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Abstract The goal of this work is to concurrently
counterbalance the dynamic cutting force and regulate
the spindle position deviation under various milling
conditions by integrating active magnetic bearing
(AMB) technique, fuzzy logic algorithm, and an adaptive
self-tuning feedback loop. The experimental data, either
for idle or cutting, are utilized to establish the database
of milling dynamics so that the system parameters can be
on-line estimated by employing the proposed fuzzy logic
algorithm as the cutting mission is engaged. Based on
the estimated milling system model and preset operation
conditions, i.e., spindle speed, cut depth, and feed rate,
the current cutting force can be numerically estimated.
Once the current cutting force can be real time estimated,
the corresponding compensation force can be exerted by
the equipped AMB to counterbalance the cutting force,
in addition to the spindle position regulation by feedback
of spindle position. At the end, the experimental
simulations on realistic milling are presented to verify
the efficacy of the fuzzy controller for spindle position
regulation and the capability of the dynamic cutting force
counterbalance.
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1 Introduction

A few serious issues for high-speed milling, such as
gyroscopic effect, severe chatter, high temperature, and
potential crack growth inside cutters, still remain unsolved
after decades of manufacturing technology evolution [1].
For the advanced milling systems in which magnetic
bearings are embedded, although the upper limit of spindle
speed is much increased to 10,000 rpm or above, yet the
mathematic model of cutting process, to be used for
prevention of high frequency vibration and chatter,
becomes more complicated and inaccurate. In addition,
the uncertainties of the metal cutting system and any
potential unexpected disturbance, due to high-speed metal
cutting, can also deteriorate the performance and stability of
milling machines. Therefore, in this paper, a fuzzy second-
order model for milling process by realistic experiments is
constructed so that the self-tuning adaptive control algo-
rithm and a set of active magnetic bearing (AMB) can be
applied to counterbalance the cutting force, in addition to
regulating the spindle position deviation.

In past two decades, numerous researches were devoted
to construction of milling dynamics and control strategies
in order to improve the quality of metal cutting and enhance
the stability of mass production. For example, Lauderbaugh
and Ulsoy reported an approach to model milling dynamics
for various cut depths and spindle speeds [2]. Li et al.
proposed a predictive time-domain mathematical model to
determine the milling dynamics [3]. Besides, the first- and
second-order mathematic models for milling process were
ever proposed in 2001 and 2004, respectively [4, 5]. As for
control loop design, a fast adaptive controller was presented
to regulate the cutting force via feed rate tuning [6].
Similarly, an adaptive fuzzy logic controller was employed
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to ensure stability robustness of milling systems against
external disturbance [7]. In addition, an adaptive controller
based on neural network was proposed to enhance the
robustness and global stability of milling system [8].

The AMB technology is gradually applied in industries
because it can operate with free mechanical friction against
the spinning rotor. In 2002, Spirig et al. ever utilized a set
of AMB to three types of revolving machines and analyzed
the dynamics of spindles [9]. Moreover, AMBs were
adopted by Kyung and Lee to attenuate chatter during
milling process [10]. Although a conventional proportion-
al-integral—derivative (PID) controller can be designed for
AMBs to regulate spindle position deviation in most
occasions [11], yet for high-speed milling, the PID
controllers are not always applicable, either for stability or
performance. Based on this argument, an advanced H*
controller was ever proposed by Tsai et al. for high-speed
rotor/AMB applications [12].

To much improve surface finish for the workpieces, a
compact and low-cost module of AMB is employed in our
work to concurrently counterbalance the cutting force and
regulate spindle position under the proposed adaptive
control strategies and estimation of cutting force. By the
end, the efficacy of the AMB equipped at the milling
machine is verified by intensive milling experiments.

2 Nonlinearity of the magnetic force by an AMB

The block diagram of the milling process aided by AMB is
shown in Fig. 1, where the cutting force, F,, is usually
varying during milling operation and results in the position
deviation of spindle, d. Therefore, the magnetic force, F,,
is proposed as the compensatory force to regulate the
spindle position via an AMB as long as the position
deviation of spindle and cutting force can be measured and
estimated on-line, respectively. In Fig. 1, 4 is the coil
current fed into the AMB. Since the magnetic force is
highly nonlinear in terms of air gap and supplied current,
the characteristics of magnetic force has to be explored at
first before any control strategy is formulated.

a (axial depth of cut)
Milling RPM
Process
FC
i | Actuator | Fu ¥+ . d
(AMB) —O—| Spindle

Fig. 1 Block diagram of milling process aided by AMB
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The schematic design of four-pole AMB is depicted in
Fig. 2. The average magnetic flux density for the presented
pole profile design is increased by 11%, compared with the
traditional rectangular pole design [13]. An auxiliary bush
that has a maximum air gap, 0.5 mm, against the spindle is
equipped by the free end of the spindle. Since the required
magnetic force is function of coil current and the air gap
between the rotor and magnetic pole [14], the experiments
are designed and undertaken to unveil their relation. The
test rig is schematically shown in Fig. 3. Control current for
each pair of poles is applied to the coil via the signal
processing interface, Module DS1104 by dSPACE, and a
set of amplifier. Once the magnetic force is induced by the
coil current, it can be measured by the load cell unit
(Model: STC-25, by Accusys Technology Incorporation),
shown in Fig. 4. A set of experimental results on magnetic
force measurement, i.e., magnetic force versus current, are
recorded and shown in Fig. 5.

Since the AMB is employed to provide the magnetic
force to counterbalance the cutting force, the required coil
current, 7, can be calculated in terms of required magnetic
force, F,, and air gap, x, as follows:

l'(Fm7 X) = b]F:L/S + sz;ll/S + b3 x72/5F§1/5 + b4x76/5
+bsx 5 4 b (1)

where the coefficients b, ~ by are constants obtained from
curve fitting:

b 0.37803
b, 0.00046
by | | —0.0801
by | | —1.3847 | (2)
bs 0.69404
be 0.64977
EM
Spindle
a Top View b Side View

Fig. 2 Schematic design of four-pole AMB: a top view and b side
view
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Fig. 3 Test rig of magnetic
force measurement
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3 Modeling of the spindle and cutting dynamics

For the milling process aided by AMB, shown in Fig. 1, the
cutting force, F., is mainly determined by the axial cut
depth, a, feed rate, f, and spindle speed, 2. However, at
normal operation mode, the spindle speed and feed rate are
generally retained constants. Therefore, the axial cut depth,
a, is, in fact, the key factor to determine the pattern of
cutting dynamics. In order to counterbalance the cutting
force and regulate the spindle position deviation, d, the
models of the subsystems, shown in Fig. 6, are to be
constructed by experiments at first.

In Fig. 6a, the lateral force to the spindle, F,,, represents
the magnetic force exerting on the spindle by the AMB

Fig. 4 Photo of magnetic force measurement

while the cutting process is not engaged at all. The spindle
model at idle operation mode, shown in Fig. 6a, is
constructed in order to explore the link of the shaft position
deviation, d, against the corresponding exerted force, i.c.,
the magnetic force, Fy,. Similarly, the dynamic model
shown in Fig. 6b represents the spindle position deviation,
d, against the axial cut depth, a. By comparison of the two
dynamic models in Fig. 6, the resulted cutting force, due to
milling process, can be estimated for a given axial cut depth
and the available measurement of spindle position.
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100 © air gap = 1.02 mm »ygooo
+ air gap = 1.31 mm > > OOOOQOo
90 X ai > OO ¢°
air gap = 1.41 mm » O oo
| NI
80 > O 0
> O4¢ +—|—
z » 0.0 ++
Z 0.9 ++
2 77 > 060 AT e
£ > o0 +10 x®
S 601 oo +T g
= >0 ++ w K
2 - 4+
£ +
%0 40 - »Oo 4 x*
= 0o X
30 o +x
O 4y
20 O+x
>g¢*
10 §§$¥
0 M% T T T T T 1
0 1 2 3 4 5 6
Current (A)

Fig. 5 Magnetic force versus coil current
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Spindle ——

a Dynamic Model of Spindle w/o Milling Operation
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Process Spindle

b Dynamic Model under Milling Operation

Fig. 6 Dynamic model to approximate milling process. a Dynamic
model of spindle without milling operation. b Dynamic model under
milling operation

3.1 Modeling of spindle dynamics

In this paper, an AMB is employed to provide the magnetic
force, Fy,, to regulate the position deviation of spindle, d.
Therefore, the transfer function of spindle dynamics can be
represented as follows:

i]-eo[m])-[E GOl o

where the spindle position deviation, d, is decomposed into
the components d, and d, in X- and Y-axes, respectively,
and so is the magnetic force, F. G“(s) is the transfer
function of spindle dynamics at idle operation mode.
Gji(s)(i = x, y; j=x, y) represents the individual transfer
function for the system output, d;, with respect to the input,
Fj. The superscript “u” of G“(s) is referred to the “uncut”
condition. That is, milling process, shown in Fig. 6b, has

not been engaged at all.

Fig. 7 Test rig of the spindle
modeling

Fig. 8 Photo of impulse test

The test rig for obtaining the impulse response, shown in
Fig. 7, includes the milling machine (Model CNC-K3 by
How-mau Machinery Co., Ltd.), a pair of gap sensors
(Model KD-2300.1SU by Kaman Instrumentation Corpo-
ration), and a particular auxiliary setup composed by a
spring, a slot, and a steel bead. The steel bead is utilized to
exert an impulse force upon the spindle along the direction
of X-axis. The spindle position deviation due to the bead
impact is continuously acquired by the gap sensors, shown
in Fig. 8, and converted into electric voltage by the signal
processing interface DS1104 by dSPACE. Eventually, the
damping ratio, ¢, of spindle in X-direction can be calculated
by the equation as follows [15]:

Lxn_ 27 (4)
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Table 1 Transfer functions of

spindle against spindle speed Spindle speed

Approximate damping ratio Transfer function

Low speed (below 1,500 rpm)

Medium speed (1,501-5,000 rpm)

High speed (above 8,500 rpm)

“u 50
0.0291 Qm = ny ~ 52466.8511,210,869
0.0326 A

Yo = Y T PF11146s+2,734 837
0.0227 Gl = G = s
0.0265 Gy, =G, = mrmressiamiig
0.0206 Gy, = G, = mrmosiage
0.0244 G = Gt = g

where x; and x, are two peaks of the recorded spindle
position deviation. “n—1" is the number of peaks between
X1 and X2

Based on the experimental data for damping ratio,
evaluated by Eq. 4, by applying curve fitting method, the
damping ratio can be estimated in terms of spindle speed,
Q, as follows:

E(Q) =—6407"+0.67807%5 +0.0141 (5)

£, (Q)=-659Q""+0.67207"° +0.018 (6)

where Ex and Exy are the estimated damping ratio of spindle
in X- and Y-axes, respectively.

Applying fast Fourier transform (FFT) technique, the
frequency response of spindle under impulse excitation is
pretty close to a second-order dynamic system. Therefore,
the estimated transfer functions in Eq. 3 can be represented
as follows:

~ - K
GY (s) = G" (s) = = 7
L =) = ™)

K
[sz + ngyw;‘s + (w},‘)z}

Z
Yl’-X
Workpiece

Feed Direction

Cutterr
uer

Fig. 9 Cutting test to record step response

where K, and K, are constants. ), is the natural frequency
of spindle dynamics under “uncut” operation mode and
retained unchanged no matter how the speed of spindle is
tuned. It is noted that in this section, we have assumed that
the spindle is perfectly symmetric and homogeneous in X-
and Y-directions.

In order not to make the mathematic models complicated
for synthesis of controller, the spindle speeds are divided
into three categories: high speed, medium speed, and low
speed. The corresponding transfer functions for Eqs. 7 and
8 are listed in Table 1. The top script “~” indicates that the
transfer function is estimated by mathematical models. It is
evident to notice that due to gyroscopic effect, the damping
ratio is decreased as the spindle speed is increased.

Although two gap sensors are used in this work to measure
the spindle position deviation in X- and Y-directions, in fact
they can be replaced by self-sensing technique applied on
AMB set [16] such that the cost and the additional space to
equip a pair of gap sensors can be waived.

3.2 Modeling of milling dynamics

As aforesaid, the axial cut depth, a, mainly determines the
patterns of cutting dynamics. Therefore, for spindle under

50 f--4
-100
120 -4

440 |- 44

240 -4

260 L
107 10

Fig. 10 Frequency response of spindle under step milling process
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Table 2 Estimated system
parameters in X-axis of spindle

Low spindle speed 3,500rpm High spindle speed 7,000rpm

under milling
Low feed rate 150 mm/min

High feed rate 300 mm/min
Unit of natural frequency:
radians per second

£ = 0.88525 M — 0.60865
(@8 = 0.3407 L@ = 2.6959
Unstable & — 0.49711

Lo = 182.44

cutting operation, shown in Fig. 6b, the dynamics can be
represented as follows:

i)-eula]-[30 30)E] o

where d,, d, and a,, a, are the components of the spindle
deviation, d, and axial cutting depth, a, in X- and Y-axes,
respectively. G(s) is the transfer function of spindle
position deviation with respect to the axial cut depth.
Gj(s)(i=x, y; j=x, y) represents the individual transfer
function for system output, d;, to the system input, a;. It is
noted that the superscript “c” in Eq. 9 is referred to “cutting
operation”.

The experimental rig for cutting tests mainly consists of
the milling machine CNC-K3, a pair of gap sensors, and a
milling cutter, with diameter 6 mm and four cutting blades.
The cutting path, shown in Fig. 9, is designed to record the
step response of the spindle position deviation. The axial
cut depth is 1 mm. Totally, 24 milling tests have been
undertaken under various spindle speeds and feed rates.

The frequency response can be obtained by FFT and
shown in Fig. 10. It is noted that an additional integrator
“1/s” is embedded in Fig. 10 obtained by FFT since a step
response is recorded, instead of impulse response. There-
fore, the dynamics of spindle under milling can be regarded
as a second-order system and the components of the
transfer function matrix in Eq. 9 are represented as follows:

Ge(5) = GO (s) = & (10)

28 (0)s + (ve2)’

Ky
Gy, (s) = Gj(s) =
’ . 52+ 2§;y (waf:)s + (wafz)z

(11)

where {7 and (§, are the damping ratios of the spindle
under milling in principle axis (i.e., X-direction) and the

cross axis (i.e., Y-direction). @, and ,,@;, are the associated
natural frequencies. K5 and K, are constants.

The system parameters {7, 3, @y, and @ can be
evaluated from the recorded step response by the following

equations [17]:

M, = e “N1-€ (12)

1.
A8 (13)

Wy

where M, is the maximum overshoot and ¢, is the rise time.
Based on intensive experiments, the damping ratios and
natural frequencies can be estimated in terms of spindle
speed, €2, and feed rate, f, as follows:

E(f, Q) = 03517 +13.802Q7% 4 0.299 (14)

E(f, Q) = 027977 +5.88207°° 1 0.161 (15)

@5 (f, Q) = 0.0225f + 0.0002Q — 0.3467 (16)

2@, (f, Q) = 0.0431f 4+ 0.0006Q — 1.023 (17)

where E§ and E;y are the estimated damping ratios. @ and
o are the estimated natural frequencies. It is noted that
the coefficients in Eqs. 14—17 are obtained by curve fitting
method.

In order to simplify the representation of spindle model
under milling operation so that the controller can be easier
to be synthesized, the patterns of feed rate and spindle
speed are both categorized into two types: “low feed rate/
high federate” and “low spindle speed/high spindle speed”,
respectively. The estimated system parameters are listed in

Table 3 Estimated system
parameters in Y-axis of spindle

Low spindle speed 3,500rpm High spindle speed 7,000rpm

under milling
Low feed rate 150 mm/min

High feed rate 300 mm/min
Unit of natural frequency:

& = 050527 & —0.38739
@ = 0.40699 L@ = 53863
Unstable &, = 0.29855

WO = 33523

radians per second
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Fig. 11 Block diagram of
self-tuning fuzzy control system
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Tables 2 and 3 accordingly, where the superscripts of
estimated damping ratios and estimated natural frequencies
are denoted as “L” and “H” to indicate which operation
condition is referred to. For example, 5)1:1 is referred to the
estimated damping ratio for high spindle speed and low
feed rate in X-axis.

4 Self-tuning fuzzy logic control for milling process

The block diagram of self-tuning fuzzy control system is
shown in Fig. 11. In this work, the fuzzy models, to be
defined later, are constructed in order to on-line estimate the
cutting force, F.. Once the estimated cutting force, ﬁc,, is
obtained, the compensatory magnetic force, F,,, can be
determined to counterbalance F,, i.e., F = —I?c. In
addition, a self-tuning adaptive gain, K, is proposed to
regulate the spindle position regulation as follows:

K = R|d, — d] (18)

where d; is the nominal air gap. The required coil current to
generate the compensatory force can be determined by
Eq. 1.

4.1 Fuzzy model for spindle dynamics

The so-called fuzzy model of spindle dynamics in this
paper is referred to three spindle speed grades: high speed,

Hy

1wt W "

0 0.176 0.588 1

Fig. 12 Membership functions for fuzzy model of spindle dynamics

medium speed, and low speed. It is noted that the natural
frequency remains unchanged with respect to spindle speed.
On the other hand, the fuzzy damping ratio can be
described as follows:

&= Wy + Wyl + wig! (19)
- - - .
o= Webo + WEEy + WG, (20)

where Wg, WY, and W' are the corresponding weighting
coefficients whose membership functions are defined in
Fig. 12. Q is the normalized spindle speed by 8,500 rpm.

4.2 Fuzzy model for spindle dynamics under cutting
operation

Unlike the idle operation mode, the natural frequencies
of the spindle dynamics under cutting operation, though
still independent of spindle speed, are altered by various
feed rate and cut depth. By the same arguments in
Section 4.1, the fuzzy system parameters for spindle
dynamics under cutting operation mode can be described
as follows:

& = WEEL + wiidh + wiet (21)
Hs
] LSS HSS
Hy [T~
7 ] o
0 o5
a b

Fig. 13 Membership functions due to a feed rate and b spindle speed
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Table 4 Weighting coefficients

for fuzzy model under milling Q H31 M3z
mode /
Hay Hy Hip
Hy Him
~ ~ hl  ~hl ~
Xw; = WE),, wa + Wa},, an + WB,, xw;{ (22)
P Lzl hizhl HeH
So = Weby + Wegy, + Weg, (23)
~C __ L ~L hl ~hl H ~H
waz - Wa),, xywn + Wa)n xywn + Wa),, xywn (24)

The membership functions for the normalized feed
rate, f and spindle speed, Q, are shown in Fig. 13, where
the abbreviations PS and PB indicate “positive small” and
“positive big”, respectively. Similarly, the feed rate and
spindle speed are normalized by maximum values shown
in Tables 2 and 3, respectively. The weighting coefficients
in Eqs. 21-24 are determined by gy, gy, and gy in
Table 4, where the minimum defuzzification rule is
employed.

4.3 Experiments on milling process under self-tuning fuzzy
control

The profile of acrylic workpiece for milling is depicted in
Fig. 14, including six regions. The dotted line in Fig. 14 is
the cutting path to be undertaken. That is, the cutting force
is faced with various resistances in the forms of step, ramp,
and circular arc during milling process. The operation
conditions for milling tests are set as

(a) Spindle speed 7,500 rpm, feed rate 120 mm/min
(b) Spindle speed 2,000 rpm, feed rate 240 mm/min

Fig. 14 Profile of workpiece for Cutting Path

milling test

Displacement Deviation of Spindle (Lm)

h L]
20} H -
E — Self-turning Fuzzy Controller
40 E ----- PID Controller( K;=12.8, K;=0.9, K;,=0.5 )
60 " 1 " "
0 10 20 30 40 50 60

Time (sec)

Fig. 15 Spindle position deviation (spindle speed 7,500 rpm, feed
rate 120 mm/min)

(c) Spindle speed 2,000 rpm, feed rate 240 mm/min but
the cut depth is increased by 0.5 mm. That is, the
dotted line in Fig. 14 is lowered down by 0.5 mm.

Since the fuzzy damping ratio and natural frequency for
milling process are available by fuzzy models, the dynamic
cutting force for the cutting test specified by Fig. 14 can be
estimated by the on-line measurement of spindle position
deviation and its derivatives. In order to verify the validity
of the cutting force estimation by fuzzy controller, a
dynamometer (Model: 9254, by Kistler) is utilized as the
benchmark.

In order to verify the superiority of the proposed self-
tuning fuzzy controller, the spindle position deviations
under conventional PID control law are also shown in
Figs. 15, 16, and 17. It is evident to observe that the
overshoots under self-tuning fuzzy controller are relatively
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s
1]
-

Displacement Deviation of Spindle (Lm)

:
-50 : — Self-turning Fuzzy Controller
-
P PID Controller( K,=12.8, K;=0.9, K,=0.5 )
-100 - : . . :
0 5 10 15 20 25 30
Time (sec)

Fig. 16 Spindle position deviation

limited while the overshoots under PID controller become
at least 200%, especially for harsh milling condition (i.e.,
low spindle speed but high federate or large cut depth).
Besides, the self-tuning fuzzy controller exhibits to be
able to adjust its feedback gain fairly quick once the cut
depth is suddenly altered, i.e., the corners between any
two intervals of cutting path shown in Fig. 14. On the
other hand, the estimatiop error of cutting force and the
adaptive control gain, K, by the fuzzy controller is
recorded, compared with the measure by the dynamometer
and shown in Fig. 18. It is noted that the worst estimations
by the fuzzy controller occur at the intersections of any
two adjacent regions where the patterns of cut depth are
drastically changed.
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5 — Self-turning Fuzzy Controller

g -300F E
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0 5 10 15 20 25 30
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Fig. 17 Spindle position deviation (spindle speed 2,000 rpm, feed
rate 240 mm/min, cut depth increased by 0.5 mm)
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Fig. 18 Self-tuning adaptive gain and estimation error of cutting force
in X-axis by self-tuning fuzzy controller (spindle speed 7,500 rpm,
feed rate 120 mm/min)

5 Conclusions

Conventionally, the spindle position deviation can be
regulated by a simple feedback loop, e.g., PID action or
linear quadratic regulation (LQR). However, the root cause
which provokes the spindle position deviation, i.e., cutting
force, is not suppressed at all either by PID or LQR.
Furthermore, the chatter phenomenon might be emerged as
long as the cutting force is not appropriately counter-
balanced. An embedded AMB is designed, presented, and
equipped with the milling machine to provide the required
the counterbalance force in this paper. The cutting force
during milling process is estimated by the proposed fuzzy
controller which is based on the fuzzy dynamic models,
obtained by experiments, and the on-line measurement of
spindle position deviation. Since the damping ratio and the
natural frequency of the milling dynamic are slightly altered
by spindle speed and federate, respectively, the dynamic
milling process can be fuzzified into a few submodels.

The fuzzy controller is verified by intensive milling tests
for its efficacy of counterbalance upon cutting force and
capability of spindle position regulation via the embedded
AMB. The required coil current applied to the AMB is
determined by the estimation of cutting force and the on-
line measurement of spindle position deviation. It has been
noticed that the worst estimation of cutting force by the
proposed fuzzy logic algorithm occurs at the intersection of
any two adjacent patterns of expected profile of the
workpiece to be milled.
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