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Taking the Midpoint Injection type Bearingless Permanent Magnet Synchronous Motor (MPI-BL-PMSM) as an object, to solve its
problems of large torque pulsation and insufficient suspension force when adopting Midpoint Suspension Current Unilateral
Injection (MPSC-UI), a Midpoint Suspension Current Bilateral Injection (MPSC-BI) solution is proposed. Based on the half-
winding structure of MPI-BL-PMSM, and from the electromechanical energy conversion principle, the torque model for
MPSC-BI solution is established. On this basis, the torque model for MPSC-UI method was derived. The correctness of the
established torque mathematical models based on half-winding structure was verified through the finite element method (FEM),
and the “dual-frequency” electromagnetic coupling characteristics of suspension current on electromagnetic torque were
compared and analyzed from the perspectives of theoretical model and FEM simulation. The results indicate that the MPSC-BI
method can effectively suppress or avoid the torque pulsation coupled by suspension current and can obtain about 1-time increase
of controllable suspension force; the advantages of MPSC-BI solution in dynamic torque decoupling characteristics are dem-
onstrated, while the only downside is that the coupling effect of torque current on radial suspension force is slightly greater than

that of the MPSC-UI method.

1. Introduction

Due to the high-power density and efficiency, permanent
magnet synchronous motor has been widely used in in-
dustrial fields [1]. To meet motor’s long-term and high-speed
operation needs, the magnetic bearing technology is widely
developed [2, 3], but it still has problems such as high-power
consumption of magnetic suspension on and limited critical
speed [3]. The bearingless motor is a new magnetic sus-
pension motor proposed based on the structural similarity
between magnetic bearing and AC motor stator [3-5]. In
contrast to magnetic bearing motor, the bearingless motor
not only maintains the benefits of no friction and no me-
chanical noise but also has shorter shaft and higher critical
speed. Consequently, it holds significant application promise
in many fields, such as high-speed flywheel energy storage,

advanced manufacturing, aerospace, and life sciences
[3, 6, 7]. The bearingless motor typically comprises two sets
of windings, i.e., torque winding and suspension winding.
Although the dual-winding structure facilitates to control
currents independently, the existence of suspension winding
reduces the motor’s power density and also reduces the
operation reliability. Therefore, the single-winding structure
is considered a trend in the development of bearingless
motors [3, 8, 9]. In single-winding structure bearingless
motor, the torque and radial suspension force are simul-
taneously generated by controlling the torque- and
suspension-current components within a single set of stator
windings. The use of a single-winding structure can elimi-
nate the need for insulation materials between two sets of
stator windings; then the motor’s structure can be simplified,
and the leakage flux can be reduced also.
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The single-winding structure of bearingless motor has
various forms, such as multiphase windings, parallel
windings, and midpoint injection windings. The multi-
phase bearingless motors often adopt five-phase or six-
phase structures [11-12], mainly through current su-
perposition to generate two sets of rotating magnetic fields
with 1-pair poles difference. In literature [12], six-phase
windings are connected as two sets of three-phase
windings, the torque, and suspension currents are
superimposed on two sets of three-phase windings to
simultaneously control the torque and radial force. The
authors of [12-14] introduced the dual-purpose non-
voltage (DPNV) winding structure of bearingless per-
manent magnet synchronous motor (BL-PMSM), which
includes two types of structures: bridge-configured
winding and parallel winding. The DPNV winding
structure can eliminate the influence of the induced
electromotive force of torque system on the end voltage of
suspension inverter. The bridge-configured winding re-
quires three single-phase inverters with isolated power
sources, which increases the system’s complexity and
design cost. Asama and Chiba [15] proposed a novel
single-winding structure for six-slot six-pole BL-PMSM; it
simultaneously generates a four-pole rotating field and
a four-pole alternating field through three concentrated
coils, and it utilizes a three-phase inverter to control the
suspension force and single-phase motor torque. Chiba
et al. [9] proposed a single-winding BL-PMSM structure
based on midpoint suspension current unilateral injection
(MPSC-UI) and provided a very good idea for bearingless
motor’s single-winding design. For the suspension cur-
rent is only injected into one half-winding of per-phase,
the controllable suspension force is not big enough, and
the fluctuation of torque is obvious. Why the suspension
current causes torque ripple and how to improve con-
trollable suspension force and reduce coupling torque
pulsation are still issues that need further research. Ref-
erence [16] integrates the torque winding and suspension
winding into a cohesive winding and then proposes
a stator coreless axial magnetic field self-bearing motor
structure, which can avoid the tradeoff between force and
torque and is conducive to simplifying the control of
torque and suspension force.

In this paper, the midpoint suspension current unilateral
injection type bearingless permanent magnet synchronous
motor (MPI-BL-PMSM) is taken as an object, and based on
the current superposition idea, a midpoint suspension
current bilateral injection (MPSC-BI) solution is in-
vestigated. Firstly, the structure and working principles of
MPI-BL-PMSM are introduced. Then based on the half-
winding structure of MPI-BL-PMSM, the torque mathe-
matical models for two midpoint injection methods are
derived, and from a theoretical perspective, the comparative
analysis is conducted on the coupling effect of suspension
current on torque. Finally, model validation and coupling
performance comparison analysis are conducted using the
finite element method (FEM). The research results have
proved the performance advantages of the proposed
MPSC-BI method in reducing torque pulsation.
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2. Motor Structure and Working Principle

Figure 1 shows the schematic diagram of the fundamental
structure of a 6-slot 4-pole single-winding BL-PMSM. The
inner rotor structure with surface-mounted permanent
magnet is adopted. The stator windings are evenly distrib-
uted in six stator slots, where U, and U, coils are connected
in series to constitute the four-pole U-phase winding, V', and
V, coils are connected in series to constitute the four-pole
V-phase winding, and W, and W, coils are connected in
series to constitute the four-pole W-phase winding.

Figure 2 shows the connection topology between the
motor winding and the inverter, as well as a schematic
diagram of the current reference direction. In this setup,
“Inverter 1”7 is linked to the output terminals of the three-
phase Y-type windings. The midpoint of each phase winding
is extended and linked to “Inverter 2.” As for Inverter 2, the
U-phase output terminal is connected to the midpoint of
stator U-phase winding, and the output terminals of the
V-phase and W-phase are “cross connected” to the mid-
points of the stator W-phase winding and the stator V-phase
winding, respectively. The current provided to the three-
phase stator winding by inverter 1 comprises two parts,
including the three-phase torque current and the required
suspension current of the upper half winding of each phase.
After the three-phase symmetrical suspension current
components provided by inverter 2 are injected into the
midpoints of three-phase windings, they are equally divided
and separately injected into the upper half-winding and
lower half-winding of each phase in opposite directions. In
Figure 2, iy, ir,, and iy, denote the torque currents entering
the three-phase windings, whereas ig,,, is,, and ig,, represent
the three-phase suspended currents injected from the
midpoint. During BL-PMSM operation, the torque current,
together with the permanent magnet, generates a torque
system magnetic field with a polar number of P and
generates electromagnetic torque. Simultaneously, the sus-
pension current generates a suspension magnetic field with
a pole pair number of Pg. When the two magnetic fields meet
the condition of “P;=Pg + 1” and their electrical angular
frequency and rotation direction are the same, stable and
controllable radial suspension force can be generated.

Figure 3 shows the schematic diagram of suspension
force generation principle of radial magnetic suspension
force when injecting suspension current into the two “half-
phase winding” of each phase from winding midpoints. In
Figure 3, after the torque current and suspension current are
superimposed in the stator windings, the torque system
magnetic field with two pairs of poles and the suspension
magnetic field with one pair of poles are formed. The su-
perposition of torque magnetic field and suspension mag-
netic field in the air gap will enhance the air gap magnetic
field at position “1” and weaken the air gap magnetic field at
position “3.” Then, according to Maxwell principles, a radial
electromagnetic force will be generated along the x-axis
direction, namely, radial controllable magnetic suspension
force. By adjusting the magnitude and phase of the sus-
pension current, the magnitude and phase of the radial
magnetic suspension force can be freely controlled.
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FIGURE 2: Schematic diagram of winding connection topology under MPSC-BI.

FIGURE 3: Schematic diagram of suspension force generation principle for MPSC-BI method.

3. Torque System Modeling of MPI-BL-PMSM suspension magnetic field is Pg=1. When the MPSC-BI
method is adopted, based on the current superposition

3.1. Basic Mathematical Model of MPI-BL-PMSM. In this  concept, the current matrix of each coil (half-phase winding)
paper, the pole pair number of torque system magnetic field  that is ultimately fed from two inverters is expressed as
is P = 2, whereas the pole pair number corresponding to the  follows:
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where I and I represent the amplitudes of torque current (L, My My M, M, M;[i, ]
and suspension current, respectively, while ¢ and ¢g rep-
resent the initial phase angles of the torque current and M, L, My M, M, M, ||i,
suspension current, respectively.
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where R represents the resistance matrix of each coil.
We define the self-inductance of each coil (i.e., half phase .
i ; (i.e., halfp M, M, M, My M, L, Iliy,, |
winding) and the mutual-inductance parameters in Figure 1
as follows: I cos(wt)
(1) The self-inductance of each coil (i.e., each half phase 3)

winding) is L, L, =L, + L;, where L, ; and L; are
the excitation inductance and leakage inductance of
the half phase winding, respectively.

(2) The mutual inductance between adjacent coils is
denoted as M, (such as that between U,;, V,,
and W,).

(3) The mutual inductance between two coils with
a spatial position difference of 180° is denoted as M,
(such as that between U, and U,).

(4) The mutual inductance between two coils with
a spatial position difference of 120° is denoted as M,
(such as that between U, and V; and W).

In addition, set « as the position electrical angle of
permanent magnet rotor, «=w7T, and y, as the
phasor of magnetic flux-linkage generated by per-
manent magnet on a half-phase winding (stator coil).
Then the magnetic flux of each half-phase winding
can be expressed as follows:

2

cos| wt ——
3

4m

cos| wt — —
3

cos (wt)

2
cos| wt — —
3
4
cos| wt ——
L 3 )4

From equations (2) and (3), the voltage equations for
each half-phase winding can be derived. Taking U, and U,
coils as example, the voltage equations are as follows:
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Consider the following current constraints: zero sum of
three-phase torque currents and zero sum of three-phase
suspension currents. According to Figure 2, when injecting
torque current and bilateral suspension current into the
stator winding, the U-phase voltage output by inverter 1 can
be obtained from equation (4) as follows:

Uptsse = Uy + Uy = 2Rig, +2(L; = M} + M, — M;)

% +2 dﬂ -2P in wt ”
T o 7@, Y ¢ Sin wt.
From equation (5), it can be seen that the output voltage
of inverter 1 is solely determined by the torque current and
not affected by suspension current. The reason is that when
injecting bilateral suspension current from the midpoint of
phase winding, the suspension currents in U; and U, half-
phase windings are equal in magnitude and opposite in
direction. When observing from the inverter 1 port toward
the neutral point of three-phase windings, the induced
electromotive forces generated by suspension currents in U,
and U, half-phase windings cancel out each other.
The expressions for the terminal voltage of other phase
windings output by inverter 1 can be obtained similarly; this
will not be further elaborated here.

3.2. Torque Modeling under MPSC-BI Method. In case of
suspension current bilateral injection (MPSC-BI), in order
to consider the influence of injected suspension current
on the torque, according to the winding connection of MPI-
BL-PMSM in Figure 2, relevant definitions are made as
follows:

(1) U,,V,,and W, constitute the first group of three-
phase symmetrical “half-phase winding” coils, where
the reference directions of torque current and sus-
pension current are opposite.

(2) U,,V,,and W, constitute the second group of three-
phase symmetrical “half-phase winding” coils, where
the reference directions of torque current and sus-
pension current are the same.

Then, the instantaneous torque of MPI-BL-PMSM can
be represented as the sum of the torques generated by two
groups of “half-phase winding” coils.

Definition 1. d-q is the rotor magnetic field orientation
synchronous coordinate system. Then by conducting vector
transformations on the current equations and flux-linkage
equations for two groups of three-phase symmetrical “half-
phase winding” coils, respectively, the dynamic mathe-
matical model in d-q coordinate system can be derived. The
transformation matrix for two sets of “half-phase winding”
coils from three-phase stationary coordinate system to d-q
synchronous coordinate system is as follows:

CcCo
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0 C
1 ( 271) ( 2n) (6)
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3 3
C=-
, . 2n ) 2m
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In equation (1), the coil current comprises torque- and
suspension-current components. After performing co-
ordinate transformation for equation (1) as follows:

R
idl ivl
; .
o, (7)
id2 iuz
iq2 iv2

i, |

the corresponding components of two sets of “three-phase
symmetrical half winding” currents in the d-q synchronous
coordinate system can be obtained, with specific expressions
as follows:
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In equations (7) and (8), iy, and i, are the d- and q-axis
current components of the first group of three-phase
symmetrical “half-phase winding” coils; i4, and iy, are the
d-and g-axis current components of the second group of
three-phase symmetrical “half-phase winding” coils.

Similarly, by coordinate transformation, the expressions
of magnetic flux-linkage in d-q synchronous coordinate
system are obtained for two sets of three-phase symmetrical
“half-phase winding” as follows:

Y
Var 12 Ly 0 Ly 07[ia vy
Va _r Vo _ 0 Lq 0 Lq l:ql .\ 0 )
Vi Vi Ly 0 Ly O |liga| |y
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- (8)

wherein L,; and L, represent the d- and g-axis inductance of
three-phase symmetrical “half-phase winding” in d-gq syn-
chronous coordinate system, Ly =L, =3/2x L, .

The magnetic field energy storage within the stator
winding of MPI-BL-PMSM can be expressed as follows:

. . . . \2
3| Laig + zd2)2 + Lq(zq1 + lqz)
= . (10)

Yy (i1 +ia)
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Here, the permanent magnet flux-linkage is equivalent to
the excitation current i, in the rotor’s equivalent excitation
winding, i.e, “y; =L, ;i;” holds, where i; is the equivalent
current of permanent magnet. Then, according to the double
reaction principle, the stator q-axis current always acts at the
rotor’s cross-axis position, and it does not generate magnetic
flux-linkage in the rotor’s equivalent excitation winding. On
the other hand, the stator d-axis current always acts at the
direct-axis position and produces magnetic flux-linkage in
the rotor’s equivalent excitation winding; this flux-linkage
overlays with the permanent magnet flux-linkage. Therefore,
the magnetic flux-linkage in rotor’s equivalent excitation
winding can be expressed as follows:

3., .
V= Emeldl + L, iy
(11)
3., .
Vr2 = JLmpiar + Lonyiy-

The magnetic field energy in the rotor’s equivalent ex-
citation winding can be expressed as follows:

Tem:@:pTasz

1 13 . .
w, =51y (Ve +¥02) =5 SV (i +ian) + Lygiy.  (12)

By summing up the magnetic field energy in the stator
winding and rotor winding, the total magnetic energy of
MPI-BL-PMSM can be obtained as follows:

w=w,+w,
3 . L \2 . . \2
=1 Ly(igr +ig) +Lq(’q1 'HqZ) ] (13)

3. . 2
+ Ell/f (ldl + ldz) + melf.

From the electromechanical energy conversion princi-
ple, the electromagnetic torque is equal to the partial de-
rivative of motor magnetic field energy relative to the
mechanical angle 6,,. Then:

ow _ ow_ (0w Oy 0w dp 0w Jip Ow dig
diyy Oa Oiy Oa Oig; Oa digy Oa

(14)

3
= EPT[(Ld - Lq) (ia + idZ)(iql + iqZ) + l/’Jf("ql + iqZ)]'

For the surface-mounted permanent magnet rotor
structure, the d- and qg-axis inductances are equal in the
synchronous coordinate system. Then:

ow 3

o = Pr— = EPwa(iql +ig): (15)

T =
o

3
Tem = EPTI//f(iql + iqz)

o o 2m\ . 2
= —2pT1//f[zTu sin wt + ig, sm(wt - ?> + iy, sm(wt + ?ﬂ

=3Ppy I singr.

Equation (16) indicates that when using the proposed
MPSC-BI method, the suspension current components in iy
and iy, will mutually cancel out in the torque equation. This
means that the suspension current will not affect the torque,
which is more conducive to decoupling control between the
torque system and suspension system.

In equation (15), Py is the the number of magnetic poles
in the torque system. By substituting it into equation (8),
then the analytical expression for the electromagnetic torque
Under MPSC-BI method can be obtained as follows:

(16)

3.3. Torque Modeling under MPSC-UI Method. Compared
with MPSC-BI method, when adopting suspension current
unilateral injection (MPSC-UI), the suspension current is no
longer superimposed in the upper “half-phase winding” of
each phase, ie.,, U;, V;, and W, half-phase windings in
Figure 2 no longer contain suspension currents, and only U,,
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V,, and W, half-phase windings are superimposed with
suspension currents ig,, iy, and iy, respectively. Here, the

current expressions of all half-phase windings are as follows:
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After performing coordinate transformation of equation
(7), the current expressions in d-q synchronous coordinate
system can be obtained as follows:
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Substituting (18) into (15), then the analytical expression
for the electromagnetic torque under the MPSC-UI method
can be obtained as follows:
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In equation (19), iy, i, and iy, are the real-time values of
three-phase symmetrical suspension currents injected from
the midpoints of U, V, and W phase windings into the their
lower “half-phase winding”; in the final expression, the first
term “3Ppy Iy sin(¢y)” is the expression for controllable
electromagnetic torque, and the second term “L5Pry , I
sin (2wt + @) is the dynamic coupling torque generated by
the suspension current.

By analyzing equations (16) and (19), the following re-
search results are obtained:

(1) Compared with the MPSC-BI method, when the
MPSC-UT method is adopted, because the suspen-
sion current component in ig, cannot be canceled
out in the torque equation again, the electromagnetic
torque equation contains the coupling torque term
generated by the suspension current, thereby exac-
erbating the torque’s dynamic fluctuation.

(2) In the MPSC-UI case, the coupled torque has a clear
dual-frequency characteristic, that is, the fluctuation
frequency of the coupled torque is twice the rota-
tional angular frequency of the synchronous
magnetic field.

4. Torque Model Verification and
Electromagnetic Coupling
Characteristics Analysis

4.1. Body Model and Torque Ripple Characteristics of MPI-BL-
PMSM. Based on the ANSYS/Maxwell software, the body
model of MPI-BL-PMSM is constructed. Figure 4 shows the
3-D sectional view and stator groove shape structure. Table 1
gives the motor’s structural parameters.

The torque pulsation comprises two primary compo-
nents: cogging torque and ripple torque. The cogging torque
arises from the interaction between the permanent magnet
and stator core when the winding is not energized, while the
ripple torque results from the harmonic torque generated by
the interaction between the stator’s harmonic magnetic
potential and the rotor’s permanent magnet field.

During the MPI-BL-PMSM operation, each passage of
permanent magnet through a stator slot induces a cogging
torque fluctuation. As permanent magnet rotor completes
one revolution, the cogging torque undergoes fluctuation NL
times, where NL represents the least common multiple of

motor pole-pairs and number of slots (here, NL = 12). In this
paper, to mitigate cogging torque, the MPI-BL-PMSM
employs an unequal-thickness permanent magnet pole
structure by redesigning the tile-shaped permanent magnet
to have different centers for inner and outer diameters, and
the eccentric distance between the inner and outer centers of
tile-shaped permanent magnet is set to 6 mm. Figure 5
depicts the cogging torque waveform of the MPI-BL-PMSM
as a function of time (rotor position), and the fluctuation
amplitude of cogging torque is 5.0 mN-m. The influence of
cogging torque with this small fluctuation basically can be
ignored.

After introducing torque current, the pulsation torque
caused by torque current is derived by excluding the steady-
state mean torque and cogging torque from the output
torque. Figure 6 shows the dynamic variation waveform of
ripple torque over time (rotor position) at 5.0 A torque
current, featuring an amplitude of 50 mN-m. It is noteworthy
that the ripple torque escalates with the increase in torque
current, constituting the primary factor contributing to
torque ripple in the motor analyzed in this study. The reason
for the existence of obvious ripple torque is that the stator
concentrated winding is used, and the stator magnetic po-
tential contains a significant amount of harmonic magnetic
potential.

4.2. Verification Analysis of Torque Model. Under the con-
ditions that the rotor is not eccentric and the suspension
current is not injected, the torque characteristics of midpoint
current injection type BL-PMSM is analyzed. Here, we set
the torque current to take values in the range of 0~6 A with
1 A step size. Through FEM dynamic analysis, the dynamic
waveform of the electromagnetic torque is obtained as
a function of torque current and rotor position, as shown in
Figure 7. Additionally, Figure 8 presents a comparison
between the mean value of the FEM analysis waveform of
electromagnetic torque and the calculated values from the
mathematical model. From Figures 7 and 8, the following
research results are obtained:

(1) Under the unsaturated magnetic circuit condition,
the steady-state mean value of electromagnetic
torque generally shows a proportional relationship
with the torque current, and the results of FEM
simulation experiments are basically consistent with
the model calculation values. As an illustration,
considering a torque current of 6 A, the results of
FEM analysis indicate that the mean value of elec-
tromagnetic torque is 1.21 N-m, whereas the calcu-
lation value from the mathematical model is
1.27 N-m, and the error between them is 4.96%. The
reason for the existence of errors is primarily at-
tributed to the omission of factors such as copper
loss and stray loss during the mathematical modeling
for electromagnetic torque.

(2) Under different torque currents, the fluctuation
frequency of electromagnetic torque with respect to
rotor position remains constant, and the count of
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FIGURE 4: (a) 3-D sectional view and (b) stator slot shape.

TaBLE 1: Structural parameters of MPI-BL-PMSM

Parameters Value
Stator slot count 6
Stator inner diameter (mm) 50
Stator outer diameter (mm) 100
Rotor outer diameter (mm) 42
Axial length (mm) 40
Air gap length (mm) 1
Winding turns count 50
PM thickness (mm) 3
PM material NdFe35
PM remanence density (T) 1.23
PM flux-linkage ¥ £ (WD) 0.0352
H, (mm) 1
H,, (mm) 2
H, (mm) 6
B, (mm) 2
B, (mm) 15
B, (mm) 21
R, (mm) 5
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F1GUure 5: Cogging torque waveform.
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FIGURE 7: Dynamic waveform of electromagnetic torque.

fluctuations within one rotation cycle aligns with the
fluctuations in cogging torque and ripple torque.

(3) The electromagnetic torque waveform is relatively
stable. As the torque current increases, the steady-
state mean torque and ripple torque generated by
torque current are basically proportional changes,
and the torque fluctuation rate varies between 9.13%
and 9.61% (below 10%), which can meet the general
application requirements.

4.3. Electromagnetic Coupling Characteristics Analysis of In-
jected Suspension Current on Torque. Under the rotor
noneccentricity condition, the influences of injected sus-
pension current on the electromagnetic torque of BL-PMSM
for two different midpoint injection methods are in-
vestigated. Holding the torque current I as a constant of
5A, making the suspension current superimposed on the
coils (half-phase windings) within the range of 0-3 A at
a step size of 0.5 A. Figures 9 and 10 present the dynamic
FEM simulation waveforms of electromagnetic torque for
the MPSC-BI method and MPSC-UI method, respectively.
Figure 11 is the partial enlarged waveform of torque when
using the MPSC-BI method. For convenience of comparing

waveform details, Figure 12 shows a comparison of torque
waveforms between the two current injection methods when
adding the same 3.0 A suspension current to the half-phase
windings.

From Figures 9-12, the following results are obtained:

(1) Under the same torque current condition, whether
the suspension current is injected unilaterally or
bilaterally from the midpoint of each phase-
winding, it does not affect the torque’s steady-
state mean. Here, with 5.0 A torque current, their
steady-state mean values of torque are all approx-
imately 1.01 Nm.

(2) Taking 5.0 A torque current as an example, and
under the condition of adding 3 A suspension cur-
rent on the “half-phase winding,” the torque’s “peak-
to-peak differences” are 0.095N and 0.66 N for the
MPSC-BI and MPSC-UI methods, respectively. For
MPSC-BI method, the torque fluctuation rate is
9.44%, which is basically the same as when there is no
suspension current. For the MPSC-UI method, the
torque fluctuation rate increases from 9.43% at zero
suspension current to 64.88% at 3 A suspension
current.



International Transactions on Electrical Energy Systems

1.2 -
10 -
08 -
064 . 3
04

0.2 +

Electromagnetic torque (N-m)

0.0 T T T T T T T T T T T
0 1 2 3 4 5 6

Torque current (A)

o Theoretical value
—s=— Simulation value

FIGURE 8: Value comparison curve of electromagnetic torque between FEM simulation and model calculation.

1.4

1_2-/\ ,,,,,, A ,,,,,, A ...... /\ ,,,,,,,
= AafAaAa st

Electromagnetic torque (N-m)

0.6
044 -
024 o o S
0.0 ; , ;
0 10 20 30 40
Time (ms)
— 1,=5A,1=0A L,=5A1=2A
— 1,=5A,1=0.5A — I,=5A]=2.5A
— L=5AL=1A =5A,1=3A

— I=5AI=15A

FIGURE 9: Torque waveform under MPSC-UI method.
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FIGUure 12: Torque waveform comparison between two suspension current injection methods.

(3) When using the MPSC-UI method, at each revo- generated by the interaction between an asymmet-

lution of the rotor (40 ms), the four-pole permanent
magnet field rotates 2 pairs of magnetic-pole ranges,
and there are a total of 4 significant coupling torque
pulsations in the torque waveform. The coupling
pulsation frequency of torque is exactly twice the
frequency of the magnetic field alternating fre-
quency, thus verifying the “dual-frequency” char-
acteristic of the suspension current coupling torque
in the dynamic torque expression in equation (19).

When adopting the MPSC-UI method, the reason
for the torque ripple increase is that the injected
suspended current flows only in one “half-phase
winding” of each phase, which results in a lack of
symmetry in the magnetic flux distribution gener-
ated by suspension current. The pulsating torque

rically distributed suspension magnetic field and
a torque magnetic field with different pole pairs
cannot be canceled out, which inevitably results in an
obvious increase in torque fluctuation amplitude.
The coupled torque is basically proportional to the
unilateral injection suspension current, and the FEM
analysis results are consistent with equation (19). At
this point, the coupling torque ripple waveform with
a larger amplitude is not strictly a sine wave, as it also
superimposes relatively smaller amplitude cogging
torque and ripple torque.

(4) When using the MPSC-BI method, the torque

fluctuation is basically unaffected by the injected
suspension current, or minimally affected. In this
case, the “peak to peak” fluctuation rate of torque
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— I=2AL=3A 269 29.16 24.92

[=2AL=4A 269 29.42 24.72
—— I=2AL=5A 269 29.55 24.63

FIGUure 13: Radial suspension force waveforms with torque current under MPSC-BI method.
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FIGURE 14: Radial suspension force waveforms with torque current under MPSC-UI method.

remains around 9.4%, which is the advantage of the waveform’s positive peak value (<2.8 m-N-m) and
MPSC-BI method proposed in this paper. The results negative peak value (<0.8m-N-m), and the slight
of FEM simulation analysis are consistent with variations are due to the additional ripple torque
equation (16). In Figure 10, with the suspension caused by injected suspension current, which can be

current change, there are slight variations of torque ignored due to relatively too small value.
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In Figures 9-11, the torque fluctuation at zero sus-
pension current is attributed to the cogging torque
and torque system ripple torque.

4.4. Electromagnetic Coupling Characteristics Analysis of
Torque Current on Controllable Suspension Force. Now,
under rotor noneccentricity condition, the coupling effect of
torque current on the controllable magnetic suspension
force will be analyzed for the two midpoint injection
methods of suspension current. Here, maintaining the
suspension current in the “half-phase winding” constant
(Ig=2A) and setting the torque current to take values at
a step of 1 A within the range of 0-5 A, the dynamic FEM
simulation response waveforms of controllable magnetic
suspension force when adopting MPSC-BI and MPSC-UI
methods are shown in Figures 13 and 14, respectively.

From Figures 13 and 14, the following results are
obtained:

(1) Under the same condition of “half-phase winding”
suspension current, the mean value of generated
controllable magnetic suspension force when using
the MPSC-BI method is approximately twice that
when using the MPSC-UI method. Furthermore,
under both injection methods of suspension current,
the dynamic variation rules of generated controllable
suspension force with time (or rotor position angle)
are completely consistent.

(2) Whether MPSC-BI method or MPSC-UI method,
torque current will enhance the fluctuation of con-
trollable magnetic suspension force. Under the same
condition of “half-phase winding” suspension cur-
rent, when using the MPSC-BI method, the coupling
effect of torque current on suspension force is
slightly greater that that when using the MPSC-UI
method.

Taking the suspension current “I¢=2A” as an example,
when the MPSC-BI method and MPSC-UI are used sepa-
rately, the “peak-to-peak” differences of suspension force are
2.32N and 1.40N at zero torque current, with steady-state
mean values of 26.99N and 13.62N, respectively. After
applying a 5 A torque current, when the MPSC-BI method
and MPSC-UI method are used separately, the “peak-to-
peak” differences of suspension force are 4.92N and 2.33 N,
with steady-state mean values of 26.92N and 13.56 N, re-
spectively. Therefore, when using the MPSC-BI method, the
“peak-to-peak” fluctuation rate increment of suspension
force is about 9.7%, slightly more than that of 6.9% when
using the MPSC-UI method. This effect primarily originates
from the coupling influence of torque system’s harmonic
magnetic potential on the radial suspension force. For the
practical control systems of BL-PMSM equipped with radial
displacement closed-loop controllers, such coupling effects
can be effectively suppressed.
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5. Conclusion

In this paper, the MPI-BL-PMSM is taken as study object, an
MPSC-BI method is proposed, the in-depth modeling re-
search and coupling characteristic analysis on its torque
system have been conducted, and the mathematical model of
electromagnetic torque is analytically derived. From the
perspectives of theoretical methodical mode analysis and
finite element simulation experiment, the advantages of
torque characteristics have been demonstrated for the
proposed MPSC-BI method. Research conclusions are as
follows:

(1) The electromagnetic torque mathematical model
established based on the basic mathematical models
of two sets of three-phase symmetrical “half-
winding” is correct. Under the unsaturated mag-
netic circuit condition, the relationship between
torque current and steady-state torque amplitude is
essentially linear.

(2) When using the MPSC-UI method, the injected
suspension current will couple to produce a “dual-
frequency” pulsating torque with a large amplitude.
As the suspension current increases, the amplitude of
coupling torque will also increase, which is very
unfavorable for the dynamic suspension control of
the rotor.

(3) Under the same torque current condition, when
using the proposed MPSC-BI method, the coupling
effect of injected suspension current on the elec-
tromagnetic torque is much smaller than that when
adopting the MPSC-UI method. Based on the pro-
posed MPSC-BI method, the torque pulsation caused
by the injected suspension current can be effectively
suppressed or avoided, and the dynamic stability of
torque waveform can be effectively improved.

(4) Under the same “half-phase winding suspension
current” condition, when adopting the proposed
MPSC-BI method, the steady-state mean of gener-
ated controllable magnetic suspension force is ap-
proximately twice that when adopting the MPSC-UI
method. For the MPSC-BI method, the coupling
effect of torque current on the radial magnetic
suspension force is slightly greater than that of the
MPSC-UI method.
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