IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 36, NO. 5, SEPTEMBER/OCTOBER 2000 1467

An Analytical Approach to Solving Motor
Vibration Problems

William R. Finley, Senior Member, IEEBMark M. HodowanecMember, IEEEand Warren G. Holter

Abstract—Vibration problems in induction motors can be
extremely frustrating and may lead to greatly reduced reliability.
It is imperative, in all operations and manufacturing processes
that downtime is avoided or minimized. If a problem does occur,
the source of the problem is quickly identified and corrected.
With proper knowledge and diagnostic procedures, it is normally
possible to quickly pinpoint the cause of the vibration. All too often,
erroneous conclusions are reached as a consequence of not under-
standing the root cause of the vibration. This may resultin trying to
fixanincorrectly diagnosed problem, spending a significantamount
of time and money in the process. By utilizing the proper data
collection and analysis techniques, the true source of the vibration
can be discovered. This includes, butis not limited to, the following:
electrical imbalance; mechanical unbalance—motor, coupling, X ELECTRO-MECHANICAL

<4> MOUNTING

or driven equipment; mechanical effects—looseness, rubbing, FORCE BETWEEN STATOR
bearings, etc.; external effects—base, driven equipment, misalign-

ment, etc.; resonance, critical speeds, reed critical, etc. Once the

electrical and mechanical interactions in a motor are understood, Fig. 1. Stator and rotor.

and the influence external components have on the apparent motor

vibration, identification of the offending component is usually L . .
straightforward_ This paper provides an ana|ytica| approach for The |OSS Of prOdUCtIOI’I IS Oﬁ:en“mes the most Cr|t|Ca| concern. TO

expeditiously understanding and solving these types of problems.  solve a vibration problem, one must differentiate between cause
Index Terms—Cause of vibration, induction motors, trouble- and effect. For this to happen, one must first understand the root
shooting vibrations. cause of the vibration. In other words, from where does the force
come? Is the vibratory force the cause of the high levels of vi-
bration or is there a resonance that amplifies the vibratory re-
sponse? Perhaps the support structure is just not stiff enough to
UCH HAS BEEN written about vibration over the yearsminimize the displacement. In this paper, the various sources of
Thisincludes many papers and books on vibration in gealectrical and mechanical forces will be explained. Additionally,
eral and a number of papers on vibration in induction motors irow the motor reacts or transmits this force and how this force
particular. This is an ongoing subject, continually extended Iean be amplified or minimized will be explained as well. When a
advances in analytical and diagnostic tools and methods. For tilyration problem occurs it is important that one use a good sys-
reason, and because this is an important and complex subject tigisatic, analytical approach in resolving the problem. This in-
worthwhile periodically to both present any new knowledge aredudes performing the proper diagnostic tests. The process starts
experience as well as to review prior knowledge and concepts by listing all the possible causes for the particular identified fre-
Vibration problems can occur at anytime in the installation gruency of vibration and any variations under different operating
operation of a motor. When they occur, it is normally critical thatonditions. Then, eliminate the incorrect causes one by one until
one reacts quickly to solve the problem. If not solved quicklgll thatremainsis the true source of the problem, and now this can
one could either expect long-term damage to the motor or imnize efficiently eliminated.
diate failure, which would resultinimmediate loss of production.

. INTRODUCTION

Il. SOURCES OFVIBRATION

Paper PID 00-13, presented at the 1999 IEEE Petroleum and Chemical In-There are many electrical and mechanical forces present in

dustry Technical Conference, San Diego, CA, September 13-15, and apprayggction motors that can cause vibrations. Additionally, inter-
for publication in the IEEE RANSACTIONS ONINDUSTRY APPLICATIONSby the

Petroleum and Chemical Industry Committee of the IEEE Industry Applicatio@Ction of these various forces make identification of the root
Society. Manuscript submitted for review September 15, 1999 and releaseddause elusive. In subsequent sections, the major mechanisms are
publication May 1, 2000. . _discussed. For a more comprehensive list of electrically and me-
W. R. Finley is with Large Motors & Pumps, Industrial Products Division, . . . .
Siemens Energy & Automation, Inc., Norwood, OH 45212 USA (e_maiﬁ:hamcally induced vibrations Table | should be referenced.
bill.finley @sea.siemens.com). 1) Twice-Line-Frequency VibrationThere are many dif-
M. M. Hodowanec and W. G. Holter are with the Industrial Products Divifarent forces and interactions as a result of the power source
sion, Siemens Energy & Automation, Inc., Norwood, OH 45212 USA (e-mail: . . .
mark_hodowanec@sea.siemens.com). and the interactions between the stator and rotor as seen in

Publisher Item Identifier S 0093-9994(00)07604-0. Fig. 1. The power source is a sinusoidal voltage that varies from
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TABLE |
ELECTRIC MOTOR DIAGNOSTIC CHART
CAUSE FREQUENCY PHASE AMPLITUDE POWER COMMENTS
OF VIBRATION ANGLE RESPONSE CcuT
Misalignment: Primarily 2 x Phase angle can Steady. Drops slowly with ® 2 x can dominate during
© Bearing Some 1 x be erratic. speed. coast-down.
Radial High at DE @ 2 x is more prevalent with
and Axial higher misalignment.
Misalignment: Primarily 1 x Drive 180° out Steady. Level drops slowly @ Parallel causes radial forces
@ Coupling Some 2 x Phase with NDE. with speed. and angular causes axial.
Radial High at DE @ Load dependent.
and Axial
Rub - 1/4x, 1/3x, 1/2x or Erratic. Erratic depending | Disappears @ Full rubs tend to be 10 to
@ Seal/or bearing 10-20x can be seen upon severity. suddenly at some 20x higher.
Primarily 2 x lower speed. @ Bearing misalignment can
Some 1 x. Radial. give rub symptoms.
@ Rotor 1/4x, 1/3x, 1/2x, & 1x Erratic. High. ® Severe pounding.
with slip freq.
side bands. Radial.
Looseness: 2x Steady. Fluctuates Disappear at © Bearing seat looseness.
® Bearing (non- 3 x may be seen Some lower speed @ Looseness at bearing split.
rotating) Radial
@ Rotor Core 1-10x with 1,2, & 3 ® Can exist Erratic, high @ Drops with ® End plates loose.
(rotating) predominant. relative to type amplitude speed. @ Core ID loose.
Radial of looseness @ Can disappear
@ General core suddenly.
loose gives erratic
symptom.
@ Pedestals 1-10x with 2 & 3 Steady. Fluctuates. Disappears at some
(non-rotating) predominant lower speed.
Radial & Axial
@ External Fans 1&3x N/A Fluctuates. @ Drops with
Radial & Axial - OE speed.
(fan end) @ Can disappear
suddenly.
Unbalance Rotor 1x rotor speed. @ NDE & DE in Steady. Level drops slowly. Rotor has unbalance - can be
Radial phase. due to thermal problems.
@ Couple gives
out of phase
condition
Unbalance of ® 1X Radial high at ® Couple DE Steady. Level drops slowly.
External Fan NDE (fan end). o
@ 1X Axial with high at | 100 ot of phase
fan end.
Coupling Unbalance | 1 x Radial & higher on Steady Level drops slowly Unbalance due to coupling or
drive end key
Bent Shaft Extension §{ 2 x Primarily EO 180° out of phase Steady. Level drops slowly. DE runout should give higher
1 x may be seen with DE. 2x axial at that end. Normal
Axial runout on core - 1-2 mil.
Eccentric Air Gap Strong 120 Hz N/A Steady Immediately drops Difference between max. and
Radial min. air gap divided by ave.
Soft Foot should be less than 10%.
Eccentric rotor. 1x Primarily Unsteady. Modulates in Immediately drops @ Eccentricity limit 1-2 mil.
Some 60 & 120 Hz amplitude with slip @ Slip beat changes with
Radial speed/ioad.
Loose stator core. 120 Hz. Frame & bearing Steady Immediately drops © Look for relative motion of
Axial & radial brackets in phase at core with respect to housing.
120 Hz
Rotor Bow 1x Primary Unsteady @ Changes with Some drop but high | @ Heat related.
(Thermal Bow) Some 120 Hz may be temperature. level would come @ Examine rotor stack for
seen @ Time or load down with speed. uneven stack tightness or
May have Modulators related. looseness.
on 1X & 2X vib. - @ Varies at Freq. @ Shorted Rotor Iron
Radial slip x poles @ Check bar looseness.

positive to negative peak voltage in each cycle. Many differeof the voltage or current wave reducing to zero at the point in
problems either electrical or mechanical in nature can causme when the current and fundamental flux wave pass through
vibration at the same or similar frequencies. One must loalero as demonstrated in Fig. 2. This will result in a frequency of
closely to differentiate between the true sources of vibration.vibration equal to 2 the frequency of the power source (twice-

A power supply produces an electromagnetic attracting fortiee-frequency vibration). This particular vibration is extremely
between the stator and rotor which is at a maximum at a pos#nsitive to the motor’s foot flatness, frame and base stiffness,
on the stator when the magnetizing current flowing in the statand how consistent the air gap is between the stator and rotor,
is at a maximum either positive or negative at that instant around the stator bore. It is also influenced by the eccentricity
time. As a result there will be two peak forces during each cyatd the rotor.
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TABLE | (Continued
ELECTRIC MOTOR DIAGNOSTIC CHART

CAUSE FREQUENCY PHASE AMPLITUDE OF POWER COMMENTS
ANGLE VIBRATION CcuT

Broken rotor bars 1x and modulates Dependent upon STRONG BEAT Immediately drops @ Sparking in the air gap may
at slip x # poles where broken bars POSSIBLE. be seen.
May have high stator are located. @ Long term variation in stator
slot frequencies - Varies @ Freq. slot frequencies can be
On slower speed Slip x poles indicator of bar problems.
Motors - Amplitude @ Broken bars cause holes in

increased with load magnetic field.

@ Large current fluctuations.
® Current analysis shows slip
frequency side bands.

Loose bars. © 1 x Possible balance | 1. 1 x vibration wilt Steady @ Stator slot freq. Excessive looseness can
effect with be steady will immediately cause balance problems in
thermal sensitivity. 2. Stator slot freq. disappear. high speed motors.

Radial will modulate @ Imbalance effect
@ Stator siot freq. causing a fluctuation can suddenly

plus sidebands in phase angle on disappear at some
@ +(# Poles*Slip) overall vibration lower speed.

Interphase fault 60 & 120 Hz N/A Steady and Immediately
Radial | possible beat. disappears.

Ground fauit 60 Hz & 120 Hz N/A Steady and Immediately
slot freq. - Radial possible beat. disappears.

Unbalanced Line 120 Hz N/A Steady 120 Hz & Immediately

Voltages Radial Possible beat. disappears.

Electrical Noise (RPM x # of Rotor Due to modulation Steady Immediately Increases with increasing load.

Vibration slots)/60 +/-120, 240, overall vibration will disappears
etc. - Radial fluctuate

System Resonance | 1 x RPM or other Varies with load Varies Disappears Foundation may need
forcing frequency and rapidly. stiffening- may involve other
One plane — usually Speed factors
Horizontal

Strain 1 x RPM Steady Caused by casing or

foundation distortion from
attached structure (piping).

Poorly shaped 2x Rotational Usual | Erratic Steady May disappear at May act like a rub.

Journal lower speed

Oil Film Instability | Approx. Unstable Steady

(Oil Whirl) (.43-.48)*rotational

Anti-Friction Various Frequencies | Unstable Steady Four basic frequencies.

Bearing Problems | dependent on bearing
design

Resonant Parts At forcing Frequency | N/A Steady# Drops rapidly May be adjacent parts
or Multiples

Top Cover Fit 120 Hz. N/A Steady. Disappears ® Magnification of 120 Hz
Radial immediately. electrical.

@ Top cover rests on basic
core Support.

Some people are inaccurately under the premise that twemte a back EMF approximately equal to the applied voltage.
line frequency vibration varies with load. This misconceptioAs load is applied to the motor, both stator and rotor currents
comes from the belief that twice line frequency vibration exncrease together and balance one another, therefore, there are
citation is due to a magnetic field generated by the current o significant changes in flux. This means that the basic mag-
the stator coil which varies with load and creates a magnetietic forces are independent of load current and are nearly the
force which varies with the load current squared. In reality, treame at no load or full load. Therefore, the main component
ampere-turns of the stator and rotor tend to balance one af+twice-line-frequency vibration which is created by an un-
other except for the excitation ampere-turns. To explain this balanced magnetic pull due to air-gap dissymmetry does not
those not familiar with motor electrical theory, the excitatioshange with load.
ampere-turns are created by the motor no-load current. ThiOn two-pole motors, the twice-line-frequency vibration level
establishes the magnetic field in the motor necessary to gevil appear to modulate over time due to its close relationship
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S0

Flux - Flux Around a Stator on a 2 Pole Motor MIN~GAP~-MAXIMUM
FORCE

0 18
180

Force - Force Between a Stator & Rotor on a 2 Pole Motor

STATOR

ROTOR MAX GAP~MINIMUM
FORCE
0 180 360 270
Fig. 2. One period flux wave and magnetic force wave. Fig. 4. Unsymmetrical air gap around rotor.
2 POLE STATOR 1D 4 POLE typical 1000-hp two-pole motor at 60 Hz show 120 Hz vibra-
tion at the stator core OD of about .12 in/ s, peak, while values
MY for a four-pole motor of the same size are only about .02—-.03

POINTS OF
MAXIMUM FLUX
AND FORCE

in/s, one-sixth to one-quarter of this value. This twice-line-fre-
guency vibration is transmitted through the motor frame to the
bearing brackets where it is reduced somewhat in amplitude.
3) Nonsymmetrical Air Gap:Twice-line-frequency vibra-
tion levels can significantly increase when the air gap is not
symmetrical between the stator and rotor, as shown in Fig. 4.
This particular condition will result in the force being greater
in the direction of the smaller air gap. That is, an unbalanced

with 2x rotational vibration. Problems in a motor such as a rufyagnetic pull will exist in the direction of the minimum air gap
loose parts, a bent shaft extension, or elliptical bearing jour-

nals can cause vibration ak2rotational frequency. Due to its force~ B?/d (1)
closeness in frequency to twice-line-frequency vibration, the
two levels will add when they are in phase and subtract Whé{hereB is the flux denSity, and is the distance across the air
they are out of phase and then add again when they returrd&p-
being in phase. This modulation will repeat at a frequency of Of interest here, not only is the stator pulled in one direction,
2x the slip on two-pole motors. Even at no load, twice rotatioBut also the rotor is pulled in the opposite direction, to the side
vibration on two-pole motors will vary from 7200 cycles/mirthat has the minimum air gap. This causes higher shaft vibration,
(120 Hz) due to S||p Since there is some S||p on induction mMmICh is more detrimental to bearing life. Note that in Flg 4 the
tors, although small at no load, it may take 5—15 min to slip oritor OD is concentric with the axis of rotation, thereby causing
rotation. For those of you not familiar with the term slip, theréhe force to remain a maximum in the direction of minimum air
is a rotating field around the stator that the rotor is trying t8ap-
stay in phase with, but the rotor will fall behind the stator field 4) One-Times-Line-Frequency Vibratiomlthough not
a certain number of revolutions per minute depending upon thgarly as prevalentas twice-line-frequency vibration, one-times-
load. The greater the load the greater the slip. Slip is typicalfie-frequency vibration can exist. Unbalanced magnetic pull
1% of rated speed at full load, and decreases to near 0 slip affi@y result in vibration at line frequency (one times line fre-
load. Since vibration levels are not constant, to measure vibfiency) as well as the usual twice-line-frequency vibration. If
tion, many times it is necessary to perform what is referred to # rotor or stator moves from side to side, the point of minimum
a modulation test. In a modulation vibration test the motor is 2ir gap may move from one side of the motor to the other. When
lowed to run for a period of typically 10 or 15 min, and vibratiorthe frequency of this motion corresponds to the frequency of the
is recorded continuously to allow the maximum and minimuriaveling flux wave, the unbalanced magnetic pull will shift from
to be established. side to side with the point of minimum gap, resulting in vibration
2) Elliptical Stator Due to Fundamental FluxAs can be at line frequency. This line frequency vibration is normally
seen in Fig. 3, for two-pole motors the electromechanical for¥€ry small or nonexistent, but if the stator or rotor system has a
will attempt to deflect the stator into an elliptical shape. Théesonance at, or near, line frequency, the vibration may be large.
primary resistance to movement is the strength of the core back ) . . .
iron and the stiffness of the housing around the stator cofe, On€é-Times-Rotation Vibration—Electrical
which is restraining the core’s movement. On four-pole mo- 1) Eccentric Rotor: An eccentric rotor, which means the
tors the distance between the nodes is only 45 mechanical dger core OD is not concentric with the bearing journals,
grees, one-half that seen on two-pole motors, thereby makicrgates a point of minimum air gap which rotates with the rotor
the four-pole stator core much stiffer to movement, resulting at one times rotational frequency. Associated with this there
much lower twice-line-frequency vibration. Calculations on will be a net unbalanced magnetic force acting at the point of

ROTOR 1D

Fig. 3. Electromechanical force on two- and four-pole motors.
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20 NO CURRENT IN

MIN=-GAP-MAXIMUM

FORCE ROTOR BAR
F1l rOoTaTicNaL
FORCE
180 Q
STATOR
ROTOR
ROTOR MAX GAP-MINIMUM STATOR
FORCE
270
EXAGERATED VIEW MAGNETIC FIELD
OF ECCENTRIC ROTCR AROUND ROTOR BAR
Fig. 5. Eccentric rotor. Fig. 6. Rotor with broken rotor bar.
STATOR
L. . . . . sLaT
minimum air gap, since the force acting at the minimum gap <

is greater than the force at the maximum gap, as illustrated

in Fig. 5. This net unbalance force will rotate at rotational

frequency, with the minimum air gap, causing vibration at one

times rotational frequency. Ft
The flux causing the magnetic force is the fundamental flux

wave, which rotates around the stator at the synchronous spee

of the motor. The rotor attempts to keep up with the rotating

flux wave of the stator, but the rotor slips behind the stator field

as needed to create the necessary torque for the load. When tt

high point of the rotor (point of minimum air gap) aligns with

the high point (maximum) of the stator flux, the force will be MAGNETIC FIELD AROUND

a maximum, and then it will decrease, becoming small under FOReEs ™Y AND RESULTING

a point of minimum flux. Thus, an unbalance force is created

which rotates at rotational speed and changes in magnitude wikh 7. Magnetic field around rotor bar and resulting force on stator teeth.

slip. The end result is a one-times-rotational-speed vibration,

which modulates in amplitude with slip. This condition occurerations or heating by locking rotor, and applying voltage. In

at no load or full load. At no load, the frequency approachesldition, broken rotor bars or a variation in bar resistivity will

synchronous speed and could have a modulation period of 5€Hbise a variation in heating around the rotor. This, in turn, can

min. At full load, the frequency of modulation in cycles pebow the rotor, creating an eccentric rotor, causing basic rotor

minute will equal the slip in revolutions per minute times thenbalance and a greater unbalanced magnetic pull, thereby cre-

number of poles. The slip is equal to the synchronous speatihg a high one-times and some minimal twice-line-frequency

minus the full-load speed, typically 1% of rated revolutions pefibration.

minute. For example, a two-pole motor with a full-load speed 3) Rotor Bar Passing Frequency VibratiorHigh-frequency

of 3564 r/min at 60 Hz will have a slip of 3600-3564 = 36 cyload-related magnetic vibration at or near rotor slot passing fre-

cles/min (1% slip) and will result in a modulation frequency ofjuency is generated in the motor stator when current is induced

2 % 36 = 72 cycles/min. into the rotor bars under load. The magnitude of this vibration
2) Broken Rotor Bar:If a broken rotor bar or open brazevaries with load, increasing as load increases. The electrical cur-

joint exists, no current will flow in the rotor bar, as shown inment in the bars creates a magnetic field around the bars that

Fig. 6. As a result, the field in the rotor around that particulapplies an attracting force to the stator teeth. These radial and

bar will not exist. Therefore, the force applied to that side of thangential forces which are applied to the stator teeth, as seen in

rotor would be different from that on the other side of the rotoEig. 7, create vibration of the stator core and teeth.

again creating an unbalanced magnetic force that rotates at on€his source of vibration is at a frequency which is much

times rotational speed and modulates at a frequency equal to glipater than frequencies normally measured during normal vi-

frequency times the number of poles. bration tests. Due to the extremely high frequencies, even very
If one of the rotor bars has a different resistivity, a similalow displacements can cause high velocities if the frequency

phenomenon (as in the case of a broken rotor bar) can exiahge under test is opened up to include these frequencies. Al-

It should be noted that this is one of the few conditions th&tough these levels and frequencies can be picked up on the

cannot be seen at no load. However, there is an additional phestor frame and bearing housings, significant levels of vibra-

nomenon associated with this condition that can be seen attiom at these higher frequencies will not be seen between shaft

load after the motor is heated to full load temperature by aayd bearing housing where they could be damaging. For this

method that creates rotor current. These methods would includason, vibration specification requirements normally do not re-

coupled full-load test, dual-frequency heat run, multiple acceajuire that these frequencies be included in overall vibration.

NN 2 NN

ROTAR
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Since vibration at rotor bar passing frequency occurs at a higk
frequency, the vibration velocity level may be significant, but @
the effect on motor reliability is insignificant. Considering the
stress that results in the motor as a consequence of the vibre <> o> <o Cold ce>

tion makes this determination. For example, a two-pole motor  vooe SHAPES (o> m=0; k> m=1; (2> m=2 <ol m=3; (&> m=4.
exhibiting a vibration at 2800 Hz may give the following:

velocity, (IPS) 0.1 0.5
displacement (mils) 0.011 .057
stress in stator core iron| 30 Ib/in? 150 Ib/in?

stress in stator tooth iron| 50 Ib/in2 250 Ib/in?.

The typical fatigue strength of the core iron is 35 000 I&/in
Similar low stress levels can be calculated for all parts of the
motor (including the stator windings). In addition, the typical
minimum oil film thickness ranges from 1.0 to 1.5 mils. Since
only a small displacement such as .011-.057 mils as mentioméd 8. Mode shapes.
above could be seen, this vibration will not have an adverse
affect on bearing performance. force waves is a result of the difference between the number

The rotor slot and sideband frequencies are in the frequensfyrotor and stator slots as shown in
range normally related to noise rather than vibration perfor-
mance, and are taken into account in noise predictions during M = (N; — N,) +l-KP 3
motor design. In fact, these force components are the principal
sources of high-frequency noise in electrical machines, whi¥f1ere
has been for some time subject to noise regulations and limitsY>  number of stator slots;

Experience has shown that, where noise has been within normalY»  number of rotor slots;

or even high ranges, there has been no associated structurd] ~ number of poles;

damage. The significance of these high-frequency vibrations is/¢ @l integers 0, 1, 2, 3, etc. .

distorted by taking measurements in velocity and then applyingl) Mode Shapes and Natural Frequencies of Core Vibra-

limits based on experience with lower frequency vibration.  tion: Under the applied magnetic forces the stator core is
set into vibration in the same manner that a ring of steel

would respond if struck. Depending upon the modal pattern
and frequencies of the exciting force, as described above, the
stator would vibrate in one or more of its flexural modas

The frequencies of the load-related magnetic forces appliedjoyipration, as shown in Fig. 8. Each of the mode shapes has
the stator teeth and core equal the passing frequency of the rgi9rassociated natural frequency. The core may be somewhat
bars plus sidebands ator —2f,4f,6f and8f Hz, wheref is  influenced by the stator frame in actuality, but, in analysis, the
the line frequency. A magnetic force is generated at the passifigime is usually neglected, both due to complexity and because
frequency of the rotor slot (FQR), which is motor speed in reype effect on higher frequency modes is minimal.
olution per second times the number of rotor slots as shown in 15 ynderstand the resonant frequency of the core at a given
mode of vibration, the core can be represented as a beam, which

B. Load-Related Magnetic Force Frequencies and Mode
Shapes

FQR = r/min x Nr/60 Hz (2) is simply supported on both ends and flexes between the ends
due to forces applied on the beam. The length of the beam is
where Nr is the number of rotor slots. equal to the circumferential length of the mean diameter of the

For the typical two-pole 3570-r/min motor with 45 rotor slotstator core for one-half the mode wave length (see Fig. 9) [8].
in the example above, FQR = 2680 Hz. D
The sidebands are created when the amplitude of this force is L= 2
modulated at 2 the frequency of the power source. On a 60-Hz 2M
system, the 120-Hz modulation produces the sidebands, givindf the resonant frequency of the core is close to the forcing
excitation frequencies of FQR, FQR 120, FQR— 120, FQR frequency, a high level of vibration will result. The lower modes
+ 240, FQR— 240 Hz, etc. of vibration may produce resonant frequencies that are close to
The forces applied to the stator teeth are not evenly distributibe primary forcing frequencies.
to every tooth at any instant in time; they are applied with dif- The frequency of stator tooth resonance is also a concern.
ferent magnitudes at different teeth, depending upon the relatiMee tangential forces applied to the teeth can excite a resonant
rotor- and stator-tooth location. This results in force waves oveondition in the tooth. The tooth is a cantilever beam supported
the stator circumference. The mode shape of these magnatithe root by the core. The resonant frequency of the cantilever

4)
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connector failure is rotor bar movement as a result of multiple
restarts of a high inertia load. However, the only increase in vi-
bration at speed due to loose rotor bars would be due to a shift
in the rotor cage causing a one-times-rotational mechanical un-
balance.
Secondly, looking at any one rotor bar, the bar itself is never
subjectto aforce at the rotor slot passing. The bars are rotating at
€ XAGERATED rotational speed. There is an alternating field in the rotor, which
BENDING MODE has a frequency close to 0 cycles/min at no load, then increases
to a frequency equal to the slip frequency times the number of
pole pairs at full load. On a two-pole motor this is typically 1
(pole pair)x 36 r/min (typical slip) or 36 cycles/min. To make
this easier to understand, consider one point or bar on the rotor
f of a two-pole motor, and that this point is rotating at 3564 r/min.
h . There is a field around this bar at a very low frequency. It is
Fe applying a force to the stator at varying magnitudes depending
‘_l_‘ on the level of flux in the rotor at that instant in time. This flux
m

Tl {B pulsates each time it passes by a stator slot. Note that the force
that the rotor sees is at the stator slot passing frequency and is

L) L L modulating at twice the slip. This will produce vibration of the

rotor bars at the stator slot passing frequency plus and minus

sideband frequencies in multiples of the (slip)poles).
Fig. 9. (a) Fourth mode of vibration. (b) Linear representation of core for
one-half wavelength of force.

C. One-Times-Rotation Vibration—Unbalance
1) Motor Unbalance: Balancing is required on all types of
rotating machinery, including motors, to obtain a smooth-run-
ning machine. This is performed in the factory in a balance ma-
chine at a level of precision determined by the motor speed, size,
and vibration requirements. The highest precision is required for
two-pole motors. Two-pole and large four-pole motors should
be balanced at their operating speed in the balance machine. The
assembled motors are then run in test to confirm that vibration
reguirements are met in operation.
Although they do not usually concern the user directly, a few
salient factors affecting factory balance will be discussed here.
ROTOR These mainly apply to two-pole motors.
Most medium to large motors are used for constant-speed
Fig. 10.  Stator tooth forces. applications, although there has been a recent increase in the
number and size used for variable-speed applications on ad-
beam is a function of the beam length and width. A longer anistable-speed drives. Constant-speed motors need only be pre-
narrower beam will produce a lower resonant frequency (seision balanced at one speed, their operating speed. Variable-
Fig. 10). speed applications require that good rotor balance be maintained
The force applied to each tooth produces displacement of theoughout the operating speed range, which typically may be
tooth and the core. The displacement will have a greater amgtom 40% to 100% of synchronous speed.
fication the closer the forcing frequency is to the resonant fre- Rotor balance involves the entire rotor structure which is
guency of the core or tooth (3) made up of a multitude of parts, including the shaft, rotor
laminations, end heads, rotor bars, end connectors, retaining
1 . . .
(5) rings (where required), and fans. These many items must
1= (f/fo)? be controlled in design and manufacture to achieve stable

wheref is the line frequency ang, is the natural frequency. Precision balance.
This vibration is sometimes incorrectly associated with loose Fundamental requirements for precision balance on any ma-
rotor bars, but there are reasons why loose rotor bars will ffdtine are as follows.
create rotor slot passing frequency vibration. e Parts must be precision manufactured for close concen-
First, on most larger motors the centrifugal forces are so great tricities and minimal unbalance individually.
that the only time there could possibly be rotor bar movement « Looseness of parts, which can result in shifting during op-
is while the rotor is accelerating. This in itself could be a se-  eration, causing a change in balance, must be avoided or
rious problem since the number one cause of rotor bar to end minimized.

SLOT

amplification factor=
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 Balance correction weights should be added at or near tligeven bending due to rotor heating. The proper solution is
points of unbalance. to determine the reason for uneven heating affecting shaft
For motors, rotor punchings must be precision manufactursttaightness, and fix the rotor. Before such major rework is
with close concentricities of all features and have a shrink fierformed, the severity of the thermal situation needs to be
on the shaft that is maintained at all operating speeds and teaseertained. All rotors will have some change in vibration
peratures. The punchings must be stacked square with the bordransitioning from a cold state to a hot one. APl 541, 3rd
uniformly pressed, and clamped in position when shrunk on tkdition, allows 0.6 mils change in shaft vibration (at rotational
shaft to prevent movement with speed change. When end cérequency, k), and, 0.05 in/s change in housing vibration.
nectors require retaining rings, the rings are of high-strengttowever, if the application is one of continuous duty, and,
material designed with proper interference fit. Rotor bars avébration levels are not excessive during startup (i.e., motor
shimmed and/or swaged so they are tight in the slots. Thésecold), it is permissible to allow more change cold to hot
are other methods to assure tight rotor bars, such as heatingwitbout any damage to the motor. In these situations, if the
core and chilling the bars, but these methods are not commimwest vibration levels are desired at operating conditions, a
End connectors should be induction brazed symmetrically to thet trim balancing procedure can be performed. To perform
bars, which helps eliminate variations in balance due to thernthis procedure, run the motor until all conditions thermally
change. The shaft and assembled rotor are precision machistdilize, and quickly perform a trim balance. If necessary, run
and ground to concentricities well within .001 in. The rotor ithe motor again after the initial trial weights have been installed
prebalanced without fans, then the fans are assembled and farad let the motor thermally stabilize before taking additional
balanced on the rotor. The fans are individually balanced befosibration measurements for final weight correction
assembly on the rotor. For motors with a heavy external fan,3) Coupling Unbalance:The coupling unbalance Ilimit
two-plane balance of the fan may be required. given in API 671 of 40W/N, when applied to a typical 1000-hp
Constant-speed applications are usually satisfied with eitt800-r/min two-pole motor for example, gives a value equal to
a stiff shaft design, for smaller machines, or a flexible shaft dabout one-third of the motor unbalance limit for one end.
sign for larger motors. A “stiff shaft” design is one that operates Analysis shows this would be about the correct value to have
below its first lateral critical speed, while a “flexible shaft” deminimal effect on motor vibration. Comparing this to AGMA
sign operates above the first lateral critical speed [12]. WheBupling unbalance limits commonly used in the industry, it is
the rotor is precision designed and manufactured as descrigeghparable to a Class 11 balance which requires a balanced
above, a two-plane balance making weight corrections at théupling. It is considerably better than a Class 9 balance (by
rotor ends will usually suffice, even for flexible rotors. Occaa factor of 3) which is not a balanced coupling. AGMA Class
sionally, however, a flexible rotor may require a three-plane ba-palance couplings are sometimes used for two-pole motors,
ance to limit vibration as the machine passes through its critigalt do not meet API 671 and can give vibration problems with
speed during runup or coastdown. This is accomplished by als@cision motors.
making weight corrections at the rotor center plane as well as aUse of a proper key and a balanced coupling leaves the ma-
the two ends. chine alignment and mounting and the driven equipment bal-
Adjustable-speed applications require a stiff shaft to prevesice as the remaining major factor in system vibration.
major balance changes with speed due to shaft deflection, sucl) Oversize Coupling:One consideration in coupling selec-
as may occur with a flexible shaft. In addition, however, thgon is coupling size. The coupling should be large enough to
many other factors affecting balance in this complex structutigandle the application, including the required service factor, but

discussed above, must also be controlled to maintain good hstould not be exceptionally large. Potential results of oversize
ance at varying speeds. In particular, any bar looseness will gguplings are the following.

sultin excessive change in balance with speed. This is prevented
by rotor bar shimming and sometimes swaging as noted above.”
Shims around bars, such as used here allow the bars to be driven
tightly into the slots without concern for having the laminations
shear pieces of the bar off, causing bars to be loose. This design
also prevents the bars from becoming loose over time in the field *
due to a similar phenomenon, which may occur during heating
and cooling where the bars may not expand and contract at the
same rate as the core. The predominant vibration frequency as a consequence of an
During balancing and no-load testing in the shop, the shaftersized coupling would be at one times rotation, just like an
extension keyway is completely filled with a crowned and conunbalance condition. The concept of “bigger is better” duats
toured half key held in place by a machined sleeve to avoid ahgld true here.
unbalance from this source. Load testing is carried out with the5) Driven-Machine UnbalancelUnder normal circum-
motor mounted on a massive, rigid base, accurately alignedstances, the unbalance of the driven machine should not
a dynamometer and coupled to the dyne with a precision-balgnificantly affect the motor vibration. However, if the unbal-
anced coupling and proper key. ance is severe, or if a rigid coupling is being used, then the
2) Thermal Unbalance:Thermal unbalance is a speciaunbalance of the driven machine may be transmitted to the
form of unbalance. It is caused by uneven rotor heating, ovotor.

One is an increased motor vibration due to increased cou-
pling unbalance and/or a change in the critical speed or
rotor response due to increased weight. This is particularly
true for flexible-shaft machines.

A greatly oversize coupling can result in greatly severe

shaft bending, excessive vibration, and heavy rubbing of
seals, ultimately resulting in catastrophic shaft failure.
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6) Maintaining Balance in the Field\When a finely bal-
anced high-speed motor is installed in the field, its balance must
be maintained when the motor is mated to the remainder of the
system. In addition to using a balanced coupling, the proper key e g
must be used. pEs

One way to achieve a proper key is to have the shaft keyway
completely filled, with a full key through the hub of the coupling
and the entire key outside the coupling crowned to match the
shaft diameter. A second approach is to use a rectangular key
of just the right length so that the part extending beyond the
coupling hub toward the motor just replaced the unbalance of o 1 2 3 4 3
the extended open keyway. This length can be calculated if the HORIZONTAL VIBRATION SEVERITY

coupling hub length and keyway dimensions are known.
P . 9 9 yW y L Fig. 11. Plot of vibration (in mils) versus base/motor position.
An improper key can result in a significant system unbalance;

which can cause the vibration to be above acceptable limits.

For example, calculations for a typical 1000-hp two-pole 3600- //'m-\\
r/min motor show that an error in key length of .125 in will give .-~~ \ | / ~~
an unbalance of 0.7 d@m. This is about equal to the residual un- | '
balance limit for each end of the rotor of 4W/N givenin API541 \‘

for motors, and exceeds by a factor of 3 the residual unbalance \
tolerance of a typical one-half coupling of 40W/N given in API \ '\
671 for couplings. Y ‘\

CINCRETE

|

|

|
i
A problem occasionally arises in the field when a flexible- \ | : ,/ /
|
|
|

shaft machine with a high-speed balance is sent to a service sho| \ \
for repair. If the rotor is rebalanced in a slow-speed balance ma- 4
chine at the service shop, then this usually results in unbalance NI o
at operating speed, and the machine will run rough when tested \ \
or reinstalled. The solution, of course, is to not rebalance unless \ \
absolutely required by the nature of the repair. If rebalance is ab- \ | S N
solutely required, then it should be done at the operating speec \ MH N/ / T
of the rotor, otherwise, a trim balance may need to be performed \ N S

after the motor is reassembled. Wb Y

D. Forcing-Frequency-Response Vibration i i i

1) Weak Motor Baself the motor is sitting on a fabricated F 2E . N
steel base, such as a slide base, then the possibility exists that th PRI
vibration which is measured at the motor is greatly influenced
by a base which itself is vibrating. Ideally the base should be
stiff enough to meet the “massive foundation” criteria defined
by API 541 [1]. Essentially, this requires that support vibration — —
near the motor feet be less than 30% of the vibration measured
at the motor bearing. To test for a weak base, measure and ;'):IB’[

horizontal vibration at ground level, at bottom, middle, and to

of the base, and at the motor bearing. Plotted, this informatiﬁ??_ro‘:king adds to the inheref, of the motor alone to give
would look like Fig. 11, for a motor sitting on a weak base. I Ngh total at the bearing housing, as shown by the following

this particular example, had the motor been on a rigid base, ff#ivalency:
vibration at the bearing would have been closer to .25 mils rather S =6 s 6
. H=0gM +0HV (6)
than the measured 2.50 mils.
A weak motor base usually results in higk Vibration, usu- where
ally in the horizontal direction as shown in Fig. 11. However, it 65  actual motor horizontal vibration measured in the field;
may also result in high 2 (twice rotational frequency) or2 émps horizontal vibration of motor alone measured on a

12. Rocking mode due to weak base.

(twice line frequency) vibration, which also is a common vibra- massive base in shop;
tion frequency in motors. To determine the nature and source ob sy = (D/E)V B calculated horizontal vibration compo-
this high 2< vibration requires vibration measurements be made nent due toSy g, measured vertical vibration at each
at the motor feet in both the vertical and horizontal direction, motor foot in the field.

taking phase as well as amplitude to determine a mode shapel’he recommended repair for the weak motor base illustrated
The “rocking mode” of the motor observed in a particular case that the support posts be tied together and heavily stiffened
is illustrated in Fig. 12. The horizontal componént,: due to with the intent to meet the criteria for a “massive foundation.”
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¥ SHar subharmonic vibration at the system resonant speed in motors
U Kr Ks with sleeve guide bearings. This could be due to either oil whip
]RDTDR E Ve Eﬂ/;gmi effects or inadequate guide bearing oil film.

\ 10 HT
STATOR

o ec 3) Resonant Baself the motor’'s operating speed (or any
SHAFT  \-FRAME other frequency at which a forcing function is present) coincides
mr hr i with the base resonant frequency, great amplification in the vi-
bration amplitude will occur. The only solution to this problem
@ (b) (c) : .
is to change the resonant frequency of the base. Usually, this is
not difficult to do, and is most commonly accomplished by ei-
Fig. 13. Structural representation of vertical motor for reed critical frequen ; ; ; ;
calculation including rotor shaft flexibility 1§’ z: rotor weight; Wy: stator ther changlng the stiffness of the base, or by changlng the Welght
weight (motor weight-WR):K ,.: motor shaft and bearing stiffness (Ib/in); Of the base/motor.
K5 motor frame stiffness (Ib/in, considering bending, shear deflection, and 4) Bearing-Related VibrationBearing-related vibrations
flange bending). are common to all types of rotating equipment, including
motors, and in themselves encompass extensive fields of

Even where resonance of the base is not a factor, heavy sfichnology. They will be dealt with briefly here.
ening of a light support structure can greatly reduce vibration. Sleeve bearing machines may occasionally experience “oil
2) Reed Critical Base IssuesA vertical motor’s reed crit- Whirl” vibration, which occurs at a frequency of approximately
ical frequency is a function of its mass, distribution of mas$25% of running speed. This may be quite large, particularly if
and base geometry. The reed critical should not be confugb@re is a critical speed at or just below 45% of running speed,
with the motor rotor’s lateral critical speed. However, in larg@hich is referred to as an “oil-whip” condition. Other than basic
vertical motors, the rotor lateral critical speed may be a detdrearing design considerations which will not be dealt with here,
mining factor in the reed critical frequency, particularly of thé& common cause is high oil viscosity due to low oil temperature
motor alone. The effect of the rotor may be determined by cotfi-flood-lubricated motors operating in cold ambient conditions.
sidering it as a separate mass and including rotor shaft flexibiliymilar subharmonic vibration, but low in amplitude, may occur
in the reed frequency calculation. That is, consider the motorifisting-lubricated bearings, probably due to marginal lubrica-
a two-mass two-degrees-of-freedom system as shown in Fig. i@). Other causes of vibration are journal out of roundness or
rather than a single-degree-of-freedom system as describe®@aring misalignment.
NEMA MG 1-20.55. Fig. 13 shows that the motor structure Antifriction bearings have four identifiable rotational defect
[Fig. 13(a)] is basically a two-mass system which can be priiequencies for which formulas for calculation or tabulations
gressively simplified, first to a beam-mass structural schemagt values are given in the literature. These defect frequencies
[Fig. 13(b)], then to an equivalent two-mass two-spring systedfie for the inner race, outer race, ball (or roller) spin, and cage
[Fig. 13(c)]. fundamental train. Much research has proven that no absolute
Where the lateral critical speed of the rotor is less thanswer can be given to allowable amplitudes at bearing defect
the reed frequency calculated as a single-degree-of-freedtigfiuencies. Therefore, the most important thing to look for in-
system, the true reed frequency will be lower than calculatedicating significant bearing wear is the presence of a number of
It will be approximately equal to the rotor lateral critical speedearing defect frequency harmonics, particularly if they are sur-
However, when mounted on a flexible base in the field, tH@unded by sidebands independent of amplitude [14]. Tracking
rotor shaft effect will be less and a Single_degree_of_freed()@(ﬁ vibration should be carried out starting at installation, ob-
calculation is usually adequate. Just as in the case of a lat&eilving these indicators to predict remaining bearing life.
critical, if the motor’s operating speed (or any other frequency
at which a forcing function is present) coincides with the reed
critical, great amplification in the vibration amplitude will
occur. Motor manufacturers routinely issue reed critical data.Now that the causes of vibration are understood, it is time to
This includes the reed critical that the motor alone wouldstablish a systematic approach to solve any problem that may
have if it were mounted on a rigid, seismic mass. In additioayise.
the motor manufacturer supplies the following information 1) Vibration Data Gathering/AnalysisMany of the details
to aid in determining the system resonant frequency with tloé rotor dynamics, vibration data gathering, and analysis have
motor mounted on the user’s base: machine weight, centernot been presented in detail in this paper. For additional infor-
gravity location, and static deflection. Bases found in typicahation, [1] and [2] can be reviewed.
installations are not as stiff and, correspondingly, the reedNow, one must keep in mind that all of the electrical sources
critical frequency will be lowered. If the reed critical dropsf vibration and the mechanical sources of vibration are not nec-
into a frequency at which there is a forcing function preseessarily at the same phase angle or exactly the same frequency.
(most commonly the operational speed), the reed critichh make matters worse, the electrical vibration may modulate,
frequency will have to be changed. Usually, this is not difficultnd when superimposed on the mechanically induced vibration
to do, and is most commonly accomplished by either changingay result in an overall vibration signature that is unsteady in
the stiffness of the base, or by changing the weight of tlenplitude and phase. Through proper data collection, testing,
base/motor. Where the reed critical drops below the operatioaald analysis, it is possible to identify the root cause of the vi-
speed to about 40%-50% of running speed, this can resultbirmtion.

D

I1l. | DENTIFICATION OF CAUSE OF VIBRATION PROBLEM
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100 data is preferable. If the problem originates in the housings
— Displacement or motor frame (twice-line-frequency vibration for instance),
~ =Velocity then housing vibration data is preferable. Housing vibration is
generally obtained with magnetically mounted accelerometers.
Shaft vibration can be obtained one of two ways: shaft stick or
.- proximity probe. There is an important distinction between the
014 e __ T___.'_'_' ___________ two methods of obtaining shaft vibration data: the proximity
- probe will give vibration information of the shaft relative to
the housings, whereas measurements obtained with a shaft
stick yield vibration information with an absolute (i.e., inertial)
reference. Housing vibration data is always obtained in terms
of an absolute reference. If the motor has proximity probes,
then they should be used. If it does not, then proximity probes
may be carefully set up with magnetic mounts. In this case, it
Fig. 14. Comparison of vibration amplitudes. is important to have the tip of the proximity probe on a ground,
uninterrupted surface. Even with this precaution taken, the
v electrical runout will be higher than in a motor specifically
manufactured for use with proximity probes.

5) Modulation versus Snapshof snapshot refers to ob-
taining spectral vibration data at an instant in time. Details of
amplitude versus frequency are readily available in this format.
A modulation refers to collecting vibration data for a period of
time (typically, 10 or 15 min), so that the variation in vibration
as a function of time can be analyzed. Typically, the following
frequencies are tracked when taking a modulationx1/Bx,

2%, and I, 2f, and overall vibration levels (i.e., unfiltered),

where x corresponds to rotational frequency afidline fe-

quency. Additionally, the phase information should be tracked

when taking the modulation, especially for the one times rota-

Fig. 15. Vibration measurement positions. tional frequency. This will make the identification and subse-
guent correction of various vibration problems possible.

2) Vibration Units: Vibration can be measured in units of It is sometimes desired to separate twice-line-frequency and
displacement (peak to peak, mils), units of velocity (zero favice-rotational-frequency vibration. Different methods are re-
peak, inches per Second), or units of acceleration (Zero to peqllki'red to do this at no load and full load. Under full load, the
g's). Acceleration emphasizes high frequencies, displacemélifference in frequency is large enough that the separate com-
emphasizes low frequencies, and velocity gives equal emphd¥§ents can each be measured directly with most vibration an-
to all frequencies. This relationship is better illustrated iglyzers. However, at no load, the frequencies are so close to-
Fig. 14. In this figure, the vibration level is constant at .0gether that this cannot be done, even using the zoom mode on a
in/s throughout the entire frequency range, with Correspondih@h-resomtion analyzer, so that an indirect method is required.
vibration levels shown in acceleration (in g's) and displacemehhis can be accomplished by measuring the 2volutions per
(in mils). It is possible to convert from one unit of measuremefitinute value at reduced voltage (25%) where thelthe com-
to another at discrete frequencies of the vibration. To do §@nentis negligible, and then subtracting this from the peak 2
on an overall vibration measurement, complete knowledge @mponent in the modulation test which is the sum of ne
the entire spectral data is required (i.e., amplitude for ea@Rd 2x revolutions per minute components. This is usually only
frequency band, for all the lines of resolution). possible at a motor manufacturer’s facility or at a motor service

Today, the most common units are displacement for shaft $0p.
bration measurement, and velocity for housing vibration mea-6) Troubleshooting Procedurelf a vibration problem oc-
surement. The use of these units is further reflected in most c@GHrs, there are various tests that should be performed, but first,
rent standards such as APl and NEMA. the following maintenance items should be checked.

3) Direction of MeasurementMeasurements should be Maintenance Items
made in three planes (vertical, horizontal, and axial) on both Check for loose bolts—mounting or other loose parts.
bearing housings, as shown in Fig. 15. Keep motor clear of dirt or debris.

4) Shaft Vibration versus Housing Vibratiorthe deter- Check for proper cooling and inlet temperatures or obstruc-
mination of obtaining shaft vibration data versus housing tions such as rags, lint, or other enclosures.
vibration data is dependent upon the type of problem being Check bearing and stator temperatures.
experienced. Oftentimes it is advantageous to have both shaft Lubricate as recommended.
and housing vibration data. If the problem originates in the Check proper oil levels.
rotor (unbalance or oil whirl for instance), then shaft vibration =~ Check vibration periodically and record.

- - - Acceleration

Vibration Amplitude

0.01 1

0.001

1 10 100 1000 10000
Frequency
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The affected frequencies and other vibration characteristics ¢

. . Vibration at Rated Voltage and 100% Full Load and Spee
listed in Table I.

« Are all bolts tight? Has soft foot been eliminated?

* Is hot alignment good? If it is not possible to verify hot§
alignment, has cold alignment been verified (with appros
priate thermal compensation for cold to hot)?

« Is any part, box top cover, or piping vibrating excessivel
(i.e., are any parts attached to motor in resonance)?

* Is the foundation or frame the motor is mounted to vi-
brating more than 25% of motor vibration (i.e., is the
motor base weak or resonant)?.

« |Is there any looseness of any parts on motor or shaft?

« As for the integrity of fans and couplings, have any
fan blades eroded/broken off, are any coupling bolts
loose/missing, and is coupling lubrication satisfactory? _ ) )

. . . . . Fig. 16. Vibration after power is removed.
If all of the above items check out satisfactorily, and vibration
remains high, a thorough vibration analysis shall be required.

Essentially, there are only two steps in diagnosing a problefféguency-domain data (vibration spectral data) vs. speed which
o ) i can be very helpful. A Bodé plot will yield amplitude and phase

1) Obtain vibration data. This not always clear cut becauggygs speed. It is understood that 25% voltage is not readily

of noise, sidebands, combination of signals, modulatiogysjjaple in the field. Reduced voltage vibration measurement

etc. " ) is one of the most powerful methods available to separate elec-
2) Determine what conditions increase, decrease, or hawga|ly induced vibration (which manifests itself at twice line
no effect on vibration through different test conditions t?requency) from mechanically induced vibration (manifesting

help iTSOIaFe root cause. _ _ itself at twice rotation speed) in two-pole motors. Therefore, the
Ideally, vibration measurements should be obtained with thesthod was included.

itu

Vibration Ampi

Resonant Structure

Electrical Unbalange, .. «-~ = “/‘

Vibration After

65 70 75 80 85 20 95 100
% Full Load Speed

motor operating under the following conditions. 7) Vibration Limits: Many publications of “vibration limits”
« Loaded, coupled, full voltage, all conditions stabilize@Xist. Table Il lists various industry vibration limits. Both cur-
(i.e., normal operating conditions): rent revisions, as well as older revisions of these standards are
« first measurement to be obtained:; listed, as these older revisions are commonly referenced. Fur-
« represents state of machine in actual operation; thermore, these motor vibration limits are applicable to a motor
« may indicate which test should be taken next. mounted on a seismic mass, and either uncoupled, or coupled to
« Unloaded, coupled, full voltage: a piece of equipment in such a way that any vibration influence
- removes load-related vibration, while everything els&om the driven equipment is totally eliminated.
remains the same; As a motor ages, the vibration levels may slowly increase.
« not always possible to get to zero load, but some ré&here may be a multitude of reasons of why the levels may
duced load is usually possible. increase over time, including the following:

» Unloaded, uncoupled, full voltgge: ) .  degradation of the bearings (sleeve bearings);
» removes all effects of coupling and driven machine; « loosening of rotor bars:

* isolates motor/base system. _ _ « accumulation of debree in the oil guards, between rotor
* Unloaded, uncoupled, reduced voltage (25% if possible):  5n4 stator. etc.:

« effect of magnetic pullover forces minimized (mostef- ., changes in mounting conditions: deterioration of grouted
fective use isin comparison to vibration at full voltage); base, changes in alignment/soft foot, etc.:

» 25% usually only possible at motor service shop or loosening of things mounted to the motor.

motor manufacturers facility. If_mot_or IS a \_Q‘_C(m' 0 Obviously, if conditions are identified which increase the
nected motor, then ¥ connect|o.n Is effectively 57% Photor’s vibration level, they should be corrected. If for what-
vqltage as compared @ (_:onnecuqn at_ the same ter'ever reason it is not feasible to rectify the identified condition
minal vqltage._A comparison of V|br.a_t|pn under bo“br identify the offending condition, the level of vibration needs
connections will reveal voltage sensitivity of motor. to be compared to what the motor can safely tolerate. The

: Unlo_aded, uncoupled, coastdov_v_n: appropriate vibration limits for a particular application are de-
» will make any resonance/critical speed problem ap-

d . ) endent upon several factors such as motor speed, size, design,
parent fo_r ent|re_ mot_o r/base/driven equipment syste nd lastly, criticality of the process. In the end, allowable motor
’ pbservgtlon of ylbratloq chapgg when the motor POWEShration limits depend greatly upon what the user is willing to
Is cut V.V'” give information S|_m|lar to reduced VOItagetoIerate, tempered with knowledge of what the motor can safely
operation as illustrated by Fig. 16. tolerate. In the absence of any other information, Table Il can
Both frequency-domain and time-domain data should be a&erve as a guide for alarm limits. Trip limits can be safely set
quired. During coastdown a cascade (waterfall) plot will yieldt 10% above the alarm limits.
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TABLE I
INDUSTRY HOUSING VIBRATION LIMITS AND INDUSTRY SHAFT VIBRATION LIMITS

Industry Housing Vibration Limits

NEMA - 1993 NEMA-OId | API5413rd .| IEEE 841
2,4,6Pole | 2Pole | 4 Pole |6 Pole| 2, 4,Eg Pole | 2,4,6
Unfiered (Overall)]  121PS | 1Ml | 2Mis | 25 TIPS .OZOIISS
Filtered - 1X 121PS M s
Filtered - 2X 121PS A1PS 05 IPS
Filtered - 2f 1 IPS 05 IPS

Industry Shaft Vibration Limits

NEMA - 1993 | AP! 541 3rd
Ed.

2 Pole | 4 Pole |6 Pole| 2,4, 6 Pole
Unfiltered 1.0 Mils[2.0 Mils} 2.5 1.5 Mils
(Overall) Mils
Filtered - 1X 1.2 Mils
Filtered - 2X 0.5 Mils
Filtered - 2f 0.5 Mils
TABLE Il [3] E. W. Sommers, “Vibration in two pole induction motors related to slip
MOTOR VIBRATION ALARM LIMITS frequency, Trans. AIEE pp. 69-72, Apr. 1955.

[4] B. Brozek, “120 Hertz vibrations in induction motors, their cause and
prevention,”|EEE Catalog #71C335-IGA, Paper PLI-@p. 1-6, 1971.

Speed 3600 1800 1200 900 [5] R.C.Robinson, “Line frequency magnetic vibration of A-C machines,”

. Trans. AIEE—Power App. Sysiol. 81, pp. 675-679, 1962—1963.
Housmq 1S 0.2 0.2 0.2 0.2 [6] P. L. Alger, Induction Machines2nd ed. New York: Gordon and
Shaft mils 3.0 34 3.9 45 Breach. 1970.

[7] W.R.Finleyand R. R. Burke, “Troubleshooting motor probleni&EEE
Trans. Ind. Applicat.vol. 29, pp. 1383-1397, Sept./Oct. 1994.
[8] W. R. Finley, “Noise in induction motors—Causes and treatments,”
The factor limiting the vibration limits at these levels is the IEEE Trans. Ind. Applicatvol. 27, pp. 1204—1213, Nov./Dec. 1991.

motor bearings. Generally, sleeve bearings (as Compared to a?]l R. O. Eis, “Electric motor vibration—Cause, prevention, and cure,”

tifricti b - t tricti in t f Vi IEEE Trans. Ind. Applicat.vol. IA-11, May/June 1975.
ifriction bearing motors) are more restrictive in terms of vi- [10] J. Baumgardner, “Vibration in squirrel-cage industion motors,” in

bration limits. Sleeve bearing motors can be operated continu-  Proc. 18th Turbomachinery SymgEollege Station, TX, Oct. 1989, pp.
ally at one-half their diametrical bearing clearance, without ani | 179-183.

. . M. J. Costello, “Understanding the vibration forces in induction motors,”
damage. They can operate at slightly higher levels for short p in Proc. 19th Turbomachinery Sympallas, TX, Sept. 1990, pp. 67—76.

riods of time as well, but these higher limits must be establishefl2] w. R. Finley and W. G. Holter, “Retrofitting pipelines with induction
with the motor manufacturers. motors,”|IEEE Trans. Ind. Applicatvol. 34, pp. 1175-1184, Sept./Oct.

If th is sitti k base, higher housing vibrati 1298,
the motor s sitting on aweak base, higher housing vi fat'oﬂls] M. M. Hodowanec and D. M. Bezesky, “Field motor testing: Procedures

limits and shaft vibration limits (if measured by shaft stick, and which limit amount of risk involved,” inConf. Rec. PCIC1997, pp.
not by a proximity probe) can be tolerated. Effectively, the vibra-  79-90.

. . [14] J. E. Berry, “How to track rolling element bearing health with vibration
tion measured at the motor feet can be subtracted from the vibri-" signature){rackmg Sound Wbr‘,ﬂionpp. 2435 N%V. 1091

tion measured at the bearing. Refer to Fig. 11, and Section II-[A5] A.G. Taylor, “Computer-assisted diagnosis of instability problems: Four

on forcing frequency response vibration for further explanation.  ¢ase h;ztgfifgé?fb“ Publication, Bentley Nevadaol. 8, no. 1, pp.

IV. CONCLUSION

Vibration problems can vary from a mere nuisance to an i
dication of imminent motor failure. With solid knowledge of
motor fundamentals and vibration analysis, itis possible toide  §a=
tify the root cause of the problem, and more significantly co g
rect, or ascertain the impact of increased vibration on motor |

iy
liability and longevity. - y
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