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ABSTRACT: Bearingless interior permanent magnet synchronous motors (BIPMSMs) have a simpler and more compact structure and incur
a lower cost than motors supported by magnetic bearings. BIPMSMs offer the advantages of both magnetic bearings and conventional
interior permanent magnet synchronous motors. However, rotor vibrations can severely degrade the performance and limit the application
of BIPMSMs. Therefore, vibration suppression in BIPMSMs is investigated in this study. First, the factors causing rotor vibrations are
analyzed, and the mathematical model of the unbalanced force that causes rotor vibrations is derived in terms of the rotor mass unbalance
and inverter dead-time effect. Second, a vibration suppression strategy based on a variable sampling frequency repetitive controller is
proposed to enable stable motor operation over a wide frequency range. The sampling frequency is dynamically adjusted according to
the change in the vibration frequency to maintain a constant order of the repetitive controller. Finally, simulations and experiments are
conducted to verify the effectiveness of the proposed vibration suppression strategy.

1. INTRODUCTION

earingless interior permanent magnet synchronous motors

(BIPMSMs) contain an additional set of suspension force
windings embedded in the stator to achieve stable rotor sus-
pension, thereby combining the magnetic suspension technol-
ogy with conventional interior permanent magnet synchronous
motors. They retain the advantages of magnetic bearings that
require no lubrication, exhibit no mechanical wear, and have a
long service life. They also offer the benefits of interior per-
manent magnet synchronous motors, such as high efficiency
and power density. Furthermore, this integration yields a more
compact structure and lower cost than the motors supported by
magnetic bearings [ 1-3]. BIPMSMs have been widely adopted
in high-speed, high-precision, and clean applications owing
to these characteristics [4]. However, problems such as un-
balanced rotor mass and mechanical assembly accuracy cause
excitation forces at the same frequency as that of the rota-
tional speed during rotor rotation. It leads to rotor vibrations,
which severely limit the performance, application, and safety
of BIPMSMs. Therefore, the research on vibration suppression
in BIPMSMs is crucial.

Extensive research has been conducted on suppressing rotor
vibrations in bearingless motors [5—9]. In [5], an unbalanced vi-
bration suppression control was proposed based on an improved
total least square algorithm. The logarithmic function was in-
troduced to enhance its cost function, thereby further improving
the anti-disturbance performance of the algorithm. In [6], an
unbalanced force feedforward compensation controller was de-
signed to extract the synchronous vibration signals using a syn-
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chronous signal detection unit and then generate the compen-
sating force components through the unbalanced feedforward
compensation controller. In [7], an unbalanced vibration sup-
pression control method was proposed based on variable step
size and angle search algorithms; a fuzzy inference system was
employed to adjust the function weights, and a vibration sup-
pression control system was constructed accordingly. In [8], a
phase shift notch filter combined with feed-forward control was
employed to individually eliminate the vibration forces caused
by current stiffness and displacement stiffness. In [9], system
stability was achieved across the entire speed range by adjusting
the phase angle, and residual synchronous vibration forces due
to negative displacement stiffness were eliminated by compen-
sating for the phase lag effect of the power amplifier. However,
the algorithms of these control methods are complex and com-
putationally intensive, which can cause computational delays
at high rotational speeds, thereby limiting the response speed
and stability of the control system. Furthermore, these stud-
ies only considered the rotor vibrations caused by rotor mass
imbalance, and limited research was conducted on vibrations
caused by other factors.

Rotor vibrations are also caused by the dead-time effect of
the inverter. Dead-time is introduced to prevent the simulta-
neous conduction of the upper and lower arms of the inverter,
which causes a short circuit. However, this leads to voltage loss
and waveform distortion, which result in periodic unbalanced
forces in the motor [10]. Repetitive control based on the in-
ternal model principle involves periodic accumulation of error
correction and infinite gain at the fundamental and harmonic
frequencies of the system. This enables zero steady-state error
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tracking of periodic signals and effective suppression [11, 12],
which simultaneously suppress the rotor vibrations caused by
both the rotor mass imbalance and dead-time effect. The con-
ventional implementation method for variable-speed repetitive
controllers is the fractional-order delay approach. In [13], a
fractional-order delay repetitive control algorithm was adopted
to maintain the performance of the repetitive controller under a
fixed sampling frequency. This method offers advantages such
as convenient parameter adjustment and fast dynamic response.
However, in application scenarios with a wide range of variable
frequencies, the feasibility and optimal design of the fractional-
order delay repetitive control remain a major challenge.

The rotor vibration mechanism in BIPMSMs is comprehen-
sively investigated in this study. The vibrations caused by the
rotor mass imbalance and dead-time effect are analyzed, and a
mathematical model of the unbalanced force is established. A
variable-speed repetitive controller based on the variable sam-
pling frequency method is proposed to suppress rotor vibrations
at different frequencies in BIPMSMs. The sampling frequency
is maintained as a fixed multiple of the vibration frequency by
configuring the pulse width modulation (PWM) to trigger sam-
pling and cyclically updating the PWM period value. Thus, the
order of the delay element in the repetitive controller remains
constant. Compared with the fractional-order delay repetitive
controller, the proposed method exhibits greater robustness and
better dynamic performance. Furthermore, compared with the
existing vibration suppression strategies, it incurs less compu-
tational overhead and eliminates the need for complex parallel
or cascade structures, thereby significantly reducing the design
complexity.

A vibration suppression control strategy based on a vari-
able sampling frequency repetitive controller is proposed in this
study to enable the stable operation of BIPMSMs over a wide
frequency range. The remainder of this paper is organized as
follows. Section 2 introduces the operational principles and
mathematical model of the BIPMSM and an analysis of the vi-
bration mechanisms. Section 3 presents the fundamental theory
of repetitive control and a variable-speed repetitive controller
designed using the variable sampling frequency method. Sec-
tion 4 describes the verification of the effectiveness of the pro-
posed vibration suppression strategy through simulations and
experiments, and Section 5 summarizes the study.

2. MATHEMATICAL MODEL AND VIBRATION ANAL-
YSIS

2.1. Mathematical Model of BIPMSMs

BIPMSMs comprise two sets of windings: torque winding and
suspension force winding, and their pole pair numbers differ
by 1, as shown in Fig. 1. The case where the torque winding
has one pole pair, and the suspension force winding has two
pole pairs is taken as an example: It and Is in Fig. 1 represent
the currents in the torque winding and suspension force wind-
ing, respectively. The magnetomotive force (MMF) decreases
when the MMFs generated by the suspension force winding
and torque winding are in opposite directions. Conversely, the
MMF increases when the MMFs produced by the two windings
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FIGURE 1. Mechanism of suspension force generation.

are in the same direction. Therefore, a radial force is generated
along the direction in which the MMF increases.

As per the virtual displacement theory [14], the radial sus-
pension force acting on the rotor of the BIPMSM can be derived
by constructing the inductance matrix, calculating the magnetic
co-energy Wi, and then obtaining the partial derivative with re-
spect to the radial displacement. The suspension force compo-
nents on the rotor in the direct-quadrature (d-q) axis reference
frame are given as follows:

Fsa| _ Mq(irq + ir)
FSq MqiTq

Mgt 28d
*Md(;le 1 if):| |:iSq:| M

where i1q and irq represent the current components of the
torque winding in the d-q reference frame; igq and igq repre-
sent the current components of the suspension force winding in
the d-q reference frame; i¢ represents the equivalent excitation
current of the permanent magnet; and My and M, represent the
mutual inductance components between the torque winding and
suspension force winding in the d-g reference frame.

The suspension force of the BIPMSM in the a-f stationary
reference frame can be derived as follows:

Fs : . ;
[ - i+ i

[ cos(2wmt + 6)

sin(2wmt 4 0) | |isa
sin(2wmt + 0)

cos(2wmt + 0) isg} 2)
where wp, represents the mechanical angular velocity of the ro-
tor.

In the BIPMSM, the interior permanent magnet rotor is sub-
jected to an unbalanced magnetic force component, along with
the controllable suspension force, when an eccentric displace-
ment occurs. The unbalanced force is proportional to the ro-
tor eccentric displacement, and its proportionality coefficient
is proportional to the square of the torque winding current. In
the stationary coordinate system, the unbalanced force can be
expressed as follows:

[1};2;} = [Ka(ita + ir) + kqitg] Lﬂ v

where kg and kq represent the proportional factors, and = and
y are the components of the rotor displacement in the a-( sta-

tionary reference frame.
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FIGURE 2. Mechanism of rotor vibration.

Therefore, the complete mathematical model of the suspen-
sion force in the BIPMSM can be established by considering
both the controllable suspension force generated by the suspen-
sion force winding and the unbalanced magnetic force due to
rotor eccentricity. It is expressed as follows:

F, . . .
|:FB:| :\/Mdz(l'rd +1if)? + Mq%%q

—cos(2wmt + 0)  sin(2wnt +0) | |isa
sin(2wmt +0)  cos(2wmt +0)| |isg

+ [kalita + i6)® + kqity] m 4)

2.2. Vibration Analysis for BIPMSMs

During the manufacturing process of BIPMSMs, factors such
as machining errors and assembly inaccuracies cause the ro-
tor’s center of mass O’ to deviate from its geometric center O,
resulting in an eccentricity e, as illustrated in Fig. 2. During the
operation, due to centrifugal effects, the rotor is subjected to a
centrifugal force, F,, which increases with the rotational speed
owing to centrifugal effects. Its components in the stationary
coordinate system are:

[Fax] e {cos(wmt+n)}

Fay - m | sin(wmt 4+ 1) )

where F,,;; and Fy,,, represent the components of the unbalanced
force on the z-axis and y-axis, respectively.

According to (5), the unbalanced displacement varies peri-
odically with a period of 27 /w,,.

The unbalanced force generated during the BIPMSM opera-
tion is influenced by both motor manufacturing tolerances and
the control process, with the dead-time effect being the most
direct cause. This effect originates from the inclusion of dead
time, which is essential for preventing shoot-through faults
across the upper and lower inverter arms. However, it causes
the output voltage during dead-time periods to depend on the
load current direction, leading to output waveform distortion,
increased harmonics, and current steady-state error [15].

A three-phase voltage-source two-level inverter bridge is
used in this study. Its topology is shown in Fig. 3, and the
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FIGURE 3. Topology of the inverter.

switching strategy involves Space Vector Pulse Width Mod-
ulation (SVPWM). The A-phase bridge is taken as an exam-
ple: after dead time is introduced, the turn-on of T; is delayed.
When the current direction is positive, and the power switch
T; is in the turn-off process, the current briefly freewheels
through D4 during this period, whereas T4 remains completely
off. This causes the actual voltage to deviate from the ideal
voltage across the power switching devices.

When the current direction remains unchanged, the voltage
variation caused by the dead-time effect within a unit PWM
cycle is:

) Tiead Usw + UD
Trwm 2

(6)

AUgead = (udc + Up — Usw

where ug. represents the DC bus voltage; usg, represents the
conduction voltage drop of the switching device; up represents
the conduction voltage drop of the freewheeling diode; Tiead
represents the dead time; and Tpwy represents the switching
period.

For a BIPMSM operating without a flux-weakening control
algorithm, the primary component of the Fourier series of this
voltage can be analyzed after mapping the phase voltage vari-
ation caused by the dead-time voltage to the two-phase rotat-
ing coordinate system through Clarke and Park transformations.
When the higher-order terms of the Fourier series are disre-
garded, it can be expressed as [16]:

4 12 24
{ﬁw] = Audead[ 3 (00 1 sin(1200) -9
Uq —1+ 55 cos(66e) — 133 cos(120e)
where 6. represents the rotor electrical angle.
When the motor is considered as a resistive and inductive
load, the d-q axis currents can be expressed as:

Aig __4Audead
Nig| = x

125in(660, — Pas)

35746 1437412
! | 2¢08{60—d40) _ 2cos(126; —Gq12) ®)

- 143Zg12 |

24 sin(126’e — ¢d12)

R 35 Zq6
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where the impedance and phase angle are respectively:

Zik = RE + (kwely)?, j=d,q
kweL;
gbjkarctan( wR J), k=6

S

©

where R represents the rotor resistance of the motor; L; rep-
resents the coil inductance; and w, represents the electrical an-
gular velocity.

For the BIPMSM, (8) represents the current increments by
Airg and Airq in the d-¢ axis of the torque winding and the
current increments by Aigq and Aigq in the d-g axis of the
suspension-force winding. The expressions for the increments
in the controllable suspension force in the - and y-axis direc-
tions can be expressed as follows:

AF, _ Md(Ade + if) MinTq Aidgq (10)
AFy MinTq —Md(A’de + if) Aisq
where
Nipg| 4
|:AiTq:| = ;Audead
12 sin(698 — SDTd6> 24 sin(126‘e — (pleg)
X 35ZTd6 143ZTd12 (1 1)
1 2c08(60 — prgs)  2cos(120c —p7q12)
Ry 352146 143Z7412
AiSd _ 4
|:AiSq:| = ;Audead
12sin(60. — wsas)  24sin(120, — wsa12)
% 35Z 546 143Z5412 (12)
1 2cos(60c—psg6)  2c08(120c —psq12)
R 352546 143Zg412

Substituting the motor parameters into (10) yields the har-
monic order plot of the suspension force increment. This result
is compared with that obtained under actual operating condi-
tions, as shown in Fig. 4. As can been seen in (7), the ampli-
tude of the 6th harmonic is the main influencing factor, and the
waveform tested in practice remains consistent with the theo-
retical analysis. However, the theoretical amplitude of the 12th
harmonic is considerably small, and a difference is observed
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FIGURE 4. Harmonic analysis of vibration force.
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between the 12th harmonic and the theoretical value in the ac-
tual working condition. This may correspond to the unmod-
eled nonlinear factor of the inverter. Therefore, in practice, the
harmonic order of the force caused by the dead-time effect is
mainly the 6th and 12th.

In addition, the dead-time effect introduces switching ring-
ing. The switching ringing injects high-frequency attenuated
signals into the current, leading to suspension force fluctua-
tions, which in turn excite rotor vibrations. It also contaminates
current sampling and degrades the performance of the feedback
loop. The influence of switching ringing is typically mitigated
from a hardware perspective [17, 18], and it does not affect the
conclusion that the 6th and 12th harmonics are the dominant
harmonic components.

Superimposing the rotor vibrations caused by the rotor mass
unbalance and dead-time effect shows that the resulting rotor
vibrations are periodic with a frequency of f,. Based on this
vibration frequency, a repetitive controller can be designed to
simultaneously suppress the vibrations caused by both factors.

3. VIBRATION SUPPRESSION STRATEGY BASED ON
VARIABLE SPEED REPETITIVE CONTROLLER

3.1. Repetitive Control Principle

According to the internal model principle [19], for periodic in-
put signals and disturbance signals, zero steady-state error can
be achieved in tracking, and periodic signals can be rejected by
incorporating a generator of the known periodic signal within a
stable closed-loop system. Its internal model transfer function
can be expressed as:

—Ts

Ge(s) (13)

T 1-eTs

where 7' is the fundamental period of the signal.
Implementing the time-delay element e~7* in the repetitive

controller within an analog system is difficult. In practical en-

gineering applications, a digital implementation is adopted, and

its transfer function in discrete form can be expressed as:

C1—zN

Ge(2) (14)
where N represents the number of samples per fundamental pe-
riod.

When the input and disturbance signals are periodic with the
fundamental period, the periodic accumulation of signals is en-
abled through the combined action of the periodic time-delay
function 2~ and the positive feedback loop. Even when the
input signal becomes zero, the controller continues to periodi-
cally output the same signal as that in the previous cycle. The
periodic accumulation of the error signal is enabled by plac-
ing the repetitive controller in the forward path of the closed-
loop control system. As long as a difference exists between the
feedback value and reference value, the controller output am-
plitude continuously increases until the error is eliminated, and
the feedback matches the reference. This ensures zero-error
tracking in the steady state.
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3.2. Design of the Repetitive Controller

Both (13) and (14) represent ideal repetitive controllers. These
controllers can perfectly track the input signal and achieve a
system characteristic with zero steady-state error. However, the
control system contains N open-loop poles on the unit circle;
thus, the system remains in a critically stable state. When sys-
tem parameters or the controlled plant changes, the closed-loop
control system becoming unstable is highly probable. There-
fore, the stability and robustness of this ideal repetitive con-
troller are relatively poor [20].

Currently, most practical application systems enhance the
system stability by incorporating an internal model function
Q(z), thereby sacrificing some of the zero steady-state error
characteristics. ((z) is typically selected as a constant slightly
less than 1 or as a low-pass filter. In this case, @ is selected as a
constant to simplify the design. The repetitive control transfer
function can be expressed as:

Qz""

Ge(2) = T-0:%

(15)

The magnitude-frequency characteristics of the repetitive
controller with different values of () are compared in Fig. 5.
The gain at the resonant frequency improves significantly with
an increase in (). To achieve higher gains while maintaining a
sufficient stability margin, @ is set to 0.98.
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FIGURE 5. Magnitude-frequency curves of repetitive controller with
different values of Q).

The compensator S(z) is the most critical component within
the repetitive controller. It plays a decisive role in the system
stability, error suppression, and tracking accuracy. It typically
comprises a control gain, a lead element, and a compensation
filter, and can be expressed as follows:

S(2) = ky - 2™ Su(2) (16)

where k, is the control gain; z™ is the lead element; and S, (z)
is the compensation filter.

The complete block diagram of the BIPMSM control sys-
tem is shown in Fig. 6, with the repetitive controller located
within the dashed box. In the diagram, R(z) represents the ref-
erence input; G, (2) represents the controller transfer function;
G, (z) represents the current controller transfer function; M (z)
represents the controlled plant; D(z) represents the equivalent
disturbance; and Y (z) represents the system output.
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FIGURE 6. Block diagram of the BIPMSM repetitive control system.

The control system transfer function can be written as:

C(2)Q(2)z~ Y (k,S(2) — 1) + C(2)
1-Q(2)z2=N(1 - k.S(2)C(2))

(1-Q(») M1 -C(2)
1-Q(2)z7N(1 - k,5(2)C(2))

Y(z) =

R(z)
(17)
+

D(z)

where C(z) = Gp(2)G.(2)M(2)/(1 + Gp(2)G.(2) M(2)).
As per the small-gain theorem, for z = /%, the stability
condition of the repetitive control system is:

Q(z)(1 = k5(2)C(2))] <1 (18)

In (18), the frequency characteristics of S(z) are expressed
as S(jw) = G,(w)e’?*("), where G4(w) and @, (w) are
the magnitude-frequency and phase-frequency characteristics
of S(j), respectively. Similarly, the frequency characteristics
of C(2) are C(jw) = G(w)e??*(™), where G..(w) and ¢.(w)
are the magnitude-frequency and phase-frequency characteris-
tics of C'(jw), respectively. Substituting S(jw) and C(jw)
into (18) and simplifying the derivation reveal that the repetitive
control system remains stable when k. and (¢s(w) + ¢c(w))
satisfy the following equations:

—2c0s(ps(w) + pe(w))
Gs(w)GC(w)

0<ky< (19)

90° < ps(w) + pe(w) < 270° (20)

The compensator is designed with a sampling frequency
of 9kHz. The phase-frequency curve of C(z) is shown in
Fig. 7, with a phase range approximately between —270° and
0°. To satisfy the stability condition in (19) and (20), com-
pensation must be performed separately for low-frequency and
high-frequency bands.

In the low-frequency band of the phase-frequency character-
istic of C'(z), the phase angle is approximately 0°. Accord-
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FIGURE 7. Phase-frequency curve of C'(2).
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ingly, the low-frequency band compensator is designed as fol-
lows:

z—0.94

_— 21
z—0.01 @1

Sw(z) =

The phase-frequency characteristic curve after compensation
is shown in Fig. 8. The phase angle in the low-frequency band is
approximately 180°, thereby satisfying the stability condition.
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FIGURE 8. Phase-frequency curve of Sy, (2)C(2).

The lead element z"" is employed to achieve phase compen-
sation for the high-frequency band. The phase-frequency char-
acteristic curves for m values of 2, 3, and 4 are shown in Fig. 9.
Based on the phase stability margin, m = 3 is selected. After
compensation, the high-frequency band satisfies the stability
condition.

540
— m=2
360 |- — m=3
= m=4
)
o 180 \_A
172]
<
=
ey
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»180 1 1 1
10 107 10° 10° 10*

Frequency [Hz]

FIGURE 9. Phase-frequency curve of S, (2)C(2)2>.

Furthermore, according to (19), the stability condition is sat-
isfied when k&, < 0.96. In this design, k., = 0.9 is selected.
The complete compensator is:

0.94
S(z) = 0.925= 22
(2) 001 (22)

3.3. Variable Sampling Frequency Method
The operational speed range of the BIPMSM is

[2700, 6000] r/min, which indicates that the vibration fre-
quency f, ranges from 45 to 100 Hz. If a sampling frequency
fs of 10kHz is assumed, the value of N can only be rounded
to the nearest integer when the speed changes, which signif-
icantly deteriorates the tracking performance and harmonic
suppression capability of the repetitive controller.

This problem is addressed by proposing a repetitive con-
troller based on the variable sampling frequency method, which

184

configures PWM-triggered sampling. The Analog-to-Digital
Converter (ADC) is triggered to sample when the PWM signal
generates a specific event. The PWM period is dynamically
adjusted based on the rotor speed to ensure that the sampling
frequency remains a fixed integer multiple N of the fundamen-
tal frequency. Additionally, the ADC is configured to generate
an interrupt upon the completion of sampling, thereby enabling
the processing of sampled data within the interrupt service rou-
tine, and the PWM period is continuously updated in a loop.
The flowchart of the main function is displayed in Fig. 10.

System
Initialization

:

Update Vibration
Period Value

I

Calculate Sampling
Frequency

|

Update PWM
Period Value

FIGURE 10. Main function flowchart of variable sampling frequency
method.

In the experimental BIPMSM platform, the main control
chip is TMS320F28335 with a master clock frequency fpsp of
150 MHz. If a value of N = 200 is assumed in the repet-
itive controller, the calculated minimum and maximum sam-
pling frequencies are respectively:

{fsmin = fominN = 9kHz (23)
fsmax = fomax!N = 20kHz

As shown in (23), the sampling frequency is 9-20kHz,
which is within the achievable sampling frequency range of the
main control chip.

As rounding the PWM period count value introduces certain
frequency errors that affect controller accuracy, the resulting er-
ror frequency must be analyzed. The PWM period count value
AP can be expressed as:

Ap _ Iose Josp

= (24)
foN (fo+ Afo)N
where A f, is the error frequency.
According to (24), the following can be derived:
NAP
Af, = JoNAP (25)
Josp

According to (25), the error frequency A f,, is positively cor-
related with the vibration frequency f, and the PWM period
calculation error AP. When f, = 100Hz, AP = 0.5, the er-
ror frequency reaches its maximum value, calculated to be ap-
proximately 0.0067 Hz. The error introduced by rounding the

WWwWw.jpier.org
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FIGURE 11. Phase-frequency curve of S, (2)C(z)z* under multiple
sampling frequency.

PWM period count value is negligible, indicating that the sam-
pling frequency can be considered to track the rotor speed with
almost no error in a continuous manner.

The repetitive controller is designed at the minimum sam-
pling frequency of 9kHz. The phase-frequency curves of the
compensator are compared under multiple sampling frequen-
cies to verify the stability of the system when the sampling
frequency is varied. As shown in Fig. 11, the compensator
remains within the stable range across all the tested sampling
frequencies; thus, the system stability under different sampling
frequencies is validated.

4. SIMULATION AND EXPERIMENT

4.1. Simulation

To verify the effectiveness of the proposed vibration suppres-
sion strategy, a model of the repetitive control system for the
BIPMSM is built using the Simulink module in MATLAB, and
simulations are performed. The topology of BIPMSM is shown
in Fig. 12. The parameters of the BIPMSM are listed in Table 1.

TABLE 1. BIPMSM parameters.

Description Parameters | value
Pole pair number of torque winding Pr 2
Pole pair number of suspension force winding Ps 3
Torque winding resistance (£2) Rr 1.14
Suspension force winding resistance (£2) Rs 1.7
Torque winding d-axis inductance (mH) Lrg 5
Torque winding g-axis inductance (mH) Lrq 7.8
Suspension force winding inductance (mH) Ls 9.5
Back EMF of torque winding (V) Er 4.99
Back EMF of suspension force winding (V) Es 7.5
Rotor mass (kg) 1.94
Moment of inertia (kg - m?) J 0.0008

Comparative simulations of the proposed vibration suppres-
sion strategy and fractional-order delay repetitive controller
are conducted at three operating conditions: 3000, 4500, and

185

Stator Suspension force

winding

Torque

Permanent L
winding

magnet

FIGURE 12. Topology of BIPMSM.

6000 r/min. The results are presented in Fig. 13. Compared
with the fractional-order delay repetitive controller, the pro-
posed vibration suppression strategy reduces the rotor displace-
ment by 23.5%, 18.2%, and 14.7% in the x-direction, and by
26.7%, 30.2%, and 15.6% in the y-direction at 3000, 4500,
and 6000 r/min, respectively. The suspension accuracy of the
BIPMSM is significantly improved.

Figure 14 depicts the comparative fast Fourier transform
(FFT) analysis results of the x-displacement before and after
applying the repetitive controller at 3000 r/min. In addition
to the fundamental frequency synchronized with the rotational
speed, the 6th and 12th harmonic components are effectively
suppressed. Thus, the effectiveness of the proposed method is
verified.

4.2. Experiment

A digital system experimental platform with TMS320F28335
as its core main control board is developed for the BIPMSM
prototype using a modified repetitive control method, as shown
in Fig. 15. The platform mainly includes a BIPMSM proto-
type, a displacement interface circuit, a digital signal process-
ing (DSP) controller minimum system, a DC power supply, an
eddy current sensor, a power driver board, an AC power sup-
ply, a personal computer, and other components. The BIPMSM
is an experimental prototype, in which the suspension perfor-
mance is investigated only for the radial displacement at one
end of the rotor. Therefore, one end of the rotor is fixed by a
bearing, while the other end is supported by an auxiliary bear-
ing. A clearance is reserved between the shaft and the auxil-
iary bearing to allow flexibility in the radial displacement of
the rotor while ensuring that the stator and rotor do not come
into contact. The prototype parameters remain consistent with
those used in the simulation. The block diagram of the digital
system structure is shown in Fig. 16.

Comparative experiments are conducted at operating speeds
0f 3000, 4500, and 6000 r/min under three conditions: without
vibration suppression, with the fractional-order delay repetitive
controller, and with the variable sampling frequency repetitive
controller. After the motor maintains a steady state for 10s, the
rotor radial displacement waveform is continuously acquired.
As shown in Fig. 17, the rotor radial displacement increases
with the rotational speed and the vibration frequency is syn-
chronized with the rotational speed. Thus, the accuracy of the
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FIGURE 13. Simulation results of radial displacement. (a) 3000 r/min. (b) 4500 r/min. (c) 6000 r/min.
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FIGURE 16. Block diagram of the BIPMSM digital system.
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FIGURE 17. Exp erimental results of radial displacement. (a) 3000 r/min. (b) 4500 r/min. (c¢) 6000 r/min.

vibration mechanism analysis is verified. Under all the oper-
ating conditions, both the fractional-order delay and variable
sampling frequency repetitive controllers effectively suppress
radial rotor vibrations in the BIPMSM. The control perfor-
mance of the variable sampling frequency repetitive controller
is approximately 10% higher than that of the fractional-order
delay repetitive controller. The effectiveness of the proposed
control strategy is validated.
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5. CONCLUSION

In this study, a vibration suppression control strategy utiliz-
ing a repetitive controller with a variable-sampling-frequency
method is proposed based on the analysis of the rotor vibration
mechanism in BIPMSMs. The conclusions are summarized as
follows:

1) The rotor vibration mechanism is analyzed in terms of the
unbalanced rotor mass and dead-time effect. Furthermore, the
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mathematical model of the unbalanced force and rotor vibration
frequency is determined.

2) A repetitive controller based on the variable-sampling-
frequency method is proposed to enable the stable operation of
BIPMSMs over a wide frequency range. When the rotor vibra-
tion frequency varies, the order of the repetitive controller N
remains constant, exhibiting considerable stability.

3) Simulations and experiments are performed to confirm
that the proposed vibration suppression strategy can signifi-
cantly reduce rotor displacement vibrations, thereby improving
the suspension accuracy of BIPMSMs.

Additionally, various nonlinear factors exist within the in-
verter, such as switching ringing, which will also lead to vi-
brations in BIPMSMs. Future research will focus on further
investigating these nonlinear factors.
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