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Compensation of Tool Axis Misalignment in Active
Magnetic Bearing Spindle System
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The tool axis misalignment, which causes machining inaccuracies in an active magnetic

bearing(AMB)-spindle system. can be compensated by tracking control of the rotor-spindle. The

pseudo-derivative feedback(PDF) control scheme alone does not correct the tool axis misalign-

ment since the integral action results in the narrow bandwidth and large phase lag in the

controlled system. To improve the tracking performance, the feedback and feedforward control-

lers are combined with the existing proportional-derivative controller, which stabilizes the

inherently unstable AMB-spindle system dynamics. The theoretical and experimental results

show that proposed control scheme efficiently compensates the tool axis misalignment compared

with the conventional PDF control scheme.
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1. Introduction

The tool axis misalignment, which may be
inevitable due to frequent tool changes in machin-
ing process such as milling and grinding, often
leads not only to machining inaccuracies but
severe machine vibrations due to the imbalance of
the high speed spindle. Unlike a spindle support-
ed by rolling element bearings, active magnetic
bearings (AMBs) inherently have the ability to
compensate for such tool axis misalignment
within the air gap between the spindle shaft and
the emergency bearing by tracking control of the
spindle shaft. The whirling motion of the parallel
misaligned tool center is synchronous to the spin-
dle rotational speed (Siegwart et al., 1990 and Ota
et al., 1990). Thus. the AMBs, in addition to

* Center for Noise and Vibration Control, Depart-
ment of Meachanical Engineering, KAIST, Sci-
ence Town, Taejon, 305-701. KOREA

** Central Research lInstitute, Samsung Heavy
Industry P. O. Box 43, Science Town, Taejon,
305-600 KOREA

*** Research & Development Center, Samsung
Electro-Mechanics, 314, Maetan 3 Dong Paldal
Ku, Suwon Si, Kyungki Do, 441-743, KOREA

Active Magnetic Bearings, Misalignment. Pseudo-Derivative Feedback Control-

supporting the shaft,
actuator of a wide frequency bandwidth and a

should operate as an

small phase lag to reduce the whirling motion. So
far, the compensation of tool axis misalignment
using AMBs has not yet been addressed in the
literature. However, a few works have been repor-
ted on the use of electromagnetic actuators to
improve the machining accuracy. For example,
Mboller has developed a boring system equipped
with an electromagnetic actuator, which can
machine elliptic pin holes of engine pistons by
modulating the spindle speed and the deflection
of tool edge. The elliptic bore was 50m off from
the cylindrical bore of 20~ 30mm diameter (Mol-
ler. 1990)

In this work, AMB-spindle system is modeled
as a single-DOF system and the pseudo-derivative
feedback (PDF) controller is designed to stabilize
the AMB-spindle system and to achieve the desir-
ed tracking performance. But the PDF-controlled
system has undesirable characteristics such as a
narrow frequency bandwidth and a large phase
lag. It necessitates the addition of a feedforward
controller to improve the tracking performance.
The feedforward controller is constructed by
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inverting the AMB-spindle system dynamics
which was stabilized by a PD-controller only.
The experimental results show that the proposed
control scheme effectively compensates for the
tool axis misalignment compared with the con-

ventional PDF control scheme.
2. Modeling of AMB-Spindle System

For a typical four axes rigid rotor-AMB system
model as shown in Fig. 1, it is well known that
the mass matrix is coupled at bearings #1 and #2,
and the gyroscopic effect is coupled in the y and
z-directional motions. In practice, however, the
gyroscopic effect is likely to be smaller than the
controlled damping, and the off-diagonal ele-
ments of the mass matrix are negligibly small
(Delprete et al., 1994 and Kim, 1995). As the
results, the coupled 4-DOF AMB system model
can be decoupled as four single-DOF system
mcdels. The equation of motion of a single-axis
magnetic bearing system can be written, using the
linearized magnetic force, as

mg—Keq=Kigla, q=51, V2, 21, 22 (1)
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Here m is the equivalent mass in the bearing
coordinate; K, is the position stiffness; K, is the
current stiffness; ¢ and ¢ are the geometric factor
for displacement and force, respectively; 8, and 5,
are the angles from the center line of magnetic

Bearing—-2

Bearing~1

Fig. 1 Rigid-rotor active magnetic bearing system model

poles to the near an far edges of the pole face,
respectively; u, is the permeability in free space (4
7 X107"H/m); N is the number of coil turns; A,
is the pole face area; [, and Iy, are the bias
currents at magnet | and 2, respectively; 7g is the
control current; gp is the steady state air-gap. As
shown in Eq. (1), the AMB system has the nega-
tive stiffness, so the stabilization control of the
current in the electromagnets is always reguired
by implementing double acting magnets. The
rotor position is continually monitored by a
proximity sensor and the position signal is trans-
formed into a control signal, which controls the
current of the electromagnet. However, since the
controller ouput is voltage, the relation between
the control voltage and the control current of
electromagnet should be considered. The self
inductance of coil induces a time delay between
the control voltage and the control current, which
may destabilize the system. To improve this prob-
lem the current feedback scheme is introduced,
and then voltage-current relation can be written

as
dig | - _ __ 7Ky dg
gy TleTKata 5 s
K L
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where u, is the control voltage; K, is the voltage
gain of the power amplifier; R, is the current
feedback gain; R is the sum of resistances of the
coil and the current detector; L, is the nominal
inductance; K, is the voltage-to-current gain; z, is
the time constant of coil with current feedback.

3. Controller Design

To compensate for the misalignment between
the spindle shaft and the tool, the control inputs,
which are synchronized to the spindle speed, are
applied to the system. It requires that the
controlled system should have the wide frequency
bandwidth well over the maximum spindle speed
and the small phase lag between the input and
output.
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3.1 PDF controller

Neglecting the small time constant of coil with
current teedback, 7. we can simplify the relation
between the control voltage, U,(s), and the dis-
placement voltage, V,(s), as

Y V(Sl_ KcKsKiq
COI=Ts) = mst = K, 3

where K is the displacement sensor gain. The
corresponding state-space equation becomes,

szzApo+ Bpuq

Yp:: Cpo (4)
where
Xp:[l)q Z/q]r
0 | 0
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When a PD-controller is used to stabilize the
inherently unstable AMB system, the steady-syate
position error may occur in case of tracking
control. To eliminate the steady-state error, an
integral action is added to the existing PD- con-
troller as shown in Fig. 2(a). The integrator
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(b) PDF controlled system with feedforward

controller

Fig. 2 Controlled structure for tracking control: z(=3.
3x 107 *sec) is the time constnt of low-pass filter
for reducing the efect of noise in the differ-
entiator.

dynamics is written as
Xl: Yp (5)

Introducing the new state variable (Takita and
Seto, 1991), X=[X,; X:]". we can write Eq. (4)

as
X=AX+Bu,
Y=CX (6)
where
[ 0 Cr 7o _
a0 9ol p ] emto

Now consider the quadratic performance index
given by

J=$(X"QX +uRu,)dt (M

where @ and R are the positive semi-definite and
positive definite weighting matrices, respectively.
Then the optimal control law can be obtained as
follows by minimizing J;
us=—R'B"PX
:_Koth:‘[Kl Kp KD]X (8)
where P is the solution of an algebraic matrix
Riccati equation.

The weighting matrices are determined such
that unstable responses due to saturation of the
supply voltage and flux density are not observed.
In order to design a fast tracking system, the
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Fig. 3 Frequency response function of the overall sys-
tem: without feedforward; with feedforward
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relative weight of integral terms should be in-
creased. However, an excessive weighting induces
the instability due to saturation of the supply
voltage and flux density. For the weighting
matrices given by
Q=diag[9x10% 0.5x 107", 0.5x107%]
R=1 9

the optimal control gain matrix is mdetermined as

Kopt:[Kl KP KD]
=[300 3.4 0.0081] (10)
resulting in the dominant closed loop poles at
—575.9 £7328.9(rad/sec], and the damping ratio
of £=0.87. Figure 3 shows the FRF of the

PDF controller, a feedforward controller is added
as shown in Fig. 2(b). The feedforward control is
used to anticipate the effects of a command input
on the process output and to modify manipula-
tions generated by a closed-loop control system in
such a way that the error in the process output is
reduced (Bollinger and Duffie, 1988). Let Ggup(s)
be the system stabilized by PD-controller, and
Gyr(s) be the feedforward controller. Then the
transfer function between the reference input.
V+(s). and the system output, V,(s) is given as

Vq(S) :< 1+fo(b)\ Gl(S)Gsub(S) (1])
V. (s) Gi(s) JT+Gi(s)Gaun(s)

PDF-controlled system. Note that the steady-state Table 1 Identified parameters of the AMB-
error is almost 0 in the frequency range below spindle system
10Hz, whereas the tracking performance becomes Bias Current[A] I K
poor in the frequency range beyond 10Hz. Direction T 1 Inm [N/A] [N/rﬁm]
Y 2.16 1.52 187 356
3.2 Feedforward controller 7 150 172 156 | 236
In order to improve the narrow frequency Y 325 1.70 193 378
bandwidth and large phase lag, resulting from the 7 165 164 169 375
Rigid Rotor — Magnetic Bearing
o i’u Y1 [=%
£ P — E
= |z, 2l s
= [ c
o [ y Ry
- 2 n
=2 1¥,, (-
[=% - [=]
3 - 8
(=] 5 =]
o
ﬁ Digital Control System with DSP (TMS320C30)
4—-Ch C 5-Ch
<l:(£ Z<t: ontroller
DAC ADC
Dual-Port Memory Rotor
with Runout/Unbalance/Misalignment Data Angle

Host PC

Fig. 4 Schematics of AMB-spindle system with digital controller
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Table 2 Specifications of the designed AMB-spindle and digital control system

Electro-Magnet and Rotor

Pole face area

Ap=450mm?(30x 15)

Radial air gap/Rotor diameter

2o=0.88mm/ $89mm

Magnetic coils

N =300turns, R=20, [,=56mH

Core lamination

0.35mm thi‘ck, 39% Si-steel

Geometric factor

c=q=092

Rotor mass

m=8.34kg

Polar mass moment of inertia

Jp=0.0914kg - m*

Diametrical moment of inertia

J2=0.00788kg - m?

Bearing span

b1=139, b,=138, b,=277[mm]

Peripheral Electronic Devices

Sensor & Amp.

Eddy current type, Resolution:0.5,m
Gain K;=5V/mm, Bandwidth=20kHz

PWM Power Amp.

Gain: X,=0.42 A/V at 60Hz
Bandwidth: 0~400Hz
Output: 150V 10A, S/W Freq.: 18.5kHz

Motor/Drive

Output: 3¢ 220V 16A
Freq.: 3333Hz max (200,000rpm)
Motor: 1.5kW 3¢ Induction Motor

|
|

360 pulses/rev. A&Z pulses used

E ~
ncoder | Input using DSP serial port
Degital Controller
DSP Floating point DSP: TMS320C30

Max. Perormance: 33MFLOPS 16.7MIPS

A/D converter

I2bits 4ch. simultaneous sampling
Input range: 2.5V

D/A converter

12bits 16channel, synchronous update
Output range: £8.192V

where G,(s)=K;/s. Note that, if Gg(s)=1/
Gsuo(s), then Vi(s)=V,(s) in Eq. (11), leading
to an ideal tracking performance. Because a feed-
forward control is essentially an open-loop con-
trol, the control performance depends on the
accuracy of knowledge of the process transfer
function. Figure 3 compares the FRFs of the PDF
controlled system without and with feedforward
controller. Although a perfect tracking, at least in
theory, can be accomplished, tracking error is
generated in practice because we don’t exactly
know the inverse dynamics of the system. In this
work, the inverse dynamics is constructed by
using the system parameters, which were previous-
ly identified experimentally (Kim, 1995; Kim and
Lee, 1996a). The identified parameters are given
in Table 1. When the identified parameters have

uncertainties, an adaptation algorithm is required
to compensate the error induced by the identifica-
tion.

4. Experiment and Discussion

4.1 Experimental setup

Figure 4 shows the schematic of the rigid-AMB
system with digital controller. Table 2 gives the
specification of the tested AMB system. Figure
5(a) is a perspective view of the tested AMB-
spindle system. A 50mm long tool bar is joined at
the end of the spindle shaft, as shown in Fig. 5(b),
to simulate a misaligned tool. The displacement
signal measured at the tool tip and the rotational
angle are fed to the digital signal processor (DSP,
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Fig. 5(b) The long ool bar and a gap sensor to simulate
the tool misalignment

TS320C30) board via an analog to digital con-
verter (ADC) and a counter, respectively. The
DSP performs the 4-input/4-output PID-control
action and simultaneously compensates for the
tool axis misalignment and open loop rounout/
unbalance (Kim and Lee, 1996b) by using the
rotation synchronous encoder signal. The unbal-
ance of shaft and the runout of sensor target using
the open loop control was initially compensated.
As the results, the system is operated within the
+ L um of shaft vibration and the residual vibra-
tion is only induced by the tool axis misalign-
ment. The host PC downloads the instruction
codes, the control gains, and the runout, unbal-
ance and misalignment data, and monitors the
operating condition of the AMB system, which is
linked to the DSP via its dual-port memory for
multi-tasking operation. The overall control
penod (frequency) is 50usec (20kHz).

Spindle shaft

0,

zl
Spindle shaft

Tool

(c)

Fig. 6 Misalignment: (a) coordinate; (b) parallel

misalignment; (c) compensation

4.2 Measurement and compensation scheme
for misalignment

Figure 6(a) shows the coordinate system of the
spindle shaft and the tool: 0,Y1Z;, 0.Y,Z, and
0.Y.Z, are the coordinate systems for bearing #1,
bearing #2 and the misaligned tool, respectively.
The tool axis misalignment, in general, is the
combination of parallel and angular misalign-
ments. However, when the tool is in a point
contact with work-piece during machining proc-
ess, the tool axis parallel misalignment, which is
shown in Fig. 6(b), will play a major role in
machining inaccuracy. The compensation of the
tested AMB system is limited by the air gap of 300
wm, between the emergency bearing and the spin-
dle. To compensate for the parallel misalignment,
the translational offset motion of the spindle shaft
is used, as shown is Fig. 6(c). The tool axis
misalignment can then be simplified as,

ve(tY=ewsin(0+ o+ r/2)
z(H)=ewsin(0+ o) (12)

where §=20¢; ¢, is the initial angle of the tool
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axis; 2 is the rotational speed; g, is the radius of
parallel misalignment. In this work, the tool
misalignment is measured near its tool tip, as
shown in Fig. 5(b). The feedforward control
input is added by using the inverse dynamics of
the stabilized AMB-spindle sysitem and the mea-
sured parallel misalignment signal.

4.3 Experimental results

Figure 7 shows the tracking performance at
bearings #1 and #2 when the rotational speed is
2000rpm and the misaligned signal is given as the

reference signal. As shown in Fig. 7(a), the ouput-
to-input magnitude ratio is about 0.5, and the
phase lag is about 100°, when the PDF-controller
is used. Figure 7(b) shows the tracking perfor-
mance when the feedforward controller is added
to the existing PDF-controller. The phase lag,
caused by the integral control action of PDE-
controller, is drastically reduced by addition of
the feedforward controller, and tracking perfor-
mance is significantly improved through the full
range of rotor angle.

Figure 8 shows the tool displacements when the

T
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0 90 180 270 360 0 90 180 270 360
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Fig. 7 Bearing responses at 2000rpm (a) without feedforward; (b) with feedforward ——— com mand, cococo

output response
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Fig. 9 Compensated tool displacement as the rotational
speed is varied

AMBs track the reference input, where the solid
and broken lines indicate the initial and compen-
sated tool displacements, respectively. As shown
in Fig. 8(a), the tool misalignment undesirably
increases up to +73um due to the large phase lag

of the PDF controller. On the other hand, by
adding the feedforward controller to the existing
PDF controller, the initial tool displacement
reduces to +3.3u.m, as shown in Fig 8(b).
Figure 9 shows the results of the compensation
with/without the feedforward controller as the
rotational speed is varied. Note that the misalign-
ment can be reduced to less than =+ 10um, at
4000rpm. However, as the spindle speed is in-
creased further, the tracking performance of AMB
becomes poor due to the increased phase lag,
wich is due to the imperfect mathematical model
without the consideration of gyroscopic effect.

5. Conclusions

The in-situ compensation of tool axis misalign-
ment in a machine tool spindle system supported
by rolling element bearings is not possible. On the
other hand, for an AMB-spindle system, the paral-
lel misalignment can be effectively compensated
by tracking control of the spindle shaft within the
air gap between the emergency bearing and the
spindle shaft.

A pseudo-derivative feedback controller with
feedforward input is proposed to exactly compen-
sate the tool axis misalignment of the AMB-
spindle system. A feedforward controller is con-
structed by inverting the AMB-spindle system
dynamics which was stabilized by a PD-controller
only. Although a perfect tracking, at least in
theory, can be accomplished, tracking error is
generated in practice because we don’t exactly
know the inverse dynamics of the system. The
experimental results show that the proposed con-
trol scheme effectively compensates for the tool
axis misalignment compared with the conven-
tional PDF control scheme.
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