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Abstract

In this paper, we have conducted identification
experiments on the mass unbalance and high order
sensor runout in a turbo molecular pump supported by
active magnetic bearings (AMB), by using the proposed
identification method. Firstly, output signals from the
displacement sensors are converted and stored in the
digital signal processor (DSP) board. The mass
unbalance and high-order sensor runout are identified
using the weighted-incremental least square on-line
method from the stored displacement data. Next, by
attaching known plural weights on the rotor, the
resulting unbalance and higher-order sensor Tunout
were identified using the proposed method. Finally, the
reproducibility of the identification ¢xperiment and the
effectiveness - and accuracy of the proposed
identification method were verified.

Introduction

The active magnetic bearing controls the electro
magnetic force, which levitates and supports the rotor
without physical contact. The mass unbalance in the
rotor is caused by machining inaccuracy and
assembling tolerance, which is the dominant cause of
synchronous whirling of the rotor.

On the other hand, the eddy curmrent type
displacement sensor, which is used for measuring the
gap between the levitated rotor and the stator of AMB,
also detects electromagnetic ununiformity on the rotor
surface and mechanical deformation of the
circumferential surface of the rotor, which is called

sensor runout (SRO). The sensor runout is also a
dominant factor causing the whirl of the rotor as well
as the unbalance.

Thus, to date, numerous studies have been carried

out on the measurement and compensation of the
periodic whirl, which is synchronized with the rotor
11-3].
Recent studies on the issue have looked into adaptive
feedforward control for the cancellation of periodic
whirling and several researches have been conducted to
coincide the mass center with the geometry center by
observing the displacement and compensating the
current signalf4-5).

In addition, other researches [5-6] have investigated
robustness control that estimates and amends the sensor
runout which is included in the whirling data of the
rotor, Various studies [7-8] have also considered
include repetitive and non-repetitive whirling to control
the rotor without vibration.

However, none of the current research has carried out
studies to identify the amplitude of the unbalance,
higher-order SRO and phases at the same time.
Setiawan, Mukherjee and Maslen [9] dealt with
adaptive control of the amplitude of the whirl and SRO
as well as phases, however, higher-order SRO was not
identified in the experiment.

In the case of active magnetic bearings, the disorder
of the sensor signal caused by the runout is
misinterpreted as an actual displacement of -the rotor,
and the AMB generates force to levitate the rotor
according to the measured sensor signal including SRO.

Therefore, in order to conduct a more ideal vibration
control of the rotation axis, it is necessary to estimate
the amplitude and phase of the unbalance and
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higher-erder SRO. This will enable the rotor 1o rotate
without vibration and lead to a more stable rotation in
the high rotation speed.

We have proposed a new identification method for
the unbalance and higher-order SRO, and confirmed its
effectiveness by a series of simulation [10). But the
convergence speed of the solution is not sufficient for a
real-time compensation of mass nnbalance,

In this paper, periodic unbalance and higher order
SRO are estimated by using an identification method
in which the weighted incremental least square on-line
method is applied to the experiment.

To improve the accuracy and
convergence speed of the solution

(1) The equations of motion of the rotor and the
weighted least-square method

The equations of motion of the rotor levitated by
AMB are expressed as follows [10].

MLc +(wM,L + FK,)% + (FK, + G)x + FEK, [t

1
=U + MLk, + M L% +Gx, W

where M, M U, F,G,x are the mass matrix, the

gyro-moment matrix, the rotor unbalance matrix, the
control stiffness matrix, the negative position stiffness
matrix and measured displacement vector at AMB
sensor. And K,,K,, K are the controller gain matrix.

The sensor runout vector x, is represented as follows:

x, z Ay cos(iot + ¢,)
(it + ¢,
. - Yor | _ 'nzllu siniat + ¢,,) @
X pe 2/1 Cos(iart + ¢,,)
Yor z A, sin(iat +¢,,)

Taking Laplace transforms of equauon (1), we obtain
the equation(3) as follows:

[ML s*+{wM,L + FK )s + (FK , + G)+ FK, ﬂfm)

[H,(@)-5+ H, (@)Y, (s) + [H,(0) s+ H (@), o)
{ [#,(w) s+ H, @), (5)

3
Substituting equation (4) to equation (3) to take the

bilinear z transform of equation.(3) , we obtain the
equation in the z plane as equation (5):
s=20-2"Y7(1+z") )

P(k) = L) -E (k =1---n) )

In equation (5), the left-hand term (k) is
determined from the dynamic parameters of the rotor
and AMB, the sampling period and the measured shaft
displacement including the sensor runout and also the
L(k) in the right-hand term is determined from the
dynamic parameters of the rotor and AMB, the
sampling period and the rotating speed. E is an
unknown vector, whose ¢lements are unknown static
unbalance, dynamic unbatance and high-order SRO and
identified by the weighted incremental least-square
method.

Dynamic unbalance is angle of center of gravity and
principal inertia axis. In this case, principal inertia axis
and geometric centerline do not coincide or touch.

. As we may use n sets of ®(k), k) (k=1---n) and
get 4n equations in equation (6) to identify the
unknown vector E

D-Q FE (6)

where

& = [0Q) BQ) - ®(m)] €R*

2=[e® Q@) - Qm] R

In order to minimize the estimation emor, the
following quadratic cost function J is introduced and
E is determined by minimizing the cost function J .
J-RR=(o- o&) ulo - oF) @)
where R=& - & =& -QF is the estimation error.
U is weighted matrix, and & is identification value

of @ . Its minimum satisfies
Ty

" 297U + 207UQE = 0 )
Then, equation (9) is obtained.
QUP = Q"UQE €

If Q702 is the non-singular matrix, K , the identified
value of E , is derived from the above equation.
E=(Q'U0)' 9"Ub-Pb, R* (10)

(2) Applied incremental on-line algorithm

The incremental on-line method is a method to
improve the latest estimated value, whenever new data
are obtained. In this study, identification of the
unbalance and SRO is conducted with the incremental
on-line method. By using this method the unknown
vector E can be identified in real-time without the
necessity to save data.

Now, the identified value obtained from £-th
measured data is represented by E(k), and E(k) is
identified by using E(k 1). The incremental least
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square on-line method [10] is represented by the
following algorithm.
P =(QUQ) €R"™ 1

P’ =P T+ QT (nUQ(n) S ¢ V3]
Multiplying equation (7) by P, on the left and by
P on the right , we can get the following equation:

P = P, + P.Q (n)\UQ@)P,, (13)

and find the inverse matrix of equation (7)
P,= P, -P. 2 U + 2P, 2" () 2P,
(14)

multiplying equation (8) by 2 (MU + L(mP,,
Q" (M) Q(n)P,, produces the following equation:

£ lo" (U + 2P, 2" () 2P|
=P Q" (U + &P, Q7 () 2(mP,,
-P,-P,
- PO (MUG(P,, (15)

Equation (k1) is derived from equation (%) and (10).

PO (U = P2 (m{U" + 2mP, 2" ()" (16)

mth identified vector E, is obtained from
equation (11) as follows:

E, =Ppb,
. -p. @l + 200P@" ) 2P, ]
x[b,, + Q7 (US(M)]
=E_ -P. 2" (U + 2P, 2 ) QmE,
+ P QT (mUd(n)
= E_ - P.Q (mURME,, + PO (U(n)
= E,, - P2 mU[QmE, , - #(n)]
an
Then, the u::balance and runout are calculated from the
estimated E .

Experiments

(1) Experimental apparatus

Figure 1 shows the experimental apparatus for
evaluating the proposed identification method of the
mass unbalance and SRO. The apparatus uses an
overhung rotor of turbo molecular vacvum pump. The
rotor is supported by two AMB, namely upper AMB

and lower AMB. The AMB have two proximity sensors
in orthogonal directions x-y to measure and regulate the
relative displacements between the rotor and the stator.
The AMB analog controllers consist of sensor boards,
PID controllers and PWM power amplifiers. The output
from the sensor boards, which are proportional to the
relative displacements, are connected to the A/D
converters in DSP board which is a 32 bit floating point
machine using a Texas Instruments TMS320C30 digital
signal processor.
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Fig. 1 Apparatus of Turbo Molecular Pump

The rotor is 204.3mm in length, 2.59kg in total mass,
11442.23 kgmm® in radial moment of inertia, and
1785.05 kgmm? in polar moment of inertia and has a
dummy disk on the top to install a known unbalance to
evaluate the accuracy of the identification method.

After measuring the rotation speed at two specified
rotations, the analog vibration data are converted to
digital signals at the constant sampling frequency. At
this time the sampling cycle is 600 microseconds and
the number of data is 5000 (3 seconds).

A pair of identification tests are carried out to verify
the accuracy of the method. Firstly, the unbalance and
SRO are identified without an attached unbalance.
After that, a known unbalance weight is attached on the
dummy disk and a second identification test is carried
out.

(2) The comparison of the weighted least-square

method and least-square method
The conventional incremental least-square method is
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a lincar identification method. However, as the
measured whirling data is includes cbservation error,
the conmvergence has been improved by using the
weighted incremental least-square on-line method. The
rotating speeds were set at 500 rpm and 1500 rpm.
Measured shaft vibration data are shown in figure 6.
The identified static unbalance ( & ), dynamic unbalance
{T), and SRO are shown in figure 2 - 5. The left side
figures and the right side figures show the amplitude
and the phase angles of the unbalance and the sensor
runout respectively. Thick solid lines indicate the result
of the weighted least-square method, thin solid lines
indicate the result of the conventional least-square
method and dot-dash lines are calculated valies by
using the vector diagram. The experiments of the
weighted least-square method, just after a change of the
rotating speed from 500tpm to 1500rpm, static
unbalance ( £ ), dynamic unbalance (7) amplitude and
phase angles of the identified parameters converge to
the calculated values rapidly. Also, the 1st component
of SRO converge to the constant values. But for the
static unbalance ( &), the dynamic unbalance (7 ) and
1st component of SRO, it takes more than 2 seconds to
converge. since the 2nd and 3rd component of SRO are
small, no remarkable change in convergence is
observed. :
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Fig.2 Estimated Unbalance and phase using measured data
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Fig3 Estimated 1st order SRO and phase using measured
data
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Fig4 Estimated 2nd order SRO and phase using measured
data
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Figb Estimated 3rd order SRO and phase using measured
data

(3) Experimental identification

The synchronous unbalance and high-order SRO are
identified by obtaining the shaft vibration data when a
weight is not attached to the rotor and when weights of
0.1g (Exp I) and 0.5g (Exp II) are attached to the rotor
at phase angle 0 ° from the key phaser of the rotor
supported by active magnetic bearing. The rotating
speeds were set at 500 rpm and 1500 rpm. The shaft
vibration data are shown in figure 6 and figure 7.
Figures 8-11 show the identification process of mass
unbalance, 1st, 2nd, and 3rd component of SRO
respectively. Thick dot-dash lines indicate the result of
calculated values by using the vector diagram with
unbalance mass 0.5g, thick solid lines indicate the
result of unbalance mass 0.5g, thin dot-dash lines
indicate the result of calculated values by unbalance
mass 0.1g, thin solid lines indicate the result of
unbalance mass 0.1g, and thin dot lines indicate the
result of residual unbalance.

The identified result of Exp. I and Exp. II are shown
in Tables 1 and 2. Where each of the experiment results
compared with the calculated value by using the vector
diagram. Figure 8 shows the difference of about
15%-24% between the identified value and calculated
value of the static unbalance ( £ ) and dynamic
unbalance (7)) . Also, when a light weight (0.1g) is
attached, the difference between the calculated value
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and identified value of static unbalance phase (cr) and
dynamic unbalance phase (T') is 30 °. When a heavy
weight (0.5g) is attached, an angular error is 15 °. The
SRO of the surface of the rotor’s upper and lower AMB
is shown in figures 5, 6, and 7 as AL s, A pi, (i=1,2,3) and
the phase is expressed as @ v and @i (i=1,2,3). The
identified result is indicated to the 3rd order. As in the
diagram, the identification resulis when numerous
weights are attached and when a weight is not attached
to the rotor almost correspond. The phase is converged
into a constant value, though there is error respectively.
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Fig.6 shaft vibration with added trial mass 0.1g

Whirl amplitude [ £¢m)

Time(sec)

Fig.7 shaft vibration with added trial mass 0.5g

Table 1 Identification results of unbalance

Table 2 Identification results of unbalance

Mass Trial weight (0.5g)

Experiment Epl Cid  Enor
. 0
Unbalance Wm) 755 987 5%
Dynamic(urad) 1350 1631 17%
ic (T 0.13 1 .
Static (rad) 002 @15

Dymamic(ad) 9035 008 027

Mass ' Trial weight (0.1g)

Experiment ExplI Ca  Emo

Unbal Statio £4m) 178 18
Dynamio(¢rad) ~ 29.5 373 2%
Static (rad) 049 01 039

Dynamic (rad) 09 038 052
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Fig.8 Unbalance and phase from experiment
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Fig 10 2nd component of SRO and phase from experiment
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Conclusions

We identified the mass unbalance and SRO on the
rotor supported by AMB using the incremental least
square method and weighted incremental least square
method and were led to the following conclusions:

1. It becomes clear that the synchronous mass
unbalance and higher-order SRO are identified by
the weighted incremental least square on-line
method or the conventional incremental least square
method using the measured shaft vibration data of
the turbo molecular pump rotor supported AMB and

2. The weighted incremental least square on-line
method has faster convergence speed of the solution
than the conventional incremental least square
method.

3. The identified values of the 1st compenent of SRO
and phase with a frial added mass corresponds with
the identified values before adding the trial mass.
The 2nd and 3rd component of SRO were correctly
estimated. Howevet, discrepancies of their phase
were about 30 © between the identification with and
without the trial mass.
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