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Abstract: Aiming at the stability and others properties of active magnetic bearing (AMB) system influenced by
the periodic unbalance stimulation synchronous with rotor rotational speed, a new real-time adaptive feed-forward
unbalance force compensation scheme is proposed based on variable step-size least mean square (LMS) algorithm
as the feed-forward compensation controller. The controller can provide some suitable sinusoidal signals to com-
pensate the feedback unbalance response signals synchronous with the rotary frequency, then reduce the fluctua-
tion of the control currents and weaken the active control of AMB system. The variable step-size proportional to
the rotational frequency is deduced by analyzing the principle of normal LMS algorithm and its deficiency in the
application of real-time filtering of AMB system. Experimental results show that the new method can implement
real-time unbalance force compensation in a wide frequency band, reduce the effect of unbalance stimulant force
on the housing of AMB system, and provide convenience to improve rotational speed.
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INTRODUCTION

Compared with classical bearings, active
magnetic bearing (AMB) has been used widely in
modern industry, medical machinery, aeronautics
and astronautics because of its active control, no
mechanical contact, no friction, no lubrication
and high speed™. AMB is the chief component of
multi-electric aircraft and aero-motor. However,
just as the ordinary rotary device, AMB system
also has the impact on unbalance stimulation syn-
chronous with rotor rotational frequency because
of the rotor mass eccentricity and the principal
axis of inertia being not coincident with the axis
of geometry. Under the action of active control,
the rotor would be restrained by AMBs and spin

around one unknown axis between the inertial ax-
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is and the geometrical axis. So. there are two
kinds of unbalance vibration in AMB system. One
is force unbalance vibration, and the other is dis-
placement vibration. The method for eliminating
or weakening force unbalance vibration is called
the force unbalance force compensation, that is,
let the rotor spin closer to the inertial axis by
means of weakening the effect of active control.
The active control can be weakened by reducing
the amplitudes of the control currentst®. The
other method of restraining displacement vibra-
tion is called the unbalance displacement compen-
sation, that is, let the rotor spin closer to the ge-
ometrical axis through enhancing active con-

119123 Directed towards unbalance force com-

tro
pensation, there are two schemes, one is closed-
loop feedback compensation™ 7™, and the other is

open-loop feed-forward compensation™*%%, The
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merit of the first scheme is that it can filter direct-
ly the unknown displacement signals at some
fixed frequency, and the drawback is increasing
the exponent number of feedback control system
and reducing system stability. The merit of the
second scheme is that it will not increase the un-
stable factor of closed-loop system. But it is diffi-
cult to provide the needed sinusoidal compensa-
tion signal having the same {requency and ampli-
tude as rotor displacement signal besides reverse
phase.

Herzog et al"*'proposed a generalized narrow-
band notch filter which was inserted into the
closed-loop feedback system. Shafai et al®!intro-
duced a novel method called the adaptive forced
balancing (AFB) which solved the problem of

1“Yproposed

synchronous vibration. Mohamed et a
a controller design methodology using the Q-pa-
rameterization theory for variable speed magnetic
bearings in order to achieve elimination of unbal-
ance vibrations. Huang et al"!used compensatory
voltage vectors with proper amplitudes and phas-
es as the input of the power amplifiers to cancel
out the effect of the rotor imbalance. LLMS adap-
tive filter algorithm also was applied in autobal-

1697 which could eliminate the sinusoidal dis-

ance
placement signals, reduce the amplitudes of the
output control currents of power amplifiers,
weaken the active control, and achieve adaptive
force compensation. LMS algorithm is adaptive to
filter some unknown signals. At home, Zhang

1') mentioned the application of LMS algo-

et a
rithm in AMB system. Gao et al'” implemented
closed-loop feedback unbalance force compensa-
tion control in AMB system by adopting LMS al-
gorithm. At abroad, Kang and Shi et al®®* also
applied this method in AMB system. Ref.[8] im-
plemented single-DOF experiment, and Ref. [9]
only achieved compensation for four radial DOFs
in fixed rotational {requency ( 26.37 Hz).
Refs. [6-9] analyzed the vibratory force only from
fixed frequency, but did not research the real-
time unbalance force compensation. The reasons
of those maybe it will produce complicated or

nonlinear relation among filter algorithm, corre-

sponding controller and AMB system, thus can-
not satisfy the filter requirement in all band-
width.

Directed towards the deficiency of Refs. [ 6-
9], this paper analyzes the principle of adaptive
filter of LMS algorithm and the relation between
algorithm step-size and rotor rotational frequency
combining with the time-variable feature of rotor
displacement signals. Furthermore, one new real-
time feed-forward compensation scheme is pro-
posed to adaptively weaken four radial unbalance
force. A new variable step-size LMS algorithm is
utilized as the feed-forward compensation con-
troller to provide requisite sinusoidal compensato-
ry signals. Firstly, rotor displacement signal is
kept as algorithm expectant signal and the needed
algorithm output signal is obtained after several
times of iteration, then the reverse signal of algo-
rithm output as the output signal of the feed-for-
ward controller is injected into the closed-loop
system of AMB. The stability of original control
system will not be reduced by the added feed-for-
ward controller, so it can implement real-time un-
balance force compensation for four radial DOFs
when AMB system works normally. Finally, the
feasibility of the new method for the adaptive
compensation of the vibration of AMB system is

verified by the experimental results.

1 SCHEME OF FEED-FORWARD
COMPENSATION

1.1 Feed-forward structure based on LMS

algorithm

The structure of feed-forward compensation
control based on LMS algorithm is given in
Fig. 1. The added sinusoidal unbalance informa-
tion is provided by LMS adaptive algorithm ac-
cording to rotor feedback signals. LMS algorithm
is adopted for its several merits, such as simple
structure, moderate operations, and without
mathematical model of the processed objects.
Relative to Refs. [ 3-5], the sinusoidal compen-
satory signals are extracted adaptively only by

LMS algorithm instead of contrived given or some
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other signal generating algorithms.
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Fig. 1  Adaptive feed-forward compensation control

based on LMS algorithm

The sinusoidal rotor displacement fluctuation
of AMB system caused by the rotor mass eccen-
tricity at high speed can be supposed by

d() = AQnft)sin(2nft + ¢) @)
where A (2nft) is the function of displacement
signal amplitude, f the rotational frequency of
rotor, and ¢ the initial phase, which is deter-
mined by the rotor initial position. Eq. (1) is ex-
panded by

d(t) =AQ2nft)sing cos(2nft) +
A f))cosesin(2mf1) (2)

Let A2nft)sing=a, (t), A(2nft)cosp=
a,(), Eq. (2) can be replaced by

d(t) = a,(t)cos(2nft) + a,)sin(2nft) (3)

Therefore, the signal d(¢) can be processed
by LMS algorithm. The structure of LMS algo-
rithm is shown in Fig. 1. X () = [sin (2n/ot)
cos 2nfot) ] W@ =[w ()

represent input vector and weight iteration vector

w, ()] respectively

of the algorithm, f, is the frequency of input sig-
nal, Y (¢) the output of the algorithm, also the si-
nusoidal feed-forward compensatory signal. Ac-
cording to Ref. [13], discrete analysis of the
downside branch of LMS algorithm is shown in
Fig. 2.

o(k+1) _
e D u ! ' ok)p Yi(k)

x,(k) = sin( 2knf, + @,) 0
F

In Fig. 2, pis the step-size, and the weight
coefficient iterative function of the downside
branch from D to P can be given by

w (k+ 1) = w (k) + pe(k)zx, (k) €]
From Figs. 1-2, the following two functions
are given
YY) =Y, (k) +Y,(k) =
w, (k)2 (k) + w,(k)x, (k) (5)
e(k) =dk) — Y (k) (6)

Eqgs. (4-6) are the discrete analysis. When
t—>—4oco, if guaranteeing w, (¢)—>a; (¢) and w,(z)—
a,(¢) in the process of iteration combining Egs.
(3-6), there has

,hin Y (@) —d) P,

If conditions are permitted, the needed sinu-
soidal compensatory signal can be provided by
LMS algorithm from Eq. (7), which is the re-
verse signal of Y (z). The transfer function of
closed-loop between e(¢) and d(z) can be written
from Refs. [13,14]

H, (2) — 2P — 2zcos (2nf,) + 1
LA 00 — p/2)cos(2nfy) + (1 — )

(8)
From Eq. (8), the zeros of H(z) are e™ %o,

which are distributed on the unit circle. Signal
tracked completely can be achieved if H (z)=0
when the frequency of d(¢) is equal to f,, i.e.,
Eq. (7) is restricted by f=f,.

PID digital controller with advanced part is
used, the controller module is
1 Ts

Gen(s) = K| 1 + Ts + 1+ Ts

Tus + 1
al'is + 1
(9
where K, is the proportional gain, 7' the integral
gain, T4 the differential gain, K, T.s/(1+Ts) the
incomplete differential part, and (7's + 1)/

(a1 s+1) the additional advanced part, here,
a< 1. The transfer function of the closed-loop

controller system is given by

1
1+ GPID (s)

The transfer function of total controller

G(s) = 1o

added the feed-forward compensation controller
can be calculated by

Gr(s) = H (s) « G(s) (1D
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To prove the validity, the major coefficients
of the total controller are configured as follows:
4u=0.04, f, = 400 Hz, K, = 0. 685, T, = 0. 545,
T,=0.569, K;=0.753 9,K,=0.074 25, sample
frequency is f. = 20 000 Hz, and so on. The
curves of frequency characteristic of Eq. (11) is
simulated by MATLARB in Fig. 3. From the curve
of amplitude-frequency characteristic, it can be
seen that it can filter well at 400 Hz because the
output response is less than — 100 dB, and the
output response is close to 0 dB in additional fre-
quency, which can prove that output tracks sys-
tem input well. From phase-frequency character-
istic curve, it can be seen that the curve is over
—180°, so the controller is stable according to
log-magnitude versus phase plot. Therefore, the
sinusoidal control signal of the input of PID can
be compensated when f=f,. The validity of the
scheme of feed-forward compensation can be

proved form Fig. 3.
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Fig. 3 Bode diagram of total controller

The part surrounded by circles in Fig. 3 is en-
larged in Fig. 4. Easy to see, the total controller
is unstable in the low-frequency region because
the corresponding output response is less than
—3 dB, but output can perfectly respond the in-
put signal after 300 rad/s (47.8 Hz). That is to
say the feed-forward controller is unsuitable for
AMB system in low-frequency region. So, in this
paper, compensation controller is not added until

the rotational frequency reaches the fixed value.

Ampuitude / dB
S

10 10° 10 10° 10° 10*
Frequency / (radss™)
Fig. 4 Amplitude-frequency characteristic of re-

stricted part in Fig. 3

1.2 Variable step-size of LMS algorithm

According to Section 1.1, it is feasible that
LMS algorithm works as feed-forward controller
to implement unbalance force compensation. But
the effect of LMS filtering is restricted by g The
selected value of g will directly influence the algo-
rithm convergent velocity and the ability of fol-
lowing the time-variable signal. So the normal
LMS with fixed g cannot satisfy real-time re-
quirement in the unbalance force compensation of
AMB system. And it is the reason why Refs. [ 6-
9] only analyzed the application of LMS in force
unbalance force compensation in fixed rotational
speed. The variable step-size of LMS can be de-
duced by analyzing the relation among the step-
size and the frequency of input signal and the ro-
tor rotational frequency. From the angle of zeros
2nf,and Ref. [15], the bandwidth (BW) can be
given by

2sin* (27/)
| fcos? (2w f,) — sin?(2nf,) |
Here, the concept of quality factor is adopted

BW = x -

a2

to show the effect of Notch filtering “'*

Q=

centerfrequency 27/,

bandwidth ~ BW
27ff<> ‘/"ZCOSZ(Zﬁfo) — SinZ(Zth()) ‘
2usin? (27 /)
If <1, then gfcos’(2nfy)=0, Eq. (12) can
be simplified by
Q ~ 27ff<)5in2(275fo)
2psin® (21f )

Q is proportional to f, and inverse propor-

13

_

a4

tional to g The correctness of Eq. (14) can be
proved by the coefficients in Table 1 and the cor-

responding simulation given in Fig. 5.
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Table 1 Different combination of frequency and step-size

Coefficient (a) (b () (d (e)

fo/Hz 200 400 400 400 800
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Fig.5 Relation among BW ,frequency and step-size

The length between the two nodes of —3 dB
beeline and each curve from Fig. 5 denotes the
BW of each filter which is the smaller the better.
In practical and industrial application, to improve
the effect of filtering, the value of Q should be se-
lected reasonably and should satisfy the harmo-
nious reason among the three characteristics men-
tioned of LMS. So px can be represented by
fo and Q

H = %fo (15)

From Eq. (15), it can be seen that suitable x«
is restricted by f, when Q is fixed. In view of the
limitations of normal LMS in the application of
real-time adaptive compensation and the validity
and thoroughness of filtering when f= f,, now,
the new variable step-size function in the applica-
tion of time-variable feed-forward unbalance force

compensation control system of AMB is given by

Y = @f (16)

where g, is the variable step-size, Qthe fixed
value according to different AMB system, which
is computed by suitable x and corresponding coef-
ficients of PID controller according to Eq. (15)
when implementing force compensation of fixed

speed of 300 Hz. g is 0. 04 and Qis 23 550 rad/s

when the compensatory experiment is operated

practically at 300 Hz.
1.3 Real-time unbalance force compensation

According to the analysis of Sections 1.1 and
2.2, one new real-time and on-line feed-forward
unbalance force compensation scheme is proposed

in Fig. 6.
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sensor
Fig. 6 Real-time feed-forward control for unbalance

force compensation

The sinusoidal feed-forward compensatory
signals are provided by variable step-size LMS al-
gorithm, but they are uncompensated at low-fre-
quency until the rotational speed reaches the fixed
compensatory frequency. There is a switch con-
trol between the process of uncompensation and
compensation. The algorithms of digital PID con-
troller and feed-forward compensation according
to variable step-size LMS and the switch proce-
dure are implemented by PC. A/D converter and
speed measurement are implemented by DSP chip
of TMS320LF2407A, and information exchange
between them is implemented by PCI9052 card.
The period of digital control and sample are all 50
ps. Finally, the real-time unbalance force com-
pensation can be achieved.

Fig. 7 is the part of switch compensation in
Fig. 6. Only PID controller works when the rota-
tional frequency is less than f., and f.is a given
value according to needs. Here, it is 300 Haz.
Feed-forward controller and PID controller will
work simultaneously when the rotational frequen-
cyf reaches or surpasses f,, and real-time and
variable-speed unbalance force compensation will

be implemented.
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Sinusoidal displacement signal

Input 2

Rotational frequency

Variable stepsize
LMS algorithm

|

Sinusoidal compensation
signal

Uncompensation

Fig. 7 Feed-forward control part for providing sinu-

soidal compensatory signal

As a major criterion in the processes of com-
pensation and switch control, rotor rotational fre-
quency plays an important role. The process of
speed measurement adopts unit of CAP4 in EVB,
and sets relevant trigger of capture and period to
achieve speed measurement. The measured signal
is provided by one of the four radial displacement
signals of the AMB system, where the sinusoidal
signal having 2.5 V bias is processed to square
wave (0—3.3 V) by a processed circuit.

Fig. 8 is the simulation of feasibility of the
new strategy, and the three curves severally sig-
nify the output signal of PID controller, the rotor
displacement signal and the feed-forward compen-
satory signal. Before 0. 015 s, there are not feed-
forward signals for the compensatory controller is
not added and the PID output can respond to ro-
tor signal well. Between 0.015 s and 0.03 s,
feed-forward compensation is injected when the
rotational frequency is given 200 Hz, and the
feed-forward signal can follow up the rotor sig-
nal, so PID output becomes zero after several pe-
riods. Another compensation is shown at 400 Hz
after 0.03 s according to Eq. (16), and the phe-
nomenon is similar to foregoing compensation. It
can be seen that the changes are stable at the two
points of switching from the curve of PID output,
which can prove the validity of the new strategy
further. From the PID output signal in Fig. 8, it
can be seen that the unbalance displacement volt-
age is compensated by the new LMS, which can
reduce the unbalance current response in the pow-
er amplifier and weaken the periodical constraint

force in the armature coils in Fig. 6, and the un-

balance force compensation of the rotor system is
improved finally. So, eliminating the fluctuation
of control current is one important basis for esti-

mating unbalance force compensation.
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Fig. 8 Simulation of variable-frequency switch feed-

forward compensation

2 EXPERIMENTAL ANALYSIS

The configuration of the active compensation

control system is given in Fig. 9.

Rot i Power amplifier
Radial MB ofor  Radial MB p

Thrust MB/ Motor

Protective
bearing

Transducer

Current sonde
Displacement
sonde

Oscillocope

Fig. 9 Real closed-loop manipulative system of AMB

system

In Fig. 9, PC and digital control are the keys
of implementing active compensation control.
The displacements of rotor are measured by dis-
placement sensors in the skeletons of magnetic
bearings (not displayed in Fig. 9) and the drive of

sensors. The action of transducer is to drive the
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motor rotation, and the action of transfer box is
debugged and measured conveniently. Relevant
algorithms are programmed in PC and DSP, ac-
cording to Eq. (16) and foregoing Q. Variable
step-size is given that g, = f/7 500, and the PID
control coefficients are the same as those given in
Section 1.1. Now, several pictures are displayed
to contrast the effects between compensation and
uncompensation at the rotational frequencies of
300, 400, 500, 550 and 575 Hz. The signals of
currents and displacements with and without

compensation control are shown in Fig. 10.
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1. Voltage displacement curve;2. Current curve
Fig. 10 Curves of displacements and currents with and

without compensation

In each pair of Fig. 10, the abscissa is time
axis with the unit of 5 ms/div, and the ordinate
represents current axis with the unit of 1. 0 A/div
and displacement axis with the unit of 1. 0 V/div.
It can be seen that the curves of control currents
tend to be straight lines with compensation. In
order to analyze the changes of currents and dis-
placements better, fast Fourier transform (FFT)
is utilized to obtain accurate amplitudes of each
curve in Fig. 10. The FFT curves of currents at
different frequency are given in Fig. 11, and FFT

of displacements are shown in Fig. 12.
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Fig. 11 FFT of control currents of with and without

compensation
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Fig. 12 FFT of displacements of with and without

compensation

In Fig. 11, the amplitudes of the control cur-
rents increase as nearly square relationship with
the increase of the rotational frequency without
compensation. When the rotor rotates at high-

speed, even a small increase of the rotation fre-
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quency can lead to great change of the amplitudes
of control currents. For example, the amplitude
of current increases about 0.2 A when the rota-
tion frequency changes from 550 Hz to 575 Hz,
but it increases only 0.02 A from 300 Hz to 400
Hz. So, in the high-frequency region, the period-
ic counterforce acting on the housing of the AMB
system through the magnetic bearing coils will in-
crease quickly when rotor rotational frequency is
increased. It can increase the housing vibration
and noise, reduce the stability of the system, and
aggrandize the power dissipation of all magnetic
bearings. As the control currents with compensa-
tion fluctuate nearby zero line basically, the prob-
lems listed above caused by the counterforce can
be to great extent settled, and the effect of com-
pensation turns out to be much better in high-fre-
quency region.

From Fig. 12, it can see that the rotor dis-
placements in low-frequency region are relatively
reduced with compensation, which maybe due to
the existence of super-harmonic and sub-harmonic
vibrations. While the rotor displacements are ac-
cordingly enlarged with compensation in high-fre-
quency region because the rotor turns into the
state of free rotation. What is more, the rotor in-
ertial force is proportional to the square of the
frequency. In order to balance the increased iner-
tial force, the displacement should be greater
than that without compensation. The vibration of
AMB system is produced by the inertial force of
the rotor from the amplitude of each curve in Fig.
11 and Fig. 12. It proves the validity of adaptive
feed-forward unbalance force compensation with
the new variable LMS algorithm, but the vibra-
tion decrease is achived by increasing the rotor

displacements.

3 CONCLUSION

On the basis of the study of the influence of
unbalance stimulation of AMB and the analysis of
the disadvantage of the LMS algorithm, a new
feed-forward unbalance force compensation strat-
egy of real-time switching control is proposed.

The effectiveness and real-time of the new scheme

is verified by the rotational experiments. It can
weaken the action of active control of AMB sys-
tem through reducing the amplitudes of the con-
trol currents, and implement unbalance force
compensation at the cost of increasing the unbal-
ance displacement vibration. It can eliminate the
stimulation of unbalance force of rotor especially
in high-frequency region effectively, increase the
control stability of AMB system, and limit the
saturation of control current and losses of eddy
current. This scheme provides an effective way to

improve the rotational speed in the AMB system.
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