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Abstract

Paper presents a mathematical model of the radial active magnetic bearing, which is indented for the simulation of the
magnetic bearing dynamic response. The circuit model of the bearing is based on differential equations. The circuit model
has incorporated results of magnetic field analysis, which led to the creation of the field—circuit model. Presented model of
the magnetic bearing takes into account the necessary control system. The experimental results are presented to validate the

proposed model.
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The control system

1 Introduction

Magnetic bearings (MBs) represent an alternative support of
the rotor in comparison with traditional bearings, i.e., ball or
journal ones. MBs have found applications in many industrial
devices, for example, in high-speed turbines, energy storage
flywheels, turbomolecular pumps, turbogenerators, machine
tool spindles and compressors [1-3]. The benefits of using
magnetic bearings are well known [1]. Owing to the con-
tactless operation of the rotor, the bearing provides a lack
of friction, absence of lubricating substance, good vibration
damping, online monitoring of the operation and reduced
maintenance and operation costs.

Magnetic suspension dedicated to electric machine usu-
ally consists of two radial and one axial electromagnetic actu-
ators and a control system. The actuator of the radial active
magnetic bearing (RAMB) comprises two elements—a sta-
tor and rotor. The interaction between the stator and rotor
is based on the principle of the electromagnetic interaction.
The current flowing in the windings causes the pull of the
movable ferromagnetic material. Unfortunately, the stable
levitation of the RAMB rotor is only achievable by using
position controllers.

B Dawid Wajnert
d.wajnert@po.opole.pl

Department of Electrical Engineering and Mechatronics,
Opole University of Technology, ul. Prészkowska 76,
45-758 Opole, Poland

In this paper, a field—circuit model of the RAMB sys-
tem dedicated to the simulation of the transient states is
described. The model is based on a set of the differential
equations implemented in MATLAB/Simulink software. The
main parameters of the RAMB were obtained from the mag-
netic field analysis. The model also includes the necessary
control system with PID controllers for the rotor position and
PI controllers for currents excited in windings. The presented
simulation model was compared with the real object.

The aim of this paper is to present an effective and fast
model of the RAMB system, which can be used to test various
controllers as well as determine its parameters.

2 Structure of the active magnetic bearing

The construction of the RAMB actuator consists of a stator
and rotor. In order to significantly reduce the eddy currents
effects, the stator and rotor were fabricated from 0.5-mm-
thick silicon steel M600-50A. The cross section of the RAMB
actuator is presented in Fig. 1. The winding of the stator has
wound twelve coils, which allows creating several configura-
tions of the magnetic field excitation. It is possible to obtain
three sections, four sections and six sections of the winding.
In this paper, we consider four sections of the winding, which
permits to implement the differential driving mode [1]. For
such mode, currents excited in windings are equal to:
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Stator

Fig. 1 The cross section of the RAMB actuator

Table 1 The main parameters of the RAMB actuator

Parameter Value
The outer diameter of the stator 53 mm
Length of the stator 45 mm
Width of the air gap 1 mm
The turn number of one winding 114
Bias current S5A
Maximal current 10 A
I} = Iy + iy, (1.a)
L = Iy +icy, (1.b)
I =1y —icy, (1.0)
Iy = Iy —icy, (L.d)

where I, denotes the bias current and icy and i, indicate
the control currents for y- and x-axis, respectively. The bias
current is used for linearization of the magnetic force char-
acteristic within the operating range of the magnetic bearing
[1].

The main parameters of the RAMB actuator are presented
in Table 1.

3 Mathematical model of the active
magnetic bearing
Magnetic field distribution was obtained from the 2D finite

element method (FEM). The field analysis is based on the
calculation of the magnetic vector potential A [4]. Although
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Fig.2 The geometry of 2D FEM model and a quarter of the mesh

the 2D FEM model neglects the end effects of the magnetic
field, they have a minor impact on integral parameters of
the magnetic field [5]. In numerical model, the eddy currents
effects were neglected and the magnetic field was considered
to be stationary. However, the impact of the manufacturing
process was taken into account in the model, which changes
the magnetic properties of narrow layers of the stator and
rotor sheets [6, 7]. Hence, the air gap in the simulation model
was increased in comparison with the real object.

The calculation area includes the whole geometry of the
RAMB actuator cross section. Dirichlet’s boundary condi-
tions were assumed at its edges (Fig. 2).

The finite element mesh was carefully selected, in order
to obtain the balance between accurate results and short time
of computation. The stator and rotor subregions were dis-
cretized with the fine mesh. The discretization of the air
gap has a significant impact on the force calculation results.
Therefore, the air gap was divided into two subregions.

Based on the FEM algorithm, two cases of the magnetic
field distribution in the RAMB actuator were calculated. In
the first case, the central position of the rotor and the bias
current /1, excitation in windings were assumed. For such
assumption, the magnetic forces Fy and F, are equal to
zero (Fig. 3). Magnetic field density in each electromagnet is
approximately 0.74 T. That value constitutes half of the max-
imal field density (Bpmax = 1.5 T) assumed for the RAMB.

In the second case, the central position of the rotor, the
control current icy equal to 5 A was assumed. Thus, the cur-
rent excited in the first winding is equal to 10 A, whereas in
the third winding it is equal to zero. In this case, the magnetic
force Fy in the y direction is equal to 68.9 N. This value rep-
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Fig. 3 Magnetic field distribution for central position of the rotor and
the bias current excitation
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Fig. 4 Magnetic field distribution for central position of the rotor and
the control current iy =5 A

resents the maximal magnetic force of the RAMB actuator.
Magnetic field density in the first electromagnet is equal to
1.42 T (Fig. 4).

The calculated magnetic flux distribution was used to esti-
mate the magnetic force generated by all four electromagnets.
The magnetic force was calculated from Maxwell stress ten-
sor. The calculations were executed for various cases, over
the entire operating range of the magnetic bearing currents
1y,15,13,14 € (0, 10 A) and the various positions of the rotor
shaft x, y € (—400, 400 pwm).

The calculated values of the magnetic force generated by
the first electromagnet, as a function of the winding current 7
and the shaft position y, are given in Fig. 5. The flux linkage
was calculated from the following equation [8]:
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Fig.5 The magnetic force F'| in function of the current /| and position
y of the rotor
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Fig.6 The flux linkage ¥ in function of the current /1 and position y
of the rotor

where N is the turn number of the stator winding and ¢y, is
the magnetic flux linking with one turn of the winding.

The flux linkage of the first electromagnet as a function
of the winding current /; and the shaft position y is given in
Fig. 6.

The magnetic flux linked with the windings was used
for calculating the dynamic inductances and the velocity-
induced voltage coefficient [9]. The dynamic inductance Lg;
was calculated from the following expression:

0w (y. I)
Lai(y. I)) = %11 3)
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Fig.7 The dynamic inductance Lq4; in function of the rotor position y
and the current /

whereas the velocity-induced voltage coefficient i, was cal-
culated from the expression:

oy, I)

hvi(y, I) = oy

“

Figure 7 presents values of the dynamic inductance Lq; in
function of the rotor position and the current intensity. It is
noticeable that the value of the dynamic inductance increases
with increasing the coordinate y. This effect is due to decreas-
ing value of the air gap. The exception is the range of high
values of the current intensity and high values of the rotor
deflection when the values of the dynamic inductance slightly
decrease. The reason of that is saturation of the magnetic
material.

Figure 8 presents the velocity-induced voltage coefficient
in function of the rotor position and the current /1. The value
of the velocity-induced voltage coefficient increases in accor-
dance with the current value and position of the rotor in the
y-axis. Also, there is a region, where the value of the velocity-
induced voltage coefficient is decreasing. The reason for this
is the saturation of the magnetic material, because of the
proximity of the stator and rotor.

The main parameters of MBs are current k; and position
ks stiffness [10]. These parameters are often included in the
equations of motion. The parameters are calculated from the
following expressions:

dFy(icy, y)

kiy =
Y dicy

(5.a)

y=const
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Fig.8 The velocity-induced voltage coefficient in function of the rotor
position y and current /;
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Fig.9 Current stiffness kjy in function of the rotor position y and control
current icy

0Fy(icy, )

ksy = (5.b)

ay icy=const

Figures 9 and 10 present the current k;y and position stiff-
ness ksy of considered MB for bias current I, =5 A in
function of the rotor position y and the control current iy.
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Fig. 10 Position stiffness ks, in function of the rotor position y and
control current icy

The mathematical model of the RAMB actuator is
described by a set of the ordinary differential equations:

. . dij ) d
u1 = Riij +Ld1(11,y)a +hv1(11,y)d—f (6.2)
Rair + Lao(i )di2+h (i )dx (6.b)
= X)— s X)— .
us 2i2 + Lap(iz, )= + huali, )
di3 dy
= Rsiz + Las(iz, y)— + hy3 (i3, y)— 6.
u3 3i3 + La3(i3, y) o + hy3 (i3, y) ar (6.c)
— Ruig + LasGia. )52 4 hoa(ia 00 & (6.d)
g = Raig + Lag(ig, )~ + haia, ) .
2y
mﬁ=Fl(ll’y)—F3(l3,Y)
5 2
+ mesw” cos(2mwt) — ng (7.a)
X i) — Falias )
m— = i7,Xx) — i, X
a2 2(i2 4(is
2. 2
+ mesw sm(Zna)t)—ng (7.b)

The voltage and current balance Egs. (6.a, 6.b, 6.c) gov-
ern the electrical characteristics of the RAMB actuator. The
parameter R; (where, i =1, 2, 3, 4) denotes the winding resis-
tance. Parameters Lg; and hy; (where, i =1, 2, 3, 4) indicate
the dynamic inductance of the windings and velocity-induced
voltage coefficients, respectively. Equations (7.a, 7.b) gov-
ern the rotor motion and include the magnetic forces, F;
(where, i =1, 2, 3, 4) generated by four electromagnets.
Also, these equations incorporate static unbalance of the rotor
with the eccentricity eg, which denotes a difference between
the rotor center and the center of the rotor mass. Symbols

Table 2 Value of the constant parameters for the mathematical model

Parameter Value
Windings resistance, Ry, Rz, R3, R4 1.4 Q
Mass, m 2.6 kg
Eccentricity, es 40 wm

m and o indicate the mass and the angular velocity of the
rotor, respectively. The equations of the motion include the
gravity force acting on the rotor, which is equally divided
between both axes. Equations (6.a, 6.b, 6.c) and (7.a, 7.b)
were implemented in Simulink/MATLAB software. The val-
ues of constant parameters of the mathematical model are
listed in Table 2. The winding resistances and mass of the
rotor were measured and constitute input data. The value of
the eccentricity es was assumed in order to achieve a similar,
to the physical object, dynamic response of the rotor during
rotation.

The other parameters, like dynamic inductances, velocity-
induced voltage coefficients and magnetic forces are nonlin-
ear functions of the currents excited in windings and position
of the rotor. Therefore, these parameters were obtained from
previously presented finite element model and were incorpo-
rated in the model as lookup tables. Figure 11 presents the
simulation model of the first electromagnet that corresponds
to Eq. (6.a).

The RAMB is an inherently unstable device that means
without the control system stable levitation of the rotor is
impossible. Therefore, in order to obtain dynamic responses,
the control system for considered MB was designed. It con-
sists of four switching power amplifiers, four PI current
controllers and two PID controllers of the rotor position.
Figure 12 presented the layout of the RAMB mathematical
model with the control system.

The pole placement method was used to obtain values of
parameters for the current and position controllers [11].

The coefficients values for the position controllers PID
are given in Table 3, whereas the coefficients for the current
controllers PI are given in Table 4.

4 Simulation results

Figure 13a, b presents time responses of the currents i1 and
i3 excited in electromagnets and position of the rotor in y-
axis for the rotor lifting. The counterpart waveforms, in the
x-axis, are similar.

The value of the control current, for both axes in a steady
state, is equal to 1.3 A. For this state, the electromagnets
generate only the forces to balance the weight of the rotor.
The settling time ¢ of the MB system equals 36.8 ms.

@ Springer



2324 Electrical Engineering (2018) 100:2319-2328

Product1

Fliy.i1)

< "

Product

Fig. 11 A simulation model for one electromagnet

L o
> L, Flectro-
i PI > magnet | |
Power emplilier 1
2R
Llectro-
o PI > mgnet 3 |
rl:m'et anuplifier
- 5
oelhvo-
tiow
1 PT > magnet 2 |
Power amplilicr :
S
Electro-
PI > magnet 4 |
r;owcr wmplilier

P]D<—l::.

Fig. 12 Model of the RAMB system implemented in MATLAB/Simulink
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Table 3 Value of the coefficients for the position controllers

Kp (A/m) K1 (A sim) Kp (A/ms)

17,417.4 839,446.9 74.8

Table 4 Value of the coefficients for the current controllers

Kp (A7D K1 (s/A)

0.1006 66.84

14_ ......... ...................... %

iy, iy [A]

y [mm]
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0 20 40 60 80 100
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Fig. 13 Time responses of electromagnets currents (a) and the rotor
displacement in the y-axis (b) for the rotor lifting

Figure 14a, b presents simulation results for the rotor rota-
tion. The rotor deviation, caused by the static unbalance, is
equal to 69.7 pm.
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Fig. 14 Simulation results for the rotor rotation with the speed of
6000 rpm: a the current wave in electromagnets 1 and 3, b rotor displace-
ment—the solid line indicates the position of the rotor during rotation,
the dotted line indicates mechanical constrain of the rotor movement

04 5
204 -03

5 Experimental verification
of the simulations

Figure 15 shows plots of the normal, to the stator surface,
magnetic flux density component, which was calculated and
measured in the middle of the RAMB stator depth. Due to
the small air gap, the magnetic flux density values were mea-
sured without the rotor presence. The sensor of magnetic flux
density was slid according to angle o and was 1 mm away
from the iron surface of the pole teeth.
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Fig. 15 The normal component of the magnetic flux density inside the
stator of the RAMB actuator excited by the current intensity of I, =
SA

One can find a good agreement between magnetic flux
density values obtained from the field simulation and from
measurements. Differences between the calculated and mea-
sured results do not exceed a few percents.

For the central position of the rotor, the magnetic force val-
ues, in function of the control currents ic, and icy, are nearly
linear, which are presented in Figs. 16 and 17. However, a dif-
ference between the calculated and measured values of the
magnetic force is noticeable. The largest differences occur
for the maximal control current values, and they are equal to
5.0% for x-axis and 8.8% for the y-axis.

In Fig. 18, an outline of the test stand which contains the
RAMB system is presented. The RAMB actuator is supplied
by the switching power amplifier with supplying voltage U gc
=35 V and the switching frequency fpwwm of the PWM sys-
tem equal to 20 kHz. All control tasks are carried out by the
magnetic bearing controller (MBC), which was based on the
ARM?7 microcontroller. An additional motor supplied with
the variable frequency drive was employed for the rotation
of the RAMB rotor. An analog input card was used for mea-
suring of all signals. Figure 19 presents a photograph of the
test stand.

Figure 20a, b presents time responses of measured currents
excited in electromagnets and the rotor displacement in x-
and y-axis for the rotor lifting.

The values of control currents icy, icy in a steady state are
approximately equal to 1.5 A, and they are slightly higher for
the real object in comparison with those obtained from the
computer simulation. This difference could be the result of
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Fig. 16 Characteristic of the control current i¢, in function of external
force F in the x-axis
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Fig. 17 Characteristic of the control current icy in function of external
force F in the y-axis

omitting the eddy currents in the finite element model. The
eddy currents are responsible for decreasing the values of the
current and position stiffness. The settling time of the MB
system is equal to 28.8 ms and its value is lower than in the
computer simulation.

In Fig. 21, measurement results during the rotor rotation
are presented. The maximal deviation of the rotor is equal to
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Fig. 18 Test stand for the measurement verification of the simulated transients in the RAMB operation

Fig. 19 A photograph of the test stand. (1) A variable frequency drive,
(2) an electric motor, (3) the radial magnetic bearing, (4) switching
power amplifier and magnetic bearing controller and (5) a measurement
card

73.9 pm. In contrast to the simulation, the rotor center path
is not a circle which may indicate an asymmetry of the force
generation.

Table 5 consists of gathered values of the RAMB system
performance indicators. The parameters s, and ts, denote
the rotor settling time for the rotor lifting, respectively, in x
and y direction. Parameters J1, and J1, denote the integral
of the square error e() calculated during rotor lifting:

173

I = [ testopa (8.)
0
Tk

Jiy = f [e,(1)]dr, (8.b)
0

where 7, denotes the final time of the system response obser-
vation.

Parameter J, denotes maximal deviation of the rotor cen-
ter.

One can notice that the settling time and the integral of
the square error took higher values for the simulation model
than for the real object. It could be due to the higher value of
damping in the physical model than in the numerical simu-
lation.
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Fig.20 Time responses of electromagnets currents (a) and the rotor
displacement in x- and y-axis (b) for the rotor lifting
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Fig. 21 Measurement results for the rotor rotation with speed 6000 rpm:
a the current wave in electromagnets 1 and 3, b rotor displacement—the
solid line indicates the position of the rotor during rotation, the dotted
line indicates mechanical constrain of the rotor movement

Table 5 Values of the transient performance indicators

Transient Measurement Calculation
performance

indicator

tsy (ms) 29.1 36.8

tsy (ms) 28.5 36.8

J1x (mm? s) 4.1.1074 5.1.1074
J1y (mm? s) 4310~ 5.1-10~%
J2 (um) 73.9 69.7
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6 Conclusion

In the paper, the field—circuit model of the active magnetic
bearing system including its control system was presented.
The correctness of the presented dynamic model was con-
firmed by measurements of the selected parameters under
operating condition. They were calculated, for the lifting of
the shaft as well as for the rotor rotation with the speed of
6000 rpm.
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