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Abstract

Current and displacement stiffness are important parameters of axial magnetic bearing (AMB) and are usually con-
sidered as constants for the control system. However, in actual dynamic work situations, time-varying force leads to
time-varying currents and air gap with a specific frequency, which makes the stiffness of appear decrease and even
worsens control performance for the whole system. In this paper, an AMB dynamic stiffness model considering the
flux variation across the air gap due to frequency is established to obtain the accurate dynamic stiffness. The dynamic
stiffness characteristics are analyzed by means of the dynamic equivalent magnetic circuit method. The analytical
results show that the amplitude of current and displacement stiffness decreases with frequency increasing. Moreover,
compared with the stiffness model without considering the variation of flux density across the air gap, the improved
dynamic stiffness results are closer to the actual results. Through the dynamic stiffness measurement method of AMB,
experiments of AMB in magnetically suspended molecular pump (MSMP) are carried out and the experimental results
are consistent with theoretical analysis results. This paper proposes the dynamic stiffness model of axial magnetic
bearing considering the variation of flux density across the air gap, which improves the accuracy of the AMB stiffness

analysis.
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1 Introduction

Molecular pump is a kind of high-end scientific instru-
ment for obtaining high vacuum environment, such as
cyclotron, laser, mass spectrometer, gyro equipment, and
so on [1-3]. The magnetic bearing has broad prospects
in industrial applications [4—6] compared with the tradi-
tional bearing because of its special advantages, such as
non-contact, no friction, low power consumption, low
maintenance cost, dynamical controllability and active

*Correspondence: weiwanting@buaa.edu.cn

! Key Laboratory of Fundamental Science for National Defense,
Novel Inertial Instrument and Navigation System Technology, School
of Instrument Science and Opto-Electronics Engineering, Beihang
University, Beijing 100191, China

Full list of author information is available at the end of the article

@ Springer Open

control ability of rotor dynamic imbalance. The magnetic
bearing used as the support unite in magnetically sus-
pended molecular pump (MSMP) can realize the oil-free
and wear-free operation of the molecular pump, quiet
operation and the minimal vibration, which is especially
suitable for the semiconductor industry, such as ultra-
high vacuum applications [7-9].

In most magnetically suspended molecular pumps, the
support unite of magnetic bearing includes radial active
magnetic bearing (RAMB) and axial magnetic bearing
(AMB). The magnetic bearings as the supporting parts
are used to maintained the stable suspension. In the
actual situation, the magnetic bearings are always subject
to time-varying forces. The coil currents are changed to
adjust the bearing force in response to the applied load.

©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco

mmons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-8729-9230
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10033-020-00469-9&domain=pdf

Sun et al. Chin. J. Mech. Eng. (2020) 33:52

These time-varying currents and air gap will cause flux
variations in the magnetic path, and hence inducing eddy
currents, which not only result in a power loss of the sys-
tem but also cause magnitude decrease of the bearing
force and stiffness. This will affect the dynamic perfor-
mance and stability of the whole system [10-12].

Several studies have been carried out to develop ana-
lytical models for magnetic bearings from different
aspects. Kucera et al. [13] presented an analytical method
of axial bearings considering eddy currents, and the
magnetic field solutions for a semi-infinite plate were
used to approximate the flux distributions. The analyti-
cal solution for the flux, the impedance and the force of
an axial bearing can be derived. The traditional magnetic
circuit method is improved by considering the dynamic
effective reluctance depended on frequency [14-16].
The cylindrical magnetic actuator (The cylindrical mag-
netic actuator has the same working principle as the
axial magnetic bearing.) was divided into several ele-
ments and the frequency-dependent reluctance of each
element was obtained according to the flux distribution,
and then derived the dynamic force and stiffness of the
axial magnetic bearing. Based on these studies, accord-
ing to the actual situations, Sun et al. [17] were extended
to include the magnetic actuator with a center hole com-
mon in rotating machinery, and factors such as satura-
tion, leakage, and fringing flux were considered. A simple
magnetic circuit model including eddy currents was pre-
sented, from which the stiffness can be derived analyti-
cally. A magnetic circuit calculation model is proposed
for the core eddy current loss caused by the axial high fre-
quency vibration of axial magnetic bearing [18, 19]. The
dynamic air gap flux and electromagnetic force are ana-
lyzed. By analytical and finite element method, the seg-
mented AMBs were developed to reducing the effect of
eddy currents [20, 21]. The results demonstrate that the
segmentation of the stator results in dramatic improve-
ments in actuator dynamic performance. Considering the
driving method of excitation, an analytical model for a
solid-core AMB including the eddy-current effect under
voltage drive based on the magnetic circuit method was
presented in Ref. [22], which indicates the voltage drive
can effectively reduce the dynamic performance.

Moreover, the measurement of dynamic stiffness is
especially important. Ref. [23] proposed the axial dis-
placement stiffness measurement method of the axial
passive magnetic bearing and verified the correct-
ness in the magnetically suspended control momentum
gyro. In Ref. [24], a new stiffness measurement method
of repulsive passive axial magnetic bearing with Hal-
bach magnetic array is put forward. Ref. [25] proposed
a new stiffness measurement method for magnetically
suspended flywheel to measure current stiffness and
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displacement stiffness of permanent magnet biased radial
magnetic bearing. Refs. [26, 27] described a detailed stift-
ness measurement method for a radial hybrid magnetic
bearing. The above researches for stiffness measurement
consider the stiffness of magnetic bearing as a constant.
However, some researchers have found that the stiffness
of magnetic bearing would decrease significantly with
the field frequency increasing, which would influence the
stability of radial magnetic bearing system [28, 29]. Sun
et al. [17] carried out the experiment about the dynamic
stiffness including eddy currents, but the specific experi-
mental methods are not described.

In conclusion, early models of solid magnetic actuators
assumed that the flux density in the air gap was homoge-
neous because no eddy current is produced in the air gap.
However, the flux density varies with axial position along
the air gap. Neglecting the flux variation across the air
gap during the analytical stage will bring the inaccurate
stiffness result. The inaccurate analytical model result in
the biased feedback for control system and even worsen
control performance for the whole system. This variation
of flux density across the air gap is an important aspect of
actuator behavior that must be captured in high fidelity
models. Furthermore, in order to verify the correctness
of analytical dynamic stiffness model, it is necessary to
measure the actual dynamic stiffness.

In this paper, considering the dynamic characteris-
tics that time-varying force leads to time-varying cur-
rents and air gap with a specific frequency, the dynamic
stiffness model of axial magnetic bearing including the
eddy-current effect considering the variation of flux den-
sity across the air gap is firstly built up by analyzing the
dynamic equivalent magnetic circuit model. Then, the
dynamic stiffness measurement method is adopted in
Magnetically Suspended Molecular Pump to verify the
validity of the theoretical analyze results.

2 Magnetic Circuit Model of Axial Magnetic
Bearing for MSMP

The magnetically suspended molecular pump model is
shown Figure 1, which is mainly composed of one rotor
shaft, two RAMBs, one axial active magnetic bearing, one
high-speed BLDCM, two integrated displacement sen-
sors and stator blades. The configuration of the AMB is
pictured in Figure 2, the materials of the stator and rotor
core are silicon steels and the corresponding parameters
are described in Table 1.

The traditional static magnetic circuit theory has been
widely used in the design of an AMB. The magnetic cir-
cuit model consists of the magneto motive force (MMF)
determined by coil turns and currents and the reluctance
of inner and outer air gap. The flux and bearing force can
be derived conveniently with the reluctance of the air gap
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Figure 2 Configuration of AMBs

and MMF applied. However when the load force of the
magnetic bearing varies with a specific frequency, the
time-varying force leads to time-varying currents and air
gap, which generates eddy currents in the rotor and sta-
tor. This situation referred to in this paper that the time-
varying force leads to time-varying currents and air gap
is defined as dynamic characteristics. In this case, the
reluctance of the iron core varies influenced by eddy cur-
rent effect. According to the analysis method of effective
magnetic reluctance in Ref. [10], the eddy current formed
by the alternating magnetic field on the solid iron core is
equivalent in the form of eddy current magnetic reluc-
tance, and then the air gap flux and electromagnetic force
can be calculated according to the equivalent magnetic
circuit method.

In order to obtain the effective magnetic reluc-
tance on the iron core, the magnetic path of the axial

Page 3 of 11
Table 1 Main parameters of AMB
Description Parameter Value
Rotor outer diameter Iy (mm) 8
Inner magnetic conducting ring outer r, (mm) 14
diameter
Inner magnetic conducting ring inner ry (mm) 17
diameter
Outer magnetic conducting ring inner r3 (mm) 27
diameter
Outer magnetic conducting ring outer ry (mm) 30
diameter
Air gap length g (mm) 0.35
Thrust plate thickness h, (mm) 4
Axial length of winding slot h, (mm) 64
Axial length of outside magnetic conduct- hs (mm) 85

ing ring

Number of turns N (turns/pole) 300

Bias current Iy (A) 0.5
Relative permeability 1000
Conductivity o (S/m) 7.46 x 10°
stator parallel to the
radial direction
inner .
magnetically outer n.lagne.tlcally
P conductive ring of|
conductive ring of
stator along the
stator along the L
I axial direction
axial direction
transition region transition region
c p
1 2 313
inner air E 2 thrust disk without transition region S g': outer air
gap = El gap
Figure 3 Axial magnetic bearing area division

magnetic bearing is divided into several different parts
(ignoring magnetic leakage), as shown in Figure 3. The
region 1 includes a transition region at the top of the
inner magnetic pole, an air gap corresponding to the
inner magnetic pole, and a transition region in the
thrust disk corresponding to the inner magnetic pole.
The region 3 includes a transition region at the top
of the outer magnetic pole, an air gap corresponding
to the outer magnetic pole, and a transition region in
the corresponding thrust disk. In region 1 and 3, the
magnetic lines of force in the transition region of the
thrust disk are distributed in the radial direction, and
the magnetic lines of force in the air gap are parallel to
the axial direction. The region 2 is other than the region
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1 and the region 3 in the thrust disk part. The region
5 is the portion corresponding to the region 2 in the
stator, the magnetic lines of force in the region 2 and
the region 5 are all parallel to the radial direction. The
region 4 is the portion of the inner magnetically con-
ductive ring from which the region 1 is removed, and
the region 6 is the outer portion.

The corresponding equivalent reluctance is calculated
in each part of the core, and the equivalent magnetore-
sistance expression is simplified by Ad Hoc approxi-
mation and Taylor series and pade approximation
respectively. Finally, the equivalent reluctance of each
region can be obtained. According to Ref. [10], the effec-
tive reluctances expression of the elements is:

R=—— o 8
77#0(’"2 - rl)

e
e ) ®)
fa= nuruolzrzz —rd) 2: 2\ prio Ve @)
-
Re = nu,uolzji — r%) ZZVS Mrl’LO\/_ ©)

Each dynamic equivalent reluctance can be expressed
as:

R =R+ R =R +cv/5s,
RQ is the static reluctance without eddy -current,
Re =¢j4/s is the dynamic reluctance including eddy
current

Although there is no eddy current is in the air gap, due
to eddy-current effect in the iron core, the flux density in
solid actuators varies across the air gap. According to Ref.
[9], if there is no flux leak, the magnetic flux of magnetic
bearing is:

j=1,...,6. @)

oNAI 1
o= NAL

lfe
2w+ £ tal’ll’J:()/) 2¢1+ ag, tanh (y)
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2

afp = r—,
Lfe Mr lfe (9)
Y = h/spo, (10)

where /, is the length of the solid core. Dynamic reluc-
tance of inner and outer air gap including eddy current is:

N] 2 [1 + ar, tanh @)

RS, . = — — (11)
(113) ¢

oA (1,w) ’
where A, and A, is the section surface of inner and outer
air gap respectively.

Considering the flux density variation across the air
gap, the equivalent magnetic circuit diagram of this axial
electromagnetic magnetic bearing is shown in Figure 4.

Where the internal air gap magnetic fluxes ¢, and
external air gap magnetic fluxes ¢, are equal. The
dynamic total reluctance based on the flux variation can
be expressed as:

6 6 6
0
=D R=) R+> K (12)
j=1 j=1 j=1
The static total reluctance can be expressed as:
6
0
=) K. (13)
j=1

3 Analysis of Dynamic Stiffness of AMB FOR MSMP
According to the above analysis, considering the influ-
ence of the eddy-current effect including the flux density
variation across the air gap, it can be seen from Figure 4
that when the thrust disk is stably suspended in the
center position of the magnetic bearing, the internal and
external air gap magnetic fluxes are equal, where ¢,, is the
magnetic flux at the outer magnetic pole air gap and ¢,, is
the magnetic flux at the inner magnetic pole air gap.

1 <

— D
R6 R3 W

Rs

R4 R: b

1 1

L L

Figure 4 Dynamic equivalent magnetic circuit model of AMB
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_ NI

On = Pw = R, (14)

The force of the single-sided magnetic bearing (one side
of the thrust plate) is:

2 2
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(15)

The relationship between dynamic force and frequency
is shown in Figure 5, which illustrates that as the fre-
quency increases, the dynamic force appears amplitude
attenuation.

3.1 Dynamic Current Stiffness

The bias current Iy and the differential alternating control

current i, = i¢/* are applied to the above and below coils

of the thrust disk, namely,
I =1Iy+id*". (16)

The magnetic fluxes on the above and below sides of the
thrust plate are:

d)ﬂ = ¢0 + ¢i;
(17)
b = ¢o — ¢,
850
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Figure 5 Dynamic axial force value at different frequency
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where ¢y is the static bias magnetic flux generated by the
bias current, ¢; is the dynamic magnetic flux generated
by the coils considering the eddy-current effect including
the flux density variation across the air gap, expressed as:

NIy g In(r3/r2) g
¢$o = — = NI + +
R? / LLO(V% —r3) 2o po(rd —r2)
ha In(rs/r2) ha
trpo(ry —rd)  2hsprso oy —rd) |
(18)
Nie/t . In(rs/ry)  hy hy
R = Nie™ RO
¢ Ry ! / { et ( b4 +271r2+2nr3>
hy AJjwpo
2|1+ L VT
\/T 4 % tanh (h“/jwua):| < 11 >
X v jw+ —+— .
Hr ko / Ko Apn Ay
(19)

The resultant force of the above and below sides of the
magnetic bearing can be obtained as:

o (Po + )% (do+ ¢i)? (o — ¢:)?
204 , 204w 204 (20)
_ (9o —90) _ 2¢0¢; + 2¢06;
2100Aw HoAx HoAw '

Current stiffness is calculated as:

oF NIy [ 1 1 ) 1 1
ki(w) = — = — 4+ — | =2N"I| — + —
3il,—g  HORIR; \ Ay w A, Ay

In(rs/ra) =~ h2 hy 4 -
RO ( R vV
{MO t( t+< b Jr27'”"2+27'”"3 Hr o T
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20|14 L ANIWHT

g1+ e tanh (hh//'wua) :| 1 1
+ —+— .

Mo (An Aw)

(21)

The relationship between dynamic current displace-

ment stiffness and frequency is shown in Figure 6, which

illustrates that as the frequency increases, the current
stiffness appears amplitude attenuation.

3.2 Dynamic Displacement Stiffness

Keep the bias current in the coil unchanged, assuming
that the rotor makes a small harmonic vibration at the
center position expressed as g,¢/?, the above and below
axial air gap can be expressed as:

z=g+ge® (22)

In this case, the air gap reluctance of above and below
magnetic poles is expressed as:
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Figure 6 Dynamic current stiffness at different frequency Figure 7 Dynamic displacement stiffness at different frequency

Rug = Ryo + Ry, (23)

Ry = Ry — Ry, (24)
where Ry is the static air gap reluctance, expressed as

— &
RgO = %
tance generated by the magnetic pole vibration,
— & (L
- Mo An
flux leakage, then the magnetic flux of the above and

below air gaps can be expressed as:

A%, + ﬁ ; Ry, is the dynamic air gap reluc-

expressed as Rg; + ﬁ ; Ignoring the magnetic

NIy
o= )
Ry + Ry
NI, (25)
op = R RO R

Since g, is much smaller than g, Ry, is much smaller than
Ry, then Eq. (25) can perform Taylor expansion, leaving
only the first two terms, then the following formula can be
obtained:

ba X G0 + buzs

26
Op X G0 — buzs ( )
o5 (27)
0= —q 27
R
NIR,, .
Gnz = —TszeIWt. (28)

In the same way as current stiffness, the formula for
calculating the displacement stiffness considering the
eddy-current effect including the flux density variation

across the air gap (the resultant force on both sides of the
thrust disk) is:

oF,
ke (w) = 37

. 2N?I ( 11 )
T o2, VA2 T A2
&=0 M(Z) (R?) R An Aw

11 2
_ 272 ~ o 2 0 0
N IO(AE—’—A%,)/{MO(RJ (Rt
1 ok
N ( 1’1(7‘3/7‘2)+ 2 M )

o ;

jw
Mr Lo

T 2wry  2mrs

hyA/jwno
201 4+ L NVIWHT
S R T, (hlm)] 11
+ 9 + - ’
Mo (A% A%)

(29)
where N represents the number of turns, I is the bias
current.

The relationship between dynamic displacement stiff-
ness and frequency is shown in Figure 7, which illustrates
that as the frequency increases, the displacement stiff-
ness appears amplitude attenuation.

4 Dynamic Stiffness Measurement Method

The stiffness obtained by analytical model may not satisfy
the requirements of actual magnetic bearing design and
application, so it is important to measure the actual stiff-
ness value of the magnetic bearing. This chapter adopts a
magnetic bearing stiffness test method, which can meas-
ure the current stiffness and displacement stiffness of the
magnetic bearing rotor at a certain speed and be used in
the molecular pump system to test the axial magnetic
bearing dynamic stiffness test. The step of this method
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is first to adjust the reference value of the displacement
sensor, then stabilize the rotor in a certain position by
the magnetic bearing itself and inject a sinusoidal signal
into the currents of the bearing to excite the closed-loop
system, finally measure the control current of the cor-
responding position magnetic bearing and calculate the
stiffness of the magnetic bearing.

When the magnetic bearing rotor system is stably sus-
pended, a sinusoidal signal was injected into the currents
of the bearing to represent the time-varying currents and
air gap with a specific frequency. The electromagnetic
force of the magnetic bearing at this time is a dynamic
force related to frequency. In this paper, gravity is con-
sidered as the bearing force of the magnetic bearing. Due
to the molecular pump structure of the internal rotor, it
is difficult to implement the force sensor, and the actual
means of measuring force are limited. In addition, the
dynamic force affected by frequency is much smaller than
gravity. Therefore, we use gravity to equivalent dynamic
electromagnetic force. The measured channel should be
adjusted to the same direction of gravity during the test.
Because the mechanical structure and mass distribu-
tion of the whole system are the known conditions, the
electromagnetic force of the measured magnetic bearing
channel can be expressed as a function of gravity by force
analysis.

F =~ f(myg), (30)

where F is the electromagnetic force of the magnetic
bearing measured channel, m is the mass of the rotor of
magnetic bearing system.

Because the electromagnetic force can be linearized
near the center of the magnetic bearing, which can be
expressed:

f(mg)
ki(w)

where k;(w) and kj(w) are the current stiffness and dis-
placement stiffness, i(w) is the control current, % is the
rotor displacement, and /, is the magnetic center posi-
tion of the magnetic bearing to be tested.

When the rotor system runs at a specific speed, the
rotor is adjusted to a position /; near the magnetic
center, and the corresponding control current can be
measured as i1 (w), then the current stiffness and dis-
placement stiffness can be calculated by Eqgs. (32) and
(33). In the magnetic bearing control system, the dis-
placement of rotor is directly measured by eddy cur-
rent displacement sensor, compared with the reference
signal of displacement set in the program of magnetic
bearing control system, and then the PID operation

k()

@) = )

(h — ho) +

) (31)
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is performed to control the rotor to suspend stably
at the reference position. The reference signal can be
adjusted online by the control program. Therefore, at a
certain frequency, the change of rotor position can be
achieved by adjusting the displacement reference sig-
nal online. The reference signal of displacement 2048
is used as the central position to adjust the rotor stable
suspension position. The reference signal of displace-
ment adjustment range is 1600-2500, and the cor-
responding rotor suspension position is —0.04 ~0.04
mm.

o fimg)
ki(w) =70 (32)
k() =L 78) — K@) - (@) —io(@)) oy

h — ho

This proposed method is realized to measure the
dynamic current stiffness and the dynamic displace-
ment stiffness through adjusting the reference value of
the displacement sensor by experiments. The process
includes two stages.

The first stage is to determine the magnetic center.

(1) The rotor is suspended stably perpendicular to the
direction of gravity with 0 Hz,

(2) The suspended position of rotor is adjusted until
the measured current values in the two channels,
z+ and z— channel, are the same. Thus, the position
of the magnetic center is determined.

The second stage is to obtain the dynamic current
stiffness and the dynamic displacement stiffness.

(1) Adjust the z channel along the direction of gravity
and make the rotor suspend at a specific revolving
speed. A sinusoidal signal was injected into the cur-
rents of the bearing to excite the closed-loop sys-
tem.

(2) The corresponding control current ip(w) of the
magnetic bearing rotor at the magnetic center posi-
tion is recorded.

(3) The rotor is adjusted to a position /; near the mag-
netic center, and the corresponding control current
is recorded as i1 (w).

(4) The current stiffness k;j(w) and the displacement
stiffness ky,(w) at a specific revolving speed can be
obtained by Egs. (32) and (33).

The course of experiment can be represented as a flow
diagram shown in Figure 8.
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5 Measurement and Experiment

In order to verify the feasibility of the proposed experi-
mental method in this paper, the dynamic stiffness test
experiment of AMB is completed in a MSMP platform
with the rated speed of 500 Hz shown in Figure 9. The
measured AMB prototype is presented in Figure 10.

5.1 Dynamic Current Stiffness Measurement and Results
According to the dynamic stiffness measurement method
mentioned in the last chapter, the experiment is carried
out in the MSMP, and the corresponding course is as
follows.

(1) Keep the z axis direction of MSMP parallel to
the floor, and the magnetic center is determined
according to the mentioned method in the last
chapter.

(2) To measure the dynamic current stiffness, the z-axis
direction of the MSMP is perpendicular to the floor.
The combined force of AMB is the gravity of the
rotor.

(3) A sinusoidal signal was injected into the currents
of the bearing to excite the closed-loop system. The
exciting signal, bearing currents, and displacement
of the rotor were measured simultaneously, and the
open-loop frequency response obtained. The cor-
responding dynamic current stiffness under each

Adjust the z channel perpendicular to the
direction of gravity and find the
magnetic center hy

4

Adjust the z channel along the direction

of gravity and make the rotor suspend at
a specific revolving speed

A sinusoidal signal with a specific
frequency is injected into the currents.

L Adjust the
The control current ig(®) is recorded at the frequency value

magnetic center position, and the current stiffness injected into the
ki(w) can be obtained by the Formula 30. currents

The rotor is adjusted to a position h; near the
magnetic center, and the corresponding control
current is recorded as i;(®). The displacement
stiffness ky(®) can be obtained by the Formula 31.

End

Figure 8 Flow diagram of dynamic stiffness measurement
experiment
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Figure 9 Measurement test system

specific frequency can be obtained through force
analysis of the MSMP system and Eq. (32).

The analytical dynamic current stiffness result consid-
ering the air gap flux variation compared with the result
without considering the air gap flux variation is shown
in Figure 11 as the curve ‘Analytical Method’ (without
considering the air gap flux variation) and the curve
‘Improved Analytical Method’ (considering the air gap
flux variation). Compared with the previous analytical
method, the dynamic current stiffness result obtained
from the improved model decreases by 1.8%. The meas-
ured dynamic current stiffness value at the correspond-
ing frequency is shown as the scatter plot in Figure 11.
If following the traditional static stiffness measurement

Figure 10 Prototyped AMB
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method, it is obvious the static current stiffness which is
under O frequency is 160 N/A, with frequency increasing,
from the dynamic stiffness measurement data, we can see
the dynamic current stiffness is gradually decreasing to
127.8 N/A, and the error of the dynamic current stiffness
compared with the static current stiffness is increasing
from 0% to 20.1%. For measured dynamic current stift-
ness value, least square regression method was used for
dynamic current stiffness-frequency curve fitting with
cubic equation. The fitting curve between measured
dynamic current stiffness and different frequency com-
pared with analytical results is presented as the curve
‘measured’ in Figure 11. The maximum error of measured
values and analytical values considering the air gap flux
variation is 1.3%. The results of experiment performed
by the proposed measurement method agreed better
with the analytical model considering the air gap flux
variation.

5.2 Dynamic Displacement Stiffness Measurement

and Results
To measure the dynamic displacement stiffness, record-
ing the rotor at a certain non-zero position, the control
current at different frequencies can determine the dis-
placement stiffness at the corresponding frequency. In
this experiment, the corresponding course is:

(1) The rotor offset from the magnetic center is
adjusted to —0.02 mm.

(2) The dynamic displacement stiffness can be obtained
by the recorded control current values under differ-
ent frequency according to Eq. (33).

The analytical dynamic displacement stiffness result
considering the air gap flux variation compared with

compared with analytical results

the result without considering the air gap flux variation
is shown in Figure 12 as the curve ‘Analytical Method’
(without considering the air gap flux variation) and the
curve ‘Improved Analytical Method’ (considering the
air gap flux variation). Compared with the previous
analytical method, the dynamic displacement stiffness
result obtained from the improved model decreases by
1.67%. The measured dynamic displacement stiffness
at the corresponding frequency is shown as the scat-
ter plot in Figure 12. According to the static stiffness
measurement method, the static displacement stiffness
which is under 0 frequency is 1.2 x 10° N/m. Using the
method of dynamic stiffness measurement method,
with frequency increasing, the dynamic displacement
stiffness is gradually decreasing to 0.93 x 10° N/m, and
the error of the dynamic displacement stiffness com-
pared with the static displacement stiffness is increasing
from 0% to 22.5%. For measured dynamic displacement
stiffness value, least square regression method was used
for dynamic displacement stiffness-frequency curve
fitting with cubic equation. The fitting curve between
measured dynamic displacement stiffness and different
frequency compared with analytical results is presented
as the curve ‘measured’ in Figure 12. The experimental
results obtained by the proposed measurement method
is consistent with the analytical model with maximum
error 2.1%.

It can be seen that there is a certain error between
the theoretical dynamic stiffness and the experimental
results. The source of the error mainly includes the fol-
lowing aspects:
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(1) Dynamic stiffness testing is performed in the
MSMP, and there is inevitably interference from the
motor. During the measurement, the electromag-
netic field generated by the motor will be super-
imposed on the electromagnetic field of the mag-
netic bearing. With the revolving speed increasing,
the electromagnetic field generated by the motor
changes due to the eddy-current effect. It means
that the interference of the motor to the magnetic
bearing is very complicated, and it is difficult to
eliminate the interference by analyzing.

(2) In the theoretical analysis, some idealized assump-
tions lead to the error, such as assuming that the
material is linear, ignoring magnetic flux leakage,
magnetic saturation, and hysteresis.

(3) Through the dynamic stiffness measurement
method, the electromagnetic force of the magnetic
bearing is a dynamic force related to frequency. The
gravity is used to equivalent dynamic electromag-
netic force approximately, which leads to the meas-
ured force to be less than the actual dynamic force.
As a result, the measured dynamic current stiff-
ness at high frequency is smaller than the analytical
results.

6 Conclusions

This paper firstly builds up the dynamic stiffness model
of axial magnetic bearing including the eddy-current
effect considering the variation of flux density across
the air gap, and then a dynamic stiffness measurement
method for AMB in MSMP system is adopted to verify
the theoretical analyze results. It is clearly the dynamic
stiffness result obtained from the improved model is
closer to the experimental fitting curve than the previous
analytical result without considering the air gap flux vari-
ation. Compared with the static stiffness obtained from
the traditional static stiffness measurement method,
the error of dynamic current stiffness and displacement
stiffness obtained from dynamic stiffness measurement
method are from 0% to 20.1% and from 0% to 22.5%,
respectively with frequency increasing. The validity of the
measurement method has been verified by the experi-
ment performed on the prototyped MSMP. Comparing
the experimental value to the theoretical value consider-
ing the air gap flux variation, the maximum error of the
current stiffness is 1.3%, the maximum error of the dis-
placement stiffness is 2.1%.

The research in this paper has a great progress in the
research of the dynamic properties of AMB and pro-
vided the evaluation standard for dynamic performance
improvement and structure optimization of AMB.
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