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Design of Fault-Tolerant Inductive Position Sensor
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Abstract

The position sensors used in a magnetic bearing system are desirable to provide some degree of fault-

tolerance as the rotor position is necessary for the feedback control to overcome the open-loop instability. In
this paper, we propose an inductive position sensor that can cope with a partial fault in the sensor. The

sensor has multiple poles which can be combined to sense the in-plane motion of the rotor.

When a high-

frequency voltage signal drives each pole of the sensor, the resulting current in the sensor coil contains

information regarding the rotor position.
information.
relationship between the sensor output and the rotor motion.
possible to introduce redundancy which can be exploited for fault-tolerant operation.
applied to a magnetically levitated turbo-molecular vacuum pump.

tolerance algorithm.
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The signal processing circuit of the sensor extracts this position
In this paper, we used the magnetic circuit model of the sensor that shows the analytical
The multi-polar structure of the sensor makes it

The proposed sensor is

Experimental results validate the fault-
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Fig. 1 Schematic diagram of the sixteen-pole sensor
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Table 1 Specifications of inductive sensor prototype

Parameters Values
Excitation voltage 48V

Excitation frequency 20 kHz
Nominal radial air gap 0.5 mm
Number of stator poles 16 poles
Number of coil turns per pole 80 turns

Outside diameter of the stator 70 mm

Inner diameter of the stator 44 mm
Thickness of the lamination 0.35 mm
Axial thickness 3.15mm
Cut-off frequency of high-pass filter | 4.08 kHz
Cut-off frequency of low-pass filter | 1.59 kHz

E}‘}\] ua]'gﬁ}q, ﬂﬁiﬂ?/} -‘Hi] )(19] —i,—Zé g}% %.Xg
g ASRRE u & AAsH
V2o V2
2 2
X, = u 21
Tl 2L “
4 2 4
o] #t},
F4 93 AA 29399 e xe
g =llu-Ax ||, (22)
o} o] 3t 4= U} o]FEA 3 AUt 0 9]
A 0 o w$- E”SBPﬁ A7 AR 2S5

Zolth, aAN o @ A} BE 3 A

ool mlasiA A, e s A
g Bges J*D*FJL, SAelA AlLlE. u
g ARelMe A =4 4 (18)°] ofd A

51 AME MAMel d=
2 AT E AP 2SS AIAE AA S
A2 O Table 1 & F=F AR A A
FEES YEd Aotk 1
T 4.08kHz 1], o] 20kHz 2] 213 53}
Foll sdstes AFRFF S FE=37] AFe|th
AR ETHIH Y AdFaas AlA e 524 S
FA17]7]

4PAQ WA A, BH A5e B

EEIRPIREE o7

Upper Sensor
Upper Bearing

R <1 XK

BLDC Motor

Lower Bearing

Lower Sensor
= iy

Thrust Bearing

XEX

Fig. 7 Schematic diagram of a magnetically levitated

turbo-molecular pump showing its major
components
g8l A Furg molw AN FHol 293
diEol S71eHAl Ho] AlAM e At g "oy

A At

AR AN 547 450 gers) 746

1:5 AR Aol A4S =AAE 0~0.4mm TF-7Hol A

5% olule] A¥ °AE ZFAAL 9lom, 0.5um
M%«] AR ®ales 7HRIh AlA e B4 g
2 (dynamic bandwidth) 0 | 4] 800 Hz Alo] 2 A
HAack T4 ddEs I s, AlA
TE RO Wz Fygs I7ME 5 Ak

AR, WE Fhsh wo

]_
FFE= AAA Hel A dsE

52 1% 58 A¥

of we ohFol
A7 A Ak,

OiOVl Ak = %
2 5o A X}7l Hlojg & I Fx Ao
EE— Eebgaty] wiEol, HA Al A9 91X
Ao s e S Aoyt Do EH
oA AABL A FEF AAME 2] Hof
of A& = v =ul(feedback)dlto] =7] Hjo]H <]
152 Ao} 3v}h. Fig. 7 & HEEA P2
TA QAES mAH o7 HoFr),
o]

¥ (thrust bearing)-2-

E*J% Skl ﬁ%EHﬂ AolE st 1 7”154
a1 e duElsS A DSP Alol7|=
2 (22)°) 93 A B& Axkdth aga oab

Fol7k EAE el



238 LB

Motar Inverter

9A e

0>‘

Ve AeIAs] sk, A
g FAHoR Beo

48 N F

¢

ol

32
30 0
o
£

of My
o
N

K
Rl
>

tio
=)

I
©
[y

[ NI {
(% g S g T
kit

0 oy ©
1 Lo
~ lu

5
2
ool 2 A

4 o

=

S
o
=2

Mo 2 %O
0

¢

—

o 0
ol -h—‘vl

{
>,
o il

2

i
Mo

ol 2

o, ki AR o
oo,
o P Qb

o
oy 2 P
o 2L o
2 N g
£ o
o
z 2|
O,

-

ok
o o

4y to
o)

s
ot

=]
© 5
[UIO A,

Y
o,

%
o

HU:%'J%;
w Ho
o

T

o rr
2

ol Oﬁ
- ‘10

N
R

o2l

©

N

N

) to
o o
A oox o
o
i
(o3
1B
TR

o (I

s
W2, ol
@ =
oo fI
10, o
L)
O
2,

¥, (L XN @ (o 1o o ¥O my x

rm;&v

ol A Aket 1
(open- C|rCUIt)E]°1 el Al
7He A5 7Hgskelth

ST =
of thaiM= 24zke] Fdel wel M2 s S

H}

4w
Sensor fault at 0.22 s
or v . :
A0 _ Onset of sensor fault
£ -20 _*"'
‘3 Al
= -30
-40
=50 l].l1 ll.IZ 0:3 0:4 0.5 n.'s l].l? u.'s ll.lg 1
20
10 _ Onset of sensor fault
E ;"’
2 0 A
- i
-0
=20
0 l].l1 ll.IZ 0:3 0:4 D.? 10.‘8 l].l? u.'s ll.lg 1
time (sec
Fig. 8 Rotor positions before and after the sensor

faults (Rotor at standstill)

Sensor fault at 0.26s

100
50 /Onset of sensor fault |
: W\/\W/\MWWUW\W
2 0
X
-50 4
-100 L L L L
0 0.1 0.2 0.3 04 0.5
100
50 B
T
= 0
>-
-50 4
AN Onset of sensor fault
-100 L L L L
0 0.1 0.2 0.3 0.4 05
time (sec)

Fig. 9 Rotor positions before and after the sensor
faults (Rotor running at 3,400rpm)

o AN OIok & Fold), e,

Fel Waph oS slsd A
St Aol e e
W BET 5 Ak o Eol,
g Ho] = AFI FPSHE A5 A
Az olF A
98 FAH 0w HAFY,
PHe FUA A8 5

e

=
p

==

|
=
WMol Alzeel] ALg37]

| vste] 71%aeln.
AgE A9 Ane 0 He o

ofFth Als A FEu

T



)
N
bl

A e 54 s Ardvhd, Axe 1
g s Y 7 Uk dE B0, 4A 9
BE Fol 5y 295 2 O 7 o
F7F AsetA dudt, sA ] fAE A=
QA FAE F Ak o]E 93] A7] W] e
g 3E dae]F0) ol gd Fr 9lg Flejtt

(1) Chang, I. B. and Han, D. C., 1995, “Performance
of Built-in Capacitance Type Transducer of a
Magnetic Bearing System,” J. KSME, \Vol. 19, No. 9,
pp. 2082~2088.

(2) Maslen, E. H., Sortore, C. K., Gillies, G. T. and
Williams, R. D. 1999, “Fault Tolerant Magnetic
Bearings,” J. Eng. Gas Turbine Power, Vol. 121, pp.
504~508.

(3) Jeong, Y., Sul, S.-K., Schulz, S. E. and Patel, N. R.,
January/February 2005, “Fault Detection and Fault-
Tolerant Control of Interior Permanent-Magnet Motor
Drive System for Electric Vehicle,” IEEE
Transactions on Industry Applications, Vol. 41, pp.
46~51.

EEIRPIREE 229

(4) Kral, C., Pirker, F. and Pascoli, G., May/June, 2005,
“Model-Based Detection of Rotor Faults Without
Rotor Position Sensor — the Sensorless Vienna
Monitoring Method,” IEEE Transactions on Industry
Applications, Vol. 41, pp. 784~789.

(5) Noh, M. D., Cho, S.-R., Kyung, J.-H., Ro, S.-K.
and Park, J.-K., 2005, “Design and Implementation of
a Fault-Tolerant Magnetic Bearing System for Turbo-
Molecular Vacuum Pump,” IEEE/ASME Transactions
on Mechatronics, Vol. 10, pp. 626~631.

(6) Noh, M. D., Jeong, M. K., Park, B. C., Park, J. K,
and Ro, S. K., 2002, “Development of Low Cost

Inductive  Sensor  Using  Switching  Noise
Demodulation,” in  Proceedings of Eighth
International Symposium on Magnetic Bearings, Mito,
Japan.

(7) Loesch, F.,, 2002, “Detection and Correction of
Actuator and Sensor Faults in Active Magnetic
Bearing Systems,” in Proceedings of Eighth
International Symposium on Magnetic Bearings, Mito,
Japan.

(8) Meeker, D. C., 2005, “Optimal Solutions to the
Inverse Problem in Quadratic Magnetic Actuator,” Ph.
D. Thesis, The University of Virginia.



