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Abstract—In view of the temperature rise, noise and vibration
between the rotor and the support bearings under the
high-speed rotating state of the PMSMS, the bearingless
technology is proposed for avoiding the contact between the
rotor and the support bearings and achieving stable
compensation of the motorized spindles under high-speed
running state. Based on the modeling method of ordinary
bearingless motors, mathematical models of the BPMSS and
simulation experiments are carried out. At the same time, the
variable structure PID is used in the displacement controller to
optimize the displacement control of the rotor. The results prove
the feasibility of bearingless technology on permanent magnet
synchronous motorized spindles. The magnetic levitation system
largely avoids the contact between the rotor and the support
bearings, which can solve the noise and vibration problems of
the rotor when running at high speeds. Variable structure PID
has a stronger control effect on rotor displacement control than
ordinary PID control strategy.

Index Terms—Bearingless motorized spindles; Stable
suspension; Variable structure PID; Bearingless technology;
Displacement control

I. INTRODUCTION

With the development of power electronics and modern
control techniques, the theory of bearingless permanent
magnet synchronous motors and related technologies have
been continuously developed and improved. The bearingless
motor was initially proposed by Kant Krishan [1], which
revealed the relationship between the numbers of windings of
the motors. Raghu [2] first proposed BPMSM, which laid the
foundation for the research of BPMSM. Barletta [3] applied
vector control to the bearingless motor and developed an
experimental prototype. In 2016, German scholar G.
Bergmann provided design guidelines for bearingless motors,

which laid the foundation for the future design of BPMSM [4].

Many scholars have summarized the development of
bearingless motors and proposed many novel control methods
on the original basis [5-7]. Although the design methods and
applications for bearingless motors continue to increase, the
application of bearingless technology to high-speed
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motorized spindles has not yet become widespread. Although
the structure of ordinary bearingless motors is different from
that of motorized spindles, the principle of electromagnetic
torque generated by bearingless motors is basically the same
as that of motorized spindles, and some aspects of bearingless
motors have advantages that motorized spindles do not have
in high-speed and high-precision situations. Therefore, it is
necessary to study bearingless motorized spindles, which
combine the two kinds. Especially when the rotor vibration
problem under the current high-speed operation of the
motorized spindle has not been effectively solved, it is highly
important to study the application of bearing less technology
in the high-speed motorized spindle.

The bearingless permanent magnet synchronous motorized
spindle (BPMSS) not only has the excellent performance of
traditional motorized spindles but also has the function of
rotor magnetic suspension. It can avoid the damage caused by
friction from rotor and support bearings under high-speed
rotating state and increases the critical speed of the motorized
spindles. Based on the research of BPMSS, this research work
studies the operation of surface-mounted BPMSS at
high-speed running state [8]. The bearingless motorized
spindle is a complex system with strong coupling of machine,
electric, magnetic and heat. It is an important requirement to
achieve efficiently decoupling between electromagnetic
torque and radial suspension force.

At present, current control technology becomes an
interesting research themes for scholars at home and abroad.
The current control strategies for traditional permanent
magnet synchronous motorized spindles are as follows:
magnetic field directional control, Maximum Torque Per
Ampere (MTPA), cosg =1 control, constant flux linkage
control and so on. Focusing on the suspension force control,
there are also many control strategies such as double
closed-loop displacement-current control, fuzzy PID control
of suspension force, and direct control of radial displacement
[9-11]. This paper analyzes and derives the mathematical
model of BPMSS, employs the rotor field orientation control
and the displacement-current double closed-loop control to
simulate the running state of BPMSS. The improved
displacement PID controller uses variable structure PID
(VSPID) control strategy to solve the problems of slow
response and high overshoot [12]. At last, high-quality drive
is realized under high-speed running condition.

Il. THE MATHEMATICAL MODEL OF BPMSS

The stator windings of the bearingless permanent magnet
synchronous motorized spindle have a complicated
electromagnetic relationship with the rotor permanent magnet.
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There are many nonlinear factors in it. Therefore, it is of great
difficulty to build a precise and accurate mathematical model
of the BPMSS. Aiming at accurately describing its
mathematical model, the following assumptions are made:

(1) The core reluctance, hysteresis losses and eddy current
losses of the motors in the permanent magnet synchronous
motorized spindle are ignored;

(2) The magnetic saturation phenomenon is ignored;

(3) The stator and rotor windings of BPMSS are
completely symmetrical. The rotor and stator surfaces are
smooth in suppose. There are no cogging effects. The
magnetic potential of each phase of the rotor and stator is
sinusoidally distributed in space;

(4) When the BPMSS is in a stable operation condition, the
inductive electrodynamic potential in the stator windings
inside the spindle is a sine wave;

(5) The space phase axis, phasor time axis, a axis,
displacement sensor center line are all coincident, then the
axis is ahead of the a axis by 90 °spatial angle;

(6) To generate stable levitation force, Pu=Pg*1, the
current frequency is equal, and the number of the torque
winding pole and the suspension winding pole is 4 and 2
respectively.

A. The Torque Mathematical Model

The electromagnetic torque model of a BPMSS is similar
to that of a traditional motor [13]. The torque winding u and y
equations in the d-q axis are calculated to equations (1) and

).

d .
Upg = ﬂ—a)ey/w + Ry g
dt )
dy .
Uyg = d,:/lq +OYWyy T RMIMq
Wya = Lualwa ¥+ @)
Yng = LMqiMq

In this research work, a surface-mounted bearingless
motorized spindle is studied. Here, stator inductance
Lma=Lmg=Lm, Rwm is the rotor resistance. we is electrical degree
velocity of the rotor. s is the flux linkage produced by the
permanent magnet motorized spindle. img and img Stand for the
components of the torque current under the d-q axis.

From above, it can be deduced that under constant power
conversion, the input torque Te of the high-speed motorized
spindle is derived just as showed in equation (3).

T, = Ry Wwalvg —Wwglva) 3)

The mechanical motion equation of the motorized spindle
is derived in following equation.
do
T.-T, =J—F 4)

dt

Here Py is the numbers of pole pairs, J is the moment of
inertia of the motorized spindle, and w, is the mechanical
angular velocity of the rotor.

B. The Suspension Force Model

It can be known from ordinary bearingless motors that
when the stator winding satisfies Pm=Pg+1, the stable radial
suspension force is produced by the combined action of «
axial force and $ axial force [14-16]. As shown in Figl (a) and
1(b):

(@) o axial force
Fig 1. The sketch map of a and f axial force

(b) p axial force

The purpose of adding suspension force in the stator
windings is mainly to improve the distribution state, and then
stimulate out Maxwell force so that the rotor axis can be
designed right at the center of the stator. The electromagnetic
torque of the motorized spindle is still produced by the
Lorentz force of the torque windings, which is the same as the
ordinary motor. The force direction of the two figures is
exactly 90 degrees different in angle. In Figure 1(a), the
generated flux direction of the levitation winding on the
a-axis is to the right. The left side magnetic flux and that
generated by the torque winding are mutually inhibited. In
contrast, the fluxes on the right side are superimposed by each
other, resulting in a positive levitation force. In Fig 1(b), the
mechanism of generated suspension force of the g axis is
similar to that of the o axis (the direction of the suspension
force depends on the current direction of the suspension
winding). The specific working principle can be seen from the
above two figures and the actual conversion relationship
between flux linkage and torque can be realized in this
process. When the rotor displacement in the two mutually
perpendicular a and g axis directions can be effectively
controlled, the eccentricity and vibration of the rotor can be
effectively suppressed to realize the stable operation of the
motorized spindle.

Considering the rotor eccentricity, and mutual-inductance
current between the rotor and stator. Through the derivation
of mathematical model, the flux linkage matrix of the
motorized spindle under the d-q coordinate system can be
derived in following matrix equation (5).

¥ ma Ly 0 Mx —My|liy+
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Therefore, the magnetic co-energy equation of the two sets
of windings is derived just as showed in the following
equation (6), this matrix equation contains four current
components and four flux components. In equation (6), the
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flux linkages of the four dimensions are taken into account,
besides, the current of d-q axis is considering together.

Y md

1 . . . . l//Mq
W =—|1,, +1I 1 I I 6
m 2|:Md f Mg Bd Bq:l V/Bd ()

lr//Bq
The radial electromagnetic force of the rotor can be

obtained by the partial derivative of the magnetic co-energy,
as shown in equation (7)

. W
X
oW, (7)
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According to the literature [17], the controllable
suspension force model of BPMSS obtained by simplifying is
expressed as the formula (8)

e 1
y IMq g — If IBq

Here M stands for the mutual inductance coefficient, and It
stands for the equivalent exciting current of the permanent
magnet motor.

Similarly, the radial controllable suspension force formula
(9) is calculated through Maxwell tensor method [18-19].

{Fx = (ky =K ) (g g + quWMq)

. . 9
F, = (kK s o)
Where Maxwell force constant ky=(zPmPsL)/(12Ir 2oN1iNy),
and Lorentz force constant ki=(3PmN2k2)/(4rkiNi). L is the
mutual inductance value. ki and k are the coefficients of two
sets of torque windings, respectively.

According to the modern control theory, it is known that
when the rotor is eccentric, the rotor will also experience
unilateral magnetic pull forces Fs and Fs, which are
proportional to the eccentric displacement. They are an
inherent force of the system [20], and their expression is
equation (10). The system is mainly composed of sliding
mode controller, the leading angle magnetic weakening
controller and current regulator. The speed error ne is used as
the input signal of the sliding mode controller. By virtue of the
advantages of sliding mode control, such as insensitivity to
disturbance and parameters and fast response time, the speed
tracking performance of the proposed control system is
improved greatly and it is output as the input signal of the next
processing. Through calculating, the set values of stator
current of direct axis and quadrature axis can be obtained, and
then, two different reference values and the actual stator
current values are obtained, and the output is used as the input
signal of current regulator. When fuzzy control strategy is
adopted, russification steps can be decreased. However, when
the Markowitz model is used for deducing the result. The

fuzzy PID controller outputs the running speed of the
motorized spindle in real time, The current value and the
change rate obtained by two different fuzzy control observers
can be sent to the inverter controller of the next process
together, so that the current control is more accurate. The
fuzzy control rule table of the control system is established by
two parameters. In order to make the current tracking more
accurate, the double closed-loop control of position and speed
is set up. In this scheme, sliding mode control is adopted to
optimize the output performance of the drive system and
imropve the anti-jamming ability. The speed range of
PMSMS is extended by the leading angle weak magnetic
control, and the current PI controller is used to ensure that the
stator current can track the instruction value quickly and
accurately.

F, =k w0
F, =k
Where  radial  displacement  stiffness  parameters

kx=ky=(kzrIB?)/(11060); x and y stand for values of the
radial displacements under d-q rotating coordinate system,
respectively; k stands for the attenuation factor.

In general, the rotor is subjected to its own gravity and the
disturbance force perpendicular to the direction of gravity
when the motor spindle is working, then, through coordinate
transformation of some columns, the motion equation of
permanent magnet synchronous motorized spindle in the
static coordinate system is finally derived.

2
m%%:m+5—%
5 (11)
d’g _
m e _mg+Fﬂ—Fsﬁ

Where fy is the disturbance force, and m is the rotor mass. The
control variable method should be adopted in the trial
adjustment processing, and each parameter should be
adjusted systematically to make the control result tend to the
ideal state.

I1l. THE CONTROL SYSTEM MODEL

In this simulation, the torque winding current is controlled
by rotor field orientation with imq"=0. The torque calculation
module in the controller can be obtained by simplifying
equation (3). Then, the signal obtained by SVPWM
modulation is used to control the inverter output current to the
motorized spindle.. The displacement controller (i.e., the
dotted line) uses PID regulator and variable structure PID
regulator to compare the control effect. The current regulators
all use PI controllers, where the force/current conversion
module can be obtained by simplifying the controllable
suspension force equation (8). Finally, because of the built-in
dual current loop that the output speed of motorized spindle is
more continuous and smooth. The required current is also
output by SVPWM to complete the control requirements.
Finally, the drive control system model is shown in Figure 2.
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Fig 2. The drive control system model of BPMSS

Among them, VSPID regulator transforms the three
coefficients in the traditional PID regulator so that it can
change the model structure and key parameters of the
controller in real time with the change of the deviation e(t).
The formula used for variable structure PID is shown in
formula (12)

U(et) = K, (6)-e(t)+ K, (6)- [e(t)t-+ K, (¢ ? (12)
Where K (e)=a, + bp(l—e'cp‘e“") K. (e)=ae 0

K,(e) =a, —h, (1—eF"l); ap, bp, Cp, @i, Ci, ag, ba and cq are all

positive numbers.

The change curve of the proportional coefficient is shown
in Fig 3. The scaling factor K, follows the same trend as the
error e(t) and achieves a larger value when the error is larger
(maximum value is ap+by). As the error decreases, its value is
continuously reduced, improving the response speed,
suppressing the overshoot amount well and ensuring system
stability.
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Fig 3. Kp change curve Fig 4. Ki change curve

The curve of the integration factor K; in Figure 4 shows that
Ki is a very small value tending to zero at large errors. This
law can prevent oscillation while reducing overshoot and
adjustment time. When the error is small, K; will be near the
maximum a; to eliminate the steady-state error.

Fig 5 shows the trend of the differential coefficient. In the
case of large initial errors, the differential coefficients will
obtain smaller values as a way to achieve faster response

times. When the system reaches steady state, K4 obtains a
larger value to maintain the stable output for the system.
b Ey

0
Fig 5. Ka change curve

From the variation of the three parameters of the variable
structure PID, it is clear that the use of variable structure PID
control can reduce the requirement of system model accuracy,
and the control objectives of the system can be achieved
within a certain range.

The simulation time is 1.4 seconds. The given speed n* is
10,000r/min. From Fig 6, we can see that the motorized
spindle firstly reaches a stable running speed at 0.72s, and the
error remains within 1r/min. The load torque suddenly
changes to 10N m at 1.0s. The partially enlarged view in
Figure 4.1 shows that the speed returns to its steady state
value in a very short time. Fig 7 also shows the torque
variation curve, with small fluctuations in torque and a quick
arrival at the given value when a sudden load is applied. Due

to the use of PID control, there is a small amount of overshoot.
TABLE 1
MAIN PARAMETERS OF THE MOTORIZED SPINDLE

Parameter Name Values Parameter Name Values
Torque winding 015 Suspension winding 186
resistance Rm/Q ' resistance Re/Q '
Torque winding 28 Suspension winding 28
inductance Lm/mH ' inductance Ls/mH '
Rotational inertia .
J(kgem?) 0.015 Air gap length do/mm 0.5
Permanent magnet 0114 Auxiliary bearing-rotor 03
chains w#/Wb ' clearance d1/mm '
DC voltage U/V 540
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Fig 6. BPMSS speed curve under the traditional Pl controller

60 T T T T

Te(N.m)

L I I

-10 I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Times(s)

Fig 7. BPMSS torque curve under the traditional PI controller

Fig 8 and Fig 9 show the displacement curves of the rotor in
o.and 8 axes respectively. Initial disturbance force f is ON, and
the initial position of the rotor is xo=-0.1mm and y=-0.3mm.
The control system uses 0.3s to adjust the rotor position so
that it can stably converge to #0.002mm. The disturbance
force changes to 10N at 1.0s. In the lower right corner of the
pictures, we have laid out a local enlarged view to facilitate
the reader to more clearly observe the characteristics of the
two control strategies that a-axis displacement gradually
stabilizes within -0.001~0mm. p-axial displacement is stable
within 0.0019~0.0028mm. The rotor position deviation is
much smaller than the minimum gap 1. From the partial
enlargement of the upper half of the rotor «-axis displacement,
Figure 10, it can be seen that the variable structure PID is
better than the ordinary PID. The overshoot is reduced nearly
17.5% by ordinary PID. The partially enlarged view of S-axis
displacement is also similar to the a-axis, so it will not be
shown here. Besides, the response time of proposed system is
also sharply reduced, which effectively improves the
processing efficiency. Through comparison, it can be found
that using the proposed control strategy in this paper can
achieve better results in response time, overshoot, adjustment
time and other aspects, which is also conducive to the
realization of high-speed and high-precision processing.
However, when the advanced PID controller is generally
adopted, there will occur some problems such as large current
fluctuation and insufficient anti-interference ability. To solve

the negative effects of PID controller, a nonlinear disturbance
rejection controller is proposed for solving this problem.
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Fig 11 shows the trajectory of the rotor in space. Due to the
large initial torque current, the rotor displacement is greatly
affected. As the torque current decreases, the rotor's center
approaches the stator's center in a spiral manner. At the same
time, it can be seen more clearly in the space plane that
variable structure PID adjustment can make the rotor
displacement reach the steady state value faster. At last, the
motorized spindle will realize its stable running operation.
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Fig 11. The rotor shaft center trajectory

IV. CONCLUSION

This article applies BPMSS control technology into
high-speed motorized spindles. The feasibility of a
high-speed BPMSS has been demonstrated through
simulation experiments. The suspension force control method
chooses the traditional displacement-current double
closed-loop control. After using this control strategy, the
control current generated by SVPWM can get stable
suspension, and greatly improve the output performance of
the motorized spindle. Meanwhile, the rotor displacement is
adjusted using a variable structure PID and good results are
obtained. However, the displacement stiffness coefficients
and mutual inductance coefficients in the model need to be
analyzed by finite element analysis to obtain accurate values.
It laid the foundation for the establishment of a more accurate
model and the application of intelligent control theory to
achieve more precise control requirements.
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