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Abstract field is the use of a Kalman Filter (KF) [2, 3].

On the other hand, in order to estimate the rotational
When a vibration suppression adaptive algorithm is ifrequency of the devices with rotors, it is possible to take
plemented to enhance an AMB based system, a good Hvantage of their natural behavior, because the perturba-
quency measurement or estimation of the synchronousgign which is generated by the spinning of the rotor is a
tation is essential [1]. In this paper, two frequency diginysoid synchronous with the rotation frequency. Hence,

turbance rejection methods applied to the frequency s@ns enough with estimate the position signal to know the
sor measurement are compared. The first method is baggguency.

on the use O_f a Kalman Filter (KF) and the second is theThere are various methods to find the parameters of a si-
implementation of a Frequency Locked Loop (FLL). Bt} ,«yid Jike its frequency.

have advantages and disadvantages related to the availghle, - e by means of an identification as it is per-

hardware, noise type of the sensor, the fact of vibratigty o+ in [4] or by means of a Frequency Locked Loop
minimization and the computational cost of the adaptiy | y The Jast possibility, which is profusely used in Ra-
algorithm. Finally, experimental proofs in a laboratory; Frequency field [5, 6], is applied to lock two signals,
testbed, based on taBCS00 Rotor Dynamics, show the g6 than to estimate the frequency. However, in the case
effectiveness of each method. of machines with rotors, it may be used to lock a designer
generated sinusoidal signal with the position signal, ob-
1 Introduction taining the actual frequepcy of rotathn. -
One type of devices with rotors which are very interest-

In the mechatronics field, the need of high precision in t#éd OWing to their natural advantages are those which are
measured variables is more and more common, speci&fif'iPPed with Active Magnetic Bearings (AMB). These
when these signals are being utilized to the implemenf€ments have the property of allow an active control and,
tion of control techniques with more efficiency. therefqre, the perturbations generated by the spinning can

There are situations in which the sensors of the devidésavoided.
do not satisfy the needed specifications and the use of nevihere are different methods to apply to the AMBs to
hardware or the application of signal processing is nec&§rform this vibration suppression and in the most of them
sary to counter this lack. an accurate measure of the frequency is required.

In particular, in machines with rotors, such as engines,In particular, in this paper, the Adaptive Feed-Forward
milling machines, pumps,... the obtaining of a precidébration Controller (AFVC) presented in [1] is imple-
measure of the rotation frequency is very convenient, rioented to reduce the vibration. This algorithm, is based
only because it has a notorious influence in their behavigt the addition of signals with the same amplitude and
but also because it may be utilized to the application Hequency but in counterphase respect to the perturbation.
active control. In this way, the algorithm adapts the amplitude and phase

Generally the lack of precision of sensors, as frequeryythe signal, but a good measure of the frequency is a
ones, is due to they are affected by noise. In that cag@sjuirement.
although there are different techniques to estimate accuTo achieve an acceptable value of the measured fre-
rately the required parameter, the most common in contgulency, two methods are proposed. Firstly, the use of a

even if it is affected with noise,



KF to counter the noise of the sensor and secondly the im-general, the parameters of (1) which are being to be
plementation of an FLL to lock in frequency the AFVGdapted will be the amplitudé\{;) and the phaseg,),
generated signals with the measure of the position (rastually, by means of the amplitudag, andAyx. Since
tice, that with this method the frequency sensor will nthe frequency is not adapted, an accurate estimation of it
be strictly necessary, as it is to use the KF). Both of themessential if a effective counteraction is needed.
are studied under two different noise types: White noiSée error in the measure of the frequency could be of dif-
and non zero mean white noise. ferent types, being the most commons the white noise and
Finally, the two techniques are applied experimentaliye non-zero mean white noise.
in a laboratory setup based on tM8C500 Rotor Dynam- Two alternatives are proposed to lead with this problem,
ics of Launch Point technologies achieving a noise redugne based on the use of a KF and the anotherone ona FLL.
tion or a frequency estimation which allows the utilization
of the AFVC.
The outline of the paper is the following:
Firstly the synchronous vibration problem is stated Bince the AFVC utilizes thesin(wt) and cos(wt) to
the section 2. Here, the solution based on the use of timinter the vibrations, if the time value is large, the fre-
AFVC is explained and the necessity of the implemequency noise is augmented and can degrade the generated
tation of a resettable time is concluded. Secondly, temusoid.
testbed is described in section 3. Then, the implementafFor example, the Fast Fourier Transform (FFT) of the
tion and the experimental results when applying the Kproduced signal when the shaft is rotating at2svithout
based and FLL-based noise rejection are presented in sigge reset is shown in Fig. 1. Itis clearly noticed that the
tion 4 and 5 respectively, followed by the interpretation g{FVC cannot work properly with this signal
the obtained results in the section 6. Finally, the conclu-
sions in the section 7 end the paper. ) Normalized FFT of signal generated without using resetable time

2.2 The resettable time

0.9

2 Problem statement o8
0.7f
All the devices equipped with rotors present a sy
chronous vibration provoked usually by the non correl
tion between the center of mass and the main rotation a:
Generally this effect is minimized adding masses prope
trying to fit the C.M. and the main axis of inertia. How
ever, even with a very precise fitting, the centrifugal forc
which is generated becomes relevant when high speeds 01
required. For instance, in a machine with léglshaft, if ! ‘ ‘ ‘
the error between the position of the C.M and the rot %0 s ¥ e tin % 40
tion axis is 10°°m, when rotating at 508z, the generated
for‘lc';r?ilsspjglrﬁrbation can be minimized in the AMB baseléigure 1: Normalized FFT of the signal generated without

devices, owing to the active nature of those. using resettable time
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To avoid this problem, a resettable time is implemented.
2.1 Frequency in the Adaptive Feed-A basic algorithm to design a time block with reset is a re-
Forward Vibration Controller settable integrator with an unitary input signal. However,
in the case of study, the time reset cannot be in any mo-
One of the techniques which exploits this feature, widelyent because this fact will change the phase of the gen-
applied in the literature [1, 7], is the Adaptive Feeckrated sinusoid. Thus, only when the cosine of the signal
Forward Vibration Controller (AFVC). This method istakes a value approximate to one, it can be ensure that the
based on the generation of one sinusoid which actstime will be near to G+ 2k, being the moments to re-
counterphase with the signal provoked by the unbalanceet the time. To lead to this, a counter and a comparison
with the signal are required, following the scheme shown
in Fig. 2
Vit (1) = Axgsin(wt) + ¢xa = A Sin(wt) + Apxgcos(wt) This block is interesting to minimize the effect of the
(1) frequency error and, then, it has to be present either with



M Resettable | t variable affected by an stochastic perturbation usingiprev
Integrator [~ OUS measurements and estimates of the variable. Its imple-

4.31 rot mentation is based on three main blocks, the One Step Pre-
Hdadt).8 Reseuable dictor, the Kalman Gain Computer and the Riccati Equa-
T\ rst tion Solver [10] as is presented in the Fig. 4.
rg
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Figure 2: Resettable time scheme i — " i ’
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the frequency noise rejection based on the KF or on the |

FLL. Riccati Equation Rs
On the other hand, in the experimental setup the capac- [mxm] Solver

ity of the signal processor must be taken into account be-

cause it is in charge of the controller to ensure the levi-

tation, of the rotation speed controller, of the adaptive vi Zh

bration control and, in this case, of the frequency noise

rejection. In this manner, a low cost algorithm for real Figure 4: KF based frequency estimator scheme
frequency estimation could be a requirement.

Y

[mxm]

The containing of each block is described by the equa-
tions (2), (3) and (4), respectively, while the terms betwee
square brackets denote the dimension of the wire which

The testbed in which the experiments have been pltlerr]-kS one block with the other.

formed is based on the AMB systeMBC500 Rotor Dy- Hence, the Kalman gain computer is represented as fol-
X . ; L lows

namics of Launch Point technologies, which is a labora-
tory device specially designed for research purposes [8]. L
It is composed of two AMBs and a rotor which includes 0= ——— (2
an air turbine drive, allowing speeds up to 22000 rpm. As
is schematically shown in Fig. 3, the shaft positionis mea-
sured by Hall effect sensors and the currents, causing YeereKg is the Kalman Gain matrix of dimensiaonx1,
forces in the bearings to maintain the hovering state, &gof dimensionrmxm, the solution of the Riccati equation,
driven by voltage amplifiers. Thus, the system inputs afe of dimensionmx1 the buffered terms of the input fre-
the voltages given to the amplifiers, and the outputs #héency andk a designer choice constant. The subsadript
the voltages provided by the position sensors [9]. Finalig, referred to the elementof the corresponding array of
the testbed is completed by closing the loop with a st@x1 elements antirepresents the conjugate of the term.
bilizing controller, which feeds back the system responseThe Riccati Equation Solver is implemented by this
appropriately. The implementation of the real-time digguation:
crete controller requires a suitable hardware, in this case . e
the Digital Signal Processor (DSP)51003 of dSPACE is Rs=z 'Rs+Q—Kg(z 'Rsx fy)" 3)
used.

In this paper, this controller is the combination of a Stﬂ‘ereyzﬁl is the one period de|ay operator, the Superscript

bilizing controller, the rotation speed controller, theVE  H s the hermitian operator ar@ of dimensionnmxm, the
with the resettable time and one of the proposed frequengyrelation matrix of the process noise.

3 Experimental setup

noise rejection algorithm. Finally, the task of One Step Predictor, which is to com-
pute the noiseless frequency, corresponds to this formula:
4 Kalman filter based noise rejec- . - Kai(fs — fir) 4
tion KF _|z T = 4)

with fxg the desired noise rejected signal afadhe last
measure of the frequency acquired by the sensor.

The first option is the implementation of one KF just fol- Notice, that the computation of the KF may be heavy if
lowing the sensor, because the KF is able to estimatends large. Then, it has to be chosen properly.

4.1 Implementation
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Figure 3: MBC 500 Rotor Dynamics scheme
4_ 2 Experi mental Resu |tS Evolution with y=5000 and using the KF with 0Hz mean error on frequency
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The KF algorithm is implemented in the dSPACE witl
m= 2 andk = 3- 10, and two different proofs are real- 0.9
ized. Firstly, the vibration suppression is performedzxil
ing the KF to reject the frequency sensor white noise a
secondly, to reject the same noise addintHz mean er- &
ror. Both experiments are realized with the shaft rotatil <~
at~ 35Hz

The results of the first experiment, in concerns to ti
noise rejection are presented in the Fig. 5, where the s
sor's measured frequency error of abatHz is reduced
to an error of about-0.5Hz Due to this, the AFVC algo- p~ y” p = oo
rithm is able to reduce the vibration in more than a 50¢ t(s)
as is shown in the Fig. 6.

Figure 6: KF based vibration reduction wittH@ fre-
guency mean error

Sensor frequency measurement vs the KF estimated with OHz mean error

:
sensor
——KF

- 1 5 Frequency locked loop based noise
rejection

m 5.1 Implementation

The FLL method takes advantage of the naturally gen-
erated synchronous vibration, i.e. since the rotation fre-
guency has to be the same as the vibration’s one, the mea-
surement of the position can be utilized to estimate the
‘ ‘ ‘ ‘ actual rotation frequency. In fact, with this method, the
10 20 © 30 40 50 frequency sensor is only utilized to control the rotation
speed but it is not implied into the adaptation and can be a
. . o ) good first step to get a frequency sensorless device.
Figure 5: KF based noise rejection withi@ frequency e pagis of a FLL is the same of the PLL (Phase Locked
mean error Loop) [11] and consists on generate a frequency variable
sinusoid in such a way that this frequency changes when
On the other hand, when the second experiment is pieis compared with the position rotor output. The station-
formed, the KF-based method cannot deal with the eriamy state is achieved when both signals are locked on fre-
of —1Hzin the mean (Fig. 7), hence, there is a differencpiency. The difference between a PLL and a FLL is that
between the actual and the measured frequencies andltlieeerror between frequencies has to be multiplied by the
AFVC is unable to reduce the vibration. time.
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Figure 10: FLL based noise rejection with1Hz fre-

Figure 7: Sensor vs KF with 1Hz frequency mean error qU€NCY mean error

In more detail, the FLL is composed by three main

blocks, the frequency detector, the low pass filter and the 0.0002493 — 0.000498& + 0.0002493
; - . = (7
Voltage Controlled Oscillator (VCO), as it is presented in 28 —2.99472 + 2.98% — 0.9944
Fig. 8. There are many options to implement each block with T =1,/12000
and in the case of this paper there have been chosen as _ _ .
follows: The third component is the VCO. It is in charge of the
generation of the sinusoid taking into account the signal
K@0 o " Wedt).8) provided by the lowpass filter. As is stated above, the main
Detector Lowpass veo difference between a PLL and a FLL is that the last has to
multiply the error signal by the time. This fact requires
the development of a resettable time, in order to do not

amplify the noise of the frequency error when the time is
Figure 8: General scheme of an FLL large. Moreover, these time resets demand a more robust
controller than usual, to guarantee the stability and ig thi

The frequency detector is the product between the rBRPEr's case, a PID is designed. This controller, cancels
erenceyi(w (t), 8) and outputlo(ao(t), B) sinusoids, in the error in the permanent achieving the lock between the

such a way that, when their frequencies are the same, {8 Signals and gives a measure of the frequency éwor
direct component of the output signal is null. A complete block diagram of the FLL is presented in

the Fig. 9.

Its operation is easy to follow. When the two waves
pass through the frequency detector and the lowpass filter,
a signal proportional to the frequency error is achieved.
Then, it is given to the VCO which changes the frequency

' of the output sinusoid. By means of the action of the PID,
the error between the signals goes to zero and the lock is
carried out.

Sn(@t)cos(et) = S[Sn(@ + @s) + Sn(a — wb)] (5)

Expressingu, = @y —Aw and supposefic small, then
(5) can be rewritten as,

. 1 .
sin(at)cos(et) = Z[A(‘)Jrsm(zm Aw] - (©®) 5.2 Experimental Results
In this manner, the direct component of the signal, ®e same experiments that have been performed to prove
proportional to the error between frequencies, being zehe effectiveness of the KF-based noise rejection method
whenw = wp. are realized with the FLL-based method, but in this case
As there is stated with the frequency detector, the amly the second one is presented, because, since it is more
cillatory component of the signal has to be neglected. Thallenging, the first one has to be fulfilled if this is suc-
lead with this fact, the lowpass filter (7) is designed.  cessful.
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Figure 9: Complete block diagram of the implemented FLL
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Figure 12: FLL based vibration reduction withlHz fre-
Figure 11: Sensor vs FLL with-1HZzfrequency mean er- QUENCY mean error
ror

Hence, in the Fig. 10 the measured frequency and R8s computational cost. One of the reasons of this, is that
FLL observed frequency are presented with the shaft i8¢ FLL generates the sinusoids which are necessary for
tating at~ 35Hz It is clear that the frequency measurethe adaptive algorithm (1) naturally, while a sinusoid gen-
by the sensor has the mean aHnd an error ofc4Hz  €rator has to be added when the KF is implemented. More-
while the frequency estimated by the FLL has the me@¥er, the KFis also computer's resources consuming when
at ~ 35.5Hz, which is the actual rotation speed (Fig. 11jtate dimensiomis large. In fact, with the hardware uti-
and only with an error 0f0.25Hz. lized in this study, the possible maximum state dimension

Therefore, in the Fig. 12 it is shown the effectiveneds 2, hence, the noise reduction is not the best that could

of the combination of the AFVC with the FLL, achievingbe achieved with a KF method. However, this dimension
more than a 50% of vibration reduction. is enough to accomplish the necessary estimation of the

frequency to apply the adaptive algorithm (Figure 6).

On the other hand, the main advantage of the KF-based
6 General Results vs the FLL-based method is that it only depends on the
sensors lectures and its behavior is not conditioned, as it
The main advantages of the FLL-based method compaigih the FLL, by the position signal i.e. the FLL needs
with the KF-based one are, first, the possibility of leathe rotor position sinusoid signal to work properly, and
not only with the frequency sensor’s white noise, but al$ieis fact has to be considered when this signal is reduced
with the mean error value (Figure 12), and, second, tbempletely or if the adaptation is very fast, producing a
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However, its implementation is essential in the KF-based

method, as it is utilized in this paper. In any case, it is also

possible to reject the noise of the position signal with ttReferences
KF and use it to implement the AFVC technique.
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