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Topics of this Presentation

» TRN Chain testing makes ODS & Modal testing easier
» TRN Chain testing only requires a pair of response sensors

» TRN Chain testing does not require a (long) wire from one of the sensors to
the acquisition system

> A Slinky™ test minimizes the number of sensor moves

» A TRN Chain can be “seeded” with an Auto spectrum, Cross spectrum, Fourier
spectrum, or FRF resulting in a single-reference set of those measurements

» One Uni-axial & one Tri-axial accelerometer and a 4-channel acquisition
system will yield 3D ODS’s & Mode Shapes
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ODS’s & Mode Shapes
from a Set of Single-Reference Measurements

> A frequency-based ODS is obtained at any frequency in a set of single-reference ODS FRFs, Cross Spectra,
Fourier spectra, or FRFs

» Experimental mode shapes are obtained by curve fitting a set of these single-reference measurements
> A set of these single-reference measurements can be calculated in two ways,

1. Roving Force Test: A response sensor is fixed and an excitation force is applied at different DOFs
(points & directions) between data acquisitions

2. Roving Response Test: The excitation is fixed and one or more response sensors are moved
between acquisitions

» A set of single-reference measurements requires that either the response of the excitation sensor remain
fixed during the test

» Limitation of Single-Reference Testing: Since one sensor must remain fixed, a long wire may be required
to connect it to the acquisition system
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Difference Between an FRF & a Transmissibility

FRF: The Fourier spectrum of a structural response divided by the Fourier spectrum of the force that
caused the response

FRF: The magnitude of the response divided by the magnitude of the force, together with the phase angle
between the response & force

FFT (2
FRF(2:1) = ( )/FFT(l) - ACCEI/Force

Transmissibility: The Fourier spectrum of a response divided by the Fourier spectrum of a response at a
different DOF (point & direction)

Transmissibility: The magnitude of a response divided by the magnitude of another response, together
with the phase angle between the two responses

FFT (2
TRN(2:1) = ( )/FFT(I) — Accel/Accel
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Difference Between an FRF & a Transmissibility

FRF: Requires simultaneous acquisition of all excitation forces and a response caused by the excitation
forces

FRF: Requires a 2-channel acquisition system

FFT (2
FRF(2:1) = ( )/FFT(l) - Accel/Force

Transmissibility: Requires simultaneous acquisition of two responses

Transmissibility: Requires a 2-channel acquisition system

FFT (2
TRN(2:1) = ( )/FFT(l) — Accel/Accel
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Unique Transmissibility Properties

The Product of two Transmissibilitys is
another Transmissibility

TRN(3:1) = TRN(3:2) x TRN(2: 1)

The Inverse of TRN(2:1)1S TRN(1:2)

TRN(1:2) = (1/TRN(2: 1))
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TRN (Transmissibility) Chain

Each Transmissibility must contain one DOF
that is also contained in another Transmissibility

TRN (2:1)
TRN (3:2)
TRN (4:3)
TRN (5:4)
TRN (6:4)

1%Vibrant

TECHNOLOGY




Single-Reference TRN Chain

A single-reference TRN Chain is created by recursive multiplication of Transmissibility’s

TRN (3:1) = TRN (3:2) x TRN (2:1)
TRN (4:1) = TRN (4:3) x TRN (3:1)
TRN (5:1) = TRN (5:4) x TRN (4:1)
TRN (6:1) = TRN (6:5) x TRN (5:1)
TRN (7:1) = TRN (7:2) x TRN (2:1)
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Benefits of a TRN Chain

A TRN Chain is measured using two response sensors and a multi-channel acquisition

system

» Two uni-axial sensors and a 2-channel system
» One uni-axial and one tri-axial sensor and a 4-channel system

» Two tri-axial sensors and a 6-channel system

RN (2:1)
RN (3:2)
RN (4:3)
RN (5:4)

RN (6:4)
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Benefits of a TRN Chain

> Excitation Forces are not acquired
> Excitation Force levels can change between acquisitions

» A TRN chain can be “seeded” with an Auto spectrum, Cross spectrum,
Fourier spectrum or FRF to yield a set of single-reference measurements

TRN (2:1)
TRN (3:1)
TRN (4:1)
TRN (5:1)
TRN (6:1)
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Seeding a TRN Chain with a Cross Spectrum

TRN(5: 4)
TRN(6:5)

XPS(3:20) = XPS(4:20) x TRN(3:4)
XPS(2:20) = XPS(3:20) x TRN(2:3)
XPS(1:20) = XPS(2:20) x TRN(1:2)
XPS(5:20) = XPS(4:20) x TRN(5:4)
XPS(6:20) = XPS(5:20) x TRN(6:5)
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Seeding a TRN Chain with a Cross Spectrum
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Seeding a TRN Chain with an FRF

TRN(S: 4)
TRN(6:5)

FRF(3:20) = FRF(4:20) x TRN(3: 4)
FRF(2:20) = FRF(3:20) x TRN(2:3)
FRF(1:20) = FRF(2:20) x TRN(1:2)
FRF(5:20) = FRF(4:20) x TRN(5: 4)
FRF(6:20) = FRF(5:20) x TRN(6:5)
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TRN Chain Measurement

Transmissibility Test

TRN3:1 = TRN2:1 x
Does not require

acquisition of the
excitation forces

TRN4:1 = TRN3:1 x TRNA4:3

Force
(unmeasured)

Seeding a TRN Chain gives
a set of single-reference
ODS FRFs, Cross spectra,
Fourier spectra, or FRFs
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Only one sensor must
move between
acquisitions

Either or both sensors

can be moved as long

as the chain of DOFs is
not broken

Slinky Test

Slinky Transmissibility Test

TRN3:1 = TRN2:1 x (1 /

TRN4:1 = TRN3:1 x TRNA4:3

Force

(unmeasured)

4
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Round-Trip Slinky™ Test of an Aluminum Plate

random
force

Aluminum Plate Resting on Bubble Wrap Plate Model Showing Test Points and
Excitation Force

1%Vibrant

TECHNOLOGY



FRFs from a Roving Impact Test of the Aluminum Plate

s *BLK: Plate 30 FRFs - 30 FRFs E’E
Log Magnitude gfbf M#5 FRF5Z1Z Select Measurement
ME DOFs Units Tz

ME1 | 1212 oMbt [v|  FRF ||

M&2 | 2212 gmbf [v| FRF |v|

MH3 | 321Z oMbl |v| FRF ||

MEd | 4Z1Z  ambf [v| FRF |v]

M#5 | 5Z1Z oMbt |v| FRF |v]

MEE | 6Z1Z glbf |v| FRF |+

Log Magnitude gilbf M#6 FRF 6Z-1Z [ M&7 | 7Z1Z | gnf M| FRF [V
| ME8 | 8Z1Z gMbf |v| FRF v

MHS | 921Z oMbt |v| FRF |v]

[ M#0] 10212 gMbf [v| FRF |+

MEI | 11Z1Z oMbf [v| FRF [v)

[ M#12] 12212 gMbf [v| FRF |+

MEI3] 13217 oMbf [v| FRF [v)

ME4] 14212 aMbf [v| FRF |+

Log Magnitude o/lbf M7 FRF 7212 ME5 | 15212 afbf |v| FRF  |v|
MHG | 16Z1Z ofbf |v| FRF  |v|

MENT | 17217 aMbf [v|  FRF [v)

M8 ] 1821Z aMbf [v| FRF  |v|

M| 19217 oMbf [v| FRF [v|

. [ W20 20712 oMf |v| FRF  |v
T | w21 | 21217 oMb [v|  FRF ||
[ M#2| 2271Z oMtf |v| FRF [+

w0 Log Magnitude g/lbt MISFRFSZIZ - W[ M#3 | 23217 omf v| FRF v
ME2E | 24217 gMbf [v| FRF  [v)

10 [ W#25]| 25217 gbf [v| FRF v
[ M#26| 2621Z gMbf [v| FRF |+

1 [ W&27| 2721z gmbf |v| FRF v
01 | M#28| 28212 oMb |v| FRF ||
[ MH28| 29717 b |v| FRF  |v|

0 100 200 300 400 0 600 700 800 900  1E+03 [ M#30 | 0Z1Z oMf [v| FRF |v
z vl < ?
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Random Response Calculation using Experimental FRFs

Modal
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Random Force & Response Spectra of the Aluminum Plate

"'?‘l'f *BLK: Burst Random Force at 1Z - 31 Fourier spectra EI@
Log Magnitude Ibf M#1 Fourier spectrum 12 # Select Input ;
Mg Output DOFs | Units
Wi MET | Ipt v 1Z b |
0.001 MH2 | Output |~ 12 ~
MH3 | Output |~ | 22 ~
0.0001 M&d | Output |~ 32 v

£

M&S | Output |~ | 42
r r r . . ; : : ; ; M#E | Output |~ 52
Log Magnitude g M#2 Fourier spectrum 12 M&7 | Output |~ | 62
MES | Ouput |v| 7
M&#S | Output |~ | 82
M#10 | Output |~ 52

1E-05

<

<

<

<

<

o M1 | Outpuat |~ | 10Z Z
0.01 MH12 | Oupat |v| 11Z >

ME13 | Ouput |~ 127 Z
0001 ME14 | Ouput |~ 13Z Z

Log Magnitude g M#3 Fourier specirum 27 Mi#15 | Output || 147
M#16 | Output |~ 152

M#17 | Output |~ 162
M#18 | Output |~ 172

£

<

£

<

01
M#19 | Output |~ 182 ~
0.01 M#20 | Output |~ 152 v
M#E21 | Output |~ 202 ~
o0 ] . . . . . ! . . . ME2Z | Oupat |v| 212 v
Log Magnitude g M#4 Fourier spectrum 37 Y| Ouiput B 227 >
M#24 | Output |~ 232 ~
1 MH25 | Output |~ 242 ~
MH26 | Output |~ 252 v
0.1 M#27 | Output |~ | 262 ~
M#28 | Output |~ 272 ~
gl MHZ9 | Output |~| 287 =
0.001 M#30 | Output |~ | 297 w
0 100 200 300 400 500 600 700 300 300 1E+03 M#31 | Output |~ 302 ~

Hz
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TRN Chain from Random Response Pairs

» A Transmissibility is a different complex waveform than an FRF
» Peaks in a Transmissibility are not resonance peaks
» Transmissibility’s cannot be curve fit using FRF-based curve fitting

M#16 | B Yes | 17Z:16Z[16]  g/g |~| Transmissibility
M#17 | B Yes | 18Z17Z[17]  g/g |v  Transmissibility
M#18 | B Yes | 192:18Z[18] g/g |~| Transmissibility
M#19 | B Yes | 20Z219Z[19] g/g |v  Transmissibility

0 200 400 600 800 1E+03 M#20 [ B Yes | 212202 [20] g/g '~ Transmissibility
Hz

b4 *BLK: TRN chain - 30 Més, Multiple Types ==
Log Magnitude M:#1 Transmissibility 22:1Z [1] * "
g Mag 9/9 ty (1] Select .t - e Measurement
10 M# Type
M#6 726Z16]  g/g |~ Transmissibility
0.1 M#7 8Z7Z[7]  g/g ~ Transmissibility
M#8 9z:8Z[8]  g/g |~ Transmissibility
. - M#9 102:92 [9 v Transmissibili
Log Magnitude g/g M#2 Transmissibility 37:27 [2] = 9/9 ransm!ss! ||ty
100 M#10 1Z10Z[10] g/g ~ Transmissibility
M#11 12Z211Z[11]  g/g |~ Transmissibility
] M#12 13212Z2[12)  g¢/g '~ Transmissibility
M#13 14Z13Z[13]  g/g '~ Transmissibility
M#14 152:14Z [14]  g¢/g '~ Transmissibility
Log Magnitude g/g M#3 Transmissibility 47:37 [3] : . bl
100 M#15 162152 [15]  9/g Transmissibility
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Single-Reference FRFs from “Seeding” the TRN Chain

» A TRN Chain can be seeded with any FRF, provided that the Roving DOF of the seed matches
one of the DOFs in the TRN Chain

b *BLK: TRN FRFs - 30 FRFs [ =]

Log Magnitude g/Ibf M#1 FRF1Z1Z “J|  select e
M# Type

M#1 | 1Z:1Z  g/lbf |~ FRF v
M#2 | 27212 g/lbf |~ FRF v
Log Magnitude g/Ibf M#2 FRF 27:17 M#3 | 3Z:1Z  g/lbf |~ FRF v
M#4 | 4712 g/lbf |~ FRF v
M#5 | 52:1Z  g/lbf |~ FRF v
M#6 | 6Z:1Z  g/lbf |~ FRF v

Log Magnitude g/Ibf M#3 FRF 3Z:1Z M#7 | 72172 g/lbf |~ FRF v
M#8 | 8Z:1Z  g/Ibf v FRF v

DOFs Units

10

10

10 M#9 | 9Z1Z  g/lbf |~ FRF ~
M#10  10Z:1Z  g/lbf |~ FRF ~
Log Magnitude g/lbf M#4 FRF 4Z:17 M#11 | 11212 g/lbf |~ FRF v
10 M#12 | 12212 g/lbf |~ FRF ~
M#13 | 132212 g/lbf |~ FRF ~
M#14 | 14212 g/lbf |~ FRF ~
0 200 400 HZBOO 800 1E+03 M#15 | 15Z:1Z  g/lbf |~ FRF .
vl < >
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Comparing Experimental & Slinky™ FRFs of the Aluminum Plate

» Experimental FRFs have 275 samples.
Slinky (TRN FRFs) have 1000 samples

» MAC measures the co-linearity of two
shapes

> SDI measures the difference between two
shapes

iy *BLK: Plate 30 FRFs - 30 FRFs

Log Magnitude g/Ibf

==
M#1 FRF 1Z:1Z *

100

10R
1

F

0.1

500
Hz

1E+03

“W *BLK: Interpolated FRFs - 30 FRFs

N EEs

i “BLK: TRN FRFs - 30 FRFs

M#1 FRF 12:1Z *

Log Magnitude g/Ibf

eE="
M#1 FRF 1Z:1Z *

Log Magnitude g/Ibf

433/g/Ibf
340 Hz

Close correlation between
BLK: Interpolated FRFs
and BLK: TRN FRFs

Hz
Log Magnitude g/Ibf M#2 FRF 2Z:1Z
i *BLK: DB Corelation - 2 Fourier spectra
Real MAC _ M#1 Fourier speck 1% 826 o/t
ea : ourier spg 340 Ha
1T MAC
0 340 Hz 10
0 500 1E+03
Hz 1
Real SDI M#2 Fourier spectrum
T T
15DI 0.1
0 340 Hz
0 500 1E+03 0 500 1E+03
Hz < o Hz
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Round Trip Slinky™ Test of the Jim Beam

l random force l

Impact Test with Roving Tri-Axial Accel Jim Beam Model Showing Test Points and

Excitation Force )
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FRFs from the Impact Test of the Jim Beam

10 Log Magnitulde g/Ibf ] M#1 FRF 1){:—152' . Sﬂid Visible DOFs ‘ Units Meail;:;ment ~
- m#1 [BYes | 1x-15Z  g/lbf |v|  FRF -
| M#2 [BYes| 1v-15Z  g/bf |~ FRF

- ' ' ' || wm#3 [Mves| 1z-15z  g/ibf v FRE
Log Magnitulde g/lbf IM#2 FRF 1Y:-157 | M#4 ” I Yes | 2X:_157 g/Ibf E ERF :

10 - M#5 |[[Mves | 2v-15Z  g/bf |  FRF

o | M#6 [BVYes| 22-15Z  g/bf |~ FRF
| M#7 [BYes| 3x-15Z2  g/bf ~  FRF

_ | M#8 [WYes| 3v-157  g/bf |~  FRF
Log Magnitude g/lbf M#3 FRF 1Z:-15Z = =

10 1 . - M#9 [MYes | 3z2-152  g/lbf |~ FRF
| M#10 [B Yes | 4x-152  g/bf |~ FRF

0.1 | M#11 [Bves | 4v-157  g/bf |~ FRF

| | | | | | m#12 [Bives| 4z-152  g/mbf v~ FRF
Log Magnitude g/Ibf M#4 FRF 2x-15z || M#13 [MYes | 5X-152  g/lbf v/  FRF

10 i | M#14 [BYes | 5v:-15Z  g/lbf |~ FRF

o | M#15 [Bves| 52-152 g/bf - FRF

‘ . M#16 [M Yes | 6X-15Z  g/Ibf |~ FRF

| | | | | | m#17 [Bves| 6v-15Z  g/bf v~ FRF s
0 °00 103 B0 20 N wsis [Wves | ez-15z  gibf | FRE
vl < >
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Random Response Calculation using Experimental FRFs

Modal FRF Experimental
Model .{ Synthesis ‘ pFRFE

| | | |
responses
Time — —_—. - - Time
Domain FFT ' MI MD IFFT Domain
Inputs —* —*  Structure Model = — Outputs
— — — L
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Random Force & Response Spectra of the Jim Beam

¢ *BLK: Random Force at 15Z - 100 Fourier spectra | — || =] ||&|

"y

Log Magnitude Ibf M#1 Fourier spectrum 157

0.001

Log Magnitude g M#2 Fourier spectrum 1X

0.01
Log Magnitude g M#3 Fourier spectrum 1Y
0.1
0.001
Log Magnitude g M#4 Fourier spectrum 1Z
0.1
0.001
0 500 1E+03 1.5E+03 2E+03
Hz
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TRN Chain from Random Response Pairs

» A Transmissibility is a different complex waveform than an FRF
» Peaks in a Transmissibility are not resonance peaks
» Transmissibility’s cannot be curve fit using an FRF-based curve fitting

by *BLIG TRN chain - 161 M#s, Multiple Types ‘ =R (EER=T)|
Log Magnitude g/g M#1 Transmissibility 1¥:1X [1] ~ Select Vicible DOFs ‘ Units ‘ Measurement ~
M# Type
10 M#1 1 Yes TY: X [1] g/g |~| Transmissibility
1 M#2 I Yes 1Z:Y [1] g/g |~ Transmissibility
0.1 M#3 1 Yes 2X1Z [1] g/g |~| Transmissibility
M#4 T Yes 2¥:2X [1] g/g |~ Transmissibility
0.01 M#5 1 Yes 27:2Y [1] g/g |~| Transmissibility
Log Magnitude g/g M#2 Transmissibility 12:1Y [1] M#6 | M Yes 2Y:2X [2] 9/g |v| Transmissibility
M#7 M Yes 27:2Y [2] g/g |~| Transmissibility
1w M#8 [ Yes | 3%:27 [2] a/g |~| Transmissibility
1 M#9 M Yes 3¥:3X [2] g/g |~| Transmissibility
M#10 T Yes 3Z:3Y [2] g/g |~| Transmissibility
01 M#11 M Yes 3¥:3X [3] g/g |~| Transmissibility
0.01 M#12 I Yes 3Z:3Y [3] g/g |~| Transmissibility
Log Magnitude g/g M#3 Transmissibility 2X:1Z [1] M#13 || M Yes 4X:3Z 31 9/9 |v| Transmissibility
10 M#14 M Yes 4Y:4X [3] g/g |~  Transmissibility
M#15 M Yes 4Z:4Y [3] g/g |~| Transmissibility
! M#16 I Yes AY:4X [4] a/g |~| Transmissibility
0.1 M#17 | 1 Yes 4Z:4Y [4] g/g |~| Transmissibility
0.01 M#18 I Yes 5X:4Z [4] a/g |~| Transmissibility
M#19 | [ Yes 5Y:5X [4] g/g |~+| Transmissibility
Log Magnitude g/g M#4 Transmissibility 2Y:2X [1] M#20 | I ves 23 (6] 9/9 || Transmissibility
M#21 1 Yes 5¥:5X [5] g/g |~+| Transmissibility
0 M#22 [ ves | 5Z:5Y [5] g/g |~ Transmissibility
1 M#23 1 Yes 6X:57 [5] g/g |~+| Transmissibility
M#24 M Yes 6Y:6X [5] a/g |~| Transmissibility
W M#25 | [ Yes 6Z:6Y [5] g/g |~+| Transmissibility
0.01 M#26 M ves 6Y:6X [6] g/g |~| Transmissibility
0 500 1E+03 1.5E+03 M#27 | [ Yes 6Z:6Y [6] g/g |~+| Transmissibility
Hz . = naune [Ew AV . [ SR S ST — he
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Single-Reference FRFs of Jim Beam from “Seeding” the TRN Chain

» A TRN Chain can be seeded with any FRF, provided that the Roving DOF of the seed matches
one of the DOFs in the TRN Chain

g *BLK: TRN FRFs - 99 FRFs = [
Log Magnitude g/Ibf M#7 FRF 3X:15Z *
g Magnitude g/ Select DOFs Units Measurement *
10 M# Type

M#1 X152 g/lbf |~ FRF v
M#2 1Y:15Z g/lbf - FRF v

o M#3 | 12157  g/lbf |~  FRF v
M#4 26152 g/lbf  ~ FRF v

Log Magnitude g/Ibf M#8 FRF 3Y:15Z M#5 2Y:157 g/lbf |~ FRF v

10 M#6 27:152 g/lbf |~ FRF ~
M#7 3X:15Z g/lbf |~ FRF v

01 M#8 3Y:152 g/lbf  ~ FRF v
M#9 3Z2:152 g/lbf |~ FRF ~

M#10 4X:157 g/lbf |~ FRF ~

Log Magnitude g/Ibf M#9 FRF 37:15Z M#11 4Y:15Z g/lbf  ~ FRF v

00 M#12 | 472:15Z g/lbf |~ FRF ~
M#13 5X:15Z g/lbf |~ FRF ~

M#14 5Y:15Z g/lbf |~ FRF v

M#15 5Z2:15Z g/lbf |~ FRF v
M#16 | 6X:15Z g/lbf - FRF v

Log Magnitude g/Ibf M#10 FRF 4X:157 M#17 | 6Y:157 g/lbf  ~ FRF v

10 M#18 | 62152  g/lbf -~ FRF v
M#19 X152 g/lbf - FRF ~

0.1 M#20 7Y:15Z g/lbf |~ FRF ~

M#21 72152 g/lbf |~ FRF v
M#22 | 8X:15Z g/lbf |~ FRF v

0 500 TE+03 1.5E+03
Hz M#23 | 8Y:15Z | gflbf |~ FRF  |v.
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Comparing Experimental & Slinky™ FRFs of the Jim Beam

Uiy *BLK: 99 FRFs - 99 FRFs [[= |[= ][==] | i *BLK: Interpolated FRFs - 99 FRFs [= = ][&= ] | & *BLK: TRN FRFs - 99 FRFs EE="
Log M#1 FRF 1X-15Z ° o Log Magnitude M#1 FRF 1X:-15Z * 1£e03 Log M#1 FRF 1X:15Z °
7 +
10 4.72 g/Ibf 14,72 g/Ibf 4.29 g/Ibf
496 Hz 0.1 496 H7 496 Hz
; 100
> Experimental FRFs have 275 samples. Slinky / Y o D R T
10 i 10
(TRN FRFs) have 1000 samples\ 0. 183 g/lbf
0.1 496 Hz
Close correlation between
0.01 BLK: Interpolated FRFs
. . i and BLK: TRN FRFs
» MAC measures the co-linearity of two shapes og v 1| 2 RE Vo152
i *BLK: DB Correlation - 2 Fourierspectra | = || = |
496 Hz Rea: M{\C M#1 Fourier spegifim
. o 0.976 MAC
» SDI measures the difference between two shapes | 1 496 Hz 10
0 500 1E+03 1.5E+03
Real SDI M#2 Fourier spectrum
0.01 0 0.921 SDI 01
i 496 Hz
0 1E+03 2E+03 0 500  1E+03 1.5E+03
Hz = Hz
_i! Ll | & =] ” Eg ||Wn| K+ Randres Ear l_@ ” = ” &3 HW»nl ¥i Bardam Ba l_@ ” = ” 23 | = = v
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Noise Propagation from the FRF Seed

Log Magnitude g/lbf M#1 FRF 1Z2:1Z
100
1_
Log Magnitude g/lbf M#2 FRF 2Z2:1Z
100-%
1_
Log Magnitude g/lbf M#3 FRF 3Z2:1Z2
100-\—’\/4'_&
14
Log Magnitude g/lbf M#4 FRF 4Z2:1Z
100
14
800 850 900 950 1000 1050

1%Vibrant

TECHNOLOGY



Summary

» TRN Chain testing makes ODS & Modal testing easier
» TRN Chain testing only requires a pair of response sensors

» TRN Chain testing does not require a (long) wire from one of the sensors to
the acquisition system

> A Slinky™ test minimizes the number of sensor moves

» A TRN Chain can be “seeded” with an Auto spectrum, Cross spectrum, Fourier
spectrum, or FRF resulting in a single-reference set of those measurements

» One Uni-axial & one Tri-axial accelerometer and a 4-channel acquisition
system will yield 3D ODS’s & Mode Shapes
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