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ABSTRACT

This paper discusses design and detail modeling procedure of
an accurate rotor dynamic model of high speed milling spindle
supported with AMB. A fine tuning of rotor dynamic model for
the AMB rotor is needed since the AMB rotor has many
interference fitted parts such as laminated rotors and high speed
AC motor. In addition, the draw bar equipped with springs and
gripper assembled in the imer diameter of spindle with high pre
load. Furthermore, the tool and tool helder can be changed
considerably according to specific applications. Therefore, it is
very difficult to acquire the accurate numetical mode. To get
accurate inathematical model with FEM, three types of model
are introduced, The first model is the spindle without draw bar,
the second the spindle with draw bar and the last model the
spindle with tool holder. The obtained accurate rotor dynamic
model can be used as a good norminal model for the high
performance controller and it can contribute to the precise
estimation of the parameter variation due 1o tool and tool holder

INTRODUCTION

High speed machining (HSM) is now recognized as one of
the key mamufacturing technologies for higher productivity and
throughput. And HSM is characterized by advantages such as
decreased cutting force, high chip removal - mate, low
tanperaunemcmse,mhﬁmnnmcﬁonfmc&s,andexceﬂent
surface quality. HSM creates special demands on the machine
tool design, the components and the numerical control. One of
key technologies for HSM is the high speed spindle, which
means the necessity of high speed and stiff’ bearings. Since
active magnetic bearing (AMB) has several advantages such as

high rotational speed, active vibration control, high efficiency
and long Tife due 1o no wear, and high reliability with process
monitoring and diagnostics, AMB is perfectly suitabie for HSC
operations {1, 2].

AMB machine tools spindle consisted of interference fitted
spindle, draw bar with spring, tool holder and tool. Fine tuning
of rotor dynamic model for the AMB rotor is needed since the

_ AMB rotor has many interference fitted parts such as laminated

rotors and high speed AC motor. Also the draw bar equipped

with springs and gripper assermbled in the inner diameter of

spindle with high pre load. Furthermore, the tool and tool holder
can be changed considerably according to specific applications.

Therefore, it is very difficult to acquire the accurate numerical

model [3,4].

Authors designed and manufactured a high speed machine

tools spindle supported with AMBSs [5]. The spindle has several

unique featutes dislike existing AMB machine tools spindle:

1. Three radial sensors and two radial bearings : more rigid than
three bearing design [2], high modal observability than two
sensor design[6], the measurement of radial error motion
closest to tools.

2. Cylindrical capacitive sensor : high precision and robustness
to geometric errors [7]

3. Draw bar with coil spring: less unbalance in high speed
rotation.

4. Differential measurement of entire area of thrust disk :
insensitivity to geometric error,

To get accurate matheratical model with FEM [8], three types

of model are introduced. The first model is the spindle without

draw bar, the second the spindle with draw bar and the last
model the spindle with tool holder. The second model is based-
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on the first model and the last model is based on the second. In
the first model, we tune finely the effective bending diameter at
the location of the interference fit. In the second model, we
adjust the draw bar model and comnecting stiffness. The coil
spring contributed to increase of effective bending diameter of
draw bar due to the high preload. In the third model, we model
the tool holder and validate the overall model. At each stage, the
impulse tests are performed 0 match the numerical model with
real spindle. Since the mode shapes of each model are changed
according to the change of mass distribution, the mode shapes
of first and second model are almost same. However, the mode
shape of third model with tool holder differs from other models.
Although the frequency responses from impulse data are
considerably different, the normalized mode shapes are not
significantly different. It is noticed that the natural frequency is
more important than the mode shape, even if the mode shape
contributes the input and output matrices of state-space model.
The obtained accurate rotor dynamic model can be used as a
. good nominal model for the high performance controller and it
can contribute to the precise estimation of the parameter
vatiation due to tool and tool holder change without
experiments.

AMB MILLING SPINDLE DESIGN

AMB and Sensor Configuration

There were two configurations in AMB spindle, which are two
bearings and three bearings shown in Figure 1 (a) and (b),
respectively. The configuration of two bearings is simple and
gives rigid rotor design, but this configuration can have weak
observability or controllability of bending modes. And the
configuration of three bearings has good controllability and
observability of bending modes, but this configuration is
intrinsically complex and gives flexible rotor.
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(2) Two bearings design [6]

(b) Three bearings design [2]
FIGURE !: The conventional configuration of AMB spindle
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FIGURE 2: New configuration of three sensors and two
bearings

This configuration gives several advantages as follows.

1. More rigid rotor and higher natural frequency than three
bearing desi

2. Higher modal observability than the configuration of two
bearings

3. Radial and axial vibration measurement very close to tools is

available.
4, Comparison of control performance between conventional
and new design through the interpolation of first two sensors

Tooling

The general formula below calculates the approximate
maximum 7pm for HSK (Hohl Shank Kegel, hollow shaft
taper)-clamping units in high-speed spindles. HSK 50E for high
speed ( Max. 40,000 rpm ) is selected as a tool clamping system.
The clamping force is 11 &V and spring force is 3.3 4V, We
adopt two ultra high stiffiess coil spring and the moving part
between coil springs gives more accurate concentricity. Draw
bar has through hole for compressed air to clean the HSK taper
and front side of spindle. Figure 3 shows the HSK hydraulic
milling chuck and draw bar equipped with coil spring and HSK
gripper are shown. The load reducer for avoiding excessive load
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to front backup bearing in clamping the tool is introduced. For
ATC (Autornatic tool change), pneumatic actuator consisting of
three pistons and cylinders is equipped with the proximity
sensors. The pneumatic cylinder for ATC is shown in Figure 4.
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FIGURE 3: Draw bar and HSK tool holder

(a) Pneumatic cylinder
FIGURE 4: The preuratic cylinder for ATC

(b) Assembty

Bearing design

Non-oriented silicon steel is selected as the laminated radial
bearing and laminated rotor materials. Considering the safety
factor, the saturation flux density is chosen as 1.5 T. The radial
bearing is designed considering the below specifications.

Front bearing design specification 7 = 1500 N, F,,=

1000 N, Slew rate = 2e10° Nisec, g = 0.25 mm, y= 0.7, Safety
factor = 1.05, Current density = 6000,000 A/, Shaft diameter
=90 mm

Rear bearing design specification F__= 1000 N, F,.=

700 N, Slew rate = 1.5e10°Nisec, g = 025 mm, y=0.7, Safety
factor = 1,05, Current density = 6000,000 447, Shaft diameter
=90 mm

Thrust bearing design specification B = 16071, F,_ =
2000N, g=0.5 mm, Current density = 10,000,0004/r’.

For simplicity and mechanical strength, 8 legs configuration is
selected. The photos of assembled radial bearings are shown in

Figure 5(a). The pole of thrust bearing and the thrust disk of the
spindle are designed in order that maxirmum deflection 1o axial
direction: is less than 1 gon at maxioum load condition using
commercial FEM software, Resulting thrust bearing is shown
in Figure S(b).

(a) Front bearing
FIGURE 5: Assembled front and rear bearings

Sensor design

Three radial CCS and differential fhrust capacitive sensor are
adopted in this AMB spindle. Front and rear CCS are exactly
same shapes and the middle CCS is design to have same
displacement gain as the front CCS. Front CCS and thrust
capacitive sensor is located as near too as possible to reduce the
effect of thermal expansion and to measure the spindle vibration
near tool. The fiont radial and tdwust sensors are shown in
Figure 6. To make spindle rigid, the middle radial sensor is
equipped in thrust bearing housing and rear radial sensor is
equipped in rear bearing. The middle and rear radial sensors are
shown in Figure 7.

FIGURE 6: Front radial and thrust sensors
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{b) Rear radial sensor

{a) Middle radial sensor
FIGURE 7: Middle and rear radial sensors

OVERALL SYSTEM DESCRIPTION

The schematics of designed AMB spndle and main component
descriptions are shownin Figure 8. The primary distictions of
this AMB spindle are the new configration of three sensors and
two bearings, the load reducer of avoiding the excessive tooling
load of back up and thrust bearings, the axial cooling jacket
instead of spiral one for the efficient usage othousing as well as
for the cooling of AMB and the adoption of coil spring for
clamping force, as shown in Figure 8,

FIGURE 9: Spindle

The photos of spindle is shown in Figure 9. All rotors except of
thrust sensor disk and load reducer are fringe-fitted.

The assembled housing are shown in Figure 10 (a). The
designed AMB spindle is very similar with ordinary spindle
except the bearing and sensor wires. A few holes on the housing
are made for sensor and bearing wiring. The Overall systern
equipped in horizonial main housing is shown in Figure 10 (b).
The flange type spindle is assembled in horzontal main
housing.

(b) Perspective view
FIGURE 10: The assembled housing

ROTOR DYNAMIC MODELING

To get acourate mathematical model, three types of models are
introduced. The first model is the spindle without draw bar, the
with tool holder. The second model is based on the first model
and the tast model is based on the second. The first FEM model
of the spindle without draw bar is shown in Figure 11. This
model is to determine the bending diameter of interference
fitted part ’

FIGURE 11: The FEM model of spindle without draw bar

The bending diameter increases by about one over five tirnes of
the difference between outer and inner diameter of interference-
fitted part in this case although the bending dismeter increase
depends on the interference-fit clearance. The impulse tests are
performed to validate the FEM model. The node points of
shape of the spindle and the location of bearing and sensor, The
node points for impulse test are shown in Figure 12.

FIGURE 12: Node points for impulse test
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1hc1,3and8mdalpoimsare&|esensorlocaﬁons,the2am7
nodal points the bearing locations and the 4, 5 and 6 the nodal
points are chosen considering estimated mode shape. The
transfer functions are measured with HP dynamic analyzer
356704, Kistler impulse hammer 9904A, and accelerometer
8452A. The number of modes included in these models was
based on the desire to actively control the rotor up to certain
bandwidth. Therefore, for evaluation of the reduced models the
frequency range of interest was chosen to be from 0 to 3 AfZ,
which is slightly higher that controller bandwidth. The 8 points
bfhmulseexcilaﬁonandSpoiﬂsofmsurenmﬁgiv&sBx&
64 measured response.

The appropriate collection of impulse response results in six 3D
plots of impulse test, which gives the insight of the mode shapes
and modal characteristics. The 3D plot of impulse test respouse
of the first model from 4™ nodal point to all points is shown in
Figure 13.

 (b) Imagjnary part
FIGURE 13: 3D mode shape of the 1% model with impulse test
in nede nurnber 4

(@) Real part

The second model is shown in Figure 14. The draw bar model
is added to the first model. The draw bar and the first mode are
intercormected with 10 radial links. The radial link is located on
the nodes of metallic contact. The draw bar modes doesn’t
appear in combined model due to radial links. The bending
diameter of draw bar increases due to the coil spring for
clamping force. The natural frequency of the first bending mode
decreases considerably while that of second bending mode
doesn’t decrease much due to the stiffress of draw bar. The
impulse test is also performed in the same node points as the
first model to tune and validate the FEM mode}. The 3D plot of
impulse test response from 4™ nodal point to all peints is shown
in Figure 15. The 3D plot of impulse test data of the second
model is very similar with the first model.

B
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(a) Real part

(b) Imaginary part
FIGURE 15: 3D mode shape of the 2™ model with impulse
test in node number 4

The last FEM model is the spindle with tool holder as shown in
Figure 16. Since the HSK tooling is based on the elastic
deformation of tool holder, the tool holder is included in the
spindle mode] instead of introducing another rotor. The 3D plot
of impulse test response from 4® nodal point to all points is
shown in Figure 17. The tool holder significantly changes the -

(b) Imaginary part
FIGURE 17: 3D mode shape of the 3 mode] with impulse
test in node number 4

(a) Real part

The measured modes shapes of three models on the 4™ node are
shown in Figure 18. Since the mode shapes of each model are
changed with the change of mass distribution, the mode shapes
of first and second model are almost same. However, the mode
shape of third model with tool holder differs from other models
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slighly. Also, the difference in the second bending mode is
bigger than that in the first bending mode. Although the
different. It is noticed that the natural frequency is more
important than the mode shape, even if the mode shape
contributes the input and output matrices of state-space model,

—¥- Without drawbar
O~ With drawbar
-~ With tool

. L L L s 2 L L
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Length (mm)
FIGURE 18: The comparison of measured and theoretical
mode shapes of three models

The measured and theoretical natural frequencies are shown in
Table 1. The theoretical model match with measured data very
well.

TABLE 1 Theoretical and measured natural frequencies

15 bending (Hz) | 2™ bending (Hz)

FEM | Impulse | FEM | Impulse
il;‘?vdlbzrw‘ﬂ“’“‘ 6788 | 60 | 1763 | 1764
zﬁ; with | o053 | 72 | 20327 | 2032
Zlf;‘tﬂ‘]’da Wi | e | 812 | 21568 | 2156
CONSLUSION

Authors designed and manufactured a high speed machine
tools spindle supported with AMBs. To get accurate
mathematical model with FEM, three types of model are
introduced. The first model is the spindle without draw bar, the
second the spindle with draw bar and the last model the spindle
with tool holder. The second model is based on the first model
and the last model is based on the second. In the first model, we

tune finely the effective bending diameter at the location of the
interference fit. In the second model, we adjust the draw bar
model and cormecting stiffness. The coil spring contributed to
increase of effective bending diameter of draw bar due to the
high preioad. In the third model, we model the tool holder and
validate the overall model. At each stage, the impulse tests are
performed to match the numerical model with real spindle, It is
noticed that the natural frequency is more important than the
mode shape, even if the mode shape contributes the input and
output matrices of state-space model. The obtained accurate
rotor dynamic model can be used as a good nominal model for
the high performance.
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