The 19th International Symposium on Magnetic Bearings

ISMB19

Acceleration Challenge from 0 to 60,000 r/min in 1DOF
Single-Drive Bearingless Motor with Pure Magnetic
Suspension

Hiroya SUGIMOTO#*, Naoki KAWASAKI*, and Yuki TANAKA*
*Department of Electrical and Electronic Engineering, Tokyo Denki University, Japan
E-mail: hiroya_sugimoto@mail.dendai.ac.jp

Abstract

One degree-of-freedom actively positioned bearingless motors and magnetic bearing motors have been studied
to reduce costs and simplify the regulation system by reducing active positioning axes. Only axial direction of
the rotor shaft is actively positioned, and the other axes of radial and tilting directions are passively stabilized
with passive magnetic bearings. It has critical speeds that depend on the passive stiffness, and high acceleration
is required to pass through the critical speed. This paper verifies the acceleration requirement in the experiment.
In addition, this paper presents an adjustment method of a coefficient of time-delay compensation to reduce d-
axis current that controls active axial forces. It is a key parameter to accelerate the bearingless motor up to 60,000
r/min with stable magnetic suspension. In the experiment, it is validated that the estimated optimal coefficient
succeeds non-contact stable operations from the acceleration to the steady-state at 60,000 r/min.
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1. Introduction

One of the most remarkable research topics is reducing active positioning axes in bearingless motors. One-axis
actively positioned bearingless motors have been studied because their advantages are simple system and low cost [1].
In particular, single-drive bearingless motors are cost-effective because only one three-phase inverter and one
displacement sensor are required for generating torque and axial suspension force [2]. These force and torque are actively
regulated by g- and d-axis currents, respectively. Therefore, the regulation system is rather simple compared to other
bearingless motors that have two or much degrees of freedom.

On the other hand, shaft vibrations have been the most significant issue. One degree-of-freedom (1DOF) actively
positioned bearingless motors passively stabilize the radial and tilting motions so that their vibrations increase around a
critical speed. In fact, it is reported that the radial and tilting vibrations are significantly high at critical speeds in [3]-[7].
In [5], a viscoelastic material is installed between the stator and the base so that damping forces reduce the radial and
tilting vibrations. In [6], the resonant vibration is reduced by shifting the stator permanent magnet using a linear actuator.
In [7], radial and tilting vibrations are reduced at the critical speed by high motor accelerations. As a result, the rotor shaft
passes through critical speed without touch-down. These vibration reduction techniques are significantly effective for
improving rotor rotational speeds.

In [8], a single-drive bearingless motor achieves an acceleration up to 20,000 r/min. Although the maximum speed is
30,000 r/min, it does not achieve acceleration of 0 — 30,000 r/min because axial vibrations are increased in high-speed
region. It is caused by a coupling between d- and g-axis current regulation systems. There is another cause of time-delay
in the digital control system. In case of single-drive bearingless motors, both the coupling and the time-delay are serious
problems for magnetic suspension. In [9], the stator core material and the number of turns are improved from the
aforementioned single-drive bearingless motor. The improved prototype machine achieves acceleration from 0 — 30,000
r/min with both the time delay compensation and the decoupling control between dq axes. In [10], a 60,000 r/min slotless
single-drive bearingless motor is proposed. It has aerodynamic bearings to stabilize the radial and tilting directions. The
axial direction of the rotor shaft is also passively stabilized due to the magnetic pull between the rotor permanent magnet




and the stator back core.

This paper presents a challenge of increasing the rotational speed up to 60,000 r/min in the single-drive bearingless
motor with pure magnetic suspension. The prototype machine does not have any other bearings except magnetic
suspensions. Firstly, the g-axis requirement to pass through critical speeds is verified in acceleration tests. Secondly, a
coefficient of the time-delay compensation is a key parameter for stable magnetic suspension. It is optimized to minimize
d-axis current that is used to control the rotor axial position. Finally, in the acceleration test, it is demonstrated that the
prototype machine successfully achieves 60,000 r/min with stable magnetic suspensions.

2. Prototype Machine of 1DOF Single-Drive Bearingless Motor
Figure 1 shows a cut view of the one-axis actively
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magnet. The stator outer diameter and the axial length Fig. 1. Cut view of 1DOF single-drive bearingless motor.

are 64 mm and 40.4 mm, respectively, and the rated

power is approximately 60 W at 60,000 r/min. Table | Parameters in prototype machine

Table 1 shows parameters in the prototype machine

. . . Parameter Symbol Value Unit
of the 1DOF single-drive bearingless motor. The rotor Stator onter diameter D, 260 mm
outer diameter and the shaft length are 18 mm and 69.7 Stator axial length 3 404  mm
mm, respectively. Then, the mass and the inertia around Rotor outer diameter D, 180  mm
z-axis are 0.0498 kg and 1.45x10 kg'm, respectively. Shaft length L 697 mm
There are two mechanical gaps at the passive magnetic Rotor mass m 0.0498 kg
bearing and the single-drive bearingless motor parts, and Magnetic gap at RPMB part Zmag RPMB 20 mm
they are 1.5 mm and 2.2 mm, respectively. The Mechanical gap at RPMB part  Zumec reus 1.5 mm
mechanical gap is relatively large to avoid touchdowns Magnetic gap at SDBM part Gmag SDBM 3.0 mm
at critical speeds. Even when the mechanical gap is large Mechanical gap at SDBM part  gmec_spsm 22  mm
enough, the rotor shaft would be touchdown on the stator Number of turns per tooth - 46 turn
because the radial vibration is inherently infinite at the Winding wire diameter Dy 0.5 mm
critical speed. Therefore, the acceleration should be gglcrlisl;s;agcghf;e R 0321 O
improved to pass through the critical speed before the Phase inductance I 0236 mH
vibration is ampliﬁed. Inertia around x- and y-axis Jy 1.11x10°  kgm
Figures 2(a) and 2(b) show principles of torque and Inertia around z-axis J 1.45%10°  kg'm

active axial force generations, respectively. The xy cross

section shows a four-pole/six-slot surface permanent magnet machine. The stator core has four-pole three-phase
concentrated windings, and it generates magnet torques by gq-axis current. In Fig. 2(b), the solid black arrows indicate
the magnetization directions of the two-layer four-pole rotor permanent magnets. The black broken arrows indicate the
permanent magnet fluxes. They go to stator teeth through air gaps, and circulate radially in stator yokes. The red arrows
indicate d-axis fluxes that are generated by the stator winding, and these fluxes circulate in the axial directions between
the center stator and upper/lower stator cores in each air-gap. As a result, the active axial force is generated by unbalanced
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Fig. 2. Principles of torque and active axial force generations in 1DOF single-drive bearingless motor.

flux density distributions in air gaps. Therefore, the active axial
force can be regulated by d-axis current. In addition, d-axis
fluxes circulate in the radial direction as shown in straight red
arrows in the center stator core. The flux-strengthening increases
the unbalanced magnetic pull, and it decreases passive radial
stiffness. On the other hand, the flux-weakening generates axial
forces in the negative axial direction, and it reduces the
unbalanced radial force so that the passive radial stiffness is
enhanced.

Figure 3 shows the prototype machine of the single-drive
bearingless motor. The radial and tilting directions are passively
stabilized with repulsive passive magnetic bearings. Only axial
direction is actively positioned. This prototype machine is pure
magnetic suspension system because it does not have any other

bearings such as aerodynamic bearings, hydrodynamic bearings, and oil film bearings. The axial position of the rotor
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Fig. 3. Prototype machine of single-drive bearingless motor.

shaft is measured by the displacement sensor that is installed under the shaft as shown in Fig. 3. Two laser sensors are

installed to monitor the shaft vibration.

3. Regulation System for High-Speed 1DOF Single-Drive Bearingless Motors with Decoupling Control

in between dq Axes and Time-Delay Compensation

Figure 4 shows the proposed control block diagram of single drive bearingless motor. The d-axis current reference

is" is generated from the Proportional-Integral-Derivative (PID) controller based on detected rotor axial position z by a

displacement sensor. The g-axis current reference i,” is generated from the Proportional-Integral (PI) controller based on
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Fig. 4. Regulation system of single-drive bearingless motor.
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calculated rotational speed w. The rotational speed is calculated by differentiated the angle detected by six hall sensors.
Then, d- and g-axis voltage references are generated via current PI controllers. In the previous controller in [8], their
voltage references include coupling terms so that the rotor axial vibration are considerable high during the acceleration.
In the measured waveforms of d- and g-axis currents, we can see serious current ripples at high-speed region. In this
paper, let us apply a general decoupling controller for reducing current ripples. Let us define d- and g-axis inductances
Ly and L, the electrical angular frequency w., and a coefficient of back EMFs K. In addition, previous and corrected
voltage references are defined as v4, v, , and v,", v,", respectively, as shown in Fig. 4. These voltage reference v," and v,”
are given as follows:

v, =v,—o,Li, (M

® ! -
v, =V, +0o,Li,+ K0, )

The d-axis voltage reference is corrected by subtracting the induced voltage due to g-axis current. It is significantly
effective for reducing the coupling of g-axis current that is instantaneously increased in the motor acceleration. The rotor
axial vibration can be reduced by (1). The g-axis voltage reference is also corrected by (2). These corrections are
necessary for stable magnetic suspensions in accelerations and high-speed drives.

In Fig. 4, a time-delay compensation block is included because the digital control system has the time-delay caused
by a sampling time. When the sampling period is defined as T, the time-delay A6,e1, is given as follows:

86, = k., 3)

delay

It is also one of the serious problems in high-speed region because it increases error angles, and in the worst case, the
rotor shaft would be touch-down. As can be seen in Fig. 4, the detected angular position & is corrected by adding the
time-delay A6eiy. Generally, the time-delay A6, is approximately one-and-a-half sampling period so that the
coefficient is ks = 1.5 [11]. On the other hand, it should be increased more than 1.5 to achieve high-speed operation.

4. Acceleration Tests and Optimal Coefficient of Time-Delay Compensation toward 60,000 r/min
Figure 5 shows measured acceleration

waveforms to investigate the requirement of q-axis 35
current to pass through the critical speed. The g-axis §
4 B

current is changed from 0.5 A to 3 A for increasing )y

the acceleration of the bearingless motor. As can be -0

seen in Fig. 5, low accelerations at i; = 0.5 A and 1
A do not reach the target rotation speed of 30,000
r/min because the rotor shaft is touchdown the
stator. On the other hand, it reaches 30,000 r/min
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the torque requirement for passing through the critical
speed is 7.5 mNm at i; = 1.5 A.

Figure 7 shows an influence of the coefficient of the
time-delay compensation. The d-axis current mainly
includes four harmonic components. The mechanical
and electrical fundamental components are 500 Hz and
1,000 Hz, respectively, at 30,000 r/min. A sum of these
components is reduced with an increase of the
coefficient. On the other hand, third and fourth
components are increased in the case high coefficient.
As a result, the d-axis current is minimized with &y =
1.65 when the rotational speed. This optimized
coefficient is changed when the rotational speed is
increased.

Figure 8 shows the optimized coefficient of the
time-delay compensation with respect to the rotational
speed. It is proportional to the speed, and then, the
coefficient should be 2.05 at 60,000 r/min. The
fundamental current frequency reaches 2 kHz at 60
kr/min. A sampling frequency in a digital controller is
20 kHz. Therefore, a sampling-to-fundamental (S2F)
frequency ratio is equal to 10. This case is a low S2F
frequency ratio, and it leads to instability of the drive
system [12]. In fact, the d-axis current sensitively varies
by changing the coefficient of the time-delay
compensation. Thus, the coefficient should be carefully
chosen in the case of low S2F ratio.

Figure 9 shows measured acceleration waveforms
of the rotational speed, g-axis current, d-axis current,
and the axial position. The maximum g-axis current is
set to 2 A that is good enough for passing through the
critical speed as shown in Fig. 5. The rotor shaft is
already levitated before the acceleration. The
coefficient of the time-delay compensation is changed
to 2.05. After that, the acceleration starts at 1 s, and the
rotational speed reaches 60,000 r/min at approximately
2 s. The g-axis current is converged to 0 A at the steady-
state because of no-load test. Axial vibrations occur
during the acceleration, and then, it is suppressed at the
steady-state. The d-axis current is increased to suppress
the axial vibration at the acceleration, and it is still
needed to stabilize the axial position at the steady-state.
In this acceleration test, the prototype single-drive
bearingless motor achieves the stable acceleration up to
60,000 r/min with the optimized coefficient of the time-
delay compensation.

5. Conclusions
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Fig. 9. Measured waveforms during acceleration up to 60,000 r/min.

This paper shows a unique test result of the rotor acceleration up to 60,000 r/min in the 1DOF single-drive bearingless

motor with pure magnetic suspension. The prototype machine passes through critical speeds with a reasonable g-axis

current of i, = 1.5 A. The coefficient of the time-delay compensation is optimized, and it is proportional to the rotational
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speed. It should be increased more than 1.5 which is frequently used value, and as a result, it is 2.05 at 60,000 r/min. In
the acceleration test, the prototype machine successfully demonstrates the acceleration up to 60,000 r/min with the
optimal coefficient. This achievement makes a valuable knowledge of 1DOF single-drive bearingless motors that can
increase the rotational speed even when the low sampling-to-fundamental frequency ratio.
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