficient, K, is indispensable for an
accurate prediction of cutting forces and chatter-free
regions. The difference between the tangential cutting coef-
ficients identified from the predicted and experimentally
measured cutting torque is only 2.34 %, which represents
another validation of the accuracy of the developed model
for industrial application.

5 Conclusion

In this paper, an enhanced procedure for cutting torque
determination and tangential cutting force coefficient iden-
tification from the spindle motor current is presented. The
spindle motor current, obtained from the integrated load
meter, is proportional to the total spindle power. The cutting
torque is obtained from the difference of spindle power
consumption in material and air cutting by using a method-
ology that required the development of a mathematical
spindle power model. Finally, the tangential cutting coeffi-
cients are identified from such obtained cutting torque. This
procedure demonstrates several salient features compared to
previous approaches.

The developed model of spindle power considers all
mechanical and electrical sources of power losses in the
spindle motor. Mechanical losses (load-related friction in
spindle bearings, spin-related friction, friction due to lubri-
cant viscosity, and windage friction) and electrical losses
(rotor and stator copper loss, iron loss, and stray losses) are

Table 3 Tangential force coefficients identified from the measured
and the predicted cutting torque

Coefficient Measured Predicted % Error
K. (N/mm?) 726 743 2.34
K. (N/mm) 332 27.8 16.26
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all taken into account during the model development and
expressed as a function of spindle rotational speed and load.

Furthermore, an empirical model for cutting torque pre-
diction has been developed from the results of air cutting
and slot cutting experiments at different spindle speeds. It
has been demonstrated that the developed model predicts
the spindle power losses accurately. The predicted values of
the cutting torque using the developed empirical model are
additionally validated by the simultaneous direct measure-
ment of cutting torque from a cutting torque dynamometer.
The results have demonstrated good compliance of the
predicted cutting torque with the one obtained in the direct
measurement, thus proving the accurate identification of
tangential cutting force coefficients.

The developed procedure is very suitable for shop floor
implementation. It eliminates the need for a costly and
complex external hardware setup as it uses the data already
available in CNC units. Machine tool manufacturers can
implement the developed model in CNC units and make
the cutting torque available to the end user in the form of a
built-in database of load meter constants for different work-
piece material/tool geometry combinations. This would rep-
resent a substantial step toward accomplishing the idea of
smart machining. Optimally selected cutting conditions,
based on the results of the predicted chatter-free regions
and cutting force, will ensure enhancement in the overall
productivity of the milling process.

Acknowledgments The experiments, carried out in the framework of
CTI project no. 10008.1 PFES-ES, were supported by Federal Department
of Economic Affairs, Switzerland. We would like to take the opportunity to
thank Mr. David Schranz from Mikron Agie Charmilles AG and Dr. Oliver
Avram from EPFL for their valuable contributions during the experiments.
We also thank Mr. Jean-Philippe Besuchet from Mikron Agie Charmilles
AG for his collaboration and feedback throughout the work.

Appendix
Calculation of dynamic values of bearing contact angles

In Fig. 11a, free-state (nominal) value of the bearing contact
angle (ay) is illustrated. This condition refers to when the
bearing is immobile and there is no preload. The outer (inner)
contact angle is the one that the line connecting the contact
point A on the outer ring (B on the inner ring) and the center of
the ball forms with the normal direction to the bearing axis.

In free-state conditions, both inner and outer contact
angles have the same value, equal to a. The free-state angle
of the bearing, ay, is defined by the following trigonometric
expression:

(P

= 5)

cosar =

@ Springer

where:

— tisthe distance between the centers of the curvature of the
inner and the outer raceway grooves, which is equal to:

t=R,+R; —d, (6)

— R, and R; are, respectively, the radii of the outer and the
inner raceway groove curvatures.

— P4 is the diametric clearance, which is, by definition
[14]

Py =dp, — dpi — 2d, = 2(by + by) (7)

Bearing axis
0 ¥ .

»

X

Fig. 11 Free-state, static (a) and dynamic (b) values of the bearing
contact angle. Redrawn from [15]
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— dg, and dg; are the outer and inner ring raceway contact
diameters (in millimeters), respectively

— dy is the ball diameter (in millimeters)

— by and b, are clearances between the ball and the race-
ways (in millimeters)

Figure 11a also depicts the condition where the bearing is
still immobile, but there is a static preload, Fg,, in the axial
direction. An assumption is made that this load is equally
distributed on each of the balls, where N, stands for their
number. Under the preload, the inner ring moves with re-
spect to the outer ring in the direction of the bearing axis, X.
Both contact points and the center of the ball are still
collinear, but the angle () that this line forms with the
direction normal to the bearing axis (V) is greater than the
free-state angle, .

The static value of the bearing contact angle, ¢, can be
calculated using the following expression [14]:

Fp, . cos ay !
NpK, d¥! S st <cos O ®

where K, is the axial deflection constant (in megapascals) that
can be obtained from the corresponding experimentally deter-
mined diagrams [14] as a function of the total curvature B

R, R;
B=-24l 9)

Equation 8 can be solved numerically by the Newton—Raphson
method. The equation to be satisfied iteratively is

!

Oy = Ust

Fg, . cos ay n
NpK,d?1 — SNy (cos ag 1

_|_

COS Ol
(10)
which is satisfied when o/st — oy 18 zero.

The main case that we are interested in is related to the
dynamic state, when the bearing rotates under the load. The
load on a bearing consists of an axial force, Fs,, equally
distributed on each of N, balls and radial forces, F,, and F;,
that act on a ball through the outer and inner rings, respec-
tively (Fig. 11b). The assumptions made are that the bearing
has a constant rotational speed around the X-axis, the motion
is without vibrations, and no sliding motion is supposed to
appear at points A and B [15].

Balls follow the cage orbital motion around the X-axis.
Due to friction forces in contact points, each ball also rotates
around its own axis. This leads to the occurrence of the
gyroscopic moments on the balls (Fig. 12a). Because of the
inertial force (centrifugal force, F, in Fig. 12a), the outer
and inner contact angles have now two different values, o,
and o;.

n n—1
cosar COS @,
cos as,(cosa; — 1) + ntanzast( L 1) cos af

In order to calculate the bearing contact angles, a free
body diagram is constructed in Fig. 12a. At the contact
points A and B, the outer and inner contact actions are

a
AY'// Y
&a*/é(
F,o /g
/ﬁ‘“*/wa " Outer ring
‘='. 1 F Sa

x
/F;\T \Inner ring
o |F;
b A
Yy
aO
Es,
Nb
Outer ring
Ji )

~—~———

A\

\Inner ring

Fig. 12 Free body diagram of an angular contact ball bearing.
Redrawn from [14]
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supposed to be reduced to the resultant forces F, and Fj
(acting on each ball). These forces are decomposed, respec-
tively, into normal loads, W, and W;, and tangential loads, T,
and T7;. The result of the centrifugal force, Fc, is directed
along the Y-axis and is applied at point C (center of the ball).
The assumption that the tangential forces compensate the
gyroscopic moment allows for a simplification of the free
body diagram [15]. Thus, we get the system of forces
represented in Fig. 12b, which will help us determine the
set of equations necessary for the calculation of contact
angles.The sum of force projections in direction Y’ is

Fri_Fro+FC:0 (11)
From Fig. 12b, we also get

i

F.
N, Sa
tang; = —=>F,, = ———— 12
" F, " Nptano; (12)
Fsq
F
N, Sa
tano, = —=F,, = ——— 13
°  F, " Nytana, (13)

By introducing Eqs. 12 and 13 into Eq. 11, we get
Fyq Fsa

F,—F,,+Fc= — Fe=0=
T Nptana; N, tano:o+ ¢
1 1 Fc - N
- ¢ (14)
tana, tanco; Fg,
where:

—  Fc is the centrifugal force (in newton) which can be
calculated as [19] (p. 175)

70, d> 02 dpm
Fo= Pb blzc B (15)

—  pp is the mass density of balls/rollers (in kilograms per
cubic meter)
— ¢ is the angular velocity of the cage (radian per second)

271'}’lc nc
- _ e 16
®C="60 T 30 (16)

— nc¢ (1/8) is the rotational speed of the cage (orbital ball/
roller speed) [14]

ne =5 (1 = 73) + o1+ 75)] (17)

— n, and n; are the rotational speeds of the outer and inner
rings, respectively
—  7p is a geometrical parameter

dj, oS Ogt
Yo =—7
dBm
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For machine tools, 7n,=0 and Eq. 17 becomes

ni nm

nc=?(1—7b):n027(1—7b) (19)

where ny; is the number of rotations of the spindle shatft.

Bossmanns [19] makes an assumption that the changes of
the contact angles in the outer and inner contact points
follow the rules:

o, = ag + Aa, (20)
a; = ay + Ag; (21)
Aao = —Aa,- (22)

which leads to the conclusion
o, +a; =20y (23)

Equations 10 and 23 constitute a sufficient system for the
calculation of the dynamic load contact angles, which can be
solved by numerical iteration.
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