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WGood Textbooks

» K. G. McConnell, Vibration Testing,
Theory and Practice, Wiley 1995.

» Beckwith, Marangoni, and Linhard,
Mechanical Measurements, 5th Ed.
Addison Wesley, 1993.
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Part I: A general introduction on
vibration testing
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Purpose of Vibration Testing

* Machine diagnostics
— Failure analysis
— Performance evaluation

« System dynamics extraction
— Obtaining dynamic parameters

— Construct mathematical expression for
systems
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Example: Airplane Testing

SRR R

S e N N, BRI -7—";'" .
MR e R W T N 7D B

flightglobal.com/FlightBlogger

2023/5/29



Fig. 3. The main failure sites on Comets G-ALYTP and G-ALYU
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Example: Electronics Reliability Testing
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Example: Balancing of rotors and Shafts

Example: Noise Measurement
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Example: System
Identification for Control
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Example: Vibration Isolation
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Testing procedures

Introduction

Basic block diagrams and FRF
Swept sine procedures
Random signal input
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——————Modal Analysis

« DB RV ESEERG 2 B AR BRENHRRE
(Determining natural frequencies & modes via experiment)
Procedure:

1.:% 4 (continuous).% ﬁé
2. 34z(discrete)
3.0 &2 £ P (excitation & measurement) :

excitation- ## 4g(hammer) ~ 3= %> % (shaker). measurement- 4v i 3

(accelerometer), # R (load cefll), & %fi& & & (Laser velocity meter)

4.DAQ & Processing: spectrum analyzer(e.g.,HP3566A ~ HP VXI
system, etc) 0

5.Modal analysis: ME’Scope , STAR 16@
ystems
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Basic Vibration Model

De()t
¢ x(t) // 2m
I—’ Dy ~
(t) N\ F‘fdﬂ .
A AR
k 1 2 [£) [ 14 —_—
| - /<‘—De‘(ﬁ)'
P ~ x = D[e"2sin Pgt+ )]
Il
Y , It is possible to find w,, and
mX + cX + kx = f (1) pOst @
¢ from time responses
k
a, = ,—
n
m 17
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"Frequency Response

ME

» Similar to Bode Plot

— Solved by Laplace
transform

* Frequency response
function (FRF)

Input Output
x(t) or X(o) System, H(m) y(t) or Y(w)
2
Y(w) Natural frequency, damping ratio

H(w)=——— can be obtained from frequenca

X(w
(@) response curves 18
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-+ —===== Multi-Degree of Freedom

System

» A series of oo o
differential equations 4w+
— Can be modeled by

FBD or energy
methods

* Mass matrix,
stiffness matrix

- Eigenvalue {Xl(t)}:{xl}eiwt
— Natural frequencies X (D) X,

« Eigenvector
— Mode shapes o

System Dynamics Lab. For Mechatornics and Microsystems
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Continuous Systems

» Governing by partial differential
equations

— E.g., plate, bar, string, and general
structures

— E.g. Simple Euler Bernoulli Beam
— Equation can be obtair o1 )

- FBD Wjj H:DI I
* Variational formulation w0

tension bending

8*u w  d [, ou] & ’u
m-—2+C—u——l:T—] +—2[EI%J=f(x,z) (3.8.1)
at at  ox ox dx ax 20
inertia damping stiffness excitation For Mechatornics and Mioros) sTom
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Example Free-Free Beam

) Bl .
77+(/14W)77=?7+w277=0

d*u
dx*

o, 1 (4.730)4 El

-2U=0

2t 27 | m

| m

o, 1 (10.996]45

o 27 | m

"2z 22\ 1 ) m

U(x)

{

X

r
[
0

Mode Shapes for Free-Free Thin Beam
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Acceleration (m:

Beam tip, { = 0.5%

v

. . . 22@ i
N System ﬂfnamicg.leaqeﬁg; A@chatom}%zs and Microsystems

xample: FEM Analysis for
a Beam-Hub Structure
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xample: Compliant Stage Design
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Y (a)Disp.

Finite Element Analysis © Fi
E=68.9GPa E :

p=2700kg/m3
poison ratio=0.33

1
Ly R i

(c)1st mode

(b)Max. Stress

(b)

412.3Hz

52.1MPa

: Value = 6.71162E+06 Freq = 412.32  (cycles/time)
Primary Var: U, Ma

, Magnituce
or 1’ Deformation Scale Factor: +1.150e+01
System Dynamics Lab. For Mechatornics and Microsystems
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Rotor Dynamics (I)

Natural frequencies varies with rotating
speed

Forward whirling

Backward whirling

Important for vibration reduction for high
speed rotating objects

— Shaft

— Disk,...

26
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-.Dynamics: Rotating Ring Example

TN

1stin-plane bending

—~

2d in-plane bending

1st out-of-plane mode

2 out-of-plane mode

System Dynamics Lab. For Mechatornics and Microsystems

Y
RS S — T

Rotor Dynamics: Campbell Diagrams

0 0.2 0.4 08 0.8 1 o 0.2 0.4 08 0.8 1

Fixed Frame
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Rotating Frame
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~ Swept Sine Procedure

Use single frequency input signal to excite
system (swept from low to high frequency)

Waiting for the transient die out
Recording the output magnitude and phase
Construct FRF or bode plot

Use system identification to find the
transfer function or system dynamics

Usually slow but accurate for low

frequency response
29
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Random / Impulse Procedure

« Based on “impulse” response

» Provide a “pulse” excitation to generate
the output spectra

» Due to presence of noise, multiple
experiments and averaging must be
performed

» Usually fast but inferior for low

frequency response
30
oystem Lynamics Lan. ~or Mechatornics and MfoOSyStemS
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Part II: Vibration testing instruments

31 @1
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Vibration Test Equipnment

accelerometer Hammer

32@1
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Piezoelectric Sensor Structures

» Compression Mode Accelerometer

Housing Preload Stud
- Piezoelectric
Seismic Crystal

Mass ——_ (d;;-Quartz)

(d55-Piezoceramic)
Built-In
/ Electronics
Electrode /

Signal (+)

. 1_- Ground (-)

33
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Piezoelectric Sensor Structures

» Compression Mode Accelerometer

Preload stud and the quality of
the precision parts interface
governs stiffness and linearity

Thermal transients cause metals
to expand and contract...stressing
crystals along sensitive axis

Strain waves due to bending
of the test structure, travel
unimpeded directly into
crystal

e R e

34
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Piezoelectric Sensor Structures

 Beam or Flexural Mode Accelerometer

Piezoelectric
Seismic Crystal

Mass // (dy,-Quartz)
1 (dy,-Piezoceramic)
Built-in

B Electronics
Housing 4

---’ » Signal (+)

1_- Ground (-)

35@ 1
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Piezoelectric Sensor Structures

 Shear Mode Accelerometer

Piezoelectric
Crystals
Preload (dyg-Quartz)

Ring \ ‘ ‘ (dy5-Piezoceramic)

Built-in
B Electronics

Housing T
~ % Signal (+)
_ B B B Ground (-)

36@ i
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—==== Servo / Force Feedback

Detector / Feedback Amplifier

Output — | Fixed Plate
//

Flexible I CMovi_ntg
Supports ™ | +— Capacitor
o 3 Plate

Permanent
Magnet Mass
Force
Coil

37@ i
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Resistive Type Accelerometer

Resistor

Bridge
Output (-)
Power (+) —]
Output (+) — ’ Mass

Power (-) T
|
Fixed Bonded Faoil, Flexure
Resistors Etched Silicon or

Deposited “Thin Film”
Resistors

38@ i
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Capacitive Type Accelerometer

Built-in
Signal Conditioner

Power —
Output (+) — JL {
Output (-) Lz
Ground _J ﬂ t
/
Closely Spaced Flexure
Electrodes with

(<0.001” or <25 um) Mass on End

39@ i
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Gyroscope (Angular Rate Sensor)

MEMS Rate Gyroscope

Yaw Axis

\H

System Dynamics Lab. For Mechatornics and Microsystems |

i 5552 (Integrator) |

* Work with inertia sensors

— Acceleration - velocity >
displacement

— Angular velocity - angle
« Not as trivial as you think
— Need to avoid signal

drifting due to near DC =
component E
E‘J‘ }b:’ '2")(
= @&u fe/{f% =
®) Frg::;:;'cy Frequency lHA-)‘rZ

2023/5/29
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f& 5778 (Integrator
Cl
S, — B Q2
v RO V'i_, @ [
i T 7 Ak | .
RE_' > R3: { 1T .
X Kl
Modified Integrator Sallen-Keys Filter 1 Sallen-Keys Filter ‘
0.10
--------- Normal integrator

0.08 | — Drift-free integrator

. 0.06

]

g 0.04

% .

o 0.02

]

> 0.00
-0.02
-0.04 L L L

5 10 15 43 20
(a) Time (sec)

g:ﬁ i
Vibration Test Equipnment

» Shaker

System Dynamics Lab. For Mechatornics and Microsystems
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Vibration Test Equipment
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- Capacitance Probe

Piezo Actuator

Load cell
46

Charge Amplifier / Signal conditioner

System Dynamics Lab. For Mechatornics and Microsystems

23



2023/5/29

gwm Vibration Test Equipment

 Strain gauge

47@ i
0. For Mechatornics and Microsystems
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Vibration Test Equipment

fixture , 48
System Dynamics Lab. For Mechatornics and Micros

Microphone Accelerometer calibration
ystems
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Vlbratlon Test Equipment

» Laser Displacement / Velocity sensor

49@ i
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Accelerometer on a Rectangular Plate

Forineipe,
A S
T — T

Piezoelectric Actuator and

and Microsystems
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Vibration Analysis Tool

FEH- B BO0 oe 2w nn 0[S [Tefan]ie] D]
MESCOPE Silon fISAS v amoal 5
Wiite =« =[x ald gy o

calculate natural frequency ===

and modes from

experimental data

[ T, Dwelk 10
i %7 Pmesp: +30

51 E i
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outline

o % IR AER AR R > 1 P AR 4
input » 48 = A :H4eid B G output 0 T g H
Apollof=STAR4; ! transform functionf= - ik

S

o
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k L=250mm

/ Accelerometer b=23mm

Cantilever Beam - h=0.8mm

bbb

EEMEL  FR20R
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ery Small Scale Application

-Micro Pump-

f~ 74 kHz f~ 110 kHz
s Modal fi
\
f ~ 130 kHz
Experimental

351

2D ANSYS

1 -

0 25 50 75 100 125 150 175 200 225 250 275 300 325
Frequency(kHz)

0 25 50 75 100 125 150 175 200 225
Frequency (kHz)
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Part lll:Diagnostics
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L0 Typical FRF

&
I:.t 1) fems

Data analysis

Noise

Windowing

Averaging

FRF and system identification

60
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L& .-nn___ Mass Loading Effect During
Measurement

» Mass of
accelerometers will
change the system
dynamics

* May need to use
Dunkerley’s equation
to exclue the effect of
mass loading

; o
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Noise

Johnson noise
Quantization noise
Parasitic fields

EM radiation
Environment vibration

62@1
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Windowing

« Why windowing?

— Due to leakage during FFT analysis
» Type of windows

— Rectangular

— Hanning

— Kaiser-Bessel

— Flat top

63
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Averaging

« Why averaging?
— To remove measured random noise

— It is assumed noise in each event is
uncorrelated and the average will be zero if
the sample number is large enough

» Averaging algorithms

64
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fe mSystem |dentification

A process to systematically extract
parameters of the transfer function

* May need to guess a form of
polynomials for both denominator and
numerator

» Use least square, maximum like hood,
or Markov chain methods to find the
required coefficients

» System model reduction

65@ i
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i Waterfall or
Campbell Diagram

COASTDOWN/UTILITY TURBINE GENERATOR: Brg 3Vert Shaft

66
and Microsystems
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Vibration Diagnostics

« Machine design vs. acceptable vibration
level

« Vibration system synthesis

* Imbalance and Rotor dynamics

Case Study (Gear)

67@ i
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E z
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o ° g
= 16 min =
310 3
< =
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4
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} . Hz
Frogueney, vps, He
. Figure 13.1 [SO—suggested acceptable vertical vibration levels
Horizontal

Vertical
68
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Figure 1.3  Acceptable machinery vibration levels. (Adopted a) from
product de ion of IRD Mechanalysis, Inc., 6150 Huntley Roud
Columbus, Ohio, b) from ANSI Standard 19-1975.) 69
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Gear Train Spectrum

shaft rotational gear natural gearmesh
frequency frequency frequency

side bands

// \\

Signal level

B

Frequency

Figure 14.24 Typical gearbox vibration spectrum. 70
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Gea'rlAnaIysis (Time Domain)

Gear condition Typical signal average plot

Good

Misaligned

Worn

Fractured tooth

Figure 14,2 Time-series averaging of time-domain gearbox signals. 71
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~ Cracked Shaft Spectrum

Edge cracks resulis 1 dissimilar stiitness along

= and perpendicular to the crack tip
i
3

¥ 2

Amplitude dB
—— Wiger =50

| i | 1 | I | ! | I 1
0 100 200 300 400 500

Frequency Hz

Figure 14.21 Vibration spectrum of a cracked shaft.
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Bearing Damage Analysis

FIGURE 6.094
T i

FIGURE 6.098
ROLLING ELEMENT BEARING TYPES

| beartngs

@@

L10 Llfe . % L\ﬁj 7 oner
(hr. ) 7
RPM @ #%:#
Rating : # i <X 4 (lb)
LOAD = #t 4 ¢ §(1b)

L, life=(16.666/RPM) * (Rating/LOAD)?3 73
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Rolling Bearing Damage Analysis

Unprocessed signals

T T T T

| Pt ARSI ] K

1 ] 1

Undamaged bearing Pamaged beanng

———= Time

Signal average plots

Undamaged bearing Damaged bearing
——= Time

74

Figure 14.3 Typical signal-average plots for rolling element vibration.
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ﬁ Spike Energy
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Possible Source for Causing Spiking

» b7k B35 (Wear)

« $hACE 7 2 (Lubrication)

- &+ 2 it B (friction)

« # #52 £ 7 2 (Gear meshing)

- B4R 74K % & 3 % (Impact)

- W ¥ 22 H 2 % B $=(Sheave against guard)

76
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Unrelated Issues w/ Spiking

« % I g=(Unbalance)

« % %< (Misalignment)

- fh%* 4 (Bent shaft)

- 5137 # iE(Electrical problems)
- i g3 (Eccentric rotor)

« £ #& (Resonance)
- B &L # (Structure looseness/Weakness)

« 3p # B* 42 (Beat vibration problem)

7

Spike Energy Measurement

BRI AR E (- RBE, T ES N
HA), BRIZRIKE § It chgd

cFE AR IUEEFETES N R, Spike Energy
HE s B A AR

«# 2 - % p 2k Spike Energysh& & 4 2 A
AR ¥

cERIFEEAFEE FITIEL - R

78
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Part IV:

Vibration Control

79
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Optlcal

Table : | p————

AEQUENCY

i Isolators provide
- mechanical filtering

Optical Table

Vibration u >
|solator

~ Tables pruvlde a
rlgid platform

~ describes filterigg

mnmmmty wm q
S
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Transmissibility

100

10

0.1
0.1

10

i
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20
15

10

Vibra
20
15

10

i

Shear Dampers

Vibration amplitude {g's)

Undamped hollow steel beam

3 0.035
ume (sec)

tion amplitude (g's)
Steel beam filled with concrete

005 0.01 0.015 0.02 0.025 0.03 0.035
ume {sec)

Vibration amplitude (g's)
20

Solid granite beam

53 00035

ume (sec)

Vibration amplitude (g's)

20
15
1
5
[
-10
-15

-2

Shear damped steel beam

0.005 0.01 0.0150.02 0.025 0.03 0.035
time (sec)

82
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Acti.ve Vibration Control

» Adding feedback control

— E.g., PD control, LQR optimal control
« Adding active elements

— E.g., piezoelectric materials
» Adding external fields

— E.g., magnetic field to interact with

ferromagnetic materials

System Dynamics Lab. For Mechatornics and Micros

Active Vibration Control

-, (t) i
32
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» Piezoelectric shunt
circuit damper

Active Materials and
Structures

2

» Electromagnetic shunt

circuit damper
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