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A field-circuit model of the hybrid magnetic bearing

The paper presents a simulation model of the hybrid magnetic bearing dedicated
to simulations of transient state. The proposed field-circuit model is composed of
two components. The first part constitutes a set of ordinary differential equations
that describes electrical circuits and mechanics. The second part of the simulation
model consists of parameters such as magnetic forces, dynamic inductances and
velocity-induced voltages obtained from the 3D finite element analysis. The MAT-
LAB/Simulnik software was used to implement the simulation model with the required
control system. The proposed field-circuit model was validated by comparison of time
responses with the prototype of the hybrid magnetic bearing.

1. Introduction

A magnetic bearing (MB) is the electromechanical machine that utilizes mag-
netic forces to suspend a rotor without mechanical contact. Therefore, MBs are
more often fitted in high speed machines due to their contactless operation [1].

An application of permanent magnets in the construction of the magnetic
bearing significantly reduces energy consumption. According to the authors [2],
a 6-pole radial hybrid magnetic bearing (HMB) uses 86.65% less electricity than
a traditional 8-pole active magnetic bearing with the same load capacity. How-
ever, permanent magnets can cause saturation of the magnetic circuit and increase
magnetic leakage flux. Complicated construction of the HMB requires an inter-
disciplinary approach to dynamic simulations. Author of the paper [3] proposed
the time stepping finite element model (FEM) of the active magnetic bearing that
is composed of two components. The first part constitutes ordinary differential
equations of electrical circuits and mechanics. Whereas, the second part consists
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of a two-dimensional (2D) electromagnetic FEM of the MB that is solved at every
simulation step. The proposed simulation model features good accuracy and allows
considering eddy currents and hysteresis losses in the simulation. However, its dis-
advantage is a 2D solution of the magnetic field that causes significant errors for
the studied HMB. On the other hand, the use of the 3D FEM instead of 2D in the
time stepping FEM significantly increases simulation time. The similar approach
with regard to the electrical gear box was presented in the paper [4].

A different approach is presented in the paper [5], where authors proposed a
field-circuit model (FCM) dedicated to dynamic simulations of the electromagnetic
actuator. Their model comprises two components, as well. The first part constitutes
equations of electrical circuits and mechanics, while the second part consists of
parameters calculated from a finite element analysis. In comparison to the time
stepping FEM, parameters of the actuator were calculated beforehand and were
included in the simulation model as look-up tables. Unfortunately, the authors also
used 2D finite element analysis to compute the required parameters. The compa-
rable approach has been adopted by authors of the papers [6—8]. An analogous
simulation model of the motor with permanent magnets whose parameters were
calculated from the 3D FEM was proposed by the authors [9, 10].

Another approach for the transient state simulation in active magnetic bearings
was introduced by authors of the paper [11]. The simulation model includes two
components. The first part includes equations of electrical circuits and mechanics,
while the second part consists of the magnetic equivalent circuit of the AMB that
is solved at every simulation step. Unfortunately, the authors did not present the
concordance between the simulation model and the real object.

This paper presents the FCM of the 6-pole radial HMB, whose parameters
like the magnetic force, dynamic inductances and velocity-induced voltages were
derived from 3D finite element analysis. A set of ordinary differential equations
that described circuit part of the HMB were obtained from the Euler-Lagrange
formulation. The simulation model with required controllers was prepared in MAT-
LAB/Simulink software. The aim of this paper is to create a dynamic simulation
model of the HMB that can be used for analysis of the HMB performance and
control strategy testing.

2. Description of the hybrid magnetic bearing

Fig. 1 depicts the considered HMB installed in the housing. It has six salient
poles with three permanent magnets N38 and three windings. Permanent magnets
are installed in cut spaces of the poles to provide the bias flux. The stator and rotor
of the HMB are made of dynamo steel M400-50A in order to reduce eddy currents.

Fig. 2 presents the cross-section of the HMB with marked basic geometric
parameters. In Table 1, there are listed parameters of the HMB.

The air gap o between the stator and rotor in the real object is equal to 0.30 mm.
In order to obtain good agreement between the simulation model and the real object,
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Fig. 1. The picture of the HMB

Table 1.
Parameters of the hybrid magnetic bearing

Parameter Value
Stator outer diameter, dg, 86.0 mm
Stator inner diameter, d; 70.0 mm
Rotor diameter, d, 39.4 mm
Shaft diameter, d 20.0 mm
Nominal air gap, 6 0.3 mm
Leg width, w; 12.0 mm
Bearing width, wy, 10.0 mm
Permanent magnet width, wp 20.0 mm
Permanent magnet height, 7, 2.0 mm
Winding turns number, N 100
Maximal control current, ix max, Iy max 2A
Bias flux 76.1 mWb
Windings resistance, Ry, Ry, R3 0.32Q
Mass of the rotor, m 1.54 kg
Eccentricity, e 11 um

the value of the air gap in the calculation model has been increased to 0.39 mm. The
reason for that is the manufacturing process, which creates a nonmagnetic layer
in the real object [12]. Length of the nonmagnetic layer varies and takes values
0.04 mm or 0.05 mm as well as 0.07 mm [12, 13].

The magnetic force is generated by all poles due to the magnetic flux in the air
gap of the ferromagnetic circuit. Nevertheless, only three poles with windings can
control the value of the magnetic force along three coordinates s1, s, s3 (Fig. 2).
The position of the HMB rotor is controlled by two controllers in the axis x and y
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Fig. 2. Cross-section of the HMB

by adjusting control currents i, and i,. Currents excited in windings i, i», i3 are
calculated from the following expressions:

. . 1. V3, . 1. 3.
=1y, = =5ly+ —lx, 13 = 5l + 5lx

> > 1)

Similarly, the position of the rotor in coordinates s1, s», s3 can be calculated
from the following equations:

1 V3 1 V3

S1 =Y, §2 = —Ey + TX’ §3 = —Ey + TX- @)

3. A field-circuit model of the hybrid magnetic bearing

The field-circuit model of the HMB consists of two components. The first
part constitutes a set of ordinary differential equations that describes electrical
circuits and mechanics. These expressions were derived from the Euler-Lagrange
formulation. The electrical circuits of the HMB is governed by the following
equations:

. . diy . dsy
u1 = Ryiy + Ly (SI,II)E"‘evl (Sl,ll)w, (3a)
Roi + Lay (52.12) 2 4 5 (52, iz) -2 (3b)
ur, = Roi §2,i9) —= + eyn (89,17) —=,
2= Roiy + Lap (52,12) —g = + ev2 (52,12) —
) . di . ds
uz = R3iz + Lg3 (53,13) Tj + ey3 (853,13) T: (3¢)

where u;, up, u3 denote supplying voltages, R, R», R3 indicate the resistance of
the windings, Lg1, Lg2, Lg3 denote the dynamic inductances of the windings, e, 1,
ey2, ey3 indicate the velocity-induced voltages.
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The mechanics of the HMB is governed by the following equations:

d2x . 2
m? = Fy (x,iy) + mw~es cos(wt), (4a)
ey _ oo 26, si 4b
mﬁ = F, (y, ly) —mg + mw”e; sin(wt), (4b)

where F, F, denote magnetic forces in axes x and y, respectively. Symbol w
indicates the rotational speed, e denotes the eccentricity, m indicates the mass of
the rotor, while g denotes the acceleration of gravity.

The second part of the simulation model is composed of parameters such as
magnetic forces Fy, Fy, dynamic inductances Ly, La2, Lg3 and velocity-induced
voltages ey, €2, €,3. These parameters were calculated from the 3D FEM and
were implemented in MATLAB/Simulink software as look-up tables. Fig. 3 depicts
the FEM of the HMB prepared in Ansoft Maxwell 3D software.

Fig. 3. The finite element model of the HMB

The FEM constitutes half of the real object geometry in order to reduce the
number of tetrahedral elements. Adaptive meshing procedure was used in order to
discretise calculation domains. The boundary of the simulation model was set on
40 mm from the stator and rotor, except for the symmetry plane that was set in the
middle of the stator length. The zero Dirichlet boundary condition was assumed
on the outer surface of the simulation model, while the zero Neumann boundary
condition was assumed on the symmetry plane. The nonlinear characteristic of
the magnetic material included in the FEM was tested with a closed magnetic
circuit [14]. The magnetic field distribution was solved with the magnetostatic
solver that has implemented the T-Q method. The magnetic field H is represented
by the magnetic scalar potential Q and the current vector potential T [15]:

H=T+VQ, (5)
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where vector 7 satisfies the equation:
VxT =1, (6)

where J is defined as current density.
In current-free regions, the magnetic field H is calculated from the magnetic

scalar potential Q: .
H=VQ. )

Finite element analysis and principles of presented HMB function are given in [16].
Fig. 4 presents an example of the magnetic field distribution for the central position
of the rotor (y = 0 mm) and the control current i, = 2 A.
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Fig. 4. The magnetic field distribution for the central position
of the rotor (y = 0 mm) and the control current i, = 2 A

The magnetic forces Fy, F, (Fig. 5) were calculated from the virtual work
method:

. OWeo(x,ix)
Fy (xiy) = —(— , 8
(XZ ) dx i =const ( a)
OWeo (y,iy)
F (y,iy) = ——— , (8b)
g ( y) ay iy =const

where W, indicates the coenergy of the HMB.
Magnetic flux linkage ¢ was obtained from the following equation:

»,./szffl?-di ©)
S

where N is the turn number of the stator windings and S denotes the area of the
pole.
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Fig. 5. The magnetic force Fy in relation to the position x and the control current i, (a),
the magnetic force Fy in relation to the position y and the control current iy, (b)

Magnetic flux linkages ¢/, 2, 3 were employed to calculate the dynamic
inductances and the velocity-induced voltages from the following expressions:

0y (s1,i) .\ _ Oy (s2,12)
Lgy (s1,11) = o, Lao (s2,12) = o, 00
.\ _ O3 (s3,13)
Lg3 (s3,13) = o
evi(s1iy) = oYy (s1,i1) eva(52i2) = oY (s52,102)
vi(sii) = =2, V2 2'2 o5y an
. Oy (s3,i3)
ey3(s3i3) = e

Fig. 6a presents the dynamic inductance L, in relation to the position s
and winding current i;, while Fig. 6b presents the velocity-induced voltage e,
in relation to the position s; and winding current i;. Due to the HMB symmetry,

Lg1 [mH]

©

(@ (b)

Fig. 6. The dynamic inductance L ;; in relation to the position p; and current i (a),
the velocity-induced voltage e,,1 in relation to the position p; and current iy (b)
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dynamic inductances L4y, Lg3, as well as velocity-induced voltages e, e,3 are
identical to dynamic inductance Ly, and e, 1, respectively.

The current and displacement stiffness are important in the design process of
the magnetic bearings control system [17]. In Table 2, there are listed parameters of
the HMB that were calculated for central position of rotor (x = 0 mm, y = 0 mm)
and lack of control currents (iy = 0 A, iy =0 A).

Table 2.
Parameters of the HMB

Parameter Value
Position stiffness, kg 122.57 N/mm
Current stiffness, k; 20.50 N/A
Position stiffness, ksy 124.83 N/mm
Current stiffness, k;y 20.60 N/A
Dynamic inductance, L4 4.67 mH
Velocity-induced voltage, e 13.86 Vs/m

4. Implementation of the field-circuit model and closed loop control
into MATLAB/Simulink software

The controller is critical to a magnetic bearing system because it allows lev-
itation of the rotor and decides about its overall performance. The majority of
control schemes have been investigated, like PD, PID, Hs,, Hy, LOQR [18, 19, 21—
23]. Among them, the most widely used is the PID controller, because of its
simplicity. Position PID controllers are mostly used together with a current con-
trol scheme [24]. Fig. 7 presents the implementation of the FCM together with

E_I P itref
:D »in1  Outt ol ul -
StepX ) i1 »ui
x cc1 v
PCX
i2 »i2ref
u2 > u2 e
ol —i2
y Al .
f ? cc2 2
In1  Out1 -
StepY Conversion ::zref il | »u3 3
PCY o VB

Fig. 7. Implementation of the control system in MATLAB/Simulink software (abbreviations:

PCX - position controller in the axis x, PCY — position controller in the axis y, CC1 — current

controller of the first winding, CC2 — current controller of the second winding, CC3 — current
controller of the third winding)
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the control system in MATLAB/Simulink software. The control system con-
tains internal and external feedback loops. The internal loop is responsible for
stabilization of the required current in windings of the HMB. It consists of
three current controllers CC1, CC2, CC3, power amplifiers and electrical equa-
tions of the HMB. The external loop is responsible for stabilization of the ro-
tor position. It is composed of two position controllers PCX, PCY, the conver-
sion block of control currents to windings currents, underlying current control
loops and mechanical equations of the HMB. The subsystem “HMB” constitutes
the implementation of the FCM according to Eq. (1)-(4) and is presented in
Fig. 8.

| .
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Fig. 8. The simulation model of the HMB

In Fig. 8, look-up tables F\(x,iy) and Fy(y,iy) contain the previously calcu-
lated characteristics of the magnetic force in x and y axis. Subsystems “Wind-
ingl”, “Winding2” and “Winding3” constitute the implementation of the electrical
equations (3) of the HMB. Fig. 9 depicts the implementation of Eq. (3a) that
describes the first winding. Look-up tables Lgi(s1,i1) and eyi(s1,i;) incorpo-
rate calculated characteristics of the dynamic inductance and the velocity-induced
voltage.
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Fig. 9. The simulation model of the first winding

Parameters of the control system were derived from the linear model of the
presented HMB described by the following equations:

d2

ngzmﬂ+hm, (12a)
d? ,

md—t;} = kyyy + kiyiy . (12b)

The linearization point of the magnetic force results from the construction of the
magnetic circuit and the shape of permanent magnets. For the presented HMB,
the bias flux is equal to 76.1 mWb and magnetic field density in the poles with
permanent magnets equals 0.634 T.

The positions of the rotor in axes x and y are controlled by two discrete PID
controllers:

Gpip(z) = Kp + K; +Kp (13)

T
z-1 1+—TSN,
z—1

where Kp, K; and Kp are parameters of the controller. T denotes the sampling
time and N indicates the filter coefficient of the derivative.

Windings currents iy, ip, i3 are controlled by three discrete PI controllers:

T
GPI(Z):KP+KIZ_1- (14)
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All controllers contain an integrator anti-windup circuit [26]. Parameters of
the controllers can be calculated from analytical expressions [24, 25]:

_ (p1p2 + pap3 + p1p3) m — ks

Kp = - : (152)
K= —‘pli%mm, (15b)
Kp = (=p1 —1;62.—193)"1’ (150)

where: p1, pa, p3 are required poles of the control system.
Complex poles p1, pa, p3 decide about the dynamic response of the MB system
and can be defined as follows:

P1 = —wpé + jwp[1 = €2, (16a)
pZ:_wnf_jwn\/1_§2’ (16b)

where w, is the undamped natural frequency and ¢ is the damping ratio.

The third pole p3 should have a value that does not factor in the dynamic
response of the MB system [24]. Different expressions on complex poles p; and
P> that are derived from a comparison of the second order characteristic equation
with the mass-spring-damper system are:

c k¢
SR 17
Pr="0m "IN wm ™ a2 (172)

PR=—5--"I\-"73 (17b)

where c is the damping coeflicient and k is the stiffness coefficient.
Value of the third complex pole p3 should not factor in the dynamic response
of the system and can be defined as follows:

ps = \/E . (18)
m

The stiffness coeflicient k and damping coefficient ¢ are common parameters
that can be used to compare various types of bearing. Therefore, parameters of
the PID controllers were calculated from equations (17a), (17b) and (18) for the
stiffness coefficient k& equal to 30000 N/m and the damping coefficient ¢ equal
to 100 Ns/m. Parameters of the PI current controllers were obtained by manual
adjustment in order to obtain a fast response as well as acceptable overshooting.
Values of the position controllers’ coefficients are listed in Table 3, while Table 4
presents the values of the current controller coefficients.
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Table 3.
Coefficient values of the position controllers
Kp [A/m] K [As/m] Kp [A/ms]
Position controller in the axis x 8424 120 342 13.03
Position controller in the axis y 8852 126 500 15.26
Table 4.
Coefficient values of the current controllers
Kp [A/m] Ky [As/m]
0.35 400

5. Simulation and measurement results

Fig. 10 presents an outline of a test bench for the HMB control system. The
test bench consists of the HMB actuator, a computer with DS 1104 R&D controller
board, switching power amplifiers, current transducers and proximity sensors. The
values of currents are measured by three LEM LTS-6NP sensors. The distance
between the stator and rotor is measured by two eddy current proximity sensors
MDS10/MDT10. Their measurement range is from 0.5 mm to 2.5 mm and the
frequency response 010 kHz. The board DS1104 carries out the following tasks:
analog to digital conversion of the current and position signals, execution of three
PI current controllers and execution of two PID position controllers as well as
generation of the PWM signals for switching power amplifiers. The controller
board DS 1104 R&D has four 12-bit A/D converters and one 16-bit A/D con-
verter. Additionally, the 16-bit A/D converter has installed the 4-channel analog
multiplexer. All A/D converters use a successive approximation algorithm and in-
ternal sample-and-hold circuit to convert an analog signal to the digital value. The
current signal is converted simultaneously by four 12-bit A/D converters with the
frequency 20 kHz and the resolution 1.693 mA/bit. The position signals in the axis
x and y are converted one after another by the 16-bit A/D converter with frequency
10 kHz and the resolution 0.03815 um/bit. The delay between two samples of the

Switching | Eddy current
power
| amplifier ]

proximity
v ¢

Sensors
FHMBR

Variable-
frequency drive

>

Computer with DS |
1104 R&D controller
board

High speed
motor

(i (L

Fig. 10. An outline of a test bench for the HMB control system
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rotor position shouldn’t be greater than 2 ps. The switching power amplifiers work
with frequency of 50 kHz.

Verification of the FCM was done by comparison of time responses obtained
from the simulation model and the real object. Three dynamic states were consid-
ered: step change +20 wm in the x-axis, step change +20 pum in the y-axis and the
rotor rotation with the frequency of 100 Hz. Fig. 11 presents time responses of
control currents i, and iy as well as the rotor position in the axis x and y for the
step change +20 um of the rotor position along the x-axis.

27 100
—Measurement —Measurement|
—FCM —FCM
15 .
— Control signal
50
1 \ \
0.5 0
$ 0 r’“ﬁ‘m g M
x \
B W =<
05 -50
-1
-100 1
-15¢
2 . . . ) 150 . . . )
0 0.5 1 1.5 2 0 0.5 1 1.5 2
t[s] t[s]
(@ (b)
1.2¢ 307
—Measurement —Measurement
—FCM —FCM
1 20 — Control signal
0.8 10
=3 B
Z o6 S o
=) >
0.4 -10
0.2 -20
0 . / . ) 30 . | | |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
t[s] t[s]
(© (d)

Fig. 11. Time responses of the control current i (a), the rotor position x (b), the control current
iy (c) and the rotor position y (d) for the step change +20 um of the rotor position along the x-axis



www.czasopisma.pan.pl I N www.journals.pan.pl
1
FOLSRA AKADEMIANAUK

204 Dawid Wajnert

A noticeable interference signal appearing in the measurements is caused by
switching power amplifiers and insufficient electromagnetic shielding of the analog
signals. Similar noisy signals can be found in various papers [19, 20]. Albeit, in the
real object clearly one can see disruption of the rotor position in the axis orthog-
onal to the axis with the step change of the rotor position (Fig. 11b at 0.0 s, 0.5 s,
1.0 s etc.). That behaviour indicates the cross-coupling between both axes and is
responsible for significant change of the control current in the orthogonal axis.

Fig. 12 presents time responses of the control currents i, and i, as well as the
rotor position in the axis x and y for the step change +20 um of the rotor position
along the y-axis.
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Fig. 12. Time responses of the control current i (a), the rotor position x (b), the control current
iy (c) and the rotor position y (d) for the step change +20 um of the rotor position along the y-axis
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The accuracy of the FCM is assessed by calculations of root mean squared
errors (RMSESs) between the measurement and simulation. The RMSEs were cal-
culated from the following expressions:

1 n
RMSE, = \ Z Z (Xmesurement (K) — xsimu]ation(k))Z, (19a)
k=1
1 n
RMSEix = \ ; Z (ix—mesurement(k) - ix——simulation(k))2, (19b)
k=1
1 n
RMSE, = \ ; (ymesurement(k) - ysimulation(k))2’ (190)
k=1
1 < 2
RMSEiy = \ E Z (iy—mesurement(k) - iy—simulation(k)) . (19d)
k=1

where n denotes the number of measurement points.

InTab. 5, there are listed values of the RMSEs calculated for transient responses
presented in Fig. 11 and 12. It can be noticed that smaller values of errors appear
in the y-axis.

Table 5.
The RMSE values for transient responses
A step change of the rotor A step change of the rotor
position in the x-axis position in the y-axis
RMSE 7.512 um 2.378 um
RMSE; 111.2 mA 40.01 mA
RMSE, 2.726 um 4.081 pm
RMSE;, 50.72 mA 82.79 mA

Fig. 13a and 13b present time responses of the control currents i, and i, for
the rotor rotation with the frequency of 100 Hz.

Fig. 14 depicts the position of the rotor in x and y axis for the rotor rotation with
the frequency of 100 Hz. It can be seen that the trajectory of the rotor movement
obtained from the FCM as well as from measurement is not a circle. The reason for
this is the asymmetrical characteristic of the magnetic force in the y-axis (Fig. 5b).
Irregular rotation of the rotor and oscillations in control currents are caused by the
mechanical and electrical run-out [27].
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Fig. 13. Time responses of the control currents iy (a) and iy (b) for the rotor rotation with the
frequency of 100 Hz
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Fig. 14. The rotor position in x and y axes for the rotor rotation
with the frequency of 100 Hz

6. Conclusions

The field-circuit model of the hybrid magnetic bearing dedicated to simulation
of the transient state is presented in the paper. The described model couples an
electromagnetic 3D finite element model with equations of electrical circuits and
mechanics. The 3D finite element model encompasses the nonlinear characteristic
of the magnetic material and the complicated shape of the HMB magnetic circuit
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with permanent magnets. The results of the magnetic field calculation are incorpo-
rated into the simulation model as look-up tables. The advantages of the proposed
field-circuit method are low computation effort and short calculation time, which
is due to the fact that electromagnetic parameters of the HMB are calculated
once. The simulation model includes controllers required for the magnetic bearing
levitation, as well. The simulation model was verified by comparison of control
currents and the rotor position with the real object. Satisfactory concordance be-
tween the simulation model and the real object for testing various control schemes
was achieved.
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