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ABSTRACT Vibration force is critical in the normal operation of magnetic bearings. Among all vibration
forces, the synchronous vibration force rising from rotor mass unbalance is the most influential factor.
To effectively suppress the unbalance force for the high-speed magnetically suspended rotor, in this paper,
a novel method for active magnetic bearings based on the synchronous rotating frame (SRF) transformation
is developed. First, the structure and principle of SRF transformations for the magnetic bearing system is
improved. Subsequently, different from the zero current suppression, the magnetic bearing force is directly
set as the input of the vibration suppression, which is zero force suppression. In order to maintain the system
stability, stability analysis, which is related to the plug-in vibration suppression algorithm, is conducted.
Only one parameter needs to adjust to ensure the stability of the whole closed-loop system. Compared with
the conventional method of vibration force suppression, the proposed method has better performance. The
simulation and experimental results on a magnetic suspended motor system demonstrate that the proposed
SRF-based method can effectively suppress the synchronous vibration force.

INDEX TERMS Synchronous rotating frame (SRF) transformation, active magnetic bearing (AMB),
vibration force, synchronous current.

I. INTRODUCTION
As is a non-contact support structure, magnetic bearings have

tions, like high speed motor, molecular pump and spacecraft
attitude actuator [6]-[10].

many promising and practical advantages over conventional
mechanical bearings such as compact structure, lower rotat-
ing frictional loss, lubrication elimination and higher rota-
tional speed. According to the structure and control system of
the magnetic bearings, it can be divided into two categories:
active magnetic bearing and passive magnetic bearing. Active
magnetic bearing (AMB) is drawing increasing interest due to
its inherent characteristics like adjustable stiffness and flex-
ible control in all DOFs [1]-[5]. Therefore, active magnetic
bearings are widely used in both civil and military applica-
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Despite their advantages, vibration caused by unbalance
mass of rotor and sensor runout is a serious challenge in
rotating machinery. Vibration contains Synchronous vibra-
tion and multi-frequency vibration [11], [12]. Then mass
unbalance coupled with the residual displacement caused by
the supported position difference between the balancer and
the AMBs lead to the generation of synchronous vibration
force. Synchronous vibration caused by mass unbalance of
rotors has the maximum amplitude and mainly affect the
performance of AMBs. Mass unbalance of rotors, resulting
from the principle of geometry axis is not coincident with its
inertial axis [13]. Vibration force with small amplitude and
high frequency can leads to serious damage effects [14]-[16].
Especially, when the rotor rotates at a very high speed, the
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vibration force turns more severe, as the centrifugal force
which is proportional to the square of the rotational speed.
For most of the AMB-based machines, synchronous vibra-
tion force transferred to the outside through the casing can
generate noise, vibration and even can damage mechanical
equipment. Although the mechanical balancing of rotors can
reduce part of the vibration force, residual part of imbalance
remains due to the change of working condition. Hence, it
is necessary to adopt active control algorithm to suppress
synchronous vibration force of AMBs as much as possible.

There are many previous researches on vibration suppres-
sion of AMB control system. The mainly two classes of con-
trol strategies for real time vibration suppression including
auto balancing control and unbalance compensation control.
For the former method, the synchronous component of con-
trol current is suppressed to force the rotor to rotate around
the inertial axis, in this way the synchronous vibration force
can be reduced, known as zero magnetic force control. For
the latter method, synchronous component in displacement
signal is concerned to force the rotor to rotate around the geo-
metric axis, known as zero displacement control. A variety of
approach such as notch filter [17]-[19], state observer based
control strategy [20], learning based algorithm [21] were
adopted to eliminate the synchronous vibration. Moreover,
a least-mean-square (LMS) based algorithm was proposed
to compensate the synchronous current by feeding forward
compensation component to control current [22]. However,
LMS based algorithm has fixed step, which is a hard tradeoff
between stability and convergence speed of system. This
method is only suitable for several specific speed. Another
repetitive learning algorithm was proposed to adjust learning
rate adaptively, which can suppress synchronous current in
large speed range [23]. These two methods mentioned above
can suppress the vibration force caused by the synchronous
current but hardly can eliminate the residual one caused by
the negative displacement stiffness. Liu ef al. [24] adopted
the negative displacement stiffness compensation in current
loop. In this method, the inertia axis position identified in
high rotational speed was used to eliminate the synchronous
vibration force in relatively low rotational speed. Neverthe-
less, this approach did not consider the low-pass features
of the amplifier. It would accumulate the phase error of the
open-loop compensation over time, and further weaken the
compensation effect. Moreover, although the power amplifier
parameters can be obtained by offline testing [25], an offline
amplifier model at the whole rotational speed range did not
compensate the complete vibration force in time.

To achieve rapid compensation effect, Zheng et al. [26]
proposed a synchronous rotating frame (SRF) based method,
in which SRF-based transformation method was adopted
to eliminate the synchronous current. but the method did
not consider the residual synchronous component by neg-
ative displacement stiffness. The SRF-based method was
applied in induction motors and power electronics for
a long time [27], [28], but seldom applied in complete
vibration force suppression of active magnetic bearing.
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Previous researches on vibration force suppression of AMBs
cover diverse situations. The methods mentioned above lack
of concerning the negative displacement stiffness of AMBs
or complicated computation so they hardly can be adopted in
real application.

In this study, an improved synchronous vibration force sup-
pression algorithm based on SRF transformation is proposed.
A compact and practical controller for vibration suppression
is plugged into the baseline control system of magnetically
suspended rotor. The basic idea of the proposed method is
to set the unbalanced force as the direct input of the vibra-
tion suppression controller. SRF transformation can track
the harmonic signal of a certain frequency and apply the
real-time compensation. There are mainly three advantages
of the proposed method. First, the synchronous vibration
force is completely suppressed by direct force compensation.
Second, the SRF based controller is compact in structure for
easy implementation and can reduce the computation burden.
Third, only one parameter needs to adjust to achieve the
overall system stability.

The rest of paper is arranged as follows. In section II,
a model of magnetic suspended rotor with mass unbalance
is build. In section III, the proposed SRF-based synchronous
vibration force method is analyzed and in section 1V, sim-
ulation and experiment results are given. Conclusions are
provided in Section V.

Il. DYNAMIC MODELING WITH MASS UNBALANCE

The schematic diagram of magnetically suspended rotor with
unbalanced mass is shown in Figure 1. The rotor is suspended
by two radial magnetic bearings AMB1 and AMB2. In order
to simplify the modeling analysis, three plans IT, I1j, I
are defined. The dynamics modeling is established on the
assumption. 1) high speed magnetic suspended rotor is a rigid
body, 2) magnetic field inhomogeneity of AMBs is neglected,
3) parameters of every radial channel are constant to each
other.

According to Figure 1, there is obvious offset between the
geometric axis from the inertial axis. The rotor mass eccentric
lead to the misalignment of two axes. Due to the relationship
between the geometric center and the mass center, we can

geometry
axis inertial
axis

I I,

FIGURE 1. Basic Diagram of the AMB control system with unbalance rotor.
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achieve:
Xa(?) xa(t) Oax
Ya(t) | _ | ya®) | _ | Oay )
Xp(1) xp(t) Opy
Yp(t) yB(t) Opy

where X4, Xp, Y4, Yp are displacement of geometric axis

in plate IT; and IT,, respectively and x4, xp, y4, yp are the

displacement of inertial axis in plate I1; and IT», respectively.
Then we can set the disturbance as:

Oux(t) =l cos(R2t 4+ @) — mcos(2t + «)
Oay(t) = Isin(2f + @) + msin(Qr + )
Opx(t) = [ cos(2t 4+ @) + ncos(2t + B)
Opy(t) = Isin(Qt + ¢) — nsin(Qt + B)
where ¢ donates the initial phase of the unbalance force, €2 is
the rotational speed of the magnetic suspended rotor. [, m, n
are distance between OC, OC| and OCj; respectively.
According to the dynamic characteristic of AMBs,
the magnetic force equation is a nonlinear expression. When
the rotor moves in a small area near the equilibrium position,

by using the Taylor series expansion, the nonlinear equation
of magnetic force can be linearized as:

fo = KxXA + KixiAx(XA)
Sfay = KyY4 + Kiyiay(Ya)
fx = K Xp + Kixip:(Xp)
fBy = K, Yp + Kiyipy(Yp)

@

3)

with
Fom - o - A
Kix = Kiy =2N - pm * 1O
0 - 8Q2Mpy - o - A+ 8)
o A-Fp, 1
Ke =Ky =——— ”'".< )(4)
o%-8 2Mpm - o - A+ 8

where fax, fay, fBx and fp, are the magnetic forces generated
by bearings A and B in x and y directions, respectively. Ky,
K;y and K, K, donate the current stiffness and displacement
stiffness of AMB, respectively.

Substituting (1) and (2) into (3), the equation of magnetic
force can be written as:

Sax = Kx(xa(?) + Opx) + Kiniax(xa(?) + Oax)
Jay = K;(a(t) + ©py) + Kiyiay(ya(t) + ©py)

JBx = Kx(xp(t) + Opx) + Kixipy (xp(f) + Opy)
fo = Ky(YB(t) + ®By) + KiyiBy(yB(t) + Opx)

where Oy, Oy, Opy, Opy are displacement disturbance in
A, B bearings generated by mass unbalance, respectively.
According to (2), the ® represents the disturbance caused by
the mass unbalance of rotor. It can be derived that the fre-
quency of unbalance disturbance is related to the fundamental
frequency of rotor speed. Besides, it can be derived from (2)
that the disturbance in direction A and B are quadrature, ® 4,
is 90 degrees leading to ®4y in phase. According to (5), both
displacement component and current component of magnetic
forces containing disturbances.

&)
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Hence, the generation of synchronous magnetic force not
only results from synchronous control current fluctuation,
but also induces by the residual synchronous component in
negative displacement stiffness.

Ill. AN IMPROVED SRF BASED SYNCHRONOUS

FORCE SUPPRESSION METHOD

A. THE PRINCIPLE OF SRF TRANSFORMATION

Previous research on frame transformation mainly focused
on power electronic. AC vector can easily converted to DC
vector in new frames for more accurate tracking. In order
to extend the SRF transformation in the magnetically sus-
pended rotor system, two coordinate systems based on the
rotor mass center C and geometric center M is constructed.
Figure 2 shows the schematic diagram of the coordinates
transformation. Set C as the origin of the static reference
frame CX,Y;, M as the origin of the bearing-rotor coordinate
CX, Y, which rotates with the speed of 2. It can be derived
that the motion trajectory of the geometric center M is a circle
with the mass center C. Therefore, the displacement coordi-
nate of geometric center M in rotating frame is a constant
vector.

FIGURE 2. Schematic diagram of the basic rotating coordinate
transformation.

FIGURE 3. The structure of the control system with the synchronous
rotating frame transformation.

The whole structure of the SRF transformation is shown
in Figure 3. Let [x;,, yin] and [x4, y4c] represent the motion
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coordinate of M in static reference frame and rotating frame,
respectively. Then the relationship between the motion vector
in two coordinates can be presented as,

Xdc Xin
=T(Q 6
I:)’dc:| (821) |:yini| ©
with
_( cos(Qt + 6) sin(€2r + 6x)
T = ( —sin(Qr + 6;)  cos(Qr + Gk)> )

where T'(2t) donates the SRF transformation. €2 is the rota-
tional speed of the rotor. 6; represents the compensation
phase angle, which is further used to ensure the stability of
the whole control system.

If the rotor rotates at a constant speed €2, after the SRF
transformation, the input signal is characterized with a dc
component with mixed harmonic signal. The fundamental
component can be extracted by a low-pass filter. Although
higher-order filter can improve the filtering effect, it increases
the calculation burden. Therefore, first-order filter is com-
monly employed as,

gf(s)_s—f—_r (8)

Then, by applying an inverse SRF transformation and set
the output of the first-order filter as the input of the inverse
SRF transformation as follows, the synchronous vibration
signal of the rotor can be deduced as,

Xout \ _ o Xde
(yout> = Tim(S21) <}A’dc) ©

where X4., Vqc are outputs of the first-order filters. x,y,
Your are the identified synchronous vibration signal, and
Tim(R21) is,

cos(Q) — sin(SZt)) (10)

Tiny(21) = (sin(Qt) cos(£21)

According to the location of the sensor, vibration signal in x
and y axes have the same frequency but with phase difference
of 907, so complex variable is adopted, yields,

Xae(t) + jYac(t) = Xin(t) + j¥in(1))e 7EH% - (11)

The Laplace transform under zero initial condition is
deduced as:

Xae(s) + e (s) = Kinls — Q) +jYin(s — e (12)
Typically, the transformation function of low-pass filter is,

Gr )= (13)

Then it can be obtained that
Xour(s) + jYour(s) = Xae(s) + j¥ac(s))e/™
= Xae(s — jQ) + jYqc(s — jS2)
&£ ,
= (X: Y —J6k
Xin(s) +J m(s))()Ls —jQ) n 16
= (Xin(s) +jYin(5))Gr(s) (14)
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where Gy (s) is the open-loop transfer function of SRF. Hence,
the SRF closed-loop transfer function can be derived as
follows.

(s — jQ) + 1

G = = .
7(5) 1+ Gr(s)  (As—jQ) + 1+ e kg

15)

The synchronous vibration force is directly set as the con-
trol target. The vibration force is constructed by synchronous
current and displacement. Then set the synchronous vibration
force as the input of the SRF.

Two main performance index of SRF transformation are
notch depth and bandwidth. Compared to the conventional
notch filter, the proposed SRF transformation contains an
e item. This item can not only influences the whole fre-
quency characteristics of the AMB system nearby the notch
frequency €2, but also let us configure the poles of the transfer
function of the novel notch filter. The bode diagram of the
SRF transformation is shown in Figure 4.

FIGURE 4. Bode diagram of SRF transformation with different
coefficient y.

The frequency characteristic of SRF transfer function is,

1+j(o—Q)
1+ e %e +j(hw — Q)

Gy (jw) = (16)

By dividing a coefficient A into (16), it can be written as,

Jo—j¥+y
jo —jQU +y + e kk

Gp (jo) = a7

In which, y = 1/A, Q" = Q/A, k = ¢/A. Then, the
amplitude-frequency character is,

Yy et + k2e—2%
(v + ke—fek)2 + (w — Q)?

|G ()|, = |1— (18)

It can be obviously seen from (18) that when @ — Q
amplitude |Gfk (ja))| 4 — 0. Beside this the notch depth
is related to the coefficient y. It can be clearly seen from
Figure 4 that with the increase of coefficient y, the depth of
bode diagram decreased.
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B. IMPROVED SYNCHRONOUS FORCE SUPPRESSION
WITH SRF-BASED METHOD

For reliability and robustness of the system, a proportional-
integration- differentiation (PID) controller is adopted as
the basic controller to trace the given current. The transfer
function of controller C(s), power amplifier G,,(s) and rotor
dynamics P(s) are presented as follows

k
C(s) =k, + ?’ T kps (19)
ky

Go(s) = 20

w(s) T os (20)

P(s) Ki 1)
5) = ————
ms? — K,

where k,,, k;, kp represent the proportional, integration, differ-
entiation coefficients, respectively. k,, and t,, are the current
gain and time constant value of the amplifier.

In this paper, the suppression of synchronous vibration
force is mainly discussed. In order to eliminate the vibra-
tion force effectively, it is necessary to eliminate two parts
forces, which are synchronous current stiffness force and
synchronous component remaining in displacement stiffness.
Generally, the current stiffness and displacement stiffness are
known as constant values.

FIGURE 5. The control diagram for the complete synchronous vibration
force suppression with the conventional scale compensation method.

Figure 5 presents the conventional SRF-based method for
eliminating the synchronous vibration force. The basic prin-
ciple is to identify the synchronous component of current.
In this way, the SRF algorithm is introduced for the syn-
chronous component identification. Then the current, which
flows through the SRF, is feedback to the control loop to
compensate the synchronous component. Hence, the input
for the power amplifier is composed of two prats, one is
generated by the baseline controller as G (s) [x (s) — x7 (5)],
the other is —Kl.;lex (s), which comes from the component
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of the displacement stiffness. Then, the output current of the
power amplifier is presented as,

i) = Gul®) |[CO [r ) =7 0] = K3 'K 9] 22)
Hence, the magnetically suspended force is calculated as,

F (s) = Kex (s) + Kixi (5)
= Ky [I = Gy (9)]x (5) + KinGw(5)C(5) [(5) — x7 (9)]
(23)

It can observed from (23), arg (G, (jw)) — 0 and
Gy (jw) — I, when Q2 < wy(w, is the cut-off frequency
of the power amplifier). That is, the synchronous vibration
force can be totally suppressed under a relatively low speed.
However, when Q2 >> w,, the low pass characteristic of
the power amplifier is serious and the lag phase inevitably
affects the compensation precision. There still remains syn-
chronous component in the displacement stiffness. Conse-
quently, the conventional scale compensation method has a
significant negative impact on the suppression effect at high
operational speed.

FIGURE 6. The control diagram for the complete synchronous vibration
force suppression with the proposed direct force compensation method.

In order to improve the negative suppression impact at
high speed, a direct magnetic force feedback control method
which based on the SRF transformation is proposed and the
block diagram is shown in Figure 6. According to Figure 6,
The residual compensation for the displacement stiffness
is proposed by feed the displacement signal into the SRF,
in this way, displacement stiffness combined with current
stiffness construct the direct magnetic force compensation.
Hence, the direct magnetic force compensation component is
designed as,

q () = G (5) [Kixi (5) + Kyx (s)] 24)
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Then the output current of the power amplifier can be
written as,

i(s) = [q(s) = C(s) Ksx ()] Gy (5)
= {Ga (9) [Kini (5) + Kxx (5)] = C () Ksx (5)} Gy (5)
(25)
Then,

[Gx (5) Kx — C (5) K] x (5) Gy (5)
[1 = Gg (5) Gy (5) Kix ]
Hence, the magnetically suspended force is calculated as,

J(8) = Kxx (5) + Kixi (5)
[G (5) Kx — C () K] x (5) Gy (5)
[1 = Ga (5) Gu () Kir]

i(s) =

(26)

= Kix (s) + Kix
(27)

According to (27), the direct force compensation achieves
the residual synchronous component in the displacement
stiffness, and the low pass characteristic of the power ampli-
fier is removed. It is superiority for the complete elimination
of synchronous vibration forces. Furthermore, compared to
the conventional scale compensation method, the direct force
compensation method uses both current and displacement
stiffness components to instead the displacement feedback
component. It avoids the increase of the harmonic currents
amplitude and dose not influence the system frequency char-
acteristics over the low pass filter stopband. The residual
compensation for the displacement stiffness is eliminated
with the total force compensation.

C. STABILITY ANALYSIS

Based on the proposed control structure, the stability crite-
rion is given by the layout of the roots of the characteristic
equation. According to the overall system structure diagram,
the characteristics polynomial of the closed-loop transfer
function can be obtained as,

14+ Kix G ()G ($)P(s) — K P($)+Kix G ($)Gy(s) = 0 (28)
Substituting (15) into (28), then it can be written as:

1+ KixGe()G(9)P(s) — K P(s) + Kix G (5)Gy (5)
Kix(As—jS24-8)Gy(s)
1+KixGe ()G ()P(s) — K P(s)
(29)

As described in [6], a sensitivity function is used to eval-
uate the stability. Set S(s) as the sensitivity function of the
control system, and it has the presentation as,

S(S) _ KixGw(s) (30)

1 + Kix Ge(5)Gy(s)P(s) — Ky P(s)
Assume that the system is stable before the SRF is
plugged in. Then the ploys of S(s) remain in left complex
plane. Combining the sensitivity function with the character-

istic polynomial, (30) can be simplified as,

(As —jQ+ &+ ke %)+ (s — jQ+€)S(s) =0 (31)

= (hs—jQ+e+ke %)+
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in which k = kK , K is a constant value and k is a minimal
value. Rewrite (31) as follows,

c(s, k) = (hs — jQ2 + & + kKe %)
+ s —jQ2+e)S)=0  (32)

Only one ploy is obtained in characteristics polynomial,
if k = 0, where,
_JQ—e
Y
After the insertion of SRF method, the poles of the closed-
loop system lie within a small region of s = (jQ2 — ¢)/A.

According to (32), the derivative of s can be obtained when
k = 0 as follows,

N

(33)

Bs(k)l __ag(s,lé)/(ag(s,lé)_ Ke %

ok ok as  AM1+S(RQ))
In order to satisfy the stability requirements and ensure the

motion of root locus to left after inserting the SRF, the real
part of (34) needs to less than zero as follows,

(34)

Keijek
e [_ M+ S(/'sz»} =0
Ke /% 35)
Al 4 S3<2))
where Re [-] denotes the real part and Im [-] means imaginary

part. The stability condition shows in (35) is equal to the
equation as follows,

Ke %%
—_—) <~
A1+ S3GQ) 2

As can be concluded from (36) that, to satisfy the over-
all stability condition, the compensation angle 6; needs to
be adjusted with the change of rotor speed 2. Therefore,
based on the tuning process of the compensation angle,
the stability and robustness of the overall system with the
plug-in novel synchronous vibration suppression method can
be guaranteed.

T < arg (36)

2

IV. SIMULATION AND EXPERIMENTAL

RESULTS

A. EXPERIMENTAL SETUP

In order to validate the suppression performance of the novel
SRF-based method for synchronous vibration force, a set
of experimental system is set up in the laboratory. The
control plant is an AMB supported permanent magnet syn-
chronous motor which power is 11kW. The control board of
AMB system containing dual-core processors. On one hand,
the control algorithm mainly carried out by a high-speed
Texas Instrument DSP (TMS320F28335). On the other hand,
the inner current loop-tracking algorithm is implemented in
an ALTERA FPGA (EP4CE10F17C8N). In this experimen-
tal system, for improving measurement accuracy, the rotor
displacements are sampled by the eddy current sensors in
difference form with a sample rate of 12.5 KHz. The switch
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FIGURE 7. The experimental set-up.

amplifiers with H-bridge of the power MOSFET drive the
magnetic bearings.

Figure 7 shows the experimental setup of the whole AMB
control system. The vibration force is tested by a (VIB2008U)
accelerometer. The vibration measure system is composed of
a set of probes (ULT2401/V) and a signal processing unit. The
vibration forces are measured by accelerate probes indirectly.
According to the relationship between force and acceleration,
the vibration force can be achieved. The acceleration data
is recorded by the data grabber and further analyzed by
the real-time multi-analyzer. The signal processing unit can
analysis the force with both frequency and amplitude. Hence,
the vibration force can be decomposed to different frequency
components for further analysis.

B. SIMULATION RESULTS

In order to verify the effectiveness and feasibility of the direct
vibration force suppression, control algorithm is carried out
by an AMB model in Matlab/Simulink. Simulation param-
eters of AMB system are shown in Table 1. The system
parameters implemented in simulation are obtained by real
test and the same as those used in the experiment.

TABLE 1. Parameters of the AMB system.

Parameter Value
Rotor mass (m) 15 kg

Je, Iy 0.062 kg - m’
The polar moment of inertial (J.) 0.102 kg - m*
The displacement stiffness(ky , k) 9.5 x 10°N/m
The current stiffness(kix" kiy) 675 N/A

The proportional coefficient of PID (kp) 0.28

The integral coefficient of PID (k) 4

The differential coefficient of PID(kp) 0.0008

As mentioned previously, compensation angle 6 plays a
critical role for proposed method. To analysis the closed-loop
system performance, the following six cases at the rotational

VOLUME 7, 2019

FIGURE 8. Simulation results of AMB control system using the proposed
method in Case 1. The method is activated at ¢ = 0.5s. (a) Control current.
(b) Magnetic force. (c) Filter output. (d) Identified vibration force signal.

FIGURE 9. Simulation results of AMB control system using the proposed
method in Case 2. The method is activated at ¢ = 0.5s. (a) Control current.
(b) Magnetic force. (c) Filter output. (d) Identified vibration force signal.

FIGURE 10. Simulation results of AMB control system using the proposed
method in Case 3. The method is activated at t = 0.5s. (a) Control current.
(b) Magnetic force. (c) Filter output. (d) Identified vibration force signal.

FIGURE 11. Simulation results of AMB control system using the proposed
method in Case 4. The method is activated at ¢ = 0.5s. (a) Control current.
(b) Magnetic force. (c) Filter output. (d) Identified vibration force signal.

speeds of 50 Hz, 100 Hz, and 200 Hz, with the compensation
angle 6y = 0, £ /2 are carried out.

Case 1) The rotor speed is 50Hz with compensation angle
Or = 0.

Case 2 The rotor speed is 50Hz with compensation angle
O =m/2.

Case 3) The rotor speed is 100Hz with compensation angle
Or = 0.
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FIGURE 12. Simulation results of AMB control system using the proposed
method in Case 5. The method is activated at t = 0.5s. (a) Control current.
(b) Magnetic force. (c) Filter output. (d) Identified vibration force signal.

FIGURE 13. Simulation results of AMB control system using the proposed
method in Case 6. The method is activated at ¢ = 0.5s. (a) Control current.
(b) Magnetic force. (c) Filter output. (d) Identified vibration force signal.

FIGURE 14. Experimental results for control current without any vibration
suppression at the rotor speed of 80 Hz. (a) Results of channel X.
(b) Results of channel Y.

Case 4) The rotor speed is 100Hz with compensation angle
Op = —1/2.

Case 5) The rotor speed is 200Hz with compensation angle
Or = 0.
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FIGURE 15. Experimental results for control current with the proposed
vibration suppression at the rotor speed of 80 Hz. (a) Results of
channel X. (b) Results of channel Y.

Case 6) The rotor speed is 200Hz with compensation angle
O = —1/2.

Figures 8—13 illustrate the simulation results of the AMB
system, when the rotor rotates at a speed of SOHz(3000rpm),
100Hz (6000 rpm) and 200Hz(12000rpm), respectively.
It can be obviously derived from Figure 8. and Figure 10. that
when the rotational speed is relatively low, such as 50Hz, and
with the compensation angle 6, = 0, the closed-loop control
system is out of stable. As shown in Figure 9., by tuning
the compensation angle 6 to a proper value, the stability of
the system is guaranteed. With the speed increasing, as is
shown in Figure 11., the rotor speed is 100Hz and without
compensation angle, the system is divergent. By adjusting
compensation angle to 6y = —m /2, then the proposed vibra-
tion suppression method performs well.

When the rotational speed is high, the system becomes
more stable. As shown in Figure 12, the speed of rotor is
200Hz and 6; = 0, the system is of convergence. On the
contrary, with speed is 200Hz and 6y # 0, the system
becomes unstable. The simulation results provide an evidence
for system stability that the plugged-in suppression method
for vibration force suppression has a negative effect on the
stability of the closed-loop system, especially at low rotating
speed. In [7] we can find the similar conclusion. That is,
the divergence output of low-pass filter is the main cause for
the system unstable.

VOLUME 7, 2019



C. Peng, Q. Zhou: Direct Vibration Force Suppression for Magnetically Suspended Motor Based on SRF Transformation

IEEE Access

FIGURE 16. Experimental results for control current without any vibration
suppression at the rotor speed of 100 Hz. (a) Results of channel X.
(b) Results of channel Y.

C. EXPERIMENTAL RESULTS

The experiment is carried out to validate the effect
of proposed method. In practical application of the
AMB motor, suitable compensation phases are concerned
considering system stability and suppression performance.
Figure 14 shows the experimental results at rotational
frequency of 80Hz without using the proposed method.
In Figure 14(a), for channel X, the amplitude of synchronous
current is 0.38A and the corresponding fast Fourier trans-
formation (FFT) result is shown below the control current.
The peak value of the spectrum plot is —20dB. The vibration
force is great tested by the accelerometer, it can transfer to the
motor plate and cause damage. In Figure 14(b), for channel Y,
the experimental result is similar to X. Figure 15 presents
the experimental results of control current at the rotational
frequency of 80Hz with the proposed SRF-based direct
force suppression method. The compensation angle 6y is set
as 60 to guarantee the closed-loop stability. Figure 15(a) and
Figure 15(b) show the control current of channel X and Y
respectively. It can be observed that the peak-peak value of
synchronous current is 0.2A. The corresponding synchronous
component are —48dB and —42dB, respectively. It is obvi-
ously that the synchronous component of control current is
suppressed effectively with the magnitude drop of 81.7%.
To validate the suppression effect in different rotation speed,
another experiment was conducted at a rotational speed
of 100Hz. From Figure 16(a) and Figure 16(b), it can be
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FIGURE 17. Experimental results for control current with the proposed
vibration suppression at the rotor speed of 100 Hz. (a) Results of
channel X. (b) Results of channel Y.

FIGURE 18. Experimental results of acceleration for vibration force
testing at the speed of 80Hz. (a) Without any vibration suppression.
(b) With the proposed method suppression.

seen that the synchronous current component is large both in
channel X and Y without any suppression algorithm plugged
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FIGURE 19. Experimental results of acceleration for vibration force
testing at the speed of 100Hz. (a) Without any vibration suppression.
(b) With the proposed method suppression.

in. To keep the system stable, the compensation angle was
set as 45°. According to the FFT analysis, the synchronous
component is up to —19dB and —20dB, respectively. The
other multi-frequency harmonics rise from the sensor runout
and is not the main vibration components. After the proposed
method added in, In Figure 17, the amplitude of the syn-
chronous vibration is —50dB. By comparing Figure 16 with
Figure 17, it can be concluded that the synchronous current
suppression with proposed SRF-based control method is
effective with the magnitude drop of 84.3%.

Furthermore, the vibration force signal in X and Y chan-
nel are captured by accelerometer. Experimental results are
shown in Figure 18 and Figure 19. Figure 18(a) presents the
result without eliminating synchronous current fluctuations
and residual displacement component at a speed of 80Hz.
Compared Figure 18(b) with Figure 18(a), vibration force
is suppressed effectively with the magnitude drop of 85%.
Figure 19 show the result conducted in a rotational speed
of 100Hz. It can be seen that the synchronous vibration force
is the dominant component among all harmonic vibrations.
As is shown in Figure 19(b), by applying the proposed
algorithm, the synchronous component of vibration is also
effectively suppressed. This is consistent with the theoretical
analysis.

V. CONCLUSION

In this paper, a novel SRF-based direct synchronous vibration
force suppression method for the AMB motor control sys-
tem is presented. Compared with the conventional method,
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this diagram concerns the presence of negative displace-
ment stiffness. It can suppress the synchronous vibration
force with high precision and great effective. In addition,
the proposed SRF-based suppression method is easy to real-
ize, so it can reduce the computation complexity of the
controller and achieve a better performance. Moreover, the
system stability can be guaranteed by tuning one parameter.
The proposed method is compared with the conventional
one. The comparative results demonstrate that the proposed
SRF-based direct vibration force control method achieves
superior performance.
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