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Vibration Compensation Control of BPMSM With
Dead-Time Effect Based on Adaptive Neural
Network Band-Pass Filter

Xin Wang

Abstract—In order to solve the problem of rotor vibration for
the bearingless permanent magnet synchronous motor, a vibration
compensation control method based on adaptive neural network
band-pass filter (ANNBPF) is proposed. First, the mechanism of
rotor vibration is obtained by theoretical analysis. Second, the
ANNBPF is used to extract the components related to the frequency
of the unbalanced vibration and the dead-time (DT) vibration to
realize the vibration compensation control. Additionally, the DT
effect is compensated by detecting the current polarity to improve
the compensation effect. Finally, a vibration compensation control
system based on ANNBPF and current polarity detection is con-
structed.

Index Terms—Adaptive neural network band-pass filter
(ANNBPF), bearingless permanent magnet synchronous motor
(BPMSM), dead-time (DT) effect, vibration compensation.

1. INTRODUCTION

HE permanent magnet synchronous motor (PMSM) has
T the advantages of high efficiency, high power factor, small
size, and light weight. However, when the PMSM with mechani-
cal bearings is running at high speed, friction and wear will occur
between the bearings and the motor, which not only reduce the
efficiency and life of motor but also increase the number of
motors maintenance. On the other hand, in some extreme con-
ditions, such as chemical, pharmaceutical, biomedicine, semi-
conductor, etc., mechanical bearings cannot be used due to the
requirements of ultrahigh cleanliness. In order to solve the prob-
lem effectively, the bearingless PMSMs (BPMSMs) have the
advantages of no mechanical friction and wear, no lubrication,
no sealing, low power consumption, high critical speed, etc.,
which can be applied in special fields [1]-[4]. The rotor of the
BPMSM will produce inaccuracies and tolerance variations in
the process of mechanical manufacturing; therefore, the rotor
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vibration is inevitable. In order to suppress the rotor vibration,
it is necessary to carry out vibration compensation control.

The vibration compensation control plays an important role
in the stable operation of the BPMSM system. Plentiful scholars
have conducted research on this aspect [5]-[10]. The unbalance
of rotor mass is one of the causes of the rotor vibration of the
BPMSM in high speed application. Numerous research articles
have explored this aspect and proposed different methods for
vibration compensation control. In [5], the problem of rotor
vibration when the center of mass is unbalanced is analyzed,
the mathematical model of the inertia center is derived, and
the synchronous vibration displacement signal is extracted to
realize the vibration compensation control. In [6]—[8], the am-
plitude of displacement signal related to vibration is extracted
by different methods, and the adjusted compensation signal
is injected into the forward channel to complete the vibration
compensation control. At the same time, these pieces of litera-
ture also use the inverse system to improve the control effect.
Applying the neural network structure with strong fitting and
approximation ability to the inverse system will achieve better
vibration control effect [11]-[14]. In [9], the reason of vibration
caused by unbalanced mass is analyzed, and a control strategy
combining unbalance feedforward compensation with current
compensation is proposed to realize vibration compensation
control. In [10], the rotor position and vibration displacement
can be estimated by extended Kalman filter (EKF). Although
the EKF can compensate for the vibration, the computational
complexity of the EKF is too large, which is unfavorable to
the real-time control. These methods can improve the vibration
problem caused by mass unbalance. However, these researches
are only aimed at the unbalance of the mass, and cannot fully
compensate the rotor rotation. Through theoretical analysis, it
is founded that the dead-time (DT) effect can also cause the
vibration of the rotor. DT effect is particularly obvious when
BPMSM is running at low speed. Therefore, for the low-speed
applications of BPMSM [15], [16], the vibration caused by DT
effect will seriously affect its performance.

DT is an essential part in the control of the BPMSM, which
will not only reduce the efficiency of the whole control system,
but also make the control effect worse. The DT effect will
increase the high-order harmonic currents of torque and suspen-
sion force windings in the BPMSM, and cause rotor vibration.
Therefore, accurate DT compensation (DTC) can effectively
suppress the rotor vibration of the BPMSM. DTC control is
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widely researched in PMSM [17]-[23]. In[17], the harmonic and
disturbance of current is reduced by revised repetitive controller
(RRC) to achieve better DTC effect. However, it’s difficult to
adjust the stability of RRC, which needs more consideration
in practical application. In [18] and [19], the influence of DT
effect on motor current and voltage harmonics is analyzed, and
the adaptive controller is used to compensate these bad effects.
This method can realize the DTC control well. In [20] and [21],
the adaptive method is used for DTC, in which Liu and Zhu [20]
directly observed and compensated the DT voltage in the system
online through the adaptive method. While Wang et al. [21] not
only analyzed the disturbance voltage caused by the nonlinear
factors of the inverter but also analyzed the harmonic influence
caused by the back EMF harmonic. In [22], a current boundary
is set up for the voltage error compensation near zero current in
the DTC control of current polarity detection. This method has
good control effect and has certain value in practical application.
In [23], the neutral point potential and terminal voltage potential
are sampled to realize the accurate judgment of current polarity.
However, due to the cost consideration, too many voltage sensors
will not be installed. Therefore, in practical application, it is
necessary to obtain accurate voltage value without sensor.

In order to solve the vibration problem of the BPMSM rotor
caused by the unbalance of the mass and DT effect, the influences
of unbalance vibration and DT vibration are analyzed in detail. A
vibration compensation control method of the BPMSM based on
adaptive neural network band-pass filter (ANNBPF) is proposed.
First, the influence of DT effect on BPMSM rotor vibration is
analyzed. And, the correctness of the analysis is verified by theo-
retical analysis and experimental analysis. Then, the ANNBPFs
are used to extract the harmonic displacement components and
harmonic current components, and the compensation signals are
injected into the forward channel to complete the compensa-
tion control. Finally, the current components extracted by the
ANNBPFs are sent to the current polarity detection method to
realize the DTC control, so as to avoid the problem of false com-
pensation at zero current and further improve the performance
of the control system.

The rest of this article is organized as follows. In Section II,
the vibration mechanism and analysis of BPMSM are briefly
summarized. In Section III, the vibration compensation control
strategies of BPMSM are delivered. In Section IV, the correct-
ness and effectiveness of the vibration compensation control
method are verified on the experimental platform. Finally, Sec-
tion V concludes this article.

II. VIBRATION MECHANISM ANALYSIS OF THE BPMSM
A. Mathematical Model of Suspension Force

For the BPMSM, when the difference between the pole pair
numbers of the torque windings () and the pole pair numbers
of the suspension force windings (Pp) is 1, and the current
frequency of torque windings (wyy) is equal to that of suspension
force windings (wp), i.e., P,y = Pg £ 1 and wy = wg, the
BPMSM will be able to operate stably [24]-[26]. The suspension
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Fig. 1. Unbalance vibration diagram of rotor.

force formula can be expressed as [27], [28]

Fo| _ Uma Um 1Bd T
{Fy] = (K + K1) {—qu wME] [@'BJ e {y}
(1

where Ynig and g are the flux linkages of torque wind-
ings in d—q rotating coordinate system, respectively, ¥niq
= Lna(iva + Ie)s Mg = Lvgivq. 9va and ing are the cur-
rents of d—qg-axis of torque windings, respectively, Lyiq and Lyiq
are the self-inductances of d—q-axis of torque windings, respec-
tively, ¢ is the equivalent excitation current of permanent mag-
net, g4 and i, are the currents of d—qg-axis of suspension force
windings, respectively,  and y are displacements in stationary
coordinate system, respectively, Iy, and F, are suspension forces
in stationary coordinate system, respectively, K1 and K7, are
Maxwell forces and Lorentz forces constants, respectively [24],
and K. is the force-displacement stiffness [27], [28].

B. Mechanism Analysis of Unbalanced Vibration

During the operation of the BPMSM, there are many factors
that cause rotor vibration, such as the error in the machining
process of the rotor and the DT effect, which will be studied in
this article. The rotor machining error mainly causes the unbal-
ance of the mass, which belongs to the mechanical unbalance
of the rotating system and will cause the unbalance vibration of
the rotor. A brief schematic diagram of unbalanced vibration
is shown in Fig. 1. When the rotor mass is unbalanced, the
geometric center O of the rotor will not coincide with the mass
center O’. The distance between these two points is defined as
€. And, the line segment formed by these two points is shown
as a dotted line in Fig. 1. The angle between the dotted line
segment and the d-axis of the rotating coordinate system is 7).
When the rotor rotates at the mechanical angular speed wyy,,
the angle between the dotted line segment and the x-axis in the
stationary coordinate system of the suspension force windings is
1 + wit. Due to the unbalanced motion of the rotor, the periodic
unbalance force is F,,. The component force of the Fj, in the x—y
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coordinate system can be expressed as [5], [6]

{ FllX
Foy
where I, and F,, are the components of the unbalanced force
F, in the x- and y-direction, respectively, m is the mass of the
rotor, ¢ is the distance between the geometric center and the mass
center of the rotor, and wy, is the mechanical angular velocity.
Suppose x, and y, are unbalanced vibration displacement
components along the x- and y-direction. In view of the sym-
metry of motor structure, the control stiffness of unbalanced
vibration displacement along x-direction equals to that along
y-direction, thus, the unbalanced vibration displacement excited
by unbalanced exciting force F,, can be expressed as follows:

= mew?, cos (Wt + 1)
= mew? sin (Wt +n)

2

{za = Acos (wmt +n—7) 3)

Yo = Asin (wmt + 1 —7)

where - is the phase lag of the unbalanced vibration displace-
ment relative to the unbalanced exciting force and A is the
amplitude of unbalanced vibration displacement component.
According to (2) and (3), the periodic unbalance displacement
and unbalance force will run at the angular velocity w,, due to the
existence of unbalanced vibration, and their vibration amplitude
is A and mew? . In order to compensate the unbalanced vibra-
tion, it is necessary to obtain the amplitude of the displacement
and the force with the same frequency as the angular velocity
wm, and then carry out the feedforward compensation control.

C. Mechanism Analysis of DT Effect Vibration

The unbalanced force generated during the operation of the
BPMSM is not only affected by the manufacture of the motor,
but also by the control process. Among them, the DT effect is
the most direct reason. DT effect is caused by the introduction
of DT, which avoid the short circuit of the upper and lower arms
of the inverter.

In order to simplify the analysis, take the A-phase bridge
arm of the three-phase bridge voltage source inverter unit as an
example to analyze the influence of the DT effect on the inverter.
Fig. 2 is a schematic diagram of the topological structure of the
A-phase bridge arm in the inverter unit. It is stipulated that the
direction of current flowing from the power device to the motor
is the positive direction, denoted as ¢ > 0, otherwise ¢ < 0 [29].

The dotted line in Fig. 2 represents the ideal voltage wave-
form, and the solid line represents the actual voltage waveform.
Fig. 2(a) shows the voltage waveform when ¢ > 0, and Fig. 2(b)
shows the voltage waveform when 7 < 0. Where uq., usw, and
up are the dc bus voltage, switching device, and diode voltage
drop, respectively, and T}, T¢, Ty, Tog, and Tpwy are the ON
and OFF delay time, high-level and low-level time, and switching
cycle, respectively.

For surface-mounted PMSM without flux weakening control,
the phase voltage change caused by DT voltage is transformed
into voltage in two-phase rotating coordinate system by Clarke
and Park transform [18]-[20]. When only the main components
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Fig. 2. Topological structure of A-phase bridge arm and ideal and actual
voltage waveform. (a) ¢ > 0. (b) 7 < 0.

in the Fourier series are considered, it can be expressed as [18]

Aug | —%Audead sin (66.)
Aug | %Audead — %Audead cos (60.)

“

where Augeaq is the error voltage caused by DT effect, Aug is
the d-axis error voltage, Au, is the g-axis error voltage, and 0.
is the electrical angle.
When the motor is regarded as resistance and inductance load,
the currents of d—g-axis can be expressed as [18]
12 sin(6wet—das)
35246

2 cos(6wet—pge) (5)

|:Aid :| _ 4Audead
35746

Ai T _ 1
q yon +

where w, is the electric angular velocity and we = wy = wp,
the impedance and phase angle are

Zi = R2+ (kwel;)?, j=d,q
ik :arctan%, k =6.

For the BPMSM, (5) can be expressed by Aiyg and Adpgg
for d- and g-axis currents increment of torque windings and
Aipq and Aip, for suspension force windings, respectively. As
a result of the second part on the right-hand side of the equal
sign in (1) has been compensated by feedforward control, and
the displacement is small in actual operation, the second part can
be ignored in the analysis process. Taking the surface-mounted
BPMSM as an example, namely Lyiq = L, after substituting
the corresponding current into (1), the vibration force caused by
DT effect can be expressed as

AF, —K Aing + It A’iMq Aipq 6)
AFy oo —A’iMq Aiyg + It Aqu
where K, is the force current stiffness.

After substituting the corresponding current in (5) into (6), and
taking the suspension force in the x-direction as an example, the
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Fig. 3. Harmonic analysis of vibration force.

incremental expression for the vibration of the suspension force
in the x-direction can be obtained as

AFy = Keur [(A’i]\/[d + If) - Aipg + Alng - Aqu]
= Keur [Aima - Aipg + Aiig - Aig + It - Aipg)

12 sin(6w8t7¢Md6)
Znmde

12 sin(6wet—pBde)
ZBae

2 cos(6wet—Pnige)
Z\g6

2 cos(6wet—¢Bg6)
ZBq6

4Audead 12 sin (6wet — ¢Bd6)
m 35ZBd6

16Au§ead +

- Kcur 35272

+ KcurIf {_

4AUGeaa | 16AUGea
Ko dead [ dead

T (AP + AF) - AFxg}
(7

where

AFy = 36sin Bwet — ¢dmae) - sin Gwet — dpas)/ (@mde © Zpao)
AFys = c0s (6wet — dmgs) - €08 (6wet — Ppges)/(Zmq6 - ZBq6)
AFy3 = 121 sin (6wet — Ppas)/ (35 Zpdas)-

According to the trigonometric function formula, the corre-
lation coefficient of electrical angle velocity w, with AFy; and
AFyo is 12, while that of w, and AFys is 6, and the process of
AFy is similar to the AF}. Therefore, it can be inferred that due
to the DT effect, there will be 6th and 12th harmonic components
related to the electrical angular velocity in the vibration force.

Taking w. = 314, Ky = 1.338, Iy = 12.295, and Augeaq
= 6.2 as an example, the force-harmonic diagram as shown in
Fig. 3 can be drawn, and compared with the results obtained
in actual working conditions, it can be found that in (7), the
amplitude of the sixth harmonic is the main influencing factor,
and the waveform tested in practice is consistent with the theo-
retical analysis. However, the theoretical amplitude of the 12th
harmonic is very small, and there is a difference between the
12th harmonic and the theoretical value in the actual working
condition, which may be related to the unmodeled nonlinear
factor of the inverter. Therefore, in practice, the harmonic order
of the force caused by the DT effect is mainly 6th and 12th.

III. PROPOSED VIBRATION COMPENSATION CONTROL METHOD

A. Unbalanced Vibration Compensation Control

According to the above-mentioned analysis, the main vibra-
tion sources of the BPMSM are the unbalance of rotor mass
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Fig. 4. Basic structure of the displacement ANNBPF.

and DT effect in control. Between them, the vibration force
caused by unbalanced mass is mainly the same frequency with
mechanical angular velocity wy,, and the vibration force caused
by DT effect is mainly the 6th and 12th harmonic components
related to electrical angular velocity w,. In order to compensate
and control these vibration forces, it is necessary to obtain the
amplitude related to the frequency of these vibration forces.

It can be seen from (2) that when the operating speed of
the unbalanced force Fj, is wy,, the amplitude of F,, changes
squarely with the increase of the speed. Hence, the higher the
rotor speed, the larger the amplitude of the unbalanced force.
It is relatively difficult to extract the unbalanced force, but the
rotor displacement detection is much simpler. Therefore, how to
extract the amplitude of displacement with the same frequency
is the key to realize vibration compensation.

ANNBPF is an adaptive filter. It cannot only extract the
amplitude of harmonic signal with the same frequency as the
speed, but also has a fast convergence speed. Therefore, the
use of ANNBPF is a better choice. The basic structure of the
ANNBPF in the x- and y-direction is shown in Fig. 4. And, the
formula for extracting harmonic displacement is

®)

T = wy 1080 + wy 2sinfy,
y

U = Wy 1 €08 O, + wy 25in by,

where w, 1, Wy 2, wy_1, and w, o are the cosine component
weight amplitudes and sinusoidal component weight amplitudes
of displacement harmonic in the x- and y-direction, respectively.
2 and y are the amplitudes of displacement harmonic component
in x- and y-direction, respectively.

The least mean square algorithm with small amount of cal-
culation and fast convergence speed can be used to adjust the
weights, and the cost function is defined as

J=(x-2)’+y-9°" = +e ©)

where x and y are the displacement sampling values and ey and
ey are the displacement errors.

In Fig. 4, s and 6, are taken as the inputs of the displacement
ANNBPF and the output variable is s, where s refers to the
displacement in x- and y-direction, i.e., s = z,y. The error
signal e is obtained by the difference between the input variable
s and the output variable § of the displacement ANNBPF. The
adjusted weights ws ; and w; 2 can be obtained by taking the
sine and cosine values of 6, and the error signals e as the
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inputs of the weight adjustment module. The least mean square
algorithm with low complexity, small amount of calculation,
and fast convergence speed is used to adjust the weights online,
the adjustment formula can be expressed as [18]

= ws 1(k) + 2p1€5 cos O

Ws 1 (k‘ + 1) .
{ = ws 2(k) + 2u1essin Oy, s=xzy (10)

Ws 2 (]{3 + 1)

where w; 1 and w; 2 are the weights of the neuron in the kth
sampling period, w,_; is refer to w,_; and wy, 1, w,_» is refer to
w2 and wy o, puy is the learning rate, and e, is the difference
between the input variable s and the output variable § of the
ANNBPF, the ey is refer to e, and e,,.

In order to prove the stability of (10) and give the value range
of the learning rate ;. First, find the expected values on both
sides of (10) as

FElws (k4 1) = Ews(k)] + 2 E [es - rm (k)] (11)
where w is [ws 1,ws 1]T and 7y, is [cos O, sin O] 1.

Since w, and r,, are independent of each other, (11) can be

rewritten as

E [ws (k + 1)] =E [ws(k)] + 21 {H —RE [ws(k”}
(I G R)E [ (k)] + 20 H

(12)
where I is the unit matrix, H = E[z - 7], and R = E[ry, (k) -
(k)]

The system will be stable when all the eigenvalues of the
matrix [I — 2p; R] fall inside the circle. Let the eigenvalue of
R be A; and the eigenvalue of the matrix [I — 2u1 R] is (1 —
2u12;). At this time, it is need to ensure that the eigenvalue
|1 —2p12;] < 1, then the system shown in (12) is stable and
the learning rate 0 < p11 < 1/A; is obtained. When 1; takes the
maximum value of A,.x1, the system will be in a stable state,
and the matrix is related to cos 6, and sin 6.

Through the displacement ANNBPF, the amplitude of the
same frequency signal as wy, in the displacements x and y can
be extracted. After that O can be used as the target command
to make difference with the extracted vibration displacements &
and ¢, and the compensated control forces Iy}, and F\y, can be
obtained by adjusting the results by PID controller. The control
implementation block diagram is shown in Fig. 4.

B. DT Effect Vibration Compensation Control

The introduction of DT occurs not only in torque control but
also in suspension force control. According to (6) and (7), the
vibration force caused by the DT effect mainly exists in the form
of the 6th and 12th harmonics of the electrical angular velocity.
Therefore, only the amplitudes of the 6th and 12th harmonics
need to be extracted to realize the vibration compensation control
caused by the DT effect. Here, the ANNBPF in Section III-A is
also used to extract the harmonics in the d- and g-axis currents.
The basic structure of the ANNBPF for d—g-axis currents is
shown in Fig. 5. And, the formula for extracting harmonic
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current is
iKd = Wide_1 €08 (60.) + wrae_2 sin (66.)
+widiz 1 €08 (126¢) + widi2_2 sin (126,) K —MB
iKq = WKq6_1 €08 (60c) + Wige_28in (66.) '
+WKq12_1 COS (1260.) + WKq12_2 Sin (126,)
(13)

In Fig. 5, K is used to represent M and B, and j is used to
represent d and g. Therefore, there are four combinations of 7 g ;
in Fig. 5, which are the d- and g-axis currents iyrq and ipiq of
the torque windings, respectively, and the d- and g-axis currents
of the suspension force windings igq and ig, respectively. e ;,
in, WKj6_1,WKj6_2, WKj12_1>» and WK j12_2 are the same as ZKJ
ix j and 0, are used as the input of the d—g-axis current ANNBPF,
respectively, and 7 K 1s used as the output of the ANNBPFE. The
error signal ex; obtained by the difference between ix; and
%Kj, and the adjusted weight values wk j6_1, WK j6_2, WKj12_1
and wg j12_o can be obtained by taking error signal e ; and the
sine and cosine values of 66, and 126, as the input of the weight
adjustment module. The adjustment formula can be expressed
as [18]

wiju_1 (B +1) = wiju_1(k)

+ 20e x5 cos (vl v=0,12
s cos e),K:M,B (14)
wiju 2 (b +1) = wkju 2(k) j=d,q

+ 2p0ekj sin (v6.)

where w j,, 1(k) and w j,, 2(k) are the weights of the neuron
in the kth sampling period, w j,,_1 is refer to wyidae_1, Wmdi2_1»
WMq6_1> WMql2_ 1, WBd6_1» WBd12_1,» WBq6_1> and wpq12_ 1, and
Wi jv_2 18 refer to wiyde_2, WMd12_2> WMq6_2> WMq12_2> WBd6_2
WBA12_2> WBq6_2> and WBq12_2- 42 is the learning rate, ex ; is the
difference between the input variable ¢ i ; and the output variable
i K j of the ANNBPF, and e g ; is refer to eyq, engq, €Bd» and epq.

Through the ANNBPF as shown in Fig. 5, the amplitude of the
same frequency signal as 6w, and 12w, in the d—g-axis currents
of torque windings can be extracted. After that O can be used
as the target command to make difference with the extracted
harmonic currents %Md and %Mq, and the compensated control
voltages unian and uniqn can be obtained by adjusting the results
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Fig. 7. Block diagram of the BPMSM vibration compensation control.

by PI controller. The implementation in the suspension force
windings is similar to the torque windings, and the control block
diagram is shown in Fig. 5. The stability proof process is the
same as in the previous section, the coefficients of ANNBPF
need to be restricted [30]. When the learning rate pio is between
0 and 1/Amax2, the stability of the system can be guaranteed,
where Ap,ax2 1S the maximum value of the matrix eigenvalues,
and the matrix is related to cos(vf.) and sin(v0e).

In order to improve the DTC effect for the BPMSM, the DTC
method based on current polarity detection is added to the DT
voltage compensation method proposed in Section III-B. The
advantages of the DTC method for current polarity detection are
simple implementation and remarkable effect, but this method
has the disadvantage of poor compensation effect at zero current.
Hence, the two methods are combined to improve the DTC
effect. The current polarity DTC method is mainly implemented
by the basic method in [31], and the control block diagram is
shown in Fig. 6. By detecting the current polarity of iniq, Mg,
iBa» and ipg, the DTC voltages Aunia, Aumg, Aupq, and
Aupg are obtained by corresponding compensation methods.
In Fig. 6, the subscripts K of ix, are M and B, the subscripts
n denote « and 3, i.e., ik, represents iniq, inMg, iBa, and ipg,
and Au g, represents Atuniq, Aung, Aupq, and Aupg.

C. Overall Structure of the Proposed Control Method

According to the vibration compensation control methods
proposed in Sections III-A and III-B, the overall control block
diagram of the BPMSM, as shown in Fig. 7, can be constructed.

In Fig. 7, the first part is the suspension force vector control
system. In the suspension force vector control system, the outer
loop is a displacement control loop, which takes the actual
position of the rotor as the target command and obtains the error
signal by making a difference with the sampled position signal in
the x- and y-direction. The error signal passes through the PID
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Fig. 8.  Schematic diagram of the experimental platform.

controller to obtain Fy and Fy. Fy, and F\y, obtained by the
unbalanced vibration compensation control algorithm proposed
in Fig. 4, and Fyy, and Fyy, are added correspondingly with Fy
and Fy, that is, the vibration compensation force is injected into
the feedforward channel to complete the unbalanced vibration
compensation control. After the force signal is converted by (1),
the command currents in the d- and g-axis are obtained. The
error current signals are obtained by subtracting the command
currents from the sampled d- and g-axis current. After the error
signals pass through the PI controller, the voltage signals of d-
and g-axis can be obtained. At this time, the proposed ANNBPF
DTC algorithm injects the calculated voltage compensation
signals upgn and upqn into the forward channel and add them
to upq and upq. Then, up, and upg are obtained after Ipark
transformation. At this time, the DTC algorithm proposed in
Fig. 6 is adopted to inject Aup, and Aupg into the forward
channel again and add them together with up, and upg. After
the SVPWM algorithm, suspension control is carried out. In the
motor vector control system, the outer loop is speed loop and
the inner loop is current loop. The ANNBPF DTC algorithm
proposed in Fig. 5 injects the unqn and uniqn into the forward
channel and add them to wuyq and unig. The added values are
transformed by Ipark to obtain uy, and uyg. At this time, the
DTC algorithm proposed in Fig. 6 is used to inject the Auy, and
Awuyg into the forward channel again and add them to uy, and
unmg. After SVPWM algorithm, motor vector control is carried
out.

IV. BPMSM VIBRATION COMPENSATION
CONTROL EXPERIMENT

In order to verify the effectiveness and correctness of the
proposed method, low speed, variable speed, and rated-speed
experiments are carried out on the experimental prototype. The
experimental prototype is shown in Fig. 8. The parameters
of the experimental prototype and power devices are given in
Table I. The controller adopts TMS320F28335 and the interrupt
frequency is 10 kHz. The vector control algorithm of torque and
the control algorithm of suspension are completed in the same
interrupt process. In Fig. 8, the upper power drive circuit board
supplies power to the torque windings, and the lower power
drive circuit board supplies power to the suspension windings.
The currents of torque windings and suspension windings are
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TABLE I
PARAMETERS OF THE PROTOTYPE AND POWER DEVICES

Symbol Value Symbol Value

Un (V) 220 6o (mm) 2

Pn (kW) 1.1 Yy (Wb) 0.165

nN (t/min) 3000  Lyg / Ly (mH) 13.42

Py /| Pg 1/2 Ly (mH) 2.34

m (kg) 1.6 T: | Ti (us) 13716
TABLE II

PID CONTROLLER PARAMETERS OF VECTOR CONTROL SYSTEM

Suspension-side Motor-side
Displacement Current Speed Current
K, 0.2 0.5 240 0.23
Ki  46x107%  45x107° 36  1.7x1072
K4 1.3%x1073 0 0 0
TABLE III

PARAMETERS OF THE ANNBPF CONTROLLER

Dead-time part Unbalanced part

Suspension-side ~ Motor-side
w 0.1 (k) 0.1 (k) 0.1 (k1)
K, 0.23 0.45 0.3
K; 1.1x1072 2.0x 1073 2.3x1073
K4 0 0 1.3%x1073

collected by Hall current sensor and sent to ADC port of DSP for
data acquisition after conditioning by interface circuit board. The
real-time position of the rotor is collected by the eddy current
sensor, conditioned by the interface circuit board, and sent to
the ADC port of DSP for data acquisition. Three ANNBPF
algorithms in the proposed method require a total of four sine
functions, 50 additions, 60 multiplications, eight PI algorithms,
and two PID algorithms. The time consumed is 10 ps, therefore,
the real-time performance can meet the control requirements.
The PS21965 of Mitsubishi is selected as the power device, and
the DT is set to 4 pus. In [26], SiC-based two-level inverters are
used to drive the BPMSM. Although the wide bandgap devices
can set a smaller DT, the vibration problem caused by the DT
effect in general power devices still needs to be studied.

The PID control parameters of vector control system of the
BPMSM are given in Table II. The PID parameters of dis-
placement loop and current loop of suspension force windings
side and the PID parameters of speed loop and current loop
of motor side are given, respectively. The control parameters
of the proposed ANNBPF algorithm are given in Table III, in
which the ANNBPF parameters of the DT vibration part and the
unbalanced vibration part are given, respectively.

First, the experiment without compensation is carried out.
Figs. 9—15 show the force and displacement in x- and y-direction,
the d- and g-axis current, and the speed waveform, respectively.
It can be seen from these figures that at 0-0.5 s, the BPMSM
operates at a low speed of 300 r/min and the operating frequency
of the BPMSM is 5 Hz. When the BPMSM operates at 300 r/min,
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Fig. 11.  Waveform of the displacement in the x-direction without compensa-

tion.

the main harmonic frequency of the BPMSM is 30 Hz, which
is six times the operating frequency. Therefore, the DT effect
vibration accounts for the main influencing factor, which is con-
sistent with the previous theoretical analysis. At 0.5-1.83 s, the
motor is in acceleration state until it accelerates to 3000 r/min.
When the BPMSM is at 3000 r/min, the operating frequency
of the BPMSM is 50 Hz, and the main harmonic frequency of
the BPMSM is 50 Hz. The operating frequency is consistent
with the harmonic frequency. Therefore, unbalanced vibration
accounts for the main influencing factor, which is consistent with
the previous analysis.

Then, the experiment of the traditional compensation (TRAD
COMP) method in [9] is carried out. Figs. 16-22 show the
force and displacement in x- and y-direction, the d- and g-axis
current, and the speed waveform, respectively. It can be seen
from these figures that at 0-0.5 s, the BPMSM runs at a low
speed of 300 r/min, and the vibration amplitudes of the force
in x- and y-direction are 3.64N and 3.96 N, respectively. The
vibration amplitudes of displacement in x- and y-direction are
4.89 and 6.14 pm, respectively. The vibration amplitudes of d-
and g-axis currents are 0.21A and 0.22 A, respectively. During
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Fig. 15.  Waveform of the speed without compensation.

0.5-1.83 s, the BPMSM is in the acceleration state. At 1.0—
1.1 s, the vibration amplitudes of the force in x- and y-direction
are 3.58 and 3.95 N, respectively. The vibration amplitudes
of displacement in x- and y-direction are 4.95 and 5.08 pm,
respectively. The vibration amplitudes of d- and g-axis currents
are 0.22 and 0.25 A, respectively. The BPMSM maintains the
operation of 3000 r/min after the acceleration is completed.
During this period, the vibration amplitudes of the force in x-
and y-direction are 4.25 and 5.13 N, respectively. The vibration
amplitudes of displacement in x- and y-direction are 5.76 and
6.02 pm, respectively. The vibration amplitudes of d- and g-axis
currents are 0.37 and 0.3 5 A, respectively.

Finally, the experiment of the proposed compensation (PPSD
COMP) method is carried out. Figs. 23-29 show the force and

Fig. 20.
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Fig. 23.  Waveform of the force in the x-direction with PPSD COMP.

displacement in x- and y-direction, the d- and g-axis current,
and the speed waveform, respectively. It can be seen from these
figures that at 0-0.5 s, the BPMSM operates at a low speed
of 300 r/min, and the vibration amplitudes of the force in x-
and y-direction are 1.48 and 1.55 N, respectively. Compared
with the TRAD COMP control method, the vibration amplitudes
are reduced by 46.97% and 53.03%, respectively. The vibration
amplitudes of the displacement in x- and y-direction are 3.45
and 3.74 pm, respectively. Compared with the TRAD COMP
control method, the vibration amplitudes are reduced by 29.45%
and 39.09%, respectively. The vibration amplitudes of d- and
g-axis currents are 0.18 and 0.18 A, respectively. Compared
with the TRAD COMP control method, the vibration ampli-
tudes are reduced by 14.29% and 18.18%, respectively. During
0.5-1.83 s, the BPMSM is in the acceleration state. At 1.0—
1.1 s, the vibration amplitudes of the force in x- and y-direction
are 1.51 and 1.60 N, respectively. Compared with the TRAD
COMP control method, the vibration amplitudes are reduced by
40.78% and 50.13%, respectively. The vibration amplitudes of
the displacement in x- and y-direction are 3.50 and 3.80 pm,
respectively. Compared with the TRAD COMP control method,
the vibration amplitudes are reduced by 29.29% and 25.20%,
respectively. The vibration amplitudes of d- and g-axis currents
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Fig. 26.  Waveform of the displacement in the y-direction with PPSD COMP.

are 0.21 and 0.22 A, respectively. Compared with the TRAD
COMP control method, the vibration amplitudes are reduced by
4.55% and 12.00%, respectively. After the acceleration of the
BPMSM is completed, it is maintained at 3000 r/min. During this
period, the vibration amplitudes of the force in x- and y-direction
are 2.02 and 1.97 N, respectively. Compared with the TRAD
COMP control method, the vibration amplitudes are reduced
by 37.88% and 54.97%, respectively. The vibration amplitudes
of the displacement in x- and y-direction are 4.01 and 4.30
pm, respectively. Compared with the TRAD COMP control
method, the vibration amplitudes are reduced by 30.38% and
28.57%, respectively. The vibration amplitudes of d-axis and
g-axis currents are 0.35 and 0.29 A, respectively. Compared with
the TRAD COMP control method, the vibration amplitudes are
reduced by 5.41% and 17.14%, respectively.

According to the previous analysis, the vibration force of the
BPMSM is related to the mechanical angular velocity and the
electrical angular velocity. When the BPMSM runs at low speed
and rated speed, respectively, the vibration force in the x- and
y-direction is affected by unbalanced vibration and DT effect
vibration. Through the FFT analysis of the force in the x- and
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y-direction, the spectrum of Fy and Fy, as shownin Fig. 30(a) and
(b), can be obtained. At this time, the fundamental frequency of
Fig. 30(a) is 5 Hz and the fundamental frequency of Fig. 30(b) is
50 Hz. In the absence of vibration compensation, the amplitudes
of the 6th and 12th harmonics of Fi at low-speed operation are
2.86 and 1.71 N, respectively, and the amplitudes of the 6th
and 12th of Fy at rated-speed operation are 2.05 and 0.48 N,
respectively. After TRAD COMP, the amplitudes of the 6th and
12th harmonics of Fi are reduced to 0.16 and 0.08 N at low speed
and 0.0222 and 0.15 N at rated speed. After PPSD COMP, the
amplitudes of the 6th and 12th harmonics of F are reduced to
0.07 and 0.06 at low speed and 0.19 and 0.10 N at rated speed.
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The amplitude of the first order harmonic of F is only 0.02 N
at low speed without vibration compensation, however, 1.68 N
at rated speed. After TRAD COMP, the vibration amplitude is
reduced to 0.02 N at low speed and 1.07 N at rated speed. While
after PPSD COMP, the vibration amplitude is reduced to 0.01 N
at low speed and 0.73 N at rated speed. It can be seen that the
unbalanced vibration will gradually appear at a rated speed and
the vibration amplitude is small at low speed, which can be
ignored, and the PPSD COMP method can better suppress the
unbalanced vibration than TRAD COMP of the rotor.

In the absence of vibration compensation, the variation law
of the amplitude of Fy at low speed and rated speed is the same
as that of Fj.

By comparing Fig. 30(a) with (b), it can be seen that in rated-
speed operation, even if the vibration compensation control is
not carried out, the amplitude of the 6th and 12th harmonic of
the vibration force will also be reduced. This is due to the speed
increases, the motor impedance will increase correspondingly.
According to (7), the amplitude of the vibration force will also
decrease correspondingly. In the analysis process, the influence
of higher harmonics is ignored, and only the 6th and 12th
harmonics are analyzed, but the 18th harmonic component and
higher (24th, 30th, - - - ) harmonic components also exist.

V. CONCLUSION

In this article, a vibration compensation control method based
on ANNBPF was proposed to solve the problem of rotor vibra-
tion of the BPMSM. Previous studies on rotor vibration only
considered the factors of rotor unbalanced vibration, but lacked
research on other vibration reasons. In fact, the rotor vibration
of the BPMSM is not only related to the unbalance mass but also
related to the DT effect. Therefore, the rotor vibration includes
the unbalanced vibration and the DT vibration. Moreover, the
frequency of unbalanced vibration is related to the rotor me-
chanical angular velocity, and the frequency of DT vibration is
related to the rotor electrical angular velocity. The experimental
results demonstrated that when the BPMSM ran at low speed,
the amplitude of unbalanced vibration accounted for a small
proportion, and the DT vibration was the main cause of rotor
vibration. However, when the BPMSM ran at rated speed, the
amplitude of DT vibration decreases with the increase of speed,
and the unbalanced vibration will become the dominant factor of
rotor vibration. Through the proposed vibration compensation
control algorithm, the problem of rotor vibration of the BPMSM
can be effectively suppressed. In the future work, more factors
related to vibration will be explored and theoretical analysis and
compensation control research will be carried out. A simpler
and more effective vibration compensation control algorithm
will also be studied.
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