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INTERNATIONAL ELECTROTECHNICAL COMMISSION

ROTATING ELECTRICAL MACHINES -

Part 32: Measurement of stator end-winding vibration
at form-wound windings

ODCAALAD

FOREWORD

e International Electrotechnical Commission (IEC) is a worldwide organization for standardizatiofincom

ernational co-operation on all questions concerning standardization in the electrical and eléctronic fiel
5 end and in addition to other activities, IEC publishes International Standards, Technical” Specific

blication(s)”). Their preparation is entrusted to technical committees; any IEC Nationalh\Committee inte]
the subject dealt with may participate in this preparatory work. Internationak:governmental ang
ernmental organizations liaising with the IEC also participate in this preparatiofn+~IEC collaborates ¢

eement between the two organizations.

e formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern
hsensus of opinion on the relevant subjects since each technical committee has representation fr
erested IEC National Committees.

C Publications have the form of recommendations for international use and are accepted by IEC N

blications is accurate, IEC cannot be held responsible~for/the way in which they are used or fi
Sinterpretation by any end user.

order to promote international uniformity, IEC Natienal Committees undertake to apply IEC Publid

ween any IEC Publication and the corresponding~national or regional publication shall be clearly indica

C itself does not provide any attestation, of conformity. Independent certification bodies provide conf
Eessment services and, in some areas, @ccess to IEC marks of conformity. IEC is not responsible f
vices carried out by independent certification bodies.

users should ensure that they have the latest edition of this publication.

benses arising out of.tRe publication, use of, or reliance upon, this IEC Publication or any othd
blications.

ent rights._|[EC shall not be held responsible for identifying any or all such patent rights.

maijn-/task of IEC technical committees is to prepare International Standard

brising

national electrotechnical committees (IEC National Committees). The object of IEC is| to promote

ds. To
htions,

chnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to ag “IEC

rested

non-
losely
ed by

htional
bm all

htional
bf IEC
r any

ations

nsparently to the maximum extent possible in their national and regional publications. Any divelgence

ted in
ormity

br any

s and
hge or
) and
r IEC

ons is

ect of

In

U7

btional circumstances, a technical committee may propose the publication of a TecH

nical

the required support cannot be obtained for the publication of an International Standard,
despite repeated efforts, or

the subject is still under technical development or where, for any other reason, there is the
future but no immediate possibility of an agreement on an International Standard.

Technical Specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 60034-32, which is a Technical Specification, has been prepared by IEC technical
committee 2: Rotating machinery.
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The text of this Technical Specification is based on the following documents:

Enquiry draft Report on voting
2/1810/DTS 2/1849/RVC

2016

Full information on the voting for the approval of this Technical Specification can be found in
the report on voting indicated in the above table.
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NOTE
IEC w

The

publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A table of cross-references of all IEC TC 2 publications can be found on the IEC TC 2 dashboard
bbsite.

committee has decided that the contents of this publication will remain unchanged

the 4gtability date indicated on the IEC website under "http://webstore.iec.ch!Vin the
relatg¢d to the specific publication. At this date, the publication will be

o {r

hnsformed into an International standard,
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e wijthdrawn,

e regplaced by a revised edition, or

e a
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mended.

hgual version of this publication may be issued,ata later date.
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colour printer.
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INTRODUCTION

Large alternating current (AC) machines are equipped with multiphase stator windings. The
information in this document is based on a dual-layer design. Such windings are connected to
a multiphase voltage system (multiphase current system), which establishes a rotating
magnetic field in the air gap between the rotor surface and stator bore. The voltage and
current can vary during operation in order to adapt to varying mechanical load. Electrical
machines are normally designed for motor or generator operating mode. The majority of AC
machines are equipped with symmetrical three-phase windings, consisting of three,
electrically isolated, spatially distributed winding parts that are intended for common
operation.

Large AC rotating electrical machines are typically equipped with form-woun 'ijings
consisting of form wound coils (as defined in IEC 60034-15:2009, 2.3), single vﬂD ing|coils
(single winding bars) which are given their shape before being assembled mto‘ng,machlr e.

The winding overhang, or end-winding, is the portion of the stator ﬂngmg that ex{ends
beyond the end of the magnetic core and is, in most cases, formed@ circular cone| see
somg examples in Figure 1 below. %

IEC

NOTE Individual coil end marked with black line.

Figure 1 — Stator end-winding of a turbogenerator (left)
and a large motor (right) at connection end with parallel rings
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The majority of large AC machines with form-wound stator windings are equipped with a
stator end-winding support structure. Among other functions it is expected to withstand the
high electromagnetic force loading when the machine is exposed to an electrical fault in the
electrical supply system. This includes a fault in the supply lines of an electrical grid or in an
electronic supply device. In many cases the stator end-winding support structure is not only
designed to increase the structural strength, but also provide appropriate structural stiffness
and inertia to systematically influence structural dynamics and thus the vibration level during
operation.

| Inner support ring

[~ —
F >

xial support bars |

i

v .

>R Ineulated

winding

bars
Spacer-between I Laminated

winding bars stator

core

Tightening _/
Ouiter support ring system

5

Radial support plate |

EC

Figure 2 — Example for.an-end-winding structure of an indirect cooled machine

Typiqal support elements, are plates and rings, which support the end-winding cone |as a
whoIT. Moreover, the~distance between coils (or bars) of the end-winding are defingd by
spacing elements and,their positions are fixed by fastening components. The typical materials
used| for supportelements, spacers and fasteners are composites containing glass |fibre
matefials as wellas resin impregnated felts, cords and bandings (see Figure 2). Also,| high
electfical fields ‘surrounding metal parts could produce electrical discharges compronjising
long ferm-€lectrical strength.

Until lrew—there—exi
results for the ide
behaviour of stator end-windings during operation.

The experimental modal analysis of stator end-windings is a well-established tool which has
also been used for the verification of natural frequencies and mode shapes of large electrical
machines worldwide. The goal is to avoid operation of the machine with increased end-
winding vibration levels under the influence of natural frequencies. Measurement of transfer
functions and identification of structural dynamic properties (e.g. natural frequencies, mode
shapes and other modal parameters) with an impact test is a common testing procedure. It is
applied to new machines by the manufacturer and also used as a maintenance tool by the
user or contractor during a major overhaul of large rotating machines.
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Operational measurement of vibrational behaviour of stator end-windings can be performed by
the installation of special vibration transducers at selected end-winding locations for periodic
measurements or permanent on-line monitoring.

Although measurements of natural frequencies and vibration levels of stator end-windings are
well established techniques, the interpretation of results is still a matter of further
improvement and development. Therefore this first edition is a Technical Specification and not
an International Standard.
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ROTATING ELECTRICAL MACHINES -

Part 32: Measurement of stator end-winding vibration
at form-wound windings

1 Scope

This part of IEC 60034 is intended to provide consistent guidelines for measuring and
reponting end-winding vibration behaviour during operation and at standstill. It

— defines terms for measuring, analysis and evaluation of stator end-winding vibration and
r¢lated structural dynamics,

ves guidelines for measuring dynamic / structural characteristics offline ,and stator|end-
nding vibrations online,

9
W
— describes instrumentation and installation practices for _end=winding vibdation
measurement equipment,
establishes general principles for documentation of test results,
d

pscribes the theoretical background of stator end-winding’vibrations.
This part of IEC 60034 is applicable to:

— three-phase synchronous generators, having rated outputs of 150 MVA and above driven
by steam turbines or combustion turbines;

— three-phase synchronous direct online (DOL)-motors, having rated output of 30 MW and
above.

This document is limited to the description: of measurement procedures for 2-pole and 4f-pole
macHines. For smaller ratings of machinés than defined in this document, agreement can be
madg between the vendor and the purchaser for the selection of measurements in this
document to be applied.

2 Normative references

The following documents are referred to in the text in such a way that some or all of|their
contgnt constitutes ‘requirements of this document. For dated references, only the edition
cited|applies. For:undated references, the latest edition of the referenced document (including
any gmendments) applies.

IEC 60034-11, Rotating electrical machines — Part 1: Rating and performance

IEC 60034-15, Rotating electrical machines — Part 15: Impulse voltage withstand levels of
form-wound stator coils for rotating a.c. machines

IEC 60079 (all parts), Explosive atmospheres

ISO 7626-5:1994, Vibration and shock — Experimental determination of mechanical mobility —
Part 5: Measurements using impact excitation with an exciter which is not attached to the
structure

ISO 18431-1, Mechanical vibration and shock — Signal processing — Part 1. General
introduction

ISO 18431-2, Mechanical vibration and shock — Signal processing — Part 2: Time domain
windows for Fourier Transform analysis
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3 Terms, definitions and abbreviated terms

3.1

Terms and definitions

For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

° |SO-Online-browsingplatform—avaiable—at-hitb-iwwaiso-oralobp
- TITIr T T vy Ty [pPreer TITT: AV TTOOIT e rreeperrvrveveet O LB L Ll o

3.1.1
turbi
three
turbir

Note 1

3.1.2
parti
elect

Note 1
critica

Note 7

3.1.3
statg
portid
circu

3.1.4
stato
comg
block

3.1.5
statg

he driven generator

e or combustion turbine

to entry: In this document, the term turbogenerator will be used.

al discharge
ical discharge that only partially bridges the insulation between conductors

to entry: A transient gaseous ionization occurs in an insulationsystem when the electric stress exc
value, and this ionization produces partial discharges.

to entry: See IEC TS 60034-27.

r end-winding
n of the stator winding that extends*beyond the end of the core and is formed
ar cone

r end-winding support structure

ing and roving which afeJsupporting and fixing the stator end-winding

r end-winding structure

assembly of both.the stator end-winding and the stator end-winding support structure

3.1.6
statg
singl¢

r bar
b glectrical slot conductor as part of the stator winding

-phase synchronous generator with cylindrical rotor with 2 or 4 poles driven by a steam

beds a

as a

onents like rings, plates;sspacers and fasteners as well as components for tightgning,

3.1.7
paral

lel rings

electrical components connecting the stator winding to the main leads

Note 1

3.1.8
displ

to entry: Parallel rings are also called connection rings, phase rings or circuits rings.

acement amplitude

amplitude of displacement vector

Note 1

to entry: See ISO 2041.
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e angle

angle of a complex response which characterizes a shift in time at a given frequency

Note 1

3.1.1

to entry: See ISO 2041.

0

measurement position
measurement location and direction

3.1.1
1x-vi
vibra

3.1.1
2x-vi
vibra

3.1.1
1f-vi
vibra

3.1.1
2f-vi
vibra

3.1.1

shap
spec

Note 1

3.1.1
local
vibra
relati

3.1.1

1

2016

pratiomn
ion with rotational frequency

P
bration
ion with twice rotational frequency

3
pration
ion with once line frequency

1
pbration
ion with twice line frequency

5

s of a natural mode of vibration of. a®mechanical system, usually normalized
ied deflection magnitude

modE shapes

to entry: See ISO 2041.

6
modes

ion involving part of a stator end-winding structure with typically small spatial expa
ve to the circumference of the stator end-winding

7

global modes

vibra
outsi

ion involying a large part of the stator end-winding structure, i.e. the winding
He the stator core and the support components

Note 1 to’entry: See 8.1.3.

3.1.1

nsion

bars

8

4-node mode
global vibration mode, which exhibits 4 nodes over the circumference of the stator end

windi

ng

Note 1 to entry: See 8.1.3.

3.1.1

9

8-node mode
global vibration mode, which exhibits 8 nodes over the circumference of the stator end

windi

ng

Note 1 to entry: See 8.1.3.
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3.1.2

0

modal force
generalized force which is equal to the dot (scalar) product of the mode shape and the
physical force vector (that is, the projection of the force distribution on the mode shape)

Note 1

3.1.2
impa

to entry: Individual modes are excited by the modal force.

1
ct test

test to obtain the vibration response characteristics of a structure with a calibrated impact

force

3.1.2

test

R

modTI test

0 obtain modal parameters of a structure, including natural frequencies, mode sh

modgl damping

3.1.2

3

trangient load condition
operational parameter outside of steady state operation regime

3.1.2
sing
elect

3.1.2
cohe

e bar end connection
ical connection between bars in a stator

Eence

degree of linear relationship between the response and the force for each sampled freque

hpes,

ncy

Note 1 to entry: The value of the coherence function‘is always between 1 and 0.

3.1.2p

operating deflection shape

oDsS

vibration pattern of measured points on a structure under given operating conditions
3.2 | Abbreviated terms

Abbreviated term Definition

ADC analog digital converter

DOL direct on line

DPA driving pointanatysis

DP-FRF driving point frequency response function

EMA experimental modal analysis

FFT Fast-Fourier transformation

FRF frequency response function (see ISO 7626-1 and ISO 2041)
IEPE internal electronic piezoelectric
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Abbreviated term Definition
MDOF multi-degree of freedom (see ISO 2041)
MIMO multi input multi output analysis

OEM original equipment manufacturer

PD partial discharge

SDOF single degree of freedom (see ISO 2041)

4 Causes and effects of stator end-winding vibrations
The physical background of stator end-winding vibration is described inAnnex A.

The predominant cause for stator end-winding vibration is the forcée-distribution due tp the
electfomagnetic field in the active part and the machine’s end-winding region. These fprces
depepd on operational parameters (active power, reactivee power) and are genegrally
unavpidable. They are dominated by twice the fundamental frequency of phase currents, i.e.
100 Kz if operating at 50 Hz grid and 120 Hz if operating,at-60 Hz grid.

Global and local aspects of stator end-winding vibrations are generally distinguished: a dlobal
vibration involves a large part of stator end-winding:structure, i.e. the winding bars outside the
statof core and the support components. Local vibration involves only a part of the stator|end-
winding structure with typically small spatial‘€xtension relative to the circumference df the
statof end-winding. Local vibration modes ‘can always be excited during operation. On the
othern hand, global vibration modes are;not always excited, even if their natural freqency
matches the frequency of electromagnetic force-excitation. A global vibration modg can
genefally lead to significant operational vibration levels, if the mode-shape of a 2Z-pole
machine exhibits 4 nodes or if the mode-shape of a 4-pole machine exhibits 8 nodes. In some
cases, even for 4 poles, the 4-Aode mode can induce a significant operational vibration|level
(e.g.[in case of fractional slot winding). Another force that may lead to end-winding vibratfon is
due fo rotor vibration at.,one times the rotational speed (1x). The rotor vibration through the
bearings may couple tolthe stator frame and core, and then to the end-winding.

Although the vibration excitation is due to a rotating electromagnetic field inside the madhine,

available for analysis. Apart from this, long-term changes of the stator end-winding vibration
level at comparable operational parameters could indicate a change in structural dynamics,
which typically results in gradually decreasing natural frequencies of the relevant vibration
modes. The detection of such long-term changes is the main purpose of the vibration
trending. Sudden changes of the monitored vibration amplitudes after electrical faults could
also be an indicator for a changed stator end-winding structure and can be irreversible.

Specific frequency or vibration limits are not part of this document. It should be pointed out
that changes in the monitored vibration are likely to be of greater significance than the actual
magnitude of such values (for more detailed information, see 7.2). For the time being, if
acceptance or operational monitoring vibration criteria are required they should be based on
experience with a particular class and type of machine — if such experience exists — and
agreed on a case by case basis between the customer and manufacturer.
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NOTE This is because the vibration is very much dependent on the specific design features of a particular
electrical machine, for example stator end-winding designs differ a lot between air cooled, hydrogen cooled and
water cooled generators and between different manufacturers. For HV motors the variation of the end winding
design depends on the specific application. Therefore it is not possible to apply a universal set of limits which can
be applied to even nominally similar types of machines from different manufacturers. Furthermore, currently there
is only a small amount of data available and this is insufficient to define internationally accepted vibration criteria
for acceptance or operational monitoring.

5 Measurement of stator end-winding structural dynamics at standstill

5.1 General

Clause 5 defines the conditions and procedures to measure frequency response function
(FRF) and to derive the natural frequencies, mode shapes and modal damping ratios of.gtator
end-windings.

The pommon excitation method for stator end-windings is by impacting with |a hand| held
impagt hammer. Excitation with a shaker (e.g. electro-dynamic) allows sapplying pther
exci’:jltion signals, like harmonic, swept sine or the use of broadband signals. The advan{ages
of uging an impact hammer are the ease of setup, portability and cost.\~The advantages of
using a shaker are repeatability, wider frequency range and speed\©f data acquisition for
many locations as well as the possibility to use it for multi input multd output analysis (MIMO)
and 3 controlled application of excitation force-levels.

Impagt hammer excitation is primarily used for end-winding structure modal analysis.
Therefore the following sub chapters refer only to this excitation method.

There[eare two purposes of impact testing:

— Determination of global modes to assess whether a specific mode may be excitable during
operation (experimental modal analysis, EMA).

— Determination of local dynamic flexibility (driving point analysis, DPA).
5.2 | Experimental modal analysis

5.2.1 General

The experimental modal analysis (EMA) is a well-established method to identify natural
freqLIncies, mode shapes and modal damping ratios of any structure.

For stator end-windings, EMA is used to identify the natural frequencies and mode shapes of
thosg modes which_are excitable during operation of the electrical machines.

Thesg identified modes are referred to as the so-called global mode shapes, describing the
ring-like behaviour of the stator end-winding.

The most relevant mode shapes are the 4-node modes for 2-pole machines and the 8{node
modes for 4-paole machines. However there are aiso other mode SNapes tnat may be exc table
as well, but they would not contribute as much to the vibration level compared to the above
mentioned modes which are contributing most to the vibration response.

EMA consists of 2 steps:

a) measurement of a set of frequency response functions (FRF), which requires
measurement of the excitation force and responses due to this excitation force;

b) identification of natural frequencies, mode shapes and modal damping ratios from the
measured FRFs.

NOTE ISO 7626 (all parts) describe good practices for the measurement of FRFs. ISO 7626-5 relates to
measurements using impact excitation with an exciter which is not attached to the structure. It specifies procedures
for measuring frequency-response functions of structures excited by means of a translational impulsive force. The
signal analysis methods covered are all based on the discrete Fourier transform.
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The end-winding is excited with a calibrated excitation device at one point in the radial
direction. The response is measured at the point of excitation and at other response points in
three directions. To limit the number of measurement channels the accelerometer can be
moved to the other points (roving accelerometer method). Each response location should be
measured with a minimum of three force excitations. The average of these values represents
the measurement of a column in the FRF matrix. In general, this procedure should be
repeated for a minimum of two different circumferential excitation points.

To allow for identification of mode shapes, it is recommended to locate the impact points and
the measurements in accordance with 5.2.3.4 and Table 1.

The [following subclauses describe in detail the various aspects to identify the ~natural
frequencies and mode shapes of those modes which are excitable during operationdf the
electrical machine.

5.2.2 Measurement equipment
5.2.2|1 General

ISO 7626-1 defines basic terms and specifies calibration tests, cenvironmental tests| and
physical measurements to determine the suitability of motion ‘transducers and load |cells
necessary for the measurement of the frequency response functions.

5.2.2(2 Vibration transducers

The gensors used are typically piezoelectric accelerometers.

Both |basic types, charge mode accelerometers‘asrwell as internally amplified accelerompeters
or IEPE (internal electronic piezoelectric) can be used.

The sensors shall provide an adequateioutput signal to provide good coherence of the
meagurements. Sensor response shall\be high enough to not create digitizing errors gt the
lowest signal levels. Single-axis or_triraxial acceleration pickups with sensitivity between [| V/g
(or iff V/(m/s2) ) and 100 mV/g (or‘in V/(m/s2) ) are generally used. The response shall also
not Qe beyond the linear range of the vibration transducer. This range is affected by the
mourjting method.

Vibration transducer fixation is typically done using wax or putty. An adhesive non-condyctive
wax ¢r putty that will'conform to the end-winding surface and hold the vibration transducers in
placqg is an excellent material. The putty should be easily removed with little residue Igft on
the stator end-winding.

5.2.2|3 Impact hammer

The Imeasurement of frequency response functions with hammer impact is describéd in
ISO 7626-5. For the calibration of the hammer, see ISO 7626-5:1994, 7.2.

The hammer mass and tip is chosen such that the frequency range of interest in the force
spectrum does not decay by more than 10 dB to 20 dB and above that frequency range
excessive energy is not applied. The frequency range of interest is typically from 10 Hz
to 200 Hz but may also go up to 500 Hz. In general a soft tip is useable for a frequency range
up to 200 Hz, a medium tip up to 500 Hz and a hard tip for a range above 500 Hz. When using
an impact hammer for excitation, a weight of 500 g to 2 kg is recommended. An appropriate
tip is recommended so that the coherence is better than 0,80 in the vicinity of natural
frequencies within the frequency range of interest.

If it is chosen to impact the stator core, lower levels of coherence may occur if the transferred
excitation into the end windings is low. Alternatively a heavier hammer (more than 5 kg) is
recommended to be used at these locations.
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Possible causes of low coherence for an impact measurement include:

a) noise in the force signal;

b) noise in the response signal;

c) variation in the location or direction of the impacts during averaging;

d) certain types of nonlinearity.

WARNING — Certain types of error are not indicated by the coherence function.

This is the case if the impact force is repeatable, resulting in deterministic errors, including:

e)
f)
g)

leakage due to truncation of the response (inadequate frequency resolution);
structural nonlinearities;

signal clipping.

If low coherence is due to noise at the response signal (background yibrations), accurate

unbigsed measurement can still be made by a sufficiently high number ofiaverages.

(Seelalso ISO 7626-5:1994, Clause 9: Tests for validity of the measurements.)

5.2.

It is

signgls for evaluation by means of a Fast-Fourier\transformation (FFT). The min

2|4 Dynamic signal analyser

fecommended to use a multichannel frequency apalyser for measuring and storing the

mum

practjcal number of channels is 4 (1 hammer and 4/tri-axial transducer), but more chapnels

may [be used to speed up the measurement process. At least 16 bit multi range or 2

ana

Iqg to digital converters may be used, settable to 0 Hz to 500 Hz frequency range W

4 bit
ith a

resolution less than 1 Hz and anti-aliasing”filters. The signal analyser should prpvide

ade

functjons and coherence function. Averaging in the frequency domain should be possible

5.2.

5.2.

In th¢ following subclauses,.also refer to ISO 7626-5:1994, Annex A.

5.2.

The

gbate window functions. It should bevpossible to calculate the frequency resp

3 Measurement procedure

3|1 General

3|2 Required tests

preferred/)method of acquiring the FRF functions is using a roving trans

meadurement Where the impact location remains fixed. This is due to the fact that, for a

impa

doe

s|not\dépend only on the conditions of the hammer, but also on the local stiffness

impact\oecation. In the following a set of frequency response functions is defined as all
measured for one impact location.

onse

ucer
iven

Ct location a number of pre-tests is to be made, since the energy transfer to the structure

t the
RFs

The roving hammer method, using a tri-axial measurement sensor, can be used if the impact

can

be applied in all three measurement directions.

Precondition

— The individual parts of the measurement chain shall be calibrated. ISO 7626-5:1994, 7.2
can be used as reference.

Pre

-tests

Define impact location. Radial impact direction is normally chosen.
Define gain of amplifier.


https://iecnorm.com/api/?name=8724fe5829023c616c5be781d9d36d2a

- 18 — IEC TS 60034-32:2016 © IEC 2016

— Check force spectrum for flatness.

— Define overload limits.

— Define double-hit settings, if available.

— Define pre trigger.

— Define force window if necessary, as per ISO 18431-2.

— Define cut off frequency of anti-aliasing filter, as per ISO 18431-1.

— Check time signal and apply exponential window if necessary.

— Check influence of n_umber of impactg per averaging calculation on coherence and fix the

Chedk impact point and structural behaviour
— Choose impact points with respect to excitation of 4-node modes (2-polefmachings) or
8inode modes (4-pole machines).
- easure linearity, see Figure B.2.
- easure reciprocity, i.e. if the impact point and the measurement point are exchanged, the
same transfer function should be measured, see Figure B.3.

Conduct measurement of one set of frequency response furictions

— Check coherence for each measurement position.

— Afjust the ADC (analog digital converter) voltage range as required to keep the signal in
the medium range of the voltage range or higher tdo.get the best coherence.

— Check for double hit and over-excitation/clipping.

mpact with a similar force level as tested during the linearity check.

— Always include driving point FRF in measurement even when not in measuring plane.

Repeat the first FRF measurement andZcompare repeatability. It is recommended to r¢peat
the pfe-tests and then conduct the measurement of the new set of FRFs.

5.2.3/3 Machine and ambient conditions

The modal tests should be conducted in the absence of any other work that would induce
vibrations in the stator from other sources. Examples for such other sources are hammering,
the uge of impact wrehches, rolling of the stator, and all welding activities. Armature and|core
support systems should be in the “as operated” state to provide correct spring/dampéning
condjtions.

It maly be impossible to eliminate vibrations from a shaft train running adjacent to the maghine
beingd tested in a power plant. This may affect the data by inducing peaks in the freqency

specfrum-due to vibration from other sources. These peaks can usually be identified by|their
beinglﬁﬂwmﬁw § U U ] y hese

frequencies. These peaks should be omitted from the curve fits manually in post processing.
Line frequency noise may also be present due to poorly grounded equipment. Best efforts
should be made to eliminate noise. Cables should be temporarily attached or supported by
convenient winding components while data is being taken. Supporting cables by hand induces
vibration into the sensor which will affect the quality of the measurements so this should be
avoided. For units in service with significant signs of wear, the above mentioned coherence
requirements may not be achievable. Best efforts should be made and the condition of the
machine should be mentioned in the report.

The winding temperature influences the mechanical properties of the stator end-windings.
Therefore, the winding temperature needs to be documented. It is recommended to perform
the measurement with winding temperature changes of less than 10 K over the course of the
measurement.
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5.2.3.4 Recommended number, position and direction of measurements

The most suitable locations of measurement may vary with the specific design. Number and
locations of the measuring points are decided with expected or predicted mode shapes. If
measuring points are increased, more detailed mode shapes are obtained.

The measurement locations are typically arranged in ‘measurement planes’, since the winding
bars and the supporting components are conically or cylindrically shaped respectively
arranged. Figure 3 below illustrates a typical measurement setup with three measurement
planes at three axial positions of the conical stator end winding. The vibrational pattern of
these three rings is representative for the vibration shape of the stator end winding cone. The
meagurement p:dllc at—thre—stator—tbar—ends (A) TS |cga|dcu' as—essentiat—and represents a
minimum measurement setup. For clear identification of modes, it is necessary to use ‘ab|least
two different impact positions on the circumference (see Figure 3).

A (measuring point)

DFT / . .
o.. B (measuring point
e
End winding . C (measuring| point)
C Tet ol
B @ . *® N\
A @ = _
P e Q
@ [ R N O-Q--@ oo °
-Q o
End winding support & Pimpast pogition2 @
\ e ’
.,./‘l'/Ir)rjge,cf’:ﬁositiom
o -

IEC

NOTE| Different numbers of measuring points-in different measurement planes can be used.

Figure 3 — Measurement structure with point numbering and indication of excitation

Addifjonal measurement planes at the support structure could be advisable for defailed
studigs, see the examples.in Figure A.1.

In ofder to sample./the vibration shape of a continuous ring, a minimum number of
meadqurement pgsitions is required. According to the Nyquist-Shannon theorem it cgn be
stated: If N iscthe highest number of nodes of all expected mode shapes in the evalliated
frequency range, the required number of equally distributed measurement positions is [N+1,
see Tablée 1t Two-pole turbogenerators do often not exhibit higher modes than 8-node ip the
frequency range up to 200 Hz Thus a mlnlmum of 9 measurement Iocatlons cah be
recor ch—r i < eptabte =

rings. If the measurement plane is Iocated not on a contmuous rlng but on |nd|V|duaI
components (e.g. bar ends) it may be necessary to have a higher number than N+1.

Independent from the number of winding bars, every 3-phase machine with 2 poles exhibits 6
winding zones that are identically shaped and supported. An arrangement with 6 sensors in
the centre of every winding zone (as recommended in A.3.4 for vibration monitoring) is not
sufficient for sampling vibration mode shapes with node numbers higher than 4. Typical
measurement setups have 2 or 3 measurement positions distributed on the length of a
winding zone resulting in a total number of 12 or 18 measurement positions at the bar ends.
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Table 1 — Node number of highest mode shape in relevant frequency range
and minimum number of measurement locations
Highest expectable order of Minimum number of locations at Recommended number at
mode-shape N a continuous ring (= N + 1) winding bars of a 2-pole machine
6-node 7 12 or 18
8-node 9 12 or 18
10-node 11 12 or 18
12-node 13 18
The Bacceleration sensors need to be mounted on solid parts of the winding (such.as bar

surfa

windi

ng structure may be used. At both ends of the stator the same rings should be us

ce) measuring at least in the radial direction, but typically the measurement is‘dong with
tri-axjial transducers. If the rotor is removed, measurement planes on the inside,of the

end-
ed, if

possible. The ideal approach is to utilize a sufficient number of sensors.\for simultarleous
meaqurement. However, it is acceptable to perform sequential measurenient of the s¢nsor

locat

ons if not enough sensors or measurement channels are available for simultaneous

meagqurement. In that case, the positions of the sensors are moved ffem one place to the next

whilel the location and direction of excitation remains the same.

5.2.4

As a

acceleration over the impulse force signal. With the help of mathematical algorithm

modgl parameters (natural frequency, mode shapé and damping) are estimated fron
FRFY.
For lightly coupled modes SDOF techniqués:should be used and for heavily coupled mn

MDO

An o
frequ

5.2.5

The fest report should-include the following information:

Strug
Figurn

Repg
taken

Evaluation of measured frequency response functions, identification of mo

result of the FFT analysis the output is a frequency-dependent transfer function g

[F techniques should be used.

verlay plot of all FRFs or a mode indication function will give a first indication of
ency ranges the modes should’be estimated.

Elements of test report

ture measurement planes point numbering and impact locations, see an examg
e 3.

rt for example the top coil slot number of each measurement. The slot numbers c4
out,of the winding diagram of each individual unit. The documentation of measure

des

f the
5 the
n the

odes

vhich

le in

n be
ment

posit

a kL [N ffiniant P~y HP -G ronafar fiioati oo 4 valtbatian ad—ra e
UlTo oTidilT UG oultiuviIcIiit tu GDOIUII ure urarrorei TUrioviivlio tU TAUILAUIVUIT Aaltu 11T aoul

ment

positions. If raw data is provided, an assignment of measurement channels and measurement

positions shall be provided.

sensor/impact locations are clearly marked.

Docu

mentation of pretests:

— Force-time signal and spectrum.

- A

typical FRF and coherence example.

— Linearity, at least for one impact position (see Figure B.2).

- R

eciprocity, at least for one impact position (see Figure B.3).

— Filter settings.

Overlay plot of FRFs and/or mode indicator function (see Key in Figure B.4):

It is helpful to take a photograph or drawing where the
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— Classification of mode shapes to the natural frequency peaks, or
— Table with natural frequencies, verbal assignments of mode shapes.
— Always include driving point FRF in measurement even when not in measuring plane.

Mode estimation algorithm, software name and version used.

Mode shapes with frequencies and damping:

— Figures (containing deformed and not deformed structures), or
— Animations.

It is recommended to plot the perspective view to better distinguish between different ||node
shapes.

Global modes of the stator end-windings shall be presented in a graph indicating the type of
natural mode along with the specific natural frequency. Figure B.5 shows. different natural
modgs.

The |accelerance (=acceleration/force), the mobility (=velocity/ferce) and the dyrlamic
compliance (=displacement/force) will produce vastly different graphs. For global medes,
dynamic compliance should be used due to advantages at lower frequencies (see Key in
Figune B.4). Accelerance can also be used in addition for global,modes at higher frequencies.

5.2.6 Interpretation of results

The fesults of the experimental modal analysis are not easy to interpret in regard tp the
resulting operational vibration level, which is the most relevant quantity for assessient.
Experimental modal analysis is often used for root cause analysis after increased stator{end-
winding vibration are observed. It is generally~=fecommended to combine various measurgment
actions for the interpretation of results. Referto 7.3 for further guidelines.

The |vibration characteristics that cah” be derived from experimental modal analysig are
described in A.1.3. From the experimental modal analysis the following results are of |main
interest:

— tHe measured dynamic compliance close to 1x and 2f (most relevant), accelerance may be
used in cases wherethistorical data was taken in accelerance, the same units should be
sed as in the historic'documents;

c

— tHe natural frequencies of
e[ 2-node vibration modes close to rotational frequency (1x),

e| 4-node-modes (2-pole machines) / 8-node modes (4-pole machines) close to twice¢ line
frequency (2f),

¢ | Nocal vibrations modes close to twice line frequency (2f).

The filtered 2f-component of the operational vibration is typically predominant. It is therefore
advisable to firstly assess the dynamic compliance close to 2f and as well the natural
frequency distance to 2f of the nearest 4-node mode for 2-pole machines (8-node mode for 4-
pole machines). This gives an indication of whether the measured dynamic compliance at 2f is
caused by an excitable vibration mode.

NOTE The measured dynamic compliance depends on the impact location, impact direction and measurement
locations. The operational forces depend on the stator and rotor currents, winding layout and geometrical
dimensions. Thus, the ratio of measured dynamic compliance and operational vibration level varies with the
machine’s design and rating.

In a simplified way, the dynamic compliance can be understood as the product of the static
structural compliance and the dynamic amplification factor. Subclause A.2.1 explains the
possible causes for increased vibration level. The presence of a natural frequency at or close
to 2f is not necessarily cause for increased vibration even though the related vibration mode
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is excited (i.e. a 4-node or 8-node mode). A low static structural compliance, a low modal
force, or considerable modal damping may lead to vibration levels that are not increased
despite the presence of a global or local resonance close to 2f. On the other hand, the
absence of an excited vibration mode at or close to 2f does not necessarily lead to low
vibration levels. A high static structural compliance and a non-resonant situation can result in
increased vibration levels.

Often specifications request a certain frequency range around 2f to be free of natural
frequencies of excitable modes. This is a conservative approach. Instead one should consider
that the dynamic compliance close to 2f may be more relevant than the existence of a peak in
the measured FRFs. If the natural frequency is close to 2f, and a low vibration level is
confifmed i a factory type testor i fietdoperation for a machine, the winding may Stiftjyield
long [life. In this case, type test data including factory test data or the vibration data‘djuring
maclt{ine operation should be presented.

Impatt tests are usually performed at ambient condition and the resulting frequéncy resgonse
functlons are different from those present at operational temperature.\This has tp be
considered when evaluating results from experimental modal analysis. Refer to 7.2 where the
influgnce of operational parameters is explained in more detail.

It is [recommended to involve the respective original equipment manufacturer (OEM) or
winding manufacturer for the interpretation of results from experimental modal analysis, if
necegsary, because the experience on the specific ,design and manufacturing| can
considerably help in interpretation. Aspects of machine’sy,‘condition and its history should
always be considered, refer to 7.4 for further details.

5.3 | Driving point analysis
5.3.1 General

Local vibration modes could always besexcited during operation and result in incrgased
vibration levels, when the natural frequéncy is close to twice line frequency or the compljance
(displacement/force) is relatively high*at twice line frequency. Similarly increased vibnation
may also occur when there is a natural frequency close to the rotational speed (1x).

This [local behaviour of compoenents may not be possible to identify from EMA becausg the
respgnse points may not_be part of the selected measurement scheme of the EMA. Thus it is
reconmended to checksthe components which might show local behaviour, for example stator
bar ends, phase bar.connectors, parallel rings and main leads including bushings.

The |local vibtation behaviour is tested by measuring driving point frequency resgonse
functlons (DR-FRF), which are obtained by impacting at one point/direction and measuring the
respgnse at-the same point/direction. Ideally all bar ends are measured in all three directions.
If it is decided to perform the test only on a limited number of points, it is recommendgd to
test the‘same positions and directions as in earlier tests and those positions which show |wear
or looseness visually.

DP-FRFs showing high peaks at frequencies which do not coincide with the natural
frequencies of identified global modes from the EMA indicate positions with local vibration
behaviour. Their peaks can be assumed to be due to local modes. For the peaks close to
twice line frequency the level of dynamic compliance is to be documented clearly as
frequency and peak value. In addition high compliances at or close to twice line frequency
shall be documented even when not showing a distinct peak. The preferred unit of the
compliance of DP-FRF is micrometer per kN = 109 m/N.

The measured positions (location/direction) need to be clearly documented.
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The following subclauses describe in detail the various aspects to identify the positions of the
stator end-winding with high compliance at or close to twice line frequency by measuring

DP-F

5.3.2

RF.

Measurement equipment

Complete 5.2.2 above is also applicable for DPA.

5.3.3
5.3.3

Measurement procedure

A Required tests

Prec

The i
be uf
meas

Pre-tests

Simil
the H
need

Cong
Simil
5.3.3

See |

5.3.3

The
shou
comg

Idea
only
thosd
docu

bndition

ndividual parts of the measurement chain shall be calibrated. ISO 7626-5:1994, 7.!
ed as reference. If the DPA is done in conjunction with the EMA the calibration g
urement chain is already done.

Br checks should be done as described in 5.2.3.2. If the DPA is done in conjunctior]
MA the dynamic behaviour of the structure is sufficiently’known and the pre-tests d
to be repeated.

uction of measurement:
br checks should be done as described in 5.2.3.2.

2 Machine and ambient conditions

p.2.3.3.

3 Recommended number; positions, and direction of measurements

number of measuring points depends on the target of the measurement. The pos
d be impacted in the™directions necessary to determine the local flexibility o
onent.

y all bar ends‘shall be tested in all three directions. If it is decided to perform the
bn a limitedSsample it is recommended to test the same positions as in earlier testg

positionsiwhich show wear or looseness visually. The sample positions need {
mented ctearly for future reference.
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5.3.4

Evaluation of measured FRFs, identification of modes

The DPA tests are typically done at room temperature. In operation the end-winding is
operating at a much higher temperature. At high temperature the stiffness of the winding will
decrease. This will cause the natural frequencies to decrease. The decrease in Hz is
dependent on the end-winding temperature, but may decrease by as much as 10 Hz to 20 Hz.

All measured driving point frequency response functions (FRFs) are to be checked for peaks,
which do not coincide with formerly identified global modes. These peaks can be assumed to
be due to local modes. For these peaks near the excitation frequency the level of dynamic
compliance is to be documented clearly (frequency and peak value).

For bar ends, the levels of compliance for those peaks, which can be assigned to natural
frequencies of global modes, may also help to determine the relevance of such global modes.
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Very low compliance levels (compared to dominant peaks) indicate that this global mode
would not lead to an increased vibration level during operation.

5.3.5 Elements of test report

The measuring position needs to be clearly reported, for example by front view and
circumferential positions, pictures or sketches. The documentation of measurement positions
should be sufficient to assign the transfer functions to excitation and measurement positions.
If raw data is provided, an assignment of measurement channels and measurement positions
shall be provided.

Visudlization of frequency response functions should be done over the entire measluring
range. Amplitude, phase and coherence signals of the FRF shall be presented in isepprate
overlpid graphs, see example in Figure B.7.

For ¢gomponents of the same type (e.g. bar end connections) it is convenjent to pldt the
frequency response spectra on the same plot for easy identification of comparable strugtural
dynamics.

5.3.6 Interpretation of results

Resuflts of the driving point analysis are not easy to interpret in regard to the resulting
operational vibration level, which is the most relevant quantity’ for assessment. DPA is |used
on a|new winding, if necessary to determine a reference(as a periodic maintenance tgst to
estaflish if structural changes have occurred and/or_as a diagnostic test after end-wipding
vibrafion indications are observed. Driving point apalyses are often used for root qause
analysis after indications for increased stator .end-winding vibration are observed. [It is
genefally recommended to combine various measurement actions for the interpretatipn of
results. Please refer to Table 2 for further guidelines.

The measured frequency response functions represent the local dynamic flexibility of a certain
stator end-winding component. The dyfamic compliance close to 2f is most relevant] The
results should also be checked with.each other.

NOTE| The measured local dynamic flexibility depends on the impact and response location and directiop. The
operational forces depend on the §tator and rotor currents, winding layout and geometrical dimensions. Thys, the
ratio f measured local dynamic flexibility and operational vibration level varies with the machine’s design and
rating

Peakls in the driving~ point frequency response functions (DP FRFs) indicate natural
frequencies of local Vibration modes, if no corresponding natural frequencies of global nmodes
are idlentified. In_this context it is important, that all global modes are identified by means of
expefrimentalmodal analysis (see 5.2). Small differences between natural frequencies of[EMA
and peakswin the DPA in the range of 0,5 Hz to 1,5 Hz can be due to different impact
locat|ons).directions and force levels and do not usually indicate the presence of an additional
local|vibration mode at this frequency. The end winding structure is in good condition |f the
deviation between frequencies Is low when measuring individual comparable end bar
connections. Phase bars show different behaviour from other bars due to differing design.
Higher variation in measured frequencies between connections of individual comparable bar
fixation is an indication of local structural disturbances. Disturbances of local structure can be
verified by additional information from local visual inspections (e.g. poorly impregnated
bandings, dusting). Comparisons to the references of the winding when new are also useful.

Impact tests are usually performed at ambient condition and the resulting frequency response
functions are different from those at operational temperature. This has to be considered when
evaluating results from driving point analysis. Refer to 7.2, where the influence of operational
parameters is explained in more detail.

It is recommended to involve the respective OEM for the interpretation of results from
experimental modal analysis if necessary, because the experience on the specific design and
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manufacturing can considerably help to assess. Aspects of machine’s condition and its history
should always be considered, refer to 7.4 for further details.

6 Measurement of end-winding vibration during operation

6.1 General

During operation the stator end-winding is subject to vibration due to mechanical and
electrical forces. The level of stator end-winding vibration may change due to change of the
excitation forces, which depend on various operational parameters of the electrical machine
and 3 cha shahge—o he—struettral—dyhamic—behaviout- he—pHMary
ency component of the end-winding vibration is usually twice line frequency (2f)y[Thus
the tptal displacement and at a minimum the 2f displacement amplitude and phase*apgles
should be measured. Similarly the 1x displacement amplitude and phase angles|shou|d be
meagured.

The [measurement of stator end-winding vibration is intended to identify the change of
vibration levels over time due to change of the structural behaviour.\Thus it is required to
recond the relevant operational parameters in parallel with the .vibrations to enablg¢ the
ident|fication of a change in vibration levels over time undér-comparable operational
parameters (see 6.2.4). The following operational parameters need to be recorded in pgrallel
as a|minimum: electrical frequency (Hz), stator voltage (kV),, active power (MW), regctive
powdr (Mvar), stator currents (kA) and a representative temperature (°C) of the stator winding
and representative temperatures (°C) for the stator .end-winding. Note that cooling gas
presqure can influence the end-winding temperatures and thus should be recorded.

For dorrelation with global modes this document recommends for two pole machines to Uise 6
vibragion sensors equally distributed on the circumference in the centre of the phase group
(12 sensors for 4-pole machines) each at bothstator end-windings (see A.1.3). For correlation
with [ocal modes this document recommends installing sensors where the compliance (or
accelerance) magnitudes are the largest close to 2f as recorded in the DPA (5.3).| The
sensors are usually positioned at the\'bar ends of stator end-windings and are directed in
radia] and tangential direction (Ob perpendicular to the end-winding cone). Armpature
archifecture and geometry contribute to response maxima and minima at certain
circumferential positions. An<example is the non-symmetry of the connection end of the
armature and the attachment of leads to the frame. It could also be useful to have the
vibration level of the magnetic core. Normally one core vibration sensor is used, but in special
case$ more sensors calpe installed along stator core.

Two main types oftaccelerometers are used: fiber optic or piezoelectric accelerometers.

The yibration-signals may be measured periodically with data acquisition systems conngcted
from [time to time for certain periods or may be continuously monitored. Depending oh the
specific/machine and operating regime, the OEM and the end user together may define
certatrdieat i i

The following subclauses describe in detail the various aspects when stator end-winding
vibrations shall be measured during operation.

6.2 Measurement equipment
6.2.1 General

ISO 13373-1 discusses general procedures of vibration condition monitoring. 1ISO 16063-1
specifies a method, procedures and the specifications for apparatus to be used for testing the
magnetic field sensitivity of vibration and shock transducers. Details and important points
specific to the application of monitoring stator end-winding vibration are given below.
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6.2.2 Vibration transducers
6.2.2.1 General

Accelerometer is the common term for online vibration transducers used for monitoring of
stator end-windings. The accelerometer used shall be designed to operate satisfactorily in the
environment for which it is to be used, for example with respect to temperature, humidity,
magnetic fields, electric fields. The accelerometer shall be correctly mounted to ensure that
its presence does not affect the response characteristics of the stator end-winding.
Accelerometers are available to measure 1, 2 or 3 axes in one device. As a minimum a single
axis sensor mounted in the radial direction is needed to measure vibration in said direction.
Dual-_and triple-axis sensors are available which may be helpful to observe local vibrations
(see 6.3.1.3).

The ¢haracteristics of the measurement system should be known with regard to_the-effe¢ts of
the ehvironment, including:

a) temperature variations;

b) magnetic fields;

c) alrborne and structure-borne noise;
d) ppwer source variations;

e) cable impedance;

f) trensducer cable length;

g) transducer orientation;
h) sliffness of the transducer attachment.

The accelerometers shall be correctly mounted,to ensure that the mounting arrangement|does
not degrade the accuracy of the measurement:

Accofding to the technical background.as described in Annex A, the typical requirements for
an agcelerometer to be used to monitor stator end-winding vibration are:

— Withstand magnetic fields upto 1,3 T RMS at 50 Hz/60 Hz without change of its or|ginal
sensitivity by more than 5-%:
— Electric fields up to 5.kV/mm without change of its original sensitivity by more than 5 %.
— Closs-sensitivity between different measuring axes shall be less than 5 %.

— Minimum frequeney range: 20 Hz to 350 Hz (-3 dB). For generators which have befen in
se¢rvice and, show looseness, a higher frequency range up to 1 000 Hz may be advisable.

— Djynamic frange: 0 g to 40 g.
— Linearity: £5 % from 0,1 g to 40 g.

— Resonance frequency: above 1,5 times upper limit of frequency range, to avoid harmpnics
of the forcing frequency.

— Temperature range —20 °C to +130 °C, for a thermal class 155 insulation system.

— Temperature sensitivity less than 5 % in whole temperature range.

— Survive a 100 g shock.

— The cable to the accelerometer shall not produce any signal if the cable itself is vibrating.

Sensors should be type tested at a minimum to the above performance requirements.

The sensor manufacturer should provide test data to demonstrate that the sensor
performance does not change over an expected life of more than 10 years.

There are two main types of accelerometers which have been used historically.
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6.2.2.2 Fiber optic accelerometers

Fiber optic accelerometers do not contain conductive parts and thus are not sensitive to the
electric and magnetic fields present in the high voltage stator end-winding area.

6.2.2.3 Piezoelectric accelerometers

Piezoelectric sensors may be used for end-winding vibration monitoring, however careful
selection is required as some contain ferromagnetic material. In close proximity to the high
currents in the stator end-winding, ferrous materials will heat up due to losses induced by
magnetic fields. Non-ferrous types are available with low magnetic sensitivity. Installation of
piezoelestric—aceelerometers—reeds—specialattention—on—installationbecause—metatie—epbles
could transfer high voltage out of the electrical machine and therefore lead to a health and
safety issue (see 6.3.2).

6.2.3 Electro-optical converters for fiber optic systems

If fiber optic accelerometers are being used to monitor stator end-winding-vibration, the dignal
from [the optical accelerometer will require conditioning to be processéd-and converted to a
numagric value. It needs to be ensured that the electro-optical converters are not affect;d by
the magnetic fields. A convenient solution for this conversien™is at the stator frame
penefration. An alternative solution is to carry the fiber optic signal away from the generator to
perform the conversion and avoid any electromagnetic interference.

If the optical converters are inside the machine or, within the feedthroughs, sepprate
maintenance of the components may be difficult:y*The optical converters insidg the
feedthroughs have the advantage of less optical ‘attenuation, which may be important for
somgqg types of sensors. On the other hand, to avaid problems with chemical attack due to the
interpal atmosphere (humidity, H2), optical converters may be completely outside of the
statof. With an optical converter outside of the“stator, it is possible to do maintenance oh the
converter during operation.

6.2.4 Penetrations for hydrogen-cooled machines

For hydrogen-cooled generators--the frame feedthroughs need to be in accordance| with
IEC 60079 (all parts) on explosive atmospheres.

For rlew machines it is.the responsibility of the manufacturer to declare the hazardous zone,
for mlachines in operationh the operator is responsible to declare it. Care should also be {aken
as ATEX certified camponents may not comply with the other requirements for gas leakage.

For Hydrogen-cooled generators, a penetration and feedthrough cable is required to pasls the
signdl through’ the generator casing. To avoid hydrogen leaks, this assembly should be
presdqure(tested.

A gas Teakage iest according to EN 1779 test method B3 or B4 at an absoluie pressure of
8 bar as a qualification test of the feedthrough would give a reliable measure of the efficacy of
the seal. This can be performed on most designs of feedthrough assembly prior to installation
in the machine.

6.2.5 Data acquisition

Instrumentation is required to collect the vibration data from the accelerometers and provide a
tool to trend the end-winding vibration conditions. Typical requirements for instrumentation
data acquisition are:

a) The cut-off frequency of the low pass filter shall be set to lower than the upper frequency
limit of the vibration sensor.


https://iecnorm.com/api/?name=8724fe5829023c616c5be781d9d36d2a

- 28 — IEC TS 60034-32:2016 © IEC

2016

b) The sampling rate in samples per second shall be an integer power of 2 and at least 2,56
times the upper frequency limit of the sensor in hertz (i.e. 1 024 samples per second for a
sensor with frequency range 20 Hz to 350 Hz).

c) The sampling time shall be one second yielding a frequency spectrum resolution of
1,0 Hz/line.

This can be performed periodically or continuously. Winding vibration signals can either be
incorporated into the plant SCADA system or be monitored remotely or periodically using a
stand-alone system.

Periodic measurements will provide an overview of the condition of the end-winding structure
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6.3.1
6.3.1

Sensor locations

| General

Where the sensors are placed will depend on the purpose of the on-line data acquisition:
measuring of global vibration levels or local vibration in specific components.

6.3.1.2 Global vibrations

Typically the vibration amplitudes are greatest in the radial direction, which should be
monitored as a minimum.

NOTE *“Radial” is notional, since there is usually a small twist in the coils in the end-winding which means that it
is possible that the accelerometer axis is not truly radial.
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An effort should be made to distribute the accelerometers sufficiently to maximize coverage
for monitoring of end-winding vibration.

In order to get a good estimate of the global vibration level, it is shown in A.3.4 that for a two
pole machine 6 sensors equally distributed on the circumference (12 for 4-pole machine) are
adequate. On the winding connection end, the sensors shall be positioned in the centre of the
phase group. In order to enable operating deflection shape analysis, more sensors may be
needed within the same plane.

Additionally, one accelerometer may be installed on the stator core back iron to provide a
reference for the influence of core vibration on end-winding vibration.

6.3.1{3 Local vibrations

For detection of local deflections, accelerometers can be mounted on individual bars or foils,
leadq from coils to circuit ring busses, support rings or circuit ring busses. It mdy be
worthwhile to install a reference sensor to distinguish between global vibration and lagcally
meagdured vibration, if not available otherwise. In general, the sensors can be located hased
on the results of DPA testing (5.3) and/or past experience of high vibration locations|from
similar machines. The response of the end-winding structure indicated by offline impact
testirl]g and a modal analysis (5.2) may suggest where the acceleremeters are to be lodated.
The pensors should be installed where the local dynamic flexibility is the highest. Where
possible, the machine manufacturer or experienced service ‘providers could be consultgd for
the optimum number of sensors installed and their locations,

6.3.2 Good installation practices

The installation of the sensors needs to ensure@ proper mechanical coupling of the sengor to
the sfructure in the frequency range of interest. The sensors should be secured in placq with
a ‘hgrd setting’ structural adhesive such.as' a 2-component electrical grade epoxy fesin,
secondary mechanical support such as resin impregnated taping or clamping should algo be
applied. Any epoxy shall be chemicallytGompatible with the stator coil insulation system and
end-winding support structure components. The accelerometer shall sit flat on the mounting
surfape and mounted such that thére’is no relative movement between the accelerometer and
the gomponent being monitored:-Epoxy soaked felt will provide full contact between the
mourting area and the acceleroemeter, and to ensure that the accelerometer will sit flat| The
accelerometer shall be fixed“securely to the component; if the felt is not fully saturated [soft)
or nat secured firmly in_place it may dampen the signal giving an inaccurate indication of the
statof end-winding vibration. If a piezoelectric sensor is used, an insulating material of
suffigient thickness (between the stator bar/coil or jumper and the sensor will be requirdd, to
ensufe the sensoer\does not initiate elevated partial discharge (PD) and electrical tracking

Cables are_required to transmit the signals generated by stator end-winding vibration from the
accelerometer to measurement instruments outside the machine.

Fiber opfic cables are immune to high eleciric and magnefic fields. The fiber opfic cables
should not be bent sharply or kinked. Refer to the manufacturer’s instructions for limitations
on routing. A glass fiber cable will minimize the effect on stator reliability or the measured
vibration, but standard procedures shall still be observed when running the cables. It is not a
good practice to secure the cable across multiple live components around the end-winding.
Bridging between adjacent phases should be avoided. The cables should not be installed
tautly as there will be some movement in the end-winding during operation. However cables
should be well secured to minimize movement and whip due to high velocity gas flow to
prevent eventual breakage. Cables should be routed along the stator frame or on the series
caps instead of across the windings and circuit ring busses.

Where piezoelectric sensors are used, the metallic cables need to be secured to bars/coils,
jumpers and circuit ring busses to prevent any impact on long term reliability due to induced
PD. Cables from piezoelectric accelerometers should be sufficiently insulated and protected
from high voltage and routed along bars/connections of similar potential and beyond the high
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voltage stress grading region of the stator end-winding. The preferred means is to route along
a path that only utilizes elements operating at the lowest voltages, and beyond the high
voltage stress grading region of the stator end-winding.

The qualification and testing of the insulation of piezo-sensors including their coaxial cables in
the overhang is part of the qualification and testing of the whole winding insulation: similar to
other sensors like temperature ones. Therefore, the high voltage testing according to
IEC 60034-1 and IEC 60034-15 shall be done as a minimum requirement, with the sensors
and their coaxial cables grounded.

If these tests are passed and additional information is needed, PD-measurements can be
done|according to IEC TS 60034-27. Here it is advised to use the rated phase-phase-ydltage
as in| case of one ground fault in another phase, the phase-ground-voltage may become as
high [as the phase-phase-one for a limited period of time. It is not recommended- hefe, to
defing any quantified acceptance criteria for this test in terms of pC or nC singe"this is not
done|in IEC TS 60034-27 either. However, a “dark house PD-testing” or a PD-test with 3 UV-
camgra could be done here in parallel, in order to optimize the arrangement to achieve the
lowest or no PD-activity.

As a(special additional test, this could also be done with the windingand frame grounded and
the gensor at high voltage potential, knowing that this is not ‘reflecting the same]| field
distripution as in service and more effort is needed than pecessary for the operation, to
isolafe the sensor and especially the cables against ground.

If thel sensors are expected to serve on a long term basis, for example a whole expected life
time,| passing the routine test voltage according todE€ 60034-1 would not be sufficient| It is
advigable that sensors are qualified according, to IEC 60034-18-31, IEC 60034-18-32,
IEC TS 60034-18-33, or IEC 60034-18-34 to be’fit for purpose under electrical, thefmal,
mechanical and ambient stresses. Depending®©n the environmental conditions with respgct to
humigdity or foreign substances on the surface of the overhang, additional requirements| may

apply.

Suffigient cable support is needed to reduce induced noise and the likelihood of damage
during machine operation and «care is needed to reduce the likelihood of damage during
mainfenance activities.

It is fecommended that‘the measurement system i.e. the accelerometer, wiring (inclpiding
frame penetration) and~signal conditioning should be assessed to ensure extraneous nojse is
suppressed and signalquality is maintained.

If in|doubt, contact the OEM, the sensor manufacturer or independent and experignced
servige providers for installation advice.

6.4 | Most relevant dynamic characteristics to be retrieved

As a minimum the instrumentation should produce the waveform of the acceleration signal. A
phase reference signal (see A.3.2) should be retrieved together with a time stamp for later
correlation.

Typically the following processed data is used for monitoring:

— total displacement versus time;
— displacement (amplitude and phase) at rotational speed frequency (1x) versus time;
— displacement (amplitude and phase) at twice line frequency (2f) versus time.

Additional data may be stored depending on specific monitoring requests or needs.
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ISO 13373-2 discusses “Processing, analysis and presentation of vibration data”. Examples of
many of these plots are given in Annex A. The data should be made available in electronic
format.

6.5

Identification of operational deflection shapes

Operational deflection shape measurement is used to find the deformation of stator end-
windings at specific frequencies, typically rotational frequency (50 Hz/60 Hz for 2-pole
machines) and twice line frequency (100 Hz/120 Hz). The measurement of the ODS requires
the accelerometers to be located in positions as described in 6.3.1.1. It is measured under
steady-state operation of the machine where one accelerometer is used as the reference and

the
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refer¢gnce. Typically, the reference accelerometer is selected at the location with the \hi
vibrafion magnitude. The differences in magnitude and phase between the referencCe an
remajning accelerometers determine how the end-windings are vibrating relative to
another and can be used as a way to identify particular parts of the end-winding that
excessive deflection. Operational deflection shapes can be plotted in terms\of the defle
vectdr (or component), excitation frequency/frequencies. Significant changes over tin
comgarable operation conditions can be attributed to structural degradation of the
winding support system.

Similar to modal analysis, operational deflection shape test, assumes linearity. |
meagurements are collected sequentially they also assume {ime invariance meaning tha
steady-state conditions do not change for all measurement pairs (reference and

in pa
Fouri

rallel (all accelerometers at the same time) fordmproved analysis. Finally, typical
r transformation (FFT) assumptions also applydor this analysis.

remaLning accelerometer in sequence). For this reason it is“preferred that all data is coll

In cgntrast to modal analysis, operational deflection shapes are only valid for the fo
frequencies that are present (i.e. rotational speed and twice line frequency). For a com
dynamic description of the end-winding, modal testing is required to determine mode sh
frequencies, and damping ratios that @are not necessarily excited during normal ma

opery

shapes, but they are advantageous from a diagnostics point of view. The opera
defleftion shapes are influenced by the forces during machine operation at load
tempegrature.

6.6

Elements of test.report

The test report shall contain the items as given below as well as in Clause 7.

Senspr installation details:

Ppwerplant, customer.
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tion. Operational deflection shapes can be more difficult to understand than mode

ional
and

Type.of sensors, serial number, frequency bandwidth, etc.

Name of test engineer.
Installation location, measurement direction, etc.

Summary table:

Operational parameters (active power, reactive power, stator current, winding

temperature, etc.).

Overall vibration levels (acceleration, velocity, displacement) given as rms, 0-pk or pk-pk

values.
Specific frequency displacement levels (50 Hz/60 Hz, 100 Hz/120 Hz, etc.).

Change in trend (slow increase, step change, no change, etc.).

Diagnosis and recommendations:
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— Measurement results (spectral shape, trend data, etc.).

- C

omparison with earlier measurements if available.

— Observations made during the measurement.

- C

orrelation with offline DPA results if available.

Sample data:

- A
- D
-7
- s

6.7

cceleration waveforms.
isplacement spectra.

2016

rend data (vibration with aonerational narameters)
\ L L 4

fatistical data (maximum, minimum, average, etc.).

Interpretation of results

The main results of the online-monitoring of stator end-winding vibrations are:

— the global vibration level of the stator end-winding, as it can becmeasured with

d

rected sensors in the centre of the winding zones (as proposed in(B-3.4),

— tHe local vibration level of an individual stator end-winding,_eomponent relative

r@ference position, see Clause A.2.

It is recommended to correlate vibration levels and operating parameters. The vibration |
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tional parameters. Refer to 7.2 for the specification of comparability. General vibr
are not possible to specify for the reasons given in Clause A.2. Apart from a tre
Il vibration magnitudes, there is the possibility.to trend the amplitude and phase an

indicate a natural frequency passing=through the excitation frequency, see deta
. Such trending of phase angles is possible for global vibrations (see Figure A.8) af
cal vibrations (see Figure A.9).

ct test data (see Clause §):The dynamic compliances (as they are measured for EN

xt, the influence of gperational temperature on natural frequencies has to be consid
to 7.2 for further-details.

ther possibility for the interpretation of measurement results in regard to stru
jes is given-with the harmonic content of measured operational vibrations. Mech4g

bles ~-0f "1x and 2f (harmonics), which are generally caused by non-linear stru
viour~”" It is important to identify the state of higher harmonics with refel
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could give valuable hints about possible future development of vibration levels. In this

ered.

ctural
nical

ness could generate beside the 1x and 2f content also additional frequencigs at
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urements at a new machine (or _at the beginning of online-monitoring), as

pome

technologies for fastening and spacing of stator bars exhibit a typical nonlinear structural
behaviour, which is certainly not of concern. It shall be considered, that the amplitude-ratios
of higher harmonics to the 2f-content is generally different for measured displacements,

veloc

ities and accelerations.

Sudden changes of global vibration levels are typically caused by fault cases. Other
influencing factors shall also be considered. Refer to 7.4 for further details.
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7 Repeated measurements for detection of structural changes

7.1 General

Clause 7 describes repeated measurements for the detection of structural changes, which is
the most typical target of measurement campaigns. Impact tests (see Clause 5) as well as
online-monitoring (see Clause 6) are discussed with regard to comparability of measurement
results. The operational parameters and their influence on measurement results are
discussed, as they typically complicate the assessment of results. Moreover, hints are given
for the choice of the appropriate measurement actions with a link to the cause effect chain.

Aspegts due to incorrect measurement method are not addressed. Refer to Clauses 5 gnd 6
to gef detailed information on the measurement procedures.

7.2 | Reference measurements, operational parameters and their comparability

Refefence measurements can be obtained to get a reference for future' comparison of
meaqurement results. Such reference measurements will support a later.détection of potential
structural changes and can be obtained as a baseline for online-monitering (see Clause B) as
well 8s impact testing (see Clause 5). Whereas online monitoringCean provide continupusly
meagurement data for such comparison purposes, the impact testing has the disadvantage of
long |time intervals in between without information (i.e. the time distance between regular
mainfenance activities, which requires opening of the.<machine). Reference online-
meadurements are ideally conducted during the commissioning (or initial operation phfase).
But they can also be conducted at the beginning of the measurement campaign (e.g. just|after
the installation of an online-monitoring system or a repair of the stator end-winding strucfure),
which is practised in most cases. Reference impact<tests are ideally conducted on a new or
refurbished machine.

Repdated measurements for comparison putposes can be performed during the entire lifgtime
of the machine. It is advantageous to do more frequent repeat measurements at the beginning
of the life.

Meagqurement data obtained by online-monitoring or impact tests shall be comparable. In this
contgxt, online vibration measurement results are comparable if the following tolerancep are
kept |n steady state conditiof:

— Aptive power in [MW], reactive power [MVAr]: sqrt[(delta P)2 + (delta Q)2] / S less|than
5(%
— Line frequency: £0,2 Hz.

Characteristic-stator winding temperature: +5 °C.

NOTE| Steady state conditions can be achieved by holding electrical operational parameters constant. It gan be
assumedithat all relevant operational parameters (including temperature) have reached the steady state condition,
when the'measured vibrations reach a stationary level

Without repeated operation of the machine at certain pre-selected operational conditions
(within tolerances as given above), it is hard to differentiate influences from operational
parameters and structural changes. Such comparable operational parameters are ideally
specified when conducting the reference measurements. But they can also be retrospectively
defined, if the machine was driven with a characteristic operating regime and such repeated
operation points can be found. If certain operational parameters are selected for reference
measurements or any other vibration analysis, the operational parameters should be selected
with regard to:

— the typical operating regime of the unit being monitored,
— the specified range of active and reactive power (power chart), and
— potentially the characteristic stator temperatures.
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For reasons explained in A.1.4, the dependency of the excitation level on active and reactive
power varies with the machine’s design. For turbogenerators, the rated load or the most
frequent operation point can be recommended as a preferred load point for reference-
measurements. For motors it should be defined from the driven load process where the motor
is highest loaded.

The selection of operational parameters based on a measurable characteristic stator
temperature might also be advisable. As described in A.1.4, the modal stiffness may change
depending on the temperature of the stator end-winding structure. Thus, global or local
resonance amplification may occur at part load condition (in a certain range of stator current
or apparent power, respectively). Changing the operating regime could therefore cause

diffemmg for
future trending is in such cases advisable.

The most interesting values for comparison of online monitoring data is typically
— tHe global vibration level (i.e. the maximum of vibration levels as measuned at all sersors,
s¢e 6.3.1.2 and A.3.4),

— tHe local vibration level relative to a reference position (see 6.3.1.3i@nd Clause A.4).
For qomparison of online vibration data, it is important to define “a reference vibration|level
(100 |%) of the global vibration for each of the operating conditions used for the reference

meagurements at steady state condition (see requirements, given in 7.2). The maximum|level
of theg available sensors defines the global vibration level (see A.3.4).

In cage of additional sensors placed at locations of/special interest, this sensor may ne¢d its
own reference vibration level (100 %).

An increase or decrease in operational vibration levels (at comparable operating condifions)
less than 25 % may not be significant. An“example of variation in vibration levels at s{eady
state|condition is shown in Figure B.11 (see key in the figure).

Repdated measurements at standstill (impact tests) can be performed in addition to vibration
monitoring or solely. The onlinetmeasurements often give only an indication of a potential
resonjance situation. In such.a\ease, scheduling measurements at standstill are advisable to
confifm the suspected resonarice.

If impact tests are reépeated for comparison purposes, the following requirements shall be
fulfillgd:

— tHe impact force level is similar and the impact positions are identical,
— ohly identieal measurement positions are considered for comparison,
— tHe _same or higher frequency resolution is obtained with the repeated measurement,

— thetemperaturesduringtestingaresimiar (=10 °C)

The most interesting characteristics for comparison are typically

— the measured dynamic compliance close to 2f (most relevant),
— the natural frequencies of
e 2-node vibration modes close to rotational frequency (1x),

e 4-node modes (2-pole machines)/8-node modes (4-pole machines) close to twice line
frequency (2f),

e |ocal vibrations modes close to 2f.
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It is generally recommended to use the same units and scaling of diagrams for repeat
measurements at the same machine. The preferred units are: FRFs in [um/kN], operational
vibration levels as peak to peak displacement amplitudes in [um], phase angle in [°],
frequencies in [Hz], temperatures in [°C].

Impact tests are usually performed at ambient condition and the resulting frequency response
functions are different from those which would be present at operational temperature. This is
due to a changed modal stiffness, see A.1.4. The related natural frequency decrease of global
modes may be 1 Hz to 20 Hz or more, depending on the cooling technology as well as stator
end-winding design and manufacturing technology. The expected frequency drop is typically
in the range of a few hertz for dlrect water cooling and a stiff stator end -winding support.
: cture
is so| flexible that a decrease of wmdmg msulatlon stlffness with temperature increasg can
significantly influence the modal stiffness.

Whemn measurement results from impact tests have to be correlated to measured operational
vibration levels the impact of operational temperature on modal stiffness shall'be considgred.
This means that the measured dynamic compliance has to be evaluated for frequencies gbove
2f with a frequency distance equal to the specific frequency shift due to témperature incrgase.

7.3 Choice of measurement actions

Typidally, stator end-winding vibrations are predominantly excited by the electromagnetiq field
insid¢ the machine. The level of excitation forces depends’ on the size and rating df the
mactline as well as the actual operational parameters. ‘Generally, these excitation fprces
cannpt be avoided. The stator end-winding structdre (with consideration of its ddgsign,
manyfacturing technology and ageing status) determinés the static flexibility and the dyrlamic
amplification, both of which could significantly influence the resulting vibration level| The
dynamic properties of the stator end winding stricture (natural frequencies, mode shapes and
dynamic compliance, as they are measureddy means of impact tests at standstill of the
maclhline) provide the key-information for understanding the root-cause of increased vibfation
levels. On the other hand, dynamic_properties are difficult to interpret in regard t¢ the
resulting operational vibration level, which is the only relevant quantity for assessment| The
monitoring of vibration during operation provides reliable reference values for spcific
operational parameters (active and reactive power as well as characteristic temperature)l The
maximum of possible vibration‘levels can only be determined in an extensive measurgment
camgaign with consideration.to'a wide variation of active and reactive power.

Electromagnetic Structural Operational
and mechenlcal dynamics vibration level
excitation

Active and reactive power Temperature

tor-end-winding
toF-eRe-WRGHRG:

stator voltage excitation frequency IEC

Figure 4 — Simplified cause effect chain of stator end-winding vibration
and influencing operational parameters

A combination of measurement actions may help to provide sufficient information for
interpretation. Figure 4 illustrates a simplified cause effect chain and related influencing
operational parameters, which should always be considered whenever vibrations are
discussed. Table 2 lists possible measurement actions for providing adequate information
about various parts of this cause-effect chain.
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Table 2 — Possible measurement actions to gain insight into

various aspects of the cause-effect chain.

Consideration of different

electromagnetic and
mechanical excitation

Detection of changes of

structural dynamics

IEC TS 60034-32:2016 © IEC 2016

Nature of measured

vibrations (global/loc

al)

Measurements

at

standstill

(Impact tests

Reference and repeat
measurements:

e Identification of
natural frequencies

— EMA to investigate
global vibration
phenomena

— DPA to investigate |

ocal

according to : .
Clause 5) (EMA, DPA) vibration phenomena

e Identification of
mode shapes (EMA)

e Determination of
structural response
level (EMA)

e Determination of
local dynamic
flexibility (DPA)

Measurements Monitoring at various — Long-term trending of +-~Measurements of global
durihg operation comparable load overall vibration level at vibration level by means
I conditions (see 7.2) comparable operational of a suitable numbdr of

(Online- R di lectrical parameters, most sensors (see 6.3.1.R)
monitoring ecort_lng Ie ec rlcat favourable with respect M ts of | |
agcording to gpgra |?nadparamet‘ers to reference- B .Saiyrer?en |S ot 'qea
Clause 6) uring re_n Ing, active measurements vipbration leve (see
and reactive power (see 6.3.1.3)
A.1.4) — Recording/of a
characteristic - :\/Iealsu‘rsmte.,-nt oflthte
temperature ocal viporation re a‘ ve
to a reference positjon
— Recording of filtered 2f (see B.4)
Vibration amplitude and
phase angle
7.4 | Aspects of machine’s condition and its history
Gradpally developing changes of the vibration level or natural frequencies over time (as| they
are measured at comparable operational parameters) indicate a structural change, which may
have| been caused by long _term operational effects. Abrupt changes can occur in dlobal
vibration levels with respect to natural frequencies of global modes. Other influencing eyents
like ¢lectrical faults, repair activities or changed operating regime should be considergd as
potential causes apd-should be examined (refer to Clause B.2 for further details).| The
complete machinels history is an inevitable base for any vibration diagnostics. A resurvey of
visuall inspection feports could also contribute to any related root cause analysis.
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Annex A
(informative)

Background causes and effects of stator end-winding vibrations

A.1 Stator end-winding dynamics

A.1.1 Vibration modes and operating deflection shape

The qperational vibration of the stator end-winding can be mathematically described with the

methpd of modal analysis. According to this method, the vector of operational deflections at

different locations due to a single-frequency force excitation acting simultaneouslyat\several
locatjons can be expressed with:
Xl ul T F 1 1
=2 0 AFy - g
=0 r .
(1—2j+(z-77,)
Modal Force o
Modal Static Deflection Modal Dynémic Amplification

in whiich:

{} is generally representing)a/vector of time-independent complex
amplitudes, which can:be physically interpreted as a spatial
distribution,

{x} is the operating deflection shape (ODS) (or forced vibration made),

N

Z is the sum~over N relevant modes, with the mode number

r=0
r=0,1N

)7 {F} is'the modal force, in which

{ .. }T is the transposition of a column vector to a row vector,
{q }, is the r-th mode shape (or eigenvector),
{F} is the vector of time-independent complex force amplitudes,

o =3r f is the angular frequency of the force excitation, in which

] is the excitation frequency.
o, =2x-f, = kr is the angular natural frequency of the »-th mode, in which
m}"
/. is the natural frequency of the r-th mode,
k, is the modal stiffness of r-th mode,
m, is the modal mass of r-th mode,
n, is the structural damping loss factor of »-th mode.

The operational vibration magnitude of the stator end-winding results from a superposition of
responses due to the various modes. These modes behave like single degree of freedom
systems with independent ‘modal stiffness’, ‘modal damping’ and ‘modal mass’ parameters.
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Subclause 5.2 describes the experimental modal analysis as a testing and analysing method
to determine these modal parameters.

NOTE The formula above is valid for operational vibrations (which are due to operational forces) as well as for
structural responses due to test-excitations (as performed during measurements at standstill of the machine).

A1.2 Excitation of stator end-winding vibrations

Stator end-winding vibrations are predominantly excited by electromagnetic forces. They are
due to the interaction of a magnetic field and an electrical current, each alternating with the
line frequency (‘1f’). The resulting local forces are acting with a non-oscillating term and a
superimposed second term, which is alternating with double line frequency (‘2f’). Thus the
frequency spectrum of vibration is dominated by twice the fundamental frequency of.ghase
currgnts:

— 2|f =100 Hz, if operating the electrical machine at 50 Hz grid,
— 2|f =120 Hz, if operating the electrical machine at 60 Hz grid.

Apar{ from the electromagnetic field, there are additional sources -for stator end-winding
vibrations. The stator end-windings participate with the vibration of the whole maching set,
shaft| train and its support system (e.g. foundation). Other jpossible sources for |such
intergction with stator end-winding vibration can be:

— rqtor unbalance,

— weight induced shaft vibration of horizontal 2-pole rators,

— alternating air-gap torque,

— other mechanical vibration sources in the neighborhood of the electrical machine.
Some of these sources have a frequency other than the electromagnetic 2f-excitation. Rotor

unbalance, with the frequency of the rotor‘rotational speed, is an example and may dause
other spatial deflection shapes.

A.1.3 Relevant vibration characteristics of stator end-windings

The following characteristics<are most relevant for the assessment of stator end-wipding
vibrations:

a) The operational vibration deflection {x} .

b) Tpe natural frequency f, of a vibration mode (respectively its ratio to the excifation
frequency f-),"which determines the modal dynamic amplification,

c) The mode-shape {4} , which describes the vibration deformation of a mode when being
excited and determines the modal force.

The operatiomat—vibratiomdeftection {A} is—the—most—decisive parameter, as it imdicates
whether a permanent stator end-winding vibration of a certain level can impact structural
integrity or not. The measurement of operational vibrations (see Clause 6) has therefore the
highest significance for assessment. Even a permanent presence of a resonance situation
does not endanger structural integrity, if the operational vibration is on an acceptable level.

Further information can be obtained with impact tests, i.e.:

— Modal parameters, in particular natural frequency, mode shape and modal damping as
results from experimental modal analysis (see 5.2).
— Structural response level, i.e. the level of the frequency response functions (see 5.3).

— Local dynamic flexibility as a result from driving point analysis (see 5.3).

Such impact tests at stator end-windings are performed either
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— to gain additional information on structure dynamics as a complement to available
measurement data on operational vibrations, or

— to assess structure dynamics in regard to operational vibration, if no operational vibration
measurements are available for extrapolation.

Stator end-winding vibrations are typically discussed with regard to their spatial expansion.
Two different types of vibration modes should be distinguished as they behave differently
during machine operation and require different measurement methods:

— A global vibration mode involves a large part of stator end-winding structure, i.e. the
winding bars outside the stator core and the support components. Winding connections
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local vibration mode involves only a part of the stator end-winding structure

with

pically small spatial expansion relative to the circumference of the stator end*winding.

arts of individual winding bars or individual winding connections are typically in
hen discussing local vibrations.

oCcus

cordance with the general formula in A.1.1, only those modes with~a’significant modal
contribute to the operational vibration level, that is, those that are associated with a

shape being correlated with the spatial distribution of the electromagnetic forces.

This

to be considered when assessing global vibration modés,~because they arg not
5sarily resulting in an increase of vibration amplitude which is the dynamic amplifidation

exciting with a frequency equal to the related gatural frequency. As a

lirect

pquence of the general winding layout of multi-phase*machines, the magnetic field and
lectrical currents are distributed with a periodicity of 4p over the circumference, where p
number of pole pairs. It is equal to 1 for two-poléymachines and equal to 2 for four-pole
ines. The interaction of field-distribution and current-distribution leads to a predominant

omagnetic force which is a component of the total force distribution {F} with:

periodicity of 2 over the circumference-feftwo-pole machines (p = 1),
periodicity of 4 over the circumference for four-pole machines (p = 2).

general statement applies to “the fundamental wave of all multi-phase macHines,
endent from their design andtechnology. Further periodicities of force can be present,
nese are generally exciting on a significantly lower level. Therefore the main intergst is

ose global modes, which\have the same periodicity as the force excitation and can
hodal force {p}.” - {F}#0 . They are the so-called:

-node’ modes, having a periodicity of 2 (relevant for 2-pole machines), and
-node’ modesy. having a periodicity of 4 (relevant for 4-pole machines)

e A.1 illustrates typical global mode shapes as they occur at stator end-windin
phasé:machines.

lead

s of
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NOTE| The global tion modes are illustrated as they typically occur with stator end-winding structures o
(at the top: stator end-winding (left) and cone-idealization (right); at the bottom: global

<</C) Figure A.1 - lllustration of global vibration modes
N

EC

f large
mode

There are generally two different mode shapes with the same number of nodes, but different
node-positions. The related natural frequencies are nearly the same for isotropic stator end-
winding structures. Different natural frequencies are expected for those stator end-windings
that are featured with winding connections which generally results in an asymmetric topology.

The electromagnetic forces are exciting the various modes of the stator end-winding structure
in the radial, tangential and axial directions. The resulting operational deflection shape (ODS)
has also radial, tangential and axial components, which are caused by the shapes of the
excited modes. The vibration level is typically highest at the bar ends and mainly in the radial
direction. Therefore, the ‘global vibration level’ is usually determined by the measurement of
the radial deflection at the stator bar ends, see A.3.1.
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Local vibration modes are always excited during operation because their spatial extension is
small compared to the electromagnetic force distribution. The modal force {4}’ -{F} is

generally not negligible. Their level of vibration has to be determined by operational vibration
measurements and not extrapolated from impact test results.

A.1.4 Influence of operational parameter

Stator end-windings are predominantly excited by the electromagnetic forces {F} . Thus the
vibration level strongly depends on electrical operational parameters.

New fypes of Targe turbine driven generators are normally run during type tests in the fagtory,
see |EC 60034-4:2008, 6.4 (no-load saturation test) and 6.5 (sustained three phase’|short
circuit test). During the short circuit test the stator end-winding vibration is mainly,'‘caus¢d by
the g¢lectromagnetic forces acting on the stator end-winding and depends @©n ‘the gtator
current. During the no-load test the stator end-winding vibration is mainly caused'by the gtator
core deflection and depends on the stator voltage.

For glectrical machines operating on grid (with power loading), both excitation sources pccur
simultaneously and the vibration response is a superposition of bothzThe load influences| both
excitation components differently. The electromagnetic forces dre. dependent on the stator
and fotor currents (or roughly from the square of stator current or apparent power) act
directly. The excitation by stator core deflection mainly depénds on the stator voltagg and
reactjve power. Therefore, it is strongly recommended to record

— elther the stator current, the stator voltage, the power factor,
— of the active and reactive power as the most relevant electrical operational parameterg.

Further electrical parameters like stator voltage*and line-frequency could also influencg the
vibration level. Recording stator voltage and\ine-frequency in addition is also advisable.

Changes of the operational load lead to@transient change of the vibration level. This shall be
considered when evaluating vibration -data.

Local| stator end-winding vibratiens are excited by the vibrations of the global structurg and
the Igcally acting electromagnetic forces, as well. Therefore, the local vibration level relative
to a|reference position (see) Clause B.4) generally shows another dependency fronr the
electrical operational parameters than global vibrations. Locally applied sensors are required
to mpasure the dependency of local vibration level from active and reactive power| see
6.3.1]3.

The modal stiffpess £, can also depend on the winding temperature, which is changing with

the gppareni-power of the electrical machine. The additional recording of a charactdristic
tempgratuare - could also be advisable.

A.2 Increased stator end-winding vibrations

A.2.1 General aspects of increased vibration

During normal operation, electromagnetic forces are always exciting vibrations of the
machine’s structure. The cause for vibrations is inherently associated with the rotating
magnetic field inside the AC-machine and goes along with its function, namely the conversion
of electrical power to mechanical power (motor operation) or vice versa (generator operation).
Electromagnetically induced vibrations of the stator end-winding structure are generally not
avoidable.

The manufacturer of electrical machines designs and dimensions the stator end-winding
structure in such a way, that the resulting operational vibration does not impair the
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mechanical and electrical integrity of the machine. There is a significant spread of the
acceptable operational vibration levels because the mechanical integrity is dependent on:

— the overall stator end-winding design and any specific design features, which have been
introduced to enable the machine to withstand abnormal dynamic forces,

— the dimensioning,

— manufacturing technology,

— maintenance, and

— age of the machine.

Therefore, it is not possible to give more precise guidelines for acceptable operational
vibration.

When interpreting modal analysis results, a resonance condition does not necessarily legd to
high pperational vibration:

N 1 1
M=% WA,
A A
Modal Force A
Modal Static Deflection Modai, “\Dynamic Amplification

flthe amplitude of F' is small compared to the static stiffness k, the resulting vibrdtions
cqn also be small.

flthe force distribution F' does not match“the mode shape ¢, the modal force is| very
small (e.g. 6-node modes excited by the fundamental wave).

|
m

ven if the frequency ratio o/, is_equal to 1, the resulting modal dynamic amplifidation
can be small if the modal damping~y, is high.

Even|if o=, and the mode shape is a 4-node mode, the structural response level (e.g. the
meagured dynamic compliafnce at natural frequency) still needs to be judged because gl high
stiffness &, and/or a high damping 7, can result in a low vibration level. Generally this ¢heck
can he done by the measurement of operational vibrations.

A.2.2 Increase of stator end-winding vibrations levels over time and potential
remedial actions

MecHanicalkstructures can respond with increased vibration level due to changes of

[0)

a) ekoitation force {F! ;

b) excitation frequency f°;
c) modal stiffness £, ;
d) natural frequencies f, and mode shapes {4} of the structure;

e) damping 7, .
See formula in A.1.1.

Stator end-winding vibration levels may change over time due to a changed operational
parameter, such as double line frequency (influence of b), active power (influence on a),
reactive power (on a), operational temperature (on c, d and e), harmonic content of phase
currents (a, b), or due to a changed structure dynamics for example dynamic stiffness (c) or
damping (e).


https://iecnorm.com/api/?name=8724fe5829023c616c5be781d9d36d2a

IEC TS 60034-32:2016 © IEC 2016 - 43 -

The excitation by electromagnetic forces is dependent on the operational parameters and not

avoid

able when the machine is operated.

The structural dynamics of the stator end-winding is typically changing because of a
decreasing structural stiffness (c) going along with gradually decreasing natural frequencies
(d) of the relevant vibration modes. Such effects may lead to vibration levels above the level
where damage of the end-winding may occur, which may lead to further degradation of the
stator end-winding structure and further loss of structural stiffness.

In such cases it is recommended to operate the machine in such a way (e.g. change active
power, reactive power) that the operating vibration levels are reduced until remedial action is
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A.2.3

Elect

icted. Modifications of the stator end-winding support structure can help to chang
al frequency of the predominantly excited mode. Such detuning measures targe
bse of natural frequency clearly above the excitation frequency (high tuming) o
tion of natural frequency clearly below the excitation frequency (low tuning)y, Subse
ion monitoring can be used to confirm the reduced vibration level.

lecrease of structural stiffness is typically going along with abrasionyat the surface ¢
ng insulation or with a loosening of spacers and fasteners. Some'‘machine manufact
implemented retightening systems to simply remove loosening by applying clan

Resin injection and refastening are other typical maintenance activities to sustai
ural stiffness. Abrasion at the surface of the winding can damage the electrical pot

e technical experts to distinguish the signs of mechanical abrasion and eleg
dation.

htional vibrations are not the only cause forigradually decreasing natural frequer
lecrease of structural stiffness can be initiated by abnormal operational parameter

t designed to allow for thermal flexibility. Such thermal stress might lead to an
ning that can develop further duet¢’vibrations.

measurement of stator end-winding vibration at standstill (Clause 5) is uss
dically check the changé  of structural dynamics when planned outages givd
rtunity for opening the machine.

measurement of (stator end-winding vibrations during operation (Clause 6) enable
tion of long-tefrm changes of stator end-winding vibrations which are due to a gr
ase of structural stiffness.

Transient conditions as cause for structural changes

rical faults like sudden short circuits to ground or phase-to-phase shorts at or ned
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hg system and can cause additional electrical degradation/ It is strongly recommended to
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5 like

ical faults. Also power cycling can cause cyclic thermal elongation/contraction and/or
thermal stress in the stator end-winding strueture, if the stator end-winding support stru

cture
nitial

d to
the

5 the
hdual

r the

mac

ine terminals cause high fransient currents in the stator windings which could infli

ence

the structural behaviour of stator end-windings. It can be outlined as follows.

— The maximum amplitude of transient fault currents can exceed the rated current at steady
state operation by a factor of ten or more. As forces during faults grow roughly with the
power of two of the current, the increase of transient mechanical forces may reach more
than hundred times the forces at rated condition.

— Although the transient forces are of short duration, the high level causes the stator end-
winding structure to have a large deflection, which could endanger its mechanical integrity.

— The highest transient forces occur where coils or bars of different phases are located side-
by-side (phase splits and parallel rings). Depending on the current direction in both
coils/bars the spacing and fastening elements are exposed to high contracting and
expanding forces, which could locally crack the fixation structure.


https://iecnorm.com/api/?name=8724fe5829023c616c5be781d9d36d2a

- 44 — IEC TS 60034-32:2016 © IEC

2016

— Stressing the local support components such as spacing, clamping and fastening elements
with high transient forces could create loosening of several areas of the stator end-winding
support structure. The structural stiffness of stator end-windings changes.

— The change in structural stiffness could result in higher global and local vibration levels
during the normal operation conditions.

— When monitoring the vibration level an impact of high transient forces could be indicated
by a sudden change in trend amplitudes at comparable load conditions.

NOTE Measurements of stator end-winding vibrations typically focus on normal (steady state) operation.
Manufacturers of large generators perform type tests, in which transient vibration deflections are also monitored
and documented. Permanent or frequently repeated vibration measurements during plant operation are not usually
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Operational deflection shape of global stator end-winding vibrations

General
number and positioning of sensors.for measurement of global vibration level is giv

2 for two pole machines (6 equidistantly positioned sensors) and for four pole mac
quidistantly positioned sensors)y The following gives the reasoning for this.

Force distributions-relevant for global vibrational behaviour
pst cases it is appropriate and sufficient to discuss operational stator end-wi
ions only in regardito the fundamental wave of electromagnetic excitation forces (i
cal distribution~in’ case of 2-pole machines), see A.1.3. The angular velocity o
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NOTE Negative sequence voltage components in electrical grids can cause related negative sequence currents.
Such unsymmetrical operation leads to an additional rotating field in reverse rotation direction.

Using the coordinate system as given in Figure A.1, the fundamental wave of force-density
dF/dé (i.e. the portion of force dF acting on a circumferential sector d¢ of the stator end-

windi

ng) can be described with the general analytical expression:

d_th-cos(4ﬂ'-f-t—2P'§+(ﬂ0)’
r-dé r
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Fr is the amplitude of a radial, tangential or axial force component integrated of half of
wavelength (i.e. 1/(4- p) of circumference of the end-winding structure) in [N],

r is the mean radius of the end-winding structure in [m], for which the force ﬁ,m is
determined,

t is the time in [s],

& is the circumferential coordinate (azimuth) in [rad],

r-& is the circumferential length in [m],

?0 is the initial phase in [rad] (¢ =0, £=0).

This |simple analytical description of the electromagnetic forces is sufficient t0)'wWork oJt the
typical vibration deflection of stator end-windings while in operation. ~Figure A.2 below
illustrates this relation for a two-pole machine.

a) b) d% ¢

=]
b
a

IEC

Key
a) Ingtantaneous distribufion of force, which is acting in radial, tangential or axial direction at = 0.
b) Ammplitude of forceidensity as a function of azimuth &.

c) Pilhase of fofces as a function of azimuth &.

Figure A.2 — Example of rotational force distribution for p =1

A.3.3 Idealized global vibration behaviour while in operation

A rotating wave of vibration deflection with constant amplitude follows the force excitation
wave with a certain time-delay. If the stator end-winding structure were to be perfectly

isotropic, the rotating wave of vibration deflection would have constant amplitude U, which
can be measured with a sensor at any circumferential position of the end-winding:

u:U-cos(47z-f-t—2p-§—¢Dyn +(P0)’

where
u is the instantaneous values of global vibration,

U is the amplitude of global vibration deflection,
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%) is the initial phase (as defined by the electromagnetic forces, see A.3.1),

PDyn is the phase shift between force- and deflection-wave due to global structural

dynamics of the stator end-winding.

Figure A.3 illustrates this idealized global vibration behaviour of stator end-winding, where the
dashed curves represent the electromagnetic force and the solid curves represent the
operating deflection.

In this idealized situation, one sensor at an arbitrary position would be sufficient to detect the
global vibration level.
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a) Instantaneous spatial distribution of forcesand vibration deflection at + = 0.
b) Vipration amplitude as a function of location &.

c) Vibration phase as a function of location &.

Figure A.3 — Example of rotating operational vibration deflection wave for p =1

The pehaviour of high tuned stator end-winding structures is dominated by their stru¢tural
stiffness and show a-shape in phase to the force. This means a negligible lagging phase shift
@y, Of the vibsation deflection wave relative to the fundamental wave of force distribution. If

the structure(is) excited at or close to its natural frequency by an appropriate modal force, the
vibration deflection is lagging by P Dyn ~90°. Low tuned stator end-winding structures show a

laggipg¥of nearly P Dyn ~180°, which means a vibration deflection in counter phase tp the

forces.

In practice, the phase of operational vibration is not measured in relationship to the
electromagnetic force. The measurement device typically evaluates the phase by comparing
the phase of measured vibration with that of a reference signal, which can be derived from

— a phase reference rotating with the rotor (shaft synchronization signal),

— a vibration probe mounted somewhere on the machines stator structure,

— one of the machines stator voltages,

— one of the machines stator currents.
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The type of reference signal shall be the same, when phase changes are compared for
different load conditions. Most common is the use of phase reference rotating with the rotor
(shaft synchronization signal).

A.3.4 General vibration behaviour of stator end-windings

The operational vibration often differs from the idealized vibration behaviour as described
above in A.3.2. This can be due to additional excitations (as described in A.1.2) or due to
non-isotropic dynamic behaviour of the stator end-winding structure. In the following, only the

effe

As already Illustrated in Figure A.1, the excitable 4-node respectively 8-node modes
modg shapes with different node positions and in the case of an anisotropic behaviQut
also have different natural frequencies. The node positions of the mode shapes are fix
space independent from the excitation. Figure A.4 below illustrates this phenomeron.
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a] Natural frequency fy
al) H a2)
P “® 1
 2an
1
'. |ﬁ o
1
Sz
- 1
y !
!
T ; v =45 deg
b
b b2)
Hb(é) 1

T ey E——

have
they
ed in

— Undeformed shape

Shape at [ =1y
——————— Shapeat t =1y + /@,

~ === Node position

————— Fixed position of maximum vibration

IEC

al, a2) Shape of mode 1 having the natural frequency f1.

b1, b2) Shape of mode 2 having the natural frequency f2.

Figure A.4 — lllustration of two vibration modes with different
orientation in space (example for p = 1)
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kind of anisotropic vibration behaviour can be caused by:

— the presence of winding connections, and/or,

— an anisotropic support system.

The angular distance between both mode shapes is generally given by:
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stantaneous spatial distribution at 7 = 0.

b) Amplitude as a function of location &.

c) Phase as a function of location €.

Figure A.5 — on-rotational operational vibration deflection wave (example forp = 1)

An analytical expression for the operational vibration deflection can be stated for such special
situations:
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u:U(g‘)-cos(47r-f-t+go0),

where & identifies the azimuth of the vibration maximum and

U(£)=U -cos(2- p-(£-&))

is the measurable vibration amplitude in dependency of the azimuth &. The maximum

measurable amplitude U is here the level of global stator end-winding vibration.
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Figure A.6 — Amplitude and phase distribution for a general case.

NPLE Vibration superimposed by<30 % of a rotating vibration deflection
re A.3) plus 70 % by a non-rotating vibration deflection wave (Figure A.5).

Amplitude of sensor signal, measurable with a sensor at location &

Phase angle of sensorssignal, measurable with a sensor at location &

negative sequencel'current component, which occurs when operating the elegd
ines with unsymmetrical voltage, causes a vibration wave with inverse rotating dire
shape of the \total operational vibration cannot be distinguished from the situ
ibed above:-Significant unsymmetrical operation conditions shall therefore be rep
documenting measured operational vibration.

A.3.5 Positioning of sensors for the measurement of global vibration level
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ensors for the measurement of operational vibration level are often positioned at the bar

ends of stator end-windings and are usually directed radially. This is because the excitable
modes of stator end-windings typically have their highest structural response at the bar ends
in the radial direction. The operational vibration, as described in A.3.3 for a general case,
requires using multiple sensors distributed over the circumference of the stator end-winding in

order

to catch the maximum vibration level U .

The winding arrangement of 3-phase machines with two poles has 6 equally shaped winding
zones over the circumference. It is recommended to mount the sensors (approximately) in the
centre of winding zones, which is between two winding connections, if present. Figure A.7
below illustrates this situation.
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Figure A.7 — Sensors for the measurement of global vibration
level centred in the winding zones

It cap be shown that using this configuration at minimum one of thesensors is positiongd at
closel to one of the vibration maxima. Figure A.8 demonstrates this by two exemplarily chosen
fixed|orientations of 4-node modes, as they are excitable for 22pole machines.

)

Key

At the top: two 4-node mode shapes with arbitrarily chosen fixed orientation

At the bottom: resulting distribution according to the example in Figure A.6

Figure A.8 — Measurement of global vibration level with 6 equidistantly distributed
sensors in the centre of winding zones

NOTE The exact maximum can also be derived through a spatial Fourier analysis.

For four poles machines, in analogy with 12 winding zones, 12 sensors would be required. It
is however conceivable to reduce the number of sensors to 6 and distribute these 6 sensors
only over half of the circumference.
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