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Preface

The term magnetic bearing refers to devices that provide stable suspension of a rotor. Because
of the contact-less motion of the rotor, magnetic bearings offer many advantages for various
applications. Commercial applications include compressors, centrifuges, high-speed turbines,
energy-storage flywheels, high-precision machine tools, etc.

Magnetic bearings are a typical mechatronic product. Thus, a great deal of knowledge is
necessary for its design, construction and operation. This book is a collection of writings on
magnetic bearings, presented in fragments and divided into six chapters.

First two chapters discuss the so called “classical” magnetic bearing systems, which are
composed of two radial active magnetic bearings, one axial bearing, and an independent
driving motor. In Chapter 1, different control design approaches are applied to an
experimental magnetic bearing system MBC500. The proposed interpolation design approach
and fuzzy logic design are compared with the classical control design. Chapter 2 deals with
non-linearities of magnetic bearing radial force characteristic. The optimisation of the bearing
geometry is proposed, where the aim is to find such design, where a radial force characteristic
is linear, as much as possible, over the entire operating range.

The following chapters present special magnetic suspension systems. Chapter 3 discusses
magnetic suspension for vibration insulation systems, where a novel zero-power control
is proposed. Self-bearing motors are discussed in Chapter 4. A structure of axial-gap self-
bearing motor is studied, whereas a vector control is discussed in details. Chapter 5 presents
different structures of passive permanent magnet bearings. Analytical formulations are given
for each case of axial, radial or perpendicular polarisation of permanent magnets. In Chapter
6, an experimental rotor model is presented with two gradient static field shafts and a high-
temperature superconducting bulk.

Hopefully, this book will provide not only an introduction but also a number of key aspects
of magnetic bearings theory and applications. Last but not least, the presented content is free,
which is of great importance, especially for young researchers and engineers in the field.

Editor

Bostjan Polajzer
University of Maribor, Faculty of Electrical Engineering and Computer Science
Slovenia






Design and implementation of conventional and
advanced controllers for magnetic bearing
system stabilization

Juan Shi and Wee Sit Lee
School of Engineering and Science, Victoria University
Australia

1. Introduction

Active magnetic bearings (AMBs) employ electromagnets to support machine components.
The magnetic forces are generated by feedback controllers to suspend the machine
components within the magnetic field and to control the system dynamics during machine
operation. AMBs have many advantages over mechanical and hydrostatic bearings. These
include zero frictional wear and efficient operation at extremely high speed. They are also
ideal for clean environments because no lubrication is required. Hence, as a result of
minimal mechanical wears and losses, system maintenance costs of AMBs are low. AMBs
are used in a number of applications such as energy storage flywheels, high-speed turbines
and compressors, pumps and jet engines (Williams et al., 1990), (Lee et al., 2006). AMBs are
inherently unstable and it is necessary to use feedback control system for stabilization
(Williams et al., 1990), (Bleuler et al., 1994). This can be achieved by sensing the position of
the rotor and using feedback controllers to control the currents of the electromagnets.

This chapter will present our experience in different design approaches of stabilizing
magnetic bearing systems. By using these approaches, feedback controllers will be designed
and implemented for an experimental magnetic bearing system - the MBC500 magnetic
bearing system (Magnetic Moments, 1995).

As most of the design methods to be presented are model based, a plant model is required.
Since the magnetic bearing system is open-loop unstable, a closed-loop system identification
procedure is required to identify its model. For this purpose, we adopted a two step closed-
loop system identification procedure in the frequency domain. After various model
structures were attempted, an 8th-order model of the MBC500 magnetic bearing system was
identified by applying the System ID toolbox of MatLab to the collected frequency response
data. In the following, this 8th-order unstable model will be treated as the full-order model
of the open-loop plant.

In the first approach, a model based conventional controller is designed on the basis of a
reduced 2nd-order unstable model of the MBC500 magnetic bearing system. In this
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approach, notch filters are necessary to cancel the resonant modes of the active magnetic
bearing system (Shi & Revell, 2002).

In the second approach, a model based controller is designed via interpolation of units on
the complex s-plane. This is an analytical design method. Among various approaches for
feedback control design, analytical design methods offer advantages over trial and error
design techniques. These include the conditions for the existence of a solution and the algorithms
that are gquaranteed to find the solutions, when these exist (Dorato, 1999). A limitation of the
analytical methods is, however, that they tend to generate more complex controllers. One of
the analytical feedback controller design methods is the interpolation approach we employed,
where units in the algebra of bounded-input bounded-output (BIBO) stable proper rational
functions are used to interpolate specified values at some given points in the complex s-
domain (Dorato, 1999), (Dorato,1989). When applying this approach to stabilize the MBC500
magnetic bearing system, the controller is designed on the basis of the reduced 2rd-order
unstable model. Since there are resonant modes that can threaten the stability of the closed
loop system, notch filters are employed to help secure stability (Shi and Lee, 2009).

The third approach in this chapter involves the design of a Fuzzy Logic Controller (FLC).
The FLC uses error and rate of change of error in the position of the rotor as inputs and
produces output voltages to control the currents of the amplifiers that driving the magnetic
bearing system. This approach does not require any analytical model of the MBC500
magnetic bearing system. This can greatly simplify the controller design process.
Furthermore, it will be demonstrated that the FLC can stabilize the magnetic bearing system
without the use of any notch filter (Shi et al., 2008) (Shi & Lee, 2009). Instead of applying the
output of a FLC directly to the input of a magnetic bearing system (like what we have done
here), the output of a FLC can also be used to tune the gains of controllers. For example,
Habib and Inayat-Hussain (2003) reported a dual active magnetic bearing system in which
the output of a FLC was used to tune the gains of a linear PD controller.

The performance of each of the controllers described above will be tested first via
simulation. They will be compared critically in terms closed-loop step responses (steady-
state error, peak overshoot, and settling time), disturbance rejection, and the size of control
signal. The controllers designed will then be coded in C and implemented in real time on a
Digital Signal Processor (DSP) card. The implementation results will also be compared with
the simulation results.

2. Description of the MBC500 Magnetic Bearing System

The MBC500 magnetic bearing system consists of two active radial magnetic bearings which
support a rotor. It is mounted on top of an anodized aluminium case as shown in Figure 1
(Magnetic Moments, 1995). The rotor shaft is actively positioned in the radial directions at
the shaft ends (four degrees of freedom). It is passively centred in the axial direction and can
freely rotate about its axial axis. The system employs four linear current-amplifier pairs
(one pair for each radial bearing axis) and four internal analogue lead compensators to
independently control the radial bearing axes. In this chapter, we shall present design
examples where all the four on-board analogue controllers will be replaced by digital
controllers designed through different approaches.
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Fig. 1. MB(.ZSOO magnetlc bearmg research experlment (Source: Magnetic Moments 1995)

A diagram which defines the system coordinates is shown in Figure 2. The system has four
degrees of freedom, with two degrees of freedom at each end. These degrees of freedom are
all translational in nature and are perpendicular to the z-axis. They are in the horizontal
direction (x; and x2) and in the vertical direction (y1 and y2) (Magnetic Moments, 1995).

y1 y2
z z
X1 Xg
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L Electromagnets -----eeeeii

— Hall effect sensors oo

Fig. 2. MBC500 system configurations (Morse, 1996)
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3. System Identification

3.1 System Identification and reduced order model

Since the magnetic bearing system is open-loop unstable, a closed-loop system identification
procedure was required to identify its model. For this purpose, we adopted a two-step
closed-loop system identification procedure (Morse 1996), (Van den Hof & Schrama 1993).
The procedure employs frequency response data. The details of the frequency response
experiment and the system identification procedure were described in (Shi & Revell, 2002).

Various model structures were attempted before an 8th-order final model was found. The
transfer function of the 8th-order model is shown as follows:

—104.21(s — 2854)(s + 97855 + 3.274 x 107)(s? — 379.15s + 2.048 X 107)(s2 — 564.55 + 1.645 x 10°)
(5 + 511)(s — 292.7)(s + 32.975 + 2.344 X 107)(s2 + 61975 + 402 x 107)(s2 + 23775 + 1.66 x 10°) V)

P(s) =

Note that the pole at s=292.7 of the above transfer function indicates the instability of the
open-loop MBC500 magnetic bearing system. Furthermore, it should be noted that when the
model is employed for model-based controller design, closed-loop performance limitations
will also be imposed by the right-half plane zero at s=2854 (Freudenberg & Looze, 1985).

It can be seen from equation (1) that the MBC500 magnetic bearing model includes two
resonant modes. They are located at approximately 780 Hz and 2055 Hz. Each of these two
modes causes an increase in magnitude and a large change in phase in the frequency
response. These characteristics of the resonant modes can threaten the stability of the closed-
loop system. Consequently, two notch filters are designed to eliminate these unwanted
resonances. Since the notch filters must cancel out the resonant modes, the resonant
frequencies of the experimental model must be obtained accurately. Two elliptic notch filters
have been designed to notch out the resonant modes. As a result, controllers can be
designed on the basis of a reduced order unstable system model where the resonant modes
are absent. This reduced order model of the plant can be obtained by eliminating the
resonant modes and preserving the DC gain of the 8th-order magnetic bearing system
model. The resulting reduced order model has a transfer function of

—75.86(s — 2854)

PO = GTsiDe —2927)

()

4. Conventional Controller Design

A single-loop unity-feedback control system shown in Figure 3 is considered in the
controller design in this chapter. In this Figure, P(s) is the transfer function of the magnetic
bearing system and C(s) is the transfer function of the controller.

d

My Pes)

Yo
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L3 () N

Fig. 3. A single-loop unity-feedback control system
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On the basis of the reduced order model described by equation (2), a conventional lead
compensator was designed by using root locus method (Shi & Revell, 2002). Although the
lead compensator has been designed to stabilize the MBC500 magnetic bearing system, its
frequency response has a magnitude which remains large in the high frequency region. This
will affect the stability robustness of the closed-loop system. Thus an additional high
frequency pole at 7000 Hz (or 43982 rad/s) was incorporated to reduce the gain at high
frequency. As a result, the final controller employed in (Shi & Revell, 2002) was a second
order controller (lead with low pass filter with cut off frequency of 7000 Hz) and the transfer
function of the controller is as follows:

4.23(s +1067.3) 43982
(s +3202) (s + 43982)

Cieaa () = ©)

Figure 4 illustrates the root locus of the magnetic bearing system represented by the reduced
order model shown in equation (2) with the designed lead compensator shown in equation
(3). The closed-loop poles are at -4.43x104, -2.73x10%, and -167+392j respectively. Figure 5
shows the Bode plot of the closed-loop system with and without the added low pass filter. It
can be seen from the Bode plot that the added low pass filter improves the system
robustness by reducing system sensitivity to uncertain high frequency dynamics.
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Fig. 4. Root locus of the magnetic bearing system (a reduced 2nrd-order model is used here)
with the designed lead compensator
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Bode Diagram
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Fig. 5. Bode plot of the magnetic bearing system (a reduced 2nd-order model is used here)
with the designed lead compensator

5. Controller Design via Interpolation Approach

5.1 Controller Design via Interpolation Approach

A single-loop unity-feedback control system shown in Figure 3 is considered in the
controller design via the interpolation approach described in (Dorato, 1999). It was shown in
(Dorato, 1999) that any rational transfer function,

np ()

dp(s)

P(s) = ©

where 1,(s) and dy(s) are arbitrary polynomials, can always be written as a ratio of two
coprime stable proper transfer functions,

M)
PO =54 ®)

where
N (s) = 128 ®)

h(s)
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dp(s)
D,(s) = -~ 7
P =97 @

with h(s) a Hurwitz polynomial of appropriate degree. Let U(s) be a unit in the algebra of
BIBO stable proper transfer functions, then following (Dorato, 1999) a stable stabilizing
controller can be calculated as:

U(s)=Dy(s)

C(s) = o)

®)

when P(s) satisfies the parity-interlacing property (p.i.p.) condition (Youla, 1974) and U(s)
satisfies certain interpolation conditions. Specifically, let b; denotes the zeros of the plant in
the RHP, the closed-loop system will be internally stable, and the controller will be stable, if
and only if U(s) interpolates to U(b;) = D,(b;) (Dorato, 1999).

5.2 Controller Design for the Magnetic Bearing System

Firstly we note that the reduced order model of the plant described by equation (2) has a
zero at s =2854 and a zero at s =co. Since the pole at s = 292.7 is not between these two zeros,
the parity-interlacing property (p.i.p.) condition (Youla, 1974) is satisfied and a stable
stabilizing controller is known to exist.

In the following, we assume that the design must satisfy the following specifications:

¢ The sensitivity function is to have all its poles at s =-511,
e A steady-state error magnitude (subjected to a unit step input) of es; = 0.1.

Since the closed-loop transfer functions are:

E(s) 1 _Dy(s) 9

RE 1T COPG) | U ®

Y) . PG Ny(®)

D(s) 1+ C(s)P(s) Up(s) (10)
ME €)DD) an

R(s) 1+C(s)P(s)  U(s)

By choosing h(s) = (s + 511)2, the requirement of the closed-loop poles specification will be
satisfied. As a result,
—75.86(s — 2854)

No(8) = (351192

(12)

and
(s —292.7)

) = sty

(13)
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The interpolation conditions are:
U(2854) = D,(2854) = 0.7612, and U() = Dp() = 1.

Let the steady-state error magnitude be e = 0.1, then:

D, (0)
€ss = |ﬁ (14)
Let the interpolating unit U(s) take of the following form:
h(s)
Uts) = s2+as+b (15%)
with a > 0 and b > 0, then after some simple calculations, the controller is found to be:
6.8046(s + 511)(s + 99.59
C(s) = (s )(s ) (16)

(s +2322)(s + 19.73)

Controllers with other values of steady-state error magnitude can also be found by
following similar procedures. For example, the following controllers Ci(s) and Cx(s) were
computed on the basis of error magnitude e;; = 0.01 and e = 1, respectively.

6.9978(s + 511)(s + 88.92)

G109 = —532355)(s + 1.946)

(17)

4.914(s + 511)(s + 250.7)
(s +1967)(s + 231.8)

Cy(s) = (18)

It can be seen that each of these controllers is of second order and is in the form of a lead-lag
compensator.

6. Fuzzy logic controller design

A fuzzy logic controller (FLC) consists of four elements. These are a fuzzification interface, a
rule base, an inference mechanism, and a defuzzification interface (Passino & Yurkovich,
1998). A FLC has to be designed for each of the four channels of the MBC500 magnetic
system. The design of the FLC for channel x; is described in detail in this section. The design
of the remaining FLCs will follow the same procedure. The FLC designed for the MBC500
magnetic bearing system in this section has two inputs and one output. The “Error” and
“Rate of Change of Error” variables derived from the output from the MBC500 on-board
hall-effect sensor will be used as the inputs. A voltage for controlling the current amplifiers
on the MBC500 magnetic bearing system will be produced as the output. The shaft’s
schematic (top view) showing the electromagnets and the Hall-effect sensors is provided in
Figure 6.
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*h .
X1 arseshoe” ¢lectromagnet %2
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/DD\ Du

Nomiaal gap = 40 mm

Hall sensor

Fig. 6. Shaft schematic showing electromagnets and Hall-effect sensors (Magnetic Moments,
1995)

Figure 7 shows the single channel block diagram of the magnetic bearing system with the
proposed FLC. A PD-Like FLC was designed to improve system damping as closed-loop
stability is the major concern of the magnetic bearing system. As the MBC500 is a small
magnetic bearing system, it has extremely fast dynamic responses which include the
vibrations at 770 Hz and 2050 Hz. Therefore, a sampling frequency of 20kHz (or a sample
period of 50 microseconds) was deemed necessary.

Fuzzy Logic| Feomrol . Magnetic Vsense
Controller ¥ Bearing "

Fig. 7. FLC for MBC500 magnetic bearing system
Figure 8 illustrates the horizontal orientation (top view) of the MBC500 magnetic bearing

shaft with the corresponding centre reference line, and its output and input at the right hand
side (that is, channel 2).

Frensez

I Veontroiz
»

Reference r=0

Fig. 8. MBC500 magnetic bearing control at the right hand side for channel x,
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The displacement output x; is sensed by the Hall-effect sensor as the voltage Vsense2. Hence
the error signal is defined for channel x; as:

e(t) = 1(t) — Vsense2(t)

For the magnetic bearing stabilization problem, the reference input is r(t) = 0. As a result,

and

e(t) = —Vsense2(t)

d d
E e(t) = - E Vsensez2(t)

The linguistic variables which describe the FLC inputs and outputs are:

“Error” denotes e(t)

“Rate of change of error” denotes % e(t)

“Control voltage” denotes Veontrol2

u

The above linguistic variables “error”, “rate of change of error,” and “control voltage” will
take on the following linguistic values:

“NB” = Negative Big
“NS” = Negative Small
“ZQ" = Zero

“PS” = Positive Small
“PB” = Positive Big

Drawing on the design concept of the FLC for an inverted pendulum on a cart described in
(Passino & Yurkovich, 1998) the following statements can be developed to illustrate the
linguistic quantification of the different conditions of the magnetic bearing;:

The statement “error is PB” represents the situation where the magnetic bearing
shaft is significantly below the reference line.

The statement “error is NS” represents the situation where the magnetic bearing
shaft is just slightly above the reference line. However, it is neither too close to the
centre reference position to be quantified as “ZO” nor it is too far away to be
quantified as “NB”.

The statement “error is ZO” represents the situation where the magnetic bearing
shaft is sufficiently close to the centre reference position. As a linguistic
quantification is not precise, any value of the error around e(t) = 0 will be accepted
as “ZO” as long as this can be considered as a better quantification than “PS” or
"NS”.

The statement “error is PB and rate of change of error is PS” represents the
situation where the magnetic bearing shaft is significantly below the centre

. . d . . . .
reference line and, since_- Vsensez < 0, the magnetic bearing shaft is moving slowly
away from the centre position.
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e The statement “error is NS and rate of change of error is PS” represents the
situation where the magnetic bearing shaft is slightly above the centre reference

line and, since% Vsensez < 0, the magnetic bearing shaft is moving slowly towards
the centre position.

We shall use the above linguistic quantification to specify a set of rules or a rule-base. The
following three situations will demonstrate how the rule-base is developed.

1. If error is NB and rate of change of error is NB Then force is NB.

Figure 9 shows that the magnetic bearing shaft at the right end is significantly above the
centre reference line and is moving away from it quickly. Therefore, it is clear that a strong
negative force should be applied so that the shaft will move to the centre reference position.

Vsensez

Ve ontroi2

Reference r=0

Fig. 9. Magnetic bearing shaft at the right end with a positive displacement

2. Iferror is ZO and rate of change of error is PS Then force is PS.

Figure 10 shows that the bearing shaft at the right end has a displacement of nearly zero
from the centre reference position (a linguistic quantification of zero does not imply that
e(t)=0 exactly) and is moving away (downwards) from the centre reference line. Therefore, a
small positive force should be applied to counteract the movement so that it will move
towards the centre reference position.

Reference r=0

Veontrol2

Vs*ensd

Fig. 10. Magnetic bearing shaft at the right end with zero displacement

3. If error is PB and rate of change of error is NS Then force is PS.

Figure 11 shows that the bearing shaft at the right end is far below the centre reference line
and is moving towards the centre reference position. Therefore, a small positive force should
be applied to assist the movement. However, it should not be too large a force since the
bearing shaft at the right end is already moving in the correct direction.
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Reference r=0

Fig. 11. Magnetic bearing shaft at the right end with a negative displacement

Following a similar analysis, the rules of the FLC for controlling the magnetic bearing shaft
can be developed. For the FLC with two inputs and five linguistic values for each input,
there are 52=25 possible rules with all combination for the inputs. A set of possible linguistic
output values are NB, NS, ZO, PS and PB. The tabular representation of the FLC rule base
(with 25 rules) of the magnetic bearing fuzzy control system is shown in Table 1.

“control voltage” “rate of change of error”é

Vv NB NS y4e PS PB
NB NB NB NB NS V4@
NS NB NB NS V4@ PS
“error’e |ZO NB NS ZO PS PM
PS NS Z0O PS PB PB
PB y4e} PS PB PB PB
Table 1. Rule table with 25 rules

The membership functions to be employed are of the triangular type where, for any given
input, there are only two membership functions premises to be calculated. This is in contrast
to Gaussian membership functions where each requires more than two premise outputs and
can generate a large amount of calculations per final output. The triangular membership
functions used is shown in Figure 12:

0.81 1

0.61 h

0.4r h

0.2r h

Membership Function Output

-q.5 -1 -0.5 0 0.5 1 15
System Input

Fig. 12. Triangular Membership Function
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The membership functions shown in Figure 12 represent the linguistic values NB, NS, ZO,
PS, PB (from left to right).

The inference method used for the designed FLC is Takagi-Sugeno Method (Passino &
Yurkovich, 1998) and the centre average method is used in the defuzzification process
(Passino & Yurkovich, 1998).

7. Simulation Results

By using the designed conventional controller Cia(s), the controllers C(s), Ci(s), and Ca(s)
designed via the analytical interpolation method, and the FLC designed in Section 6, the
closed-loop responses to a unit-step reference (applied at t = 0) and a unit-step disturbance
(applied at t = 0.05 seconds) and the corresponding control signals are shown in Figure 13
and Figure 14, respectively. In all of the simulations, the full 8th-order plant model described
by equation (1) was employed.

It is important to note that the DC gain designed into each of C(s) and Ci(s) via interpolation
has forced the steady-state error to be the small value specified. It is also important to note
that while the closed-loop unit step responses with Crui(s) and Ca(s) have comparable
steady-state errors (approximately -1), the closed-loop unit-step response with Cy(s) has a
much better transient responses than that with Cies(s). (Similar comment also applies to their
disturbance rejection behaviours). Furthermore, it is apparent that trade-off between steady-
state error and transient response can be easily achieved with controllers designed via the
interpolation approach presented in Section 5.

& : : ! ! ! : : ' '
' : : : - ' with C,__ (s

T I . . S .- S . . — — —with C(s) |
' : : - : : ——_with C, (s)

with C,(s)

Displacements in Yolts

-0.5

i 1 1 i I i 1 1 i
o 0.01 0.02 0.03 004 o0s 005 007 o.o0s 009 o1
Time in seconds

Fig. 13. Closed-loop responses of the MBC500 magnetic bearing system to step reference and
step disturbance with controllers Ciaa(s), C(s), Ci(s), and Ca(s), and the designed FLC.
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: : : : : : with C__ (5]
: : : g : i — — —with Ci(s)
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; : ; : N with Cz(s)
N ORI PN e ........ ........ S~ with FLC L]

Control signal in Yolts

4 i | 1 i ] i 1 i
0 oor o002 003 o04 005 008 0O 002 009 01
Time in seconds

Fig. 14. Closed-loop responses of the MBC500 magnetic bearing system to step reference and
step disturbance with controllers Ciaa(s), C(s), Ci(s), and Ca(s), and the designed FLC.

It can also be observed that the closed-loop unit step responses obtained with the designed
FLC exhibits more oscillations. However, it must be pointed out that two elliptic notch
filters to notch out the resonant modes of the MBC500 magnetic bearing system located at
approximately 770 Hz and 2050 Hz were employed with both the conventional controller
and the controllers designed via analytical interpolation approach to ensure system stability.
For the designed FLC, system stability is achieved without the need of using the two notch
filters.

From Figures 13 and 14 it can be seen that the system is stable and reasonably well
compensated by all the controllers designed. These controllers are now ready to be coded in
C language and implemented in real-time.

8. Implementation of the designed Controllers

In order to implement the designed notch filters and controllers, a dSPACE DS1102
processor board, MatLab, Simulink and dSPACE Control Desk are used. The controllers
Creaa(s) and Co(s) are represented as a block diagram via a Simulink file, which allows it to be
connected to the ADC and the DAC of the DS1102 processor board. The DS1102 DSP board
can then execute the designed controllers (discretized via the bilinear-transformation
method) through MatLab’s Real-Time Workshop.
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In this magnetic bearing system, for the model based controllers the notch filters act to
provide damping to the rotor resonances near 770 Hz and 2050 Hz. The sampling frequency
was originally chosen to be 25 kHz to avoid aliasing of frequencies within the normal
operating frequency range (Shi & Revell, 2002). The maximum possible sampling frequency
with the FLC was 20 kHz (Shi & Lee, 2008) due to the longer C code implementation
requirement of the FLC. In order to have a fair comparison of the system responses, the
sampling frequencies of the model based controllers and the FLC were both set at 20kHz.

In the following, we shall present and compare the experimental results. Preliminary
observation has revealed that the performance of the controller Cx(s) designed via analytical
interpolation approach is most similar to Cia(s) and the FLC. As a result, the performance of
Cs(s) will be investigated in detail in the implementation. We shall first compare the results
for the model based controllers and the FLC under steady-state conditions. We shall then
compare the disturbance rejection results of the closed-loop system employing each of these
controllers.

8.1 Comparison of Steady-state Responses
Figure 15 shows the steady-state responses of the magnetic bearing system when it is under
the control of the model based controllers and the FLC, respectively.
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Fig. 15. Steady-state responses with the model based controllers and FLC

It can be seen in Figure 15 that the displacement sensor outputs were noisy when the
magnetic bearing system is controlled by either the model based controller or the FLC.
However, the response with the FLC has a smaller steady-state error (i.e. closer to zero).
Investigation via analysis and simulation has revealed that the source of the noise in the
outputs was measurement noise.
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8.2 Comparison of Step and Disturbance Rejection Responses

Figure 16 and Figure 17 show the displacement sensor output and the controller output,
respectively, when a step disturbance of 0.05V is applied to the channel 1 input of the
magnetic bearing system when it is controlled with the model based conventional controller
Ciead(s). Note that the displacement sensor output is multiplied by a factor of 10 when it is
transmitted through the DAC.
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Fig. 16. Displacement output of the MBC500 magnetic bearing system with the model based
controller Cie(s).
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Fig. 17. Control signal of the MBC500 magnetic bearing system with the model based
controller Cie(s).
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Figure 18 and Figure 19 show the displacement sensor output and the controller output,
respectively, when a step change in disturbance of 0.1V is applied to the channel 1 input of

the magnetic bearing system when it is controlled with the model based controller.
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Figure 20 and Figure 21 show the displacement sensor output and the controller output,
respectively, when a step change in disturbance of 0.5V is applied to the channel 1 input of
the magnetic bearing system when it is controlled with the conventional controller Cie(s).
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Fig. 20. Step response of the MBC500 magnetic bearing system with the model based
controller Ca(s).
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Fig. 21. Control signal of the MBC500 magnetic bearing system with the model based
controller Ca(s).
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It can be seen from the above figures that the magnetic bearing system remain stable under
the control of the model based conventional controller when a step change in disturbance of
is applied to its channel 1 input. Similar results were also obtained from other channels.

Figure 22 and Figure 23 show the displacement sensor output and the controller output,
respectively, when a step change in disturbance of 0.05V is applied to the channel 1 input of
the magnetic bearing system when it is controlled with the analytical controller Cy(s).
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Fig. 22. Displacement output of the MBC500 magnetic bearing system with the analytical

controller Cy(s).
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Fig. 23. Control signal of the MBC500 magnetic bearing system with the analytical controller
Cz(S).
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Figure 24 and Figure 25 show the displacement sensor output and the controller output,
respectively, when a step change in disturbance of 0.1V is applied to the channel 1 input of
the magnetic bearing system when it is controlled with the analytical controller Cx(s).
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Fig. 24. Displacement output of the MBC500 magnetic bearing system with the analytical
controller Cx(s).
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Fig. 25. Control signal of the MBC500 magnetic bearing system with the analytical controller
Cz(S).
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Figure 26 and Figure 27 show the displacement sensor output and the controller output,
respectively, when a step change in disturbance of 0.5V is applied to the channel 1 input of

the magnetic bearing system when it is controlled with the analytical controller Cx(s).
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Figure 28 and Figure 29 show the displacement sensor output voltage and the controller
output voltage, respectively, when a step of 0.05V is applied to channel 1 of the magnetic

bearing system, when it is controlled with the FLC.
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Fig. 28. Step response of the MBC500 magnetic bearing system with the FLC.
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Fig. 29. Control signal of the MBC500 magnetic bearing system with the FLC.
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Figure 30 and Figure 31 show the displacement sensor output voltage and the controller
output voltage, respectively, when a step of 0.1V is applied to channel 1 of the magnetic
bearing system, when it is controlled with the FLC.
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Fig. 30. Step response of the MBC500 magnetic bearing system with the FLC.
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Fig. 31. Control signal of the MBC500 magnetic bearing system with the FLC.
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Figure 32 and Figure 33 show the displacement sensor output and the controller output,
respectively, when a step change in disturbance of 0.5V is applied to the channel 1 input of
the magnetic bearing system when it is controlled with the FLC.
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Fig. 32. Step response of the MBC500 magnetic bearing system with the FLC.
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Fig. 33. Control signal of the MBC500 magnetic bearing system with the FLC.
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The FLC was tested extensively to ensure that it can operate in a wide range of conditions.
These include testing its tolerance to the resonances of the MBC500 system by tapping the
rotor with screwdrivers. The system remained stable throughout the whole regime of
testing. The MBC500 magnetic bearing system has four different channels; three of the
channels were successfully stabilized with the single FLC designed without any
modifications or further adjustments. For the channel that failed to be robustly stabilized,
the difficulty could be attributed to the strong resonances in that particular channel which
have very large magnitude. After some tuning to the input and output scaling values of the
FLC, robust stabilization was also achieved for this difficult channel.

Comparing Figures 16 and 22, 18 and 24, 20 and 26, it can be seen that the system step
responses with the controller designed via analytical interpolation approach exhibit smaller
overshoot and shorter settling time with similar control effort as shown in Figures 17 and 23,
19 and 25, 21 and 27. The step and step disturbance rejection responses with the designed
FLC exhibit smaller steady-state error and overshoot as shown in Figures 28, 30 and 32 with
much bigger control signal displayed in Figures 29, 31 and 33. However, it must be pointed
out that the system stability is achieved with the designed FLC without using the two notch
filters to eliminate the unwanted resonant modes.

9. Conclusion and future work

In this chapter, the controller structure and performance of a conventional controller and an
analytical feedback controller have been compared with those of a fuzzy logic controller
(FLC) when they are applied to the MBC500 magnetic bearing system stabilization problem.

The conventional and the analytical feedback controller were designed on the basis of a
reduced order model obtained from an identified 8th-order model of the MBC500 magnetic
bearing system. Since there are resonant modes that can threaten the stability of the closed-
loop system, notch filters were employed to help secure stability.

The FLC uses error and rate of change of error in the position of the rotor as inputs and
produces an output voltage to control the current of the amplifier in the magnetic bearing
system. Since a model is not required in this approach, this greatly simplified the design
process. In addition, the FLC can stabilize the magnetic bearing system without the use of
any notch filters. Despite the simplicity of FLC, experimental results have shown that it
produces less steady-state error and has less overshoot than its model based counterpart.

While the model based controllers are linear systems, it is not a surprise that their stability
condition depends on the level of the disturbance. This is because the magnetic bearing
system is a nonlinear system. However, although the FLC exhibits some of the common
characteristics of high authority linear controllers (small steady-state error and amplification
of measurement noise), it does not have the low stability robustness property usually
associated with such high gain controllers that we would have expected.

Future work will include finding some explanations for the above unusual observation on
FLC. We believe the understanding achieved through attempting to address the above issue
would lead to better controller design methods for active magnetic bearing systems.
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1. Introduction

Active magnetic bearings (AMBs) are used to provide contact-less suspension of a rotor
(Schweitzer et al., 1994). No friction, no lubrication, precise position control, and vibration
damping make AMBs appropriate for different applications. In-depth debate about the
research and development has been taken place the last two decades throughout the
magnetic bearings community (ISMB12, 2010). However, in the future it is likely to be
focused towards the superconducting applications of magnetic bearings (Rosner, 2001).
Nevertheless, the discussion in this work is restricted to the design and analysis of
“classical” AMBs, which are indispensable elements for high-speed, high-precision machine
tools (Larsonneur, 1994). Two radial AMBs, which control the vertical and horizontal rotor
displacements in four degrees of freedom (DOFs) are placed at the each end of the rotor,
whereas an axial AMB is used to control the fifth DOF, as it is shown in Fig. 1. Rotation (the
sixth DOF) is controlled by an independent driving motor. Because AMBs constitute an
inherently unstable system, a closed-loop control is required to stabilize the rotor position.
Different control techniques (Knospe & Collins, 1996) are employed to achieve advanced
features of AMB systems, such as higher operating speeds or control of the unbalance
response. However, a decentralized PID feedback is, even nowadays, normally used in
AMB industrial applications, whereas prior to a decade ago, more than 90% of the AMB
systems were based on PID decentralized control (Bleuer et al., 1994).

radial AMB axial AMB  motor radial AMB
(2 DOF) (1 DOEF) (1 DOEF) (2 DOF)

Fig. 1. Typical AMB system
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The development and design of AMBs is a complex process, where possible
interdependencies of requirements and constrains should be considered. This can be done
either by trials using analytical approach (Maslen, 1997), or by applying numerical
optimization methods (Meeker, 1996; Carlson-Skalak et al., 1999; gtumberger et al., 2000).
AMBs are a typical non-linear electro-magneto-mechanical coupled system. A combination
of stochastic search methods and analysis based on the finite element method (FEM) is
recommended for the optimization of such constrained, non-linear electromagnetic systems
(Hameyer & Belmans, 1999).

In this work the numerical optimization of radial AMBs is performed using differential
evolution (DE) - a direct search algorithm (Price et al., 2005) - and the FEM (Pahner et al.,
1998). The objective of the optimization is to linearize current and position dependent radial
force characteristic over the entire operating range. The objective function is evaluated by
two dimensional FEM-based magnetostatic computations, whereas the radial force is
determined using Maxwell’s stress tensor method. Furthermore, through the comparison of
the non-optimized and optimized radial AMB, the impact of non-linearities of the radial
force characteristic, on static and dynamic properties of the overall system is evaluated over
the entire operating range.

2. Radial Force Characteristic of Active Magnetic Bearings

An eight-pole radial AMB is discussed, as it is shown in Fig.2. The windings of all
electromagnets are supplied in such a way, that a NS-SN-NS-SN pole arrangement is
achieved. Four independent magnetic circuits - electromagnets are obtained in such way.
The electromagnets in the same axis generate the attraction forces acting on the rotor in
opposite directions. The resultant radial force of such a pair of electromagnets is a non-linear
function of the currents, rotor position, and magnetization of the iron core. The differential
driving mode of currents is introduced by the following definitions: iy = Io + i, 12 = Io — iy,
i3=1Io+1i, and iy =1Io—1i, where Iy is the constant bias current, i, and i, are the control
currents in the x and y axis, where | i | <Ip, and | i, | <.

electromagnet no. 3

electromagnet
no. 2

electromagnet
no. 1

electromagnet no. 4

Fig. 2. Eight-pole radial AMB
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2.1 Linearized AMB model for one axis

When the magnetic non-linearities and cross-coupling effects are neglected, the force
generated by a pair of electromagnets in the x axis can be expressed by (1). & is the nominal
air gap for the rotor central position (x =y =0), o is permeability of vacuum, N is the
number of turns of each coil, and A is the area of one pole. Note that the force generated by
a pair of electromagnets in the y axis is defined in the same way as in (1).

2 2
1 I, +i I,—i
F, =— 4, AN 8)| | L | | 1
=L AN cos(ef )([5] [de 0

Non-linear equation (1) can be linearized at a nominal operating point (x =0, ix = 0). The
obtained linear equation (2) is valid only in the vicinity of the point of linearization. In such
way two parameters are introduced at a nominal operating point; the current gain 7 nom
by (3) and the position stiffness c; nom by (4).

Fx = hx,nom i+ Cynom X (2)
oF, . I,
nom = — = 1, AN? cos(7/8) = @)
alx (i,=0,x=0) 50
oF, . 12
Conom = — = 14, AN? cos(7/8) =% 4
ox (i,=0,x=0) ’ 503 @

The motion of the rotor between two electromagnets in the x axis is described by (5), where
m is the mass of the rotor. When the equation (2) is used then the linearized AMB model for
one axis is described by (6).

d*x

F =m—- 5
. i ®)
d’x  h,
74 xnom x,nom 6
ar m E m * ©)

The dynamic model (6) is used for determining the controller settings, where the nominal
values of the model parameters are used (fxnom and ¢ynom). However, due to the magnetic
non-linearities, the current gain and position stiffness vary according to the operating point.
Consequently, a damping and stiffness of the closed-loop system might be deteriorated in
the cases of high signal amplitudes, such as heavy load unbalanced operation.

2.2 Magnetic field distribution and radial force computation using FEM

The magnetostatic problem is formulated by Poisson's equation (7), where A denotes the
magnetic vector potential, vis the magnetic reluctivity, J is the current density,  denotes the
dot product and V is the Hamilton's differential operator.

Ve(rvA)=-] %
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0 5 10 15 20 25
H[KA/m]

Fig. 3. B-H characteristic for laminated ferromagnetic material 330-35-A5

The Poisson's equation (7) is solved numerically using the two dimensional FEM. The stator
and rotor are constructed of laminated steel sheets—lamination thickness is 0.35 mm.
Ferromagnetic material 330-35-A5, whose magnetization characteristic is shown in Fig. 3 is
used. The discretization of the model is shown in Fig.4a), where standard triangular
elements are applied. The non-linear solution of the magnetic vector potential (7) is
computed by a conjugate gradient and the Newton-Raphson method. During the analysis of
errors, adaptive mesh refinement is applied until the solution error is smaller than a
predefined value. Note that the initial mesh is composed of 9973 nodes and 19824 elements,
whereas 16442 nodes and 32762 elements are used for the refined mesh. In Fig. 4b) the
refined mesh is shown for the air gap region. Example of the magnetic field distribution is
shown in Fig. 5. The radial force is computed by Maxwell’s stress tensor method (8), where
G is Maxwell’s stress tensor, n is the unit vector normal to the integration surface S and B is
the magnetic flux density. The integration is performed over a contour placed along a
middle layer of the three-layer mesh in the air gap, as it is shown in Fig. 4b).
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Fig. 4. Discretization of the model (a)

, and refined mesh in the air gap with integration
contour for radial force computation (b)
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o
Fig. 5. Magnetic field distribution for the case i,=0A, iy=3 A, [y =5A, and x =y =0mm;
equipotential plot for the whole geometry (a), and in the air gap and the pole (b)

2.3 Impact of magnetic non-linearities on radial force characteristic

The flux density plot and the equipotential plot is given in Figs. 5 and 6 for a heavy load
condition in the y axis (i =0 A, i, = 3 A) at the rotor central position (x = y = 0). Note that for
this case only the radial force in the y axis is generated, whereas the component in the x axis
is zero. In Fig. 6 the iron core saturation in the region of the upper electromagnet is
observed; an average value of the flux density in the iron core is 1.31 T, whereas at the
corners the maximum value of even 1.86 T is reached. However, value of the flux density in
the air gap of the upper electromagnet is 1.09 T, as it is marked in Fig. 6. Due to the iron core
saturation in the upper electromagnet the radial force generated by a pair of electromagnets
in the y axis is reduced. Moreover, the flux lines of the upper electromagnet also link with all
other electromagnets, as it is shown in Figs. 5 and 6. Due to these magnetic cross-couplings
the asymmetrical air gap flux density is generated in both electromagnets in the x axis, i.e.
0.67 T and 0.70 T (Figure 6). Consequently, electromagnets in the x axis generate a negative
radial force component in the y axis, as it is shown by the vector analysis in Fig. 6. In such
way, the resultant radial force in the y axis is additionally reduced.

Fig. 6. Magnetic field distribution for the case ir=0A, iy,=3 A, [y=5A, and x=y=0mm
with air gap values of the flux density and vector analysis of a radial force of a pair of
electromagnets in the x axis
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Fig. 7. Radial force characteristic Fy(ix,x): FEM-computed (a), and measured (b)

The radial force characteristic Fx(ixiy,x,y) has been calculated over the entire operating range
(ixe[-5A,5A] iye[-5A, 5A], x € [-0.1 mm, 0.1 mm], y € [-0.1 mm, 0.1 mm]). The radial
force characteristic Fi(ix,x) is shown in Fig.7. A good agreement is obtained between the
FEM-computed and measured characteristic. Note that the air gap has been increased in
FEM computations from 0.4 to 0.45 mm because the magnetic air gap is larger than the
geometric one due to the manufacturing process of the rotor steel sheets. The increase of
0.05mm in the air gap can be compared with the findings in (Antila et al., 1998).
Furthermore, the radial force characteristic Fi(ir,x) obtained by (1) and (2) are shown in
Fig. 8 for the discussed radial AMB. Through the comparison between the FEM-computed
and analytical results obtained by a non-linear equation (1) (Figs.7a and 8a), the
considerable radial force reduction is determined. However, in the vicinity of the nominal
operating point, the radial force characteristic is surprisingly linear, which is verified
through the comparison among the FEM-computed and analytical results obtained by a
linearized equation (2) (Figs. 7a and 8b). As it has been already mentioned, the radial force is
reduced due to the impact of magnetic non-linearities and cross-coupling effects, especially
near the operating range margin (|ix| >2 A, |x| > 0.05 mm), which is reached in the cases
of a heavy load unbalanced operation. A more detailed analysis is performed in the section 4
through evaluation of variations of the current gain /, and position stiffness ¢, over the
entire operating range.

FIN]

iL[A]

i [A]
a) x [mm] b) x [mm] x

Fig. 8. Radial force characteristic F,(iy,x): obtained by non-linear equation (1) - (a), and by
linearized equation (2) - (b)
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3. Design of Radial Active Magnetic Bearings by DE and the FEM

The goal is to design a radial AMB whose radial force characteristic is linear as much as
possible over the entire operating range. An experimental radial AMB, shown in Fig. 9
(Polajzer, 2002), is considered for the initial design.

In the author’s opinion, DE in combination with the FEM-based analysis is at present still
one of the most powerful tools for optimization of such a problem class, where the
dependency of the objective function on the design parameters is unknown. According to
(Pahner et al., 1998), for optimization of electromagnetic devices in combination with the
FEM, DE converges faster and is more stable when compared to other stochastic direct
search algorithms such as simulated annealing and self-adaptive evolution strategies. In this
work a DE/FEM-based design procedure for radial AMBs is applied, similar to the
procedure proposed in our earlier work (Polajzer et al., 2008).

Fig. 9. Experimental radial AMB - initial design: A - stator, B - rotor, C - housing

3.1 Objective function and design parameters

The objective function should be formulated in such a way, that contradictory partial aims
are avoided. Otherwise it is possible for the algorithm to stick in a local minimum. This can
be prevented by choosing appropriate constraints for the optimization problem. As it is
mentioned earlier, the aim is to linearize the radial force characteristic of AMBs over the
entire operating range. The non-linearity of a radial force characteristic Fi(iyiyxy) is
described by the current gain h, = 0F,/0i, and position stiffness c, = 0F./0x, which are
approximated with differential quotients between two points of the numerically expressed
function Fi(ixiyx,y). The aim of the optimization is thus formulated as a minimization of
variations of the linearized AMB model parameters.

The objective function g and penalties pi, p; are found empirically and are defined by (9)-
(11). The discussed parameter variations are determined by differences between the nominal
and maximal parameter values Alx = (Fxnom — Fxmax) and Acx = (Cxnom — Cxmax). The nominal
parameter values refer to the nominal operating point where the rotor is in the central
position (x=y=0), while both control currents equal zero (ix=1i,=0). The maximal
parameter values refer to the maximal rotor eccentricity (x =y = Emax) and maximal control
currents (ix = iy = Ip), which is expected for a heavy load unbalanced operation. Note that the
differences Al := (Mx0nom — Hx0,max) and Acxo := (Cx0nom — Cxomax) are defined for the initial
AMB design.
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The design parameters (x1, X2, X3, X4) are the rotor yoke width w, stator yoke width w,, pole
width w, (all shown in Fig. 10) and axial length of the bearing I, respectively. The design
constraints are fixed mainly by the mounting conditions, which are given by the shaft radius
ren = 17.5 mm and stator outer radius r, = 52.8 mm (Fig. 10). Two additional constraints are
given by the nominal air gap & = 0.45 mm and the bias current I =5 A in order to achieve
the maximum force slew rate |dF/dt|max=57106N/s. Furthermore, the maximum
eccentricity of the rotor Emax=0.1mm is determined in order to prevent the rotor
touchdown.

stator

Fig. 10. Geometry of the discussed radial AMB - design parameters are denoted by x1, x2, x3

3.2 Optimization procedure
Optimization of the discussed radial AMBs has been carried out in a special programming
environment tuned for FEM-based numerical optimizations (Pahner et al., 1998). The
procedure is described by the following steps:
e Step 1) The geometry of the initial AMB is described parametrically.
o Step 2) The new values for the design parameters are determined by the DE (Price et
al., 2005), where strategy “DE/best/1/exp” is used with the population size NP = 25,
the DE step size F = 0.5 and for the crossover probability constant CR = 0.75.
e Step 3) The geometry, the materials, the current densities, and the boundary
conditions are defined. The procedure continues with Step 2) if the parameters of the
bearing are outside the design constraints.
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e Step 4) The radial force is computed by the FEM, as it is described in the previous
section. Computations are performed for eight different cases: near the nominal
operating point for i, = 0+0.1lp and x = 0£0.1Enay, as well as near the maximal operating
point for iy = 0.91p30.1Ip and x = Enaxt0.1Emax. Note that the control current iy and the
rotor position in the y axis are both zero during these computations.

e Step 5) The current gain values /i nom and /1x,max, as well as the position stiffness values
Cxnom and cxmax are calculated with differential quotients, whereas values of the radial
force are obtained from Step 4).

o Step 6) The value of the objective function (9) is calculated. The optimization proceeds
with Step 2) until a minimal optimization parameter variation step or a maximal
number of evolutionary iterations are reached.

3.3 Results of the optimization

The objective function has been minimized from 1 to even 0.46, while the minimal value has
been reached after 41 iterations. The data and parameters for the initial - non-optimized
radial AMB and for the optimized radial AMB are given in Table 1. All design parameters
are rounded off to one tenth of a millimetre. Nominal values for the current gain and
position stiffness, i.e. at the nominal operating point (ix = 0, x = 0), as well as the mass of the
rotor of the optimized bearing are, indeed, slightly lower. Consequently, the controller
settings need to be recalculated for the new nominal parameter values. In such way the
closed-loop system dynamics is not changed. Furthermore, the maximal force at the rotor
central position (x =y = 0) is increased within the optimized design.

Parameter Non-optimized Optimized
Rotor yoke width w,, [mm] 7.7 51
Stator yoke width ws, [mm] 7.8 9.1
Pole width w, [mm] 9.4 5.3
Axial length | [mm] 38 45.6
Current gain linom [N/A] 100.8 95.6
Position stiffness c;nom [N/ mm] 1161 967
Maximal force F,max [N] 411 435
Rotor mass m [kg] 0.596 0.576

Table 1. Data and parameters for the non-optimized and optimized radial AMB

4. Evaluation of static and dynamic properties of non-optimized
and optimized radial AMB

4.1 Current gain and position stiffness characteristics

The current gain and position stiffness characteristics hy(iviyx,y) and i.(iyiy,xy) are
determined by approximations with differential quotients over the entire operating range
(ixe[-5A,5A]i,e[-5A,5A] x € [-0.1 mm, 0.1 mm], y € [-0.1 mm, 0.1 mm]). The obtained
results are shown in Figs.11-14, where characteristics are normalized to the nominal
parameter values, which are defined at the nominal operating point (x =y =0, i, =i, = 0) and
are given in Table 1. In Figs. 11 and 13 the current gain and position stiffness characteristics
are shown for the non-optimized radial AMB. The current gain and position stiffness
characteristics for the optimized radial AMB are shown in Figs. 12 and 14.
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Fig. 11. Current gain characteristic h.(ixi,,x,)) normalized to the nominal value 100.8 N/A -
non-optimized AMB
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Fig. 12. Current gain characteristic h.(isiy,x,y) normalized to the nominal value 95.6 N/A -
optimized AMB

In order to evaluate the obtained results, maximal and average variations are determined
over the entire operating range (i» € [-5 A, 5 A], i, € [5A,5A], x € [-0.1 mm, 0.1 mm], y € [-
0.1 mm, 0.1 mm]), and for the high signal amplitudes (|i:| >2 A, |i,| >2 A, |x| > 0.05 mm,
|y| > 0.05 mm). Note that all variations are given relatively with respect to the nominal
parameter values.

Let us first observe maximal variations of the current gain and the position stiffness. The
obtained maximal variation of the current gain is 59% for the non-optimized design and 46%
for the optimized design, whereas the obtained maximal variation of the position stiffness is
40% for the non-optimized design and 32% for the optimized design. Average parameter
variations are determined next. When observed over the entire operating range, average
variation of the current gain is 27% for the non-optimized design and 20% for the optimized
design, whereas average variation of the position stiffness is 14% for the non-optimized
design and 13% for the optimized design. However, when the margin of the operating range
is observed (high signal case), average variation of the current gain is 43% for the non-
optimized design and 28% for the optimized design, whereas average variation of the
position stiffness is 21% for the non-optimized design and 13% for the optimized design.
Based on the performed evaluation of the obtained results, it can be concluded that the
impact of magnetic non-linearities on variations of the linearized AMB model parameters is
considerably lower for the optimized AMB, particularly for high signal amplitudes.
However, the impact of magnetic cross-couplings slightly increases. Furthermore,
normalized values of the current gain and position stiffness are higher for the optimized
AMB. Consequently higher load forces are possible for the optimized AMB, as it is shown in
the following section.
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iy=0A,y=0mm iy=5A,y=0.1mm

Fig. 13. Position stiffness characteristic ci(iyiy,x,y) normalized to the nominal value
1161 N/mm - non-optimized AMB

iy=0A,y=Omm iy=5A,y=0.1mm ix=5A,x=O.1mm

b)
Fig. 14. Position stiffness characteristic ci(iriyx,y) normalized to the nominal value
967 N/mm - optimized AMB

4.2 Dynamic behaviour of a closed-loop controlled system

In order to evaluate the robustness of the closed-loop controlled system, two radial AMBs
that control the unbalanced rigid shaft are modeled. A dynamic model is tested for the non-
optimized and for the optimized radial AMBs, where calculated radial force characteristics
Fi(iviyxy) and Fy(ixi,xy) are incorporated. The AMB coils are supplied with ideal current
sources, whereas the impact of electromotive forces is not taken into account. The structure
of the closed-loop system used in numerical simulations is shown in Fig. 15, where
i=[iy iy]T, F = [Fy, F,]T and y = [x, y]T denote current, force and position vectors, respectively.
The reference position vector is denoted as y, =[x, y,]T, whereas d = [Fy, Fa,+ mg]T is the
disturbance vector. In order to evaluate the impact of non-linearities of the radial force
characteristic on the closed-loop system, a decentralized control feedback is employed.
Position control loops are realized by two independent PID controllers in the x and y axis.

A 4

y,» Independent PID i Radial Force | F Unbalanced Rigid
Position Controllers Characteristics Shaft Model
y

Fig. 15. Structure of the closed-loop AMB system
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Responses for the rotor position in the x and y axis and for the control currents i, and iy are
calculated with Matlab/Simulink®. Fig. 16 shows results of the no rotation test, where the
reference rotor position and the disturbance forces are changed in the following sequence:
Fay(0.1) =250 N, 1,(0.3) = -0.09 mm, Fz(0.5) =100 N and x,(0.7) =-0.1 mm. In the obtained
results, it can be noticed that for the case of a reference position change, a considerably
higher closed-loop damping is achieved within optimized AMBs, whereas for the heavy
load case considerably higher closed-loop stiffness is achieved again within the optimized
AMBs. The impact of cross-coupling effects can also be noticed, since changes in the x axis
variables are reflected in the y axis variables. Furthermore, from the results shown in Fig. 16,
it can be concluded that the control current is much higher for the non-optimized AMBs.
Consequently, an operation with the considerably higher load forces can be achieved within
the optimized AMBs.

These conclusions are completely confirmed with the results of a simulation unbalance test,
which are shown in Figs. 17 and 18. A rotation with 6000 rpm of a highly unbalanced rigid
shaft is simulated. Consequently, the unbalanced responses are obtained, which is shown by
trajectories of the rotor position and control currents. The trajectories for the unbalanced no
load condition are shown together with the trajectories during the 180 N load impact in the y
axis. From the obtained results it can be noticed that during the no load condition the rotor
eccentricity is slightly larger for the optimized AMBs. Note that this is mostly due to the
lower current gain and position stiffness in the linear region. However, during the heavy
load operation a current limit is reached (5 A) in the case of the non-optimized AMBs
(Fig. 17), whereas the rotor eccentricity is critical (>0.1 mm). On the contrary, the unbalanced
response of the optimized design is much less severe, which is mostly due to lower
variations of the current gain and position stiffness. The rotor eccentricity stays within the
safety boundaries (£0.1 mm), as it is shown in Fig. 18, whereas for the same load condition
considerably lower control currents are applied.

0 e e e M — |
| | 1| ===="nonoptimized|
-0.025} - - | 1 L ___]—optimized ||
—_ I I I | | I
E oo g :
- I I I I

O .

.0.1————:————:———4‘——7417774‘—:7717771

1 1 1 1 1
0 02 03 04 05 06

%

1
1
Fd=250N y=-0.09mm F _=100N x=-0.1 mm
y r dx T

Fig. 16. Simulation-based time responses of the non-optimized and optimized radial AMBs
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Fig. 17. Simulation-based unbalance responses for rotation test at 6000 rmp and 180 N load
impact in the y axis - non-optimized AMBs
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Fig. 18. Simulation-based unbalance responses for rotation test at 6000 rmp and 180 N load

impact in the y axis - optimized AMBs

5. Conclusion

This work deals with non-linearities of radial force characteristic of AMBs. A linearized
AMB model for one axis is presented first. It is used to define the current gain and position
stiffness, parameters that are used for calculation of the controller settings. Next, FEM-based
computations of the radial force are described. Based on the obtained results, a considerable
radial force reduction is determined. It is caused by the magnetic non-linearities and cross-
coupling effects. Therefore, the optimization of a radial AMB is proposed, where the aim is
to find a such design, where a radial force characteristic is linear as much as possible over
the entire operating range. A combination of differential evolution and FEM-based analysis
is used, whereas the objective function is minimized by even 54%. Static and dynamic
properties of the non-optimized and optimized AMB are evaluated in final section. The
results presented here show that considerably lower variations of the current gain and
position stiffness are achieved for the optimized AMB over the entire operating range,
especially on its margins that are reached during heavy load unbalanced operation.
Furthermore, a closed-loop damping and stiffness of an overall system are considerably
higher with the optimized AMBs. Moreover, the operation with the higher load forces is also
expected for the optimized radial AMB.
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Magnetic levitation technique for active
vibration control
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1. Introduction

This chapter presents an application of zero-power controlled magnetic levitation for active
vibration control. Vibration isolation are strongly required in the field of high-resolution
measurement and micromanufacturing, for instance, in the submicron semiconductor chip
manufacturing, scanning probe microscopy, holographic interferometry, cofocal optical
imaging, etc. to obtain precise and repeatable results. The growing demand for tighter
production tolerance and higher resolution leads to the stringent requirements in these
research and industry environments. The microvibrations resulted from the tabletop and/or
the ground vibration should be carefully eliminated from such sophisticated systems. The
vibration control research has been advanced with passive and active techniques.
Conventional passive technique uses spring and damper as isolator. They are widely used
to support the investigated part to protect it from the severe ground vibration or from direct
disturbance on the table by using soft and stiff suspensions, respectively (Haris & Piersol,
2002; Rivin, 2003). Soft suspensions can be used because they provide low resonance
frequency of the isolation system and thus reduce the frequency band of vibration
amplification. However, it leads to potential problem with static stability due to direct
disturbance on the table, which can be solved by using stiff suspension. On the other hand,
passive systems offer good high frequency vibration isolation with low isolator damping at
the cost of vibration amplification at the fundamental resonance frequency. It can be solved
by using high value of isolator damping. Therefore, the performance of passive isolators are
limited, because various trade-offs are necessary when excitations with a wide frequency
range are involved.

Active control technique can be introduced to resolve these drawbacks. Active control
system has enhanced performances because it can adapt to changing environment (Fuller et
al., 1997; Preumont, 2002; Karnopp, 1995). Although conventional active control system
achieves high performance, it requires large amount of energy source to drive the actuators
to produce active damping force (Benassi et al., 2004a & 2004b; Yoshioka et al., 2001;
Preumont et al., 2002; Daley et al., 2006; Zhu et al., 2006; Sato & Trumper, 2002). Apart from
this, most of the researches use high-performance sensors, such as servo-type accelerometer
for detecting vibration signal, which are rather expensive. These are the difficulties to
expand the application fields of active control technique.
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The development and maintenance cost of vibration isolation system should be lowered in
order to expand the application fields of active control. Considering the point of view, a
vibration isolation system have been developed using an actively zero-power controlled
magnetic levitation system (Hoque et al., 2006; Mizuno et al., 2007a; Hoque et al., 2010a). In
the proposed system, eddy-current relative displacement sensors were used for
displacement feedback. Moreover, the control current converges to zero for the zero-power
control system. Therefore, the developed system becomes rather inexpensive than the
conventional active systems.

An active zero-power controlled magnetic suspension is used in this chapter to realize
negative stiffness by using a hybrid magnet consists of electromagnet and permanent
magnets. Moreover, it can be noted that realizing negative stiffness can also be generalized
by using linear actuator (voice coil motor) instead of hybrid magnet (Mizuno et al., 2007b).
This control achieves the steady state in which the attractive force produced by the
permanent magnets balances the weight of the suspended object, and the control current
converges to zero. However, the conventional zero-power controller generates constant
negative stiffness, which depends on the capacity of the permanent magnets. This is one of
the bottlenecks in the field of application of zero-power control where the adjustment of
stiffness is necessary. Therefore, this chapter will investigate on an improved zero-power
controller that has capability to adjust negative stiffness. Apart from this, zero-power
control has inherently nonlinear characteristics. However, compensation to zero-power
control can solve such problems (Hoque et al., 2010b). Since there is no steady energy
consumption for achieving stable levitation, it has been applied to space vehicles (Sabnis et
al.,, 1975), to the magnetically levitated carrier system in clean rooms (Morishita et al., 1989)
and to the vibration isolator (Mizuno et al., 2007a). Six-axis vibration isolation system can be
developed as well using this technique (Hoque et al., 2010a).

In this chapter, an active vibration isolation system is developed using zero-power
controlled magnetic levitation technology. The isolation system is fabricated by connecting a
mechanical spring in series with a suspension of negative stiffness (see Section 4 for details).
Middle tables are introduced in between the base and the isolation table.

In this context, the nomenclature on the vibration disturbances, compliance and
transmissibility are discussed for better understanding. The underlying concept on vibration
isolation using magnetic levitation technique, realization of zero-power, stiffness
adjustment, nonlinear compensation of the maglev system are presented in detail. Some
experimental results are presented for typical vibration isolation systems to demonstrate
that the maglev technique can be implemented to develop vibration isolation system.

2. Vibration Suppression Terminology

2.1 Vibration Disturbances

The vibration disturbance sources are categorized into two groups. One is direct disturbance
or tabletop vibration and another is ground or floor vibration.

Direct disturbance is defined by the vibrations that applies to the tabletop and generates
deflection or deformation of the system. Ground vibration is defined by the detrimental
vibrations that transmit from floor to the system through the suspension. It is worth noting
that zero or low compliance for tabletop vibration and low transmissibility (less than unity)
are ideal for designing a vibration isolation system.
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Almost in every environment, from laboratory to industry, vibrational disturbance sources are
common. In modern research or application arena, it is certainly necessary to conduct
experiments or make measurements in a vibration-free environment. Think about a industry or
laboratory where a number of energy sources exist simultaneously. Consider the silicon wafer
photolithography system, a principal equipment in the semiconductor manufacturing process. It
has a stage which moves in steps and causes disturbance on the table. It supports electric motors,
that generates periodic disturbance. The floor also holds some rotating machines. Moreover,
earthquake, movement of employees with trolley transmit seismic disturbance to the stage.
Assume a laboratory measurement table in another case. The table supports some machine tools,
and change in load on the table is a common phenomena. In addition, air compressor, vacuum
pump, oscilloscope and dynamic signal analyzer with cooling fan rest on the floor. Some more
potential energy souces are elevator mechanisms, air conditioning, rail and road transport, heat
pumps that contribute to the vibrational background noise and that are coupled to the
foundations and floors of the surrounding buildings. All the above sources of vibrations affect
the system either directly on the table or transmit from the floor.

2.2 Compliance

Compliance is defined as the ratio of the linear or angular displacement to the magnitude of the
applied static or constant force. Moreover, in case of a varying dynamic force or vibration, it can
be defined as the ratio of the excited vibrational amplitude in any form of angular or translational
displacement to the magnitude of the forcing vibration. It is the most extensively used transfer
function for the vibrational response of an isolation table. Any deflection of the isolation table is
demonstrated by the change in relative position of the components mounted on the table surface.
Hence, if the isolation system has virtually zero or lower compliance (infinite stiffness) values, by
definition , it is a better-quality table because the deflection of the surface on which fabricated
parts are mounted is reduced. Compliance is measured in units of displacement per unit force,
i.e,, meters/Newton (m/N) and used to measure deflection at different frequencies.

The deformation of a body or structure in response to external payloads or forces is a
common problem in engineering fields. These external disturbance forces may be static or
dynamic. The development of an isolation table is a good example of this problem where
such static and dynamic forces may exist. A static laod, such as that caused by a large,
concentrated mass loaded or unloaded on the table, can cause the table to deform. A
dynamic force, such as the periodic disturbance of a rotating motor placed on top of the
table, or vibration induced from the building into the isolation table through its mounting
points, can cause the table to oscillate and deform.

Assume the simplest model of conventional mass-spring-damper system as shown in Fig.
1(a), to understand compliance with only one degree-of-freedom system. Consider that a
single frequency sinusoidal vibration applied to the system. From Newton’'s laws, the
general equation of motion is given by

mx +cx +kx = Fysinat , 1)
where m : the mass of the isolated object, x : the displacement of the mass, ¢ : the damping,

k : the stiffness, Fo : the maximum amplitude of the disturbance, @ : the rotational frequency
of disturbance, and ¢ : the time.
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Fig. 1. Conventional mass-spring-damper vibration isolator under (a) direct disturbance
(b) ground vibration.

The general expression for compliance of a system presented in Eq. (1) is given by

X 1
Compliance = — = . (2)
Fo Jte—meo?)? +(cw)?
The compliance in Eq. (2) can be represented as
Compliance = % = Uk 3)

Jl- @0 +42 @l w)?

where o, : the natural frequency of the system and ¢ : the damping ratio.

2.3 Transmissibility

Transmissibility is defined as the ratio of the dynamic output to the dynamic input, or in
other words, the ratio of the amplitude of the transmitted vibration (or transmitted force) to
that of the forcing vibration (or exciting force).

Vibration isolation or elimination of a system is a two-part problem. As discussed in Section
2.1, the tabletop of an isolation system is designed to have zero or minimal response to a
disturbing force or vibration. This is itself not sufficient to ensure a vibration free working
surface. Typically, the entire table system is subjected continually to vibrational impulses
from the laboratory floor. These vibrations may be caused by large machinery within the
building as discussed in Section 2.1 or even by wind or traffic-excited building resonances or
earthquake.
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The model shown in Fig. 1(a) is modified by applying ground vibration, as shown in
Fig. 1(b). The absolute transmissibility, T of the system, in terms of vibrational displacement,
is given by

X 1+4% (0 ,)*
—= . (4a)
Xo V0-(0/0,)*) +4%(0/0,)

Similarly, the transmissibility can also be defined in terms of force. It can be defined as the
ratio of the amplitude of force tranmitted (F) to the amplitude of exciting force (FO).
Mathematically, the transmissibility in terms of force is given by

F

F _ 1+4(% (0] o,)*
N0/ 0, +4 (0 0,

3. Zero-Power Controlled Magnetic Levitation

3.1 Magnetic Suspension System

Since last few decades, an active magnetic levitation has been a viable choice for many
industrial machines and devices as a non-contact, lubrication-free support (Schweitzer et al.,
1994; Kim & Lee, 2006; Schweitzer & Maslen, 2009). It has become an essential machine
element from high-speed rotating machines to the development of precision vibration
isolation system. Magnetic suspension can be achieved by using electromagnet and/or
permanent magnet. Electromagnet or permanent magnet in the magnetic suspension system
causes flux to circulate in a magnetic circuit, and magnetic fields can be generated by
moving charges or current. The attractive force of an electromagnet, F can be expressed
approximately as (Schweitzer et al., 1994)

2
F:K;—z, 5)

where K : attractive force coefficient for electromagnet, /: coil current, 6: mean gap
between electromagnet and the suspended object.

Each variable is given by the sum of a fixed component, which determines its operating
point and a variable component, such as

1210+i, (6)

5:DO—X, (7)

where [y: bias current, i: coil current in the electromagnet, D;: nominal gap, x:

displacement of the suspended object from the equilibrium position.
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3.2 Magnetic Suspension System with Hybrid Magnet

In order to reduce power consumption and continuous power supply, permanent magnets
are employed in the suspension system to avoid providing bias current. The suspension
system by using hybrid magnet, which consists of electromagnet and permanent magnet is
shown in Fig. 2. The permanent magnet is used for the purpose of providing bias flux
(Mizuno & Takemori, 2002). This control realizes the steady states in which the
electromagnet coil current converges to zero and the attractive force produced by the
permanent magnet balances the weight of the suspended object.

AT

(O]
i Electromagnet
[ ——
Permanent
magnet

e == 5
e

de

Fig. 2. Model of a zero-power controlled magnetic levitation

It is assumed that the permanent magnet is modeled as a constant-current (bias current) and
a constant-gap electromagnet in the magnetic circuit for simplification in the following
analysis. Attractive force of the electromagnet, F can be written as

®)

where bias current, /; is modified to equivalent current in the steady state condition
provided by the permanent magnet and nominal gap, D, is modified to the nominal air gap

in the steady state condition including the height of the permanent magnet. Equation (8) can
be transformed as

It X - i ?
F=K-%|1-—| [1+—] . )
DO DO IO

Using Taylor principle, Eq. (9) can be expanded as

1} b %2 x° i il
F=K-0|1+2 43— td—0t | 1+2—+—|. (10)
D, 2 I

D} v D D} o I8
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For zero-power control system, control current is very small, especially, in the phase
approaches to steady-state condition and therefore, the higher-order terms are not
considered. Equation (10) can then be written as

F=F,+kji+ky(x+ pyx> + p3x> +.....), (11)
2
where F,=K-%, (12)
Dy
_ox Lo
2
ky = 21<]—°3, (14)
Dqg
3
N 15
P2=5n, (15)
4
pa=— 16
Py (16)

For zero-power control system, the control current of the electromagnet is converged to zero
to satisfy the following equilibrium condition

F,=mg, (17)

and the equation of motion of the suspension system can be written as

mx=F—-mg . (18)
From Egs. (11), (17) and (18),

mx =kji+kg(x+ p2x2 + p3x3 S O ). (19)

This is the fundamental equation for describing the motion of the suspended object.

3.3 Design of Zero-Power Controller

Negative stiffness is generated by actively controlled zero-power magnetic suspension. The
basic model, controller and the characteristic of the zero-power control system is described
below.

3.3.1 Model
A basic zero-power controller is designed for simplicity based on linearized equation of
motions. It is assumed that the displacement of the suspended mass is very small and the
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nonlinear terms are neglected. Hence the linearized motion equation from Eq. (19) can be
written as

mx =kji+kgx. (20)

The suspended object with mass of m is assumed to move only in the vertical translational
direction as shown by Fig. 2. The equation of motion is given by

mx=kx+ki+ fy, (21)

where x: displacement of the suspended object, k,: gap-force coefficient of the hybrid
magnet, k;: current-force coefficient of the hybrid magnet, i: control current, f,:
disturbance acting on the suspended object. The coefficients & and k;are positive. When

each Laplace-transform variable is denoted by its capital, and the initial values are assumed
to be zero for simplicity, the transfer function representation of the dynamics described by
Eq. (21) becomes

1

S2 —ay

X(s)= (bol(s)+doW (5)), (22)

where ag =k, /m,by =k;/m, and dy =1/m.

3.3.2 Suspension with Negative Stiffness

Zero-power can be achieved either by feeding back the velocity of the suspended object or
by introducing a minor feedback of the integral of current in the PD (proportional-
derivative) control system (Mizuno & Takemori, 2002). Since PD control is a fundamental
control law in magnetic suspension, zero-power control is realized from PD control in this
work using the second approach. In the current controlled magnetic suspension system, PD
control can be represented as

1(s)=~(pa + pys)X(5), (23)

where p,: proportional feedback gain, p,: derivative feedback gain. Figure 3 shows the

block diagram of a current-controlled zero-power controller where a minor integral
feedback of current is added to the proportional feedback of displacement.

i 1
e ——— %

— 4 ms? —k,

Fig. 3. Transfer function representation of the zero-power controller of the magnetic
levitation system
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The control current of zero-power controller is given by

N

1(s) =~

Pa +va)X(S)/ (24.)
S—=P:z

where p,: integral feedback in the minor current loop. From Egs. (22) to (24), it can be

written as
X(S) — (S — Pz )dO (25)
W(s) s> +(bopy — p.)s” +(bopa —bopyp. —ag)s +agp,
I(S) _ _S(Spv 7 _pvpz)dO (26)

W(s) s> +(bopy — p.)s” +(bopa —bopyp. —ag)s +agp,

To estimate the stiffness for direct disturbance, the direct disturbance, W (s) on the isolation
table is considered to be stepwise, that is

W(s) = i, ( Fy : constant). (27)
s

The steady displacement of the suspension, from Egs. (25) and (27), is given by

d F
lim x(£) = lim sX(s) = —a—OFo =--L (28)
0

t—>0 5s—0 ks
The negative sign in the right-hand side illustrates that the new equilibrium position is in
the direction opposite to the applied force. It means that the system realizes negative
stiffness. Assume that stiffness of any suspension is denoted by k. The stiffness of the zero-
power controlled magnetic suspension is, therefore, negative and given by

k=—kg. (29)
3.3.3 Realization of Zero-Power
From Egs. (26) and (27)
lim i(#) = lim sI(s) = 0. (30)
1—0 s—0

It indicates that control current, all the time, converges to zero in the zero-power control
system for any load.
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3.4 Stiffness Adjustment

The stiffness realized by zero-power control is constant, as shown in Eq. (29). However, it is
necessary to adjust the stiffness of the magnetic levitation system in many applications, such
as vibration isolation systems. There are two approaches to adjust stiffness of the zero-
power control system. The first one is by adding a minor displacement feedback to the zero-
power control current, and the other one is by adding a proportional feedback in the minor
current feedback loop (Ishino et al., 2009). In this research, stiffness adjustment capability of
zero-power control is realized by the first approach. Figure 4 shows the block diagram of the
modified zero-power controller that is capable to adjust stiffness. The control current of the
modified zero-power controller is given by

2
, s s
I'(s)=—(LL By x(s), (31)
§S=p; §=p;

where p; : proportional displacement feedback gain across the zero-power controller.

ms? —ky

Fig. 4. Block diagram of the modified zero-power controller that can adjust stiffness

The transfer-function representation of the dynamics shown in Fig. 4 is given by

X(S) _ (S — Pz )dO (32)
W(s) s +(byp, — p.)s” +(bopg +bops —ag)s +agp. —bopsp-

From Egs. (27) and (32), the steady displacement becomes

d F
lim x(¢) = Tim sX (s) = — 0Pz py-——"0 (33)
1w 50 agp; =bopsp: ks —kips

Therefore, the stiffness of the modified system becomes
k=—k,+kp,. (34)

It indicates that the stiffness can be increased or decreased by changing the feedback
gain p, .
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3.5 Nonlinear Compensation of Zero-Power Controller

Zero-power controller |

ko1
dy(— —)x?
D,

iy
k; D

Nonlinear compensator

Fig. 5. Block diagram of the nonlinear compensator of the zero-power controlled magnetic
levitation

It is shown that the zero-power control can generate negative stiffness. The control current
of the zero-power controlled magnetic suspension system is converged to zero for any
added mass. To counterbalance the added force due to the mass, the stable position of the
suspended object is changed. Due to the air gap change between permanent magnet and the
object, the magnetic force is also changed, and hence, the negative stiffness generated by this
system varies as well according to the gap (see Eq. (14)). To compensate the nonlinearity of
the basic zero-power control system, the first nonlinear terms of Eq. (19) is considered and
added to the basic system. From Eq. (19), the control current can be expressed as

& Ly, (35)

ki D}

i=izp—dy(

where d, : the nonlinear control gain and, [ the current in the zero-power controller, &,

k; and D, are constant for the system. The square of the displacement (x?) is fed back to

the normal zero-power controller. The block diagram of the nonlinear controller
arrangement is shown in Fig. 5. The air gap between the permanent magnet and the
suspended object can be changed in order to choose a suitable operating point.

It is worth noting that the nonlinear compensator and the stiffness adjustment controller can
be used simultaneously without instability. Moreover, performance of the nonlinear
compensation could be improved furthermore if the second and third nonlinear terms and
so on are considered together.

4. Vibration Suppression Using Zero-Power Controlled Magnetic Levitation

4.1 Theory of Vibration Control

(] | ks

| Base I
Fig. 6. A model of vibration isolator that can suppress both tabletop and ground vibrations
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The vibration isolation system is developed using magnetic levitation technique in such a way
that it can behave as a suspension of virtually zero compliance or infinite stiffness for direct
disturbing forces and a suspension with low stiffness for floor vibration. Infinite stiffness can
be realized by connecting a mechanical spring in series with a magnetic spring that has
negative stiffness (Mizuno, 2001; Mizuno et al., 2007a & Hoque et al., 2006). When two springs
with spring constants of 4 and k, are connected in series, the total stiffness k.. is given by
kyky

k.= )
Rtk

(36)

The above basic system has been modified by introducing a secondary suspension to avoid
some limitations for system design and supporting heavy payloads (Mizuno, et al., 2007a &
Hoque, et al., 2010a). The concept is demonstrated in Fig. 6. A passive suspension (43 ,c3) is

added in parallel with the serial connection of positive and negative springs. The total
stiffness I;L, is given by
L (37)
kl + k2
However, if one of the springs has negative stiffness that satisfies
kl = —k2 ’ (38)

the resultant stiffness becomes infinite for both the case in Egs. (36) and (37) for any finite
value of ks, thatis

=0, (39)

Equation (39) shows that the system may have infinite stiffness against direct disturbance to
the system. Therefore, the system in Fig. 6 shows virtually zero compliance when Eq. (38) is
satisfied. On the other hand, if low stiffness of mechanical springs for system (4, k3 ) are

used, it can maintain good ground vibration isolation performance as well.

4.2 Typical Applications of Vibration Suppression

In this section, typical vibration isolation systems using zero-power controlled magnetic
levitation are presented, which were developed based on the principle discussed in Eq. (37).
The isolation system consists mainly of two suspensions with three platforms- base, middle
table and isolation table. The lower suspension between base and middle table is of positive
stiffness and the upper suspension between middle table and base is of negative stiffness
realized by zero-power control. A passive suspension directly between base and isolation
table acts as weight support mechanism.

A typical single-axis and a typical six-axis vibration isolation apparatuses are demonstrated
in Fig. 7. The single-axis apparatus (Fig. 7(a)) consisted of a circular base, a circular middle
table and a circular isolation table. The height, diameter and weight of the system were
300mm, 200mm and 20 kg, respectively. The positive stiffness in the lower part was realized
by three mechanical springs and an electromagnet. To reduce coil current in the
electromagnet, four permanent magnets (15mmx»2mm) were used. The permanent magnets
are made of Neodymium-Iron-Boron (NdFeB). The stiffness of each coil springs was 3.9
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N/mm. The electromagnet coil had 180-turns and 1.3Q resistance. The wire diameter of the
coil was 0.6 mm. The relative displacement of the base to middle table was measured by an
eddy-current displacement sensor, provided by Swiss-made Baumer electric. The negative
stiffness suspension in the upper part was achieved by a hybrid magnet consisted of an
electromagnet that was fixed to the middle table, and six permanent magnets attached to the
electromagnet target on the isolation table. Another displacement sensor was used to
measure the relative displacement between middle table to isolation table. The isolation
table was also supported by three coil springs as weight support mechanism, and the
stiffness of the each spring was 2.35 N/mm.

- - - Vibration isolation table

/ Leaf spring

Hybrid magnet for
negative stiffness

Coil spring for weight
support mechanism

Middle table

Hybrid magnet for
positive stiffness

Coil spring for
positive stiffness

Base

Isolation table

Hybrid magnet

(b)
Fig. 7. Typical applications of zero-power controlled magnetic levitation for active vibration
control (a) single-degree-of-freedom system (b) six-degree-of-freedom system



54 Magnetic Bearings, Theory and Applications

The six-axis vibration isolation system with magnetic levitation technology is shown in Fig.
7(b) (Hoque, et al., 2010a). It consisted of a rectangular isolation table, a middle table and
base. A positive stiffness suspension realized by electromagnet and normal springs was
used between the base and the middle table. On the other hand, a negative stiffness
suspension generated by hybrid magnets was used between the middle table and the
isolation table. The height, length, width and mass of the apparatus were 300 mm, 740 mm,
590 mm and 400 kg, respectively. The isolation and middle tables weighed 88 kg and 158 kg,
respectively. The isolation table had six-degree-of-freedom motions in the x, y, z, roll, pitch
and yaw directions.

The base was equipped with four pairs of coil springs and electromagnets to support the
middle table in the vertical direction and six pairs of coil springs and electromagnets (two
pairs in the x-direction and four pairs in the y-direction) in the horizontal directions. The
middle table was equipped with four sets of hybrid magnets to levitate and control the
motions of the isolation table in the vertical direction and six sets of hybrid magnets (two
sets in the x-direction and four sets in the y-direction) to control the motions of the table in
the horizontal directions. The isolation table was also supported by four coil springs in the
vertical direction and six coil springs (two in the x-direction and four in the y-direction) in
the horizontal directions as weight support mechanism. Each set of hybrid magnet for zero-
power suspension consisted of five square-shaped permanent magnets (20 mmx20 mmx2
mm) and five 585-turn electromagnets. The spring constant of each normal spring was 12.1
N/mm and that of weight support spring was 25.5 N/mm. There was flexibility to change
the position of the weight support springs both in the vertical and horizontal directions to
make it compatible for designing stable magnetic suspension system using zero-power
control. The relative displacements of the isolation table to the middle table and those of the
middle table to the base were detected by eight eddy-current displacement sensors attached
to the corners of the isolation table and the base.

A DSP-based digital controller (DS1103) was used for the implementation of the designed
control algorithms by simulink in Matlab. The sampling rate was 10 kHz.

4.3 Experimental Demonstrations

Several experiments have been conducted to verify the aforesaid theoretical analysis. The
nonlinear compensation of zero-power controlled magnetic levitation, stiffness adjustment
of the levitation system are confirmed initially. Then the characteristics of the developed
isolation systems are measured in terms of compliance and transmissibility.

4.3.1 Nonlinear Compensation of Magnetic Levitation System

First of all, zero-power control was realized between the isolation table and the middle table
for stable levitation. Static characteristic of the zero-power controlled magnetic levitation
was measured as shown in Fig. 8 when the payloads were increased to produce static direct
disturbances on the table in the vertical direction.

In this case, the middle table was fixed and the table was levitated by zero-power control. The
result presents the load-stiffness characteristic of the zero-power control system. The figure
without nonlinear compensation indicates that there was a wide variation of stiffness when the
downward load force changed. For the uniform load increment, the change of gap was not
equal due to the nonlinear magnetic force. Therefore, the negative stiffness generated from
zero-power control was nonlinear which may severely affect the vibration isolation system.
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To overcome the above problem, the nonlinear compensator was introduced in parallel with
the zero-power control system. The nonlinear control gain (d2) was chosen by trial and error
method. The gap (Do) between the table and the electromagnet was 5.1 mm after stable
levitation by zero-power control. The value of k; and k; were determined from the system
characteristics. The load-stiffness characteristic using nonlinear compensation is also shown
in the figure. It is obvious from the figure that the linearity error was reduced when control
gain (d2) was increased. Ford, =55, the linearity error was very low and the stiffness
generated from the system was approximately constant. This result shows the potential to
improve the static response performance of the isolation table to direct disturbance.
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Fig. 8. Nonlinear compensation of the Fig. 9. Load-displacement characteristics of the
conventional zero-power controlled magnetic modified zero-power controlled magnetic
levitation system levitation system

4.3.2 Stiffness Adjustment of Zero-Power Controlled Magnetic Levitation

The experiments have been carried out to measure the performances of the modified zero-
power controller. Figure 9 shows the load-displacement characteristics of the system with
the improved zero-power controller (Fig. 4). When the proportional feedback gain, p, =0, it

can be considered as a conventional zero-power controller (Fig. 3). The result shows that
when the payloads were put on the suspended object, the table moved in the direction
opposite to the applied load, and the gap was widened. It indicates that the zero-power
control realized negative displacement, and hence its stiffness is negative, as described by
Egs. (28) and (29). The conventional zero-power controller ( p; =0) realized fixed negative

stiffness of magnitude -9.2 N/mm. When the proportional feedback gain, p; was changed,
the stiffness also gradually increased. When p, =40 A/m, negative stiffness was increased
to -21.5 N/mm. It confirms that proportional feedback gain, p, can change the stiffness of

the zero-power controller, as explained in Eq. (34).

4.3.3 Experimental Results with Vibration Isolation System

Further experiments were conducted with the linearized zero-power controller with the
vibration isolation system, as shown in Fig. 10. In this case, the positive and negative
stiffness springs were, then, adjusted to satisfy Eq. (38). The stiffness could either be
adjusted in the positive or negative stiffness part. In the former, PD control could be used in
the electromagnets that were employed in parallel with the coil springs. The latter technique
was presented in Section 4.3.2. For better performance, the latter was adopted in this work.
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Fig. 10. Static characteristics of the isolation Fig. 11. Dynamic characteristics of the isolation
table with and without nonlinear control table in the vertical direction

Figure 10 demonstrates the performance improvement of the controller for static response to
direct disturbance. The displacements of the isolation table and middle table were plotted
against disturbing forces produced by payload in the vertical direction. It is clear that zero-
compliance to direct disturbance was realized up to 100 N payloads with nonlinear
controller (d>=55). The stiffness of the isolation system was increased to 960 N/mm which
was approximately 2.8 times more than that of without nonlinear control. The figure
illustrates significant improvement in rejecting on-board-generated disturbances.

The dynamic performance of the isolation table was measured in the vertical direction as
shown in Fig. 11. In this case, the isolation table was excited to produce sinusoidal
disturbance force by two voice coil motors which were attached to the base and can generate
force in the Z-direction. The displacement of the table was measured by gap sensors and the
data was captured by a dynamic signal analyzer. It is found from the figure that high
stiffness, that means virtually zero-compliance, was realized at low frequency region (-66
dB[mm/N] at 0.015 Hz). It also demonstrates that direct disturbance rejection performance
was not worsened even nonlinear zero-power control was introduced.

Finally a comparative study of the disturbance suppression performance was conducted
with zero-compliance control and conventional passive suspension technique as shown in
the figure. The experiment was carried out with same lower suspension for ground
vibration isolation. First, the isolation table was suspended by positive suspension
(conventional spring-damper) and frequency response to direct disturbance was measured.
The stiffness dominated region is marked in the figure, and it is seen from the figure that the
displacement of the isolation table was almost same below 1 Hz (approximately -46 dB).
However, when the isolation table was suspended by zero-compliance control satisfying
Egs. (38) and (39), displacement of the table was abruptly reduced at the low frequency
region below 1 Hz (-66 dB at 0.015 Hz). It is confirmed from the figure that the developed
zero-compliance system had better direct disturbance rejection performance over the
conventional passive suspension even both the systems used similar vibration isolation
performances.



Magnetic levitation technique for active vibration control 57

Gain [dB]
&
)

-80 10
[=T1]
=

4 -180 3
;3
=
-360
0.1 1 10 100

Frequency [Hz]

Fig. 12. Dynamic characteristics of the isolation table in the vertical direction.

The characteristics of the isolation table were further investigated by measuring the
response of the table to direct disturbance in the horizontal directions as shown in Fig. 12. In
this case, four voice coil motors were used to excite the isolation table along the horizontal
direction. The results show the dynamic response of the isolation table when the table was
excited along yaw mode. The response of the table to direct dynamic disturbance was
captured by dynamic signal analyzer. The results justify that the displacements of the table
to direct disturbance in the horizontal rotational motions were also low at the low frequency
regions. The results confirmed that the isolation table was realized high stiffness against
disturbing forces in the motion associated with horizontal direction.
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Fig. 13. Step response of the isolation table with magnetic levitation technology

The step response of the isolation table is shown in Fig. 13. In this experiment, a stepwise
disturbance was generated by suddenly removing a certain amount of load from the table
and the response was measured. The results showed that the table moved upward in the
direction of load removal and returned to the original position (steady-state) after certain
period. However, there was a reverse action in case of step wise disturbance. Therefore, a
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peak was appeared due to the response of the step load. This unpleasant response might
hamper the objective function of many advanced systems. It can be noted that a feedforward
controller can be added in combination with zero-power control to overcome this problem.
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Fig. 14. Transmissibility characteristics of the isolation table.

Figure 14 shows the absolute transmissibility of the isolation table from the base of the developed
system. In this case, the base of the system was sinusoidally excited in the vertical direction by a
high-powered pneumatic actuator attached to the base, and the displacement transfer function
(transmissibility) of the isolation table was measured from the base. The base displacement in the
vertical direction was considered as input, and the output signal was the displacement of the
isolation table. The damping coefficient (c,) between the base and the middle table played
important role to suppress the resonance peak. The figure shows that the resonant peak was
almost suppressed when ¢, was chosen as 0.9. It is clear from the figure that the developed
system can effectively isolate the floor vibration that transmitted through the suspensions, such
as active-passive positive suspensions and active zero-power controlled magnetic levitation.

5. Conclusions

A zero-power controlled magnetic levitation system has been presented in this chapter. The
unique characteristic of the zero-power control system is that it can generate negative
stiffness with zero control current in the steady-state which is realized in this chapter. The
detail characteristics of the levitation system are investigated. Moreover, two major
contributions, the stiffness adjustment and nonlinear compensation of the suspension
system have been introduced elaborately. Often, there is a challenge for the vibration
isolator designer to tackle both direct disturbance and ground vibration simultaneously with
minimum system development and maintenance costs. Taking account of the point of view,
typical applications of active vibration isolation using zero-power controlled magnetic
levitation has been presented. The vibration isolation system is capable to suppress the effect
of tabletop vibration as well as to isolate ground vibration. Some experimental
demonstrations are presented that verifies the feasibility of its application in many
industries and space related instruments. Moreover, it can be noted that a feedforward
controller in combination with the zero-power controller can be used to improve the
performance of the isolator to suppress direct disturbances.
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Salient pole permanent magnet
axial-gap self-bearing motor
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1. Introduction

Recently, active magnetic-bearing motors have been designed to overcome the limitations of
the conventional mechanical-bearing motors. Magnetic-bearing motors can work in all
environments without lubrication and do not cause contamination; further, they can run at
very high speeds. Therefore, they are very valuable machines with a number of novel
features, and with a vast range of diverse applications (Dussaux, 1990).

The conventional magnetic-bearing motor usually has a rotary motor installed between two
radial magnetic bearings, or a mechanical combination of a rotary motor and a radial
magnetic bearing (The mechanically combined magnetic bearing motor usually has n-pole
motor windings and n+2-pole suspension windings), as shown in Figs. 1 and 2 (Okada et al.,
1996), (Oshima et al., 1996 a,b), (Zhaohui & Stephens, 2005), (Chiba et al., 2005). The radial
magnetic bearings create radial levitation forces for rotor, while an axial magnetic bearing
produces a thrust force to keep the rotor in the correct axial position relative to the stator.
However, these magnetic-bearing motors are large, heavy, and complex in control and
structure, which cause problems in applications that have limit space. Thus, a simpler and
smaller construction and a less complex control system are desirable.

An axial magnetic bearing is composed of a rotary disc fixed on a rotary shaft and
electromagnets arranged on both sides of the disc at a proper minute distance. This structure
is similar to that of an axial-flux AC motor (Aydin et al., 2006), (Marignetti et al., 2008).
Based on this, Satoshi Ueno has introduced an electrically combined motor-bearing which is
shown in Fig. 3, in which the stator has only three-phase windings; however it can
simultaneously provide non-contact levitation and rotation (Ueno & Okada, 1999), (Ueno &
Okada, 2000). This motor is then called an axial-gap self-bearing motor (AGBM) to imply
that the motor has self levitation function. Obviously, it is simpler in structure and control
since hardware components can be reduced.

The AGBM can be realized as an induction motor (IM) (Ueno & Okada, 1999), or a
permanent magnet (PM) motor (Ueno & Okada, 2000), (Okada et al., 2005), (Horz et al.,
2006), (Nguyen & Ueno, 2009 a,b). The PM motor is given special attention, because of its
high power factor, high efficiency, and simplicity in production.

In this chapter, the mathematical model of the salient 2-pole AGBM with double stators is
introduced and analyzed (sandwich type). A closed loop vector control method for the axial
position and the speed is developed in the way of eliminating the influence of the reluctance
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torque. The vector control method for the AGBM drive is based on the reference frame
theory, where the direct axis current i; is used for controlling the axial force and the
quadrate axis current i; is used for controlling the rotating torque. The proposed control
method is initially utilized for the salient AGBM (Ls < Lg;), however it can be used for non-
salient AGBM (Lsg = Lgy), too.

— -Ee---Eg-+=—=H--

C— a— B E

Radial Radial Axial
Magnetic  pMotor ~ Magnetic  Magnetic
Bearing Bearing Bearing

Fig. 1. Structure of conventional magnetic-bearing motor
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Fig. 2. Structure of radial-combined magnetic-bearing motor

EBB“EIBI:&

- — = L &l - —
Radial Axial Radial
Magnetic  Combined Magnetic
Bearing Motor-bearing Bearing

Fig. 3. Structure of axial-gap self-bearing motor

2. Mathematical Model

Per-phase equivalent circuits have been widely used in steady-state analysis of the AC
machines. However, they are not appropriate to predict the dynamic performance of the
motor. For vector control, a dynamic model of the motor is necessary. The analysis of three-
phase motor is based on the reference frame theory. Using this technique, the dynamic
equations of the AC motor are simplified and become similar to those of the DC motor.

The structure of an axial gap self-bearing motor is illustrated in Fig. 4. It consists of a disc
rotor and two stators, which is arranged in sandwich type. The radial motions x, y, 6, and 0,
of the rotor are constrained by two radial magnetic bearings such as the repulsive bearing
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shown. Only rotational motion and translation along the z axis are considered. The motor
has two degrees of freedom (2 DOFs).
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..—VT Rotor
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Fig. 4. Detail structure and coordinates of the AGBM

The rotor is a flat disc with PMs inserted on both faces of the disc to create a salient-pole
rotor. Two stators, one in each rotor side, have three-phase windings that generate rotating
magnetic fluxes in the air gap. These produce motoring torques T; and T on the rotor and
generate attractive forces F; and F, between the rotor and the stators. The total motoring
torque T is the sum of these torques, and the axial force F is the difference of the two
attractive forces.

Fig. 5. Define of coordinates
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To obtain a mathematical model of the AGBM, the axial force Fs and motoring torque Ts are
first calculated for one stator. Similar to the non-salient AGBM, the mathematical model of
the salient AGBM is presented in a rotor-field-oriented reference frame or so-called d, q
coordinates, as indicated in Fig. 5. The d axis is aligned with the center lines of the
permanent magnets and the q axis between the magnets. The axes u, v, and w indicate the
direction of the flux produced by the corresponding phase windings. The phase difference
between the u axis and the d axis is the electrical angular position 8, of the rotor flux vector.

10.0 1 1 1 1 1
Measured phase inductance
—— Fundamental compornent

9.5 4
3
2
£ o0 4
2
2
T 85

3.0 T T T T T T T T T T T

0 60 120 180 240 300 360

Rotor position (deg)

Fig. 6. Relation between phase inductance and rotor position
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Fig. 7. Relation between phase inductance and air gap
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Since the PM with unity permeability is used, the rotor is a salience; therefore the self-phase
inductance of the stator is dependent on the rotor angular position, which means that the d-
axis inductance is different from g-axis inductance. Furthermore, the self-phase inductance
is a function of the air gap ¢ between the rotor and the stator. The relation between self-
phase inductance and rotor position as well as air gap is illustrated in Fig. 6 and 7.
Obviously, the self-phase inductance is inversely proportional to the air gap, so the d- and g-
axis phase inductance of the stator windings can be derived as (Fitzgerald, 1992)

L!
Lsd = m-‘rl’xl
2g
3L/ W
Ls‘q = L +Ls1

where, L(,,,L,,, are the d- and g-axis magnetizing inductances multiplied by the air gap

length. They can be determined by calculating the motor parameters or measuring the phase
inductance. Lg is the leakage inductance. It can be estimated from the analysis of the
measured phase inductance. By using the power invariant transformation method, the
components of the stator voltage and the flux of the AGBM in the d,q coordinates can be
expressed in the following equations:

di
_ . sd .
Uy, = Rxlsd + Lsd d; - equlxq
i
_ . 5q .
usq - Rslxq + qu ¢ + a)eLsdlxd + a)eﬂ’m (2)
ﬂ’sd = Lsdlsd + ﬂm
ﬂ/S‘I = LS‘]l'fq

where 4, =L i is the flux linkage caused by PM. For simplicity, the magnetic flux of the

rotor is replaced by an equivalent winding with a DC current ir and an inductance Ly The
rotor flux can be expressed only in d axis as follows:

Ay =Ry =i L, +L,i, 3)
L!
with L = iﬂ +L, (4)
g
: 3L,
and mutual inductance L, =—= ®)

2g
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From (2) to (5), the magnetic co-energy in the air gap for a stator is calculated as follows:

——(/1 it Agig +A0,)

5q°59

:%{Lﬁ_d (zi +i, )+szw +2L.i i f}

’ L’
=W :l{Ki—LﬂO +lej(if +i, )2 +[3 50 +lejif } 7)
2102 ¢ 2 g !

Therefore, the attractive force of one stator is received by the derivative of the magnetic co-
energy with respect to the axial displacement:

F = aW 3L:d0 dg( ; )2 31‘;10 dg i 8)
T oz 48 do 1) T g
and the motoring torque for one stator is calculated as follows:
Tv = P(_ﬂ'sdl’xq +ﬂ’ ivd)
PL! 3P(L, 9
= 3 2 w0 l’fllsq ( \‘]20 ‘10) sd sq = Tseff +Tsrl ( )
g g
where
P is the number of pole pairs
3PLy, . . . . .
T,= 2—Sl /1, is the effective torque caused by g-axis current
o g
3P(L;d0 B .:q()) L. .
= i, i, is the reluctance torque caused by the different

between d- and g-axis inductances.

From (9), the output torque of the AGBM is a combination of an excitation torque and a
reluctance torque. That means, in every operation mode, the motor has to produce an
additional torque to compensate the reluctance torque. In the non-salient pole rotor, this
reluctance torque can be ignored to make control system simpler. However, in the salient-
pole rotor when the reluctance torque can reach the relative high amplitude, the neglect of
this torque component will reduce the quality of system, especially in operation mode with
axial load (is # 0).

From (8) and (9) F, and 7, are calculated by substituting g=g,+z, i,

sd

=i, , and
is ql 4
Thus, the total axial force F and torque T are given by:

and F, and 7, are calculated by substituting g=g,-z, i, =i,, , and l lq2 .
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F=F,+F
3L 3L 3L 3L 10
= 'sd 0 - (idz +if )2 + sq0 . 1422 _ 'sd 0 R (id1 +if )2 _ sq0 . 131 ( )
4(g0—z) 4(g0—z) 4(g0+z) 4(g0+z)
T=T +T,
_3PLyy . 3PUy—Ly) . . 3PLy, 3P(Lygo—Ly) . . (11)

= i i+ i i,.i
2(g0+z) Il 2(g0+z) gl Z(go—z) /a2 2(g0—z) 42'q2

where g, is the axial gap at the equilibrium point and z is the displacement.

For linearization at the equilibrium point (z = 0), (10) and (11) are expanded into a Maclaurin

series and the first-order term is taken, yielding;:

F:KMKM+QY—QWHJ1+KW@;—@)+

+2K,, {(z‘d2 +if)2 +(id1 +if)2}z/g0 +2K,, (i:2 +i;1)z/g0

T =Ky (i +ip )+ Ky (iy =iy )2/ 8o+ K (igiiyy +igaiys )+ K (igafys =iy )2/ 8,

where
’ ’

3L 5
K, = 240 and K = qzo are the force factors,
4g,

&o 0
3PL! i 3( Loy — L,
K, = T 9 and K R = —M are the torque factors.
2g, 2g,

(12)

(13)

To increase the total moment twice the component moment created by one stator, the
moment-generated currents for both stators must be same direction and value. To keep the
rotor in right position between two stators, the forces acting on rotor from both sides must
be same value but inverse, i.e. under the effect of the axial load, if the force-generated
current of one side increases, then correspondingly, that current of other side has to
decrease the same amount. The rotating torque can be controlled effectively by using the
quadrate-axis current, and the axial force can be controlled by changing the direct-axis

current. It is supposed that:

i =1

q q2:l

q
Igg =10~

Lip =Ly 1y

(14)

where iz is an offset current, and the value can be zero or a small value around zero.
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Inserting (14) into (12) and (13) yields:

T =2K,i, + 2K iy, + 2K piji,— =T, + T, + T, (15)
8o
F=4K, (i, +i,)i, +
16
4K (12 + 85 +12) 4 2K i + K 2} — 16

0

From (15), the total torque consists of three components.

1) The first component, 7,, =2K;i,, is the efficient torque of the AGBM, this is main

component of the output torque, which is caused by the interaction between PM flux
and stator flux.
2) The second one, T,,=2K;i,i, , is the reluctance torque caused by current izp.

Therefore, assuming that i, =—i,, =—i, i.e. i,, =0 then this reluctance torque is
eliminated.

3) The last one, 7, =2Ki,i,z/ g,, is reluctance torque caused by current i; under the
effect of the displacement z. When the displacement is well controlled to be zero, or
very small in comparison with air gap at the equilibrium point gy, the influence of this

component can be neglected.
As the result, the total torque becomes as follows:

T =2K,i, 17)

Obviously, the effect of the inductance difference to the total torque is vanished.
Using the control law (14), the total axial force is received from (16) when i,, =0 as

F=4K i i, +4{K,, (i +i)+ K, itz g, (18)

When the displacement is zero or very small in comparison with air gap at the equilibrium
point gy, the total torque becomes

F=4K i, (19)

From (17) and (19), it is easy to see that the total torque is proportional with the quadrate
axis current and the axial force is proportional with the direct axis current. Although the
axial force depends lightly on the quadrature axis current, its main component is
proportional to the direct axis current, so a decoupled d- and g-axis current control system
can be implemented to control the axial force and motoring torque independently.
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From (2), (3), (17) and (19), the mathematical model of the AGBM is completely constructed
with voltage, force, and torque equations. It can be seen that these are simple linear
equations, so the control system can be easily implemented with conventional controllers.
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3. Vector Control Structure

3.1 Generality

Vector control of the AGBM is based on decomposition of the instantaneous stator current
into two components: axial force-producing current iy (also flux current) and torque-
producing current i;. By this way the control structure of the AGBM becomes similar to that
of the DC motor.

As stated above, the motoring torque of the AGBM can be controlled by the g-axis current (i;),
while the axial force can be controlled by the d-axis current (iz). Fig. 10 shows the control
scheme proposed for the AGBM drive with decoupled current controller.

The axial displacement from the equilibrium point along the z-axis, z, can be detected by the
gap sensor. The detected axial position is compared with the axial position command z,; and
the difference is input to the axial position controller R,. The position command z, is always
set to zero to ensure the rotor is at the midpoint between the two stators. The output of the
axial position controller is used to calculate the d-axis reference current iz The d-axis
reference currents for the two stator windings isrr and imyr can be generated by using the
offset current iz and respectively subtracting or adding is.. The value of the offset current
can be zero or a small value around zero.

l Axial position sensor |«
l‘”"t’fr Ugtre ) Ualref R Wutref
> Uyire
igrr | Ra u s virgg| pWM |l INVI
. > qlref Uptrer | 2 Uptrer >
- 0,
F,, . O .
R, 4 ln 2 |< la1 3 le lu1
zref =0 iql 2 B ivl
i Current i/n
do reference 0, AGB
calculation ’d—h M
Wrer T, b Pl ’ - i E
4 rej . . .
~®—> R, =l in 2\ | e 2\ | i
w L Bc u,,z,‘_,[
u > 2 lu 2ref 3 WUiarer
> " a2re
- Ri2 d2ref K ereé pwm || INv2
Lpdref o 2 2 Urer >
i{lanf Ugdref Uprrer
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Fig. 10. Control structure for the AGBM.

The rotor speed detected from the encoder is compared with the reference speed and the
difference is input to the speed controller R,. The output of the speed controller is used to
calculate the g-axis reference current iz .. The g-axis reference currents for the two stator
windings iz s and iprr are then set the same as the calculated current iz

The motor currents in the two-phase stator reference frame g4,/ are calculated by measuring
two actual phase currents. Consequently, the d,q components are obtained using the rotor
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position from the encoder. The quadrature components are controlled by the reference value
that is given by the speed controller, while the direct components are controlled by the
reference value that is given by the axial position controller. The outputs of the current
controllers, representing the voltage references, are subsequently directed to the motor
using the pulse width modulation (PWM) technique, once an inverse transformation from
the rotating frame to the three-phase stator reference frame has been performed. All the
controllers are PI controller except that the axial position controller is PID.

3.2 Current Control

Most of the modern AC motor drives have a control structure comprising an internal
current control loop. Consequently, the performance of the drive system largely depends on
the quality of applied current control strategy.

The main task of the current control loop is to force the current in a three-phase motor to
follow the reference signals. By comparing the reference currents and measured currents,
the current control loop generates the switching states for the inverter which decrease the
current errors. Hence, in general the current control loop implements two tasks: error
compensation (decrease current error) and modulation (determine switching states).

The design of the current controllers in the simplest cases of so-called parametric synthesis
of linear controllers is limited to the selection of a controller type such as P, PI or PID and
the definition of optimal setting of its parameters according to the criterion adopted. This
design is normally done with complete knowledge of the controlled object and is described
in many literatures (Kazmierkowski & Melasani, 1998), (Gerd, 2004).

From equation (2), the stator voltage equations are rewritten in a slightly different form as
follows:

usd = (Rs + SLsd )isd - Ausd

u, = (R_S_ +sL,, )isq +Au, )

with s is laplace operator and

Au,=wo,L i
sd e sq .sq (21)

Au, .= o, L i, +o),

Equations (20) and (21) describe a coupled system. In actual, the current control loop is

much faster than a change of the rotor speed and rotor flux, therefore decoupling of the two

current controllers can be achieved by adding voltages Aus; and Aug, at the output of the

current controllers compensating the cross coupling in the motor.

The structure of the current control loop is shown in Fig. 11.



72 Magnetic Bearings, Theory and Applications

| |
I |
[ | .
:I K, 1 Lol
Il >
[ Ts+1 |
[ |
I |
[ |
|| |
[ |
I |
[ |
I |
[ |
I |
|| i
I:‘ K, I L
| T Iis+1 [ |
T | ! |
. | |
lq| :: Inverter :I Motor :
: Iy model |: model I
, I [ I
A T | [l
! L |I |

Fig. 11. Decoupled current control loop

Due to the difference between the d- and g-axis inductance, the current control design for i4
and i, is performed separately.

The decoupled current control loop of the d-axis current contains a dominant stator time
constant T = L/ Rs and an inverter time constant T;. The latter is the time required for the
conversion of the reference voltage to the inverter output voltage, mainly depending on the
constant sample time z and PWM frequency fewm =1/ Trwm:

T =1+ Tpyy 22

Due to the similarity of the control structure, the design of current controller is only made
for one current control loop, the other current control loops are obtained similarly.
Considering that the PI controller is utilized for current control, the open-loop transfer
function of both d-axis and q-axis is:

T,s+1 K, 11
T,s Ts+1T s+1R

G, (s)=K, (23)

According to optimal modulus criterion, the time constant Tj; of the PI controller within
such system is optimally chosen to neutralize the largest time constant in the loop:

Ty=T, (24)
The optimum value of the controller gain is chosen as follows:

RT
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Consequently, the closed-loop transfer function of the d-axis current control loop becomes:

Gy() =t

= = 26
Iy Gotl 2T7s* +2T s +1 @9)

For the overlaid axial displacement control loop, the closed-loop transfer function is often

simplified to a first order system with an equivalent time constant 7, = 2\/57: :

; I
G, (s)= =~ 27)

ldref eq

By the same way, the parameters of the g-axis current controller are as follows

T, =T,
« _RT, (28)
M 2K T

and the closed-loop transfer function of the g-axis current control loop used for overlaid
speed control loop becomes:

(29)

3.3 Axial Displacement Control

For simplicity, it is assumed that the radial motion of the rotor is restricted by two ideal
radial bearings. Therefore, the axial motion is independent of the radial motion and can be
expressed as follows:

F—F, =m: (30)

where m is the mass of the moving parts and F is the axial force. Then substituting (18) into
(30) yields

Mz + F, = 4K iy + 4Ky (15485 + K2 = (31)
0
This can be summarized as
mi+F, +K z=K i, (32)

where
K = —4{KFd (zi +i; ) + KFqi; } / g, is the stiffness of the motor, and

K, =4K,,i, is the force gain.
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It is easy to see that K; is negative, which means that this system is unstable. To stabilize the
system, a controller with the derivative component must be used. The axial displacement
control loop is shown in Fig. 12.

The axial displacement control loop contains the closed-loop transfer function of the inner d-
axis current control loop and axial motion function. Since the axial load is usually unknown,
it is handled in a first step as an external system disturbance.

Assuming that the proportional derivative controller (PD) is used, the output of the axial
position controller will represent the direct axis reference current, i.e.,

i, =—K,z—K,z? (33)

Zdrec 1 l d F 1 z

z yref
> > PD >

»-0
>
Y
/
4]
Y
\

4
T,s+1 " \ ms

Fig. 12. Axial displacement control loop

where K, is the proportional constant and Kj is the derivative constant of the axial position
controller. Substituting (33) into (32) gives

mi+K,K,z+(K_+K,K,)z=0. (34)

m

The system becomes stable only when all the constant coefficients of the polynomial
function have the same sign. Therefore, if K; > 0, the system will be stable if the proportional
constant satisfies the condition

K. KFd(i_f.+ij)+KFqi:
K,>- = -
K Krii & . (35)

K,>0

Steady-state error occurs when only the PD controller is used, and to remove this, a PID
controller should be used. The transfer function of the PID controller is expressed as follows:

G.(5)=K, + 2y K s (36)
S

By the same way as stated above, the system will be stable when the controller parameters
satisfy:



Salient pole permanent magnet axial-gap self-bearing motor 75

‘s K., (zf +ij)+KFqij
: KFding
K[ < KD (KmKP +Kz) (37)
m
K, >0
K,>0

In practice, the output of an ideal derivative element unfortunately includes considerable
noise. High frequency noise at the input terminals results in significant amplification at the
output terminals, therefore the ideal derivative element should be avoided in practical
implementation. The practical controller function is expressed as follows:

G.(9) = K, +2L+ Lo% (38)
s T/.s+1

The denominator determines the high frequency limit with the cut-off frequency as 1/Tyand
the numerator acts as a derivative function in the angular frequency range higher than
1/Kp; therefore, the practical PID controller executes as a derivative function in a frequency
range from 1/Kp to 1/Ts. The low frequency gain is 0 dB and the high frequency gain is
limited to Kp /Tf, hence Tycan be chosen from the actual signal condition.

In discrete time, equation (31) can be expressed as:

Kt (z+1) 2K, (z-1)
2(z-1) +(2T/+rs)z—(2Tf—rs)

when the bilinear transform method is utilized.

G.(5)=K,+ (39)

3.4 Speed Control

For all motor types, the difference of electromagnetic torque T and load torque T; causes
acceleration of the rotor according to the mechanical property of the motor drives. The
rotational motion equation can be written as:

do
T-T =J—, 40
L 7 (40)
or in fixed transfer function:
[0 1

=— (41)
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Torque can be controlled by the g-axis current as shown in equation (16); therefore, the
speed control loop is shown in Fig. 13.

A

. . T,
a)"?f' Lgref 1 lg T g— 1 [0}

Pl > 2K —»@—» — >
7:,4S+1 Js

Fig. 13. Speed control loop

Like the axial displacement control loop, the speed control loop also contains the inner g-
axis current control loop and rotational motion function. Since the rotational load is
unknown, it is handled in a first step as an external system disturbance. The influence of the
speed measurement is usually combined with the equivalent time constant of the current
control.

Consequently, the resulting speed loop to be controlled is:

o 2K, 1

—= (42)
T, s+1Js

Larer

The simplest speed controller is a proportional controller (P), converting the speed error in
the g-axis current command iz.r. Assuming no load (T:=0), a positive speed error creates
positive electromagnetic torque accelerating the drive until the error vanishes, and a
negative speed error gives negative electromagnetic torque decelerating the drive until the
error vanishes (braking mode). Thus, the steady-state error is zero in the no-load case. When
the P-controller is used, the closed-loop transfer function is:

w 1 1
—_— = 3
Ot 14 J s+ ey s’ S S
‘ 1+2&] — |+ — 43
2K,K," 2K,K, Lo o (43)
with:
2K, K,
W, = T is the natural angular frequency, and (44)
eq
J . .
&= | ———— is the damping constant. (45)
8K, K,T,

From these equations, it can be seen that the speed response to the external torque is
determined by the natural angular frequency. Faster response is obtained at higher @,, while
strong damper is achieved at higher . For arriving at a compromise, the optimum gain of
the current control is chosen as:
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K, = 4KJT when the damping constant & =1/ V2. (46)

T  eq
However, a simple P controller yields a steady-state error in the presence of rotational load
torque, this error can be estimated as:

=L
t—oc N K (47)

P

e, =(a, —o)

The most common approach to overcome this problem is applying an integral-acting part
within the speed controller. The speed controller function is expressed as:

1+T s
G.o(5)=K, (T—SJ (48)

Then the open-loop transfer function of speed loop is:

G ()oK 1tTws 2K 1
" " T, T,s+1Js

iw

(49)

Similar to the current control, the calculation of the controller parameters Ki, and Ti,
depend on the system to be controlled. For optimum speed response, parameter calculation
is done according to symmetrical optimization criterion. The time constant T;,, of the speed
controller is chosen bigger than the largest time constant in the loop, and the gain is chosen
so that the cut-off frequency is at maximum phase. The results can be expressed as:

T, =20,

K - J (50)
2K, [T, T

" eq

4. Experimental Results

4.1 Hardware

To demonstrate the proposed control method for a PM-type AGBM, an experimental setup
was constructed; it is shown schematically in Fig. 14. The rotor disc, shown in Fig. 15, has a
diameter of 50mm. Four neodymium magnets with a thickness of Imm for each side are
mounted to the disc’s surfaces to create two pole pairs. In this paper, only rotational motion of
the rotor and translation of the stator along the z axis are considered, hence for a more simple
experiment, the rotor is supported by two radial ball bearings that restrict the radial motion.
The stator, shown in Fig. 16, has a core diameter 50 mm and six concentrated wound poles,
each with 200 coil turns. The stators can slide on the linear guide to ensure a desired air gap
between the rotor and the two stators. A DC generator (Sanyo T402) is installed to give the
load torque. A rotary encoder (Copal RE30D) measures the rotor angle and an eddy-current-
type displacement sensor (Shinkawa VC-202N) measures the axial position.
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The control hardware of the AGBM drive is based on a dSPACE DS1104 board dedicated to
the control of electrical drives. It includes PWM units, general purpose input/output units
(8 ADC and 8 DAC), and an encoder interface. The DS1104 reads the displacement signal
from the displacement sensor via an A/D converter, and the rotor angle position and speed
from the encoder via an encoder interface. Two motor phase currents are sensed, rescaled,
and converted to digital values via the A/D converters. The DS1104 then calculates
reference currents using the rotation control and axial position control algorithms and sends
its commands to the three-phase inverter boards. The AGBM is supplied by two three-phase
PWM inverters with a switching frequency of 20 kHz.

Stator phase resistance R, 2.6 Q
Effective inductance per unit gap in d axis L/, 8.2e-6 Hm
Effective inductance per unit gap in g axis Ls’q() 9.6e-6 Hm
LLeakage inductance Ly 6e-3 H
Inertial moment of rotor | 0.00086 kgm?
INumber of pole pairs P 1

Permanent magnet flux 4,, 0.0126 Wb

Table 1. Parameters of salient pole AGBM

Fig. 14. Picture of the experimental setup

Fig. 15. Picture of the rotor of the AGBM Fig. 16. Picture of the stator of the AGBM
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4.2 Response of Speed and Axial Displacement

Fig. 17 shows the axial displacement at 0 rpm. The original displacement is set to 0.32 mm,
and at the time of 0.45 s, the axial position controller starts to work. In transient state, the
maximum error is 0.05 mm, much smaller than the air gap at the equilibrium point (g =
1.7mm) and the settling time is about 0.05 s. After that, the displacement is almost zero in a
steady state, i.e. the air gaps between stators and rotor are equal (g, =g, = g, ). The rotor

now stands in the middle of two stators.

0.4

0.2

Displacement (mm)

00 01 02 03 04 05 06 07 08 09 10
Time (s)
|

Fig. 17. Response of axial displacement at zero speed

Fig. 18 describes the change in the speed from zero to 6000 rpm and vice versa when the
displacement is zero and the limited current is #5A. The AGBM does not bear any load.
With small starting time (about 0.7s) and stopping time (about 0.4s) the AGBM drive shows
its good dynamic response.
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Fig. 18. Response of speed at zero displacement
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Figs. 19 and 20 show response of the axial displacement and the speed when the AGBM starts
to work. Initial displacement error is adjusted to 0.32mm, and the reference speed is 1500 rpm.
When the AGBM operates, the displacement jumps immediately to zero. At the same time, the
rotor speed increases and reaches 1500 rpm after 0.5s without influence of each other.

From above experimental results, it is obvious that the axial displacement and the speed are
controlled independently with each other.

Fig. 21 illustrates the change of the direct axis current iy, the quadrate axis current i,, and the
displacement when the motor speed changes from 1000 rpm to 1500 rpm and vice versa. The
limited currents are set to £3A. The AGBM drive works with rotational load. The rotational
load is created by closing the terminals of a DC generator using a 1 Q resistor. When the
reference speed is changed from 1000 rpm to 1500 rpm, the g-axis current increases to the
limited current. At the speed of 1500 rpm, the g-axis current is about 2.5A. Due to the
influence of the g-axis current as shown in equation (18), there is little higher vibration in the
displacement and the d-axis current at 1500 rpm. However, the displacement error is far
smaller than the equilibrium air gap go, therefore the influence can be neglected.
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Fig. 19. Response of speed at start
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Fig. 20. Response of axial displacement at start
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Fig. 21. Currents and displacement when rotor speed was changed
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5. Conclusion

This chapter introduces and explains a vector control of the salient two-pole AGBM drives
as required for high-performance motion control in many industrial applications.

Firstly, a general dynamic model of the AGBM used for vector control is developed, in
which the saliency of the rotor is considered. The model development is based on the
reference frame theory, in which all the motor electrical variables is transformed to a rotor
field-oriented reference frame (d,q reference frame). As seen from the d,q reference frame
rotating with synchronous speed, all stator and rotor variables become constant in steady
state. Thus, dc values, very practical regarding DC motor control strategies, are obtained.
Furthermore, by using this transformation, the mutual magnetic coupling between d- and g-
axes is eliminated. The stator current in d-axis is only active in the affiliated windings of the
d-axis, and the same applies for the g-axis.

Secondly, the vector control technique for the AGBM drives is presented in detail. In spite of
many different control structures available, the cascaded structure, inner closed-loop current
control and overlaid closed-loop speed and axial position control, is chosen. This choice
guarantees that the AGBM drive is closed to the modern drives, which were developed for
the conventional motors. Furthermore, the closed-loop vector control method for the axial
position and the speed is developed in the way of eliminating the influence of the reluctance
torque. The selection of suitable controller types and the calculation of the controller
parameters, both depending on the electrical and mechanical behavior of the controlled
objects, are explicitly evaluated.

Finally, the AGBM was fabricated with an inset PM type rotor, and the vector control with
decoupled d- and g-axis current controllers was implemented based on dSpace DS1104 and
Simukink/Matlab. The results confirm that the motor can perform both functions of motor
and axial bearing without any additional windings. The reluctance torque and its influence
are rejected entirely. Although, there is very little interference between the axial position
control and speed control in high speed range and high rotational load, the proposed AGBM
drive can be used for many kind of applications, which require small air gap, high speed
and levitation force.
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1. Introduction

Magnetic bearings are contactless suspension devices, which are mainly used for rotating ap-
plications but also exist for translational ones. Their major interest lies of course in the fact that
there is no contact and therefore no friction at all between the rotating part and its support.
As a consequence, these bearings allow very high rotational speeds. Such devices have been
investigated for eighty years. Let’s remind the works of F. Holmes and J. Beams (Holmes &
Beams, 1937) for centrifuges.

The appearing of modern rare earth permanent magnets allowed the developments of passive
devices, in which magnets work in repulsion (Meeks, 1974)(Yonnet, 1978).

Furthermore, as passive magnetic bearings don’t require any lubricant they can be used in
vacuum and in very clean environments.

Their main applications are high speed systems such as turbo-molecular pumps, turbo-
compressors, energy storage flywheels, high-speed machine tool spindles, ultra-centrifuges
and they are used in watt-hour meters and other systems in which a very low friction is
required too (Hussien et al., 2005)(Filatov & Maslen, 2001).

The magnetic levitation of a rotor requires the control of five degrees of freedom. The
sixth degree of freedom corresponds to the principal rotation about the motor axis. As a
consequence of the Earnshaw’s theorem, at least one of the axes has to be controlled actively.
For example, in the case of a discoidal wheel, three axes can be controlled by passive bearings
and two axes have to be controlled actively (Lemarquand & Yonnet, 1998). Moreover, in some
cases the motor itself can be designed to fulfil the function of an active bearing (Barthod &
Lemarquand, 1995). Passive magnetic bearings are simple contactless suspension devices but
it must be emphazised that one bearing controls a single degree of freedom. Moreover, it
exerts only a stiffness on this degree of freedom and no damping.

“valerie.lemarquand@ieee.org
feuylemarquand@ieee.org
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Permanent magnet bearings for rotating shafts are constituted of ring permanent magnets.
The simplest structure consists either of two concentric rings separated by a cylindrical air
gap or of two rings of same dimensions separated by a plane air gap. Depending on the
magnet magnetization directions, the devices work as axial or radial bearings and thus control
the position along an axis or the centering of an axis. The several possible configurations
are discussed throughout this chapter. The point is that in each case the basic part is a ring
magnet. Therefore, the values of importance are the magnetic field created by such a ring
magnet, the force exerted between two ring magnets and the stiffness associated.

The first author who carried out analytical calculations of the magnetic field created by ring
permanent magnets is Durand (Durand, 1968). More recently, many authors proposed sim-
plified and robust formulations of the three components of the magnetic field created by ring
permanent magnets (Ravaud et al., 2008)(Ravaud, Lemarquand, Lemarquand & Depollier,
2009)(Babic & Akyel, 2008a)(Babic & Akyel, 2008b)(Azzerboni & Cardelli, 1993).

Moreover, the evaluation of the magnetic field created by ring magnets is only a helpful step
in the process of the force calculation. Indeed, the force and the stiffness are the values of
importance for the design and optimization of a bearing. So, authors have tried to work out
analytical expressions of the force exerted between two ring permanent magnets (Kim et al.,
1997)(Lang, 2002)(Samanta & Hirani, 2008)(Janssen et al., 2010)(Azukizawa et al., 2008).

This chapter intends to give a detailed description of the modelling and approach used to cal-
culate analytically the force and the stiffness between two ring permanent magnets with axial
or radial polarizations (Ravaud, Lemarquand & Lemarquand, 2009a)(Ravaud, Lemarquand
& Lemarquand, 2009b). Then, these formulations will be used to study magnetic bearings
structures and their properties.

2. Analytical determination of the force transmitted between two axially polarized
ring permanent magnets.

2.1 Preliminary remark

The first structure considered is shown on Fig.1. It is constituted of two concentric axially
magnetized ring permanent magnets. When the polarization directions of the rings are an-
tiparallel, as on the figure, the bearing controls the axial position of the rotor and works as a
so called axial bearing. When the polarization directions are the same, then the device con-
trols the centering around the axis and works as a so called radial bearing. Only one of the
two configurations will be studied thoroughly in this chapter because the results of the second
one are easily deducted from the first one. Indeed, the difference between the configurations
consists in the change of one of the polarization direction into its opposite. The consequence
is a simple change of sign in all the results for the axial force and for the axial stiffness which
are the values that will be calculated.

Furthermore, the stiffness in the controlled direction is often considered to be the most inter-
esting value in a bearing. So, for an axial bearing, the axial stiffness is the point. Nevertheless,
both stiffnesses are linked. Indeed, when the rings are in their centered position, for symmetry
reasons, the axial stiffeness, K, and the radial one, K, verify:

2K, + K, =0 )

So, either the axial or the radial force may be calculated and is sufficient to deduct both stiff-
nesses. Thus, the choice was made for this chapter to present only the axial force and stiffness
in the sections dealing with axially polarized magnets.
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Fig. 1. Axial bearing constituted of two axially magnetized ring permanent magnets. J; and
J» are the magnet polarizations

2.2 Notations

The parameters which describe the geometry of Fig.1 and its properties are listed below:
J1: outer ring polarization [T].

J»: inner ring polarization [T].

r1, ry: radial coordinates of the outer ring [m].

r3, r4: radial coordinates of the inner ring [m].

21, Zp: axial coordinates of the outer ring [m].

z3, z4: axial coordinates of the inner ring [m].

hy = zp — z1: outer ring height [m].

hy = z4 — z3: inner ring height [m].

The rings are radially centered and their polarizations are supposed to be uniform.

2.3 Magnet modelling

The axially polarized ring magnet has to be modelled and two approaches are available to
do so. Indeed, the magnet can have a coulombian representation, with fictitious magnetic
charges or an amperian one, with current densities. In the latter, the magnet is modelled
by two cylindrical surface current densities k; and kj located on the inner and outer lateral
surfaces of the ring whereas in the former the magnet is modelled by two surface charge
densities located on the plane top and bottom faces of the ring.

As a remark, the choice of the model doesn’t depend on the nature of the real magnetic
source, but is done to obtain an analytical formulation. Indeed, the authors have demontrated
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Fig. 2. Model of a ring magnet: amperian equivalence.

that depending on the polarization direction of the source only one of the model generally
yields an analytical formulation. So, the choice rather depends on the considered problem.

2.4 Force calculation

The force transmitted between two axially polarized ring permanent magnets is determined
by using the amperian approach. Thus, each ring is replaced by two coils of N; and N, turns
in which two currents, I; and I, flow. Indeed, a ring magnet whose polarization is axial and
points up, with an inner radius r; and an outer one r,, can be modelled by a coil of radius
ry with a current I, flowing anticlockwise and a coil of radius r; with a current I; flowing
clockwise (Fig.2).

The equivalent surface current densities related to the coil heights k1 and ) are defined as
follows for the calculations:

k1 = Ni11/hy: equivalent surface current density for the coils of radii ry and r,.

ky = NyIp/hy: equivalent surface current density for the coils of radii r3 and r4.

The axial force, F, created between the two ring magnets is given by:

E - Voklkz 3 Z 1)1 {fz(ri,rj)} @)

i=1j=3

with

2 (£ — £) cos(0)dzdzdd
f ri,ri) =71
) ]/ / / 472 —2r,r]008(9)+(zz_2)2)
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Parameter | Definition
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Table 1. Parameters in the analytical expression of the force exerted between two axially po-
larized ring magnets.

The current densities are linked to the magnet polarizations by:

=L )
Ho
and ]
by =2 @)
Ho
Then the axial force becomes:
i)z z & (14i+j+k+1)
E=5= Yo ) (=t Fijkl ®)
Ho i k=1j1=3
with
Fjk = ritig (zk —z, 77 + r]z- +(zx — z)%, *2”1"’]‘> 6)
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The special functions used are defined as follows:
K [m] is the complete elliptic integral of the first kind.
K[m] = /7 ;dG 8)
Jo /1 —msin(0)2



90 Magnetic Bearings, Theory and Applications

F [¢, m] is the incomplete elliptic integral of the first kind.

¢ 1
Flg.m] = /0 /1 —msin(6)2 a6 ©)

E [¢, m] is the incomplete elliptic integral of the second kind.

E|[p,m] = /()(P \/1— msin(6)2d6 (10)
EWQ:A%lemﬁmw%G (11)

II [, m] is the incomplete elliptic integral of the third kind.
T
Mnm =11 [n, E,m] (12)
with
| = /‘¢ 1 1
0 /1—mnsin(0)? /1 — msin(9)2

Il [n,¢,m

0 (13)

3. Exact analytical formulation of the axial stiffness between two axially polarized
ring magnets.

The axial stiffness, K, existing between two axially polarized ring magnets can be calculated
by deriving the axial force transmitted between the two rings, F;, with regard to the axial
displacement, z:

K,=——F (14)

dz
F; is replaced by the integral formulation of Eq.5 and after some mathematical manipulations
the axial stiffness can be written:

he & ¢ (1+i+j+k+1)
K. =5"~ (-1) Cijk (15)
Ho jx=1j1=3

where

741+ (2 —z)? {_41/1-1/].]
K

—4r;r;
Cijki = wﬁ{a”YQ 7

o = (ri—r)*+(z—z)*

o

(16)

4. Study and characteristics of axial bearings with axially polarized ring magnets
and a cylindrical air gap.

4.1 Structures with two ring magnets

This section considers devices constituted of two ring magnets with antiparallel polarization
directions. So, the devices work as axial bearings. The influence of the different parameters
of the geometry on both the axial force and stiffness is studied.



Passive permanent magnet bearings for rotating shaft : Analytical calculation 91

4.1.1 Geometry

The device geometry is shown on Fig.1. The radii remain the same as previously defined. Both
ring magnets have the same axial dimension, the height 1; = hy = h. The axial coordinate,
z, characterizes the axial displacement of the inner ring with regard to the outer one. The
polarization of the magnets is equal to 1T.

The initial set of dimensions for each study is the following:

r1 = 25mm, vy = 28mm, r3 = 21mm, ry = 24mm, h = 3mm

Thus the initial air gap is 1mm wide and the ring magnets have an initial square cross section
of 3 x 3mm?.

4.1.2 Air gap influence

The ring cross section is kept constant and the radial dimension of the air gap, r; — r3, is varied
by modifying the radii of the inner ring. Fig.3 and 4 show how the axial force and stiffness are
modified when the axial inner ring position changes for different values of the air gap.
Naturally, when the air gap decreases, the modulus of the axial force for a given axial position
of the inner ring increases (except for large displacements) and so does the modulus of the
axial stiffness. Furthermore, it has to be noted that a positive stiffness corresponds to a stable
configuration in which the force is a pull-back one, whereas a negative stiffness corresponds
to an unstable position: the inner ring gets ejected!

60

N
(e

20

Axial Force [N]
o

-4 -2 0 2 4
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Fig. 3. Axial force for several air gap radial dimensions. Blue: ry = 25mm,ry = 28mm,r3 =
21mm, ry = 24mm, h = 3mm Air gap 1mm, Green: Air gap 0.5mm , Red: Air gap 0.1mm

4.1.3 Ring height influence

The air gap is kept constant as well as the ring radii and the height of the rings is varied.
Fig.5 and 6 show how the axial force and stiffness are modified. When the magnet height
decreases, the modulus of the axial force for a given axial position of the inner ring decreases.
This is normal, as the magnet volume also decreases.

The study of the stiffness is carried out for decreasing ring heights (Fig.6) but also for
increasing ones (Fig.7). As a result, the stiffness doesn’t go on increasing in a significant way
above a given ring height. This means that increasing the magnet height, and consequently
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Fig. 4. Axial stiffness for several air gap radial dimensions. Blue: r{ = 25mm, ry = 28mm, r3 =
21mm, ry = 24mm, h = 3mm Air gap 1mm, Green: Air gap 0.5mm , Red: Air gap 0.1mm

the magnet volume, above a given value isn’t interesting to increase the stiffness. Moreover,
it has to be noted that when the height is reduced by half, from 3mm to 1.5mm, the stiffness
is only reduced by a third. This points out that in this configuration, the loss on the stiffness
isn’t that bad whereas the gain in volume is really interesting. This result will be useful for
other kinds of bearing structures -stacked structures- in a further section. Besides, the magnet
height shouln’t become smaller than the half of its radial thickness unless the demagnetizing
field inside the magnet becomes too strong and demagnetizes it.
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Fig.5. Axial force for ring small heights. Blue: ry = 25mm, ry = 28mm, r3 = 21mm, ry = 24mm,
air gap 1mm h = 3mm, Green: h = 2mm , Red: h = 1.5mm.

4.1.4 Ring radial thickness influence
Now, the radial thickness of the ring magnets is varied. The ring height, h = 3mm, and the air
gap length, 1mm, are kept constant and the outer radius of the outer ring, ry, is increased of
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Fig. 6. Axial stiffness for ring small heights. Blue: ry = 25mm, ry = 28mm,r3 = 2lmm,ry =
24mm, air gap 1mm h = 3mm, Green: h = 2mm , Red: h = 1.5mm.
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Fig. 7. Axial stiffness for ring large heights. Blue: r; = 25mm, ry = 28mm,r3 = 21lmm,ry =
24mm, air gap 1mm h = 3mm, Green: h = 6mm , Red: h = 9mm.

the same quantity as the inner radius of the inner ring, 3, is decreased. So, the inner ring has
always the same radial thickness as the outer one.

When the radial thickness increases, the modulus of the axial force for a given axial dis-
placement of the inner ring also increases (Fig.8). This behavior is expected as once again
the magnet volume increases. However, the ring thickness doesn’t seem a very sensitive
parameter. Indeed, the variation isn’t as dramatic as with the previous studied parameters.

4.1.5 Ring mean perimeter influence

The outer ring perimeter is varied and all the radii are varied to keep the ring cross section
and the air gap constant. As a result, when the device perimeter -or the air gap perimeter-
increases, the modulus of the axial force for a given axial displacement of the inner ring also
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Fig. 8. Axial force for several radial thicknesses. Blue: r; = 25mm,r, = 28mm,r3 =
21mm,ry = 24mm, h = 3mm, air gap 1mm, Radial thickness ry — r; = rq4 — r3 = 3mm, Green:

4mm , Red: 5mm.

increases (Fig.9). This result is expected as the magnet volume also increases.
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Fig. 9. Axial force for several air gap perimeters. h = 3mm, air gap 1mm. Blue: rq
25mm, ry = 28mm,r3 = 21mm,ry = 24mm. Green: r1 = 37mm,ry = 40mm,r3 = 33mm,ry =
36mm. Red: r1 = 50mm, ro = 53mm, r3 = 46mm, ry = 49mm.

4.1.6 Maximum axial force
Previous results are interesting as they show the shape of the axial force and stiffness when

different dimensional parameters are varied. Nevertheless, it is necessary to complete these
results with additional studies, such as the study of the maximum force for example, in or-
der to compare them. Indeed, a general conclusion is that the axial force increases when the
magnet volume increases, but the way it increases depends on the parameter which makes

the volume increase.
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So, the blue line on Fig.10 shows that the maximum force varies linearly with the air gap
diameter. Furthermore, this variation is also linear for radially thicker ring magnets (green
and red lines on Fig.10).

As a conclusion, the maximum axial force, and the axial stiffness too, is proportional to the air
gap diameter, as long as this diameter isn’t too small (which means above 5mm).
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Fig. 10. Maximum axial force versus the air gap perimeter for several ring radial thicknesses.
Air gap 1mm, h = 3mm. Blue: ry = 25mm,ry = 28mm,r3 = 21lmm,ry = 24mm Radial
thickness r, — ri = rq4 — r3 = 3mm, Green: Radial thickness 4mm , Red: Radial thickness 5mm.

Maximum Axial Force [N]
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Moreover, the blue line on Fig.11 shows that the maximum force varies inversely to the square
of the air gap radial dimension. Thus, the maximum axial force is very sensitive to the air
gap radial dimension, which should be as small as possible to have large forces but which is
generally set by the mechanical constraints of the device. As a remark, for ring magnets of
3 x 3mm? cross section, if the radial mechanical air gap has to be 2mm, the axial force exerted
is rather negligible!

4.2 Multiple ring structures: stacked structures

A remark of the previous section will be exploited now. Indeed, the study of the ring height
shew that diminishing the magnet height, and thus its volume, could be done without a dra-
matical decrease of the force. Hence the idea of using rather short rings but of stacking them
with alternate polarization directions to achieve larger forces.

For example, let’s consider a stack of elementary devices of same dimensions as the previously
considered devices: r1 = 25mm, ry = 28mm, r3 = 21mm, ry = 24mm, h = 3mm, cross section
3 x 3mm?. The bottom of the first device is located at z = 0, the bottom of the second one at
z = 3 and so on (Fig. 12).

Fig.13 shows the axial stiffness for the elementary device (blue), for a stack of two elementary
devices (green) and for a stack of three elementary devices (red). The consequence of stacking
is that the different axial stiffnesses are additive, as they all act in the same way. So, the total
axial stiffness of the device increases more rapidly than the number of stacked devices (Yonnet
etal., 1991). Indeed, the maximal stiffness for one ring pair with a square section of 3 x 3mm?
is 30.8 N/mm, for two pairs 87.9 N/mm and for three pairs 140 N/mm. If n is the number of
pairs, the stiffness of a stack is approximately 21 — 1 times greater than the stiffness of a pair.
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Fig. 11. Maximum axial force versus the air gap radial dimension for several ring radial thick-

nesses. h = 3mm. Blue: vy = 25mm,ry = 28mm,r3 = 21mm,ry = 24mm Radial thickness
ry — 11 = rq4 — r3 = 3mm, Green: Radial thickness 4mm , Red: Radial thickness 5mm.
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Fig. 12. Cross-section of a stack of three elementary devices with alternate axial polarizations.

Besides, the stiffness obtained for a ring pair of same total dimensions as the stack of three
pairs is 34.7 N/mm. This example emphazises the advantage, for a given volume and a suf-
ficient axial height, of splitting the ring into several rings of smaller heights and opposite
polarizations: making three pairs increases the stiffness fourfold. The splitting is interesting
as long as the height of each ring magnet is large enough (see section 4.1.3).

5. Study and characteristics of axial bearings with axially polarized ring magnets
and a plane air gap.

This section considers devices with two axially polarized ring magnets of exactly the
same dimensions. They are positioned so as to have the same rotation axis and thus are
separated by a plane air gap. In this configuration, if the rings have the same polarization
direction, the device works as a radial bearing, if the polarizations are opposite, it works
as an axial bearing. It is noticeable that for axial polarizations, parallel polarizations yield
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Fig. 13. Axial stiffness for one elementary device (blue), for a stack of two elementary devices
(green) and three elementary devices (red).

radial bearings whereas antiparallel polarizations yield axial ones, whatever the air gap shape.

For these structures, the axial displacement of one ring corresponds to an air gap variation.
Of course, the maximal axial force between the rings occurs when they are axially in contact
with each other. When the air gap, z, increases, the axial force decreases, as show on Fig.15.
As the variation is monotonous, the axial stiffness has always the same sign (Fig. 16) and the
force the same nature (restoring, here).

I
[
Fig. 14. Cross-section of a bearing with a plane air gap

Moreover, the axial force depends on the size of surfaces which are facing each other. There-
fore, it is obvious that when the ring radial thickness increases, the force increases in the same
way. The only other interesting parameter is the ring axial height. Figure 17 and 18 show how
the axial force and stiffness vary when the air gap changes for different ring axial height. The
force doesn’t seem to vary greatly when the magnet height changes, and the stiffness even
less. But the attention should be drawn to the scale of the force amplitude. Indeed, Fig.19
and 20 show the force and the stiffness for a fixed air gap when the magnet height varies.
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Fig. 15. Axial force when the plane air gap length, z, varies. r; = r3 = 25mm,ry = ry =
28mm, h = 3mm.
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Fig. 16. Axial stiffness when the plane air gap length, z, varies. r| = r3 = 25mm,rp = ry =
28mm, h = 3mm.

They emphazise the fact that increasing the magnet height is interesting for small heights, but
becomes rapidly inefficient, especially with regard to the stiffness.

6. Determination of the force transmitted between two radially polarized ring per-
manent magnets.

The structure considered now is shown in Fig 21. The device is constituted by two concentric
ring magnets which are separated by a cylindrical air gap and are radially polarized, their
polarizations being in the same direction.

6.1 Notations

The parameters which describe the geometry of Fig.21 and its properties are listed below:
J1: outer ring polarization [T].

J»: inner ring polarization [T].
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Fig. 17. Axial force when the plane air gap length, z, varies. r| = r3 = 25mm, ry = ry = 28mm.
Blue: h = 3mm, Green: h = 2mm , Red: h = 4mm.

Yin, Tout: radial coordinates of the outer ring [m].

Tin2, Tour2: radial coordinates of the inner ring [m].

h: outer ring height [m].

Z — z4: inner ring height [m].

The rings are radially centered and their polarizations are supposed to be uniformly radial.

6.2 Magnet modelling

For this kind of configuration, the coulombian model of magnets is the one that gives interest-
ing analytical and semi analytical expressions. Consequently, each ring permanent magnet is
represented by two curved planes which correspond to the inner and outer faces of the rings.
These faces are charged with a surface magnetic pole density ¢* and the charge balance is
reached thanks to a magnetic pole volume density o;. For each ring, the inner face is charged
with the surface magnetic pole density +c* and the outer one is charged with the surface
magnetic pole density —c*. Moreover, all the calculations are carried out with ¢* = J.ii = 1T
where J is the magnetic polarization vector and # is the unit normal vector which is directed
towards the rotation axis.

6.3 Expression of the force

The axial force exerted between the magnets results of the interaction of all the charge densi-
ties. The axial component of the magnetic field produced by the outer ring permanent magnet
is H,. Thus, the axial force F, can be written as follows:

FZ:// Hza;ds”—// Hzoz*d§+/// B, 247 (17)
<Sir1) (Sou!) * (V) 7’2

where 07 is the magnetic pole surface density of the inner ring magnet, (S;,) is the surface of
the inner face of the inner ring permanent magnet, (S,ut) is the surface of the outer face of the
inner ring permanent magnet and (V) is the volume of the inner ring permanent magnet. So,



100

Magnetic Bearings, Theory and Applications

140

120\\\

—_
0 O
oS O
/

60
4, * ~—|

Axial Stifness [N/mm)]

0.5 1.0 1.5 2.0 2.5 3.0
z [mm]

Fig. 18. Axial stiffness when the plane air gap length, z, varies. r; = r3 = 25mm,ry = rqy =

28mm. Blue: h = 3mm, Green: h = 2mm , Red: h = 4mm.

the axial force F, can be expressed by:
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Fig. 19. Axial force when the ring axial height, h, varies. Plane air gap z = 1mm, r; = r3 =
25mm, ryp = rqy = 28mm.

where 07 is the magnetic pole surface density of the outer ring magnet. and

b(a, B) = @ (20)
clo, ) = “C:P) @

The next step is to evaluate Eq. (18). Therefore, the number of integrals is first reduced by

integrating analytically a(«, B), b(«, B) and c(a, B) according to the integral variables. Un-
fortunately, a fully analytical expression of the force can’t be found but the following semi-

analytical expression is quite useful:

E = a2 / Sde,
2ug Jo,=

o 27T
4% / Md6,
2]40 01=

(71 0’2 / /’ﬂutZ
Vdodr
2”0 61=0 Jr2=rin> .

where S represents the interaction between the magnetic pole surface densities of each ring
magnet, M corresponds to the magnetic interaction between the magnetic pole surface densi-
ties of one ring permanent magnet and the magnetic pole volume density of the other one, and
V denotes the interaction between the magnetic pole volume densities of each ring permanent

(22)

magnet.
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Fig. 21. Radial bearing with radially polarized ring magnets and a cylindrical air gap

The first contribution S is given by (23).
S = —f(zazp, 1,01 Tin, Tour)
(Za, 2, 1,01, Tout, Tout2)
+f(Za/ Zp, h/ 91/ Tin, 7’in2)
(

_f Zﬁ/ Zb/ h, 91/ rout/ rinZ)
(23)
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with

flag,ap, 03,601, a5,06) = asaglog {“3 — a1+ \/lxé + a2 + (a3 — a1)2 — 2506 C05(91)}

+asuglog |aq + \/ag + a2 + a? — 2506 cos(()l)}

—asaglog |az —ap + \/océ + a2 + (a3 — ap)? — 2a506 cos(Gl)}

—asug log |ay + \/0(% + a2 + a2 — 2504 cos(@l)}

(24)
The second contribution M is given by (25).
M = 7t(7’inr Touts Yout2, M Za, Zp, 91)
+t(rin/ Youts in2, M Za, Zp, 91)
+t(7inz YoutsVins h/ Za, Zp, 61 )
—t(ins Tout, Tout, 1, Za, 2p, 61)
(25)
with
tH(B = 2 _ 2 _5.)2
1,82, B3, Bu Bs, Bo,01) =+ (B, Ba, Ba— Bs, B} + (Ba — Ps),2Bs cos(0r) )
2 (1, B B, B3 + B3, 23 cos(6r)
1) (B1, B2, Ba — B, B3+ (Bs — Bs)’, 23 cos(6y)
—+@ (,31,,32, B, ﬁ% + ﬁ%,Z,B;; cos(91)>
(26)
and
(@ (B1, B2 0.4, f) = 1O (B 0,4, f) 1 (Br, 0.4, f) (27)
and

3) _ L VA fr 4y —f+2 | f o 2
1t (s,q,d,f) = s+ > arctan Ty 41og[d q fs—l—s]

+sbg%+\m4jé+¥}+qbgLf+2@+vgi?;:;4

(4d — f* — 44* + f1) log [11]
47

(—4d + > + 447 + fn) log [uy]
4y

(28)
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C2(fPH4AfR = Py +2s) +4d(—f + 1 +25))
q*(—4d + f2 + 4% — fi)(—f + 1 +2s)
8q(—2qs + 171/d — fs+ s?)

q*(—4d + f2 + 497 — fi)(—f + 1 +2s)

u =

(29)

C2(f2+4fq* — f2(n —2s) —4d(f + 1 — 25))
G*(—4d + f2 + 49 + fn) (f +11 — 2s)
—84(2qs +1+/d — fs +5?)

q*(—4d + f2 + 492 + fn)(f +1n — 2s)

Uy =

(30)

7 =1/—4d + f2 + 442 (31)

The third contribution V is given by (32).

with

V = tl’l(1>(1’out, Y2,Za,Zp, h, 91) — th<1)(r,-n,r2,za,zb,h, 91) (32)
with

th) = 0 (11,1 — 24,73 4 (h — 24)2,2r5 cos(61))
+t0) (11, za, r% +22,2r5 cos(67))
—t8) (11, b — 2y, 1% + (h — 23)?, 215 cos(67))
) (71, zp, r% + zi, 2rp cos(61))
(33)

6.4 Expression of the axial stiffness between two radially polarized ring magnets

As previously done, the stiffness K exerted between two ring permanent magnets is deter-
mined by calculating the derivative of the axial force with respect to z,. We set z;, = z, +b
where b is the height of the inner ring permanent magnet. Thus, the axial stiffness K can be
calculated with (34).

0
K=—o"F (34)
where F; is given by (18). We obtain :
K=Ks+Ky+Ky (35)

where Kg represents the stiffness determined by considering only the magnetic pole surface
densities of each ring permanent magnet, Ky corresponds to the stiffness determined with
the interaction between the magnetic pole surface densities of one ring permanent magnet
and the magnetic pole volume density of the other one, and Ky corresponds to the stiffness
determined with the interaction between the magnetic pole volume densities of each ring
permanent magnet. Thus, K is given by:
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Kg =
1 41’31’1 :| 1 |: 41’37’1 } 1 |: 41’37‘1 :| 1 [ 41’31’1 :|
a1 (\/”‘31 a3 v/ B31 Ba1 V031 031 V731 Y31
1 * [ 41’41’1_ 1 * [ 47’47’1— 1 % [ 47’47‘1_ 1 [ 47’47‘1_
+ K" |— — K" |— + K" |— — K" |—
T <\/ 1L oaa ] /Ba Bar | Vom L Sm ] Vrym | va |
1 [ 4?‘31"2— 1 * I 4}’31’2_ 1 * [ 47‘37‘2— 1 [ 47‘37‘2_
+ 132 K* |- — K" |— + K" |— — K" |—
1 (\/“32 L 432 | B3z B2 | o L 92 ] V12 L 732
1 [ 41’47’2_ 1 I 47’41’2_ 1 [ 47‘41’2_ 1 [ 41’41’2_
+ K* | — — K* |- + K* | — - K" |—
2 (x/ﬂé P R 7V Ba Biz | Vow b ] Ve | ra
(36)
with
gy = 20 (37)
K Ho
0(,‘]‘ = (1’1' — 1’]')2 + Z%{ (38)
Bij = (ri —17)* + (2o +h)? (39)
vij = (ri=1)* + (20 — h) (40)
8ij = (ri —17)* + (b= h)* + 2,(2b — 2h + 2,) (41)
K* [m] = /j ;dg (42)
0 1 —msin(6)2
The second contribution Ky, is given by:
0‘*0‘* 27
Ky = 1% / udo 13
M= 20 Joso (43)
with
u = f(rin/rout/rinZ/h/Za/bze)
—f (rinrroutrroutZr h,za, b, 9)
+f (rian Tout2s Tins 1,20, b, 9)
7f (rinZI Tout2s Tout, N, Za, b, 6)
(44)

and
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f(a’ﬁ/’)/lhlza,b, 9) =

—vlog |« — 7y cos(0) + \/ocz + 92423 — 2ay cos(@)}

+ ylog |a — 7y cos(6) + \/txz + 92+ (za + b)2 — 2uy cos(Q)}

+ vlog |a — ycos(8) + \/az + 92+ (zg — h)% = 2ay cos(G)}

— ylog |a — ycos(9) + \/062 + 92+ (b—h)2+2z,(b—h) + 23 — th'ycos(e)}

- 45
+ vlog ,B*’YCOS(G)‘F\/,32+72+Z%*206’)’COS(9):| “
— ylog _/3 —vcos(0) + \/,Bz + 92+ (za +b)2 — 2ay cos(@)}
+ ylog ,B — ycos(0) + \/,82 + 92+ (za —h)2 — th’ycos(G)}
—vlog _,B —vycos(0) + \/’32 + 924 (b —h)2 4 2z4(b — h) + 22 — 2a7y cos()
The third contrib_ution Ky is given by:
Tout
k=G L 49

with

+log
—log
+log
+log
—log
—log

+log

Fino — 11 c0s(8) + \/rflZ +12,+25 =21 cos(G)]

Tinp — 11 cos(6) + \/r% + r:‘an +(zg +b)2 = 211750 cos(B)]

Ting — 11 cos(0) + \/r% + 125+ (b — h)? + 2bz — 2hz, + 25 — 21172 cos(G)}

oz = 11 08(6) + /13 + 7oy + (20 — 2~ 21ricos(6)|

Foutz — 1€0s(8) + \/r% + 12,10 + 25 = 2r1Toun cos(G)}

Toutz — 71 cos(0) + \/r% + rgutz +(za +b)2 = 2r170u2 cos((-}’)}

Toutzr — 71 cos(8) + \/r% + 12,0 + (2o — h)2 = 2r17oup cos(G)}

Toutz — 71 cos(8) + \/r% + 12,5 + (b — )2 4 2bz4 — 2hzg + 22 — 2117y cos(0)

(47)

As aremark, the expression of the axial stiffness can be determined analytically if the magnetic
pole surface densities of each ring only are taken into account, so, if the magnetic pole volume
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densities can be neglected. This is possible when the radii of the ring permanent magnets are
large enough (Ravaud, Lemarquand, Lemarquand & Depollier, 2009).

7. Study and characteristics of bearings with radially polarized ring magnets.

Radially polarized ring magnets can be used to realize passive bearings, either with a cylindri-
cal air gap or with a plane one. A device with a cylindrical air gap works as an axial bearing
when the ring magnets have the same radial polarization direction, whereas it works as a
radial one for opposite radial polarizations.

For rings with a square cross-section and radii large enough to neglect the magnetic pole
volume densities, the authors shew that the axial force exerted between the magnets as well
as the corresponding siffness was the same whatever the polarization direction, axial or radial.
For instance, this is illustrated for a radial bearing of following dimensions: r;,, = 0.01 m,
Tourz = 0.02m, 7;, = 0.03m, 1oyt =0.04m, 2z, — 2, =h=01m,]=1T.

Fig. 22 gives the results obtained for a bearing with radial polarization. These results are to
be compared with the ones of Fig. 23 corresponding to axial polarizations.
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Fig. 22. Axial force and stiffness versus axial displacement for two ring permanent magnets
with radial polarizations; r; = 0.01 m, r, = 0.02m, r3 = 003 m, ry, = 004 m, zp —z; =
z4—23=01m,J=1T
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Fig. 23. Axial force and stiffness versus axial displacement for two ring permanent magnets
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These figures show clearly that the performances are the same. Indeed, for the radial polar-
izations the maximal axial force exerted by the outer ring on the inner one is 37.4 N and the
maximal axial stiffness is |K;| = 7205 N/m and for the axial polarizations the maximal axial
force exerted by the outer ring on the inner one is 35.3 N and the maximal axial stiffness is
|K;| = 6854 N/m.

Moreover, the same kind of results is obtained when radially polarized ring magnets with
alternate polarizations are stacked: the performances are the same as for axially polarized
stacked rings.

So, as the radial polarization is far more difficult to realize than the axial one, these calcula-
tions show that it isn’t interesting from a practical point of view to use radially polarized ring
magnets to build bearings.

Nevertheless, this conclusion will be moderated by the next section. Indeed, the use of
“mixed” polarization directions in a device leads to very interesting results.
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Fig. 24. Ring permanent magnets with perpendicular polarizations.

8. Determination of the force exerted between two ring permanent magnets with
perpendicular polarizations

The geometry considered is shown in Fig. 24: two concentric ring magnets separated by a
cylindrical air gap. The outer ring is radially polarized and the inner one is axially polarized,
hence the reference to “perpendicular” polarization.

8.1 Notations

The following parameters are used:

r1,r7: inner and outer radius of the inner ring permanent magnet [m]

r3, r4: inner and outer radius of the outer ring permanent magnet [m]

z1,22: lower and upper axial abscissa of the inner ring permanent magnet [m]

z3,z4: inner and outer axial abscissa of the outer ring permanent magnet [m]

The two ring permanent magnets are radially centered and their polarization are supposed
uniformly radial.

8.2 Magnet modelling

The coulombian model is chosen for the magnets. So, each ring permanent magnet is repre-
sented by faces charged with fictitious magnetic pole surface densities. The outer ring perma-
nent magnet which is radially polarized is modelled as in the previous section. The outer face
is charged with the fictitious magnetic pole surface density —c* and the inner one is charged
with the fictitious magnetic pole surface density +c*. Both faces are cylindrical. Moreover,
the contribution of the magnetic pole volume density will be neglected for simplifying the
calculations.

The faces of the inner ring permanent magnet which is axially polarized are plane ones: the
upper face is charged with the fictitious magnetic pole surface density —c* and the lower one
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is charged with the fictitiou
tions are done with ¢* = J.
unit normal vector.

magnetic pole surface density +c*. All the illustrative calcula-

us
i = 1T, where J is the magnetic polarization vector and # is the

8.3 Force calculation
The axial force exerted between the two magnets with perpendicular polarizations can be
determined by:

]2 27
E, = / H(r,z3)rdrd6

47tpo
27
4”#0/ / H(r,z4)rdrd6

(46)

where H; (7, z) is the axial magnetic field produced by the outer ring permanent magnet. This
axial field can be expressed as follows:

—Z) 5 e
H;(r,z) = 4”#0//R i r3d0dz

(r3,
(z 2 Fos
_ dod
47r;40//R( ,0,2 r4 z

(45)
with s
R(r;,0,2) = (r2 + 12 —2rricos(f) + (z — Z)2> : (45)
The expression of the force can be reduced to:
PoE ¢ itk
FE = — Y (-1 Ajjkl
47O ;12 125 ( ! )
g i i+jtk+
(=)™ Sijki
AT 1117155 ( )
(44)
with
4T’ii’j
Ai,j,k,l = —87TI’,'€E |:— s :|
5 27T
Sijki = 727'51’]» /0 cos(0)In [B + a]dO
(43)

where E [m] gives the complete elliptic integral which is expressed as follows:

(] = /0 ® 1= msin(6)2d6 43)
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The parameters €, « and 8 depend on the ring permanent magnet dimensions and are defined
by:

e=(ri—1)* + (z —2)?
o= \/rlz + r]2 —2rirjcos(0) + (zx — z)?

p=ri—rjcos(0)

(41)

8.4 Stiffness exerted between two ring permanent magnets with perpendicular polarizations
The axial stiffness derives from the axial force:

K:=-—F (41)

where F, is determined with R(r;,6,2) and Eq. (46). After mathematical manipulations, the
previous expression can be reduced in the following form:

K ]2 2 2 -1 i+j+k+l k: 41
z Z Z( ) < 1,],k,l> ( )

470 1121153

with

/Azn ri(zk —z1)(a —Hi)dG

i = Tl T @t p)

(41)

9. Study and characteristics of bearings using ring magnets with perpendicular
polarizations.

9.1 Structures with two ring magnets

The axial force and stiffness are calculated for the bearing constituted by an outer radially
polarized ring magnet and an inner axially polarized one. The device dimensions are the
same as in section 7. Thus, the results obtained for this bearing and shown in Fig. 25 are
easily compared to the previous ones: the maximal axial force is 39.7 N and the maximal axial
stiffness is |K;| = 4925 N/m.

So, the previous calculations show that the greatest axial force is obtained in the bearing using
ring permanent magnets with perpendicular polarizations whereas the greatest axial stiffness
is obtained in the one using ring permanent magnets with radial polarizations.

9.2 Multiple ring structures: stacks forming Halbach patterns

The conclusion of the preceding section naturally leads to mixed structures which would have
both advantages of a great force and a great stiffness. This is achieved with bearings consti-
tuted of stacked ring magnets forming a Halbach pattern (Halbach, 1980).
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Fig. 25. Axial force axial stiffness versus axial displacement for two ring permanent magnets
with perpendicular polarizations; r; = 0.0l m, r, = 002 m, r3 = 0.03 m, r, = 0.04 m,
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Fig. 26. Cross-section of a stack of five ring permanent magnets with perpendicular polar-
izations; 11 = 0.01 m, 7, = 0.02m, r3 = 0.03 m, r4 = 0.04 m, ] = 1 T, height of each ring
permanent magnet = 0.01 m



Passive permanent magnet bearings for rotating shaft : Analytical calculation 113

__ 400 /A\
% 200 2N
s 77\ \
£ 0 \ \
g 200 \ v/
< _400 \\Il
-0.04 -002 0 0.02  0.04
z [m]
= 60000
§ 40000 N\ /N
Z o000 —F 1\ J 1\
g 0/ T\ ]I\
% ~20000 ..,/ \\ II \.
@A —40000 \ 7/
£ -60000
< 80000 \VJ
-0.04 -002 0 002 0.04
z [m]

Fig. 27. Axial force and stiffness versus axial displacement for a stack of five ring permanent
magnets with perpendicular polarizations; r; = 0.01 m, 7, = 0.02m, r3 = 0.03m, r4 = 0.04 m,
] = 1T, height of each ring permanent magnet = 0.01 m

Section 4.2 shew that stacking ring magnets with alternate polarization led to structures with
higher performances than the ones with two magnets for a given magnet volume. So, the per-
formances will be compared for stacked structures, either with alternate radial polarizations
or with perpendicular ones.

Thus, the bearing considered is constituted of five ring magnets with polarizations alternately
radial and axial (Fig. 26). The axial force and stiffness are calculated with the previously
presented formulations (Fig.27).

The same calculations are carried out for a stack of five rings with radial alternate polarizations
having the same dimensions (Fig. 28). It is to be noted that the result would be the same for a
stack of five rings with axial alternate polarizations of same dimensions.

As a result, the maximal axial force exerted in the case of alternate magnetizations is 122 N
whereas it reaches 503 N with a Halbach configuration. Moreover, the maximal axial stiffness
is |K;| = 34505 N/m for alternate polarizations and |K;| = 81242 N/m for the perpendicular
ones. Thus, the force is increased fourfold and the stiffness twofold in the Halbah structure
when compared to the alternate one. Consequently, bearings constituted of stacked rings with
perpendicular polarizations are far more efficient than those with alternate polarizations. This
shows that for a given magnet volume these Halbach pattern structures are the ones that give
the greatest axial force and stiffness. So, this can be a good reason to use radially polarized
ring magnets in passive magnetic bearings.

10. Conclusion

This chapter presents structures of passive permanent magnet bearings. From the simplest
bearing with two axially polarized ring magnets to the more complicated one with stacked
rings having perpendicular polarizations, the structures are described and studied. Indeed,
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analytical formulations for the axial force and stiffness are given for each case of axial, ra-
dial or perpendicular polarization. Moreover, it is to be noted that Mathematica Files con-
taining the expressions presented in this paper are freely available online (http://www.univ-
lemans.fr/~glemar, n.d.). These expressions allow the quantitative study and the comparison
of the devices, as well as their optimization and have a very low computational cost. So, the
calculations show that a stacked structure of “small” magnets is more efficient than a structure
with two “large” magnets, for a given magnet volume. Moreover, the use of radially polar-
ized magnets, which are difficult to realize, doesn’t lead to real advantages unless it is done
in association with axially polarized magnets to build Halbach pattern. In this last case, the
bearing obtained has the best performances of all the structures for a given magnet volume.
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Eventually, the final choice will depend on the intended performances, dimensions and cost
and the expressions of the force and stiffness are useful tools to help the choice.
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A rotor model with
two gradient static field shafts
and a bulk twined heads system
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1. Introduction

The noncontact high speed rotor is one of dream for many engineers. There are many
investigations. At example, one is the bearing less motor, another is flywheel using the bulk
high temperature superconducting (HTS). The bearing less motor is needed the high
technical knowledge and the accurate system. HTS materials are effectively utilized to the
flywheel which needs the grater levitation force, to the motor of the ship which needs the
grater torque, and to the motor for the airplane which needs the grater torque and smaller
weight. It is very difficult that the rotor of the micro size type generator generates a high
power which rotating in a high speed.

o e g :.-_I-: m:.
Fig. 1. View of the original rotor model in 2007

As my first try in 2006, a small generator in which only one HTS bulk (47mm in diameter)
was arranged was tested for the levitation force, but it was useless as the synchronous
generator because of being unstable. And an axial gap type rotor improved to a new rotor
with two gradient static field shafts which is lifted between a set of the magnets and a
trapped static magnetic field of a HTS bulk. Furthermore, the improved rotor was so
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rearranged as to form a twin type combination of two bulks and two set of magnets
components (Figure 1). The concept of magnetic shafts which plays a role of the twined the
magnetic bearing was presented, and acts as magnetic spring.

For achieve the system which achieve the more convenient and continuously examinations
without use of liquid nitrogen, we fabricated bulk twined heads type pulse tube cryocooler
based on the above experimental.

And, I reported [1] that this system recorded at 2,000 rpm. Later, the improved system and
rotor recorded at 15,000 rpm.

2. System

2.1 Rotor model with two gradient static field shafts

The rotor is 70mm in diameter, 70mm in height, and consists of many size acrylic pipes of
various sizes. A set of the combined magnets consist of both a cylindrical magnet, 20mm in
diameter, 10mm in thickness, and 0.45T, and the two ring magnets, 30mm in inside
diameter, 50mm in outside diameter, 5mm in thickness, and 0.33T. The cylindrical magnet
was arranged to be the opposite pole in the centre of a ring magnet. The dissembled
drawing of the rotor is shown in figure 2. The detail of the structure of the rotor is shown in
figure 3. The centre ring part of the rotor is rotary mechanism part, and it can change easily
another differ type ring.

The magnetic distribution of a set of the magnets of the rotor measured by the Hall
generator with gap 0.5mm is shown in figure 4. In advance the trapped field distribution of
the supplied HTS bulk was measured with Hall generator at 0.5mm above the surface of the
bulk at over 1.5T field cooling. The peak value was at 0.9T. The relationship of the
distributions between the magnetic distribution of the rotor and the magnetic distribution of
a HTS bulk trapped in field cooling using liquid nitrogen by the permanent magnets of the
rotor is shown in figure 5. The shown values of the magnetic flux density of a HTS bulk in
figure 5 were reverse pole. The magnetic distributions of the both poles of the magnets of
the rotary mechanism part (8 poles, acrylic ring, in figure 3 and 9) of the rotor were shown
in figure 6. The x-axis is shown at vertical direction, and 0 point in x-axis is shown the hole
position the acrylic ring of the rotary mechanism part of the rotor.

Fig. 2. View of the rotor model
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Fig. 6. Magnetic flux density of a rotary mechanism part of the rotor model

2.2 Bulk twined heads pulse tube cryocooler

We improved a pulse tube cryocooler (SPR-05, AISIN SEIKI CO., LTD.). Namely, the two
bulks were installed on the boxes of a head part (Thermal Block CO., LTD.) of a pulse tube
cryocooler. Figure 7 shows the schematic design of the bulk twined heads pulse tube
cryocooler. The rotor explained above was set between the bulk twined heads of this
cryocooler. The frost did not occur at the surface of this head in the air because the insulated
space in the head was in vacuum condition, and the cold HTS bulk insulated the head. This
condition was able to rotate the rotor in the air. Two sensors monitored the temperature
condition. One sensor (sensorl) monitored the temperature of the cold head of the pulse
tube cryocooler, and the second sensor (sensor2) monitored the temperature of the copper
holder which inserted the HTS bulk in the upper head of two heads of the bulk twined
heads device. Figure 8 shows efficiency of the cooler device.

After I reported [1], I tried two improvements to this device. One was that an acrylic board
(W300, L300mm) with two square holes were as the sections of the top of the heads of this
device, sat the bottom of the head of this device. Other improvement was that the distance
between the heads of this device was expanded a few millimetres. These improvements
were a key of successful to break through the unstable rotation at about 2,000 rpm. The
former was because that the board cut the affect of the turbulence of the promotion gas
based on the uneven face of this device. The latter was because that a point of inflexion of
the relationship line between the vertical force and the vertical distance at an experiment
using a HTS bulk and a permanent magnet [2].

Fig. 7. The bulk twined heads pulse tube cryoc-oc;ler
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2.3 Rotation and Measurement system

Rotation of the rotor was occurred that flow of air of the nozzles hit the wall of the holes of
the rotary mechanism part of the rotor. The power generation based on action between the
permanent magnets in the rotary mechanism part and the coils was used for purpose of to
measurement the frequency of the rotor.

In 2007 the nozzles (1/4in, 50-100mm, stainless pipe) were connected to a nitrogen gas
cylinder with silicon tubes (OD =6mm, ID =4mm). The branch of the middle from a nitrogen
cylinder went in a Y-shaped joint tube (a product made in polypropylene: pp). After a
nozzle was consist of a pp tube (L=48mm, ID=3mm), a pp joint (L=43mm, ID=2.5mm), a
stainless steel pipe (1/4in, 300mm) (Figure 9). The nozzles were connected to an air
compressor (EC1443H, Hitachi Kokl Co., Ltd.) with stainless pipes (1/4in, 300mm) and
silicon tube (OD =6mm, ID =4mm).and T-shaped

The frequency of the rotation was measure by the two coils connected each to the measuring
instruments. There were three type coils, I-shaped coil, U-shaped coil, and T-shaped coil.
The core of the coil was used one or some pieces of the permalloy (a permalloy is alloy
between iron and nickel: permability+alloy). The wire of the coil was used to having wound
up copper wire OD=0.5mm. The I-shaped coil was used with core which one plate 5mm
wide and 10mm long and the wire about 2m long. U-shaped and T-shaped coils were used
with core which some plates 10mm wide and 50mm long and the wire about 300mm.

Centre of outer of the U-shaped and T-shaped coil fixed to the end of a stainless steel pipe
(1/4in, 300mm) with the polyimide tape.

One coil of the two coils connected to a multi-meter (Type-VOAC7523, INATSU TEST
INSTRUMENTS CORPORATION) connected a PC, other coil connected to a digital
oscilloscope (Type-DS-5110, IWATSU TEST INSTRUMENTS CORPORATION), stored the
pulse of a coil as USB data by manual operation. The small I-shaped coil of the figure 10 was
used without the U-shaped coils for confirmation of that the U-shaped coils were a little
related to the rotation of the rotor.

The two nozzles were also placed by the both sides of the rotor, with the direction of the
nozzles in perpendicular to the outer surface of the rotor. The U-shaped coils arranged it
facing the nozzles and 90 degrees corner (in figure 9 and 10).

The states of rotation tests were taken by a video camera (Type-SR11, Sony Corporation).
The magnetic flux densities were measured by a gauss meter (Type-421, Lakeshore
Cryotronics Inc.).
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Fig. 10. Schematic drawing of the rotary mechanism part

3. Experiments and results

3.1 Original rotor model

Fig. 11. View of original rotary mechanism part



A rotor model with two gradient static field shafts and a bulk twined heads system 123

Figure 11 shows the broken original rotary mechanism part with 4 plate magnets
(20mmx10mmxt2, 0.23T) were arranged in a felt disk in the central side of the cylinder to be
alternate poles of the magnets for a rotary mechanism part of the rotor. This rotary
mechanism part were broken at 7,770 rpm using nitrogen gas cylinder at 0.49MPa in the
meter of the nitrogen gas cylinder. After acrylic boards (W300mm, L300mm) were prepared
to protect or for above reason.

3.2 Improved rotor model

The rotary mechanism part was improved by acrylic ring with 8 holes (in figure 12 and 9).
The both of the donut-shaped cross sections of the rotary mechanism part were needed the
masking with a polyimide tape, because it was absolute terms for this rotor. The holes and
sponge rubbers were also absolute terms. If the holes were changed to bucket shapes or the
holes without sponge rubbers, the rotor was never rotate at 2,000 beyond. It is guessed that
these holes with the sponge rubbers act as sink and source in fluid dynamics.

Fig. 12. View of the acrylic rotary mechanism part

In this examination, the acrylic cover was prepared. The box tunnel model acrylic cover
(L300mm, W190mm, H82mm), was sat the between the heads of the bulk twined heads
device. Inner surface of the acrylic cover top and bottom plane of the upper head of the bulk
twined heads device is top of the cover off the board so that same plane. Also, inner surface
of the acrylic cover bottom and top plane of the under head of the bulk twined heads device
is top of the cover off the board so that same plane. This cover limited the control volume of
the promote gas. The promote gas was nitrogen gas at 0.49MPa in meter of gas cylinder. The
I-shaped coils were used. Purpose of this test was two. One was for confirmation of that the
U-shaped coils were a little related to the rotation of the rotor. Other was for confirmation of
flow around the rotor. The same examination was three times in a row. Figure 13-1 shows
views of video records. The dot circle of Figure 13-1 (c) shows the hitting point of turn flow
around the rotor to the inside wall (in figure 13-2). Figure 14-1 and 14-2 show the results
which rotation speed and the voltage. An early stage of unstable state shown for figure 13-1
(b) suddenly stabilized it after having occurred from a rotation start from observation of a
video from the back to 17 seconds for 10 seconds. The rotation fell slowly after having
stopped the promote gas 10 minutes later and became an unstable state for 1010 seconds
from 992 seconds. These examinations demonstrated that the U-shaped coils were a little
related to the rotation of the rotor.
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Fig. 13-2. Schematic drawing of the rotation of the test using tunnel cover, I-shaped coils and
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Fig. 14-1. Result of the rotation of the test using tunnel cover, I-shaped coils and nitrogen
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Fig. 14-2. Result of the volt of the test using tunnel cover, I-shaped coils and nitrogen

Though above the examinations show 10,000 rpm, the ability of the system as nitrogen gas
cylinder was limited. At next step, an air compressor and acrylic boards of the walls without
a box tunnel model acrylic cover were preparation. During the examinations the rotary

mechanism part was destroyed it in 11,809 [rpm]. This result was show an ability of an
increase in rotation speed under this condition.
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Fig. 15. Result of test of the acrylic rotary mechanism part
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After the acrylic ring of the rotary mechanism part of the rotor, an aluminium ring with 8
holes was used (in figure 17). The both of the donut-shaped cross sections of the rotary
mechanism part were needed the masking with a polyimide tape, because it was absolute
terms. This improved rotor was used safety. In 2009, a gauss meter was join the
measurement system and Hall generator was fixed to the top of the upper head of the bulk
twined heads system with polyimide tape so that the centre position on the HTS bulk placed
in the upper head. The promote gas was air using an air compressor at 0.2 MPa (free) in a
meter of this device. The T-shaped coils were used.

Fig. 17. View of the rotary mechanism part with an aluminium ring

The result of the examinations was show that the flux flows were increase along the increase
of the rotation. The results in figure 18-1 through 18-4 were show that the same
examinations were ten times continuously. The vertical lines, 80x10 seconds in x-axis in
figure 18-1, are shown trigger marks of the rotor completely stopped.

The results in figure 19-1 through 19-4 were show the same result using timeline. Figure 19-5
was show the result of temperature of each thermocouples, pl was room temperature, p4
was placed at upper face of the upper head, p7 was point above the upper face of the upper
head, p3 and p5 were point of the centre between the head and the end of the stainless of the
nozzle, p2 and p6 were point of the end of the stainless of the nozzle. All points were along a
line of centre between the nozzles.

There were shown the good repeatability except the temperature data of the HTS bulk. The
gradient of a data line of the magnetic flux density was raised slowly than a data line of the
rotation. The data line of the temperature was different other graphs. In figure 19-3. The
temperature peaks were shown at from 3rd to 6th examinations. Though the falling of a based
line of the temperature of the HTS bulk was shown along the room temperature in figure 19-
5, the characteristic of the up-and-down of a base line of the temperature of the HTS bulk
was also related to the rotation because another result of the test was shown in figure 20.

It is assumed to risen the magnetic flux density so that following;

Based on a point of charge (point particle) be not able to stay on a gradient of the magnetic
field by Earnshaw’s theory, it is assumed that a moved magnetic flux was not able to stay on
a gradient of the magnetic field, and the magnetic flux pinning were moved to centre of the
HTS bulk by the centripetal force, and the magnetic flux were diffused according over time,
and while the temperature of the HTS bulk was down.



A rotor model with two gradient static field shafts and a bulk twined heads system

127

2.0
——Testl
=15 —=Test2
g Testd
= Testd
E 1.0 ——Tesis
= —e—Tesh
——Tes{?
=05 —Testd
—e—Testd
00 . . ——Testl0
0 20 40 a0l 30 100
time [x105]
Fig. 18-1. Result of the rotation of the same tests
8.8
5.6 —4—Test]
84 - —a—Test2
sl v mn' Test3
g 82 13T Testd
O8O ke ——Testh
—e—Testh
7.8 ——Test?
—Testd
76 —e—Testd
74 , ——Testl0
0 20 40 60 30 100
time [x105]
Fig. 18-2. Result of magnetic flux density of the same tests
——Testl
—=—Test2
Test3
Testd
—#—Tests
—a—Tests
——Test?
—Testd
—e—Tesd
——Testl0

time [x10 5]
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Fig. 19-1. Result using timeline of the rotation of the same tests
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Fig. 19-2. Result using timeline of the magnetic flux density of the same tests
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Fig. 19-3. Result using timeline of the temperature of the HTS bulk of the same tests
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Fig. 19-4. Result using timeline of the voltage of the same tests
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Fig. 20. Relationship between the magnetic flux density and the rotation at using timeline

In the experiment to proceed, the problem of the drag (coefficient) of the coils and nozzles
was remained. There was tried the condition that differ distances between the rotor and T-
shaped coils and/or the nozzles. The promote gas was air using the air compressor. The
distances between the T-shaped coil and the rotor were three that near (no sign), 10mm
(C10), and 15mm (C15) in figure 21. The distances between the nozzle and the rotor (see
figure 9 and 10) were three that near (no sign), 15mm (N15), and 20mm (N20). The result of
the test was shown in figure 21. The position of the nozzle was influenced by unstable
rotation. The condition of this test was that the distance between the coil and the rotor was
10mm and the distance between the nozzle and the rotor was 15mm. In this condition, the
differ pressures of the air compressor was tested (in figure 22). The condition that high
pressure and long time, was not shown because the ability of the air compressor was small.
The point of falling along the down slope in figure 22 was shown clearly unstable rotation.
Table 1 was shown the rotation values at the point of its falling.



130 Magnetic Bearings, Theory and Applications

15 - ﬁ
1.0 F & %'
E] ! ——0.30MPa

P A ~=-0.30MPaC10
il ; 0.30MPaC10N15
0.5 v 0.30MPaC10N20
m

——0.30MPaC15

n [xE4 rpm]

0.0 L
0 20

time [x105]

Fig. 21. Result of the rotation using the differ conditions
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Fig. 22. Result of the rotation using the differ pressures

0.20MPa 0.25MPa 0.30MPa 0.35MPa 0.40MPa
C10N15 C10N15 C10N15 C10N15 C10N15
n [xE4 rpm] 0.2160 0.2056 0.2012 0.2027 0.2011

Table 1. The rotation values at each falling point under the differ pressures

Figure 23 was shown the data at 0.2MPa and 0.4MPa in figure 22.

The slope of the function curve line upside were legend symbol ‘rev’ as shown at figure 23.
In this my report, I assumed the following that;

1) The distance is the short distance in infinity in the x-axis direction as the rotation direction
at around the rotor and the time is infinite.

2) The velocity of the rotor is constant while X as the external force is maxima at infinite time.
3) Though X is proportional to angular velocity, the value of X is constant.

4) The resistance of air is proportionate to the square of v.

5) Function of hyperbolic arctangent is 1 at finite time.

6) It is only problem as a contradiction between the infinite time and the finite time.

7) In this paper, it is may be no problem to formed the equation no using fluid dynamics, N-
S equation, a complex velocity potential, and etc.

The equation of motion was shown to equation 1 through 3. The equation 5 is the result of
that is introduced the idea of the equation (6) into the equation (4). The results of the
equation were legend symbol ‘cal” as shown at figure 23.
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It is assumed that the true function curve line must be existed the surrounded area with a
function curve line of the experiment data and a curve line of a slope of the same function
curve line upside.

Therefore, it is guessed that the surrounded area with a true function curve line and a
function curve line of the experiment data line shows the energy of the external force, and
the surround area with a true function curve line and a curve line of the slope of the
function curve line upside of the experiment data line shows the energy of the resistance of
air for the rotor in this examination.
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Table 1. Each value in simulation
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Fig. 21. Relationship between the results of the simulation and the real data
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4. Conclusion

The above results of the examinations were shown the following;

1) These experimental results were demonstrated the high speed rotation.

2) It was clearly indicated the unstable rotation at 2,000 rpm.

3) The magnetic flux density was risen along that the rotation was raised. It was assumed
that the magnetic fluxes were moved in direction to the centre of the HTS bulk.
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