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Typical NVH engineering challenges that can be addressed with SIEMENS
Transfer Path Analysis lngenuity for Life

Pass-by noise wind noise

Electric motor

Road Noise
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Fahrzeugkomfort und Akustik durch Weiterent- SIEMENS
wicklungen der Transferpfadanalyse optimieren lngenuity for Life
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TPA Iim Zeitbereich
Komponenten-TPA
Modellbasierte TPA

Zusammenfassung + Ausblick
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Transfer Path Analysis SIEMENS
Source-transfer-receiver approach lngenuity for ife
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Introduction to Transfer Path Analysis SIEMENS
TPA as part of Contribution Analysis lngenuity for Life
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Transfer Path Analysis SIEMENS
Throughout the vehicle development cycle lngenuity for Ufe

Target Setting Concept validation Detailed Engineering Validation/Refinement

R < ' Troubleshooting

Bench marking &
Target setting

Critical component & Path

Concept Analysis Identification

CAE based contribution
analysis

Load Identification Auralization & Optimization

N What-if games & y
optimization

Classical TPA Test/CAE combined TPA Classical TPA
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Fahrzeugkomfort und Akustik durch Weiterent- SIEMENS
wicklungen der Transferpfadanalyse optimieren lngenuity for Life
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Einflhrung

TPA Iim Zeitbereich
Komponenten-TPA
Modellbasierte TPA

Zusammenfassung + Ausblick
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Transfer Path Analysis SIEMENS
Source-transfer-receiver approach lngenuity for ife
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Traditional TPA methods SIEMENS
Efficient & Accurate FRF Acquisition lngenuity for ife

7 Direct FRF Measurements

* Modal Hammer
v" Common.limited quality and
repeatability
« Shaker
v' shakers overcome hammer — _ _
issues, if small and applicable |

4l Reciprocal FRF measurement - ;

M . Measurement of multiple/all NTF s 4 -
(noise transfer functions) at once,
faster than roving hammer or
shakers

n\/P/F Bec '

Ptot

WP/
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SIEMENS

Traditional TPA methods
Ihg,ehuf\ty‘for(,{fe

Requirements: Verify data quality and gain insight — the Heatmap

on

dB Linear Complex Average

Instant verification of FRF Gain insight in the
system dynamics

consistency by checking reciprocity,
linearity and directions errors 1000+ FRFEs in one view
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Transfer Path Analysis SIEMENS
Source-transfer-receiver approach lngenuity for ife
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Load identification methods
Mount stiffness and Matrix inversion

F (@) = K ()

(8, (@) - Api (w))
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Intake

SIEMENS
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Engine

engine
mount

Siemens Digital Industries Software



Solution for load identification SIEMENS

Traditional methods lngenuity for Life
F(0) =K, (o) Lﬁf‘(a’)) 6 [H (a))]_l lﬁ F (w) = f(parameters, a,; (0),a,; (w)) {Q}= 1*{P} = A, i

"-Gea.

Intake |— Engine

Intake = Engine
a,; Gearl

- = - = == == = activeside
engine K
mount !

-_— = = - = = = passive side

=

Subframe

Works for all kind of

Reduced number of
required measurements

Quantify airborne
contributions of nozzles,
panels or component
housings

connections (soft & rigid)

No stiffness curves
required Fast troubleshooting

method

Load identification techniques for fast troubleshooting to detailed structural &

airborne load determination
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TPA method: Strain sensors based
Separating nearby paths
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I:ir"||::uut & 1
IS FO=[HW)]

Classic approach:
Acceleration Indicators

—> Acceleration responses
are dominated by a
limited amount of global
structural body modes

- Potential limitation for
force estimation
possibilities

L

{a(w)}

Strain FRF

Acceleration FRF

N R B
Hz

og
mu'./N

SIEMENS
lngenuity for tife

——Acceleration FRF Matrix Condition Number

——Strain FRF Matrix Condition Number

Advanced approach:
Strain Indicators

—> Strain responses are
dominated by a high
amount of local
structural body modes

- Extended possibilities for
load separation /
identification
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Solution for load identification SIEMENS
Advanced methods lngenuity for Life

Fplsstructure with connections A,B,C,D NIRRT NN R R e =E

w Fy Fg Fg FDJ
~"
Fy Fg Fe Fp
Strain-data Based Force-identification
allows better separation of the forces.

Analyze transient

Multi-source noise &
phenomena

vibration issues

Listen to partial
Road noise analysis contributions

Tackle issues from every possible angle — from simple systems to complex

structures
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Fahrzeugkomfort und Akustik durch Weiterent- SIEMENS
wicklungen der Transferpfadanalyse optimieren lngenuity for Life
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Klassische Methoden der TPA

Komponenten-TPA
Modellbasierte TPA

Zusammenfassung + Ausblick
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Frequency-domain vs. Time-domain TPA SIEMENS

Iug,ov\uf\ty {or Ufa
Frequency-domain TPA Loads (orders, Path contributions
_ spectra) NTF (orders, spectra)
=» Order analysis

=» Spectrum analysis

v" Run-up & run-down
v Stationary: e.g road noise
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Time-domain TPA
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Amplitude

- Time traces i
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v" Run-up & run-down

v' Stationary: e.g road noise Loads (time traces) (F:i"ﬂ; ct;ro;;gllsa)utlons
v Transient: e.g. engine start-up P $
v Semi-stationary: e.g. idle noise,

frequency modulation ...

Auralization, Signature Analysis, Sound Quality metrics ...
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Time-domain TPA for Tip-in/Tip-out SIEMENS
Application Example lngenuity for Life

Typical Tip-in / Tip-out
Response

Jl' Transient torque oscillations in the driveline mr-—u

Amplified by P/T, suspension and body modes
Resulting seat and steering-wheel vibrations ==

Seat rail vibration

Time (s)
Transient Load identification ...in “full NVH Context” ... Transfer Path Analysis (TPA)
Strain gage technology To link transient loads Insights in contribution
Low frequency to Dynamic Interface Forces... to NVH Comfort
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Strain responses
(right) during Tip-in

Time domain Path

Individual Contributions

Contribution Analysis for |
B Seat vibrations X-direction @ |
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|
|
|
|
| Total Contribution
|
|
|
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Time-domain Transfer Path Analysis for Transient Phenomena Applied to Tip-in/Tip-out (Shock & Jerk)
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Transfer Path Analysis: SIEMENS
More insight with TPA Synthesis lngenuity for Life
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Fahrzeugkomfort und Akustik durch Weiterent- SIEMENS
wicklungen der Transferpfadanalyse optimieren lngenuity for Life
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Einflhrung
Klassische Methoden der TPA
TPA im Zeitbereich

Modellbasierte TPA

Zusammenfassung + Ausblick
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Automotive OEMs have to reduce full vehicle testing to SIEMENS
handle wide variety of vehicles lngenuity for Ufe

# of vehicle variants Frontloading

@ )"sw‘ '
-llll -
A

* Increasing testing effort
* Prototype availability?
* Impact of modification?

Powertrain Body Component
Front-loading vehicle
How to ensure NVH performance while keeping development level SO DEE!
time and cost under control? NVH testing
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Component-based TPA for full vehicle NVH assessment SIEMENS
Enable NVH what-if analysis from concept to final troubleshooting lngemuity for Life

Characterize NVH
contribution of
sub-systems

Predict full-vehicle
NVH using Test and
Simulation models

What-if-analysis by
combining multiple
sub-system variants

Unrestricted © Siemens 2020
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Acoustic

Vibration

Suspensions

LR I R R
e
L] 0 P I I I O P

Pass-by Noise Synthesis

Road noise

Linking component Full-vehicle NVH

loads to FRF
receiver structure assessment

Weak & strong Invariant

coupling models component loads
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Component-based TPA for full vehicle NVH assessment SIEMENS
Testlab NVH Synthesis — Concept lngenuity for Life

. . Combining
Digital Twin Test & Simulation Compare Contribution Analysis

Model data i

Vehicle Component Scenarios
Architectures Library

Methods

Auxiliaries T
-a® S ]—* =1 Forces

=1
Engine o Erame X -
91 :g_‘,H\ | = FRE
= o \)/ Stiffness
/

g |
NVH

.,= a Target synthesis NVH Driving Simulator Evaluation
Requirements S -
olver : A
73 N8 a

S A
System architect
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Component-based TPA SIEMENS
Invariant load characterization lngenuity for Life

Structure-borne: Invariant load characterization

Receiver independent, allowing:

« Validating sources against
receiver independent targets

Benchmarking or validating
modifications

Airborne: Predicting NVH performance in

arbitrary source-receiver
assemblies

Volume Velocities

Unrestricted © Siemens 2020
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Component-based TPA SIEMENS
Invariant load characterization for structural paths lngenuity for ife

Three possible methodologies to obtain independent source description

1. Blocked Force 2. Free Velocity/Acceleration 3. In-Situ TPA
Source A Source A Source A Receiver B
4 5
F2 Blocked j AB
) a
F source F source_/, ® 2,Free F source ® H5y
Larol = e s*\“
1 1
]_ A3 Free — F2 Blocked FZ Blocked — H

Source: Mondot, Petersson, Characterization of structure-borne
sound sources: The source descriptor and the coupling function
1987

Unrestricted © Siemens 2020
Page 25 Siemens Digital Industries Software

Source:Elliott, Moorhouse, Characterization of the structure borne
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Example: Source-Receiver interaction
Strong coupling case — Structure Borne

Predict Target Response

[ ]

Test bench

Test Bench Vehicle / Receiver

Predicted target
deviates from
measured target!

Page 26

SIEMENS
lngenuity for tife

Harmonic Spectrum P3:T1:+Z Measured
Harmonic Spectrum P3:T1:+Z<Total Contact bench E

O
O

__________________________________________________________________________

________________________________________________________________________________

20 50 100 150 200 250 300 350 400 450 500
Hz
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Example: Source-Receiver interaction SIEMENS
Strong coupling case — Structure Borne lngenuity for Life

Predict Target Response

I:I O Harmonic Spectrum P3:T1:+Z Measured
T t B h Source O Harmonicl SpectrumPB:T1:+Z<'Il'otaI Blocked forces E_ ___________________________________
est Benc ‘ 5 O T OO OO 5 O T
BLOCKED 0
FORCES .
‘ ' 15-20 . ‘ -V SR 1 i) ARt s | e P\
Test Bench Vehicle / Receiver B T LN LA S S R
-40 - . - ; ; : : Z
_50 _________________________________________________________________________________
-60
180.005_
« + Invariant Load Strength i | - |
- -180.00F
« +- Conditioning similar to classical Matrix Predicted target mw W m  m o m wm  m  w  w w
Inversion TPA matches measured
» - Combining with FBS puts high demands target!

towards data quality
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Virtual Point Transformation SIEMENS
Accurate FRFs at interface connection points lngenuity for Life

Challenge: VP for correct blocked force estimation

= High quality transfer functions at precise Blocked force

at connection

locations. Il
) o Blocked force
= Transfer functions at difficult to access off connection
positions

= Translational and rotational transfer
functions (DOFs)

-180.00 T \ I g

0.00 Hz 1000.00

6dof input
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Component-based TPA SIEMENS
Application example of a steering system lngenuity for Life

Invariant

Source Mechanism Source Synth. Model

Blocked
Steering Forces &
System Impedances

Mount Pos.

Invariant Source Load (TEST)

g t® ()= 1T )

. : FA | .
[Héc { bl} {Fl;‘ll}
1. Measure Coupled FRF
© Jbench  * {a;}

— [HAB FA
Unrestricted © Siemens 2020 p [ 32 ] * { bl}
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Component-based TPA SIEMENS
Application example of a steering system lngenuity for Life

Invariant
Source Synth. Model

Source Mechanism

Blocked
Steering Forces &
System Impedances

Mount Pos.

A
c i) (F4), HA {F}
2. Calculate Coupled FRF B
< Jbench * {a; ) (F} = [Hfy + HE, + K171 « [H{Y] « {F3)

Unrestricted © Siemens 2020 _ B
p = [H32] * {Fr }
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Component-based TPA SIEMENS
Assembly & Prediction (Simcenter Testlab 2019.1) lngenuity for Life

1. Assembly Definition 2. Load & Contribution Prediction

14 Simcenter Testlab Transfer Path Analysis - Wiper Electro Motor Dy _demokit - 10.| _F8S X]

o File Edit View Data Jools Window Help = I )
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PAModel [ESIEEJ) v seiecton_

argets, Paths and Indicators Model Status:

perational Dats

Blocked Forc

Conversion Derved

Print Screen

Operational Data cases Model Status Calculated Load Display Type:

Narrowband

1.00
Read InputBasket | | Ponts from Geometry | L0303 VMode! [Loads & Socked Forces ReadinputBasket | [~ Load Table B
Patn Unt | Method | Functions | Matrix inv. Threshokd Ll =
Operationsl Data Type: ¢ E
avaiabie Ponts Selected Targets T oAc X W E
Point D Quantty Unit Avaiabie Cases 2| supAconn:1YY N § P
1] 12 Acceeraton g c SESepAc: 2T 1N i
2 t2Z  Acceerston g 3| LN His
5| supAconn2YY N
6| supAconn22Z N
Selected Paths 3 -
PontD | Load quantty |Loadunt Response quantty Response unt A 5
0.00 I 1 I 1 L 1 L | L 1 L 1 1 1 L 1 L 1 L
1| supAconn XX Force N Acceleraton s 180.00F
2| supAconn1YY  Force N Acceleration 9 Coladote | Matrix inversion Threshold . Progress Indication
3 supAconn1Z:Z Force N Acceleration 9 Criterion Type: v
4 supAcomn2XX  Force N Acceleraton s = b - e source path FRFs [———. : ; . ; i : A
5|swpAcomn2YY  Force N Acceleraton s Number of omtted singuiar vaves: | 0 off - [toe most sefboamrrrs e
6| supAconn22Z  Force N Acceleraton s Rous
R = ., ¥|| x-axsRenge: FromDa
Selected Source Paths ‘
Range Defnton  From
PontD | Load quantty Loadunt Response quantly Response unt A o 00 1.00
1] engitXX  Force N Acceleration s = 0 P P U [P U SN W S I S } oo, 000 ) [
2 engilYY  Force N Acceleraton 5 . — 0.00 100 0.00 100
3 engclZZ  Force N Acceieraton B . 104
4| engi2XX  Force N Acceieraton s a
5| engi2Y:Y Force N Acceleraton s E g
6 engi2zZ  Force N Acceleraton s 2 <
S T S —— e m—— 2 . 2 2 =
Selected Load Indicators S o i F BS I I t f I 3
AT § calcuiation 1or couplin :
PontD | Load quantly  Load unt | Response quantty | Response unt 2 ||| 5] supacona2yy 5 . 5
T D=4 ! source and receiver :
2| engitY:Y Force N Acceleraton 9 7| supAconn:3X:X
3 engc1ZZ  Force N Acceieraton 3 S —— i i
4 engi2XX  Force N Acceleraton s Create from stfiness % %
5|engi2YY  Force N Acceleraton s
6 engi2ZZ Force N Acceleration 9 ~ maad .
ESIPRUCPIVIVE 00 S E— VOO, -~ 1| |ImportlnkedData | Checklinks | Lt

TPA Mode! SRATTD TPA Results SIEMENS
v PAModel I D BN Y —
0 e n et (18 v -_n——eeee—-—-

The complete Component Based TPA process fully integrated in Simcenter Testlab
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Airborne example application: SIEMENS
PBN Performance Prediction lngenuity for ife

I—p

SOURCE

Invariant description of
sources

0
]
<
]

VARIANT
A

VARIANT

All Design Variants
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Simcenter Testlab NVH Synthesis
Model Based Development for NVH

SIEMENS
’hg&huf for life

1. NVH Component Definition 2. NVH Synthesis Applications

VZI Pass-by Noise Synthesis o X
[mp . ekt DOF i | Bady 1 Body 12| Bedy 2 %] Body 2 | Body2Z | Bady 4 X Bedy S| Bedy & Frequency range tom [ 1.00 we ow [wemo0e  |mr
L ] e oA T R i ] e ATSEACTAS
hy v > - Pade oy 1044 Rooem Lyout Vehicle Bady PondsgBody Browse .. - X % 5
e = =2 c ol & B Bz 0 = ————— ATSBA Outet.§ Compare Contribution Analysis
e— = B demsy o 2 o o 8 5" 2 o = 0
= 4| SwfeZ O [] ] o o o o ] L] Parameter e -
Wotel for Deactiosds ! Veorche qoarheeg [ 200 - L INTAKE
ATSRT CTRS |RPEN_LOAD_REARAXLE
Add Reghce  [unk automaticaly Cloar e T— . - Publeh.. 2 of Ingut DOF iy |20 5\15{[7,817_!!35 IRPEN_LOAD_TIRES
S ) s and Pubish Componen - Homoer T
0% 1 | e DO 1 Gty Type ﬂu\ N 3 |Mmberof Amay DOF i | 2 CLUTCHTPS %l I]'
1/ Bobr 1% Budy 1% Tansaimn o = 1A N : |
2 Gz | Doz | Tmsacan - / Vi 4 |PEN Room Layout name | Damer Track Ficom EGHE FRLCTRS = e
3;:::17: :::;x ::"::: Qn,\vf&ic-‘v-lmruw 5 ek overhang 145 ENGINELF CTRS
f ransiasan o ™ 1 I i i MNERT CTRS i i
CEEEIEE = e 5. = il Pass-by Noise Synthesis
2] [7] oty Doy 3% Tarar - —-— ] LD pos ; GEAREOKLT S
o | s U5 Lead 25 Octave Sections ||RPEN_LOAD_TIRES Add e
| |REARAXLEBTS
SLFS
IRPBN_LOAD_TIRES TIRESRTS
BT
E A H v
E - B i
r T E_ Remave bad
: i
£
r §
zef[
D 1 | Repanee 0% ] ity cone Fi H
T T U 2 |Dependency DOF d 1 | Smocshed RPM NVH Driving Simulator Evaluation
oarsz  tarez  am g 3| Deserdency DOFd 2 Vehice Posbion = ‘
> 4 Dependency DOFid 3 | Vehice Speed g:% e
= - N
\ 0 A=
Add to baich .. Remave from batch Caouate
— 205
o - — ——TT] i ; 3 3
[ocimensiony g TP e > Tk owis > 7ot v ST SIEMENS
o

Enable NVH what-if analysis from concept to final troubleshooting
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Fahrzeugkomfort und Akustik durch Weiterent- SIEMENS
wicklungen der Transferpfadanalyse optimieren lngenuity for Life
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Klassische Methoden der TPA
TPA im Zeitbereich

Komponenten-TPA

Zusammenfassung + Ausblick
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Model-base TPA

Gearbox Noise — Multi-Body Dynamics + Structural Dynamics

SOURCE PATH TRANSFER

Gear rattle or meshing forces in
function of volute profile, misalignment,
torque load, ...

Full system of gears, axles and body
including their respective flexibility

|

/

>

”
% \mﬁﬁ

SN, -

R

|
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RECEIVER

Operational connection forces (to body)
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Gearbox Noise — Structural Dynamics and Acoustics SIEMENS

Iug,ov\uf\ty‘foru‘[a
SOURCE PATH TRANSFER RECEIVER
(structure borne noise) Vibro-Acoustic FRFs Cabin Powertrain Noise

aatomt_ - Soliion 3 Resut
Subcate 1

Mokl Frvatancy 1, Fasig Frequency 7, 900 He

. | N
Operational surface vibrations
(Airborne noise)

Free radiation condition
p(w) = {ATV(W)} . {Vn(w)}

Microphone
: p(w) =?

Installed condition
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Model-based TPA SIEMENS

Application example: Low frequency driveline booming lngenuity for ife
Extending TPA to system simulation and controls development
_ """“""'- - 1::55 II\|=‘ I

! ; 1
| EI IR 1 o el AL < R A =
. B B B B | o jow | 1
gmam o £ 19432 N TPADaia(CAELd+MeasFRF):‘4n cow
Combustion Engine Model Transmission Model Driveline + Chassis M e
Pressure 9 & Vehicle response
TPA Analysis
Clutch + Driveline properties
ECU/TCU Transmission + Geometric & mount design

Torque Converter

Traditional NVH Engineering

Controls development

Unrestricted © Siemens 2020
Siemens Digital Industries Software

Page 37



Fahrzeugkomfort und Akustik durch Weiterent- SIEMENS
wicklungen der Transferpfadanalyse optimieren lngenuity for Life
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Klassische Methoden der TPA
TPA Iim Zeitbereich
Komponenten-TPA
Modellbasierte TPA
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Transfer Path Analysis Process SIEMENS

Complete process supported on one single platform lngenuity for Life
: . Simcenter
Testing AnaIySIS Testlab 2019.1

Predictive

Analysis
e E (@) =K'( )*m % - [ Déﬂm ;%‘IE
T g =
| o 4

Suspensions SQAnalsis

& .\ = |

E 5157 "-1722

~f i a2
gh. A ; o

R(0) H(m nco ~ HyO)] [afo)
F(m) H 20) - Z(m a(m)
) H, (0) - H (o) atm)

Predict full vehicle
performance for each
variant and load case

Simcenter Structures Simcenter Signature Simcenter Transfer Simcenter Transfer Simcenter Component
Acquistion Acquisition Path Analysis EWAENSS Based TPA

Add
Simcenter provides Simulation

a fully integrated environment for streamlined work- and data flows
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