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Structure Borne NVH Workshop
Workshop Objectives -

1. Review Basic Concepts of Automotive Structure Borne Noise.
2. Propose Generic Targets.

3. Present Real World Application Example.

Intended Audience —
« New NVH Engineers.
« “Acoustics” Engineers seeking new perspective.

« “Seasoned Veterans” seeking to brush up skills.
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Structure Borne NVH Workshop
 Introduction
 Low Frequency Basics
 Mid Frequency Basics
e Live Noise Attenuation Demo
 Real World Application Example
 Closing Remarks
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Structure Borne NVH Workshop

e Introduction
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Competing Vehicle Design Disciplines

Ride Impact

and CrashWorthiness
Handling

Cost, Weight,

Investment,
Manufact'ng
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Structure Borne Noise and Vibration

Vibrating

Source

Frequency Range: up to 1000 Hz

System Characterization
» Source of Excitation
 Transmission through Structural Paths
« “Felt” as Vibration
» “Heard” as Noise
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Automotive NVH Freguency Range

Structurq

Absorption
+

Response

Mass
: +
Local Stiffness Sealing
+ +
Global Stiffness Damping Damping

~ 150 Hz ~ 1000 Hz ~ 10,000 Hz

Log Frequency
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Structure Borne NVH Workshop

 Low Frequency Basics
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Low Frequency Basics
e Source-Path-Recelver Concept
e Single DOF System Vibration
* NVH Source Considerations
 Recelver Considerations
e Vibration Attenuation Strategies
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Low Frequency Basics
e Source-Path-Recelver Concept
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Structure Borne NVH Basics

L

Slide 11
Automotive Analytics LLC 2009 2009 SAE NVC Structure Borne Noise Workshop




Low Frequency Basics

* Single DOF System Vibration
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Single Degree of Freedom Vibration
APPLIED FORCE

F=Fysin2mft

1+ (27 f/f.)?
(1-12/£2)? + (27 f/f,)

TR:FT/F:\/

Transmitted
Force

Fr

<
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Transmissibility Ratio
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Vibration Isolation Principle
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1Frequeﬁcy Ratio (f/f1)
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Low Frequency Basics

e NVH Source Considerations
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NVH Source Considerations

sSuspension .
P Powertrain

Two Main Sources
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Typical NVH Pathways to the Passenger

STRUCTURE
BORNE
N\Vig
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Structure Borne NVH Sources
Inherent Process Variation
Suspension Tar Strip Impacts Tire/Wheel Unbalance
Induced Rough Road Surface Tire Force Variation
Engine Fuel Combustion |Driveshaft and Halfshaft
. . and Unbalances
Driveline Reciprocating Unbalance Torque Converter
Induced Unbalance
. Idle-in-Gear _ Axle Gear Mesh
. Constant Speed Cruise Variation
. WOT Acceleration
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Structure Borne NVH Sources

Primary Consideration:

Reduce the Source first as much as
possible because whatever enters the
structure Is transmitted through multiple
paths to the recelver.

Transmission through multiple paths is
more subject to variability.
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Low Frequency Basics

e Recelver Considerations
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Recelver Considerations
Subjective to Objective Conversions

Subjective NVH Ratings are typically based on a
10 Point Scale resulting from Ride Testing

Receilver Sensitivity is a Key Consideration

A,=1, A,

Represents 1.0 Rating Change

TACTILE: 50% reduction in motion

SOUND : 6.dB reduction in sound pressure level
(long standing rule of thumb ) i o1
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Low Frequency Basics

e Vibration Attenuation Strategies
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Symbolic Model of Unibody Passenger Car

8 Degrees of Freedom

©

()

Total 2178.2 Kg (4800LBS) Tires 350.3 N/mm
Mass Sprung 1996.7 Kg KF 43.8 N/mm
Unsprung 181.5Kg (8.33% of Total) KR 63.1 N/mm
Powertrain 181.5 Kg Beam mass lumped on

grids like a beam
e S Slide 23
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8 Degree of Freedom Vehicle NVH Model

Engine Mass

\
Engine
Isolator [
o o ©, e ®

Suspension
< Spri R ESE———

Y €= \Wheels —>

e N [[e S ———
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8 Degree of Freedom Vehicle NVH Model

Force Applied to Powertrain Assembly

&)

Forces at Powertrain could represent a First Order
Rotating Imbalance
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Engine Isolation Example

Response at Mid Car

1.0000
Constant Force Load; F ~ A 15.9 Hz
8.5 Hz

3 0.1000
)
2]
~~
&
£ 0.0100
=
[
o
< 0.0010
=

e Operation Range of Interest

5.0 10.0 15.0 20.0
Frequency Hz
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Concepts for Increased Isolation

“Double” isolation is the typical strategy for
further improving isolation of a given vehicle
design.

to Body Mount

Subframe is - -
Intermediate Structure \

Second Level of
Isolation Is at Subframe
7\ 21

Suspension Bushing is first level J
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8 Degree of Freedom Vehicle NVH Model

Removed Double Isolation Effect

(8)
© 5 © o ©®
0 @
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Double Isolation Example

6.0E+00

5.0E+00

4.0E+00

3.0E+00

2.0E+00

Velocity mmisec)

1.0E+00

0.0E+00
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Vertical Response at DOF3

Base Model

= \\/ithout Double ISO

> ]

.
Sop) A
/
o Em |\
PINL L
afl " \
T~
5.0 10.0 15.0 20.0

Frequency Hz
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Low Frequency Basics

e Vibration Attenuation Strategies
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Mode Management Chart

EXCITATION SOURCES

Inherent Excitations (General Road Spectrum, Reciprocating Unbalance, Gas Torque, etc.)
Process Variation Excitations (Engine, Driveline, Accessory, Wheel/Tire Unbalances)

0] 5 10 15 20 25 30 35 40 45 50
=| First Order Wheel/Tire Unbalance | = - V8 Idle - - Hz
- > Hot - Cold | =
: a a a e a a
CHASSIS/IPOWERTRAIN MODES
; Suspensmn Hop and Tramp Modes = - ;
- < » [ ] ]
Ride Modes - .Suspensmn Long|tud|nal Modes = g
> - —» u [
: _Powertrain Modes 1 : » Exhaust Modes =
0 5 "l 10 15 20 25 30 35 40 45 50
V4

BODY/ACOUSTIC MODES

Body First Torsion
Body First Bending i

Steering Column First Vertical Bending

First Acoustic Mode _—l

LN

o
N
o

25 30 35 40 45 50
Hz

ee Ref 1) Slide 31
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8 Degree of Freedom Vehicle NVH Model

Bending Mode Frequency Separation

6

Beam Stiffness was
adjusted to align Bending
Frequency with Suspension

Modes and then
progressively separated
back to Baseline.
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8 DOF Mode Separation Example

Response at M|d Car e 18.2 Hz Bending

100.00 ” «====13.Hz Bending

e 10.6 Bending

o
o
o
S

1.00

Velocity (mm/sec)

0.10 '

Frequency Hz
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Low Frequency Basics

e Vibration Attenuation Strategies
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Mount at Nodal Point
First Bending: Nodal Point Mounting Example

* 2
2 2
’0 ‘0
‘e o*
0. “
e, o*
ta, % e
[ ]
......lllllllIlllllllll---.----“
Front input forces Rear input forces

Locate wheel centers at node points of the first bending modeshape
to prevent excitation coming from suspension input motion.
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Mount at Nodal Point

First Torsion: Nodal Point Mounting Examples

Side View

Passenger sits at
node point for
First Torsion. '

Transmission Mount of a
3 Mount N-S P/T is near

the Torsion Node. Slide 36
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Powertrain Bending Mode Nodal Mounting

* 4
2 4

o © ) ®

v-v \g/

Mount system is placed to support Powertrain at the Nodal Locations of
the First order Bending Mode.
Best compromise with Plan View nodes should also be considered.
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8 Degree of Freedom Vehicle NVH Model
Bending Node Alignment with Wheel Centers

Redistribute Beam Masses
to move Node Points to

&) _ . .

, Align with points 2 and 4 R
0. ‘0
0.. ‘¢‘
.'.. ““

Slide 38
Automotive Analytics LLC 2009 2009 SAE NVC Structure Borne Noise Workshop




First Bending Nodal Point Alignment
Response at Mid-Car

4.0E+00
— Node Shifted
n ~— Base Model
@ 3.0E+00
L
=
£
2.0E+00 4 —
>
i
()
O 1.0E+00
D
>

0.0E+00

5.0 10.0 15.0 20.0
Frequency Hz
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Low Frequency Basics

e Vibration Attenuation Strategies
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Dynamic Absorber Concept

Auxiliary Spring-Mass-Damper

0
= 3.5
£ 30
T 25
S Lo
g, B ay,
—g ., IHENRADAR
P! NABREZCRRVINRRNARNER
ol
0.0 05 1.0 1.5 2.0

Frequency Hz




Powertrain Example of Dynamic Absorber

Anti-Node ldentified
at end of Powerplant

femm AR g T AT
e
Bk e

7 -
..............
¥ ig

Absorber attached at anti-node acting in
the Vertical and Lateral plane.

Tuning Frequency = V k/m

[Figure Courtesy of DaimlerChrysler Corporation] Slide 42
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SOUND dBA BEaseline -V5—- Dual Absrs @ 63 & 110 H=

63 Hz Dynamic Absorber

10
dB

40 b0 6 0 100 120 14C
2nd Order Freq. -HZ -

[Figure Courtesy of DaimlerChrysler Corporation] Slide 43
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Low Frequency Basics - Review
e Source-Path-Recelver Concept
* Single DOF System Vibration
* NVH Source Considerations
 Recelver Considerations
e Vibration Attenuation Strategies
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Structure Borne NVH Workshop

 Mid Frequency Basics
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Mid Frequency NVH Fundamentals
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Typical NVH Pathways to the Passenger

FOR

STRUCTURE

BORNE
N\Vig

Noise Paths are the
same as Low

Frequency Region Slide 47
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Mid-Frequency Analysis Character

and coupling in |
source, path and!
receiver

3
()]
(-
o
o
m -
O Local Stiffness
nd
+
Global Stiffness Damping

~ 150 Hz

Automotive Analytics LLC 2009

High modal densﬂk/

~ 1000 Hz

+ Mode separation is less practical in
mid-frequency

+ New Strategy is Effective Isolation:
Achieved by reducing energy transfer
locally between source and receiver at

ey paths.

Absorption #}
+

Mass
+

Sealing

Log Frequency

~ 10,000 Hz
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Mid-Frequency Analysis Character

Control Measures for Mid Frequency Concerns
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Mid-Frequency Analysis Character

Control Measures for Mid Frequency Concerns
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Isolation Effectiveness

Classical SDOF: Rigid
Source and Recelver

“Real Structure”
Flexible (Mobile)

-
O

Transmissibility Ratio

1.0 1.414 10.0

Effectiveness deviates from the classical development as resonances
occur in the receiver structure and in the foundation of the source.




Mobility

. Is the ratio of velocity response at the excitation point on structure
where point force is applied

Velocity

Mobility =
Force

 Mobility, related to , Characterizes of
the structure at load application point

B Frequency * Displacement
Mobility =

Force

Frequency

Dynamic Stiffness
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Isolation

* The isolation effectiveness can be quantified by a theoretical model based on
analysis of mobilities of receiver, isolator and source

* Transmissibility ratio is used to objectively define measure of isolation

Force from source with isolator

Force from source without isolator

fvfme] v
Y, R

E
A o b F. ‘|‘V
ir
‘Vis
F .

IS
V
r S S
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Isolation

Force from source with an isolator Receiver V.
TR =

Force from source without an isolator

|:m
TR =0(Y , £ X0 T N (N I} Fimivim
Isolator .

4

\Y
Y . . Receiver mobility

Y . : Isolator mobility f

Y . : Source mobility ¢ ‘ V
f

» For Effective Isolation (Low TR) the Isolator

Mobility must exceed the sum of the Source and
Receiver Mobilities.

1
Recall that Y [ /K

Slide 54
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Designing Noise Paths

el g e N S
Liis D( K bo;;/ K source/ ( K bo;ll-y K iso+ K s)oEce
ﬁoody
l1iso
1.0 0.67 0.55 0.51
5.0 0.55 0.29 0.20
20.0 0351 0.20 0.09

Generic targets:
body to bushing stiffness ratio of at least 5.0
source to bushing stiffness ratio of at least 20.0
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Body-to-Bushing Stiffness Ratio
Relationship to Transmissibility

Target Min. =5 |
gives TR = .20

Transmissibility Ratio TR

Stiffness Ratio; K 4,/ Kiso
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Mid-Frequency Analysis Character

Control Measures for Mid Frequency Concerns
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ldentifying Key NVH Paths
Key NVH paths are identified by Transfer Path Analysis (TPA)

ey, S

Acoustic
Transfer

— Tactile
Transfer

1-- | AN
Break the system at the

muus®
.. ()
L/

N points where the forces
- enter the body (Receiver)
.

|

.llIIIIIIIIIIIIIIIIIlIllllllllllIIIIIIIIIIIIIIIllllll.ll‘

Total Acoustic Response is summation of partial responses
over all noise paths

Slide 58

I:)t:Zpaths [Pi] o zpaths[(F)/F)i * I:i]
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Designing Noise Paths

/ R
1 Acoustic Transfer
P/V e~
A s
s A
A A Fl

Pt =2 paths [Pi]

Operating loads create
Forces (F,) into body at
All noise paths

2 paths [ |:i > (P/F) i]
2 paths [ |:i " (P/V) i* (V/F)i]

Measurement Parameters Generic Targets

P/F |Acoustic Sensitivity 50 - 60 dBL/N

V/IF | Structural Point Mobility 0.2 to 0.3
(Receiver Side) mm/sec/N

Slide 59
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“Downstream” Effects: Body Panels

Recall for Acoustic Response P,
IDt =1 paths [Pi] —n 2 paths [ |:i g i (V/F)i]

(P/V), = “Downstream” (Body Panel) System Dynamics: Three Main Effects:

1. Panel Damping

3. Panel Acoustic Contribution

2. Panel Stiffness
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Generic Noise Path Targets

Slide 61
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Final Remarks on Mid Frequency Analysis

o Effective isolation at dominant noise paths is critical

 Reduced mobilities at body & source and softened
bushing are key for effective isolation

e Mode Separation remains a valid strategy as modes
INn the source structure start to participate

« Other means of dealing with high levels of response
(Tuned dampers, damping treatments, isolator
placement at nodal locations) are also effective
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Structure Borne NVH: Concepts Summary

« Source-Path-Receiver as a system

1. Reduce Source
2. Rank and Manage Paths

3. Consider Subjective Response

« Effective Isolation

e Mode Management

e Nodal Point Placement
« Attachment Stiffness

« “Downstream” (Body Panel) Considerations
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Structure Borne NVH Workshop

e Live Noise Attenuation Demo
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Tool Box Demo Test Results

Toolbox Demo Noise Test Results

~
o
I

<
M
S0
-l
o
7y

gl
o
Il

1) Baseline:
Imbalance, No
Isolation

Automotive Analytics LLC 2009

2) Imbalance +
Isolation

3) No Imbalance,
No Isolation

4) No Imbalance, 5) No Imbalance + 6) #5 + Absorption 7) #6 + Insulator

No Isolation +
Damping

Isolation +
Damping

Mat
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Structure Borne NVH Workshop

 Real World Application Example
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Real World Application Example Introduction

2007-01-2232

Noise and Vibration Reduction Technology in the Development
of Hybrid Luxury Sedan with Series/Parallel Hybrid System

Maoto Kawabata, Masashi Komada and Takayoshi Yoshioka

Toyota Motor Corporaticn

Mator generator Mo, 2 (MG2)

Motor generator No. 1 (MG1) | o
ki i 3 Prapallar Shaft

Fower split devica
(planelary gear)
=T N r 1..
Torsional damper reduction gear

Fig.1 Longitudinal Power Train Configuration
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Quietness during Idle and Electric-Vehicle Operation

[ Gascline engine vehicle Root Cause Diagnostics:
v ..i'-_""" (engine on} I 10 dB

1. Water pump in the inverter cooling system
2. Electromagnetic noise of the motor,

I
Ve’ “f s i '
I “"\—nvf" el the inverter, and other units

THS Il vehicle (engine off)

1000 2000 3000
Frequency (Hz)

I 10 dB

After countermeasures

IL !Elli. -"'-':"-'—‘ﬁ-a-"-._..,u-

S00 1000 1500
Freguency (Hz)

Reduce Inverter Water Pump Loads:

1. Reduce pump impeller imbalance
2. Redesign bearing structure
3. Changing motor structure

<
[
o
L=
=
(1N
L)
e
=
s
m
=

[ i JOthRen (VI216.0 L)
t”j dB 'HLE L::|1'f'IEIFI"' ”4._‘LI"!|IL—I-.|—I||

i Qither |'l.|'1 6.0 L)

:q.—_.1-EE X | IR Improve Isolation from Body:
| 1oge: R o i

1. Install rubber isolator

2. Increase mounting bracket rigidity
3. Improve Inverter case

Exterior noise

@ AWD Hybrid Sédan

"'1“: 5.0 L |
ﬁ1 1LIIJ
Interior noise (dB-A)
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Quietness during Idle and Electric-Vehicle Operation

[ Gascline engine vehicle Root Cause Diagnostics:
i .;'-_-*" (engine on) I 10 dB

1. Water pump in the inverter cooling system
2. Electromagnetic noise of the motor,
the inverter, and other units

M“"L m.,mfv E f "I,_Mﬁ.\._"_v_,., A

THS II vehicle (engine off)

1000 2000
Frequency (Hz)

I 10 dB

After countermeasures

IL !Elli. -"'-':"-'—‘ﬁ-a-"-._..,u-

S00 1000 1500

Reduce Inverter Water Pump Loads:

1. Reduce pump impeller imbalance

2. Redesign bearing structure Reduce
3. Changing motor structure Source

<
[
o
L=
=
(1N
L)
e
=
s
m
=

Frequency (Hz)
[ Rher (VT216.0 L) .
£1u 18 | g@ Offr (V8 4.2 L diese Effective
| 3 HL‘“'*E' l"-” = - Isolation
— Improve Isolation frori Bl

L | 10qB Utl‘lwrl_'-.-"i"huL.

® v | 1. Install rubber isolator étFSCh'
B e S 2. Increase mounting bracket rigidity MMk

u=q|JLI
/a opd | 3. Improve Inverter case

Interior noise (dB-A) Downstream

rorrorend]®)

Exterior noise
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Engine Start Vibration

Root Cause Diagnostics:

1. Engine torque fluctuations
2. Engine torque reaction forces

Maolonng =la

L ] .. ! L Ignilian sige

Reduce Torque Fluctuation: : i W' .

E ll----"‘l.p*l.n:r"nll'lr-' l’ﬁ.l. I|'|"'I 'HL""H"'"\J“-I'*:'

1. Change intake valve closing timing ;

2. Control piston stop position BT e

3. Adjust injected fuel volume and = '
ignition timing

E Vibrabon conlrol: OMN

e

Reduce Effect of Engine Loads:

1. Operating MG1 at high torque during engine start
2. Implement vibration-reducing motor control

= %, Fik gh A fudedH 1)

3. Use two stage hysteretic torsional damper ~>N\ohs
4. Shorten distance between principal elastic o
axis and center of gravity of power plant
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Engine Start Vibration

Root Cause Diagnostics:

1. Engine torque fluctuations
2. Engine torque reaction forces

Reduce Torque Fluctuation: | W’ =
2 st [ A st

1. Change intake valve closing timing , m
2. Control piston stop position 0 G R iy
3. Adjust injected fuel volume and |

ignition timing
Reduce
Source

Reduce Effect of Engine Loads:

E Vibrabon conlrol O

e

1. Operating MG1 at high torque during engine start
2. Implement vibration-reducing motor control
3. Use two stage hysteretic torsional damper
4. Shorten distance between principal elastic
axis and center of gravity of power plant
Slide 71
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2"d Order Engine Induced Boom

Root Cause Diagnostics:

1. 2"d order couple of the reciprocating inertia of piston
2. THS Il Trans 50 mm longer and 35 kg heavier
3. Lower power plant bending mode
4. Requires 1.5X higher mount rates T Viinn: Mok OF POwHE Fisonnding

Lataral

II.I‘. L5
(Q) Mtounking )
£—*} 50 mm : rubbar ;

gl maunt sl mount

aintdy| ety [k = | ] ]

initial =y 5-apeed A _ THSNterAWD
e —-""'-FH-T arqE-I 0= mEmber

g

"
o, i

=< (D6-speed AT vehicle
O

B i Reduce Effect of 2"d order Couple:

A/2150 160 170 180 190
Engine EL:'F!Ij 2nd order frequency (

Interior sound
pressure level
(dB-A)

Increase power plant bending mode
Move mount to a nodal point

Embed mounts inside cross member
Reduces distance from principle
elastic axis to CG

Optimized vertical to lateral rate ratio

5100 5400 5700
Engine speed (FPmM}

= o F

Fig. 17 Interior Booming MNoise Level Caused by the
Second Order Component of Engine Speed and
Power Plant Bending Resonance Frequency

e
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2"d Order Engine Induced Boom

Root Cause Diagnostics:

1. 2"d order couple of the reciprocating inertia of piston
2. THS Il Trans 50 mm longer and 35 kg heavier
3. Lower power plant bending mode
4. Requires 1.5X higher mount rates T Viinn: Mok OF POwHE Fisonnding

Lataral

£—*} 50 mm : rubbar

gl maunt sl mount
ROSMman (416 e nly]

Initial 6-spaed AT S THS 1l far AWD
—_ =1 DS MEmbs
_..- __'_,_,_.----:.l.arl:IE1 Rear cross mamba

g

"
o, i

- '}{;EP 5-speed AT vehicle Mode
After countermeasures nd Manage.
Reduce Effect of 29 order &

Interior sound
pressure level
(dB-A)

Engine EL:-FEIj 2nd order i'FEEILH:H-::'..' Increase power plant bending e Nodal
Move mount to a nodal point Mounting
Embed mounts inside cross memy
Reduces distance from principle
elastic axis to CG

Optimized vertical to lateral rate ratio

5100 5400 5700
Engine speed (FPmM}
Effective
Isolation

= o F

Fig. 17 Interior Booming MNoise Level Caused by the
Second Order Component of Engine Speed and
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Engine Radiated Noise

Root Cause Diagnostics:

. 24" MG2 order excitation

. Lower MG2 reduction gear ratio

3. Lower transmission bending mode
- two key modes identified

N

Reduce 24t order Loads:

Arranged permanent magnets in V shape with optimized
angle

Reduce Effect of 24t order Loads:

1. Modified Trans case to improve modes

2. Added dynamic damper at a high amp. point
on Trans case

3. Added ribs in high radiating area of Trans case
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Engine Radiated Noise

Root Cause Diagnostics:

. 24" MG2 order excitation

. Lower MG2 reduction gear ratio

3. Lower transmission bending mode
- two key modes identified

r _ Reduce
Reduce 24™ order Loads:

Arranged permanent magnets in V shape with optimized
angle

N

Mode
Reduce Effect of 24" order Loads:

1. Modified Trans case to improve modes

2. Added dynamic damper at a high amp. point
on Trans case

3. Added ribs in high radiating area of Trans case
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Structure Borne NVH Workshop

 Closing Remarks
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Structure Borne NVH: Concepts Summary

« Source-Path-Receiver as a system

1. Reduce Source
2. Rank and Manage Paths

3. Consider Subjective Response

« Effective Isolation

e Mode Management

e Nodal Point Placement
« Attachment Stiffness

« “Downstream” (Body Panel) Considerations
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SAE 2009 NVH Conference
Structure Borne NVH Workshop

Thank You for Your Time!

Q&A
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