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Vibration Analysis

* Vibration Values (1ISO-10816)
» Vibration Signatures

Motor: 10816-3

- 2I1

Restricted \
Operation
(4.5~7.1) |
55was (2.1) |

Normal/Allow
able (<4.5)

5.9 (was 2.6) 5.7

4.8 (was 2.7)

Ve

43 / 5.6
4.1

4.9 (was 2.7)

© Multivariable Control System Lab,2024.

5.6 (was 3.7)

B {r: mm/s

O

Pump: 10816-7

Restricted
Operation
(4.0~6.6)

Normal/Allo
wable (<4.0)

5DZpump Motor Load Side - H Acce. - Envelope Analysis

6 —Original Signal
- —Envelpoe Signal
g 1
30
=
£
<
5! J
0 0.1 0.2 0.3 0.4 0.5
Time (s)
0 Olé)Zpump Motor Load Side - H Acce. - Envelope Spectrum
o
0 0.02
T
2
50.01
£
<

o
o -

30 60 90 120 150 180 210 240 270 300
Frequency (Hz)

Envelope Analysis




A1pDojoA

1 0.4
=A 0.28
4.5 0.18
is 0.11
b -
28 0.07 E- %
23 0.04 T &
v v
14 0.03 E §
0.71 0.02 'E 'E
mim's rms | inchys rms
rigid flexible Foundaticn
pumps > 15 kW redium slzed machines large machines
radial, axial, mized flow 15 kW = :t-; 300 kw 300 k‘#-»:u:' < 30 MW Machine Type
motors Motors
irtegrated driver external driver 160 mm < H < 315 mm 315 mm < H
Group 4 Group 3 Greup 2 Growp 1 Group

E Mew machine condition

B Unlimited long-term operation allowable

© Multivariable Control System Lab,2024.

Short-term uperaunn allowable

E] Vibration causes damage

O




Vibration Analysis

! OBPF
F. 2F,1F,4F, SF, F. 2F.3F, 4F_5F.

Unfault Unbalance Misalignment Looseness Outer ball bearing

F. 2F_3F_4F,5F, - 2F_3F_4F_3F, F. 2F, 3F_4F_5F,

c)

a)

z £ ELECTROMAGNETICS
% % LOOSENESS
(=) [5)

c [ =

[y )

=) 2

o - - =4

2 | j 2

- 750.0-pEE== —t—— = ' 750.0-

q)
. h)
fe= ) = N
/ 2 Fin
MISALIGNMENT /§°5€§svl ]
POOR BEARINGS B g

e e AERODYNAMIC FORCES
Time (s) Time (s) . BAD GEARS

Source:|EEE Transactions on instrumentation and measurement
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Motor Current Signature Analysis

= Vibration from mechanical parts will affect air gap clearance.

= The magnetic resistance is large for air compared to metal. (~10K:1)

= The back e.m.f will be affected due to rotor vibration. This produces signature
in current waveform.

= The analysis on current is thus used to detect faults.

S
\,,J -» Signal conditioner #{ Spectrum analyzer - @
Current '

transformer

Fphase |
supply

1(dBy

f1Hz]

F0-25) T F0+25)

Park‘s Vector Analysis

© Multivariable Control System Lab,2024. 9
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Stator

Back e.m.f

Magnetic
resistance

Current FFT - Bearing 6308
Motor ID: PCW 02, 3155 RPM
T T

I I I ! ! !
50 100 150 200 250 300

MCSA
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Comparison Between Vibration Analysis and MCSA

Method Major Advantages

> Reliable;
» Standardized

Vibration
No addition sensor needed;
Inexpensive;
Non-intrusive;
MCSA on-intrusive;

Easy to impalement;

YVVVYY

Standardized

© Multivariable Control System Lab,2024.

Good sensibility to motor faults;

O

YVVVY

YVVV V

Major Disadvantage

Expensive;

Intrusive;

Subject to sensor failure;

Noise and disturbance;

Limited performance for low speed
rotation;

Accessibility

Still in development stage;
Less sensitive to mechanical faults;
Load Requirement
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Signal Based and Model Based

Model Based vs Signature based
Differs in design concepts

Signal based Model based
Predicted
Modeled Outputs
System
Inputs
(Information+
Disturbances) Outputs
System
Residuals
Actual
System
Inputs

(Information+
Disturbances)

Actual Outputs

Signal based systems:

* Vibration waveform Model based systems takes disturbances into account and
* Electrical waveform MCSA and ESA utilize the residuals between model predicted outputs with
Disturbances as part of measurement actual outputs.
inputs.
ISO-20958

© Multivariable Control System Lab,2024. 9
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15 ( frequency domain ) &

SIDE ELEVATION t0 snsure phase s measured
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RE)IRAE DT — R E]

- TEEEM P EES —ERANHMRRY - HiRkE)E

BRYRE O\ RSB IR B E B Im A B B -

Structure looseness

Structure looseness

1X
Radial vibrations

Amplitude

Frequency

© Multivariable Control System Lab,2024.

.mw.l

Sequence

8.0

uence
e Each HIT generates 2X and harmor vcs

Machine to Baseplate Locoseness
2X

@
3 Radial vibrations
£
1% i

- I 3X  4X

Frequency

9 National Taiwan University of Science and Technology 14 14
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FH R B

Amplitude

A RRERAS

RS
Loose internal assembly
2X

Radial vibrations

x 3X  4X g 6X

H R

Frequency




P EN SRS 70 AT — B A2 P

o B AED ( misalignment ) EiEMAEREEFHNVE OV RASZIEREZZEMEE AR
4% ( non-collinear ) IR -

Sl

Angular misalignment

Parallel misalignment

2x

Axial vibrations Radial vibrations

Amglitude
Amplitude

2X ,
3ax !

-4 i

Frequency

AR R R eS I I —E4%E (bending moment ) » #rH7 IS AR 58 KAV ER [ TRE) o
Aimte e F B e R L SR - et EEE -

ST A B A TR RE AR AR - HEZRUFE T - B (2x) sEEgEE —EH (1x) FEE -
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« Hi& ( Resonance ) @5 —¥iex %8B #x&E) ( Forced Vibration ) FViERFAE B
#82R ( Natural Frequency ) BEH - PREENIRZR -

« HIRN O R/ iRAEE IR

AFREHRETEE —(EfRRE (Stationary) HY&HEZ H Z2SRRAEE EHUREE - FEA IR -

PIREHIRETE B B B EiE Y ~ ZHRERY (Dynamic) &% - WIEERPRVE 502 B ZRRgREE - AlE
TR E AR IR - HGEURR g AR —EH E (1) > BEEHEERE (x> 2x > 3x..nx) > BT DUESATEE
RGN - BYRE SRS o S B A B oh ~ BRI SR KA YRR EURRIRAE e - ISR IEHERYR2 R -

L@
. ‘27

sweeping frequency 3D plot

Notural Frequencies s

0 100 200 300 400 500 600 700 800
Frequency(Hz)
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c BREMBREERIRIE - B— A THIREZEHRHFAIVES
« BHFGREE N EHAEZ IR MBS EEESHEREAR -

SR -

%‘Xﬁf

Seal

Rolling Elements Inner Ring
Outer Ring Cage Seal

http://www. slideshare. net/NaushadAhamed/bearing-basics-skf
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3T — Bl

L PR PR HAE S R A B TR

]:IIII'

i IpE RS

1.50
Test Condition: LR m
Radial Load - 5.498 KN LN
Shaft Speed - 2000 rpm
g 1.20
m 1
E _  Phase I J
= 0 90 | - 55 mm
go Phase | H ‘
| e
o 027 mm
© a
= 0.60 peesrd A Mﬂf
e e M IMAA e
Segment 1 Seg ment 2 |
0.30 : : .
0 0.5 1 0 15 2.0 25 3.0

Revolution (million)

S IR B AR ]

YAN, Rugiang; GAO, Robert X. Hilbert—Huang transform-based vibration signal analysis for machine health monitoring. IEEE Transactions on instrumentation and measurement, 2006, 55.6: 2320-2329.
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« (RIFESHEEESERF . ( Fundamental Cage Frequency )

o= Ve _ VitV
¢ Tc D¢
. Vi+Vy _ Firi+Fy1, n=75 & *¢ & phengd & (rpm=#&/min)
—_ —_ n

1 D,.—Dy cos 6
D, 2

=1 (1- 220

D.+Dg cos 6 RIEEEr =r.— (DypcosB/2)
L iEr, =r.+ (Dycosb /2)
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- NIREEIBEZEFgp; ( Ball pass inner raceway frequency )
* Fgp; = Ng|F, — F{]

o — N — F
B D, L .
p.(r _Dbc_"s‘9)+F (,. +Dp cos 9) N=5 i % & fhenid i (rpm=3&/min)
o« — NB Il\’'c 2 (0] c 2 _ Fl Fr = Fi = %(HZ)
Pe mIRE S =1, — (DpcosB/2)
N Dy cos 6 bR L R =
° = 73 (Fi —E) (1 + b—)‘ 2 jErg =1+ (Dpcos6/2)
C
N D3 cos 6 o
A
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- YNRIEEEIERFpo ( Ball pass outer raceway frequency )
* Fgpo = Ng|F;, — F,|

— VB o
DC
F-(T Dy, cos 9)+F (T +Db cos 9) N=5 if * & fbendE i@ (rpm=4&/min)
- n
‘=NB i\"c 2 o\'c _Fo Fr=Fi:5(HZ)
De NEEEr =1.— (DpcosB/2)
N Dy cos 6 L Er =
. =TB‘(Fi_Fo)(1_bD—)‘ BEEr,=r.+ (DycosB/2)
(6
N Dy cos 6
. =Nep (1 _ b_) ‘
2 D,
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- ‘RIXB e ZEFg ( Ball Rotational Frequency )
ri To

c Fp = |(F,—R) 2 = |(F, - F) ™

b b

2 2
=2 |(F,— E) (1 -2 0 N=5 i e et i (rppm=4&/min)
2D l 0 D2 n
’ ¢ Fro=F= E(HZ)
2
_ Dc E (1 _ Dy cos? 6 PIEEE =1.— (DpcosB/2)
2D, T D? L Fr, =1+ (DycosB/2)
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BEAR‘, NGS DOMINANT FAILURE SCENARIO
(4 Failure Stages) ZONE B ZONEC ~  ZONED
ZONEA BEARING DEFFECT BEARING COMPON. SFIKE
FREQ. REGION  |NATURAL FREQ| ENERGY
REGION (HFD)
f, = Natural Frequencies of o
Installed Bearing I
Components and a STAGE 1 i
Support Structure Eﬁx @
l )
UL i
BEARING DEFECT FREQUENCIES: % wt %
BPFI = Ny (1+By COS 8) x RPM STAGE 2 & g o
2 ' P, ﬁ
BPFO = N, ( 1-B4 COS 6) x RPM l ,l
2 ( Py ‘l | J\ )l f
2 2 w
BSF =P, |i- (COS 8)° |x RPM o
Eﬂ[ %) } STAGES g
P & @
FTF = 1 (1-Bd cos e)xnpm oo s}
where: THEVIVE VATV VP
BPFl = Inner Race Fraquency d "o
BPFFO = Outer Race Frequency
BSF = Ball Spin Frequency STAGE 4
FTF  =Fund. Train (Cage) Freq. | [, RANDOM HIGH
N, = Number of Balls or Rollers % FREQ. VIBRATION
B, = Ball/Roller Diameter (in or mm)
P, = Bearing Pitch Diameter {in or mm) J .U“-"'/\"
~ f

0 = Contact Angle (degrees)

© Multivariable Control System I.ah,2024.
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SIDEBAND
FREQ.

gSE | HFD
DECREASES
AT FIRST:
THEN GROWS
SIGNIFICANTLY
AT END

4 ROLLING ELEMENT BEARING FAILURE STAGES

STAGE 1: Earliest indications of bearing problems appear in ultrasonic
frequencies ranging from about 250,000 - 350,000 Hz, later, as wear
increases, usually drops to approximately 20,000 - 60,000 Hz (1,200,000 -
3,600,000 CPM). These are frequencies evaluated by Spike Energy (gSE),
HFD(g) and Shock Pulse (dB). Forexample, spike energy may firstappear at
about .25 gSE in Stage 1 (actual value depending on measurement location
and machine speed). Acquiring high frequency enveloped spectra confirms
whether or not bearing is in Failure Stage 1.

STAGE 2: Slight bearing defects begin to "ring” bearing component natural
frequencies (f ) which predominantly occur in 30K - 120K CPM range. Such
natural frequencies may also be resonances of bearing support structures.
Sideband frequencies appear above and below natural frequency peak at
end of Stage 2. Overall spike energy grows (for example, from .25 to .50
gSE).

STAGE 3: Bearing defect frequencies and harmonics appear. When wear
progresses, more defect frequency harmonics appear and number of
sidebands grow, both around these and bearing component natural
frequencies. Overall spike energy continues to increase (for example, from
.5 to over 1 gSE). Wear is now usually visible and may extend throughout
periphery of bearing, particularly when many well formed sidebands
accompany bearing defect frequency harmonics. High frequency
demodulated and enveloped spectra help confirm Stage lll. Replace
bearings now! (independent of bearing defect frequency amplitudes in
vibration specira).

STAGE 4: Towards the end, amplitude of 1X RPM is even effected. It grows,
and normally causes growth of many running speed harmonics. Discrete
bearing defect and component natural frequencies actually begin to
"disappear" and are replaced by random, broadband high frequency "noise
floor". In addition, amplitudes of both high frequency noise floor and spike
energy may in fact decrease; but just prior to failure, spike energy and HFD
will usually grow to excessive amplitudes.

@ National Taiwan University of Science and Technology 22 23



T
Ol
mE:
x>
=t
|
SRh
N

IxE)58

o
I_
1
1]
NS i
JIH
=111
iif=

GMF= #Tg XRPMg = #Tp X RPM;p

1X GEAR
1X PINION

M
1.11 2GMF  3GMF
- 3.25X GMF

Normal Spectrum shows Gear & Pinion Speeds, along with Gear Mesh
Frequency (GMF) and very small GMF harmonics. GMF harmonics commonly
will have running speed sidebands around them. All peaks are of low
amplitude, and no natural frequencies of gears are excited. F,,,, recomended at
3.25X GMF (minimum) when # teeth are known. If tooth count is not known, set
F,..x @t 200X RPM on each shaft.
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1X GEAR
1X PINION

GMF

2GMF

R 3.25X GMF

© Multivariable Control System Lab,2024.

Gear Mesh Frequencies are often very sensitive to load. High GMF amplitudes
do not necessarily indicate a problem, particularly if sideband frequencies
remain low level, and no gear natural frequencies are excited. Each Analysis
should be performed with system at maximum operating load for meaningful
spectral comparisons.
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EZ fEAFE NATURAL FREQUENCY
i ©
GZ « GMF 3GMF
<& 3
o
2GMF
m 3.25X GMF

Key indicator of Tooth Wear is excitation of Gear Natural Frequency (f), along
with sidebands around it spaced at the running speed of the bad gear. Gear
Mesh Frequency (GMF) may or may not change in amplitude, although high
amplitude sidebands and number of sidebands surrounding GMF usually occur
when wear is noticeable. Sidebands may be better wear indicator than GMF
frequencies themselves. Also, high amplitudes commonly occur at either
2XGMF orat BXGMF (esp. 3XGMF), evenwhen GMF amplitude is acceptable.
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3GMF

lh 3.25X GMF

Gear Misalignment almost always excites second order or higher GMF
harmonics which are sidebanded at running speed. Often will show only small
amplitude 1 X GMF, but much higher levels at 2X or 3X GMF. Importantto setF,,,,
high enough to capture at least 3 GMF harmonics. Also, sidebands around
2XGMF will often be spaced at 2X RPM. Note that sideband amplitudes often are
not equal on left and right side of GMF and GMF harmonics due to the tooth
misalighment. Causes unevenwear pattern.

© Multivariable Control System Lab,2024. 9 National Taiwan University of Science and Technology 27 27



TIME
WAVEFORM

|e—>|—>|a—>|a—>]
A A A A

A= 1 OF GEAR WITH BROKEN
RPM OR CRACKED TOOTH

X GEAR RPM
GEAR f,

A

A Cracked or Broken Tooth will generate a high amplitude at 1X RPM of this gear
ohly in the_time waveform, plus it will excite gear natural frequency (f,)
sidebanded at its running speed. It is best detected in Time Waveform which
will show a pronounced spike every time the problem tooth tries to mesh with
teeth onthe mating gear. Time between impacts
@A) will correspond to 1/RPM of gear with the problem. Amplitudes of Impact
Spikes in Time Waveform often will be 10X to 20X higher than that at 1X RPM in
the FFT!

© Multivariable Control System Lab,2024. 9 National Taiwan University of Science and Technology 28 28



58
Z —
55 i
p= < >< %
l: 8 [ ¢ L — =
= (A
mE T — &5 e
O RADIAL IN LINE
WITH BELTS

PITCH DIAM, X RPM, = PITCH DIAM, X RPM,

PERPENDICULAR

TO BELT TENSION
J PULLEY #1

.'ﬁi:@

VERT.

PARALLEL TO
BELT EEN SION

HORIZ.

PULLEY #2

BELT FREQ. = 3.142 X PULLEY RPM X PITCH DIAM.
BELT LENGTH

TIMING BELT FREQ. = BELT FREQ. X #BELT TEETH
= PULLEY RPM X #PULLEY TEETH

Belt frequencies are below the RPM of either the motor or the driven machine.
When they are worn, loose or mismatched, they normally cause 3 to 4
multiples of belt frequency. Often 2X belt freq. is the dominant peak.
Amplitudes are normally unsteady, sometimes pulsing with either driver or
driven RPM. On timing belt drives, wear or pulley misalignment is indicated
by high amplitudes at the Timing Belt Frequency. Chain drives will indicate
problems at Chain Pass Frequency which equals #Sprocket Teeth XRPM.

© Multivariable Control System Lab,2024.
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AXIAL 1X DRIVER OR DRIVEN OFF PIGEON ANGLE
SET TOE L

Misalignment of pulley produces high vibration at 1X RPM predominantly in
the axial direction. The ratio of amplitudes of driver to driven RPM depends on
where the data is taken, as well as on relative mass and frame stiffness. Often
with pulley misalignment, the highest axial vibration on the motor will be at fan
RPM, or vice versa. Can be confirmed by phase measurements by setting
Phase Filter at RPM of pulley with highest axial amplitude; then compare
phase at this particular frequency on each rotor in the axial direction.
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RADIAL 1X RPM
BELT RESONANCE

’//__& A

Belt Resonance can cause high amplitudes if the belt natural frequency
should happen to approach, or coincide with, either the motor or driven RPM.
Belt natural frequency can be altered by changing either the belt tension, belt
length or cross section. Can be detected by tensioning and then releasing
belt while measuring the response on pulleys or bearings. However, when
operating, belt natural frequencies will tend to be slightly higher on the tight
sideand lowerontheslackside.
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RADIAL 1X RPM ECCENTRIC PULLEY

© Multivariable Control System Lab,2024.

Eccentric pulleys cause high vibration at 1X RPM ofthe eccentric pulley. The
amplitude is normally highest in line with the belts, and should show up on
both driver and driven bearings. It is sometimes possible to balance
eccentric pulleys by attaching washers to taper-lock bolts. However, even if
balanced, the eccentricity will still induce vibration and reversible fatigue
stresses in the belt. Pulley eccentricity can be confirmed by phase analysis
showing horizontal & vertical phase differences of nearly 0° or 180°,
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