Design for Vibration

— To create an acceptable vibration environment for the

automobile passengers
¥4 SDOF resonance vibration test
YU“ TUhe MDOF system forced vibration

* First-order vibration modeling
« Source-path-receiver model of vibrating systems

* Frequency response of Single-Degree-of-Freedom
System

« SDOF models of vehicle vibration systems
« Strategies for design for vibration

» Body structure vibration testing

* Modeling body structure resonant behavior

Vehicle Structure Ch.7-1



7.1 First-Order Vibration Modeling

« Body structure: resonant system w/ infinite number of
natural frequencies

* Avoid resonance at the wrong frequency
« |dentify desirable vibration behavior

* Assumption
— Amplitude will not be large to the receiver of the vibration

— Uncoupled vibration: frequency of the vibration source #
resonance in the vibration path

— Well-designed venhicle: set of independent single-degree-of-
freedom oscillators

Vehicle Structure Ch.7-2




Example: Vibration System

« Powertrain + Steering Column + driver ACRS(Air
Cushion Restraint System)
— Vibration source: Powertrain

— Vibration model 1: Steering Column Mount

— Vibration model 2: Steering Column + ACRS(Air Cushion
Restraint System) |

Vehicle Structure Ch.7-3




Example: Vibration Source

* Four-cylinder engine in a transverse front-wheel-drive
configuration with an automatic transmission

« Engine torque pulse

Vehicle Structure

O~ 1 pulse \( N rev |( 1 min

: (4 cylinders)
2 rev min 60 sec

:EHZ
30

@idle: N = 700rpm — Q =23.3Hz
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Vibration Model 1

Example

« Steering Column Mount
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Vibration Model 2

Example
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7.2 Source-Path-Receiver Model

« Source of vibration energy (engine torque pulses)

« Path for the vibration: series of subsystems (steering
column with ACRS)

* Receiver which determines the acceptability of the
vibration level (driver's hands)

Sources ) Receiver

~Torque pulses *mounted powertrain QOccupant

sUnbalance *suUSpension sFeel-tactile .
*body structure '\‘j_eafT*GOUSfIC
o2 ' +Visua

*Road irregularities air cavity

“Wheel rotational ‘pane!s

unbalance ssteering column

. *Tire force variation seat
Vehicle Structure Ch.7-7




Vehicle Structure

applied force
Flay

Vibration Characteristics

unit force
P(w)

frequency (Hz)

X (o)

vibration amplitude /

_W}:X(Q)AF(a))

source

X ()

_(FT (@)

| Flo)

I

Fr ()

P(w)

B function

frequency (Hz)

path transfer

vibration amplitude

J|-xt)-> o

source

Receiver

X(w)

frequency (Hz)

- X(0)

response
/receiver

T(a))P(a))} =X (o)

Fy (@): force transmitted through a subsystem of the path

T a)): isolated characteristic of a subsystem in the path
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Automobile Vibration Systems

Force into Body Body
body transfer deflection
function
F(w) T(w) Fr(w) P(w) X(w)
1 Powertrain Mounted Force through Body Deflection at
(7.4.1) unbalance powertrain  engine mounts  structure seat, steering
force column
2 Force at suspension Force through Body Deflection at
(7.4.2) suspension shock absorber structure seat, steering
spindle and ride spring column
3 Road deflection suspension Force through Body Deflection at
(7.4.3) at tire patch shock absorber structure seat, steering
and ride spring column
4 High frequency Chassis Body panel Passenger Interior sound
(7.8.3) chassis links with vibrations compartment pressure
deflections end acoustic
bushings resonances

Vehicle Structure Ch.7-9



Automobile Vibration Spectrum

« Body structure behavior
— ~ 10 Hz: rigid body

— 10 ~100Hz: primary bending and torsion resonances
(overall body architecture, hard to change in the later stages)

— 100 Hz ~: localized and influenced by structural details

Primary focus of
Design for Vibration

L 1 L i 1 il I I T B T |
1 2 5 1 _H‘-‘:I Frequency (Hz)1 000

Human description of vibration
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Human Response to Vibration

« Subjective test - U-shape iso-comfort curve

— Imperceptible / just perceptible/ annoying
— 6~20 Hz: least tolerated area

1.0
5]
B 1< f <6Hz
'CES. accel(g)£0.204/ f
oo
c J§ acceptable
-% = vibration level 6< f<20Hz
s 0 accel(g) <.0341
3
<L

20< f < 60Hz
accel{g)<0.0017f

1 10 20 50 100
Frequency of vibration (Hz)

Janeway vertical seat vibration criteria

Vehicle Structure

Acceleration

Absorbed

[ power

0.2watt

1ISO FDP
1 hour

ISORC
1 hour

F’r'*equen;:if ‘éflvibrat'ion (.H?:)

LI e

1ISO: International
Standards
Organization

FDP: Fatigue
Decreased
Proficiency

RC: Reduced Comfort

JNR: Japan National
Railway

Comparison of vibration limits
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Major Vibratory Systems

|
n ]
Whesel Mounted Body  Isolated Acoustic Panel
hop powertrain  structure chassis  cavity  resonance
maodel modal links

model
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7.3 Frequency Response of SDOF System

« Equations of motion

f(t)=Fsin(wt)—> x(t)= X sin(ot)
f(t)—hkx(t) = m% — Fsin(wt) = kX sin(ot) - mX o sin(ot)

FetX-moix >2-_ 1 _ VE _

F k—ma? 1_("’!)0)2 1[
p _

» Relation of vibration amplitudes
— Displacement amplitude: X
— Velocity amplitude: Xw
— Acceleration amplitude: Xw?

Vehicle Structure Ch.7-13




Regions of Vibration Behavior

r . . x| 1
@ << w, : spring-like behavior | F' = kX — ‘F‘ =
J@ = o, : vibration amplitude grows very large
: : 2 X 1
@ >> @, : mass-like behavior | F'=m|-0"X | > |—|=—
k F| mo

A
Aw
A/V2
X
F
i l
) 2w, V2
_ resonant
behavior
X_1
F nk
n=4w =24
a2, Ch.7- 14
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Amplitude at Resonance

 Viscous damping (o velocity)

F,=C (velocity), ; C {C : viscous damping coefficient (for shock absorber, C = 2)

"~ 2Jkm | ¢ viscous damping factor
Fp| = CloX) =2 Vkm (0X ) = 2§k\/%(a))()
x| 1 oo, | X|_ 1
Fp| 28k(0fo,) Fy| 2Lk
« Structural damping (o deflection)
1| = 7 () —2= ;i =771k, 7+ damping factor

base metal: 0.00001 <77 <0.001
spot-welded automobile body: 0.03 <77 < 0.1

* Relation of viscous and structural damping
Aw

n=2 —>n=

n

Aw : bandwidth measured at the half-power amplitude

Vehicle Structure (amp]itude at resonance)/\/i Ch.7-15



Example: Deflection Amplitude

m =100kg (4-cylinder automatic transmission powertrain)
k =600N/mm (combined engine mount vertical stiffness)

F =500N (amplitude of vertical sinusoidal force)

* (1) mounted powertrain vertical bounce
— Operating frequency: 15 Hz

* (2) amplitude recorded by accelerometer (10g)
— Operating frequency: 40 Hz

* (3) at resonance
— Damping ratio: 0.1

Vehicle Structure Ch.7- 16




Transfer Function

— Log (displacement output: X/F) vs. Log (frequency)
— Log (velocity output: V/F) vs. Log (frequency)
— Log (acceleration output: A/F) vs. Log (frequency)

spring like mass like
( 2 2 behavior behavior
X
a)<<a)n:F:kX—>w—=a)— o
F k
: : : 4
1@ = o, : vibration amplitude grows very large 103&};:[
2
X| 1
w>>w,: F:m(—a)zX)—> LA
m

_ logew
Accel =w* X

| Accel

H

logj———-
g F

logw
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FRF receptance mobility inertance
X_ ! V_ o A _ ~w”
F  k—-&*m+ioc | F k-o’m+ioc | F  k-o’m+ioc
: 1 i@ w*
Linear Stifiness k k k
1 ‘ 1
Scale Mass L i 1
" m wm m
Logarithmic Stiffness —logk logw—logk 2logw—logk
Scale Mass —2logw—logm —logw—logm —logm

Vehicle Structure

B () [
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7.4 SDOF Models of Vehicle Vibration Systems

 Powertrain path: reciprocating unbalance
« Suspension path: load at spindle
« Suspension path: deflection at tire patch

Vehicle Structure

Source lo
applied force: F(w)

log(w)

Path
isolator: T{w)

force into body: F{a)=F(wT(w)

body structure transfer function:
Plw)

Receiver , ,
resulting deflection:

X(w)=F(w)T(w)P(w)

Ch.7- 21



Powertrain Path Vibration System

Force into Body Body
body transfer deflection
function
F(w) T(w) Fr(w) P(w) X(w)
Powertrain Mounted Force through Body Deflection at
unbalance powertrain  engine mounts  structure seat, steering
force column
Sources Paths Receiver
Engine ‘Mounted engine *Seat vibration
*Unbalance «Body structure «Steering wheel

Vehicle Structure Ch.7- 22



Powertrain Path: Reciprocating Unbalance

f(t)=mrQ? %sin(zﬂt) = Fy sin (o)

Q- N re'v 27 rad \( Imin _ 2”N(md/s)
min rev 60sec 60

Vehicle Structure

Source

m

2= rotational speed of crankshaft
£2= N (rev/min) (min/60sec) (27 rad/rev)

f(t) =

7

Z
mr I sin(2 221)

F, @

F, l i log F /2
@ log w

k' =k+ink (1: loss factor)

F 1 [ 2
_T:‘T((O)‘:—2<1—)a)>(0n\/§ Q:‘T(a))‘: 1+77
F 1- (a)/ @, ) F 272
a)}'l
*Engine unbalance force
sTorque pulse
£y
& Powertrain Fo
Engine mounts !
Transmitted force into body low damping
Fr @ fre |
: n quency
@,V2 Ch.7-23



Unbalance Forcing Function

above moment

In line 4 V6 V8
| Jo— 60° 9Q°
*VERT!CAL \ (——\?
MROTAT]NG
planar even 1200 even 900
crankshaft crankshaft  crankshaft
Excitation | - —dmrlO? _ 3T
- Moo= —mr a N
amplitude | " -2 one
(2 x engine cylinder S 1<
speed) spacing ¢ Hele
Balance |Fyzrpcqy May be crankshaft crankshaft
strategy |eliminated with dual| counter weights | counter
counter rotating balance the weights
balance shafts at |primary rotating |balance the
2 x engine speed |couple leaving the | primary

rotating couple

Vehicle Structure

Ch.7- 24



Transfer Function Model of Powertrain

Vehicle Structure

Source

Path —

Unbalance
force
F(w)

X

— Force transmitted
per force applied

T(w)

Force into
body

—  Fr=[F(a)][T(0)]

log
F

Ch.7- 25



Vehicle Structure

Example

A four-cylinder, automatic-transmission powertrain
has a mass of 100kg. The engine mount system
constrains motion to the vertical. The combined
engine mount vertical stiffness is 600N/mm. For an
evaluation, the mounted powertrain is placed on a
bed plate (ground) and a sinusoidal vertical force is
applied to the center of mass.

— Determine the bounce natural frequency.

— At what frequency does isolation of unbalance forces begin?
— What is the engine speed at which isolation begins?

Ch.7- 26



Suspension Path Vibration System

Force into Body

body transfer

Body
deflection

function

Force at suspension
suspension
spindle

Road deflection suspension
at tire patch

Force through Body

Deflection at

shock absorber structure seat, steering

and ride spring
Force through Body

column
Deflection at

shock absorber structure seat, steering

and ride spring

column

Sources

¥ Receiver

\Vertical spindle force
Rotational unbalance
Tire radial force

*Road irregularities

_| *Suspension |,
i *Body
“1 structure

B | -Seat vibration
| «Steering wheel

Vehicle Structure

Ch.7- 28



Suspension Model

— Mass: wheel, knuckle, brakes, control arms

— Spring: parallel combination of ride spring of suspension and
radial rate of tire

Fy force transmitted into body

= ride spring
: ock absorber/strut

'_. unsprung mass

} tire spring
17

spindle shock absorber ride spring
force UNSprung mass
F, prung road
” tire spring disturbance
Xy

Vehicle Structure Spindle force input (wheel unbalance) Road input Ch.7- 29



Suspension Vibration Sources: Load at Spindle

£} p‘u)

./ /m

(a) Tire unbalance force

o
VU,

(b) Tire radial force variation

Vehicle Structure

f(t)=mr @’sin(w 1)

» =K
R
where m unbalance mass
» radial position of mass
V' Vehicle velocity
R Tire rolling radius

f(t)=F sin(nwll1),
n order of variation
n=l1, 2, 3, ...

Ch.7- 30



Quarter Car Model

.| Sprung hass 4"

- - .
Damper L{-_lgsﬁgf

v | Unsprung Mass

Vehicle Structure Ch.7- 31



Suspension Analysis: Load at Spindle

= Jk2+(Co)’

forces on unvsprung mass

C : shock absorber viscous damping factor

Fr
X

(1000 ~ 2000 Ns/m) [ k, j 1 ijz
+ -
X, _ 1 Fr|__\h+h 9 ) (o)
F Jy+ky—mo* +iCo F 2 T2 2
W Co
X, k +k, “n 1
F @ ? | Cw
I—| — | [+1
o, ky +k,
k +k
where a)n2 _hth (—> f,, : wheel hop frequency) ride spring
m
! shock absorber
X\ k +k,
- > unsprung mass

tire spring

Vehicle Structure

m

k;

force transmitted to body through shock absorber and ride spring
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Force into Body due to Force at Spindle

_ Tire non- Wheel
1 ]:Spmdle uniformity unbalance
orce log log T
Force at e

X
Force into body per
unit force at spindle

T(w)

Force into
body

[F(a)][T(«)]

Vehicle Suucire T ' ' R Ch.7- 33



Example

— A suspension with rolling radius R=300mm has an unbalance
of 10z(28.35¢g) at the tire rim of radius r=170mm. The vehicle
Is travelling at 70mph.
« What is the unbalance force frequency and magnitude?

— For McPherson strut front suspension, typical tire radial rate
kK,=175N/mm, ride rate k,=17.5N/mm, unsprung mass
m,=40kg, C=1500Ns/m

» Wheel hop frequency (moving at the vehicle speed)
* Vehicle speed at resonance

» Force transmitted to the body per unit force at the spindle at the
vehicle speed corresponding to wheel hop

1 F; force transmitted into body

¢ :- ride spring
hock absorber/strut

:I_ unsprung mass

}tire spring

Vehicle Structure A Ch.7- 34



Force applied to the spindle will be passed un attenuated into the body at the wheel hop frequency.
Above this frequency, the suspension will attenuate spindle forces

Vehicle Structure Ch.7- 36



Suspension Path: Deflection at Tire Patch

« Dynamic characteristics for typical roads: Power
Spectral Density (PSD) of the displacement
— Means to characterize a random signal

— Visualize as mean-square value of the signal as filtered
through a 1Hz bandwidth filter at a center frequency f

(2]

(27w)2

1.35x107° h road
G : Power Spectral Density [mz/(cycle/m)], G, :{ X (roug roa s)

1.35x10~ (smooth roads)
0.015(bituminous roads)
v: Wave number (cycle/m), v, =
0.0061( concrete roads)
f=uV
f . temporal frequency (Hz)
v: spatial frequency (cycle/m)

Vehicle Structure V . vehicle speed (m/sec) Ch.7-37




Power Spectral Density (PSD)

< | Fourier
transform)= S0l Lt 2 HEOIY S 2, 4 FTat=r
H X2 27|
— 2t It 8 oY X| 442 2= FU0| Ciot
M e2ts S MEE = T QYUK E & =

0§ ~dEY] 4% /—W\

—L & # 94x

EF P
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Suspension Vibration Sources: Road Deflections

8

Road
irregularities ADN, x,(1)
10-1 - v .= 0.015 cycle/m
% ]0.3 ] GO=].35I ]0’4 m2
,
TR '
O § 107
£s
) 10—7 ]
= | 48 km/h
2 109 1 (30 mph)

0.10 I 10 100 Frequency (Hz)
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Suspension Analysis: Road Deflections

ki (X, = X, )~k X, —iCoX, =m(-w’X, )

g
forces on unsprung mass

= Jk2+(Co)’

force transmitted to body through shock absorber and ride spring

kky ;.| €@ 2
ky +k, ky

Fr =X, (k, +iCw) —

Fr
X

C: shock absorber viscous damping factor
(1000 ~ 2000 Ns/m)

FT
X _ k X,| 27 2 —‘T(a))‘
X, k1+k2—ma)2+iCa) 1-| © + Co
X, 0] ? Cw
- — | [+ ok
o, Lk, ride spring k,
ki +k
)
where w, =T shock absorber C
k unsprung mass m
Xi| ky +k,
X, 2

tire spring k;
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Force into Body due to Road Disturbance

Typical road deflection
L
Road il
irregularities X

Force into body per
unit displacement at tire patch

T(w)

Force into body per
typical road spectrum

[F(a)][T(@)]

Vehicle Structure

Source

log
-

log w

log
Fr

Ch.7- 41



7.5 Strategies for Design

* QObjective: minimize the source vibration energy
flowing to the receiver with undesirable results

« Three of most important strategies
— Reduce amplitude of the source

— Block the flow of energy using isolators in the path
— Detune resonances in the system

Strategy Reduce source  Isolation Detune
Source
input force: Flw)

Path
isclator: 7{w)

body structure:

Piw)

Receiver
deflection: X{w)

Vehicle Structure
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Design for Vibration Strategies

* Reduce amplitude of the source

— Powertrain
« Minimize reciprocating mass in engine
» Add balance shafts to in-line 4 cylinder engine
— Suspension
« Balance tires
« High quality tires with low radial force vibration
» Minimize shock absorber forces using a linkage ratio ~ 1

» Block the flow of energy using isolators in the path
— Mounted powertrain at isolator
— Suspension as isolator
— Rubber bushings in chassis links at acoustic frequencies

* Detune resonances in the system
— Position body primary bending and torsion resonances

Vehicle Structure Ch.7-43




Vibration Control Strategies

Strategy Reduce source  Isolation Detune

Source
input force: F(w)

Path |
isolator: 7{w)

body structure:

P(w)

Receiver
deflection: X(@) >

Vehicle Structure Ch.7- 44



Noise and Vibration Mode Map

« Detune resonances of the body from sources and
responders

 Desirable structural resonance band: 22~25 Hz

Paths / Isolators
suspension modes

mounted engine modes
Responders

steering column

panel resonance

acoustic cavity modes

seated occupant —

human tolerance -
Frequency (Hz) 1 2 10 100

Desirable range for primary body

flexural modes: 22-25 Hz
Vehicle Structure Ch.7- 45




7.6 Body Structure Vibration Testing (1)

» Result of a vibration test
— Transfer function: P(w)
— Deflected shape (mode shape) for each resonance

« Typical test set-up
— Support soft springs: inflated inner tubes or elastic cords
* Rigid body modes at low frequencies (< 3Hz)

— Electromagnetic or hydraulic shaker: (forcing location) front
bumper attachment

 Excite major modes of vibration (not near a nodal point)
 Locally stiff (not to locally flexing the structure)
— Accelerometer: body at the shaker attachment
« Measure the driving point frequency response
— input(randomly varying force)->[Fourier Transform]->(out signals)

Vehicle Structure Ch.7- 46




Body Structure Vibration Testing (2)

* Driving point response
— Force amplitude fixed - frequency incremented

 Mode shape
— Forcing frequency fixed (resonance) - amplitude measured
— Node(no deflection) / Anti-node(greatest deflection)
— Lightly damped structure: In-phase / 180° out-of-phase

\7[)‘7%& x (=X sin{wt+6)

L Driving Transfer
£ Bt poirzt response
— Wnq .{OHE f)Oin{ 1 pOint 2
FAAA =[5 Frequenc
S{)=F sinct q 4 Mode Xyw,)| &
Vibration test set up Driving point response ~ Shape at o,

Vehicle Structure Ch.7- 47



/.7 Modeling Resonant Behavior

« Structure’s modal density

— Number of modes occurring in a fixed bandwidth

— Increase with increasing frequency
« Lower frequency

— 10~150Hz
— individual modes
— modal model

« High frequency

Vehicle Structure

— 1000Hz~
— high modal density
— statistical approach

vibration
amplitude

vibration
ampiitude

ikl increasing
i modal density

15Hz 1500z

primary body
and panel
modes

TO00E frequency

very localized behavior
influenced by product
variation
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Modal Model (1)

* Primary modes of vibration

Fonysical ™ Finodal ™ Xmodal = X physical %
Froodal = thysical¢1nput ?é‘éf,
Flohysica Torce applied to the physical body @
structure at the input location requency
1 Flhodar- force applied to the modal model Deflection
pur - Influence coefficient at the input Modal ! | Force
| (determined from mode shape at resonance) m(obd)et
X physical — X modal output T @, Frequency
(X physical- deflection of the physical body
structure at the output location
1 X modal - deflection of the modal model

Poutpue - Influence coefficient at the output

(determined from mode shape at resonance)
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Modal Model (2)

S O —
X 1 1k 1k | Gwrur
F=kX-mo’X - == == ke __ Y ~=P(o)
F k—mw 1— ™2 W . r | Poverur
k I-| — INPUT
Wy, v l IX(}U?PUT
MODAL A
X physical X modal Poutput ¢ X modal __ ¢input¢output / kmodal 7 * 3 !
- — Yinput Poutput D N
F, physical K modal/ ¢1nput F, modal 2 2 ]
0
-] — + 772 .....
a)l’l
rigid body resonant behavior of
behavior mode of interest
iy G -
7! oUTPU1 .
Fivpur Fptonar T ] PuerorPourror  Kngopar
'\ 2
/L m X:-WODAL M pipgr-oureur @ 2y’
MODAL - @ +zy2
mﬂ
e 2 L ¥
: kvona Kniopar = @5 Myopar ~ /
L nvpur a4 | e |
: X Loo “ourpur|
: - 0g 20U
Pourpur _ INFLT
Test data Modal model

Log (w)
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Example: Effect of Mass Placement

* Primary body resonance: 22~25 Hz

* Increase the resonant frequency
— Increased body stiffness
— Careful placement of subsystem masses

« Selection of battery location: front corner, dash, trunk

0.9 @front corner
—0.2 @dash
0.15 @trunk

primary bending resonance: f, = 47Hz(®, = 295.3rad/sec) influence coefficients 4

modal

body shell mass: M = 250kg(= M
battery mass: m =16.8kg — effective mass of the battery?

) — modal stiffness?

primary bending frequency for the battery at each location?
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Effect on Resonant Frequency of
an Added Mass

Vehicle Structure
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/.8 Vibration at High Frequency

* Primary body structure resonance: 18~50Hz
— Vibration at the receiver: tactile

« Higher frequencies: 50~400Hz

— More localized response of body structure, acoustic
« Structure-borne panel vibration system

Source Body structure transfer | Acoustic deflection
F(w) function P(w) X(w)

Body panel vibrations

Vehicle Structure

Passenger compartment

acoustic resonances

Interior sound pressure

Sources

") Receiver

Structure borne
Panel resonance

*Acoustic cavity
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Body Panel Vibration (1)

w(x,y): normal deflection of the plate

=0 <q (x, y) : normal load per unit area

EF .
D =———: plate bending stiffness
12(1-v?)

Let deflected shape be:
w = A sin(nx/a)sin(mmy/b) sin @,

(note similarity to plate buckling shapes)

2 2
ni . mi where
a b m”’=mass per unit area
Vehicle Structure Ch.7- 56




Body Panel Vibration (2)

=A sin n sin— X [sin a)t\
W= X X
i i a b o*w o*tw  o*w q
b —> +2 + +—==0

, 0% w b axte? ot D
=m

(A (55 oo
et FHIE] e H

l 0
\_________,_/ """
f H f
FORMED _ ~ [Hc Joip
SELAT { -
H : crown height Trormep | JroraeEp |
t : panel thickness JeLar JrLar
c 1.25 (crown)
|1 (ribbed) : Shode e
1 2 3435
(He/ 1)172
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Acoustic Cavity Resonance

* Closed air cavity of passenger compartment
— Resonate with a standing acoustic wave
— Closed boundary conditions at either end

f=c n Pressure= maximum 0O maximum
" 2L Velocity= 0 ‘maximum 0

f,, - resonant frequency ( Hz) A

A : wavelength Pressure anti-node  node  anti-node

Jc¢: speed of sound in air(330m/sec)

L : cabin length

n : number of half cosine waves along cabin length

niwx ) A=2L (shown above) first harmonic

pressure mode shape @each resonance: cos (—
A= L

notion of sound level A=(2L/3)

2nd harmonic
3rd harmonic

: : . [ nmx
air velocity mode shape (@each resonance: sin (T

indication of sensitivity of cavity mode to excitation by a panel
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Example

 Vibration frequencies for floor pan
« Vibration modes of sedan interior cavity

(1) The floor pan at the rear foot — flat panel

a =500mm

b =300mm 28
s —> @7

t=1mm @ 5

p=7.83x107° kg/mm2)

H =20mm — frormep ?

(2) A sedan has an interior cavity length of L = 3m.

frequency of first and second acoustic resonance?

Vehicle Structure Ch.7- 59



Panel and Acoustic Cavity

vibration of foot well panel

Source
< ;s
Path  Play T X SRty
50 4] 1- g velocity mode shape for
each cavity resonance
_ sound pressure
Receiver level at driver ear
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Vibration Isolation through Elastomeric Elements

« Suspension elements due to road impacts — high
frequency deflections

 Isolation of higher frequency vibration
— Elastomeric bushings at the body connections

Force into Body Body
body transfer deflection
function
F(w) T(w) Fr(w) P(w) X(w)
High frequency Chassis Body panel Passenger Interior sound
chassis links with vibrations compartment pressure
deflections end acoustic

bushings resonances
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Suspension Lower Control Arm

P

Vehicle Structure

High frequency bt Panel
displacement Solator (structure borne noise)
» Suspension noise * Suspension links
and harshness with rubber bushings
« Chassis noise « Body mounts

and harshness

Elastomeric bushing

Functions:
*noise isolation
vibration harshness isolation
-tune suspension geometric properties
«allow linkage degrees of freedom
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Modeling Isolators

F=kX+i77kX=k*X—>£= k +i nk =k

stiffness  damping
F : force through the bushing
X : deflection across the bushing

n : loss factor for the elastomeric material

Suspension-side

Bushing Body-side

bushing

kg, m 1 kg,

force into
body
e
dynamic input: ne F,
Knuckle deflection x; ; g X
Bl B2
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Response of Isolators

(

g F ko k
. = O(Statlc Stlffness) L) = _ZB17B2
M X1 kBl —|—sz
* %k 4

FT — kB] +kB2 - 0. = \/m: FT _ kBlkBZ ’1_'_77 _ ‘T(a))‘
4 l—a)z*L* ! m X kg +kgy 272

kg +kp, [1_(6‘)} ] _|_772

Wy,

ki : suspension-side bushing stiffness, kg, = kg, +in kg

ks, : body-side bushing stiffness, kp, = kg, +i77,k 5,

4m : mass of the chassis link n=0.01
F @ vibration force amplitude transmitted into body structure
X, : vibration displacement amplitude imposed by suspension knuckle 107
K F
kg m kg, e
X,

IiF e
1007 V21, 500
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Example: suspension lower control arm

« Source of high frequency vibration

— gear meshing in the transmission - front wheel drive shaft
—> suspension knuckle = suspension control arm - body

structure
mesh frequency: f = 400Hz
n=0.2
m = Skg
0~0:11 = Kok _g75000 Y
Xi| kg +kp m
a7 +sz - 83677 (133112
S
L ksiks) 1+7° _( kpikp) V1+0.2* ot 5( kgikp) ]
kg +kpy

iy

2
2
400 . ’
(133) } + 022 dynamic fof(,:e into body

ST
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Example: High-Frequency Powertrain

Vibration through Engine Mount (1)

« Powertrain = engine mount - body structure: direct mount
« High frequency vibration of engine block: structure-borne noise

* Increase engine spark timing - improve fuel economy
— Increase dynamic block deflections in 400~2000Hz range
— To isolate acoustic vibrations, engine mount with free mass
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Example: High-Frequency Powertrain

Vibration through Engine Mount (2)

« Target static stiffness: 200 N/mm
* Isolation begins at 270 Hz
* Needed intermediate mass?

w=~0: Il _ _Kpikp) =200i
Xy| kg +kg, mm
mm

f,N2 =270Hz — f, =190Hz

o, = kal +kpy
m
N

_ K kg 107m _  56kg
o [272(190)]

2(400)

—>m
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Local Stiffness Effect on Vibration Isolators

« Desired high-frequency-isolation: bush material?

» Localized flexing of structure: local stiffness (K, )
— five times the bushing stiffness to maintain 70% of damping

Yex .y _F N F _)E_kBKL”(KL??kB)
local bushing KL kB 4 ( n kB ) X KL + kB +i (,7 kB )
F_kB[(kB/KL)JrH”Z(kB/KL)}ri(nkB) oo F_ ky +i 7k PN iy +ink
- = 3 5 7?— — P ~ "B B
X (/K ) 1] +[n(ka /K)] X kK (kR ) 41T X
1.0 Stiffness
2 0.8 = Damping
e .
‘ g 0.6 - n kg
Idealized model =——> (o] ]
(bushing to ground) 5 0.4 S S ‘—W\r_l_.\N\’E
: w 0.
7 c 1 b kg K,
7 kg L2 p21 : -
F o | N
Model with ~  —— W_.\N\[E E ] e :
structure compliance v . 0 0 5 10 15 20
B L

Local structure stiffness / Bushing stiffness

Structure local stiffness R
(K / kp) Ch.7- 69
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@ 120dB
@ 110dB
@ 100dB
@® 90dB
80dB
70dB
60dB
50dB
40dB

30dB

® 20dB
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Mazda CX-5

(1) o ZR&CH| Cdil= 6% M4
(2) EIO|ZREHO &5 ML= ?ldl =2lats Sel=
)

(3) &L ME2

o 2 RCHH] 1.54 (1) Seal| & =0} bic|

EME M= Y22

(1) tojm HETHHS
otzfiof

(2) MO EA(EH) &7 2| LTt
2tZ0]| sealXiE ==
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Honda FREED

(1) & 170 1kg FLA St 9kg T =

20| rim2|d FHE 10% T2 - 2T Al 2tdd St >

Ol &) rolldd o 2 FFst0 T ELO|=0| A HSH

ATE SIEE B4 SfH ZHCOIHHO| 2gt=El 5> & =H LA £
Y,

(b)

125~160Hz FIat=CiH |
AHZ 10~15% NZ

(M 2 170 1kg 724 et A
B3 BTN HE ML T
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Dash Silencer
Vehicle Structure

C-HR (Prius 2Lt =)
(2) AEIEDt XS 2= dash silencer (dash panelOl| &%tsto] &3,
=S58, Ms9K 5 =) > g4 3 E3} (Prius, CHR)
EQE} TNGA, 2HEE SGP (%%ﬂ% MADN > PHEV CHS
7]& B C{H| +H HAE 2 Z0|120%) S/ASM FHe S7H5>20mm)
Cowl Silencer

JERA

Cowl/Side Silencer

C/D segment2| FF, MCEA &
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Toyota C-HR (& & A|

(2) 2ZIfE: MO O3t AZ|(EE L O|X) XI0|E =Y Cf#
f

FEEHEYYEIZ A2 2h: AT KOO IR e EH@ S
Oi="AF" Q| Hh= H2t

sxagjdyt 2ExHZAI R SsHNE)E EHY AN (mastic sealenZE 174:
AKX Z0|& EEHC 2 &2, HIC| Lfg| €2 25 LHER dA 5N

Mastic sealer& M7 %t
® Mastic sealerS HM %t

Roof ETE Roof Reinforcement
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Subaru Impreza: S|4 7|= 2 +=X|2}

Vehicle Structure

HIC|E&8H S instrument panel(IP)2 ZE610] MZH™ S H x|
HVAC(3ZX)2 IP2| RERECE 510 HZAHES HX|

HOLF RS HVACO E0{M HZHES HIX|

Idling stop?| 72| #&H S Y

o O
Insulator?} FHEFZIO| ES H2 o XN HHEO| HZALEE 90% S
Xt ML E Sot= SRHIES X} A2 - XpN|Q| HIEEZEE 70% S
Fender Harness& H|X|/S & « Front Suspension2| Z4E 70% &4
UZIECUE AZTIE LHZ O|F * Rear Suspension2| Z’d2 100% 24

-

Fyatt{LoH—DRERS L TEORAEZEE B
PADal—2— L EDERSOME & &/ =
PEFRFEL TVWAREEErEEHIC g
PILH—N—R LRI - §E -7
PILUUECU (BFHIElI=y M) 2T - LAICEE) hb"
PAT A —RELZy b L NRICHAAL, HRAERLE L N N

PEXal)Fs—2= v bEHVACICELY 1. fEfES % EEIE

7ARY T by TIOR3 R &Rl

=

FH PO 4% =8 THER) % Hll iR

P 70O FEFEOREGTEINEE 90%M E

P EFEOLL YEIMEE 70%0) E

POy AN 3 ORIEE70%M L

pUTHTTL—LORIME100%ME L
HEERThbEET Ty EOHR

(2) Dash Silencer?| T+HE £0{ 22|12 HUYZZE HIH 41>20) (1) Z Exjo| ZAHE =0{M XSS =9 (0|H 2 CfH|)
= 7 (=]
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Subaru Impreza: S|4 7|= 2 +=X|2}

(1) XN 2F MAEIME 20N MSFot71 X
> 2Xoz2 2E L O|=

FUt$(Hz)

(c)

P
olo
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HMC: RANC(Road-noise Active Noise Control)

o T T a2z WO (AU &5 b 20~10kHz)
— Engine noise
— Wind noise (& &): 500~10kHz
— Road noise: 7Y &, 20~500Hz
- 25KH07|=
— T UHASTEAN): XM= B2 O|5H ME, &
SALE XS A =7}
- XISA CHE A > AH| Y3}, HFO Lo|= "2 XS XY T
S2E P HE SO
- 538 7|2(ANC): XtLf S 2 S/
(65~125Hz)2| = O| =0
- LO|= HO| LHSHA O &El= B Its: AT LO|=

103
i
HI
1z
i
1
E
+

Vehicle Structure
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HMC: RANC(Road-noise Active Noise Control)

— 2019.11.11 (HE 7|2t 6'F, XtLH &F 3dB|, O|AFECHH| 50%)

— 7t M, Y= 0t0|3, DSPE 714: AHA| QC|QA|AHHIE Ths
« JIEEMAM 23X XS AF, MOERHEZ 24, /X5
- SHUSEISKE Oms, DSP[E &M (M2 HMEA | EZ)+E 02| S X H

ol 2 G4 Sot L/ 2ms

- O10|3: &A| EELO|= ZA|, DSPE HE S

— YEO0|M HMSt= Aot LO|=E = L2

- 7|& S| XF EE AE AL 7t

RANC

ROAD INVERTED INTERNAL
NOISE SOUNDWAVE NOISE LEVEL

ACCELERATION SENSOR

——— Road Noise

Noise from the
RANC controller
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