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NOISE FILTERING IN MONITORING SYSTEMS'

WouiciEcH BATKO*, TapeEusz BANEK**

The solution of the optimal filtering problem for technical state monitoring
system of hydrodynamic journal bearing nodes of rotary machines is pre- -
sented in the paper. The proposed method is based on the dynamic model
of the plain journal bearing and corresponding model of variation of techni-
cal state symptoms values under supervision of the monitoring system. The
Kalman filter design procedure for noise filtering is described. Such a filter
enables on-line filtering and prediction of state symptoms values which are
modeled by stochastic differential equations.

1. Introduction

Correct and safe operation and operating reliability of rotary machines depends
considerably on the technical state of their journal bearing nodes. That is why,
nowadays in the industrial practice, the monitoring of transverse vibrations of ro-
tary machines rotors is performed by dedicated automatic monitoring systems.
For high-speed rotary machines with rotor supported on plain bearings usually the
level of journal vibrations in the bearing bush is estimated. Comparison of the
estimated and the criterion values is the base for the technical state classification
of the monitored bearing nodes of machines. The vibration measurement enabling
estimation of the journal displacement trajectory is carried out with the use of
two contactless eddy—current mechanical displacement transducers attached to the
bearing bush. The transducers measure vibrations in two mutually perpendicular
directions in the plane perpendicular to the rotor axis. Inspection of the jour-
nal locus variation relative to stable equilibrium locus areas proved to be a good
symptom of failure effects arising in bearing nodes. These effects deal with change
of structural parameters of the bearing like: geometrical dimensions, clearance or
operational conditions like: viscosity of the lubricating agent, external load and
hydromechanical forces. That in turn leads to high amplitude self-excited journal
vibrations causing break of the oil-wedge what results in destruction of the bearing.

One of the basic problem in design of bearing node vibration monitoring sys-
tems is to provide effective noise filtering methods. Noise in the monitoring system
arises due to the measurement noise or due to other disturbing interactions of un-
known source and nature. Despite admissible machine technical state, high noise
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level may change values of estimated symptoms, so that in result the system halts
the machine operation. There are many examples in the practice of monitoring
systems operation of unjustifiable breaks in machines operation due to noise dis-
turbing estimated values of technical state symptoms under supervision.

There are many methods of noise filtering used in machine health monitor-
ing practice. These methods base (Cempel, 1989) on: avareraging of estimated
symptoms values, band filtration, adaptive noise reduction and orthogonalisation
of state symptoms.

The mentioned methods do not ensure the optimal noise filtering, because
there are not any reliable and fully verified models of variation of estimated values
of symptoms corresponding to them. That was the reason why many researchers
(Batko and Banek, 1989; 1992) undertook the investigation to formulate new meth-
ods of noise filtering. These methods should base on a comprehensive description of
substantial properties of technical state symptoms, their probabilistic nature and
their connection with physical processes reflecting dynamic phenomena arising in
bearing journal-bush couple (Barwell, 1979; Muszyiiska, 1987). The aim of the
research is to find low sensitive to noise methods of estimation of monitored values
of symptoms variation.

The solution pioposed in this paper is based on theory of optimal filtering for
signals which can be modelled by stochastic differential equations in the form in-
troduced by Kalman and Bucy (Anderson and Moore, 1979). This theory, adapted
to the considered tasks, forms a base for design and application of new noise filter-
ing systems providing optimal filtering and prediction of estimated technical state
of values of symptoms. Such a system could be applied in the journal bearing
technical state monitoring systems.

2. Variation Model of Technical State Symptom Values

Technical state monitoring of the hydrodynamic journal bearing of given structural
and operational parameters consists in inspection of rotating journal vibrations
relative to its stable equilibrium locus. When the amplitude of these vibrations
exceeds the admissible value, the stable equilibrium becomes upset what is accom-
panied by causing self-excited vibrations of the journal. These high-amplitude
vibrations often are the main cause of the machine breakdown.

In order to investigate the influence of the hydrodynamic bearing behaviour
on the monitored state symptoms the dynamic model of the bearing journal-bush
couple should be taken into consideration. The formulated model assumes that
the journal is a rigid body moving iu the pressure field of the lubricating agent.
The admissible operation parameters of the oil filter and the hydrodynamic forces
determination algorithm is described in detail in (Kurnik and Starczewski, 1985).
Here are the main model assumptions:

- circular contour of the bearing journal and bush,
— constant oil density and temperature,
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— pressure distribution in the oil clearance modelled by the simplified Reynold’s
equation,
— fixed bearing bush.

Distribution of forces acting on the journal according to the considered model is
presented in Figure 1.
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Fig. 1. Forces acting on the journal in analyzed coordinate system.

Dynamic equation of journal motion in coordinate system &, n is in the following
form:

mé = Pgcosa — Prsina

oy
mi) = Pgsina+ P, cosa+ Q

where ¢, 7 are journal centre accelerations respectively in &, n directions, Q is
external load, m is journal mass, « is angle between the straight line connecting
the centres of journal O and bush O’ and ¢ axis, and Ps(w,f, B, @) and
P (w,p, B, &) are components of hydrodynamic lift force in the oil-wedge, w is
journal rotational speed, 4 is eccentrity ratio 8 = efe¢ (e = OO’ - eccentrity,
€ = Ry — R - radial clearance, where: Rg is the bearing radius and R is the
journal radius), £ is journal radial speed, & is journal circumferential speed.

According to the simplified integration method of the Reynold’s equation,
which takes advantage of decomposition of the plain journal motion into component

motions, Pj, P, are given by the following relationship (Kurnik and Starczewski,
1985):
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where S; =1— 2, Sy =2+ 2%, p isoil viscosity, R is journal radius, L is
bearing length, and 8 = ¢/Rq is relative clearance.

Expressing 8, a, B, & in equation (1) by &, n, £, 1) leads to a very complex
relationship, that is why it is better to carry out the coordinate transformation to
coordinates 3, a according to (3)

B=fo(a,8,6,8) &= fulB,B ,d) (3)

For stationary operation (i.e. for a given rotational speed w and external load Q)
the journal centre locus is described by coordinates values By, @p and is included
in the area B < 1. This locus, being a function of the system parameters p;:

Bo = Bo(p:), 0 = xo(pi) (4)
can be determined as follows (Muszyriska, 1987):

a= ﬂ =a=0
: 12pRLwf?
P =p= = —s — -
e (. PRy )
P i =Qcosag = — 12[1}22_[4.;,30 _
rlemsesen 2822 + B3)(1 - )

Above conditions determine journal centre equilibrium loci in terms of w, @
according to expression (5).

2B | '
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These loci depend on structural parameters [w, p, R, L, m, Q] of system com-
-posed of a rotor and a bearing.

Diagnostic analysis of machine dynamic state variation requires consideration
of the journal movement relative to the journal equilibrium locus. Let us introduce
new relative coordinates:

z =8 — Bo; y=a—ap (6)

and linearize equation (3) in the neighbourhood of the journal equilibrium locus
(Bo, @0,0,0). As the result we obtain:

fs = 6f”+f"+f"+f

6B bYe; da ba
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The linearized dynamic equations in terms of coordinates defined by (6) have the
form of:

E+kpnz+katenzteny=0 ®)
J+kaz+ka+eng+cepy=0

with elasticity k;; and damping c¢;; coefficients given by formulae (9) according
to (Kurnik and Starczewski, 1985):

24uLw Bo(2 + B3) 6ruLw Bo

ki1 = . , k12 = .
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byt = _6mplw 263 - BF+2 bpp = 12pLw fo .
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_ 6mul 1 oo _2pL B3
N G-t 2T e - A+ AY)
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In the general case for any structure of the bearing the elasticity and damping
factors might be determined with the use of the perturbation method or the gen-
eralized perturbation method algorithm developed by Kicinski, (1989, in press).
The latter method consists in determination of the bearing reaction forces due to
small variations of the perturbation vector components and differentiation of the
determined expressions with respect to the perturbation vector. In practice it re-
solves itself to Taylor’s series expansion in the static equilibrium locus of all the
terms reflecting mutual relationship between forces and displacements (relationship
between the pressure and the oil clearance shape) with respect to perturbations:
Aa, Aa, AB, Aﬂ Above formalization might be useful to model the technical
state symptom values variations for a given monitoring system. It requires only the
transformation of the considered state vector to a coordinate system determined
by the directions of the monitoring system transducers axes.

3. Optimal Filtering and Prediction of Diagnostic Signals

Investigating the problem of noise minimization in monitoring systems we can con-
sider the system as the measurement system performing the inspection of bearing
Jjournal-bush couple dynamic behaviour. The stochastic model of the monitoring
system is determined by disturbances arising due to noise in the measuring cir-
cuit and some other effects not included in the model description. So, we deal
with a signal composed of its useful part and disturbance part of some statistic
properties. For optimal noise filtering algorithm to be used in monitoring systems
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the theory of Kalman—Bucy optimal filtering might be applicable. The base for
formulation of the optimal filtering algorithm is the dynamic model of the bearing
journal vibrations relative to equilibrium locus derived in the previous section.

The journal vibration measurement is carried out in two mutually perpen-
dicular directions determined by space orientation of the vibration transducers
(Fig. 1.) attached to the bearing bush. Let us define the measurement system with
the axes (X1, X2) located at the axes of the vibration transducers and transform
the journal vibration model into that coordinate system according to the following
relationship:

X, = —ecos(45 —a) = —\—/2——§€ﬂ(cos a +sina) = g(a, f)
(10)
: V2 :
X, =esin(45 —a) = Tsﬂ(cosa —sina) = h(a, )

The journal centre stabile equilibrium locus (ao, Bo) in the measurement coordi-
nates X1, X3 is given by Xjo, X20 values and the movement of the journal centre
relative to this locus is described in the relative coordinates: z1 = X; — X10, 2 =
Xy — Xoo.

As:

dX,; = b da + b9 dg
b Ye]
&h Sh (D
so for the small deviation of the journal centre locus from the stable equilibrium"
locus we obtain:

1 1
X) = =Xz — X0y, X2 = 5 X202z — X10¥ (12)
Bo Bo
z = azy +bea, y=cz1 + dz (13)
where:
a= __MQ_ b= .__ﬂ_o.)ﬁo__
X3+ X5 X3+ X3, (14)
e = ___Xﬂ’_ d= __XL“___
X+ X3’ X+ X3,

In the measurement coordinate system (X;, X») the dynamic model of the journal
vibrations in the bearing bush given by equation (8) takes the form:

£+ A121 + B1z2 + Ciz1 + D1z2 =0

(15)
To+ AsZy + Bozy + Cozy + Daza =0
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where X0
A1 = Xao(acay + cep) — E(acu + cci2)

X

B, = X30(beay + deaz) — -B:—o(bcu + dcy2)
X10 '

C1 = Xao(akay + ckas) — “ﬂT(aku + cky3)

X
Dy = Xa0(bkay + dkss) — ﬁ—loo(bku + dki2)

(16)
Ay = 2100 d X1o(b d ‘
2= —'E-( c11 + deyz) — Xqo(bear + c22)
By = — 210 dk X
2= —_[30_(“11 + dk13) — Xio(aca + cca2)
Cy=-X10 4 k X1o(ak k
) = —E(a 11 + ck12) — Xyo(akay + ckaz)
Dy= X0 4 ak X1o(bkoy + dk
2 = —E( 11+ dk12) — Xyo(bkgy + dky3)
The state space formulation of (15) in the following form:
Ty 0 1 0 0 i wq
dfw|_| -G -4 -D1 -B un | we (17)
dt | o, 0 0 0 1 x2 wg
U —Cz —Bz —Dz —Az Ug Wy

describes variations of the monitored technical state symptom values [zq,u; =
I, T3, Uz = T3] accurate to some Gauss vector process W = [wq, wy, w3, wy]T of
white noise properties.

21 1 0 00 1 v
0 0 0 O v
Z22 - Uy + 2 (18)
23 0 0 01 Zq v3
24 0 0 0 O uz Vq

Formula (18) describes the measurement process with addition of the vector
of random measurement noise V = [vy,vs, v3, v4]T of assumed white noise prop-
erties. This formula possesses the form suitable for design of the Kalman-Bucy
optimal filter (Anderson and Moore, 1979). For the partially observed state vector

X = [z1(t), ur(t), z2(t), u2(¢)]T the optimal filter enables to determine the optimal
estimator:
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which constitutes the base for the journal bearing technical state estimation with
the use of the measurement signals [z1(t), z3(t)] reflecting the technical state. The
optimal estimator is given by the following equation:

dX;=(A- H)X,dt+ RHT dZ (20)
where R(t) is the Riccati’s equation solution:
R=AR+ RAT - RHR (21)

with R(0) = Ry = E[X, — E(X)][Xo — E(X0)]T being a covariance matrix of
the state vector X; estimation error for the time moment ¢ = 0. The components
of the estimator equation:

dz, = (—51 + ﬁl) dt + r11dz + r3des

dﬁl - (-—Cl - ?l:\l - Alﬁl - D152 - Blaz) dt + 21 dzl + T23 dZa
(22)
dz, = (—32 - ﬁz) dt + r3; dzy + r33dzs

d"l:g = (-——Cg - ’13\1 - Bg‘al - Dg:?z - Azaz) dt + 41 le + r43 dZa

describe a design procedure of the optimal filter for monitored signals [z, z3).
The system of equations (22), in which r;; are the solutions of equation (21)
and (21,23) are journal centre locus variations determined during measurement
enables on—line estimation of [z;,z;] value variation. Recurrent form of the filter
formulation suitable for applications can be derived from equation (22). Moreover,
the solution of (20), (21), (22) gives the possibility of prediction of the technical
state basing on filtered monitored signals. We can find the prediction state vector:

X(t,s) =[z1(t, 5), ui(t, 8), za(t, s), ua(t, )T

where 0 < s <'t, [0,s] is the fixed observation interval, and [0,t — 5] is the
prediction horizon. For the case where s is fixed and ¢ varies the predicted
states are given by the equation:

dX(t
dX(t,s) _ AX(t,s) (23)
dt
with initial conditions:
X(s,8) = X, ‘ ‘ (24)

where X, 1s the output from the Kalman filter.

4. Concluding Remarks

The proposed method of noise filtering in hydrostatic journal bearing vibration
monitoring system differs considerably from commonly used in machine health
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monitoring practice. The method refers to the current comprehensive research and
model formulation of dynamics of supported on plane journal bearing rotors. It
takes advantage of mathematical formulation of the optimal filtering and predic-
tion of signals modelled by stochastic differential equations. This method opens
new research areas for investigation of monitored diagnostic signals filtering and
prediction methods for the particular system under consideration. The proposed
optimal filtering design procedure might be easily applied in practice.
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