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Abstract: The AMB-rotor system is complex and has strong coupling characteristics, which allows
multi-harmonic disturbances to enter the system through different ways to produce vibrations with
rich spectrum components, which has a great influence on the improvement of micro-vibration
accuracy of the rotor system. To further achieve active control of the micro-vibration in the AMB-rotor
system, firstly, the mechanism of multi-source disturbance is analyzed according to the working
principle of the AMB-rotor system, and the mathematical and physical relationship between the
mechanism of disturbance generation and the inducement is deeply studied. Then, the structure
of a novel adaptive notch filter, the method of adaptive frequency estimation and analysis of har-
monic current suppression in the AMB system are presented. Finally, simulation and experimental
research using an MSCMG system demonstrate the feasibility of the proposed method regarding the
elimination of harmonic control current.

Keywords: magnetic bearing; residual unbalance; sensor runout (SR); adaptive notch filter; adaptive
frequency estimation

1. Introduction

With the development of the times, the new generation of Earth observation satellites
and the new generation of agile mobile satellites are in urgent need of “ultra-stable and
ultra-static” satellite platforms with micro-vibration characteristics [1]. The vibration
caused by the high-speed rotating components in inertial actuators such as control moment
gyroscopes (CMGs) and flywheels is an important factor that determines the stability
of a satellite platform and further improves the comprehensive performance of space
payloads [2].

The rotor of a magnetically suspended control moment gyroscope (MSCMG) is sus-
pended by active magnetic bearings (AMBs) and can be controlled. It has a lot of advantages,
such as long service life, high accuracy and micro-vibration. It is a new type of attitude
control actuator for spacecraft [3-5]. Because the internal AMB-rotor rotates at a high speed,
multi-source disturbances enter the AMB-rotor system through different ways, generating
vibration forces with rich spectral components [6]. There are many factors that can cause
multi-source disturbances, such as uncertainty, time delay characteristics, noise interfer-
ence and so on. But multi-source disturbances are mainly induced by the rotor residual
unbalance and sensor runout (SR).

The rotor residual unbalance is the capital disturbance source in the operation of
MSCMG [7]. Machining errors and uneven material inevitably make the rotor unbalanced.
Usually, a dynamic balancing machine is applied firstly for balancing the rotor [8]. How-
ever, because dynamic balancing lacks precision, residual unbalance remains, which will
generate an unbalanced vibration force [9]. Scholars use different control methods to
suppress unbalanced vibration forces, such as LMS feedforward compensation [10], a notch
filter [11], the Fourier coefficient method [12], an adaptive filter [13], etc.
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SR is also known as a displacement sensor error. It is mainly caused by the electrical
and mechanical non-ideal characteristics of the sensor. Among them, the electrical non-
ideal characteristics mainly regard residual magnetic non-uniformity, while the mechanical
non-ideal characteristics include material non-uniformity and the surface of the displace-
ment sensor not being round enough. These factors cause AMB-rotor displacement and
harmonic disturbance through the feedback loop which generates a harmonic vibration
force. In 1997, the authors of [14] firstly considered the displacement sensor error in the
AMB control system and pointed out that the amplitude of harmonic disturbance caused
by SR is independent of the rotation speed. The authors of [15] established a magneti-
cally suspended rotor dynamics model with SR and studied the influence of parameter
perturbation on the model. The displacement negative stiffness vibration force can be
ignored, so the vibration suppression methods have been researched to only reduce the
harmonic current, such as repetitive control [16,17], multi resonance controller [18,19],
multi synchronous rotation coordinate transformation [20,21] and so on. However, these
methods either require a large amount of computation and are not suitable for engineering
applications, or do not consider system stability throughout the entire speed range, or they
need the rotational speed information.

Combined with the working principle of the AMB-rotor system in MSCMG, this
paper researches the influence of residual unbalance and SR on the control system, and
proposes an improved adaptive notch filter for harmonic sinusoidal signals with adaptive
frequency estimation to decrease the harmonic control current in the AMB-rotor system
while ensuring system stability.

The article is organized as follows. The mechanisms of residual unbalance and SR
generation in the AMB-rotor system are analyzed in Section 2. The structure of the adaptive
notch filter, adaptive frequency estimation method and the analysis of harmonic current
suppression in the AMB system are presented in Section 3. Section 4 is devoted to simulation
and experimental research. Section 5 gives the conclusion.

2. Analysis of Harmonic Vibration Mechanism

Figure 1 shows the block of the AMB-rotor control system. It contains a controller,
power amplifier, electromagnet, rotor, displacement sensor and sensor probe. As the “eye”
of the system, the sensor probe can detect the position information of the rotor in real
time and transmit it to the controller after being converted by the displacement sensor.
The controller provides the control value to the power amplifier based on the difference
between the set value of the rotor and the signal measured by the displacement sensor.
The power amplifier outputs the current with different amplitudes and directions. The
control current is then exerted on each electromagnetic coil to produce corresponding
active magnetic forces to suspend the rotor in a given position. The whole process above
constitutes the closed-loop control AMB-rotor system.
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Controller
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Figure 1. The block of the AMB-rotor control system.
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A diagram of the AMB-rotor’s structure is presented in Figure 2. N is the rotor rotation
center, C is the center of mass and O is the geometric center. A spatial Cartesian coordinate
system Nxyz can be established, where N is the origin and xy is located in a plane parallel
to the rotor disc. In addition, the critical speed is designed to be 250 Hz.
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Figure 2. The diagram of the AMB-rotor structure.

2.1. Mechanism Analysis of Unbalanced Vibration

The basic objective of the AMB-rotor control system is to make the displacement sensor
detect that the deviation of the geometric axis tends to zero. At this time, the displacement
of the rotor is minimal. However, the unbalance of the rotor after dynamic balancing
makes the geometric axis deviate from the inertia axis. When the rotor rotates around its
geometric axis, its inertia axis also rotates around the geometric axis, which will generate
centrifugal force with the synchronous frequency of the rotational speed. Therefore, the
AMB-rotor system will generate an equal, corresponding frequency control force to provide
a centripetal force, also known as an unbalanced vibration force.

A fixed coordinate system NXY is built with the rotation center N. O in the NXY
coordinates can be described as (xg,yg). And C is the center of mass in NXY coordinates,
which can be described as (x1,y;). A fixed coordinate system Ouv rotating synchronously
with the rotor is established in the central disk of the rotor. P is an absolute position point
on the rotor, Ou is in the OP direction, and the initial time is set to be the time when the
dotted line is parallel to the axis of NX. In the coordinate system Ouv, ¢y is the eccentricity
of the vector OC, and ¢ is the angle. As shown in Figure 3, the diagram of the residual
unbalance of the AMB-rotor is established.

A
y Q

N

Figure 3. The diagram of the AMB-rotor residual unbalance.

Firstly, it is proven that while the rotor rotates at the angular velocity (3, OC also
rotates at the angular velocity (2 around point O.

In Figure 3, the rotational center is N, with NXY as the reference coordinate, and the
positions of O and C on the rotor are fixed. When the rotor rotates around N at a speed of
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), both NO and NC rotate around the N point by an angle of ()¢. In order to prove that OC
also rotates by the angle ()t around point O, it is assumed that:

NC = apel® (1)
NO = byl 2)
OC = e/ ?3)
The OC can be expressed as:
OC = NC — NO = apcos ¢y — by cos ¢ + j(agsingy — bosing) = coel?? 4)

When both NO and NC rotate by the angle of ()t around point N, let

apcos ¢ —bycospy = A (5)
agsin¢g; — bysing, = B (6)
And there are:
NC' = age/(1+2) @)
NO' = byel (#2101 (8)
OC' = NC' = NO' = [A + jB]e/® = ¢el(#3+01) ©)

By comparing and analyzing the above equations, it can be found that when the rotor
rotates around N at the frequency of ), the vector OC also rotates around the point O by
the angle Ot.

The residual unbalance of the AMB-rotor is described as:

{ 5xl =€y sin(Qt + 47)

dyr = egcos(Qt + @) (19

where é,; and 5y1 are the disturbance components of the rotor residual unbalance in the X
direction and Y direction.

Therefore, we can find that the rotor residual unbalance will cause a disturbance with
the synchronous rotation speed.

2.2. Mechanism Analysis of Harmonic Vibration

Because the AMB-rotor system with an open-loop control is unstable, to suspend
the AMB-rotor stably at a given position, it is necessary to monitor the position signal as
feedback and introduce it into the AMB-rotor system. The particularity of the AMB-rotor
and the displacement sensor imposes certain laws on the output radial displacement signal.

If a periodic signal is symmetrical with the original signal relative to the abscissa axis
after being translated along the abscissa axis for half a time period, then

g(t) = —g(t+3) (11)

Therefore, the periodic signal is an odd harmonic function and the expansion of its
Fourier series contains only odd harmonic components.

If a periodic signal is consistent with the original signal after half a period of translation
along the abscissa axis, then

T
g(t) =g(t+7) (12)

Therefore, the periodic signal is an even harmonic function, and its Fourier series
expansion only contains even harmonic components.

In the AMB-rotor system, the material is uneven, and the surface of the displacement
sensor is not round enough. So the output signals of the radial displacement sensor will



Vibration 2024, 7

87

contain harmonic disturbance, which is called SR. A schematic diagram of rotor shaft
displacement detection at the end of a displacement sensor is shown in Figure 4.

Sensor Board

Rotor Shaft

Sensor Probe

Figure 4. Schematic diagram of rotor shaft displacement detection.

If the detection surface of the rotor is smooth, the detection point distance AX+ is
probe distance s; and the distance AX— is probe distance s;. s; and s, are independent of
the rotational frequency.

If the detection surface of the rotor is rough, the closest distance between the detection
surface and the AX+ probe is s; + A1, and the closest distance between the detection surface
and the AX— probe is s; + Ay. A1 and A; are periodic functions with a period of T.

When the linearity of the calibration of two probes is consistent, and the distance of
the rotor movement is within the linear range of the two probes, the following relationship

can be obtained: .
M(t) = Mo(t+ 5)

13

{ A(t+3) = Mo(t) 13)

At time t, the output displacement of the sensor in the AX direction can be derived as:
d(t) =do+ A(t) (14)

where dj is a constant. A(t) is related to time and is the difference in distance change
between two probes.
Combining (13) and (14), it can be concluded that:

A(t+2) = —A() (1)

According to the definition of odd harmonic function g(t) = —g(t + 1), the signal
is symmetric with the original signal about the time coordinate axis after half a period of
translation, so A(t) is an odd harmonic function. The FFT of the output displacement signal
in the AX direction contains only odd harmonic components. Similarly, if the displacement
changes in the two probes in the AY, BX and BY directions also have the relationship of
an odd harmonic function, the FFT of the output displacement signal only contains odd
harmonic components.

The schematic diagram of SR is illustrated in Figure 5. The outer circle represents
the sensor installation surface, the middle circle represents the detection surface of the
AMB-rotor shaft, and the inner circle represents the geometric axis. It is assumed that O; is
the center of the displacement sensor, and s, is the magnetic gap. The harmonic disturbance
component of SR is expressed as:
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n
hsrax Y Ay sin(th + gbk)
hsrbx — | k=1
h _ e (16)
sray Y A cos(kQ + Cax)
hsrby kjl
;1 Api cos(kQt + Cpi)

where hsrax, Rspyy, Hsray and hsrby are the harmonic disturbances caused by SR, and k is an
odd number and represents the k-th odd harmonic disturbance component. ,;, A, Cpi
and Ay, are the phase and amplitude of the radial displacement sensor signal’s harmonic
components, respectively.

. . Sensor probe
Sensor installation surface

\ s
- i vl
A ~
Detection surface / \
\
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\ /
N
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Figure 5. Schematic diagram of SR.

So the SR will cause a harmonic disturbance in an odd octave relationship with the
rotational speed frequency.

3. Suppression of Harmonic Current with Adaptive Frequency Estimation
3.1. The Structure of Novel Adaptive Notch Filter for Harmonic Sinusoidal Signals

In [22], 0 is introduced as a phase shift angle in the state-space equation of the adaptive
notch filter (ANF) to make the same frequency suppression effective over the operating
speed ranges. The state-space equation of the adaptive filter is

xi(t) | —ecosf  Q—esinb) | xq(f) n ecosf esin®) [ wuy(t) (17)
x(t) | \—Q+esinf  —ecosb x2(t) —esinf ecosf) | uy(t)
where () is the rotational frequency, ¢ is the convergence parameter, 0 is the phase shift
angle, and u;(t) and u;(t) are the inputs.

So, an extended structure of the ANF for the harmonic sinusoidal signals can be
rewritten as

B 0 kO x1x(t) ecos @ esin@ e1(t) B
} B (kQ 0 ) [ xi(t) ] + (ssingk 8cos€i> [ e;(t) }’k L2, um (18)

The structure of the ANF is shown in Figure 6. The structure of subfilter k is illustrated
in Figure 7. And there are

er(t) = uq(t) — ké x1(t)

. (19)
ex(t) = up(t) — k§1 xox (1)

ur(t) = ugr () +upp(t) + - - - + upu(t)
o e L (20)
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{ u(t) = Agsin(kQt + &) @1)

Ui (t) = Ay cos(kQt + 6;)

where () is the rotational frequency, and ¢ is the positive convergence parameter. The
signals 11 (t) and u;(t) are the inputs which contain harmonic sinusoidal signals u1(t) and
upk(t). O and Ay are the phase and amplitude of uyy(t). uqx(t) and uy(t) are orthogonal,

so there are " 0
suqr(t) = kQuoyy (¢

22

{ sug(t) = —kQuyi(t) )

Laplace transform of (18) can be performed under zero initial conditions, so the
relationship between x1(t) and u14(t) can be described as:

Xk _ 2ecos Bys + &2 — 2e(kQY) sin 6 23)
Uk 2 4 2ecos Os + €2 4 (kQ)? — 2¢(kQY) sin 6
Similarly, x,(t) to up(t) can be described as:
Xk _ 2¢ cos Os + €2 — 2¢(kQY) sin 6y (24)
gk 52 4 2ecos Os + €2 + (kQ)* — 2e(kQY) sin
Substituting s = jw into (23) and (24), there are
[ Y1k } _ [ 1 ] [ M1k }w € (kQ — AQ,KQ + AQ)
Xok L | uok (25)

{ Y1k } = [ 0 ] [ U1k },weothers
Xok 0 ][ wuo
It indicates that x1; and xy; follow the sinusoidal signals u1; and uy, respectively.

|
|
—» el . Y11 }
g SubFilter |
1 x21 |
e |
|
|

> el + o | Ziﬁlk

SubFilter X122 4? e
» Q +A + |
2 X22 » +}—0——>

> €2 . L, Y
- |
|
> e1 }
>0 SubFilter XIn |
n Xon———— }
—» 2 }
|
|
ANF }

Figure 6. The structure of the ANF for harmonic sinusoidal signals.
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Figure 7. The structure of k-th subfilter.

3.2. Adaptive Frequency Estimation
x11 and xp1 are orthogonal signals with the angular velocity (). So the () can be
calculated by
~ d X X11X21 — X11X
a 11 )] = 11X21 11X21 (26)

= — [arctan(—
2 2
dt X1 X7+ x5,

According to (18), the (26) can be obtained as

~ £cos b (613621 — elel) + esin 6 (elxll + €2x21)

O=0+ 27
x%ﬁ'x%l 7

Q is the estimated value of (). An integral loop as shown in Figure 8 can make the
final steady-state value of () infinitely approximate by Q).

Q v
H?_,_
_ S

Figure 8. An integral loop from Q to Q.

=

Q

Therefore, Q) can be expressed as

~ ~ k .
QO=k,(Q-Q)= 2702(8 cos 01(e1xp1 — epx11) + €sin B (e1x17 + e2x21)) (28)

Xy Xy

where k is a positive coefficient. Since xy1 and x11 are a cosine and a sinusoidal signal with
the consistent amplitude and phase, respectively, the following equation is satisfied.

2 4ad =c (29)

where c is a constant. Then (28) can be simplified as

Q = p(cos by (erx2 — eax17) + sin b (e1x11 + e2x21)) (30)

where
p=— (31)
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The structure of the adaptive frequency estimation (AFE) is illustrated in Figure 9.

Figure 9. The structure of the adaptive frequency estimation.

3.3. Analysis of Harmonic Current Suppression

The adaptive notch filter for harmonic sinusoidal signals and the adaptive frequency
estimation algorithm are used to decrease the harmonic current in the AMB-rotor system.
The structure of harmonic current suppression is illustrated in Figure 10. 1] and u/, indicate
the harmonic disturbances which contain unbalanced vibration and SR. G(s), Gy(s) and
Gc(s) are the Laplace transforms of the rotor, power amplifier and controller of the AMB-
rotor system, respectively. k,; is the sampling factor of A/D converters, and k; is the
magnification of the displacement sensor.

Sl G | G Ll G

| A/D converter Controller Power Amplifier AMB-rotor Disg acement
ensor
U1 Y X1k
SubFilter 1
Q » ANF » AFE
u2 > Y X2k
u2
T Gy iay + Xay
> > Gls) > Gu(s) > Gils)

Displacement

A/D converter Controller Power Amplifier AMB-rotor
Sensor

Figure 10. The structure of harmonic current suppression.

Since the structures in AX and AY are completed the same way, AX is analyzed as an
example. Let ¢; represent the error between 17 and ) x1x. According to (20), (23) and (25),
the relationship between u; and Y x1; can be described as

n
C _ ;El Tk ¢ 2¢ cos Oys + €2 — 2e(kQ)) sin 6y -
ANF(S)—i—ZZ 7, - (32)
U1 k=1 8%+ 2ecos Ors + (kQ))” + 2 — 2¢(kQY) sin 6
Then ;
e k21 X1k
—=1-"—"—=1-Ganr(s) (33)

U U
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The transfer function from u’l to iy 1S
iu_x _ _kSkud(l — GANF(S))GW(S)GC(S) (34)
uy T+ kskaa(1— Ganr(s))Guw(s)Gp(s)Ge(s)
Combining (32), (34) can be described as
el —0,we (kQ—AQkQ + AQ)
T kGe(s)Gele (39)
lgx _ —KsKggGelS)Gw (S
W oy THRskaiCe(3)Gu(9)Gy ) € others

Therefore, harmonic current can be suppressed at harmonic frequency.

4. Results
4.1. Experimental System

To further verify the correctness of the micro-vibration mechanism analysis and the
feasibility of the proposed harmonic current suppression algorithm with adaptive frequency
estimation, a simulation using MATLAB and an experiment using an MSCMG whose rotor
is levitated by AMBs have been presented. The experimental setup is illustrated in Figure 11.
A UPS is used to prevent sudden power outages. A vacuum pump is made to maintain a
vacuum degree for rotor operation. The proposed method with frequency estimation is
executed in the controller with a TMS320F28335. The sampling frequency of the digital
signal processor is 6.67 kHz. The radial channels are decoupled from each other, the
structure is symmetrical, and the parameters of these two AMBs are consistent. So, the
channels of AX and AY are studied in this paper. The parameters of MSCMG are presented
in Table 1. Gy(s), Gw(s) and Gc(s) can be described as

1+STf

_ kukump
0(5) = LrhRumho kiR (36)

GP(S) = mszl—kx

GC(S) — kpSs-i-kI + kps
G

Vacuum pump
7\

Figure 11. The experimental setup of MSCMG.
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Table 1. The parameters of MSCMG.

Parameter Value Parameter Value
m 16.7 kg kp 4.7
k; 600 N-A~1 kr 2.5
ky 2.4 x 10° N-m~1! kp 0.001725
R 230 Tf 0.000225
L 20 mH k. 1365
Kamp 0.8 ks 8333
kico 6.4 ke 0.495

4.2. Simulation Results

The performance of the proposed method is simulated in this section. Firstly, the
frequency tracking performance is verified. The initial angular velocity is 100 Hz. Take e = 3,
u =0.5and 0; = pi/4. The convergence performance of adaptive frequency estimation with
two starting points can be seen in Figure 12. The red solid line with an initial frequency
of 80 Hz converges to the target frequency 100 Hz in 4.5s. And the blue dotted line with
an initial frequency of 140 Hz converges to the target frequency 100 Hz in 19 s. This
means that the proposed method can converge from different initial frequencies to the
reference frequency. The proposed method has good adaptive tracking performance. But
the greater the difference between the target frequency and the initial frequency, the longer
the convergence time.

B¢
R || mm—— 140Hz
- ‘j\\ | 80Hz
<) CON | |
9 | “l | | |
8 100- - ‘ " ; ;
g / | | | |
o | | | |
= [ [ [ [
== | | | |
| | | |
| | | |
5 1 1 1 1
0 10 20 30 40 50

Time(s)

Figure 12. Simulated convergence performance of adaptive frequency estimation with different
starting points.

Then, a simulation analysis at 100 Hz is carried out to demonstrate the feasibility of the
harmonic current suppression algorithm. The frequency response amplitude of the relation-
ship between 1 and i with the first to the fifth harmonic current suppression is presented
in Figure 13. It illustrates that the amplitude attenuation is 24.5 dB, 47.5 dB, 87.3 dB, 48.3 dB
and 40 dB at frequencies of 100 Hz, 200 Hz, 300 Hz, 400 Hz and 500 Hz, respectively. The
attenuation of amplitude is sufficient to achieve harmonic current suppression. At the same
time, the amplitude at other frequencies remains unchanged.
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Figure 13. Frequency response amplitude of the relationship between 1) and iz, with the first to the

fifth harmonic current suppression.

4.3. Experimental Results

The correctness of the micro-vibration mechanism analysis is first experimentally
confirmed. In Figure 14, the amplitude of the rotor displacement in the AX channel and the
AY channel is about 25 pm. And the FFT analysis of the AX channel displacement signal
in Figure 14c shows that there are only obvious odd harmonic components and no even
harmonic components in the displacement signal. The amplitudes of the first to the seventh
odd harmonic components in the AX channel displacement signal are —26.3 dB, —34 dB,
—44.2 dB and —60.1 dB, respectively.

/é\SO - - T - — 0 - I - T - =
i
S o L b
= O I
=50
0 0.2 0.4 0.6 0.8 1
Time(s)
“ @)
_ A
g | | \
= R A M A A
et 10Tttt e e Ol
=_5 ! ! ! !
0 0.2 0.4 0.6 0.8 1
— Time(s)
= (b)
~ 0 - - T - - 0 - I - T - =
,,g 1st 1 3| I I
Sth
e e E o SR
<, sttt | ot s
E 0 200 400 600 800 1000
< Frequency(Hz)
(©)

Figure 14. Experimental results of rotor displacement: (a) displacement signal in AX channel;
(b) displacement signal in AY channel; (c) FFT analysis of displacement signal in AX channel.

In Figures 15 and 16, the experimental results of the control current in the AX channel
and the AY channel before and after implementing the proposed method are illustrated.
Due to the presence of only odd harmonic components, the proposed method with the first
to the seventh odd harmonic components is considered. The rotating frequency is 50 Hz
and the parameters are set to 61 = 5pi/4, 0357 = pi/4 in Figure 15. From Figure 15a,c, it can
be found that the original control currents in the A-end are about 0.4A, and the first to the
seventh odd harmonic components in the A-end control current are —27.1 dB, —24.8 dB,
—35.1 dB and —35.2 dB. However, the control current with the proposed method is about
0.15A, which is 37.5% of the primitive amplitude, and the first to the seventh odd harmonic
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components of the current reduce to —54.9 dB, —51.3 dB, —55 dB and —55.2 dB, which are
submerged in noises.

fay(A)

-05

)
<2
9
o
o
1

g o 200 400 600 800 000
< Frequency(Hz)
) (9
EO - T - T T 0TrT T
,_g I I I I
B0l | T R
= 1 1
E‘ 0 200 400 600 800 1000
< Frequency(Hz)

(d)

Figure 15. Comparison of current results in A-end at 50 Hz: (a) A-end control current without
proposed algorithm; (b) A-end radial control current with proposed algorithm; (c) radial control
current spectrum in AX channel with (a); (d) radial control current spectrum in AX channel with (b).
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Figure 16. Comparison of current results in A-end at 100Hz: (a) A-end control current without
proposed algorithm; (b) A-end radial control current with proposed algorithm; (c) radial control
current spectrum in AX channel with (a); (d) radial control current spectrum in AX channel with (b).

The rotating frequency is 100Hz and the parameter is set to 61 357 = pi/4 in Figure 16.
From Figure 16a,c, the original control current in the A-end is about 0.6A, and the first to
the seventh odd harmonic components in the A-end control current are —22.9 dB, —17.8 dB,
—32.3 dB and —36.7 dB. Compared with the original control currents, the control currents
with the proposed method are reduced to 0.18A, which is 30% of the primitive amplitude,
and the first to the seventh odd harmonic components of the current are decreased to
—53dB, —53.2 dB, —57.6 dB and —57.3 dB, which are also drowned in noises. We can see
that the amplitude of each odd harmonic component has eliminated greater than 90%.

The adaptive characteristics of the proposed harmonic current suppression algorithm
are also validated in a run-up experiment. The rotor accelerates from 50 Hz to 250 Hz
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during the run-up experiment. The FFT analysis of the radial control currents in the AX
channel is recorded with a waterfall chart for every 25 Hz in Figure 17. Figure 17a shows the
radial control current spectrum without the proposed suppression method. The harmonic
components of the radial control current in the AX channel are apparent. However, the
first to the seventh odd harmonic components with the harmonic current suppression
method in Figure 17b are significantly reduced. It indicates that the proposed method in
the AMB-rotor system is feasible over a wide range of rotational speeds.

Amplitude(dB)

Frequency(Hz) 0 Frequency(Hz)

(@) (b)

Figure 17. Spectrum of control current in experiments: (a) AX channel without the proposed harmonic
current suppression algorithm; (b) AX channel with the proposed harmonic current suppression algorithm.

5. Conclusions

To solve the problem of multi-source disturbances in the closed-loop control AMB-rotor
system, this article analyzes the harmonic vibration mechanism of the AMB-rotor system.
Then, a harmonic current suppression algorithm with adaptive frequency estimation is
proposed. The proposed method can accurately track the rotational frequency, and can also
eliminate the harmonic control current in the AMB system while ensuring system stability
through angle adjustment. Finally, the correctness of the micro-vibration mechanism
analysis and the feasibility of the proposed harmonic current suppression algorithm with
frequency estimation are demonstrated through simulation research and experimentation,
which are of great significance for further study on micro-vibration control in the AMB-
rotor system.
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