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FROM ACCELERATIONS OF THE WIRELESS SENSOR
BY THE NOVEL NUMERICAL METHOD

V.V. Sinitsin, sinitsinvv@susu.ru,
N.M. Yaparova, iaparovanm@susu.ru

South Ural State University, Chelyabinsk, Russian Federation

The scheduled maintenance allows us to prevent breakdowns and unplanned downtime of
equipment but limits the flexibility of manufacturing systems. On the other hand, condition monitor-
ing concept enhances the manufacturing systems flexibility but requires reliable diagnostic infor-
mation in real-time. Modern technologies, e.g., wireless power and Industrial Internet of Things
(I1oT), allow implementing high-sensitivity sensors such as the Wireless Acceleration Sensor (WAS)
for condition monitoring. The WAS is mounted on a machinery rotating shaft and the WAS
measures angular, linear accelerations and angle of the shaft simultaneously. Moreover, the WAS
contains a high-performance microcontroller, which allows processing measured data and estimating
machinery condition in real-time. However, the accuracy of the angle measurement by the WAS sig-
nificantly affects the accuracy of linear accelerations measurement by the WAS. In this paper,
the authors propose the novel numerical method which allows us to measure accurately of a rotation
angle and linear accelerations of the shaft. The method is based on a regularization technique and
application of finite-difference equations. Besides, the study shows the results of simulation at apply-
ing the numerical method to calculate the rotation angle of the shaft using measurement data, which
contain noise, obtained from the wireless accelerations sensor. The simulation results show that
the numerical method effectively determines the rotating angle and the method is robust to noise.

Keywords: angular acceleration, rotating shaft, wireless sensor, numerical method, regulariza-
tion method, inverse problem.

Introduction

The scheduled maintenance allows us to prevent breakdowns and unplanned downtime of equip-
ment but limits the flexibility of manufacturing systems. On the other hand, condition monitoring con-
cept enhances the manufacturing systems flexibility but requires a reliable diagnostic information in
real-time. Traditionally, accelerometers mounted on a housing of a mechanism are used to receive diag-
nostic information. Nevertheless, the received data need special techniques of signal processing to diag-
nosis, for example, low-energy defects [1-3] or machines with variable workloads [4—5]. Unfortunately,
these methods have a limitation of machine fluctuation speed or require a high level of computational
resources.

Modern technologies associated with concept Industrial Internet of Things (IIoT) such as wireless
technologies (transfer of power and data) and MEMS-technologies allow a substantial increase in the
opportunities of implementing sensors in various fields, such as structural health monitoring [6, 7] and
condition monitoring [8, 9]. An example of the wireless technologies for condition monitoring is Wire-
less Acceleration Sensor (WAS) [10]. The WAS is mounted on a machinery rotating shaft and the WAS
measures angular, linear accelerations and angle of the shaft simultaneously. However, the accuracy of
angle measurement significantly affects the accuracy of linear accelerations measurement.

This paper investigates a problem of calculating the rotation angle of the shaft from the measured
angular acceleration of the shaft. The significant feature of the problem is an instability resolve. For that
reason, various methods are applied for stabilization of the solution.

At present, development of numerical methods for solving inverse problems is of great interest to
many researches. Chinchalkar [11] proposed a numerical method for determining the location of a crack
in a beam of different depths based on the finite-element method. Also, Zhang [12] used the finite-
element method for detecting delamination in composites. On the other hand, reducing original problem
to integral or integro-differential equation is a generally used method for resolving first-order differen-
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tial equation. Jang [13] reduced the differential equation of motion to the nonlinear integral equation and
found the regularization method for the integral equation. Also, Parand [14] used Volterra's Population
Model which was presented as integro-differential equations. The authors considered two common col-
location approaches based on radial basis functions for resolving the equations.

The present study offers a numerical method to resolve differential equations for calculating the ro-
tation angle of the shaft from indirect measurement. The method applies explicit finite-differential
scheme. Also, the authors used a regularization technique for stabilization of solution. Additionally,
the method is robust to noise.

1. Statement of the problem

The mathematical model of the wireless sensor, which is reported in [15], is described by the equa-
tion system

(1) = (p(t)r+xcos( (t)+gj—'z‘(t)sin((p(t)+§j+gsin((p(t)+§);
a; (1) = (¢)r —icos(o(t)) + Zcos(o(t)) - gsin(o(7)); (1)
4 ()= (p(t)r+xcos( (t)—gj—f(t)sin((p(t)—gj+gsin((p(t)—gj,

where a,(1),a,(1),a;(t) — acceleration measured by accelerometers of the wireless sensor, ¢ — angular

acceleration of the shaft, X and Z — linear accelerations of the shaft, ¢ — rotation angle of the shaft,

g — gravitational acceleration, » — the distance between the rotational axis of the shaft and the sensitive
axis of the accelerometer. Furthermore, the important feature of applying the sensor is incompleteness of
initial data which are needed for calculating the instantaneous rotation angle of the shaft.

The initial angle of the shaft can be certainly defined from the signals of the wireless sensor. Ac-

cordingly, the initial angle is (p(O) =@, . However, the initial angular speed of the shaft is an arbitrary

value. As a result, the existing methods for calculating the shaft rotation angle are unstable.
Furthermore, the noise of the measurement is a significant feature of the problem described above.

Therefore, in this study, the authors presumed that instead of the exact g, (1),a,(¢) and a;(¢) we know
the values with noise a5 (), a,5(¢),as35(¢) and the allowable error estimate &. Thus, the problem to
calculate rotation angle ¢(¢) from (1) under condition that measured values a,(¢),a, () and a;(¢)

which contain noise.

2. Numerical method
The section contains the main idea of the numerical method to resolve of the system (1). Direct rela-

tionship equation between the unknown function qs( t) and measured results is shown as [15]

b(1)= ay(t)+ay(t)+as(t).

3r ’ (2)

(P(O) =®p-
The equations system (2) contains important features. At first, the right hand side of the equation is
implicitly depends on the required function (p(t). Secondly, (p(O) is arbitrary value. The first feature

leads to essential increase in error of the classical numerical resolve due to small increase in uncertainty
of the measured signals. The second feature is the key distinction from the classical numerical methods.

As, due to the fact that classical statement of the problem requires extra condition ('p(O) for a stable so-

lution, the general rule is (p(O) =0. As a result, the features have a significant effect on numerical solu-

tion stability.
The authors changed the equation system (1) and rearranged X and Z to the left side of the equa-
tion system. Thus, the changed system is
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(P(t) _ a, (t) + az?)gt) +a; (t);
£(1)= o(t)r—a, +zc((t)zziqr)1)(cp)—gsin(@); 3)

¢(¢)r-a3+x(f)cos(<p_’3‘]+gsm((p_;‘)

Z(t)=
sin((p—gj

Based on the physical properties of the mechanical systems the authors assumed the functions (p( t) ,

x(t) , Z(t) are twice continuously-differentiable in ¢ € [O,T ] for all 7 > 0. Moreover, there are constants
o O @ ()

Taking into account the properties of (p(t),x(t),z(t) the authors proposed the computational

C,K,B >0 such that conditions |(p(t)| <Cé" and max{

} <K are fulfilled.

scheme based on discrete regularization method (DRM) to calculate the rotation angle. The multidimen-
sional form of DRM was proposed in [16]. The basic principles of the DRM are regularization technique
and application of finite-difference equations. The idea of the method is described hereafter.

The finite-difference grid is introduced

G={t, |t =(k=1)Tk=1,N, +1}

with time step t. As well, let ¢(#,)=¢, and measured values a;(#; )= al ,a, ()= as ,a, ()= as.

Using the finite difference analog of the derivatives, the differential equation in (2) was replaced by
a finite-difference equation
k ok, k
Prst =20, + @y _ @ Ay +as _ (4)
T 3r

The differential equations from system (3) for x(t) and Z(t) are replaced in the same way.

Additional stabilization functionals with parameters o,,o,,0; for a stable solution are introduced
into each finite-difference equation. Further, basing on continuity and differentiability of the function
@(¢) the initial conditions of ¢(¢),%(¢),z(¢) are approximated by linearized analogs.

Further, the authors chose the discretization step © and regularization parameters according to
the special conditions and calculated the rotation angle @;.

3. Computational results

The method described above has been implemented in simulation and applied to the signals of
the wireless sensor with random white noise. The parameters and the initial conditions of the sensor are
the same as in [15]. We assumed that the shaft moved with the accelerations (5). Also, we added
the random white noise to the signals of the accelerometers of the sensor.

$=10sin(2nz + 1) +3.5sin(2n50¢ ) +1.5sin (271007 ) +
+1.2sin (27150t ) + 0.5sin (274507 ) + 0.25sin (21455¢ );
X =0.5sin(2n375¢) +0.25sin (213807 );
#=0.5sin(2m410¢) + 0.25sin (274007,

The results of the signals processed by the numerical method were compared with the reference an-
gle of the shaft. The reference angle of the shaft was calculated from the angular acceleration by means
of numerical integration (Fig. 1). The Fig. 2 shows calculation error of the angle of the shaft by numeri-
cal method which did not exceed 0.027 rad.

)
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Fig. 1. The calculated and reference rotation angles Fig. 2. The calculation error of the rotation angle
by means of the numerical method
Conclusion

The calculation of the rotation angle of the shaft from the angular acceleration of the shaft is a com-
plicated problem. The problem becomes more difficult if the angular acceleration contains noise.
The computational results show that the proposed numerical method allows an increase in the accuracy
of calculating the shaft rotation angle during the mechanism operation when the angular acceleration
contains high noise. The future studies will analyze work of the numerical method at actual data from
the wireless sensor of acceleration.

The work was supported by Act 211 Government of the Russian Federation, contract 02.A03.21.0011.
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HOBbIU '-II/ICHEHHbII@ METO[ ONPEOENEHUA YITIA MOBOPOTA
BAJIA U3 YCKOPEHUU BECIMNPOBOAHOIO OATYUKA

B.B. CuHuyuH, H.M. Slnapoea
HOxHo-Ypanbckul eocydapcmeeHHbil yHuUsepcumem, 2. HensbuHck, Poccus

XoTs TIIaHOBOE PETJIAMEHTHOE TEXHHYCCKOE 0OCTYKMBAaHUE MO3BOJACT MPEAOTBPATHTD BBHIXOJ
U3 CTPOs M HE3aIUIAHHPOBAHHBIE MPOCTOM 00OPYIOBaHWS, TAKOW MOAXOJ OTPAaHUYUBACT THOKOCTH
MIPOU3BOJICTBCHHEIX cucTeM. C IPyroil CTOPOHBI, KOHIEIIINS TEXHUIECKOTO OOCITYKHBAHUA IO CO-
CTOSIHUIO TIOBBIMIACT THOKOCTH MPOHM3BOJCTBEHHBIX CHCTEM, OJIHAKO TPEOYeT HAaICKHOHN JHArHOCTH-
Yyeckoit MH(popMaIuu B pexkuMe peaabHOro BpeMeHH. COBpEMEHHBIC TEXHOJIOTHH, HAIpuMep, Oec-
MIPOBOJHASI TIepeIada SHEPTUU M KOHIENIUS HHyCTPHUAIBHOTO MHTEPHETA BElIel pacIupsIoT BO3-
MOYXHOCTH CYIIECTBYIOIIUX PEHICHHUH, a TakKe MO3BOJISIIOT PEaTu30BaTh HOBBIE BBHICOKOUYBCTBH-
TeNbHBIC JATUYUKH ISl TEXHUYECKOTO KOHTPOJIS, TaKKe KaK OeCTpPOBOJHOM JaTYMK YCKOPEHHM, KO-
TOPBIA 3aKPEIUIIOT HETIOCPEACTBEHHO Ha BpaIlAIOIeMcsl Bally MexaHu3Ma. Takoil 6ecripoBomHON
JIaTYMK OJTHOBPEMEHHO M3MEPSET YIIIOBOE U JIMHEIHbIE YCKOPEHUS Bajla, a TakkKe MTHOBEHHBIN yroil
ero moBopota. Kpome Toro, 6ecmpoBOTHON AATYUK COACPKHUT BBICOKOMPOU3BOIUTEILHBIN MUKPO-
KOHTPOJUIEP, KOTOPHI MO3BOJISIET 00padaThIBaTh H3MEPCHHEIC TAaHHBIC B PEXKIME PEalbHOTO BpeMe-
HHU H, TAKEM 00pa30M, OIICHUBATh COCTOSHHE y3lla MexaHm3Ma. OIMHAKO TOYHOCTh M3MEPEHHUS yriia
MTOBOPOTA Bajia OECIPOBOIHBIM JTaTINKOM OTPAaHHYUBACT TOYHOCTh €TO M3MEPCHUHN JIMHEHHBIX YCKO-
peHuil Bana. B 3T0i1 crathe aBTOPHI NpeuiaraloT HOBbIA YUCIEHHBIH METO/I, KOTOPBIH MO3BOJISIET MO-
BBICHTh TOYHOCTh M3MEPEHHUS YTiia IOBOPOTA M JTMHEHHBIX YCKOPEHUH Baia. MeTox OCHOBaH Ha Me-
TOZE PETYJSIPU3AlUU U MPUMEHEHUH KOHEUHO-Pa3HOCTHBIX ypaBHeHHU. Kpome Toro, B McciaemnoBa-
HUUW TIOKa3aHbl Pe3yNbTaThl MPUMEHEHHU YUCICHHOTO METOJa Ui pacuera yria MoBOpoTa Baja U3

BecTHuk HOYplY. Cepus «KomnbioTepHble TEXHONOrMK, ynpasreHue, PaauoaneKkTPoHUKay. 147
2018. T. 18, Ne 3. C. 143149



KpaTtkme coobLieHus

MOJICTTMPOBAHHBIX CUTHAIIOB OECIPOBOAHOIO JaTYMKa YCKOPEHHUH, COJepKaluX IyM. Pe3yibrars
MOJICTTMPOBAHUS MOKA3bIBAIOT, YTO YMCICHHBIH MeTO 3(D(EKTHBHO OMpeesieT yroji MmoBOpoTa H,
6oee TOro, METOJ] YCTOMUYHUB K IIyMY.

Knouesvie crosa: yenogoe yckopenue, spawaromuiics 8ai, 6€CNpo8OOHOU CEHCOp, YUCICHHbIL
Memo0, Memoo pe2yaapusayuu, 0opamuas 3a0a4d.

Pabora Bpimosinena npu noagep:xkke Iocranosienust 211 lpaBurenscrea P®, konrpakr 02.A03.21.0011.
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