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ABSTRACT

High Speed Cutting (HSC) finds increasing industrial interest due to its capability of drastically reducing
production times. HSC uses up to ten times higher cutting speeds and allows greatly improved metal removal
capacity. Furthermore, cutting forces are lower and surface quality is better than in the conventional cutting
process. Active magnetic bearings (AMB) allow much higher surface spceds than conventional bail bearings and
arc therefore perfectly suitable for HSC applications. After a short introduction into HSC this paper describes the
overall design of a magnctically suspended milling spindle with a power of 35 kW at 40'000 rpm and a cutting
force of 1000 N. Mechanical spindle design and rclated problems such as material strength and rotor stiffness arc
investigated. "Conditioning" of the AMB rotor system in terms of observability and controllability is discussed.
Lincar and nonlincar characteristics of the electro-magnetic actuator (bearing magnet and power amplifier as one
unit) are described. Digital controller layout is based on a layout method (SPOC-D) for structurally predefined
discrete-time control systems. This method optimizes feedback paramcters of arbitrary low order control schemes
for high order plants. Results of milling tests are prescnted, showing the advantages of AMBs in HSC technology.

1. INTRODUCTION 2. MILLING SPINDLE DESIGN

Experiments performed at different rescarch centers since
the late seventies showed that the cutting process of
materials such as aluminum and plastic can be substantially ~ For almost all tcchnically intcresting HSC operations,
improved by increasing the cutting speed [1,2]. Bascd on  tools with diamcters between 10 and 60 mm and ISO 40
these results, a new cutting technology, the High Speed  tool holders arc used. To date, conventional ball bearing
Cutting (HSC), was devcloped and introduced into  milling spindles with ISO 40 tool-holders can reach
industrial applications during the past decade. rotational speeds ranging from 15'000 to 20'000 rpm at a

maximum cutting power up to 30 kW. However, optimal
r cutting speed can most often not be reached using

conveniional milling spindles due to the limited surface

2.1 HSC Milling Spindle Requirements

The main advantages of High Speed Cutting are:
- higher relative cutting volume

- lower cutting time speed of the ball bearings. This is especially the case for
- lower cutting forces small tool diameters. By using the latest ceramic bearing
- reduced loading of cutting tool and cutting machine technology, a 20 to 30% increase in maximum rotational
- reduced tendency for chattering ; speed is possible, but life time of such bearings is hmned to

. . . a few thousands of hours at best.
- less warming of the work picce as the removed chip u '

carries more heat For a further important stcp towards higher rotational
- lower production cost specds using ISO 40 tool holders, electro-magnetic bearings
' scem to be the only feasiblc solution. Apart from the
higher rotational specd, AMBs fcature long lifetime due to
the complete lack of mechanical wear. In addition, by using
the force and displaccment signals availablc in an AMB
systcm, new insights into the whole cutting process can be
obtained.

Despitc of the high standard alrcady rcached in HSC
technology, considerable rescarch is still going on,
particularly aimed at incrcasing cutting spceds and at
optimizing thc whole cutting process. Therefore, a clear
trend towards milling spindles rcaching higher rotational
specds, needing less maintenance and showing additional

features such as “in-process-control” is discernible [3,4,5]. 2.2 Overall Design Concept

Active magnctic bearings (AMB) scem to be a very suitable
tool for the challenging application of HSC. However, high
demands are placed on actuator, controller and rotor design.
The great potential of AMB technology in this ficld has
been shown by the first analog-control AMB milling
spindle developed by S2M in cooperation with the
Technical University of Darmstadt [6].

The AMB milling spindle (figure 1) described in this paper
was devcloped at the Swiss Federal Institute of Technology
(ETH) and built in cooperation with the milling spindle
manufacturer IBAG Ziirich AG spccialized in HSC
tcchnology [7]. The spindle design features the following
characteristics:
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« maximum rotational speed: 40'000 rpm
« maximum cutting power: 35 kW

« maximum cutting force: 1000 N

« integrated ISO 40 tool change system

« digital control using a DSP
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Figure 1: AMB milling spindle system

In order to find an optimal solution for the demanding task
of developing an AMB high spced milling spindle, special
cmphasis was put on mechanical rotor design (high static
and dynamic stiffness of the rotor shaft), on AMB
actuators (bearing and power amplifier) and on digital
control.

2.3 Mechanical Rotor Design

In order to cope with the static and dynamic cutting forces
on the one hand and to reduce vibration effects on the other
hand, the spindle rotor must be made as stiff as possible.
The conscquence of this basic design rule is a short rotor
with a shaft diamcter as large as possible. Therefore, due to
centrifugal forces, the rotor elements are stressed up to
their mechanical limits given by the material strength.

In order to reduce eddy current and hysteresis loss, motor
and magnetic bearing elcments consist of soft magnctic iron
sheets which have to be shrink-fitted on to the rotor core.
These lamination sheets do not increase rotor stiffness;
they only add mass to the rotor corc and, therefore, lead to
decrcased natural frequencies of the bending modes. Hence,
from the stiffness point of view, the inner diamecter of
motor and bearing lamination sheets must be made as large
as possible.

From thc material exploitation point of view, however,
thicker lamination sheets would allow higher surface
speeds, since reference stress at the inner edge of the
lamination shccts increases with the inner shect
diamcter [8].

Figure 2 shows the speed dependency of radial and refcrence
stress at the inner edge of the lamination sheets (front
bearing). The material strength of the soft magnetic iron
ranges ncar 400 N/mm?2,

lamination sheets

rotor corc

4{- rotational speed [rpm]

] Il |- 4 | - Il

0 10000 20'000 300000 40000

Figure 2: Radial stress oy at the contact between rotor
core and lamination sheets and maximum
reference stress O at the inner edge of the
lamination sheets for the front radial bearing

The mechanical design of the AMB spindle rotor (figures 1
and 3) was dominated be the following constraints:
- highest possible yicld strength for motor and bearing
lamination sheets
- highest possiblec motor power and bearing forces
- ISO 40 tool system
- maximum rotational speed below first bending mode
- easy assembly of the whole spindle unit

The eigenfrequencies and corresponding mode shapes of the
rclevant first two bending modes are plotted in figure 3.
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Figure 3: Eigenfrequencies and corresponding mode
shapes of the AMB milling spindle

As it can be concluded from figure 3, the first elastic
bending mode is very close to the maximum rotational
speed (666 Hz) and must therefore be considercd the most
critical clement of the rotor design. This also shows that
further investigations must be made for future
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applications, especially in the ficld of high spced motor
clements fcaturing both high power and high mcchanical
stiffness.

2.4 Conditioning of an AMB Rotor in Terms of
Observability and Controllability

Active magnetic bearings can be considered clements
suitable for supplying cnergy to or for removing energy
from the supported rotor. The "cnergy space" of the rotor
can be subdivided into its different modes of motion, and
the performance of cnergy transfer to or from thesc modes
is rcpresented by the so-called controllability and
observability propertics.

Generally, a non-turning rotor in AMBs can be described by
the following set of lincar differential cquations in modal
spacc (vector x of order n):

% + diag(28;) x + diag(@?) x=Bu; i=1.n

Y= E X (1)
control matrix

measurement matrix

8i: modal damping cocfficients

i- cigenfrequencics

QUR

e

We assume that the rotor is suspended with a very low
stiffness () 5 << 3 ... ;) and that all eigenmodes show
low damping &;, so that the open-loop system is stable.
Thesc assumptions have no rclevant effect. on
controllability and observability but facilitate discussion
of the system propertics.

For the rotor system described by (1) the following state
space description can be derived:

Z=Az+Bu
y=C-z (2)

_ x

z‘[ diag(1/e )% ]

[ @ diag)) J
- diag(w;) - diag(2 &)

@ o
Br{diag(&)ff} ; ¢=[C ¢

The symbols used in (2) are:

A

z: slate vector of modes and scaled vclocity
(order 2n)

measured displacement

system matrix of weakly supported rotor
influence matrix of bearing forces
measurement matrix

QEEs

For a system described by (2) with A being a stable matrix
onc can dcfine the observability gramian W, and the
controllability gramian W [9,10] as follows:

wo=f eATtCT oAt dt=U 2T
0

wc=( eAtBBTeATt gr=v 32 yT
0

U=[uy.... u]; UTU=1; 2 =diag(c2):i = 1..2n

V=¥ o V] s VIV=1; 22 = diag(02) ;i = 1..2n
(3)

The quadratic form n,
Mo = 2gWoz, (42)

represents the total sighal "energy" (L2 norm) seen at the
system output duc to the initial state zg, whercas Ne

Ne=2TW;!z (4b)

denotes the minimum control energy required to reach the
state z [17]. Expressions (4a) and (4b) are quantitative
measurcs for observability and controllability of the statc
vector z. Eigenvectors uj and v; in (3) denote observable and
controllable directions with associated energy 0o;2 for the
obscrvability gramian and o2 for the controllability
gramian, '

The so-called condition numbers %, and ¢ given by

) 2
Ko = OSmax K= O%Cmax
2 2
O6min OCmin : (5)

arc quantitative numbers to determine the observability and
controllability properties of the rotor system. High
condition numbers correspond to a poor conditioning.

For a rotor system in modal state space description (2) the
cigenvectors of the observability and controllability
gramians wj and vj arc equal to the i-th (normalized)
cigenvector of the system matrix A. Therefore the singular
values G;2 and Gci“ are equal to the signal energy n, and
the control energy m respectively for an assumed unit
initial state in direction of the i-th eigenmode. Morcover,
for small modal damping coefficients §;, the singular
values arc directly proportional to the inverse of the
damping §;.

Figures 4 and 5 show the singular values Ooi2 and O¢i2 of
the obscrvability and controllability gramians related to
the eigenmodes of the milling spindle rotor (modes 1 and 2
are the rigid body modes). The singular values for front and
rear bearings are plotted individually to show the influence
of cach single magnetic bearing on the total observability
and controllability status. For example, mode 4 is very

—199—




poorly observablc but quite well controllable from the
front bearing, a fact which is also reflected by the mode
shapes of the milling spindle rotor (figure 3).
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Figure4: Observability of the AMB milling spindle rotor
4 & Controllability
10 - N ) .
F rcar bearing
103 k P2 . front bearing
B rcarand
2 front bearing
10
101 . MU ORI I—
100 .- e eee] N
-1
10 mode 1 mode 2 mode 3 mode 4
FigureS: Controllability of the AMB milling spindle

rotor

The gramians arc also a uscful tool for model reduction
[16]: (stable) eigenmodes with very poor obscrvability and
controllability can be neglected.

For both observability and controllability one can find the
corresponding condition numbers for the milling spindle
rotor applying expression (5):

Ko = 150

Ke="70
Obscrvability of the milling spindle rotor is poorer than
controllability. This is particularly caused by the 2nd
elastic cigenmode (4th mode) which shows a vibration node
near the front sensor location. It is therefore uscful to cut
off the sensor signal between the third and forth modc by
means of an appropriate low pass filter.

Although controllability of the milling spindle rotor is
rather good, the cffectivencss of tuning for the higher
modes will be decreased by the limited bandwidth of the
AMB actuator. This is investigated in the next section.

3. AMB ACTUATOR LAYOUT

3.1 Dynamic Bearing Force

The force-current-displacecment relationship of the
magnetic bearing force F produced by a pair of opposing
electro-magnetic coils using current control (figure 6) is
given by the following well known expression:

. . 2 . . 2

=k |(lotlx )" _{l0-lx ]
F=k [( s-xx) (s+;) 6)
The constant k depends on the bearing design parameters, ig
is the the nominal current (pre-magnetization), ix is the

control current, s is the nominal air gap and x is the rotor
displaccment from the unstable nominal equilibrium

position.

1°+lx

Figure 6: AMB current control

Since coil resistance can be neglected, one can obtain for the
related coil voltages u™ and u™:

9 (ig+i 9 (io-i

ut=kak — 0+1x ; uv=kak — 0-1x

a[( S-X ) al(s+x) )
The constant ka = 1 is a correction term which takes into
consideration the permeability of the iron and possible
geometric properties [11].

In order to describe the bearing force dynamics, the time-
derivative of the bearing force given by (6) can be
formulated using expression (7):

282 [fg)u-(i)o]

ot ka S-X S+X (8)

Hence, the maximum dynamic bearing force ncar the
nominal rotor position (x = 0) can be derived from (8):

a_F =2 i0 Umax

ot S )

u+=Umax;u-='Umin;kA= 1
With a nominal current ig being equal to the half maximum
current imax., the following relation between power P of
the power amplifier and bearing force dynamics is obtained:

s’ (10)
Assuming the dynamic bearing force to be sinusoidal with
frequency f and amplitude Fo, cquation (10) can also be
wriltcn as: -

|

Fopay = —1—
Omax =50 E S (11)
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Expressions (10) and (11) are rather simple and helpful
relations for the design of an AMB actuator. This is shown
along with thc milling spindle example in the following
scction. :

3.2 Actuator Layout for the Milling Spindle

As mentioned in section 2.2 a maximum static cutting force
of 1000 N must be rcalizable with the AMB milling
spindle. In addition, bearing forces must cover a wide
dynamic range in order to achicve the required stiffness and
damping up to the first elastic bending mode.

The relatcd maximum bearing forces are around 1000 N for
the rear bearing and 2000 N for the {ront bearing. Assuming
an AMB actuator bandwidth up to 1 kHz (first bending
modec is located at 703 Hz), i.c. providing thc maximum
bearing forcc over this whole frequency range, the required
amplifier power can be calculated by application of
cxpression (11):

Pmax = 2.4 kVA (rcar bearing)

Pmax = 4.8 KVA (front bearing)

Thesce required amplifier powers arc quite large, and to date,
such amplificrs arc not available on thc market. Thercfore,
new switched typc power amplifiers with a maximum
current of 8 A, a " voltage of 310 V and a switching rate of
100 kHz were developed. Thus, a power of 2.5 kVA per
bearing channel is achicved, only matching the requirements
of the rcar bearing. Howcver, since controllability of the
first elastic bending mode is much better for the rear than
for the front magnctic bcaring (figure 5), sufficicnt
damping should be provided using the mentioned power
amplifier and an appropriate control algorithm (section 4).

3.3 Nonlinear Model of the AMB Actuator

Power amplifiers are rather oftcn the most limiting
component in an AMB system. Because of their low loss,
switched amplificrs using current control are most
commonly uscd for AMB systems, espccially in the casc of
high power applications. Besides current control, other
possibilities such as voltage or flux control arc possible
which, for some applications, can improve AMB
performance [12,13,14].

Figure 7 shows a schematic diagram of thc AMB actuator
including bearing coil and nonlinear amplifier logic.

Coil voltage u is determined by the (gencrally small) coil
resistance Ry, the current i and the switched amplificr
voltage ugyt:

u=u9ut'RClli (12)

JA-n

ifi<ijthen u,, = y,
if i>i;,then ug, =-y,

Figure 7: Schematic diagram of the AMB actuator
including one bearing coil and switched power
amplifier with current control

By intcgrating the coil voltage over time one obtains the
flux linkages V:

‘I’:N(i):judl

(13)

Coil inductivity L can be derived from (13) using the
definition W =L i (scc also figure 7):

=¥ _6x) v
L kak (14)
= Kak
(S-X) (15)

By introducing ¥ in expression (6) for only onc bearing
coil, the AMB force can be expressed by the flux linkage
and thc AMB constants k and ky.:

F=xl_wy?

kik (16)

Simulations with this nonlinear AMB actuator model for
the milling spindle are shown in section 5 and compared
with a standard linear model. The behavior of the clectro-
magnctic coil is simulated as a continuous-time systcm,
whereas the logic of the switched power amplifier must be
considered as a discrete-time system (figure 7).

4. DISCRETE-TIME CONTROLLER LAYOUT

A typical property of AMB systems is that only very few
system statcs, most often two displacement signals in each
movement plane, are measurable. Thus, especially in the case
of flexible rotor structures, the plant order is much higher
than the number of output signals available.

A well-known control theoretical consequence resulting
from too few output signals being available on the one
hand, and from the necessity of achicving enough damping
up to high frequencics on the other hand, is that an observer-
bascd state feedback should be implemented in order to
include the full system dynamics. However, in casc of
digital control, such kigh order controller structures will
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require a high number of necessary computations, so that
only low sampling rates can bc achicved. Consequently,
simpler low order discrete-time dynamic output schemes
must be provided, which, despite of their low order, take
into account the full dynamics of the high order plant.

Many layout techniques for discrete-time low order
controllers presently available are based on quasi-
continuous approximations of well-known continuous-time
low order control schemes. This approach rather often
results in unsatisfactory dynamic behavior of the closed-
loop system and, in some cascs, may even lead to instability.

For the AMB milling spindle the so-called SPOC-D
controller layout method was applied (Structure-
Predefined Optimal Control for Discrete Systems). This
mcthod was first presented in [15]; its detailed description
can be found in [8]. The basic properties of the layout
method can be summarized as follows:

Order and structure of the discrete-time controller for the
nominal high order plant model arc predefined prior to the
controller layout. This predefinition can be made freely
according to practical needs. In the subscquent controller
layout, a parameter optimization is performed taking into
account the dynamics of the high order plant as well as
those of the low order controller.

In addition, the SPOC-D method allows to include control
parameter interdependencies directly into the optimization
process in order to achicve system propertics such as

- specific static magnetic bearing stiffness
- specific frequency domain behavior of a decentralized

feedback path (gain and phase at a given frequency,
noise rejection at high frequencics for robustness, etc.)

Figure 8 illustrates the dccentralized controller perfor-
mance achicved using SPOC-D. The optimized controller
transfer function (curve 2) is comparcd with a discrete-time
PD approximation (curvc 1). The traditional PD approxi-
mated controller shows high gain at high frequencies and,
therefore, generates noise. For the SPOC-D optimized
controller, the conditions of low noisc at high frequencics
as well as of the static bearing stiffness were included as
additional control parametcr interdependencies in the
optimization process. Furthermore, thc optimized con-
troller features better phasc lead in the frequency mid-
range. Both, low noisc and better phase lcad provide an addi-
tional amount of robustness for thc AMB milling spindle.

The eigenvalucs of the closed-loop system with SPOC-D
optimized controller are:

- A= -48%x133Hz (rigid body mode)
- A= -174+333Hz (rigid body modc)
- A3= -151%+812Hz (1st bending modc)

- M= -5%1753 Hz (2nd bending modc)
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80 1 L1 1 ihan 1 1 T - . 1 1. 11111
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phase [deg]
=
[«
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Bode plots of third order decentralized PD
controller (1) and of SPOC-D optimized
controller (2) with same order

Figure 8:

Damping of the two rigid body modes and of the first
bending mode are satisfactory, whereas the damping of the
sccond bending mode turns out to be rather small. This is
causcd by the limited controller and actuator bandwidths
and by the poor controllability and observability of the 2nd
bending mode using decentralized fecdback. However,
additional damping of this mode, not included in the model
description, is provided by the matcrial's internal damping.

S. RESULTS

Owing to a rotor design which rcaches the material
strength limits, to the switchcd power amplifier, to the
high sampling rate achicved with a DSP and to the SPOC-D
optimized decentralized controller, a HSC milling spindle
in AMBs was realized [7]. Compared with conventional
ball bearing HSC milling spindles with same cutting
power, the rotational speed was doubled, so that lower
cutting forces, a higher metal removal rate and optimal
surfaccs on the work piece could be reached.

Figure 9: Integral aluminum work piece with straps of

2 mm thickness and of 27 mm height
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Figure 9 shows a typical HSC work piece, cut with a miller
of 20 mm diameter at cutting speed of 2300 m/min. The
wholc cutting process took 72 seconds. A cutting speed of
over 6000 m/min and a removal ratc of more than
1600 cm3/min were reached applying different tools.

In figure 10 the dynamic compliance of the AMB milling
spindle is comparcd with a conventional milling spindle
featuring the same related cutting force Ky. The related
cutting force Ky is a comparative value for an average
cutting force and can be defined as follows:

. cutting power

Kv =
rotational speed - tool holder diameter

amn

‘dynamic. compliance [um/N]

conventional ball bearing
milling spindle

041 Ky = 0.0194 N (14 kW, 24'000 rpm, 1SO 30)

| static  Kv = 0.0188 N (30 kW, 40'000 rpm, 1SO 40)
measqrcmc_m

T T T T T T 17T T
0 300 600 1k 1.6k
Figure 10: Measured spindle compliance at the tool for a
conventional and for the AMB milling spindle
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rcar bearing current
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2A front bearing current
24 , LV Is)
0 0.001 0 0.001

lincar simulation nonlincar simulation

Figure 11: Linear and nonlinear simulations of the system
behavior to a force impact at AMB spindle tool

In the low frequency range (50 - 300 Hz) the AMB spindlc
shows a higher compliance, i.e. a lower dynamic stiffncss,
than the conventional one. However, this does not affect the
cutting process since cutting forces mainly contain higher
frequency components. Figure 10 also demonstrates that
damping of the first bending mode is much higher for the
AMB spindle than for the conventional one, thus,
excitations even in the frequency range of the 1st bending
mode can be tolerated. Although both AMB and
conventional milling spindle have the same related cutting
force Ky, the AMB spindle featurcs a cutting power and a
rotational specd which are about twice as high as for the
conventional milling spindle.

Simulations of the AMB system response to a force impact
at the spindle tool arc shown in figure 11. Power amplificr
nonlinearities described in section 3.3 are included.
Corrcspondence with measured signals (figure 12) is very
good, which points out the precise model worked out for
the AMB spindle, especially taking into account the
nonlincar amplificr dynamics. Damping reduction of the
nonlinecar modcl compared with the linear counterpart is
causcd by the limited dynamic range of the power amplifier
(dynamic current saturation).

800 N force impact at tool
400N }
40 um . 1
0 ‘\ Ay FEAT dlsp]a‘cemant
-21(()) um | \/\/V 1
H n(; /‘\v front displacement
4A¢
2A¢ rear bearing current
0
2Ar f\ front bearing current 1
0 I A VE SN
V
2A L 1(®
0. 0.002

Figure 12: Measured system response to a force impact at
AMB spindle tool
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6. CONCLUSION

The AMB milling spindle prototype described in this paper
has proven the feasibility of contactless support for HSC
milling spindles by mecans of digitally controlled clectro-
magnetic bearings.

The yielded results could be achieved thanks to the
introduction of a digital signal processor (DSP) and thanks
to a new discrcte-time controller layout method in
conjunction with a realistic model of the whole system.
Furthermore, a specifically developed switched power
amplifier and a sophisticated stiff rotor construction have
contributed to the good overall performance of the AMB
milling spindle systcm.

Nevertheless, future investigations must be made in the
fields of motor clements for high rotational speed and of
low cost solutions for power amplifier and digital control
systems. New "in-process-control” fcaturcs based on digital
control systems have to be implemented in order to
optimize the whole cutting process and thus to create
highly automatcd and reliable systems.
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