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Abstract

During the construction of new or in the course of revitalization of existing power
plants, management systems of great capabilities are installed, as one of the most important
parts of the equipment. Timely detection of faults can ensure the avoidance of significant
damage, by planning maintenance activities of rotating machines, and especially vibration
control using special methods, such as Fourier transforms, Bode diagrams and Nyquist
procedures.
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1. Introduction

In the last thirty years, technological-information development has had an impact on all
areas of work, including power plant management systems. In the same period, modern
diagnostic systems were developed, which use the same or similar technical solutions [1, 2,
3]. During the construction of new or in the course of revitalization of existing power
plants, management systems of great capabilities are installed as one of the essential parts
of the equipment [4].

Timely detection of faults can ensure the avoidance of significant damage, by planning
maintenance activities of rotating machines, and especially vibration control using special
methods, such as Fourier transforms, Bode diagrams and Nyquist procedures. Of course, it
should be emphasized that for the implementation of such activities, expert knowledge of
the mechanical, fluid, temperature and electrical characteristics of rotary machines is
necessary [2, 5, 6, 7].

2. Materials and methods

2.1. Basic quantities monitored on the generator

The problem of vibrations is very important for the working life of the generator,
but as it is a very complex and broad area, which requires in-depth expert knowledge,
both during measurements and when analyzing the obtained results, diagnosing the
condition and making recommendations on taking corrective measures, so alone in itself
can be the subject of extensive special studies [8]. By the way, when measuring
vibrations, three quantities are used as a standard [1, 7, 9, 10]:

» Displacement (mm, um),

» Speed (mm/s) i

> Acceleration (mm/s?, g= 9.81 m/s?).
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Vibration measurements are performed on the machine in the process of work, in
various machine states and operating modes, whereby the basic concepts related to
vibrations are defined by ISO standards (which are equivalent to the American standard)
[7, 11, 12].

Measurements on the machine during rotation are performed on stationary parts
(measurement of absolute vibrations of bearing housings and generators, coil heads and
magnetic circuit) and on rotating parts (examination of relative shaft vibrations) [9].
Tests are performed at steady and transient operating modes (starting up, braking at a
stop and starting at a sudden load), as well as at different thermal states of the machine
and different loads (mechanical rotation in an unstressed state, idling and different load
modes). According to existing regulations, measurements are made in the frequency
range from 2 to 1000 Hz, although sometimes the lower limit of the frequency range is
required to be only 1Hz [6, 11, 13].

When examining vibrations on an unexcited generator, the sources of vibrations are
of a mechanical nature, while when the generator is idling, these vibrations, which
normally come from sources of an electromagnetic nature, are superimposed, while by
comparing these measurement results, mechanical and electrical sources of vibrations
can be separated [7, 14]. Otherwise, vibrations can be periodic and aperiodic, whereby
periodic can be harmonic (represented by a simple sinusoidal function x = XM sin wt),
or non-harmonic (whose description requires knowledge of the mean and effective value
of vibrations). In addition, when analyzing vibrations, one moves from the time domain
to the frequency domain, using the Fourier transformation. A sinusoid in the time
domain is mapped to a peak in the frequency domain, thus obtaining the frequency
spectrum of vibrations.

In general, it can be said that amplitude, speed and acceleration are important for
assessing the severity of vibrations, and for sample analysis, frequency of analysis [5,
15].

According to the practice of the world's leading manufacturers of hydro and thermal
generators and their generator monitoring systems, it is recommended to monitor the
following values and parameters [5, 8, 15]:

Temperatures of generator parts and assemblies and cooling fluids;
Vibrations of mechanical parts of the generator and relative movements (orbits);
Form of stator, rotor and gap of the generator;

Partial discharges in the coil,

Operating data of the generator;

Presence of water in the oil;

Speed of rotation;

Magnetic flux;

9. Flow - water pressure for cooling;

10. Oil levels in bearings;

11. Control of low revolutions;

12. Structural advent of sound;

13. Content of gases and moisture in the cooling air;
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14. Degree of usefulness of the generator;

15. Rotor winding temperatures;

16. Quality of cooling water (distillate);

17. Measurement of individual losses i

18. Noise measurement in the generator barrel,

whereby, on the basis of such recommendations, the experimental part of work and
vibration measurements on the Kostolac B - Drmno TPP turbogenerator (Block 1 and 2)
would be started.

1.1. Measurement of vibrations on the turbogenerator of TPP Kostolac B - Drmno
(Block 1 and 2)

The entire research is based on the experiment and measurement of vibrations,
which occur on the turbogenerator of TE Kostolac B - Drmno (Block 1 and 2) 110 MW,
where the disposition of the turbogenerator with measuring points is shown in figure no.
1[8,9, 11, 16, 17]:
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Figure no. 1 Arrangement and numbering of measuring points

where is: C.V.P. - high pressure turbine
C.S.P. - medium pressure turbine
C.N.P.1 - low pressure turbine 1
C.N.P.2 - low pressure turbine 2
SM - synchronous machine - excitation winding
N1, N2, N3, N4, Ns, Ng, N7 - bearings (measuring points)

The experiment used built-in instrumentation on the machine, as well as state-of-the-art
IRD instrumentation.

2. Results

The first part of the experiment refers to the measurement of the vibrations of blocks 1
and 2, and the obtained results are shown in table no. 1.

Measurements were performed according to the 1SO10816 procedure, monitoring
absolute vibrations (mm/s) in the horizontal (H), vertical (V) and axial (A) directions, at
full load, during stable operation and normal speed and at 4580 and 4510 revolutions in a
minute.
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Table No. 1 Vibration measurement results of blocks 1 and 2

rpm rgena:;t?rfe Direction N N, N3 N4 N5 Ng N~
SUM V 4.1 4.1 5.1 5.1 7.1 10.1 9.6

4580 (um A) H 17.1 7.1 6.6 12.1 8.1 5.5 5.0
A 16.6 6.6 6.1 4.6 41 5.6 6.6

SUM V 0.8 0.8 1.8 1.2 1.3 1.2 1.1

4580 (mmis) H 4.8 1.8 1.6 3.4 1.9 0.9 0.6
A 4.6 15 1.6 0.9 15 0,8 .6

SUM Vv 4.6 3.6 41 5.1 35 10.1 8.6

4510 (um A) H 16.6 7.1 6.1 11.0 8.0 6.5 6.0
A 14.6 5.6 6.1 5.6 4.1 6.1 7.5

SUM \V 0.8 1.6 1.1 0.9 1.3 0.8 0.8

4510 (mmis) H 4.6 1.8 1.3 3.1 1.9 0.8 0.8
A 4.2 1.2 1.7 1.3 1.4 0.8 0.6

It is recommended that fast Fourier transformation and Bode diagrams be used when
measuring vibrations, and the tendency to imbalance is checked according to the Nyquist
Bode procedure [6, 7, 9], which was also applied in the experiment.

Frequency scales on vibration vs. frequency graphs are usually linear, have values from
zero to some maximum value, and are displayed on the left side of the vibration image on
most FastFourierTransform analyzers. Amplitude scales can be linear or logarithmic, with a
base of 10 (dB), and usually represent the actual values from zero to the peak of the curve
[2, 3, 15]. Logarithmic scales are often used to improve the resolution of extreme values
(peaks) of natural frequencies.

Picture No. 2 shows part of the graph (period of one year) of continuous monitoring of
vibration speeds for sliding bearing No. 5, for a period of one month, during 24 hours:
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Figure no. 2 Monitoring of vibration speeds for sliding bearing no. 5
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As a very useful procedure in the procedures of measuring and observing the movement
of the rotor [5, 9], the generation of the so-called of the polar diagram of the amplitude and
phase of movement. It should be emphasized the possible unusual effects on the rotor
response and on the movement phase, under the influence of shaft bending.
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Figure no.3 Bode diagrams
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Figure no. 3 show Bode diagrams of the bearing housing, for measuring point Ns,
directions H and V, while Figure 4 shows the spectral and temporal characteristics for
measuring point Ns:
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Figure no. 4 Cascade spectrum N5 — H

Table no. 2 shows the dynamic parameters of the rotor (Block B2 - turbogenerator of
TPP Kostolac, Drmno), i.e. the tendency of the rotor towards imbalance, according to the
Bode procedure [7, 9]:

Table No. 2 Parameters of the rotor's tendency to imbalance according to the Bode

procedure
Drive part | Working part
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where is:
» Q- factor of increase
» wy — critical angular speed of the shaft
» nn—tendency of the rotor towards imbalance
» Q—operating speed of the shaft
» O - data and/or parameter is not defined;
» O - lack of data and/or inaccessibility of the measuring point.

Table No. 3 shows the parameters of the inclination and sensitivity of the rotor (Block
B2 - turbogenerator of TE Kostolac, Drmno) towards imbalance, according to the Nyquist
procedure [7, 9, 17]:

Table No. 3 Parameters of the tendency of the rotor towards imbalance according to the
Nyquist procedure

Drive part Working
part
Measuring points
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where is:
» Q, - factor of increase
» wy — critical angular speed of the shaft
» nn —tendency of the rotor towards imbalance
» Q — operating speed of the shaft
» O - data and/or parameter is not defined;
> O - lack of data and/or inaccessibility of the measuring point.
Note:

* According to the ISO 10814:1996 standard, point 5, the evaluation of the rotor's
sensitivity and tendency to imbalance is performed in the parameter range 0.8 < #,
<1.3;
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* Based on the previous paragraph and the working speed of the shaft of 2 =3000
min™, the test is performed in the area of critical shaft speeds of 2300 min< w, <
3750 min™.

Table No. 4 shows the results of identification of relative damping parameters ¢, as well
as modal sensitivity M, of the rotor shaft:

Table no. 4 Relative damping parameters (,, as well as modal sensitivity M, of the rotor

shaft
Drive part Working
part
Measuring points
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where is:
» wy — critical angular speed of the shaft
» Q — operating speed of the shaft
» O - data and/or parameter is not defined,;

Note:
 markings comply with ISO 10814:1996 standards
* symbols comply with the ISO 7000:1989 standard

3. Conclusion

Detecting the cause of vibrations in turbogenerators is in most cases very complex,
because it is usually a matter of several different causes. If the turbine has been working
with increased vibration for a long time, as a rule, the consequences of the vibrations are
transformed into their complementary causes. The spread of vibrations is usually
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determined by individual parts and bearings of the turbine and generator, under normal load
and normal operating parameters. It should always be kept in mind that the spread of
vibrations does not have to be characteristic of the place of their origin. This means that it is
necessary, of course, while monitoring the spread of vibrations and changes in their
magnitudes, to carry out the following tests of the turbogenerator operating mode:

» Determine the spread of vibrations under normal load and normal parameters;

» To do test of idles, without generator excitation, in order to determine the dependence
of the magnitude of the vibration amplitude on the number of revolutions;

» To do test of idles, with the transition to excitation of the generator, due to showing
the change in vibrations when the generator voltage changes;

» To do test in long-term of idling for 3 to 4 hours, with the generator excited, during
which the effect of heating of individual assemblies of the turbine body on the
magnitude of vibrations is checked;

» To do turbine load test, where the load should be changed at a normal speed, and the
magnitude of the vibration should be measured every % to 1/5 of the load increase;

» To do test of long-term operation, at the maximum possible even load (according to
the conditions of the size of the vibration), for a duration of 3 to 4 hours;

» To do trial of ,,removing* the load and stopping the turbine, which allows judgment
on the impact of residual thermal deformations on the magnitude of vibrations;

» In case of doubts about the causes of vibration, apart from the described tests,
separate commissioning can also be carried out:

e Turbines without generators, or
e Generator with synchronous motor without turbine.

On the other hand, the quality status according to the requirements of 1SO standard 10816-
2:2001 is as follows:
1. Vibration state of the bearing housing during start-up until synchronization
Drive part (bearings Ni, N2, N3, Nj): the identified vibration condition meets the
requirements of 1ISO 10816-2:2001.
Working part (bearings Ns and Ng): the identified state of vibration meets the
requirements of 1ISO 10816-2:2001.
2. Vibration state of the rotor during exploitation - cold state
Drive part (bearings N1, N2, N3, Ng): the identified vibration condition meets the
requirements of 1ISO 10816-2:2001.
Working part (bearings Ns and Ng): the identified vibration condition meets the
requirements of 1ISO 10816-2:2001.
3. Vibration state of the rotor during exploitation - warm state
Drive part (bearings N1, Na, N3, Ng): the identified vibration condition meets the
requirements of 1ISO 10816-2:2001.
Working part (bearings Ns and Ng): the identified state of vibration meets the
requirements of 1ISO 10816-2:2001.
4. Final remarks and conclusions
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Despite the fact that the requirements of the ISO 10816-2:2001 standard were met in
all tested operating modes of the turbo-aggregate, both during start-up and in
operational modes, due to the reasons stated in the Final remarks and conclusions in
the Report on the dynamic condition of the rotor, there are indications that
supplement the conclusions presented in the Report on the dynamic condition of the
rotor, which refer to the rotor line, which primarily refers to the appearance of
higher harmonics in the vibration spectrum.
5. Suggestions for improvement

In order to increase the safety and reliability of the operation of the turbo-aggregate,
as well as to better prepare the upcoming overhaul activities, it is suggested that in
the following period, when the operating conditions permit, at least one more test of
the vibration condition of the bearing housing in accordance with 1SO 10816-2
:2001.
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