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Abstract – Magnetic bearings are oil-free bearings that are widely employed in turbo machineries such
as turbo refrigerant compressors in order to eliminate lubrication systems, avoid contamination, and in-
crease efficiency. We have developed a 145 refrigerant ton (RT)-class turbo refrigerant compressor using
homopolar-type radial hybrid magnetic bearings (HMBs) and thrust magnetic bearings. The thrust mag-
netic bearing comprises a thrust HMB and a permanent magnet that generate downward forces to overcome
high upward thrust forces of 2000 N at 21 000 rpm. A test rig and controller for the compressor with mag-
netic bearings were fabricated, and rotordynamics such as the unbalance response and axial displacement
were investigated. Rotordynamics analyses using the finite element method predicted that the 1st bend-
ing mode is located at a high frequency with sufficient margin from the operating speeds. Further, the
zero-to-peak displacement caused by the unbalanced response was sufficiently small. The rotor was stably
supported with few vibrations across the entire range of the operational speeds. Our results demonstrate
that the advantages of oil-free bearings can be easily exploited in turbo machineries such as turbo refrig-
erant compressors by adopting HMBs.

Key words: Hybrid magnetic bearing / turbo refrigerant compressor / oil-free bearing / rotordynamics /
unbalance response

1 Introduction

Turbo refrigerant compressors are key components of
many heating, ventilation, and air conditioning (HVAC)
systems such as air conditioners used in buildings or ve-
hicles, temperature-humidity controllers, environmental
test equipment, and food storage systems. Turbo refrig-
erant compressors employ oil-free bearings such as air foil
bearings or magnetic bearings since they can be operated
continuously in the absence of lubrication systems; more-
over, the refrigerant is not contaminated by any lubricant
oil [1, 2]. However, in the case of air foil bearings, fric-
tion exists between the bearing and rotor at startup and
shutdown, and solid lubrication is required [3]. Further-
more, the load capacity of air foil bearings is quite low,
and they decrease the stability because they provide low
damping [4]. On the other hand, magnetic bearings have
several advantages. The absence of friction reduces wear
at all operation speeds including startup and shutdown,
thereby reducing the maintenance costs. Further, the en-
ergy efficiency is higher because the friction loss is less
than 1/500th that of typical oil bearings.

Magnetic bearings are classified into three types de-
pending on how the magnetic flux is generated: active
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magnetic bearings (AMBs) that use only electromagnets,
permanent magnetic bearings (PMBs) that use only per-
manent magnets, and hybrid magnetic bearings (HMBs)
that use a combination of permanent magnets and elec-
tromagnets [5]. PMBs do not require energy, but they are
unsuitable for vibration control owing to their low stiff-
ness and damping; without sufficient damping, the sta-
bility of a rotor against synchronous and harmonic vibra-
tions due to unbalance cannot be guaranteed [6,7]. AMBs
exhibit fast dynamic responses, but they require a con-
tinuous bias current to generate bias flux, which reduces
their efficiency. HMBs combine the advantages of both
PMBs and AMBs. They do not require a bias current
because the permanent magnet located adjacent to the
electromagnetic core generates a bias flux; furthermore,
since they can generate a greater magnetic force than
AMBs with the same amount of current, their efficiency
is higher. Several manufacturers have recently begun pro-
ducing commercial compressors with magnetic bearings.
Hirai et al. (2010) have developed an oil-free cryogenic
turbo-expander with AMBs [8], and Fang et al. (2012)
have developed passive thrust magnetic bearings for ap-
plications to high-speed compressors [7].

In this study, we present a design procedure for
magnetic bearings that can support a 145 refrigerant
ton (RT)-class turbo refrigerant compressor. HMBs are
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Fig. 1. Configuration of turbo refrigerant compressor using
hybrid magnetic bearings; HMB: hybrid magnetic bearing;
PMB: permanent magnetic bearing.

employed in this study in order to minimize the size of the
magnetic bearings and maximize efficiency. We used both
homopolar-type radial HMBs and thrust HMBs com-
prising both permanent and electromagnets. Our mag-
netic bearings are designed to support a 2000 N thrust
force generated by a compressor at an operating speed
of 21 000 rpm. We have also designed a controller for the
magnetic bearings. Further, we simulated rotordynamics
such as the critical speed and unbalance response by us-
ing a finite-element method. A test rig and controller were
also fabricated, and the unbalance responses and axial
displacements were investigated.

2 Configuration of turbo refrigerant
compressor

Figure 1 shows a simple configuration of the rotor and
magnetic bearings of an oil-free turbo refrigerant com-
pressor consisting of a shaft, impellors, magnetic bear-
ings, and a high-speed synchronous motor. The magnetic
bearings comprise radial magnetic bearings and thrust
magnetic bearings. HMBs are employed in the turbo re-
frigerant compressor to minimize the size of the mag-
netic bearings and maximize the efficiency. The thrust
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Fig. 2. Configuration of thrust HMB/PMB and flux paths
with permanent magnets.

magnetic bearing used to overcome the high thrust forces
consists of a thrust HMB and PMB.

The rotor is setup vertically so that the radial mag-
netic bearings do not have to support the rotor weight,
thereby minimizing the required force. Moreover, this
setup reduces the force required by the thrust magnetic
bearings because the gravitational force generated by the
rotor acts in a direction opposite to the upward thrust
force generated by the compressor.

3 Design of magnetic bearings

3.1 Design of thrust magnetic bearings

To design the thrust magnetic bearings, first, the
thrust force that needs to be supported must be iden-
tified. Because the turbo refrigerant compressor is of the
vertical-rotor type, the sum of the thrust forces generated
by the compressor and rotor weight can be considered as
the total thrust force that needs to be supported. The
rotor mass was predicted to be ∼22 kg and the thrust
force generated by the compressor at the operating speed
of 21 000 rpm was predicted to be maximum of 2000 N.
Therefore, the thrust force ranges from –200 N at stand-
still to 1800 N at the operating speed of 21 000 rpm.

Figure 2 shows the configuration of the thrust mag-
netic bearing. A double-acting-type thrust HMB is used
to generate dynamic forces to compensate for the pulsa-
tions caused by the thrust force generated by compressor;
it dynamically controls the magnetic force by changing
the current. A thrust PMB is located at the end of the
rotor to generate a bias force in a direction opposite to
the thrust force generated by the compressor.

A ring-shaped permanent magnet (PM1), which is ra-
dially magnetized and generates bias fluxes for the HMB,
is positioned in the HMB stator made of pure iron. Two
serially connected ring-shaped coils are located in the up-
per and lower sides of the HMB stator. A PMB with
coin-shaped permanent magnet (PM2) is located inside
the pure iron stator with an air gap, g2, between itself
and the end of the rotor [9]. The pure iron structure of
the thrust collar and the U-shaped core attached at the
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Table 1. Design requirements for thrust hybrid magnetic
bearing (HMB) and permanent magnetic bearing (PMB).

Parameter Value
Thrust force to be supported –200–1800
Force requirement for HMB and PMB [N] –1800−200
Bias force by PMB [N] –1000
Dynamic force by HMB [N] –2000−2000
Net magnetic force by HMB and PMB [N] –3000−1000

Table 2. Specifications for designed thrust HMB and PMB.

Parameter Value

Air gap between pole face and thrust collar, g0 [mm] 0.6

Current range [A] –7−7

Area of pole face [m2] 4.04e–3

Number of turns 40

Air gap, g3 [mm] 1

Permanent magnet Inner diameter [mm] 114

for bias flux Out diameter [mm] 130

Thickness, Tp [mm] 13

Permanent magnet
Air gap, g2 [mm] 0.8

for bias force
Diameter, Dp2 [mm] 40

Thickness, Tp2 [mm] 10

Residual flux density of permanent magnet, Br [T] 1.2

Current gain, Kti [N.A−1] 2.99e2

Position gain, Ktx [N.m−1] –1.33e5

end of the rotor serves as the flux path from the HMB
and PMB to the rotor. The net force acting on the thrust
collar from the thrust HMB is given by (1), and it is ex-
plained in detail in reference [10].
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Here, lp is the radial length of the PM; Hc, the coercivity
of the PM; µ0, the magnetic permeability of free space,
µp, the relative magnetic permeability of the PM; g1, the
air gap length between the outer side of the thrust col-
lar and inner side of the PM; A, the area of the upper
or lower pole face; N , the number of coil turns per pole;
I, the current to the EM; g0, a nominal gap; and z, the
vertical displacement of the shaft. The thrust HMB and
PMB were designed based on the requirements listed in
Table 1 by referring to previous studies [9–14], and their
specifications are listed in Table 2. The dynamic force re-
quired by the thrust HMB is determined to have sufficient
range for the net magnetic force generated by the HMB
and PMB to have a safety factor exceeding 1.5.

To check the design validity, a magnetic flux density
analysis was performed for 3 cases using electromagnetic

Fig. 3. Magnetic flux density analysis of thrust HMB and
PMB with 7 A current.

Table 3. Analysis results for magnetic forces of thrust HMB
depending on conditions.

Condition Magnetic force [N]
Force by PMB only –983
Force by HMB only with 7 A current 2003
Force by PMB and HMB with 7 A current 1273

analysis software, MAXWELL, as shown in Figure 3. The
analysis results, listed in Table 3, show that this design
successfully generated almost the same forces as given in
the design requirements.

3.2 Design of radial hybrid magnetic bearings

As in the design procedure of thrust magnetic bear-
ings, we first need to identify the radial force to be sup-
ported. The gravity force generated by the rotor does not
have to be considered to estimate the force required by
the radial HMB because the turbo refrigerant compressor
is of the vertical-rotor type. Two types of radial forces
have to be considered in this system. The first is the at-
tractive force that acts on the cylindrical surface of the
thrust collar from PM1 when the centers of the thrust
collar and PM1 are not identical. If the gap between the
cylindrical surface of the thrust collar and PM1 is not
constant, an attractive force will exist in the smaller gap
area. To calculate this force, 3D electromagnetic analysis
was performed under 0.3-mm eccentric condition, which is
a severe condition, and the result was found to be ∼110 N.
The other force is the unbalanced force generated by the
high-speed rotor. This force is calculated under the ISO
1940 G2.5 specifications that are applied to turbo com-
pressors; the unbalanced force for a 22-kg rotor operating
at 21 000 rpm was found to be ∼123 N.

The radial magnetic bearing is of HMB type, as shown
in Figure 4. A square-shaped permanent magnet (PM3)
is inserted between the pure iron cores. The coils of the
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Fig. 4. Configuration of radial HMB and flux path by PM3.

Table 4. Design requirements for radial HMB.

Item Value
Magnetic force against attractive force between 110
thrust collar and PM1 [N]
Magnetic force against unbalance force [N] 123
Net magnetic force by radial HMB [N] 233

electromagnet pairs – (X+, X–) and (Y+, Y–) – are se-
rially connected, and the magnetic flux density is con-
trolled by both the direction and amount of current. The
net x-directional force acting on the shaft by the radial
HMB is given by (2).

Fradial = µ0A

((
Tp3Hc + Ni

2 (g3 − x) + Tp3

)2

−
(
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2 (g3 + x) + Tp3

)2
)
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Here, g3 is a nominal gap; x, the x-directional displace-
ment of the shaft; and Tp3, the thickness of PM3. The
requirements are listed in Table 4, and on their basis,
the specifications of the designed radial HMB are listed
in Table 5. The dynamic force requirements of the ra-
dial HMB have sufficient range for the net magnetic force
generated by the HMB to have a safety factor of 2. The
magnetic flux density analysis shown in Figure 5 predicts
that this design will generate 232 N at 10 A current, which
is almost the same force as the design requirements.

Table 5. Specifications for designed radial HMB.

Item Value
Air gap between pole face and rotor, g3 [mm] 0.4
Current range [A] –10–10
Area of pole face [m2] 3.60e–4
Number of turns 90
Thickness of permanent magnet, Tp3 [mm] 13
Residual flux density of permanent magnet, Br [T] 0.95
Current gain, Kri [N.A−1] 26.9
Position gain, Krx [N.m−1] –2.76e5

Fig. 5. Magnetic flux density analysis of radial HMB with
10 A current.

Fig. 6. Finite element method model of rotordynamics
analyses.

4 Rotordynamics analysis

The flexible rotor shown in Figure 1 is divided into
34 elements, as shown in Figure 6, to analyze its rotor-
dynamics using the finite element method. All the other
components on the rotor except for the shaft are consid-
ered as added masses. The analytical model for the rotor
supported by the radial HMB can be obtained by com-
bining this finite element model and the linearized model
of the radial HMB [15]. Based on our analytical model, a
control block diagram with a proportional integral deriva-
tive (PID) controller was constructed as shown in Fig-
ure 7. The analysis to obtain the eigenvalues and unbal-
ance response was performed for speeds ranging from 0 to
25 000 rpm, and the damped natural frequency map is as
shown in Figure 8. It was predicted that the translational
and conical rigid body modes would be passed at a speed
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Fig. 7. Block diagram of magnetic bearing control system.

Fig. 8. Predicted damped natural frequency map.

Fig. 9. Predicted unbalance response of rotor.

below 5000 rpm and the frequency of the backward 1st
bending mode at 21 000 rpm would exist at 533 Hz, which
is sufficiently far from the frequency of 350 Hz correspond-
ing to the operating speed of 21 000 rpm. The unbalance
response was calculated by assuming that the balancing
condition satisfies ISO 1940 G2.5 and that the unbalances
are evenly located at the 11th and 32nd node with a phase
difference of 180◦. It was predicted that the zero-to-peak
displacement of the rotor would be less than 2 µm at the
location of the radial HMB in all speed ranges (Fig. 9).

Fig. 10. Cross-sectional view of magnetic bearing test rig.

5 Performance evaluation of magnetic
bearings

5.1 Fabrication of magnetic bearing test rig

The magnetic bearing test rig was designed as shown
in Figure 10 and fabricated as shown in Figure 11 to eval-
uate the designed thrust magnetic bearings. The rotor for
the test rig had a dummy mass at the end of the upper
shaft instead of the impeller because this test rig was de-
signed only to check the validity of the HMB. The rotor
consisted of the rotor shaft, magnet for motor, pure iron
core for radial HMB, thrust sensor plate, and pure iron
thrust collar. Two gap sensors were placed at the upper
housing to measure the axial motion of the rotor by tar-
geting its thrust sensor plate. The axial movements were
fed back to the controller after averaging the outputs of
the 2 gap sensors.

The control system for the magnetic bearing was
implemented by using xPC Target, as shown in Fig-
ure 12 [16], and its sampling frequency was 10 kHz. In
the case of the thrust HMB, 1 degree of freedom (DOF)
magnetic levitation can be described by (3) and (4) as
follows:

mz̈ = F (3)
F = −Ktxz + Ktii (4)

Here m is the rotor mass; z, the axial displacement of
the mass; F , the axial force from the thrust HMB; and i,
the control current. The initial PID controller was de-
signed by using the abovementioned magnetic levitation
model. Here, the attractive force generated by the PMB
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Fig. 11. Fabricated components and test rig. (a) Rotor;
(b) PMB for thrust bearing; (c) Actuator for thrust HMB;
(d) Actuator for radial HMB; (e) Test rig.

Fig. 12. Configuration of magnetic bearing control system.

Fig. 13. Measured frequency response functions and curve
fitting model of thrust HMB.

was considered as the force disturbance to the control
system. The frequency response functions (FRFs) of the
thrust HMB were measured up to 5 kHz by using the
swept-sine method. The measured FRFs and the nomi-
nal plant model are shown in Figure 13, and they include
all the axial dynamics of the rotor, actuator, power amp,
and sensor. Based on the nominal plant model, the PID
control gains for the thrust HMB are optimized and se-
lected to be 15, 2, and 0.03, respectively, and the PID
control gains for the radial HMB are selected in the same
manner.

The position error for the reference axial positions in
both the time and frequency domains, which is measured
at standstill, is shown in Figure 14. The gap between
the reference position and mechanical limit was 300 µm,
whereas the standard deviation of the axial position error
was less than 5 µm; this implies that the designed thrust
HMB and its controller were working satisfactorily.

5.2 Running test

Performance evaluations of the magnetic bearing at
speeds of up to 21 000 rpm were conducted by using a
magnetic bearing test rig and motor inverter. Figure 15
shows the radial unbalance responses of the rotor for
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Fig. 14. Control performance of thrust HMB in time and
frequency domains.

Fig. 15. Radial unbalance responses of rotor for entire range
of operational speeds.

Fig. 16. Waterfall plot of upper radial vibrations for entire
range of operational speeds.

the entire range of operational speeds. The rotor passed
through the translational and conical modes at 2800 and
4000 rpm, respectively. The zero-to-peak radial displace-
ment at 21 000 rpm was less than 10 µm. The waterfall
plot of the radial vibration in Figure 16 shows that vibra-
tion components other than those for the unbalance re-
sponse are not noticeable. The waterfall plot of axial dis-
placement shown in Figure 17 indicates the performance
of the thrust HMB. The 1× synchronous component is

Fig. 17. Waterfall plot of axial vibrations for entire range of
operational speeds.

hardly seen, whereas the 2× synchronous component is
very noticeable with the zero-to-peak displacement less
than 3 µm at 21 000 rpm. This is because 2 gap sensors
are used to measure the axial displacement.

6 Conclusion

In this study, magnetic bearings comprising
homopolar-type radial HMBs and a thrust magnetic
bearing are designed for 145 RT-class turbo refrigerant
compressors. To overcome the high upward thrust force
of 2000 N at 21 000 rpm, the thrust magnetic bearing
was made using a thrust HMB and a permanent magnet
generating downward forces. Rotordynamics analyses
using the finite element method predicted that the 1st
bending mode will be located at a high frequency with
sufficient margin from the operating speeds. Furthermore,
even when a PID controller is used, the zero-to-peak
displacement caused by the unbalance response will be
sufficiently small and it will run stably over the entire
range of operational speeds. The performance of the
designed magnetic bearings was evaluated by using the
fabricated test rig. The rotor of the test rig was stably
supported with few vibrations over the entire range of
operational speeds, as predicted. The results of this study
demonstrate that the advantages of oil-free bearings can
be easily exploited in turbo machineries such as turbo
refrigerant compressors by adopting HMBs.
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