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A magnetically suspended gyro (MSG) is developed and its performances is estimated. In the MSG, a disk-
type rotor is connected to a synchronous motor through a fluid bearing and the motor is fixed to the
frame of the floator. The floator is suspended by magnetic force without any mechanical contact so that
highly accurate measurement is possible. In accordance with this concept, a three-degrees-of-freedom
(DOF) active MSG was developed. However, because of poor damping in the passive suspension and
the low resolution of the displacement sensors, the measurement accuracy was relatively low. To solve
these problems, a six-DOF (totally) active MSG is designed and fabricated. The frame of this gyro is an
octagonal. The motion of the frame is controlled by eight electromagnets. The performance of the gyro
is evaluated through measurement of the double-axis angular velocity. The advantages of totally active
suspension are investigated. Sufficient damping rapidly reduces the influence of disturbances. Then,
the influence of sensor noise is examined. The results of this examination show that the accuracy of
the angular velocity measurement is improved by using highly sensitive displacement sensors. Next,
the dynamic range is measured. This experiment shows that the MSG can provide precise angular

velocity measurement in a low-frequency region.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Gyroscopic sensors (gyros) measure kinematical variables of a
rigid body based on inertial effects caused by rotational motion.
Rate gyros measure angular velocity. They are used in various
fields, such as inertial navigation, homing, and attitude control.
Highly accurate, compact, and low-cost gyros are required to
achieve sophisticated motion control of robots and unmanned
airplanes.

According to the detection principle, rate gyros are classified
into three main categories: optical, vibrating, and rotating gyros.
Optical gyros utilize the Sagnac effect [1]. They are generally used
for applications that require high accuracy, such as inertial naviga-
tion systems for airplanes. However, they are rather expensive.
Vibrating gyros utilize the Coriolis force acting on vibrating proof
mass. Most micro electro mechanical systems (MEMS) gyros are
based on this principle. They are mostly used for compact and
low-cost applications such as video cameras, controllers, and
smartphones. Although most-advanced ones are applicable even
in aircraft navigation system and satellites [2], most of them have
not been used in high-performance applications. Rotating gyros
utilize angular momentum of a spinning rotor. Although the rotor
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mass is small, the detection sensitivity increases with spinning
rate. Therefore, they have the potential to achieve high accuracy.
However, they are prone to measurement error caused by friction
in the gimbal mechanism that guides the rotations of the rotor
about the axes that are orthogonal to the spinning axis.

Magnetic suspension technology can essentially eliminate
mechanical friction [3]. One promising application of this technol-
ogy is to suspend a rotating body (rotor) directly, which is referred
to as magnetic bearing [4]. A rotating gyro using an active
magnetic bearing (AMB), called AMB-based gyro, was proposed
and fabricated previously [5]. In this gyro, the rotor was directly
suspended by electromagnets (EMs). The AMB-based gyro
provided good performance. However, the design of the rotor
was limited by the necessity of lamination in the rotor.

To overcome this problem, a magnetically suspended gyro
(MSG) has been proposed [6]. In this gyro, a floator, including a
motor-driven rotor, is suspended magnetically instead of the rotor.
Because the floator does not spin at high speed, no lamination of
the EM targets is required to reduce eddy-current loss. In addition,
it has the potential to use any rotating machine as a gyro. There-
fore, the MSG is more suitable for miniaturization and low-cost
application than the AMB-based gyro. A proto-type MSG was
fabricated in which only three degrees of freedom (DOF) of the flo-
ator were actively controlled by EM. However, the three-DOF
active MSG had several problems. First, the floator's other DOF
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Nomenclature

XYz relative displacements of the floator to the stator
along the x-, y-and z-axes (m)

Ox, 0y, 0, relative angular displacements of the floator to the
stator along the x-, y-and z-axes (rad)

X5 Y5 Zf absolute displacements of the floator along the x-, y-
and z-axes (m)

Y Yy, Y, absolute angular displacements of the floator about
the x-, y-and z-axes (rad)

Xs, Vsr Zs absolute displacements of the stator along the
x-, y-and z-axes (m)

@x ¢y, @, absolute angular displacements of the stator about
the x-, y-and z-axes (rad)

F force of the jth electromagnet (N)

Fs steady force of electromagnets 1-4 (N)

K; coefficient of electromagnets 1-4 (N/A)

Ky coefficient of electromagnets 1-4 (N/m)

Fsq steady force of electromagnets 5 and 8 (N)

Kiq coefficient of electromagnets 5 and 8 (N/A]

Kyq coefficient of electromagnets 5 and 8 (N/m)

Fsp steady force of electromagnets 6 and 7 (N)

Kip coefficient of electromagnets 6 and 7 (N/A)

Kap coefficient of electromagnets 6 and 7 (N/m)

u; control input (A)

d; gap between the jth electromagnet and the floator (m)

l distance of electromagnets from the x-axis (m)

L deflected displacement of EMs 5-8 from the
symmetrical axis (m)

Uy, Uy, U, control inputs along the x-, y-and z-axes (A)

Ugx Ugy, Ugz control inputs about the x-, y-and z-axes (A)

Fy. Fy, F; control forces along the x-, y-and z-axes (N)

T. T, T, control torques about the x-, y-and z-axes (Nm)

m mass of the floator (kg)

I transverse moment of inertia of the floator (kgm?)

I, polar moment of inertia of the floator (kgm?)

I, principal axis of inertia moment of the floator (kgm?)

0] angular velocity of the rotor about principal axis
(rad/s)

I, polar moment of inertia of the floator (kgm?)

& o amounts of rotation of static unbalance (-)

T, B amounts of rotation of dynamic unbalance (-)

Wy, Wy unbalance forces (m/s?)

Wox, Woy unbalance forces (rad/s?)

x, Gy, 0z coefficients related to negative stiffness (1/s2)

ay, A, coefficients related to negative stiffness (1/s2)

ay, a coefficients related to negative stiffness (1/s2)

b, by, b, acceleration coefficient (m/As?)

by, by, angular acceleration coefficient (rad/As?)

a value describing effect of gyroscopic action to rotor
(rad/s)

Y Py the Laplace transformed ¢y (rad/s)

Usx» Uy the Laplace transformed ugy, (A)

Ox, Py estimated angular velocities (rad/s)

Yy, Py the Laplace transformed ¢y (rad/s)

kpx, Kpy, kp, proportional gains (A/m)
por Kpoz proportional gains (A/rad)
kax, Kay, ka, differential gains (As/m)

kao, kaoz differential gains (As/rad)
kix kiy, ki;  integral gains (A/ms)

kio, Kioz integral gains (A/rads)

ke cross feedback gain (As/rad)
kex cross feedback gain (m/rad)
keoz cross feedback gain (rad/m)

were passively supported by the repulsive force between perma-
nent magnets with same polarity. Poor damping in the passive sus-
pension reduced the measurement accuracy. Second, because the
sensors of floator displacement had low sensitivity, the estimation
of angular velocity was inaccurate.

To solve these problems, a six-DOF (totally) active MSG has
been developed and fabricated [7,8]. In this gyro, all the motions
of the floator are actively controlled with high-sensitivity displace-
ment sensors. These displacement sensors are the same as those
used in the three-DOF active MSG, but the operating ranges are
different.

In this paper, double-axis angular velocity is measured and the
performance of the totally active MSG is evaluated in comparison
with the three-DOF active MSG. This study demonstrates that the
accuracy of angular velocity measurement is improved in the
totally active MSG.

2. Magnetically suspended gyro
2.1. Three-DOF active MSG

A three-DOF active MSG (shown in Fig. 1) was developed [6].
The floator is rectangular. The translation in the z-axis direction
and the rotations about the x- and y-axes of the floator to the stator
are actively controlled by EMs. In contrast, the translation in the
x- and y-axes and the rotation about the z-axis are passively sup-
ported by the repulsive force between permanent magnets with
the same polarity.

Double-axis angular velocity was measured with this apparatus.
The results demonstrated that the fabricated MSG could detect the

angular velocities. However, because of poor damping in the pas-
sive suspension, measurement with the three-DOF active MSG
was not very accurate.

2.2. Totally active MSG

A photo and a schematic view of the fabricated MSG are
shown by Fig. 2. The apparatus is composed of a stator and a flo-
ator. The stator is installed with EMs and displacement sensors. A
synchronous motor with a rotating disk rotor is fixed in the
floator.

A new design of floator is shown by Fig. 3. The floator is octag-
onal. An octagonal shape has a lower moment of inertia than a
rectangular floator, which makes gyroscopic precession more
visible. The fabricated floator is shown by Fig. 4.
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Fig. 1. Schematic view of three-DOF active MSG.
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