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Compensation On-line of Errors Caused by Rotor Centrifugal
Deformation for a Magnetically Suspended Sensitive Gyroscope

Chao-Jun Xin*, Yuan-Wen Cai*, Yuan Ren’ and Ya-Hong Fan**

Abstract — The aim of this paper is to design a centrifugal deformation error compensation method
with guaranteed performance that allows angular velocity measurement of the magnetically suspended
sensitive gyroscopes (MSSGs). The angular velocity measurement principle and the structure of the
MSSG are described, and the analytical model of errors caused by MSSG rotor centrifugal deformation
is established. Then, an on-line rotor centrifugal deformation error compensation method based on
measurement of rotor spinning speed in real-time has been designed. The common issues caused by
centrifugal deformation of spinning rotors can be effectively resolved by the proposed method.
Comparative experimental results before and after compensation demonstrate the validity and

superiority of the error compensation method.

Keywords: Magnetically suspended sensitive gyroscope (MSSG), Attitude angular measurement,
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1. Introduction

In recent years, due to the advantages of zero friction,
high-speed operation and low energy consumption,
noncontact suspension technology is widely applied in
space missions, such as highly accurate MSCMGs,
flywheels, inertial guidance instruments, etc [1-5].

The suspension inertial systems, as electrostatic suspended
gyroscopes and superconducting suspension gyroscopes,
usually consist of a spinning hollow spherical rotor in a
vacuum housing [6, 7] to insulate the disturbing torques.
However, during the high speed rotation of the spherical
rotor, there exist disturbing torques acting on the rotor,
which is mainly the result of the centrifugal deformation
of the rotor. And the centrifugal deformation is one of the
main factors that produce the drift errors and decrease
the accuracy of the measurement in dynamical situation
for suspension inertial systems [8].

Aiming to compensation the errors caused by centrifugal
deformation in suspension systems, many researchers have
studied and analyzed the centrifugal deformation of rotors
spinning at high speed. Due to lack of effective detecting
means of rotor centrifugal deformation especially at high
speed, researchers trend to study the elementary deformation
laws and its effects with finite element method [8-10].
They have obtained perfect theoretical results about rotor
centrifugal deformations, but they did not consider the
compensation of measurement error produce by the rotor
centrifugal deformation. Tang Jigiang studies the stress and
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deformation of the superconducting suspension rotor
subjected to centrifugal loads, and gains the theorical
model of the centrifugal deformation for axisymmetric
discal rotor [11]. Zhang Junan figures out that the rotor
centrifugal deformation of electrostatic suspended gyroscope
can produce a great impact on the measurement accuracy,
and the disadvantages could be reduced by grinding the
rotor on several atmospheres [12]. Liu Ruige [13] and
Sun Xinmin [14] establishes the deformation formula
produced by centrifugal load for the hollow spherical
rotor in electrostatic suspended gyroscope individually.
To eliminate the aspherical errors caused by centrifugal
deformation qualitatively, they designs the hollow rotor to
be a prolate sphere. In this way, the hollow rotor would
transform to be an approximately ideal sphere under its
specific spinning speed due to centrifugal deformation.

We can find that these existing studies can improve the
measurement accuracy of suspension inertial systems to a
certain extent. Because there is no credible theoretical
model of disturbing torques generated from centrifugal
deformation, their compensation method is only applicable
to specific work conditions, but not to universal conditions
at different rotor spinning speed.

In this paper, a magnetically suspended sensitive
gyroscope is developed for angular velocity measurement.
The complicated structure rotor with spherical envelope
surfaces is levitated by four electromagnetic bearings in the
center of the housing, and spinning at high spinning speed
[15, 16]. In order to compensate the measurement error
induced by rotor centrifugal deformation, thus improve the
attitude measurement accuracy of a MSSG, the analytical
expression of the disturbing torques caused by deformation
has been deduced. And a universal method to compensate
the centrifugal deformation on line for devices with
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spinning rotors has been proposed.

The remainder of this paper is organized as follows. In
Section 2, the structure of the MSSG and the measurement
principle are introduced. Next, the rotor centrifugal
deformation is modeled and analyzed, and the model of the
measurement error caused by rotor centrifugal deformation
has been established in Section 3. In section 4, the
compensation method for deformation error has been
brought forward, and section 5 conducts the comparative
simulations to testify the measurement performance with
the proposed compensation method. Follow on, Section 6
concludes this paper.

2. Angular Velocity Measurement Principle
of a MSSG

2.1 Composition of a MSSG

The MSSG studied in this paper consists of rotor, stator,
high speed motor, torquer, a gyro house and displacement
sensors et al. Fig. 1(a) shows the main configuration of the
MSSG.

The rotor of the MSSG is a type of spherical in structure,
which is made of magnetic material in whole. Radiuses of
rotor in axial and radial are different, while the radius is r,
in radial and 7, in axial. Both the magnetic pole envelope

Rotor Housing Motor
Stator

Sensor

Outer rim

Envelope

Torquer framework
of rotor

(a) Configuration of the MSSG

<+——Quter rim

(b) Rotor of the MSSG
Fig. 1. Configuration of the MSSG and its rotor

surfaces (MPES) of stator and rotor in axial and radial are
spherical surfaces.

The rotor is levitating in the center of the stator cavity by
magnetic pull produced from the interaction of the
electromagnetic stator and the rotor. The torquer is a
Lorentz Force Magnetic Bearing (LFMB), which is used to
control the tilting of the rotor. Permanent magnets of
LFMB are installed in the outer rim of the gyro rotor, and
its windings are stickled on the torquer framework
symmetrically. The tilting angles of rotor are measured by
the axial and radial displacement sensors. And the rotation
of the rotor is driven by a hollow cup permanent magnet
brushless DC motor, whose windings are cured on the
frame of the cup-chapped motor stator. The motor magnets
are installed in the inner rim of the gyro rotor with six
poles structure.

Due to the rims in the MSSG rotor and the its different
radiuses in axial and radial, it was machined to be an
complicated configuration, as is shown in Fig. 1(b). When
the MPESs of the rotor are ideal spherical surfaces, the
magnetic forces over the entire surface of the rotor
magnetic poles will pass through its geometric center and
no torques acting on the rotor. However, when the MPESs
deflected from the ideal spherical surfaces, the disturbing
torques would appear and act on the rotor, then the drift
angular velocity comes up.

2.2 Principle of attitude angular measurement

In the rotor coordinate system (x, y, z), O is defined as
the geometric center of rotor, and also the origin of the
rotor coordinate system. The axes are defined to be aligned
with the principal axes of inertia of rotor. And Q is the
spinning speed of the rotor around the major axis of inertia,
z-axis. Origin of the stator coordinate system (X, Y, Z) is
the center of the stator cavity.

When the gyro-carrier is static and the MPESs are ideal
spherical, the rotor is levitating in the center of the gyro
house, spinning about z-axis at angular rate Q. However,
when the gyro-carrier fixed with the gyro house comes into
an off-axis attitude angular rate w;, related to the inertial
space, the attitude of levitating rotor would remain the
same dues to the gyroscopic inertia of the rotor. The
displacement sensors would pick up the position changes
of the rotor related to gyro house, and transmit the signals
to control system. Control current will be applied to the
windings of the torquer by the control system according to
the signals, compelling the rotor promptly rotate back to its
equilibrium position in gyro house at angular rate o,
related to the inertial space.

The control bandwidth of the torquer and the measure-
ment bandwidth of the displacement sensors are much
higher than the attitude change frequency of the gyro-
carrier, so within the control bandwidth, the rotor would
always track the angular velocity of the gyro-carrier in x-
and y-axes, stabilizing the rotor at the predesigned
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equilibrium position.
Angular velocity of the gyro-carrier can be described as

Dy, =0, —@,, (1)

where o, is the deflection angular velocity of rotor related
to the gyro house. By using Euler dynamic equations, the
equivalent moment acting on the rotor in x- and y-
directions as the gyro-carrier rotating can be obtained as

r - ibx
. 2
M, =-JQo, +J.0 @

{ M, =JQw, +J,0,
r Wiby

where J, is the polar moment of inertia of the rotor, and J,

is the equator moment of inertia of the rotor, w;,, and @y, is

the angular velocity of gyro-carrier around x- and y-axes,

respectively. M, and M, are torques acting on the rotor

around x- and y-axes.

When the angular acceleration of the gyro-carrier is
small, the above formula can be turned into gyroscopic
effect precession equation since J,€2 > J, | and the angular
velocity of the gyro-carrier can be formulated as

M,
RS
: 3
M, )
a)ibx == J Q

z

Ideally, the structure of the MSSG has determined that
the moments acting on the levitating rotor are generated
only from the torquer.

3. Modeling and Analysis for Rotor Centrifugal
Deformation

3.1 Errors from rotor asphericity

When the rotor MPESs in radial and axial are ideal
spheres, the magnetic forces pass through the geometric
center of the rotor, and there is no disturbing torque about
the geometric center. And the rotor can suspend and spin
steadily at the center of the stator. However, if the MPESs
deviate from the ideal spheres and become torispherical

close surfaces due to the centrifugal force, the magnetic
forces would not pass through the geometric center of the
rotor any longer, and disturbing torque will generated by
the magnetic force about the geometric center of the rotor.
Assumed the rotor MPES to be torispherical surface of
revolution with radius 7, and its radius vector in meridian
plane can be described by Legendre polynomial series as

r(6,)=re+Y.a,P,(cos6,) )
n=1

where, 7, is the nominal radius of the ideal envelope
surface, a, is the aspheric coefficient of each harmonic in
describing the envelope surface, 6, is the angle between r,
and the spin axis of rotor. P, (cosf;) is the Legendre
polynomial series which is written as

I (cos 6, ) =cos6,

P, (cos6,) = %(30052 6, —1)

(2n+1)cos,P, (cos6),) %)

-nP (cos 6,)

n-1
n+1

B (cos@l)z (nZZ)

Hence the gap size between stator magnetic pole
surface and the rotor can be written as Eq. (6). In Eq. (6),
Jo is the nominal gap size, AJ is the variation of d,
e=e¢,X,+e Y +e,Z, is the linear displacement vector
from O to the geometric center of rotor, named eccentricity,
6 is the elevation while ¢ is the azimuth of a arbitrary point
on the MPESs. And cosf, can be written as Eq. (7), in
which a, f, y are the direction cosines of spinning axis of
rotor in the stator coordinate system. And the final equation
of the disturbing torques generated from six stator
magnetic poles can be written as Eq. (8) [15], in which g,
is the magnetic permeability of vacuum, N is the turns of
coil on the stator magnetic poles, [ is the current in the
coils, R; is the nominal radius of the ith stator magnetic
pole. S; is the area of the ith stator magnetic pole which
applied magnetic force on the rotor.

Under the action of the disturbing torque, the spinning
axis of rotor will gradually deviated from its original
position, resulting drift angular velocity. According to
angular momentum law, the drift angular velocity can be
expressed as Eq. (9).

§=0,+A8=8,-) a,P,(cosb,)—e, sinfcosp—e, sin@sinp—e, cosd (6)

n=1

cos =asinfcosp+ Bsin@sing +y cosd @)
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1

, 0 v -Bl|T
o, = -r 0 «o T, )
o, B —a 0 T,

where the angular momentum can be described with the
polar moment of inertia of the rotor J as

H=J.-Q (10)

3.2 Description of rotor centrifugal deformation

In order to simplify the analysis of errors produced by
centrifugal deformation of rotor, the following assumptions
are made:

(1) The MPESs of stator and the rotor are ideal spherical
surfaces under static condition, therefore there is no
aspheric error.

(2) The rotor is a homogeneous and isotropic elastic
structure, hence there is no static and dynamic mass
unbalance.

(3) All the planes paralleled to equatorial plane in the rotor
remain planar after centrifugal deformation.

Set a spherical coordinate frame(6, ¢, ), whose origin
is the geometric center of the rotor after centrifugal
deformation, as is shown in Fig. 2. Assuming that point P
is on the MPES of the rotor, § and r are the coordinate
value of P in - and r-direction, respectively. &, ¢4, ¢,.and
0y, 0¢ , 0,are the linear strain and normal stress in the three
axes. E, v are the Young modulus and Poisson’s ratio of the
rotor material. u, ¢, w are the projection of the displacement
vector of point P in #-, ¢ - and r-direction, respectively.

A volume element from the equatorial plane, decided by
dr and d ¢ is taken as research object, the equation of
forces in radial can be written as Eq. (11). In which p is the
density of the rotor material, b is the thickness of the
volume element.

o,rbdp—(o, +do, )(r+dr)bdg+o,bdrdp = pQ>r*bdrdg
(11)

rl Lin 0

Fig. 2. Stress analysis of the volume element

According to assumption (3), by slicing the rotor with
equal latitude planes we can acquire infinite thin discs
paralleled to equatorial plane, whose top and bottom
surfaces remain planar after centrifugal deformation.
Therefore there is no angular strain among each discs. At
the same time, there is no shear stress but normal stresses
on the top and bottom surfaces of the discs. And the
direction of the normal stresses o, on the top and bottom
surfaces of the discs are perpendicular to their surfaces,
thus the normal stresses have no influence on the equation
of forces of the volume element in radial.

Based on the axial symmetry of the rotor configuration
and its load, both the displacements u and ¢ are zero.
Considering the relationship between stress and
displacement, Eq. (11) can be expressed as a differential
equation about w,

PO (12)

The solution of the above equation is the radial
deformation formula of the volume element disc at
equatorial plane

W (o, 1 )r
(1—v)(3+v)(r02m+};3)r+—
o (2v+1) 13)
w=—"
BE +[wj 2 —(1-v? )

7

where r;,, and r,, are the inner and outer radius,
respectively.

Regarding the rotor as the superposition of the infinite
volume element discs, and assuming there are no shear
stresses but normal stresses among each discs, the above
result could spread to the discs at any equal latitude planes,
which can be written as

out in" out

sz(v+l)[(

O TG sin) + (4v +3) 2 sineJ (14)

where u, is the radial deformation of the disc at

E-g‘
2
equal latitude plane.

The same procedure may be easily adapted to obtain the

axial deformation formula of the discs at any equal latitude
planes, it is

1+v) pvQ)’ 1
u :¢ -1} c0s0 +—r,,cos’0 —r’r, cosO | (15)
TO2E(2v+1) 3

Therefore, the deformation of point P on the spherical
rotor surface along its radius vector can be expressed as
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Eq. (16). According the analysis in subsection 3.2, the
MPES of a spherical rotor is a torispherical surface of
revolution after centrifugal deformation, and its radius
vector in meridian plane can be described by Legendre
polynomial series. Transform Eq. (16) into the expression
of Legendre polynomial series, we can get Eq. (17)

(v+1)

w=u_sinf +u_cos6 = pQ’ 15 (v =) _(2(

w={8_8v}k r,+(2v+2) ko, —k{(

1 5 rout out”in

+—24+16Vk,‘r03u, 3—500546?—&00526#é
105 8 8 8
where
v+1)
k, = . _lvel) 18
’ pQ4E(2v+1) (1)

Obviously, the centrifugal deformation of a spherical
rotor can be described in 4™ harmonic, and the harmonic
coefficients are

rout

S

a, =0
16+ 20v
Clz = —{%k}_rjw + (4V + 2)krr;mtr;')21 (19)
a,=0
a, = 24 +16v k,”ju;
105

Modifying r;, into 0 in above equations, we can get the
deformation of a solid spherical rotor along its radius
vector.

3.3 Modeling of centrifugal deformation error for A
MSSG

The structure of the MSSG rotor is a complicated,
approximately spherical segment with multiple hollow
grooves, and the radius of rotor envelope surfaces in axial
and radial are different, as is shown in Fig. 3. Calculation
of MSSG rotor centrifugal deformations can be fallen into
two parts.

Firstly, calculate the rotor centrifugal deformation at
axial magnetic pole. From Fig. 3, we can discover that
axial magnetic pole of the rotor can be seen as two upper
and bottom spherical crowns, and their centrifugal
deformation can be easily figured up using Eq. (17) as
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17)

The centrifugal deformations of the top and bottom
spherical crowns at the spinning speed of 10000rpm result
from Eq. (20) are showing in Fig. 4. From Fig. 4 we can
see that both the upper and bottom spherical crowns
suffered a inward contraction, and the at the pole locations,
w, reaches its negative peak of -6.17x10°m.

A Z

wWrQ Rotor

MPESs
~ .

\\:7

1 .

! U

/

/

/

N

v=

A ‘/‘

r 7

Fig. 3. Computing method of rotor centrifugal deformation
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Fig. 4. Centrifugal deformations of the MSSG rotor axially
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Secondly, calculate the rotor centrifugal deformation at
radial magnetic pole. Due to the complicated structure of
the radial magnetic pole of the rotor, we neither calculate
its centrifugal deformation as a solid spherical segment,
nor as a hollow spherical segment. Having considered the
above fact, an approximation method is designed as follow.
(1) Taking the rectangle ABCO as a cross-section, as is

shown in Fig. 3, and rotating it about z-axis to generate
a cylinder. Calculate the centrifugal deformation of the
cylinder according Eq. (13).

(2) Taking the rectangle CDEF as a cross-section in Fig. 3,
and rotating it about z-axis to generate a cylindrical
ring. Calculate the centrifugal deformation of the
cylindrical ring according Eq. (13), and taking the
abscissa value of point F as the inner radius and the
abscissa value of point B calculated in step (1) as the
outer radius.

(3) Taking the rectangle GHJE as a cross-section in Fig. 3,
and rotating it about z-axis to generate a cylindrical
ring with spherical external surface. Calculate the
centrifugal deformation of the cylindrical ring
according Eq. (16), taking the abscissa value of point
E calculated in step (2) as the inner radius, and taking
the length of OG after centrifugal deformation of point
E as the outer radius. The length of OG can be
obtained as

ﬂoN r R 2W“ 3
Tdefo}m Tdefmm a defol m_r ZI 85 2 0, .
0 n

rls

n=1

IlS

0G = \/(/ 22 +|Ax, |) 2 @1)

where zg is the coordinate value of point G in z-axis,
Axg is the abscissa increment of point E after
centrifugal deformation.

(4) Taking the rectangle MLKG as a cross-section in Fig.
3, and rotating it about z-axis to generate a cylindrical
ring with spherical external surface. Calculate the
centrifugal deformation of the cylindrical ring
according Eq. (16), taking the abscissa value of point
K calculated in step (3) as the inner radius, and the
length of OG after centrifugal deformation of point G
as the outer radius.

(5) In the end, centrifugal deformation of the radial
magnetic pole of the rotor is composed of centrifugal
deformations of the two cylindrical rings calculated in
step (3) and (4). The deformation curves are revealed
in Fig. 5. Due to the different thickness of the two

(cos6,)x

yNIR 2w ) &,
[ ( 5 ]Zana

cylindrical rings, centrifugal deformations of the two
parts are discontinuous. However, under the effect of
bending moment, the centrifugal deformation is
obliged to be continuous. Therefore, the upper ring
with larger thickness reduces the centrifugal deformation
of junction between the two rings. And with the
increase of the distance to the upper ring, the effect of
bending moment to lower one fades away. Connecting
the two deformation curves and smoothed it, the rotor
centrifugal deformation curve of the radial magnetic
pole can be acquired, as is shown in Fig. 5. And by
fitting the deformation curve, we can get the radial
centrifugal deformation formula as Eq. (22).

1) pQ’
w, = M a, +a,cosf +a, {icosza—l}
4E(2v+1) 2 2

+a, [%cos%’ —%cos@} +a, {%cos“@ —%COSZQ +§ﬂ

(22)
a, =8.9516x10™
a, =-1.4839x10"
a,=-12x10" 23)
a, =9.6935x10™
a, =5.1613x107

S.cos@ —y_sinfsin @

a,P!(cos6,)x| y.sinfcosp—a_cos® |dOde

o sinfsing — 3. sinfcosp
B.cosf —y, sinBsing
y.sinfcosp —o cosf |dOde

o,cosOsing — 5_sinfcos @ 24)

From Eq. (8), we can conclude that the disturbing
torque produce by the aspherical error is closely related
to the variation of air gap, Ad. And according to the
analysis in this subsection, we can see that the centrifugal
deformations of MSSG rotor in radius vector direction

1.6 X10° ‘
1.4
—— wup

1.2r Wdown
g — M)_fining
=

1F
0.8

13 14 15 16 17 18 19 2
O/rad
Fig. 5. Centrifugal deformations of the MSSG rotor radially
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axially and radially, w, and w,, are just the value of air gap.
The disturbing torque produce by centrifugal deformations
of MSSG rotor Ty can be written as Eq. (24), in which
T aeform a> Taeform » are the disturbing torques produced by
centrifugal deformations of axial and radial part of
MSSG rotor calculated according Eq. (22), respectively.
Substituting Eq. (24) into (9), we can get the angular
velocity error generated from centrifugal deformations of
MSSG rotor as Eq. (25).

-1

a)dx 1 O y _ﬁ
wdy = _7/ 0 a Tdeform (2 5)
w, ﬁ -a 0

4. Design of Error Compensation

To effectively improve the measurement accuracy of the
MSSG, the angular velocity error caused by centrifugal
deformations of MSSG rotor has to be reduced. The
method to compensate the centrifugal deformation error
for the MSSG can be obtained on the basis of the above
analysis. According to Eq. (22) and (24), it can be
perceived that the disturbing torques can be acquired in
real time by measuring the spinning speed of MSSG
rotor on-line. The spinning speed of MSSG rotor can be
measured by Hall switch sensors installed in the driven
motor. Substituting the spinning speed of rotor into Eq.
(22), the rotor centrifugal deformation radius vector
direction can be obtained in real-time. Substituting the
centrifugal deformation into Eq. (24), the disturbing torque
caused by rotor centrifugal deformation may be received in
real-time.

It is clear that, as a result of the centrifugal deformation
of MSSG rotor, the control moment applied to rotor has
contained the disturbing torque caused by rotor centrifugal
deformation. In order to get the accurate angular velocity
measured by the MSSG, we have to compensate the
disturbing torque from the original control moment. The
angular velocity after compensation can be expressed as

M x T deform _x
., = =
” J.Q 6
_ ¥ - T:ieform _y
=TT

where, Tyoform x> Taetorm y ar€ the projection of the disturbing
torque caused by centrifugal deformation in x- and y-
direction, respectively.

Fig. 6 reveals the schematic diagram of the error
compensation method based on the above idea. The part
drawing in real lines is the original angular velocity
measuring method. T, is the transfer function of torque
converter, which transform the angular motion @, of the
gyro-carrier into precession torque M,. M is the control
torque produced by the torquer according to the controller
signals, whose transfer function is G,. G, is the transfer
function of the rotor, and K| is the model of displacement
sensors. G.G,, is the transfer function of gyro controller
and amplifier, whose output could be picked by the current
sensors modeled as K;. The dashed box in Fig. 6 indicates
the error compensation method to reduce the rotor
centrifugal deformation error. By applying the real-time
measured value of rotor spinning speed as the key
resolving parameter, and transmitting it to model of rotor
centrifugal deformation and model of disturbing torque, the
high accuracy measured value of angular velocity can be
acquired base on the improved measurement Eq. (26).

5. Numerical Simulation

In this section, the theoretical model accuracy of the
MSSG rotor centrifugal deformation is validated based on
finite element analysis method, and simulations of the
proposed error compensation method is conducted to verify
the satisfactory correction effect. All the simulations are
put up on the assumption that there are no other disturbing
torques come into being. The system parameters of the
MSSG are shown in Table 1.

Model of rotor

p| centrifugal

deformation

Model of
disturbing
torque

Improved

measurement —

formula

Measurement

formula

Fig. 6. Schematic diagram of the error compensation method
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Fig. 7. FEM centrifugal deformation of MSSG rotor
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Fig. 8. Comparison of theoretical results and FEM results

Table 1. System parameters of the MSSG

parameter numerical parameter numerical
(unit) value (unit) value

m (kg) 4.7 J, (kg-m") 0.0034
n, 100 J, (kg-m") 0.0052
n, 200 7, (m) 0.07865
8, (m) 0.00035 r, (m) 0.041

Under the MSSG rotor angular velocity of 10000rpm,
the MSSG rotor centrifugal deformation base on finite
element analysis is shown in Fig. 7, the dotted lines
delegate the outlines of the rotor before centrifugal
deformation. As is shown in Fig. 7, owing to the high-
speed revolution of the rotor, centrifugal deformation
comes into being both in axial and radial of the rotor, and
the maximum of the deformation appears at the lower
edges, that is point B in Fig. 3, which is agree with the
above theoretical analysis.

In order to confirm the validity of the centrifugal
deformation computed from the theoretical model established
in this paper, the comparative analysis between centrifugal
deformations computed from theoretical model and
simulation is carried out. The comparative results under
different rotor spinning speed are shown in Fig. 8.

ew/m

-1.5

I3 14 15 16 17 18 19 2
O/rad

Fig. 9. Errors of theoretical results relative to FEM results

w/°/s

0 0.1 02 03 04 05 06 0.7 08 09 1
t/s

Fig. 10. Input angular velocities in x- and y-direction

According to Fig. 8, we can know that the rotor
centrifugal deformations from theoretical model and
simulation are same in trend under different rotor spinning
speed, however the changes rate of theoretical calculation
results are larger. At the location of small elevation, the
theoretical results are less than the simulation results, but
at the location of large elevation, the theoretical results
are greater than the simulation results. At 10000rpm, the
maximum of rotor centrifugal deformation are 1.35%10°m
in theoretical and 1.30x10”m in simulation at the elevation
of 1.88rad, and the minimum are 0.70x10°m in theoretical
and 0.85x10°m in simulation at the elevation of 1.26rad.
The relations between theoretical model and FEM
simulation for axial MPEPs are approximately the same as
the radial one, which are not dwelled on in this paper.

Fig. 9 shows the errors of theoretical results relative to
simulation results. As it can be seen from Fig. 9, with the
increase of the rotor spinning speed the relative errors
become more and more obvious. And the maximums
appear at the top edges of the radial magnetic pole of
rotor, that is point H in Fig. 3. At 10000rpm, the maximal
relative error is about 16%. The errors between theoretical
and simulation results are mainly from: (1) the assumptions
in rotor centrifugal deformation analysis; (2) the
simplification of rotor structure in theoretical modeling;
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Fig. 11. Errors comparison before and after compensation

(3) the simplification in derivation process.

In the case of the proposed error compensation method,
if gives a good results in improving the accuracy of angular
velocity measurement. As is shown in Fig. 10, the real
(red) and dotted (blue) lines delegate the input angular
velocities of w, and w, respectively. And the simulation
result shows that there is no marked difference in measured
results before and after compensation. However, when it
comes to the measurement error, the difference becomes
significant.

Fig. 11 reveals the effectiveness of the compensation
method, the measurement errors in x- and y-direction are
compared before and after compensation at different rotor
spinning speed Q.

According to Fig. 11, we can see the measurement errors
induced by the centrifugal deformation increased with
the rising of the rotor rotation speed both in x- and y-
directions. As for the proposed method, the measurement
errors are decreased greatly after compensation. The
compensation effect in x-direction is superior to y-
direction, and at high rotor spinning speed is superior to
low speed. At 10000rpm, the peak values of measurement
error decreases from 5.8x10™*rad/s before compensation
to 0.8x10“rad/s after compensation in x-direction,
approximately 83%. In y-direction, it decreases from
3.4x107 rad/s before compensation to 2.6x107 rad/s,
approximately 24%. At 5000rpm, the peak values of
measurement error decreases from 2.8x10*rad/s before
compensation to 0.5x10rad/s after compensation in x-
direction, approximately 82%. In y-direction, it decreases
from 1.7x107rad/s before compensation to 1.3x107rad/s,
approximately 23%. Because of the low accuracy of the
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Fig. 12. Experimental setup

MSSG in y-direction for angular measurement, the
measurement errors are larger than that in x-direction
before and after error compensation, and the improvement
of error compensation in y-direction is inconspicuous.

The simulation demonstrates that, the theoretical
model for centrifugal deformation of the rotor with
dedicated configuration possesses higher accuracy, and
the measurement errors produced by the rotor centrifugal
deformation have been greatly compensated in both the
same axis and orthogonal axis by the proposed method in
this paper. The results also show that the error
compensation method can come into play in real time,
and the compensation effects are not bound by the rotor
spinning speed, and the method is easy to practice.
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6. Experiment for Error Compensation

The single-axis angular velocity measurement is
carried out on the prototype MSSG. The experimental
setup is shown in Fig. 12, and the MSSG is fixed on a
turntable. The parameters of the MSSG are identical to the
parameters shown in Table 1, and the rotation speed is set
to 700rpm as the prototype MSSG is unable to rotate at
high speed at present.

Fig. 13 indicated the measured angular velocity from the
MSSG and the input signal from the turntable in y-axis
before and after compensation. And the measurement
results by low-pass filtering are shown in Fig. 14.

It is clear that although the measured results include
some noise, the measured angular velocities correspond
well to the input signals according Fig. 13. And according
to Fig. 13 and Fig. 14, we can find that the measurement
errors in y-direction have been greatly reduced by the
proposed compensation method. Before compensation,
the maximal measurement error appears at 0.36s and its
value is about 81.3%. As for the proposed method, the
maximal error has been decreased to 50.9%, the
measurement accuracy of the MSSG has been improved
for approximately 30%.

The results confirm the point that the measurement

errors produced by the centrifugal deformation have been
greatly compensated by the proposed method in this paper.
However, dues to the low rotation speed of the prototype
MSSG, the measurement accuracy does not reach the ideal
result. Considering the relationship between the centrifugal
deformation error and the rotor rotation speed, it is
assumed that the proposed compensation method is more
effective if the rotation speed rises to 8000-12000 rpm.

7. Conclusion

In this paper, a modeling method of centrifugal
deformation error for baroque rotors has been presented.
Finite element analysis demonstrates that the relative
errors of the proposed method are no more than 15%.
And a novel error compensation method based on the
modeling method is proposed to improve the accuracy
for angular velocity measurement of MSSG. Under
various rotor spinning speeds, the validity of the error
compensation method was evaluated. Simulations results
show that with the proposed compensation method the
measurement error can be reduced approximately 83%
and 23% in x- and y-direction respectively. Experiment
for centrifugal deformation error compensation has been
carried on at 700 rpm, and the results demonstrate that
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with the proposed compensation method the measurement
error can be reduced more than 30%, so that improves
the measurement accuracy of angular velocity for a
MSSG. In future, the compensating efficiency of the
proposed method needs to be investigated and verified
further at high rotation speed. To sum up, the presented
error compensation method can effectively compensate the
measurement error caused by centrifugal deformation in
real-time without adding accessory apparatus, realizing its
high-precision attitude measurement. The same modeling
and compensation methods can be easily extended to other
configurations with spinning rotors.
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