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ABSTRACT To handle the unbalanced vibration caused by uneven rotor mass distribution in a bearingless
induction motor (BIM), a control strategy that integrates unbalanced feed-forward compensation and current
compensation is presented. Firstly, based on the analysis of the BIM rotor vibration mechanism and the
unbalanced vibration influence on the performance of the BIM, the dynamic model of the rotor is derived.
Secondly, an unbalanced force feed-forward compensation controller is designed to extract the synchronous
vibration signals through the synchronous signal detection unit, and then the compensation force components
are generated by unbalanced feed-forward compensation controller. In addition, considering the influence
of current in the rotor induced by suspension winding, a current compensation link is applied to the system
to enhance the suspension performance. Finally, a rotor unbalanced vibration compensation control system
of the BIM is established. The simulation and experimental results show that the proposed compensation
control strategy not only can effectively reduce the rotor radial displacement and suppress the unbalanced
vibration, but also can improve the suspension performance.

INDEX TERMS Bearingless induction motor (BIM), current compensation, feed-forward compensation,

radial displacement, rotor eccentricity.

I. INTRODUCTION

A bearingless motor is a new type of motor which breaks
through the balance of air-gap magnetic field of the tradi-
tional motor to produce electromagnetic torque and radial
suspension force. Using the structure similarity between the
magnetic bearing and the motor stator, two sets of different
pole-pair windings are embedded in the bearingless motor to
destroy the symmetry of air-gap magnetic field, which pro-
duces electromagnetic torque and radial suspension force and
realizes the functions of rotor rotation and suspension [1]-[6].
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Compared with other types of bearingless motors, the bear-
ingless induction motor (BIM) not only contains the advan-
tages of the conventional induction motor, such as simple
structure, low pulsating torque and easy flux-weakening con-
trol, but also inherits the advantages of the magnetic bearing,
such as no contact, no abrasion, no lubrication, no pollution
and long service life [7]-[11]. These advantages can make
the BIM popular in the special drive fields including high-
speed, ultra-high speed, vacuum, clean and corrosion envi-
ronment [12]-[16]. Furthermore, the BIM has become one
of the hot spots in the research fields of bearingless motors
presently.

However, in the manufacturing and actual operation of
the BIM, the rotor vibration will be inevitably caused by
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uneven mass distribution of the rotor lamination, the problem
of machining precision and the deformation of the rotating
shaft in long-term vibration [17]-[20]. Next, the geometric
center axis and the inertia axis of the rotor are difficult
to coincide completely. Therefore, an exciting force acting
on the rotor will be produced during the operation of the
motor, which has the same frequency with the speed and is
proportional to the square of the speed [21]-[23]. When the
motor reaches a certain speed, a large unbalanced vibration
will be caused even the offset is small. If the unbalanced
vibration exceeds the limit of air-gap, it will directly lead to
the failure of the rotor suspension. It not only restricts the
further increase of the speed, but also seriously affects the
safe operation of the BIM. In addition, the vibration signal
detected by displacement sensors may result in the current
saturation in the power amplifier, thus affecting the entire
control loop [24]. Therefore, the research on the unbalanced
rotor vibration suppression of the BIM is of great theoretical
and practical significance.

Recently, for the unbalanced rotor vibration of bearing-
less motors, scholars at home and abroad have put forward
many vibration suppression methods based on the control
theory [25]-[30]. Most of these methods are divided into
two categories: minimum current control and minimum dis-
placement control. In [31], a compensation control strategy of
radial suspension force is proposed based on the characteris-
tics of different decoupling strategies. However, the strategy
is greatly influenced by the change of motor parameters,
which leads to the decrease of control accuracy. In [32],
a novel axial vibration suppression strategy for a two-axis
actively positioned permanent magnet bearingless motor is
proposed. The strategy can increase the damping force by
adjusting the d-axis current to realize the active suspension
control in the axial direction of the rotor. Moreover, the rotor
axial position is estimated by the flux-linkage variation of
the motor winding, so the additional displacement sensor is
not necessary. In [33], a rotor adaptive vibration suppression
control strategy based on multi-frequency tracking algorithm
is proposed. This algorithm can accurately and effectively
identify the frequency of vibration signals, but the algorithm
used in the strategy is complicated and difficult to realize.
In [34], a feed-forward compensation control strategy of the
BIM based on the coordinate transformation is proposed to
effectively reduce the rotor vibration. However, the vibration
displacement used as the compensation signal is just an open-
loop compensation for the suspension system, thus leading
to the low control precision. In [35], the adaptive least-
mean-square (LMS) filter is utilized to generate the vibration
compensation signal, which reduces the eccentric vibration
amplitude of the rotor and improves the suspension accuracy.
However, it is difficult to determine the step parameters of the
adaptive filter, so the convergence speed and filtering effect
can be affected.

In view of the radial offset and unbalanced vibration caused
by uneven rotor mass, a control strategy that integrates unbal-
anced force feed-forward compensation and current com-
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FIGURE 1. Principle of radial suspension forces.

pensation is proposed. Compared with the existing control
methods, this strategy has the advantages of simple con-
trol structure and remarkable control effects. As the control
system is adjusted by traditional PID control, it is difficult
to meet the high-performance control requirements of the
BIM nonlinear system, which needs further improvement in
future research [36], [37]. In this strategy, the feed-forward
compensation controller is applied to the suspension con-
trol system, the synchronous signal processor is utilized to
extract the synchronous component of the displacement sig-
nal and the synchronous component is converted to weaken
the unbalanced exciting force. Meanwhile, the suspension
control system ignores the induced current of the suspension
winding in the rotor [38], so the magnitude of the radial
suspension force is changed, which has certain influences on
the unbalanced vibration. The neglected rotor induced current
is taken into account by the current compensation link. Since
the rotor current is difficult to measure, the stator current
component of the suspension winding can be obtained by
means of elimination, thus the suspension performance of the
rotor can be effectively improved and the radial displacement
can be reduced. The simulation control model of vibration
compensation is established by MATLAB/Simulink and the
simulations are carried out at different speeds, taking low
speed (3000r/min) and medium-high speed (8000r/min) as
examples in the paper. In addition, the experimental research
is also conducted on the experimental platform of the BIM.
The simulation and experimental results show that the pro-
posed vibration suppression strategy can achieve good sus-
pension effects, which not only realizes the stable suspension
in a wide speed range, but also reduces the radial offset caused
by the rotor vibration of the BIM.

Il. PRINCIPLE AND MATHEMATICAL MODEL OF THE BIM
A. THE PRINCIPLE OF THE BIM RADIAL SUSPENSION
FORCE

The BIM is embedded a set of suspension winding in the sta-
tor of conventional induction motor. Through the interaction
of magnetic fields of two sets of different pole-pair windings,
the symmetry of the original air-gap magnetic field is broken
and radial suspension forces are generated to achieve the
suspension of the rotor [8], [39]. The pole-pairs of torque
winding and suspension winding in the motor stator slot are
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Py and Pg, respectively, and the corresponding electrical
angular frequencies are w; and w;. If two sets of windings
meet the following condition: (1) P = Pm=E1; (2) w1 = wo,
the controllable radial suspension forces can be generated
[40], [41]. Fig.1 shows the principle of generating the radial
suspension forces on the BIM. The pole-pairs of the torque
winding and the suspension winding are Py = 1 and Pg =
2, respectively. When two sets of windings are respectively
supplied with currents /1 and />, a two-pole flux-linkage W
and a four-pole flux linkage Wy are produced. At this point,
the air-gap magnetic fields on the upper side are in the same
direction, the magnetic density increases, while the air-gap
magnetic fields on the lower side are in the opposite direction,
the magnetic density decreases. Therefore, the radial suspen-
sion force Fy is produced along the y-axis. Through the above
analysis, the controllable radial suspension forces both in x-
axis and y-axis can be obtained by changing the magnitude
and direction of currents /; and /5.

B. MATHEMATICAL MODEL OF THE BIM

The radial suspension forces of the BIM in the x, y direc-
tions that are derived from Maxwell tensor method can be
expressed as [42]-[44]:

Fy = K(‘Ijldiﬂd + "Illqiqu)

. . (D
Fy = K(W1dis2g — Yigis2a)

where K = K; + K, is a constant, K; is the Lorentz force

constant, and K,,, is the Maxwell force constant;K; = 1;’31511 s
PP} .
K, = T8N, Najiolr Among them, W4 and W, are the air gap

flux linkage components of the torque winding in the d-q
coordinate system; iypq and iy, are the stator current compo-
nents of the suspension winding in the d-q coordinate system;
Ni and N, are the effective turns of the torque winding and
suspension winding; Py and P are the pole-pairs of the torque
winding and the suspension winding; r is the outer diameter
of the rotor; Loy, is the mutual inductance of the suspension
winding; po is the vacuum permeability; [ is the effective

length of the shaft.
Electromagnetic torque equation is
Te = Pi(W1gis1g — Vigisia) 2

Flux linkage equation is

Wia = Lpiispa + WYoq
"ps2q = Ly is2q + \IJZq

. 3
Wyoq = Lyotiroa + Woq 3)
\I’r2q - Lr21ir2q + \IJZq
Voltage equation is
Us2a = Roiga + pVs2a — Wsoqwp
Us2q = Rs2i32q +P\ps2q + ‘*I"deCUp )

Urog = Ry2irag + p¥r2g + Vr2aws
Ur2a = Ry2ir2a +pY¥r2a — ll/quCUs

where is14 and i1, are the stator current components of the
torque winding in the d-g coordinate system; Wyg, Wyog4,
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FIGURE 2. Schematic diagram of the rotor eccentricity.

W24 and W, are the flux linkage components of the suspen-
sion winding in d-q coordinates, respectively; Ly; and Loy
are the stator and rotor leakage inductance of the suspension
winding; is2q4, is24, ir2qand i, are the current components
of the suspension winding in d-g coordinates; Wpzand Yo,
are the air gap flux linkage components of the suspension
winding in d-g coordinates; Uyg, Usag, Urogand U,py are
the voltage components of the suspension winding in d-g
coordinates, respectively; Ry» and R,; are resistances of the
stator and rotor of the suspension winding; p is a differential
operator; wpand wj are the air gap magnetic field velocity and
the slip angular velocity, respectively.

Ill. ANALYSIS OF ROTOR VIBRATION MECHANISM

The diagram of the rotor eccentricity is shown in Fig.2, where
p represents the eccentricity between the centroid of the rotor
and the geometric center; w, is the mechanical angular veloc-
ity of the rotor; 7 is the initial direction angle of the centroid of
the rotor. Ideally, the centroid m coincides with the geometric
center O, the rotor will not deviate during the operation of the
motor. The suspension control system only provides the radial
suspension force to support the weight of the rotor and load.
When the centroid of the rotor is not at the geometric center,
that is, the eccentricity p is generated, the rotor vibration
will be strengthened with the increase of the motor speed,
the vibration displacement will also accordingly increase,
which seriously affect the suspension performance of the
motor.

As shown in Fig.2, when the rotor revolves around the
center axis with the angular velocity w,, the centrifugal force
that synchronously changes with the rotor position will be
generated on the rotor. Its components on the x, y axis are
described as:

Fex = M pa} cos(w,t + 1) )
Fey = Mpa)f sin(w;t + 1) (6)
When there is no mass eccentricity in the rotor, according

to Newton’s law, the dynamic equations of the rotor in the x,
y directions are obtained as:

MX + cxx + kex = Fy — fux @)
My +cyy + ky = Fy — fuy 8)
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where M is the mass of the rotor; cyand ¢y are the coupling
parameters of the rotor; k, and ky, are the stiffness coefficients
of the rotor; F and F)y are the radial suspension forces in the
x,y directions; fjzx and fjsy are the components of rotor weight
and external loads in the x, y directions.

When the eccentricity of the rotor is taken into account,
the dynamic equations of the rotor in the x, y directions can
be rewritten as:

MX + X + kyx :M,oa)f cos(wyt + n)+Fy —fux 9)
M3 + ¢, + kyy =M pa} sin(art + n)+Fy—fuy  (10)

For dynamic equations (9) and (10), the displacement
response of the BIM is derived as:

x = xgcos(wyt +1n —61) + Ax —JM

* (11)
y=yosin(wrt+n—62)+Ay—f,t4—y

y

where xg and yg are the displacement amplitudes along the
x and y axis due to the rotor eccentricity, respectively; §;
and &, are the angles associated with the rotor speed, rotor
mass, coupling parameters and stiffness coefficients; Ax and
Ay are the uncertain displacements caused by F, and Fy,
respectively, when the actual suspension force is basically
the same as the given suspension force, Ax and Ay are very
small.

It is known from the formula (11) that the displacement
response of the BIM is composed of the sinusoidal compo-
nents and some uncertain displacements. These sinusoidal
components have the same frequency with the speed. The
rotor will deviate from the geometric center to generate peri-
odic and unbalanced vibration under the impact of centrifugal
force. If no measures are taken to reduce this vibration, the
radial displacement of the rotor will be increased and the
suspension performance will be deteriorated, which eventu-
ally results in the failure of suspension. Therefore, a control
strategy that integrates unbalanced force feed-forward com-
pensation and current compensation is used to compensate for
the unbalanced vibration and reduce the vibration amplitude
of the rotor, so that the suspension performance is effectively
improved.

IV. ROTOR VIBRATION SUPPRESSION OF THE BIM

A. FEED-FORWARD COMPENSATION FOR UNBALANCED
FORCE

To suppress the vibration caused by uneven rotor mass dis-
tribution, it is necessary to reduce the periodic component
of the same frequency as the rotor by means of active con-
trol in the suspension system. In this paper, the unbalanced
force feed-forward compensation control strategy is used to
detect the displacement signal of the same frequency from
the initial signal. The unbalanced compensation control force
is produced by coordinate transformation, PID modulation,
filtering and other operations to make the rotor rotate around
its geometric center axis, so that the radial offset of the rotor
is reduced.
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FIGURE 4. Unbalanced force feed-forward compensation controller.

To realize the unbalanced force compensation for the rotor
vibration of the BIM, it is essential to extract the syn-
chronous signals from the signals detected by radial dis-
placement sensor. For this reason, a synchronization signal
detection method with simple implementation and strong
anti-interference is proposed, which is shown in Fig.3.

According to the formula (11), since the uncertain dis-
placement components are very small and can be neglected.
Generally, it is assumed that the stiffness of the BIM rotor
is equal in horizontal and vertical directions and it is large
enough. Therefore, the amplitude of the same frequency
vibration signal generated on horizontal x-axis and vertical y-
axis will be approximately the same and the rotor trajectory is
approximately a circle. So the sinusoidal components of the
same frequency as the speed are expressed as:

x=A Cf)s(w,t) (12)
y = Asin(w,t)

x: = Aw, c.os(w,t)t (13)
Y = Aw, sin(w, 1)t

As can be seen from Fig.3, if the input sinusoidal signal
is integrated and the speed is effectively identified, the input
signal can be tracked accurately by the synchronous signal
detection method, and then the other different frequency
signals and random signals are filtered through the low-pass
filter, and the synchronous signal of the same frequency as
the rotational speed can be finally extracted.

The structure of the unbalanced force feed-forward
compensation controller is shown in Fig. 4, where k is the
adjustment coefficient of the synchronous signal. The syn-
chronization signals x"and y’are obtained by synchronization
signal detection unit from the initial displacement signals
x and y. After the rotational transformation, the signal of
the same frequency in the original displacement signal is
changed into the DC quantity x., y. and some high-frequency
components in the synchronous rotating coordinate system,
and then the high-frequency components are filtered through
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the low-pass filter.

Xe = x' cos(wyt) + Y sin(w,t) (14)
Ve = —x'sin(w,t) + ¥ cos(w, 1)

If the rotor reaches a stable suspension state, the radial
offset of the rotor should be approximately equal to zero. The
closed-loop control with zero error is carried out between
the displacement signal output from the filter and the syn-
chronization signal. Then, the unbalance compensation com-
ponents Fy, Fy are obtained by PID modulation and inverse
rotational transformation.

F, = F) cos(w,1) — F{; sin(w, 1)

/ ’ / (15)
Fy = F;sin(w,t) + Fq cos(wyt)

Finally, the controller is applied to the suspension control
system to suppress the rotor vibration.

When the rotor mass is unbalanced, the rotor will deviate
from the geometric central axis under the action of cen-
trifugal force. In this case, the compensation force produced
in Fig.4 forcibly constrains the rotor to rotate around the geo-
metric central axis and controls the vortex radius of the rotor
to a relatively high precision. The feed-forward controller in
this paper is designed based on the intrinsic characteristics
of unbalanced interference force. It does not need special-
ized structures such as estimator and state observer, and can
also successfully achieve the purpose of compensating for
unbalanced interference. In addition, the implementation of
the feedforward compensation controller no longer requires
the accurate mathematical models of the rotor and unbalanced
interference forces.

B. CURRENT COMPENSATION CONTROL

In the BIM, the magnitude of the induced current is related
to the number of turns in the winding and the relationship
between the number of turns of suspension winding and
torque winding is about 1:10. Although the current values of
the two sets of windings are the same, the induced current
generated by the suspension winding in the rotor is generally
neglected. However, the neglected induced current can result
in changes in the magnitude of the radial suspension force
and the unbalanced vibration. Therefore, an induced current
compensation control strategy is proposed to consider the
influence of induced current.

The suspension winding current breaks the balance of the
original magnetic field of the motor, so that the magnetic
field in one side of the air-gap is enhanced, while that in
the other side is opposite. The generated Maxwell force will
point to the side of the enhanced magnetic field. That is,
the combination of the torque winding and the suspension
winding produces the radial suspension forces. The stator
current components of the suspension winding can be directly
measured in the d-q coordinate system, while the rotor current
is not available. Therefore, the rotor currents in formula (3)
and (4) can be eliminated by the suspension winding model.
Then, the relationship between the stator currents isng, is2g
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and the currents iyq, ip4 of the suspension system can be
obtained as:

, ( L” +p)
f2d = 2 2 2
rz[(; + PR + ol
. @sRy2 Ly
x [is2a (R r21) + ls2qu
Ry +pL> (16)
, ( er +p)
qu r2 2 2
L, [( I, TP+ ol
WsR2 Ly
X R L N ———————
[is24( ny + r21) — Is2d Riat plra

According to formula (16), the relationship between iy,
is2g and ipg, iz4 is shown in Fig.5, where s stands for the
Laplacian.

As shown in Fig.5, considering the influence of the induced
current produced by the suspension winding, the stator cur-
rent components of the suspension winding can be obtained
by means of elimination method to eliminate the rotor
induced currents which are difficult to measure. In the paper,
the control of radial suspension force is mainly achieved
by controlling the suspension currents. Compared with the
case that the induced currents are not taken into account, the
suspension winding currents are compensated after consider-
ing the rotor induced currents. Then, the suspension winding
currents are applied to the control system to directly affect
the motor operation. Thus the suspension performance of the
rotor is effectively improved and the control precision of the
system is also increased.

V. SIMULATION AND EXPERIMENTAL ANALYSIS

A. RESULTS AND ANALYSIS OF THE SIMULATION

To verify the effectiveness of the compensation control strat-
egy, a simulation model of the control system is created
in the MATLAB/Simulink platform, and the simulation and
comparison analysis are carried out at low speed (3000r/min)
and medium-high speed (8000r/min). The parameters of the
BIM are shown in table 1.

The block diagram of rotor vibration suppression strategy
presented in this paper is shown in Fig. 6. The whole control
system consists of two subsystems: rotation and suspension
parts. The rotation part is controlled by air-gap flux orien-
tation. In the suspension part, the deviations between the
given values and the actual values of the rotor displacements
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TABLE 1. Parameters of the BIM.

Parameters Torque winding Sl::ﬁledriilgn
Pole-pairs 1 2
Rotor outer diameter (mm) 97.8 97.8
Core length (mm) 105 105
Rotor mass (kg) 2.85 2.85
Rotational inertia (g *» m?) 7.96 7.96
Rated current (A) 2.86 2.86
Rotor resistance (Q) 11.48 0.075
Stator resistance (2) 2.01 1.03
Rated power (w) 1000 500
Rotor leakage induction (mH) 9.22 542
Stator leakage induction (mH) 4.45 2.67
Mutual inductance of stator 158.56 932

and rotor (mH)

Radial |h,
suspen [ >| Current
.| -sion |
force |l
control

compen-
sation (7.
link

¥ 5| Air-gap |-
) flux
o + T i
a R PID . oriented

control

FIGURE 6. Block diagram of rotor vibration control for the BIM.

are adjusted by PID to obtain the radial suspension forces.
Meanwhile, the compensation controller receives the rotor
position information from the displacement sensor to gen-
erate the unbalanced compensation control force. The two
forces are added to obtain the required suspension forces
Fy¢ and Fy. The specific construction method of the com-
pensation controller is shown in Fig.4. Then, the stable and
controllable suspension currents i},, and i}, g are obtained
through force/current conversion and current compensation.
The specific construction method of the current compensa-
tion link is shown in Fig.5. Finally, the three-phase currents
of the suspension winding are obtained by 2/3 transformation
and CRPWM to control suspension windings. In the 2/3 trans-
formation, 67 is the rotation transformation angle, which is
obtained by integrating the sum of the slip angular velocity
ws and the rotor angular velocity wj.

Fig.7 shows the speed response curves of the BIM at
3000r/min and 8000r/min. As shown in Fig.7(a), at low
speed(3000r/min), the motor reaches a given speed at 0.11s,
the speed response is fast and the overshoot is small. When
the load is applied at 0.3 s, the speed is slightly decreased, but
in a short time, the speed rises quickly and eventually reaches
a steady state with little stability error. As shown in Fig.7(b),
at medium-high speed(8000r/min), the motor reaches a given
speed at 0.17s, and the speed response is slower than that at
low speed. When the motor is suffered from the load at 0.3s,
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FIGURE 7. Speed response, (a) 3000r/min, (b) 8000r/min.

the speed is reduced in some extent and finally it becomes
a remained constant after 0.1s. Overall, the compensation
control system has good speed response characteristics at low
speed and medium-high speed.

Fig.8 shows the rotor displacements of the BIM in the
x, y directions with and without compensation. The speed
is 3000r/min and the load is applied at 0.3s. As shown
in Fig.8(a) and 8(c), without compensation, the rotor radial
displacements have obvious unbalance fluctuation at the ini-
tial stage due to the rotor eccentricity and the vibration
process lasts for a long time. At 0.3s, the rotor has a large
vibration in the radial direction and it restores to normal after
about 0.2s. As shown in Fig.8(b) and 8(d), with compen-
sation, the rotor displacements are significantly improved,
the displacement fluctuation is reduced after a sudden load
and the recovery time is decreased to 0.12s, which indicates
that the rotor vibration is effectively reduced.

Fig.9 shows the rotor displacements of the BIM in the x,
y directions with and without compensation. The speed is
8000r/min and the load is applied at 0.3s. Compared with
the rotor displacements at low speed, the vibration frequency
and vibration amplitude of the rotor are visibly increased at
medium-high speed. As shown in Fig.9, the amplitude of
displacements with compensation is obviously lower than
that without compensation, the amplitude and the oscillation
period of rotor displacements are also improved after sudden
load. Moreover, the fluctuation of displacements is smaller
after stabilization and the suspension performance of the rotor
is improved.

Fig.10 and 11 show the rotor trajectories at low speed
(3000r/min) and medium-high speed (8000r/min), respec-
tively. As shown in Fig.10 and 11, regardless of low speed
or medium-high speed, the motion trajectory of the rotor is
reduced in comparison with that under the condition of no
compensation, and the time to reach the equilibrium position
is shorter. In addition, due to the uneven distribution of rotor
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FIGURE 8. Rotor vibration suppression results at 3000r/min, (a) the radial
displacement of the x-axis without compensation, (b) the radial
displacement of the x-axis with compensation, (c) the radial
displacement of the y-axis without compensation, (d) the radial
displacement of the y-axis with compensation.

mass, the centrifugal force is larger at medium-high speed
and the vibration is more severe. Comparing the two situa-
tions, the compensation effect is better under the condition of
medium-high speed.

B. RESULTS AND ANALYSIS OF THE EXPERIMENT

To further verify the effectiveness of the proposed rotor
vibration suppression strategy, a control system platform is
established by utilizing a BIM as an experimental prototype.
The BIM experimental platform is shown in Fig.12. The
motor parameters in the experiment are the same as those in
the simulation. Due to the limitation of the speed measured
by photoelectric encoder, the given speed is set to 3000r/min.
The three-phase AC voltage is 380V. In this experiment,
photoelectric encoder and displacement sensor are used to
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FIGURE 9. Rotor vibration suppression results at 8000r/min, (a) the radial
displacement of the x-axis without compensation, (b) the radial
displacement of the x-axis with compensation, (c) the radial
displacement of the y-axis without compensation, (d) the radial
displacement of the y-axis with compensation.
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FIGURE 10. Trajectories of rotor operation at 3000r/min, (a) without
compensation, (b) with compensation.

obtain the actual speed and rotor displacement respectively.
Magnetic powder brake and load regulator are used to sim-
ulate and adjust the load respectively. The oscilloscope will
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FIGURE 11. Trajectories of rotor operation at 8000r/min, (a) without
compensation, (b) with compensation.

1. power supply; 2. inverter; 3. suspension winding control circuit; 4.
torque winding control circuit; 5. control mainboard; 6. simulator; 7. DSP;
8. experimental prototype; 9. torque sensor; 10. load (magnetic powder
brake); 11. bench; 12. displacement sensor; 13. load regulator

FIGURE 12. BIM experimental platform.

display the displacement waveform measured in the exper-
iment. The motor starts at no load first. After the motor
runs stably, the rotor radial displacement under stable state
is measured, and then the sudden load is applied to the motor
to obtain the rotor radial displacement under dynamic state.
The results of the rotor vibration suppression experiment are
shown in Fig.13-15.

Fig.13 shows the rotor radial displacements in two dif-
ferent conditions. As shown in Fig.13(a), the rotor displace-
ments in the x, y directions without compensation are 45 m
and 60um, respectively. As shown in Fig.13(b), the rotor
displacements in the x, y directions with compensation are
30um. As can be seen from these two figures, the rotor
displacements are significantly reduced after compensation,
which indicates that the proposed compensation control strat-
egy has a good vibration suppression effect under steady state
conditions.

Fig.14 shows the rotor displacements with a sudden load.
Comparing Fig.14(a) and Fig.14(b), it can be seen that the
displacements in the x, y directions have different degrees of
change after the load is applied. The time required for the
rotor to return to the stable operation state without compen-
sation is 90ms, while the rotor only needs 73ms to achieve
steady state with compensation. Moreover, the amplitude
of the disturbance is smaller, which demonstrates that the
compensation strategy can effectively reduce the rotor
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FIGURE 13. Rotor radial displacement at steady state, (a) Without
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FIGURE 14. Rotor radial displacement under sudden load, (a) without
compensation, (b) with compensation.

vibration under the dynamic condition and it also has good
anti-disturbance performance.

Fig.15 shows the trajectories of the rotor centroid with and
without compensation. Comparing Fig.15(a) and Fig.15(b),
the maximum displacement of centroid trajectory without
compensation is 80um. The rotor centroid always moves
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FIGURE 15. Trajectories of the rotor, (a) without compensation, (b) with
compensation.

slightly along the central equilibrium position under the
condition of compensation, and the trajectory is obviously
reduced. In a word, Fig.15 illustrates that the rotor trajectory
is effectively improved and the suspension performance is
enhanced by the proposed compensation strategy.

VI. CONCLUSION

In this paper, based on the analysis of unbalanced vibration
caused by the rotor eccentricity of the BIM, the dynamic
model of the rotor vibration is derived. Meanwhile, the rotor
vibration is reduced by means of the control strategy com-
bined with the unbalanced force feed-forward compensation
and current compensation, and the effectiveness of the
proposed method for vibration suppression is verified by
comparing the rotor displacements with and without com-
pensation in simulation and experiment (including load muta-
tion). The main conclusions can be summarized as follows.

1) The synchronous displacement signals detected by the
displacement sensors are larger owing to the rotor eccentricity
during the operation of the BIM, and the output unbalanced
force will be accordingly increased after the adjustment of the
controller. Moreover, the radial suspension force is affected in
a certain extent due to the induced current of the suspension
winding in the rotor, thus increasing the vibration amplitude
of the rotor.

2) By comparing the rotor displacements with and with-
out compensation, the proposed compensation control strat-
egy has good control effects under different speeds and
loads. It can effectively suppress the unbalanced vibration of
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the rotor under different operating conditions. Meanwhile,
the vibration amplitude is obviously reduced and the tra-
jectory of the rotor is improved. In addition, the strategy
makes the control system have good dynamic and static per-
formances and enhances the suspension precision of the rotor.

3) The experimental results show that when the motor
speed is 3000r/min, the maximum radial displacement of the
rotor with compensation is about half of that without com-
pensation, which indicates the rotor vibration is effectively
suppressed. Accordingly, the effectiveness of the proposed
control strategy is verified. The experiment of the BIM at
higher speed will be further studied in the future.
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