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Abstract — In this study, a new C-Core heteropolar
radial hybrid magnetic bearing (HRHMB) driven by
a three-phase power inverter is proposed. The use of
a three-phase inverter driving technology improves the
performance of magnetic bearings in terms of cost and
power consumption. The force-current and the force-
displacement characteristics of the proposed HRHMB
are linear and the magnetic field coupling between the X
and Y directions is significantly reduced. To analyze the
proposed HRHMB, the configuration, working principle
and required mathematical model based on the equiva-
lent magnetic circuit (EMC) method are firstly presented.
Then the load capacity and important parameters design
are deduced. A comparison between the results obtained
by the used analytical approach and those given by the
finite element method (FEM) allowed verification of the
developed mathematical model’s accuracy. Compared
with the twelve-pole HRHMB, the proposed HRHMB
improves bearing capacity, reduces mass, and enhances
cost efficiency and performance, making it highly suit-
able for large journal diameter applications.

Index Terms — Heteropolar, hybrid magnetic bearing,
magnetic circuit decoupling, second air gap, three-phase
inverter driving.

L. INTRODUCTION

Many application areas make use of magnetic bear-
ings (MBs). By using applied electromagnetic forces,
they can keep rotors in levitation. Compared to mechan-
ical bearings, they allow for the removal of frictional
losses, extending the system’s lifespan [1, 2]. In addi-
tion to their capacity to avoid environment pollution,
they can also reduce vibrations and limit maintenance.
The cited advantages have allowed MB technology to be
increasingly exploited in high-speed rotating equipment
[3-6]. The hybrid magnetic bearing (HMB) combines
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the advantages of low loss of passive MB and the con-
trol ability of active MB [7-9]. HMBs are characterized
by the presence of copper coils and permanent magnets
(PMs). PMs create the biased field which is modulated
by the electromagnetic field generated by coils to pro-
duce a controllable magnetic force between the rotor and
each ferromagnetic pole. Homopolar and heteropolar are
the two kinds of radial hybrid magnetic bearing (RHMB)
that are largely used and studied [10-12]. The homopolar
type has the advantage of low power consumption. In this
one, the PM is inserted between two stators to create the
bias flux in the axial direction. The double stator design
is inherently more complex than the single stator design.
In contrast, the heteropolar radial hybrid magnetic bear-
ing (HRHMB) with a single stator has a lower axial
length, compact structure, and simple mechanical con-
struction. In [13-15], three novel decoupling HRHMB
structures with second air gap are presented. The con-
trol flux generated by the coils is separated from the
PM, which considerably reduces the power loss. A novel
structure of HRHMB has been proposed with small vol-
ume compared to the classical structure where an ana-
lytical model is developed to investigate its performance
[16]. In [17], a comparison of main performance indexes
such as rotor core loss, displacement stiffness and current
stiffness between a novel proposed HRHMB and conven-
tional one under the same constraints is made.
Compared with RHMBs driven by four or two
power amplifiers, the three-pole and six-pole RHMBs
are designed to improve space utilization and reduce vol-
ume. Researchers agree that it is very attractive to design
a MB driven by a three-phase inverter because of the low
cost and low power consumption [18, 19]. Three-phase
inverter drive technology is used in three-pole [20, 21],
six-pole [18, 22] and twelve-pole MBs [23] if the sum of
the current equals zero. The disadvantages of three-pole
and six-pole RHMBs are the strong nonlinearity between
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the magnetic force and the control current and the mag-
netic coupling between the two directions X and Y that
makes control of the rotor position more complex.

To meet practical engineering demands, efficient
MBs are crucial for the reliable and secure functioning of
rotor systems. In this paper, a new HRHMB, specifically
suitable for large journal diameter applications, is intro-
duced. By optimizing the structure, we aim to signifi-
cantly reduce the mass of the MB, resulting in decreased
material usage and reduced production costs.

This paper proposes a new HRHMB structure driven
by a three-phase inverter with a second air gap. This
structure combines the benefits of decoupling HRHMBs
with those of RHMBs driven by a three-phase inverter,
and overcomes the shortcomings caused by the non-
symmetrical traditional three-pole and six-pole struc-
tures. The new structure offers the dual advantages of
a lower power amplifier requirement and weak magnetic
field coupling between the X and Y directions. The lin-
earity of the force-current and force-displacement char-
acteristic facilitates the implementation of a simple con-
trol mechanism.

Construction and operation of the proposed
HRHMB are thoroughly examined. The configura-
tion is modeled using the equivalent magnetic circuit
(EMC) approach to determine force-current and force-
displacement properties. Various design parameters
are then determined based on the EMC. The analytical
model’s results are contrasted with those obtained via the
finite element method (FEM). Compared to twelve-pole
HRHMB, the suggested construction demonstrates a
higher bearing capacity. Consequently, the proposed
HRHMB not only meets the prerequisite of sufficient
bearing capacity but also offers a cost-effective and
technically sound solution for large journal diameter
applications.

II. STRUCTURE AND MATHEMATICAL
MODEL

A. Structure

In this work a new structure of a HRHMB is pro-
posed. The structure shown in Fig. 1 contains a lami-
nated stator and rotor to reduce its eddy current loss. Six
C-Core magnetic poles are windings and are arranged
symmetrically. The yokes between adjacent two C-Core
poles are made of non-magnetic material. Six identical
PMs radially magnetized in NSSNNSSNNSSN configu-
ration are inserted in the six C-Core poles to produce bias
fluxes. Three phase coils, where each one is composed
of four windings, are connected in series and wrapped
around four poles (P, Pi2, P»;, and P belong to P-
phase, P = A, B, C). The coils are driven by a three-
phase inverter to produce control fluxes. This driving
mode reduces the cost construction and switching loss
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compared with power amplifiers driving mode. With the
introduction of the second air gap, the control flux is
directed away from the PM. If the three coils are not
energized and the rotor is perfectly in the equilibrium
position, the resultant magnetic force generated by PMs
and acting on the rotor is zero, due to the symmetri-
cal structure. When energizing the coils, the produced
magnetic field will be superposed with bias flux. These
two fields are additive in the two ferromagnetic poles
and subtractive in the two opposite poles which cre-
ates a magnetic force acting on the rotor in the direc-
tion between the two opposite ferromagnetic poles. If
the magnetic fluxes generated by A-phase are taken as
an example, the two fields are additive in A1y and Ay
and are subtractive in A; and Aj;. Thus, the magnetic
force is the result of the force in (A;1A47;) direction and
the force in (A12A5)) direction.
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Fig. 1. Structure of proposed heteropolar radial hybrid
magnetic bearing.

B. Mathematical model

The path of the PM magnetic circuit and the electric
magnetic circuit of the Aj; — Ayy C-Core formed by two
poles (A1 App) is shown in Fig. 2. Here we neglect fac-
tors such as reluctance of the iron core, the eddy current
loss and magnetic flux leakage.

For the six C-Core poles, ®,4,, Ppa,,Pps,,
®,p,,P,c, and P,c, are the magnetic fluxes in air gaps
generated by the PM, ®.4,, ®en,, Pep,» Pep,, Pec, and
@,c, are the magnetic fluxes in air gaps generated by
control currents, N is the number of turns in single coil,
ia, ip and ic are the currents in the three-phase coils,
F, is the magnetomotive force of the PM, R,, is the reluc-
tance of the PM and R; is the reluctance of the second
air gap. The air gap reluctances R; (I € L = [A11, A2,
Az, An, Bi1, Bia, B2, B, Ci1, Cr2, Co1, C2] ) can be
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Fig. 2. Equivalent magnetic circuits of the Aj; — Az, C-
Core pole (a) PM bias flux circuit and (b) control flux
circuit.

expressed as:
_ go—cos(6)) x—sin(6)) y 0
”OAp ’

where g is the air gap length, L is the permeability of a
vacuum, A, is the section area of the pole, and x and y are
the eventual rotor displacements in X and Y directions,
respectively. @ is the polar angle of the /-pole axis.

Based on the EMC method, the PM fluxes can be
calculated as:

o}

Ry

= FyRs
pk ((RIkI +R’k2> (R”+RS)+R”RS) o3 @
where ¢, is the correction factor of the PM magnetic cir-
cuit,/=A,B,Cand k =1,2.
The electromagnetic fluxes can be expressed as:
2N(R, +Ry) ; 3)
s
((le1 +le2) (RP +RS) +RPRS)'C5
where c. is the correction factor of electromagnetic mag-
netic circuit,/ = A,B,C and k = 1,2.
. ON(Rp+Ry)
Taking K;, = L
g Ky ((Rigy +Ryy ) (Rp+RS)+RR, ) e
(3) can be rewritten as:
D, = K- “4)
The virtual work method is applied to acquire the
magnetic forces for the twelve poles. The forces gener-
ated in the air gap poles can be calculated as:

¢€lk

, equation

2
(Ppa, +Ka,in)
— \FpA T4 A
Fay = Fap, = 2UAp
2
Du,—Ka, i
_ ( pAy " Ay A)
Fay = Fay, 2UAp
2
(d> B, +Kp iB)
— \ZpB 8B
Iy = Fpyy 210Ap (5)
F F (¢P327K32i3)2
By = F'Byp 210Ap
2
(CD c, +Kc ic)
— 5 G
Fe, = Fey, 2UpAp
2
(@pc, —Kcyic)
_ — B 7RG
Foy = Fop = —5a,

Projecting the forces in equation (5) into the x-axis
and y-axis, respectively, each phase generates two direc-
tional forces. The six magnetic suspension forces can be
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expressed as:
Fx,=0
Fx, = (cos45 °+cos15 ©) (Fp,, — Fp,,)
Fx,. = (cos45 °+cosl5 °) (Fc,, — Fc,,)
FYA = 2cosl5° (FA” 7FA2]). ’
Fy, = (cos45 °+cos75 °) (Fp,, — F3,,)
Fy,. =(cos45 °+cos75 °) (Fc,, — Fey,)
The magnetic forces in the X and Y directions are
expressed as:

(6)

{Fx = Fx, +Fx, )
Fy = Fy +Fy+Fy

The three-phase current ia, ip and ic can be trans-
formed to two-phase control currents iy and i, by the
Clark transformation:

iy = /5 (ia= 5ig— 3ic)

. ®)
i = ﬁ (?; _ §i3>
To estimate the force-displacement stiffness k, and
ky and force-current stiffness k;, and k;; in the X and Y
directions, respectively, radial suspension forces near the
equilibrium position are linearized using the first-order
Taylor expansion as:
F,. = kixix +kxy

(Riii- o
The stiffness coefficients k., ky, k;,, and k;, are given

by: V

ke = ke = (3+¢§2q>01<0
Y Loyr (10)
o — k. — (VEOEV2) Hop o I+ '
x y 4 Lpls+2go (Ip+1s)

®( and Ky are given by:

Dy :q)plk(x:()vy:o) (11)
Ko=Kj,(x=0,y=0) °

II1. RADIAL LOAD CAPACITY ANALYSIS
When the rotor is in the central position, the flux
densities in the air gap poles are equal to the bias flux
density By, which is equal to half of the saturation flux
density B;.
The suspension force F, is maximum when the cur-
rent iy = iymax. According to (8) and as the sum of the
three-phase current is zero, it can be taken that iyna.x =

s — 0,53l = —.53Fms T this condition,
we have @y = K igmax = 0.5BAp, which gives:
. \F@JME) o2 3 (\/6+ ﬁ) ApB?
ymax — 5 ,LL()Ap = 8,LL() .

(12)

The suspension force F, is only determined by
the flux densities in the air gaps Bjj, B2, B21, Bai,
Ci1, Ci2, C1, and Cyy. F, is maximum when the
current I, = Lyax, flux density Bg, = B; and flux
density B4, = 0. If we make i, = 0, it can be taken that
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Ixmax = —IiBmax/ V2 = icmas / /2, according to equation
(8). In this condition, we have ®y = Ky I;;qc, Which

gives:

Fonax = \/E

(Bva)e?  (V6+3v2)AB2

,U()A P

4o

13)

The maximum suspension forces in each direction
of the proposed structure are compared to those given by
six-pole and twelve-pole structures (see Table 1).

Table 1: Maximum suspension force in each direction

Load Twelve-Pole Proposed
Capacity Structure Structure
o ApBZ ApBs?
X direction 0.75 m 1.673 m
2 2
Y positive 0.867 2B 1.449 2B
direction Ho o
2 2
Y negative 0.867 222 1.449 222
direction

Compared to the twelve-pole HRHMBs [23], the
maximum load capacity F,,, of the proposed C-Core
HRHMB is increased by 1.93 times. Taking Fyu, =
600 N, the dependence of the load capacity on the orien-
tation angle is shown in Fig. 3. The radius of the polar
plot indicates load capacity at an orientation angle. It
can be seen from Fig. 3 that the minimum value of the
maximums of the suspension forces is obtained at the
orientation angles located in the six centers of the six
C-Core poles. The maximum load capacity of the pro-
posed bearing is the maximum force in the Y direction

(Fmax = Fymax)'

A11 A12
C B
21 600 22
400N
sz 200N Bz1
B12 C11
B11 C12
A21 A22

Fig. 3. Load capacity of the proposed hybrid magnetic
bearing as a function of orientation angle.
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The load capacity of the HRHMB is primarily deter-
mined by the required pole section area. Using FEM, we
compared the two types of magnetic bearings with the
same pole section area (rotor diameter and pole width)
and bias flux. In this comparison, the pole width varies
between 10 mm and 40 mm, the pole section covers 50%
of the journal, and the aspect ratio (axial length/outer
diameter of the rotor) is 0.5. Figure 4 shows total mass
versus load capacity. We can conclude from this figure
that the new HRHMB has a lower mass compared to
the twelve-pole. When the load capacity of the twelve-
pole structure reaches its maximum value of 3661 N
with a pole width of 40 mm, the total mass of the novel
HRHMB decreases by 38% for the same load capacity.
Therefore, as the journal diameter increases linearly with
the increase in pole width, the proposed HRHMB is suit-
able for applications involving large journal diameters.

180 T T T *—r T T 40
160 -
135
140
1201  Mass = 114.2 kg)| >° £
2100+ <
@ 25 38
T 80 =
= K}
60 20 &
40 + —&— Mass of proposed HRHMB
—%—— Mass of the twelve-pole HRHMB 115
20} —©— Load Capacity of the proposed HRHMB
—%—— Load Capacity of the twelve-pole HRHMB

0 . . . . . . . 10
0 1000 2000 3000 4000 5000 6000 7000 8000

Load Capacity [N]
Fig. 4. Total mass versus load capacity.

IV. PARAMETER DESIGN
A. Magnetic pole area
According to equation (12), the area of the magnetic
pole can be expressed as:

‘Ll()F ymax
1.449 B2’
where W, is the width of the pole and [ is the axial length.
W, is taken to be equal to half of one-twelfth of the inner
stator perimeter length and defined as:

W, =05 ”IDZ” ,
where Dj; is the inner diameter of the stator.

Ay =W,l = (14)

5)

B. Second air gap

To obtain the optimal value of R, that maximises
the Y direction force Fy, the force-current stiffness k;,
in equation (9) can be treated as the objective function
with variable R;. We solved the equation thus:

% (3+\6) d (PoKo)

9R, s, or, (16)




The optimal value of the reluctance of the second air
gap can be given by:
= % . (17)
R, —2R,
C. PM dimensions
The bias flux density By is chosen to be equal to half
of the saturation flux density By to maximize the load
capacity. For the rotor equilibrium position, the flux den-
sities in the air gaps are equal to the bias flux density.
According to equations (2) and (17), the width of the PM
can be calculated as:
_ Bsep
b MrHoH ’
where L, is the relative permeability of the PM and H, =
F,/1, is the coercivity of the PM. The design parameters
of the proposed HRHMB are shown in Table 2.

(18)

Table 2: Parameters of the proposed HRHMB

Parameter Symbol Value
Radial air gap length 20 0.4 mm
Second air gap length gs 1 mm

Saturation induction density By 1T
Magnetic pole width W, 10.4 mm
Outer diameter of stator Doy 183 mm
Inter diameter of stator Dj 80 mm
Axial length / 50 mm
PM height hy 10.7 mm
PM width Iy 6 mm
Number of turns N 232
Load capacity Eoax 600 N
V. VERIFICATION OF THE
PERFORMANCE OF THE PROPOSED
HRHMB

To verify the performance of the proposed RHMB
in comparison to the existing structures, a numerical
simulation based on application of the 2D FEM has
been achieved. The distribution of the magnetic field that
permits the computation of different characteristics on
which our analysis is based is presented in Fig. 5.

Figure 5 (a) shows the distribution of magnetic field
provided only by PM without rotor eccentricity. We can
see that the flux density is symmetrically distributed.
When energizing the coils in the Y direction (i, = 0,
Iy = iymax), the symmetry of the distribution of the mag-
netic field will be lost (see Fig. 5 (b)). The magnetic field
in the Y positive direction is enhanced whereas the mag-
netic field in the Y negative direction is reduced.

Figure 6 (a) shows the effect of displacement of the
rotor on air gap flux density when the coils are not ener-
gized. Without rotor displacement (no eccentricity), we
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(@) (b)

Fig. 5. Distribution of flux densities (a) PM bias flux den-
sity and (b) superposition of PM bias flux and control
flux (iy = 0,y = fymax)-

have obtained identical air gap flux density at the poles
and symmetrical distribution in view of the two axes.
The bias flux in each air gap is 0.5 T, which verifies the
design requirements. However, when the rotor displaces
in the Y positive direction, it can be seen that the air gap
flux densities under poles A1, A2, Ba1, B2y, Co1 and Cyp
increases while the air gap flux densities under poles Ay,
A, B, Bz, C11 and C|, decreases. However, the flux
density waveform is not uniformly distributed because of
the non-uniformity of the air gap.

Figure 6 (b) shows the effect of coil current on the
air gap density when the rotor is at the equilibrium posi-
tion. It can be shown that with increasing coil current iy,
the flux density of each part in Y positive direction is
increased while the flux density of each part in Y neg-
ative direction is decreased. It can be seen for exam-
ple that the bias and control fluxes are additive in poles
A11, A1, Bai, By, C1 and Cy; and subtractive in the
opposite poles Ay, Ao, Bi1, B12, C11 and Cyy.

To verify the accuracy of the achieved modeling of
the proposed HRHMB, the analytically and numerically

— y=0.05mm — 1 =05
= ¥ ymax
¥ =lmm ——i,=0A
Aﬂ A12 An A12
C21 5 B22 Ca B
Ca By Co By
B12 c 1B12 ! CH
0.75T
1T
By Cio B,y Ci2
A, A
A21 Azz 21 22
(@) (b)

Fig. 6. Polar flux density waveform in the air gap (a) y-
displacement of rotor without coils energizing and (b)
variation of i, without rotor eccentricity.
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obtained results concerning the force-current and force-
displacement characteristics are compared and presented
in Fig. 6. Figure 7 shows that magnetic force is almost
linearly proportional to control current and displace-
ment. Comparison of analytical and numerical values of
current and displacement stiffness is listed in Table 3.

1000 — il T T T T - T —
—A—FEM | 3
= —©— Analytical g
o>
@
2
L
o
T
c
[=)]
©
=
-2 -1.5 -1 -0.5 0 05 1 15 2
Control current jy [A]
(@)
500
b
z
A T
w
8 S
& 0
o 3
]
=4
g 2
=
-500 :
-0.1 -0.05 0 0.05 0.1
Displacement y{mm)]
(b)

Fig. 7. F, components as a function of control current
and rotor displacement (a) force-current relationship and
(b) force-displacement relationship.

Table 3: Comparison of analytical and numerical stiff-
ness of the proposed HRHMB

Stiffness | Analytical | Numerical Error
ki, (N/A) 272.17 278.38 2.23%
ky (N/mm) 735.03 796.10 7.67%

The maximum error between the analytical and
numerical results is 7.67% for the displacement stiffness.
This error is mainly related to the local saturation of the
iron core that is not considered in the analytical compu-
tation. Based on all of the aforementioned findings, it can
be concluded that the developed analytical model can be
properly used for the design of the proposed HRHMB.

Variations of the magnetic force components as a
function of the two control currents i, and iy are pre-
sented in Fig. 8. These results have been obtained for
a current i, changing from —2.54 A to 2.54 A and a cur-
rent iy changing from —2.2 A to 2.2 A. It can be observed
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(b)

Fig. 8. Force-current dependence (a) variation of the F,
component and (b) variation of the F, components.

that the magnetic force F is almost proportional to the
coil current i, and independent of i,. Also, the magnetic
force Fy is almost proportional to the coil current i, and
independent of iy.

To identify the nature of dependency between force
and rotor eccentricity, we have estimated the effect of
rotor displacement on the force components Fy and F;.
The obtained results are presented in Fig. 9.

The results shown in Fig. 9 have been obtained by
considering eccentricities in X and Y directions varying
from —0.1 mm to 0.1 mm. It can be seen that a linear
dependency exists between the force components and the
displacement. Moreover, the magnetic force F, does not
depend on y displacement and the magnetic force £, does
not depend on x displacement.

To examine variations of the magnetic force Fy, due
to X direction displacements and X direction control cur-
rents, we compute the coupling ratios defined as:

o (x,y) = BB 5 100%

L. Fy (iviy ) —Fy 0,4y .
B (ix,iy) = %5)()) x 100%

Figure 10 (a) illustrates variation of the coupling
ratios oc(x,y) with the different rotor displacements in

19)



Fig. 9. Force-displacement relationship (a) F; variations
and (b) F; variations.

o

Coupling ratio a (x,y)

o

Coupling ratio 3 (ix,iy)
)

i.[A] i.[A]
(b)

Fig. 10. Magnetic force coupling (a) caused by rotor dis-
placement and (b) caused by control current.
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the X and Y directions when all coils are not energized.
As shown, rotor displacements in the X direction have
minimal impact on the magnetic force in the Y direction,
with the maximum coupling effect less than 4.08%.

Figure 10 (b) shows the variation of the coupling
ratios B (iy,iy) when the rotor is at the equilibrium posi-
tion. Results indicate that the maximum coupling effect
occurs when the control current i, is substantial while the
control current iy is zero, with the maximum coupling
effect less than 1.47%. These two coupling ratios indi-
cate that the magnetic forces in the X and Y directions of
the designed magnetic bearing are nearly independent of
each other.

VI. CONCLUSION

In this paper, a new structure for HRHMB driven
by a three-phase inverter is presented. The EMC method
is used to analyze the linearity and the coupling charac-
teristics of the proposed magnetic bearing. FEM analy-
sis has permitted verification of the performance of the
HRHMB validation of such an analysis. Compared to
the existing HRHMB, the proposed HRHMB retains the
advantages of the existing bearing and overcomes their
drawbacks. The proposed HRHMB offers the advantage
that there is very weak magnetic coupling between the
X and Y directions. Moreover, the linear proportionality
between the magnetic force and the control current facil-
itates the control. The proposed HRHMB demonstrates a
higher load capacity compared to the twelve-pole given
the same biased flux and journal diameter. Additionally,
it offers an effective and reliable solution for applications
with larger journal diameters.
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