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In the present paper a model based method for the on-line identification of malfunctions
in rotor systems is proposed. The fault-induced change of the rotor system is taken into
account by equivalent loads which are virtual forces and moments acting on the linear
undamaged system model to generate a dynamic behaviour identical to the measured
one of the damaged system.

By comparing the equivalent loads reconstructed from current measurements to the
pre-calculated equivalent loads resulting from fault models, the type, amount and
location of the current fault can be estimated. The identification method is based on
least squares fitting algorithms in the time domain. The quality of the fit is used to find
the probability that the identified fault is present.

The effect of measurement noise, measurement locations, number of mode shapes
taken into account etc., on the identification result and quality is studied by means of
numerical experiments. Finally, the method has also been tested successfully on a real
test rig for some typical faults.
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INTRODUCTION

Rotating machinery installed in power plants are
normally equipped with vibration sensors which
continuously provide large amounts of vibration
data during operation, (Bruel and Kjaer, 1986).
For diagnosing the state of a machine, usually
signal based monitoring systems are used as a
good tool, although they do not fully utilise the

information contained within the vibration data,
(Bruel and Kjaer, 1986); (Glendenning et al.,
1997). These approaches to machinery diagnostics
are generic rather than machine specific and the
interpretation of the data is based on qualitative
rather than quantitative information.

Contrary to signal based monitoring systems,
model based diagnostic systems developed in
recent years utilise all information contained in
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the continuously recorded vibration signals by
taking into account models of the specific machine
and possible faults as well as the recorded data of
the intact machine. The new method may be used
together with or alternatively to conventional sig-
nal based monitoring systems.

Model based monitoring systems give more
accurate and faster information than conventional
signal based systems, since a-priori information
about the rotor system is systematically included
in the identification process. Therefore, the type,
position and severity of a fault can be estimated
with more reliability and in most cases during
operation without stopping the machine.

In the BriTE— EURAM project MobiaroT differ-
ent model based identification methods for finding
malfunctions in rotor systems of power plants
have been developed, (Penny et al., 1995); (Mayes
and Penny, 1998); (Bachschmid and Dellupi,
1996). These methods work either in the time or
in the frequency domain depending on the mal-
function type and the operating state for which the
vibration data are available. In this paper a new
time domain identification method is presented
based on least squares fitting in the time domain.

For a model based identification of faults,
reliable mathematical models of the rotor system
and of possible faults are required. The math-
ematical models have to be so simple that fast on-
line calculations are possible, but must be exact
enough to reproduce the measured vibrations of a
real rotor-bearing-foundation system.

Exact models of faults are in many cases non-
linear. Therefore, time integration algorithms are
needed to solve the non-linear equations of the
damaged rotor system directly, although the
undamaged system is linear. Such a direct identifi-
cation process is extremely time consuming, espe-
cially for models having many degrees of freedom.
On-line identification of faults would not be
possible with this approach, because the time con-
suming integration has to be carried out for every
possible position and extent of each fault type.

The new model based method for identification
of malfunctions avoids the non-linearities, which

are normally brought into the system equations by
fault models. The method is based on the idea that
the faults can be represented by virtual loads
acting on the linear model of the undamaged
system. Equivalent loads are fictitious forces and
moments which generate the same dynamic be-
haviour as the real non-linear damaged system
does. System models being originally linear remain
linear and unchanged, even if non-linear faults
occur. Therefore, to handle the system equations,
only simple and fast mathematical procedures are
necessary. The identification of the nature, posi-
tion and severity of faults can be carried out
on-line during operation, even if the number of
degrees of freedom is very high.

IDENTIFICATION METHOD

Mathematical Description of the Method

Normally, the model of the undamaged rotor
system is linear and described by linear equations
of motion:

Mo'l;()(l) -+ Bol"()(l) + Kol‘()(l) = Fo(l‘). (1)

The vibrations of the N degrees of freedom due to
the load Fo(r) acting during normal operation are
described by the N-dimensional vector ry(f). My,
By and K, are the mass, damping and stiffness
matrices of the undamaged system consisting of
rotor, bearings and foundation. Some of these ma-
trices may change with the rotor speed 2 due to
gyroscopic effects and journal bearings.

The fault-induced change of the dynamic be-
haviour depends on the malfunction type, posi-
tion and severity, (Bach et al., 1998). These fault
parameters are put together in the fault parameter
vector B. For example, the fault vector of a single
unbalance includes the position, size and phase
angle of the unbalance.

In reality a fault changes the system properties
which results in a system behaviour r(7) different
from the normal vibrations ro(#). The differences
between the vibrations r(¢) of the damaged system
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and the normal vibrations ry(?) of the undamaged
system are residual displacements, velocities or
accelerations, respectively. These are given by

Ax(f) = x(1) — ro(2), ()
Ai(1) = i(t) — (1), 3)
AF(f) = i(2) — Fo (). (4)

On the other side, one can imagine that the
residual vibrations Ar(f) could be caused by
additional time-varying forces acting on the
undamaged system, Eq. (1), instead of being
caused by a fault,

Moi(f) + Boi(¢) + Kor(t) = Fo(2) + AF(B, 7). (5)

Subtraction of the equations of motion for the
damaged and the undamaged system yields

MoAF(¢) + BoAi(t) + KoAr(¢) = AF(B, 1), (6)

which relates the measured residual vibrations
directly to the equivalent forces of the faults pre-
sent in the system.

For calculating the equivalent load, which re-
presents the fault arising in the rotor system,
simply the residual vibrations resulting from the
actual measurements and the corresponding nor-
mal vibrations have to be put into Eq. (6).

Signal Processing

For calculating the residual vibrations, measured
vibration data for both the undamaged and the
damaged rotor system have to be available for
the same operating and measurement conditions.
These are, for example, load, rotor speed, phase
reference and sampling frequency. Because directly
matching data are usually not available, some
signal processing has to be done to achieve the
same conditions. For example, small differences of
rotor speeds can be compensated in some cases by
adjusting the time scale of the recorded normal

vibrations to the time scale of the current
measurement. Differences in the sampling fre-
quencies can be eliminated by interpolating the
recorded normal vibrations to the sampling times
of the current measurement. Finally, phase shifts
are avoided by recording a trigger signal.

On every measurement position of the rotor
system either displacements, velocities or accelera-
tions are measured using appropriate types of
transducers. But, for the identification process, all
three signal types are needed for every measure-
ment position. Acceleration, velocity and displace-
ment signals are obtained by either differentiation
or integration of the direct measured signals. This
can be done either in the time domain or via FFT
in the frequency domain.

Modal Expansion

In practice, vibration transducers are installed only
at a few positions of the rotating machinery.
Therefore, residual vibrations Afy(¢) are available
only for a few degrees of freedom of the model.
The number M of measurement locations is much
smaller than the number N of the model’s degrees
of freedom. The data of the non-measurable de-
grees of freedom have to be estimated from the
measured signals.

The measurable part Afy(f) of the residual
vector is related to the full residual vector Af(t) by
the measurement matrix C,

Ay () = CAF(Y). (7)

On the other hand, the full residual vector can be
approximated by a set of mode shapes ¥, which are
put together in the reduced modal matrix

® = [i,52,. .., 1] (8)

Logically, the number K of mode shapes used
may not exceed the number M of independently
measured vibration signals contained in Fy(?),
K < M. The vector of modal co-ordinates Aq(z) is
estimated by combining the measurement Eq. (7)
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with the modal representation
AF(1) = ®Aq(1) ©)

of the full residual vector and minimising the
equation error by the least squares method.
Eventually, the full residual vector at all degrees
of freedom is estimated by

Ak(r) = {®[(CD)" (CP)| "' [CD]" } AFy (1)
= QAR (1), (10)

where the constant matrix Q can be calculated in
advance.

Determination of Equivalent Loads

The equivalent force AF(f) characterising the
unknown faults is calculated by putting the
residual accelerations Af(), residual velocities
AF(f) and residual displacements AF(¢) of the full
vibrational state into Eq. (6),

AF(£) = MyQAFy (1) + BoQAty (1) + KoQARy ().
(11)

Only simple matrix multiplications and additions
have to be carried out on-line for calculating the
equivalent loads AF(¢) from the measured vibra-
tion signals.

Fault Models

For the proposed model based fault identification
method, each fault has to be represented by a
mathematical model describing the relation be-
tween the fault parameters B and the equivalent
force AF(¢). In this context, AF(B,) is a math-
ematical expression for the time history of the
forces acting on each degree of freedom of the
model. These fictitious forces depend on the fault
parameters but in many cases also on the rotor
speed €2 as well as on the vibrational state of the
rotor system as described for a lot of faults in
(Penny et al., 1999); (Bach et al., 1998) and (Bach
et al., 1998).

For illustrating the relation between fault
parameters and the corresponding equivalent load,
a single unbalance u, with the phase angle ¢, acting
on the rotor at position number #» is considered.
The fault parameters of the single unbalance are
given by B = [#, u,, 6,]”. The equivalent forces act-
ing on node n are

AF (B, 1) = QPuy sin (U + 8,) (12)
AF,, (B, t) = Q?u, cos (U + 6,) (13)

in horizontal and vertical direction, respectively.
The equivalent forces on all other nodes are zero.

Least Squares Fitting in the Time Domain

In practice, measurement noise and measurement
errors, the limitation of the number of sensor sig-
nals available as well as modelling inaccuracies of
the rotor system generate errors in the measured
equivalent forces. Therefore, a least squares algo-
rithm is used to achieve the best fit between the
measured equivalent forces AF(f) and the theore-
tical ones AF;(;,?) produced by the fault models
by adjusting the fault parameters B; for all faults
taken into account,

/ ‘ S AF(B, 1) — AF(1) “d=Min, (14)

Starting from an initial guess, the least squares
algorithm varies the fault parameters 8; of each
fault model until the deviation is minimal.

Probability Measures

The quality of the fit achieved can be used to
estimate the probability of the different identified
faults. Two probability measures based on corre-
lation functions have been developed and success-
fully tested.

The first probability measure p;, called coher-
ence, is the normalised correlation of the identified
equivalent forces AF;(B;,#) of a particular fault
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with the measured equivalent forces AF(f) for
lag 7 =0,

P = ¢AF,~,AF(0) . (15)
\/ Pk, aF,(0)D AR Ar(0)

Due to the normalisation by the auto-correlation
functions of AF;(B;,f) and AF(z), the coherence
takes values between —1 < p; < 1, where p; =1
means that AF;(B; 7) matches AF(z) perfectly.

The second probability measure p,, called
intensity, measures the contribution of the parti-
cular fault to the measured total equivalent forces
AFident = EAF:',

¢AFi,AFi (0)
pr= D AFdent AFigenc (0) . (16)
The intensity measure takes values in the interval
0 <p, <1, where p,=1 signifies that the identi-
fied fault is the only one present in the rotor
system.

Simulation studies showed that both measures
p1 and p, should be used simultaneously to evalu-
ate the probability of a fault. Suitable threshold val-
ues are p; > 10% and p,>20% indicating that
the specific fault is present in the rotor system.

Graphical Overview

In Figure 1 the whole identification procedure is
outlined. The measured vibration signals Iy (?) are
the input and the fault parameters 8; for each fault
type are the output. The normal vibrations, the
model parameters of the undamaged rotor system
as well as the fault models are taken from prior
measurements and pre-calculations.

NUMERIC EXPERIMENTS

A Simple Rotor —Stator — Model

The effects of different modelling, measuring and
identification parameters as well as disturbances
and errors in the measuring signals on the

identification results have been investigated by
means of numeric experiments with a simple rotor
system. This simple rotor system consists of a rigid
foundation body and a flexible rotor carrying four
rigid disks (Fig. 2). The foundation as well as the
rotor are supported by linear springs and dampers.
Gyroscopic effects as well as cross coupling terms
between the two radial directions are neglected,
so that the dynamic behaviour is characterised
by only six degrees of freedom all being in the
same direction, two for the foundation and four
for the rotor. The first natural frequencies and
the corresponding modal damping coefficients are
listed in Table I. The rotor speed was 9.5Hz,
which is approximately 30% below the third natu-
ral frequency of the rotor system. During normal
operation of the undamaged system two residual
unbalances |ugy| =50gmm and |ug;| =100 gmm
excite the rotor at the middle disks m, and
mz. Two faults were investigated exemplarily:
additional unbalances at disks m, and mj3 and
rubbing between disk m, and foundation ms.

Identification of Unbalances

In different case studies the effects of various
parameters on the identification results were
examined independently. The additional unbal-
ances |up| =30 gmm and |us3| =600 gmm represent
the fault which has to be identified by the de-
scribed algorithm. The first one is smaller and the
second one is larger than the respective initial
unbalances. The time window of the measurements
covers about 5 rotor revolutions.

In the reference case 1, the time-histories of
displacements, velocities and accelerations were
exactly measured at all six degrees of freedom of
the rotor stator system. Therefore, no modal
expansion was necessary and applied for the
reference case 1. The identification algorithm was
constrained to search only for unbalances at the
two middle disks. The identified unbalances i,
the corresponding probability measures p;(uy)
as well as the relative errors g, are listed in
Table II. Figure 3 shows the measured residual
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Current Measurements
TM(t)

'

Residual Vibrations Normal Vibrations ro(t)

Arp(t) of undamaged System

v

Integration
Differentiation

AT (t), ATa (t), ATar(t)

v

Modal Expansion Eigenvectors Ty

AY(t), AT(t), AT(t) of undamaged System

!

Equivalent Forces Matrices Mg, Bo, Ko
Af‘(t) of undamaged System

v

Least Squares Fit
IS AF(8;,t) - AF () [+

= Minimum

Fault Models
AF; (ﬁz ) t)

!

Identified Faults B,
Probability Measures p1,2

FIGURE 1 Flow chart of the identification method.

FIGURE 2 A simple test system.
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Mode number k&

Natural Frequency f

TABLE I Eigenvalues of the simple test system displacements and Figure 4 the estimated equiva-
2 3 4 lent forces at the six degrees of freedom. In this case,

40Hz 13.7Hz 31.0Hz the unbalances were identified exactly and the

2.1% 6.0%  27.0% estimated equivalent forces match exactly the

Modal Damping Dy

TABLE II Results for unbalance identification

Only 3 Sensors Used

Identified unbalances Errors Probability measures

Jua| Jus] |- les| pia)  pi(us) pa(2)  paus)
1 Reference case 30gmm 600 gmm 0 0 5.0% 99.9% 0.25%  99.7%
2 Numerical integration 30 gmm 599 gmm 0 0.2% 5.0% 99.9% 0.25%  99.7%
3 Searched on all locations 30gmm 599 gmm 0 1.6% 5.0% 99.9% 0.25%  99.7%
4 Searched for different faults 30 gmm 600 gmm 0 0.1% 5.0% 99.9% 0.25%  99.9%
5  Short sample length 30gmm 599 gmm 0 1.6% 5.0% 99.9% 0.25%  99.7%
6  Transient vibrations 30gmm 599 gmm 0 0.2% 5.1% 99.9% 0.26%  99.7%
7 34 gmm 598 gmm 2.5% 1.1% 5.6% 97.5% 0.33%  99.7%
8  Calibration error at m; 8lgmm  614gmm 12% 6.9% 3.6% 27.5% 1.64%  98.4%
9 5 sensors used 30gmm 599 gmm 0 0.2% 5.0% 99.7% 0.25%  99.7%
1

27 gmm 452 gmm 48% 23.5% 49.1% 81.6% 26.6%  73.4%

Displacements [mm]
2 T L T T T T T T T
A'I‘k
0 H
-2 . ) . L . . . . .

0 Time [sec] 0.5

FIGURE 3 Reference case 1: measured residual displacements.

Equivalent
Forces [N]

2
N
AFy

0~

-2

Degree of Freedom

FIGURE 4 Reference case 1: estimated equivalent forces.
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ones of the two additional unbalances which exert
on the rotor in reality.

In the following test cases, numbered 2 to 10,
various influences on the results of unbalance
identification are examined, which occur more or
less strongly in practical applications:

In Test case 2, only accelerations are measured at
all degrees of freedom. Velocities and displace-
ments are calculated by numeric integration.

In Test case 3, faults were searched for at all
degrees of freedom of the rotor stator system. This
means, the algorithm was allowed to identify also
unbalances at positions, where none can occur.
However, no equivalent forces and unbalances
were identified at the stator and at the two
balanced rotor disks 1 and 4.

In Test case 4, two different kinds of faults
are searched for simultaneously: unbalance and
rubbing.

In Test case 5, the time window for measurements
was shortened to only two rotor revolutions.

In Test case 6, the forced vibrations excited by
unbalances are superimposed by free oscillations
decaying with time.

All influences described so far do hardly affect the
identification result. The real unbalances at disks 2
and 3 were identified very exactly.

Displacements [mm)]

By contrast, the identification results are affected
much stronger by measurement noise, calibration
errors and reduction of the number of measuring
locations. These influences are examined in the
following four Test cases 7 to 10.

In Test case 7, all measuring signals were falsified
by band-limited noise. The standard deviation of
the disturbances was about 2% of the amplitude of
the correct signal.

In Test case 8, a calibration error of 20% in the
sensor mounted at disk m, was simulated. But the
dominating unbalance was identified exactly.

In Test case 9, the accelerations were measured at
only 5 locations. The full vibrational state was
estimated by means of modal expansion. The
identification result is very accurate because the
exact deformation can be approximated very well
by the first five eigenvectors which are used.

The approximation of the full vibrational state
becomes more inaccurate if measured signals are
available only at a few locations. In the case 10,
the accelerations were measured only at locations
2, 3 and 4. Therefore, only three eigenvectors
could be taken into account for the modal ex-
pansion procedure. Figure 5 shows the residual
displacements. Three degrees of freedom were
directly measured (thick solid lines), the other
three were approximated by modal expansion

2 [ — exact
- - - approximated

0 Time [sec] 0.5

FIGURE 5 Test case 10: displacements (exact and reconstructed by modal expansion using 3 transducers).
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(dashed lines). These are compared to the correct
ones (thin solid lines).

Nevertheless, the dominating unbalance at disk
3 was identified quite well, even its phase angle was
identified exactly. The modal expansion has the
major influence on the identification results. The
estimated equivalent forces are smeared over all
degrees of freedom, Figure 6. But still, the highest
force amplitudes occur at the faulty nodes.

Identification of Rubbing

In the cases 11 and 12 the gap s, between the disk
m, and the foundation ms has been reduced, so

Equivalent
Forces [N]

2
AF,

that the rotor touches the foundation with impacts
and rotor to stator rub occurs. The criteria for
identifying rub is NEwWTON’s law of reaction: At the
contact location, the force exerted on the rotor
must coincide with the force exerted on the stator
at any time.

The total equivalent force consists of the super-
position of the equivalent forces caused by the
unbalances at m, and mj; and those caused by
rubbing between disk m, and foundation ms. In
Figure 7 it can be clearly distinguished between
these two components. In Table III the identifica-
tion results are compared to those of test case 4,
where no rub was present but the identification
procedure searched for rub.

1 2 3

——

4

Degree of Freedom

FIGURE 6 Test case 10: estimated equivalent forces.

Equivalent
Forces [N]

AFy j

oV
‘ |

2|

1 2 3

4 5

Degree of Freedom

FIGURE 7 Test case 12: estimated equivalent forces for rubbing and unbalance.
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TABLE III Results for rub identification

Max. contact force

Probability measures

No.  Test case description Fs Fs PF2s)  piFae) Pa(Fas) P2(F3.6)
11 Rub without extra unbalances 1.40N 0.00N 27% 0% 100% 0%
12 Rub and extra unbalances 430N 0.00N 26% 14% 1.75% 0%
4 Extra unbalances without rub 0.00N 0.00N 3% ~56% 0% 0%

APPLICATION TO REAL ROTORS

The identification method was tested experi-
mentally on two different test rigs which were
build by PoLiTEcNico DI MiLaNO and DARMSTADT
UNIVERSITY OF TEecHNOLOGY within the Brite
Euram project Mobiaror, (Penny et al., 1999)
and (Bachschmid, 1999). Unbalance, coupling mis-
alignment and rubbing were the investigated
faults.

In all cases, the identification method deter-
mined correctly the location of the fault by finding
the largest equivalent force at the position where
the fault was. However, substantial equivalent
forces were also estimated for other nodes not
affected by the faults. In other words, the equiva-
lent forces were smeared over the entire system.
The reason is the model error caused by the fact
that due to the small number of measuring loca-
tions accessible, only a few mode shapes can be
taken into account to approximate the full vibra-
tional state. This restriction, which can not be
overcome in most practical applications, leads to
larger deviations of the estimated fault severity
than in the numeric experiments described before.
But, shifting all equivalent forces to the position
where the largest one occurred, and adding them
up yield in all cases acceptable results also for
the fault severity.

CONCLUDING REMARKS

As the investigation showed, the identification
method is able to localise the fault position,
determine the type of fault and specify the fault
parameters.

For reliable identification results as much
information as possible should be available about
the rotor—stator system. This means, that the
mathematical model of the undamaged rotor
system has to be as accurate as possible. To fulfill
this requirement, the number of degrees of free-
dom for the mathematical model can be large,
because only simple mathematical operations have
to be carried out with the linear model and time-
consuming numerical integrations are avoided.

On the other hand, the success of the identifica-
tion depends essentially on the number of meas-
ured locations.
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NOMENCLATURE

M, mass matrix

By viscous damping matrix
K, stiffness matrix

C measurement matrix

Q constant matrix

d reduced modal matrix
Fy initial force
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measured equivalent force

force (identified) due to fault model

fault parameter

deflection of undamaged rotor system
deflection of currently measured rotor

system
residual deflection of rotor system
residual measured deflections

estimated displacement for full vibra-

tional state

coefficient vector

eigenvector of undamaged rotor
mass

gap

modal damping

natural frequency

rotor speed

time

constant time factor

number of eigenvectors

number of measurement locations
amount of degrees of freedom
amount of unbalance

phase of unbalance

cross correlation function

auto correlation function
probability measures: “‘coherence”
probability measures: “intensity”’
first derivative (time)

second derivative (time)
transpose
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