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Abstract: In this paper, the structure of a novel radial magnetic bearing without individual
displacement sensor is proposed. The operating principle of this kind of radial magnetic bearing is also
introduced. The stability of the radial magnetic bearing is analyzed by the control system theory. The
analysis shows that the proposed system is instable in dynamic state process. The simulation study on
an example shows that the radial magnetic bearing proposed can levitate stably by means of a PD
controller. But it is a system with steady-state error.

1 Introduction

Magnetic bearing are designed to support rotating and linear moving machinery elements without
coming into contact with the rotor. This is accomplished by applying the principle that an
electromagnet will attract a ferromagnetic material. Using this principle the rotor can be suspended in
a magnetic field which is generated by the bearing.

A typical radial active magnetic bearing consists of stator, sensor mounted over the rotor and
control system. The rotor position can be controlled by the control system according to measuring
results of the displacement sensor. In the novel radial magnetic bearing proposed in this paper, the
individual displacement sensor is not needed. Only using the capacitors in series with stator windings
of the magnetic bearing and high frequency AC power supply, the magnetic bearing design can be
simplified and the rotor levitation can be achieved in the steady-state. Because of the dynamic state
instability, PD controller is required. The change of the rotor position can be gotten by measuring the

current in stators winding.
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2 Structure of the radial magnetic bearing

The structure of the radial magnetic bearing proposed in this paper is shown in Fig.1.
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Fig.1 Structure of the radial active magnetic bearing proposed

The characteristics of the radial magnetic bearing in structure are:
» 12 pairs of the magnetic poles are insulated by the isolation air gaps to reduce magnetic
coupling between different poles.
» In order to eliminate variation of the electromagnetic force caused by AC excitation, tow twins
magnetic circuits insulated by non-ferromagnetic material are adopted.

» A set of the control winding is used to improve the dynamic response of the magnetic bearing.

3 Operating Principle of the radial magnetic bearing

Fig.2 is the schematic diagram of the radial magnetic bearing for one degree of freedom (DOF).
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Fig.2. Schematic diagram of the radial magnetic bearing proposed
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Sur. Sur, Spr, and Spg represent the top left electromagnet, top right electromagnet, bottom left
electromagnet and bottom right electromagnet respectively. The u/ is an AC power supply for left
electromagnets and the u2 is for right electromagnets. C is the capacitor in series with the
electromagnet winding of the magnetic bearing. It can be selected from equation 1.

C- 1

)
2 ><Lminxl<

(0.7<K_ <1 (1)
Where @ = the angular frequency of the AC power supply, L,.;,= minimum inductance within the

bound of rotor moving.
In the case of reluctance of iron core and fringing flux are ignored, the inductance of the

electromagnet winding can be written as

xS
L =H 2 N2 2)
20
Where S = the cross-sectional area of the stator core, N = the winding turns, ¢ = working air gap
length.
The peak amplitude of the steady-state current in any electromagnet winding is given as

U
= - 3)

]m
\/RZ + (a)L —lj
wC

Where U,, =the voltage peak amplitude of the AC power supply, R=the resistance of the winding.
From equation 3, the relationship between inductance L (i.e. air gap length, see equation 2) and

current in any electromagnet winding is shown in Fig.3.
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Inductance L

Fig.3 Relationship curve between inductance and current in an electromagnet

Where f; ~ f> =frequency of the AC power supply in Hz.

The peak amplitude current through an electromagnet winding occurs when @lL=1/@C. From Fig.3, as
long as the inductance variation is limited in the bound of right hand side of Fig.3, the steady-state current
amplitude through an electromagnet winding will be reduced with inductance increasing rapidly.
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When the working air gap length is smaller, the magnetic attracting force to rotor produced by the
top left electromagnet is

¢2 @2 q)z 2
F, = =—"sin’ ot = —"-——"_cos2at = F,,, —F,, cos2ot (4)
oS 1S 2u,S  2u,S

Where @ = the alternating magnetic flux. @, = the peak amplitude of the alternating magnetic flux.

Owing to the magnetic attracting force, Fyy, is fluctuating, the rotor pulsate is occurred. In order to
eliminate variation of the electromagnetic force caused by alternating magnetic flux, another
alternating magnetic flux with 90 degree phase difference is applied to the top right electromagnet. So
the magnetic attracting force to rotor produced by this electromagnet is

2 q)z q)z q)z
F,= O ooty P g = F, ., + Fp cos20t (5)
oS 1S 2u,S  2u,S

The resultant force acting on the rotor produced by top electromagnet can be written as

(Di HoS 1202
F,=F,+F, = s :ﬁN 17 (6)

Where o, = the upper working air gap length, /,,,= the peak amplitude of the steady-state current
in upper electromagnet windings.

Equation 6 shows the resultant force produced by top electromagnets is invariable.

According to the structure symmetry, the resultant force acting on the rotor produced by bottom
electromagnets can be written as

2

(I)m
FD:FDR+FDL:_

_ ﬂof N2J2
HyS 45

[dm (7)

Where o; = the subjacent working air gap length, /,, = the peak amplitude of the steady-state
current in subjacent electromagnet windings.

Under no excitation in the control winding, Scrz, the resultant force acting on the rotor can be
written

F=F,-F, :Z:UOSNZ(?_?}
u d

1 1

K{Kl(a+x)2+K2(b—x)2 K(a—xf +K,(br)

K, :IUOS(NKCU S )2

m ™~ max

K, =4K}R’S;

K, =uo’S*’N*
b=K.J_, —a (8)
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Where a = the nominal working air gap, x = rotor displacement, J,,,, = the maximum of working
air gap.

From equation 8, the steady-state resultant force acting on the rotor is shown in Fig.4. It shows
that the working air gap increasing results in the steady-state resultant force augmenting. If some
reason causes the rotor leave its original position, the increasing magnetic force will draw it back. So
the radial magnetic bearing proposed is stable in the steady-state condition,

Resultant Force

5 05 28 085
Air Gap (mm)

Fig.4 Relationship between working air gap and resultant force acting on rotor

In order to improve the dynamic state stability, the control winding, Scrz, and a controller are

adopted.

4 Stability analysis of the radial magnetic bearing

If the rotor displacement influence to stator current is taken into account, the balance of voltage in

R, L, Cloop can be written as
d . L d L. .
() = L(t)—i(0) = () L(1) = Ejz(t)dt =i(t)R (9)

The motion equation of the rotor is expressed as

2

F:m%x(t) (10)

According to the equation 8, 9 and 10, the dynamic model of the radial magnetic bearing proposed
can be built with SIMULINK under no excitation in the control winding. See Fig.5.

For an example, ¢=0.5mm, R=0.05Q, f=1750Hz, N=42T, K~0.9, U,=30V, m=2kg and
S=137mm’, the dynamic model of Fig.5 can be integrated into Fig.6 based on step response !'. The
transfer function of Fig.6 system is as follows

F(s) 6.17x107" 8% +1x107° S +1

= 11
x(s) 1.234x107°S* +2x107°8° +28% +2.1x10° (0

G(s)=
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Fig.6 Simplified model of Fig.5 system

For the transfer function G(s), Routh array ™ can be calculated as follows

a, =1.234x10"

a, =2x107"
b, =2
¢, =-2.1x10°

Because c¢; is negative, the system dynamic state response is instability according to Routh

criterion'.

5 Design of the control system

In order to enable the system stabilize, a controller is used in the system. The variation of working
air gap is detected by measuring the difference between top right and bottom right stator winding
current. Full wave rectifiers and 2™-order Butterworth lowpass filters are adopted. See Fig.2.

The transfer function between working air gap and difference of currents for the example
mentioned above can be integrated as follows

D,(s) 1.7x10°

G.(s)=
() x(s) 1.95x107°S* +3.88x107°S +1

(12)
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The system structure inserted into a controller is shown in Fig.7.
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Fig.7 Control system of the radial magnetic bearing proposed

Simulation results

The simulation results are seen from Fig.8 to Fig.11.
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Fig.8 is the simulation results of the system shown in Fig.6. Fig.8a
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(b) Forces acting on rotor
Fig.8 Simulation results for Fig.6 system
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variation of the rotor with time in the case of gravity acting. Fig.8b gives the gravity and the changing
of the resultant electromagnetic force. Because the resultant electromagnetic force or displacement of
rotor is divergent, the system shown in Fig.6 is instable.

Fig.9 is the simulation results of the system with PD controller shown in Fig.7.
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Fig.9 Simulation results for Fig.7 system

Fig.9a indicates the variation of the rotor displacement with time in the case of gravity acting.
Fig.9b gives the gravity, the resultant electromagnetic force and the compensation force of PD
controller. Because the PD control strategy is used in the system shown in Fig.7, the rotor
displacement is leveled off. The system shown in Fig.7 becomes stable. The PD controller only used
for compensating variation of disturbance force in the transient process. So it is a system with static
error.

Fig.10 illustrates the simulation results in the case of the gravity and a sinusoidal disturbance force
with a frequency of 1Hz and amplitude of 10N acting simultaneously.

Fig.11 gives the simulation results of the system shown in Fig.7 with PID controller. It shows that
when a PID control strategy is adopted, the system is without static error.
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Fig.10 Simulation results for Fig.7 system with PD controller

Time (=)

N g | |

)

Time (s}

T

. \
I I
I I
I I
! !
! 1 1
! 1 1
! 1 1
! 1 1
! 1 1
L 1 . P L ' ' -
1 Ll 1 " 1 1
o B ! i
1 ! 1 1 1 1
1 ! 1 [l 1 1
1 ! 1 1 1
1 ! 1 1 1 1
1 ! 1 1 1 1
o ' I !
. ' ' I I
v ' \ i
1.”. 1 ! ] 1
- 1 ! 1 1 1 1 !
] 1 1 1 1 P=] 1 1 1
n o s L d i [+ ] ..M. = = = = (=]
= g ' L (] 4 - 7]
() juaLEoe| is ip Jomoy [{T)ERILE]

)

15

Fig.11 Simulation results for Fig.7 system with PID controller
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7 Conclusion

Through studying on a novel radial magnetic bearing proposed in this paper, the following

conclusions can be drawn.

»  The proposed system without PD controller is instable though it is stable in the steady-state.

» Using PD control strategy, the system becomes stable in the dynamic state process, but it is a
static error system.

» Because no displacement sensor needed, the structure of the radial magnetic bearing
proposed is simplified and easy to control.

» The proposed radial magnetic bearing system is feasible
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