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ABSTRACT

In the vehicle development, the importance of ratlycoad noise is increasing because of the inorgas
popularity of quiet electric vehicle. The suspengitays an important role on the mechanism of thetire
born road noise. As the countermeasure for reduciad noise, low stiffness suspension bush is aftea
from the point of view of vibration insulation. Hewer, in general, to use the low stiffness suspensish
makes the driving stability worse. From such reasbias been difficult to achieve the compatibilit
between NVH and driving stability at high qualifyherefore, the other ways are required for redutieg
road noise. As one of the ways, the road noisectemuby the suspension geometry is presentedsiptper.
In order to find the suspension geometry which cediuhe road noise, the sensitivity analysis id .user the
sensitivity analysis with respect to the positidnttie suspension arm connecting points, the sugpens
model is simplified. The arms are modeled as riigikls whereas the vehicle body, tire and shock ddzso
are modeled as a modal model. The suspension ggontech reduces the road noise is obtained wigh t
sensitivity analysis.
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1. INTRODUCTION

Recently, the importance of reducing road noisett@d vehicle is increasing because of the
increase popularity of quiet electric vehicle. Ore tmechanism of structure born road noise, the
suspension plays an important role. As a typicalntermeasure for reducing road noise in the
vehicle development, low stiffness bush are ofteadufrom the point of view of vibration insulation.
However, in general, this makes the handling siigbiorse. The suspension design which achieves
the compatibility between NVH and handling stalyilit high quality is required.

In spite of such a circumstance, there are not aoynliteratures written about the road noise
reduction by the suspension. This would be becaighe difficulties in controlling the vibration
behavior of the suspension. The vibration energpamits through the multiple connection points at
which the suspension is connected to the vehicldybdhen one of the connection points highly
contributes to the energy transmission, it mayHmught that reducing the vibration of this pointlwi
reduce the road nose. However, some countermeafuréss point might increase the vibrations at
the other connection points because the local @yordasure may affect the global suspension
vibration behavior. Thus, the countermeasures ¢basider the trade-off among the vibrations of the
each connection points are required.

The countermeasures for reducing the road noiseldvbe about the suspension bushes or the
suspension geometry. In general, the suspensiohesusould be modified at the later stage of the
vehicle development, however, the suspension gagynefixed at the early stage and could not be
able to be modified at the later stage. Therefarethis paper, for increasing the possibility okth
compatibility at high quality, the focus is giveo the road noise reduction by the suspension
geometry.
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For finding the suspension geometry that reducesrttad noise, the sensitivity analysis (1) with
respect to the suspension connection points iseptes in this paper. As an objective function, the
input power to the vehicle is used from the facttihe statistical space averaged compartment
cavity SPL is proportional to the input power frahe point of view of power balance (2). In order
to make the sensitivity analysis easy, the suspenarms are modeled as a rigid link whereas the
body, the tire and the shock absorber are modedeal modal model. The suspension geometry that
reduces the input power is obtained by the shapinggation based on the sensitivities. Then, it is
presented that the rigid links modeling is suitafde the design of the suspension geometry at the
early stage of the vehicle development by invesiigathe characteristic of the suspension vibration
behavior.

2. MODELING

The mechanism of structure born road noise canhbeght as followings. First, the tires are
excited by the forced displacement due to the roeghk of the road surface. Then, the vibrations
transmit to the vehicle body through the suspensigisystems. The each input power from the road
surface to each tires is statistically uncorrelafBterefore, the input power from the each tire ban
considered separately. In this paper, the roadenfiem rear left side multi-link suspension is
considered.

On the typical bending rigidity of the suspensiams and stiffness of the bushes, the arms
behave like a rigid body in many of the multi-liskispension subsystem vibration mode shapes of
which the natural frequencies are around frequenofeinterest (e.g. around 150 Hz). Therefore, in
order to make the investigation about the reductibrihe road noise due to the configuration of
suspension easy, the suspension model is simpldedigid links connected with bushes. On the
other hand, the vehicle body, the absorber andtitkesubsystems have deformed vibration mode
shapes at the frequencies of interest so that taesenodeled as modal model which are identified
either numerically or experimentally. The schematithe modeling is shown in Fig. 1.

Body side connection points

—_———

:1 Connected with bush

N
-

_J Rigidly connected

Forced displacement

Figure 1 — schematic of proposed modeling

The suspension arm consists of the four rigid comgmds which are knuckle, lower arm, upper
arm and toe control arm as shown in Fig. 1. Thédrigtpmponents are connected with bushes at
points named KL, KU and KT. Then, the suspensiomsaare connected to the vehicle body with
bushes at four points which are named LB, UB, THB &B. The absorber connects the lower arm
and the vehicle body at point LA and AB, respediivét the point AB, the absorber is rigidly
connected to the vehicle body whereas it is coretetd the lower arm with bush at the point LA.
The position of the point LA is determined by imealy dividing a section from the point LB to KL
by 3:1. The tire is rigidly connected to the knueldt a point named WC and excited by the forced
displacement at a point named GD.
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3. GOVERING EQUATIONS

3.1 Degree Of Freedom

3.1.1 Suspension
In one rigid component, coordinates are taken iatcount at the center of gravity and each
connection points. For example, the knuckle rigmmponent has following displacement vector

l'Ikcl !

5T T T T T T T
ukcI - {U kelWC ukcIKL ukcIKU ukcIKT ukcIKB l‘“Ikclo} ’ (1)

where Ugwes Uk r Ukaku » UYiakt » Ukake @nd Uyyoare the displacement vectors at the point
WC, KL, KU, KT, KB and the center of gravity of thlenuckle component, respectively. Each
displacement vectors at connection points and casftgravity has translation and rotation DOFs in
Cartesian coordinate (i.e{u v w 6 9y Hz}Tfor each point displacement vectors), so that

the total number of DOF of knuckle component is 36e displacement vector of the suspension
subsystem(q is expressed by the rigid components displacemectors as

0.7 T T T T
q _{ukcl uIwr uupr utoe} ' (2)

where U, U, and U

upr e are the displacement vector of the lower arm comepo, the upper

arm component and the toe control arm componespea&ively, like that of the knuckle component

expressed in Eqn. (1). For displacement vectdrs, U, and U, the coordinates are taken at

center of gravities and both ends of each armsaduttion, the coordinate at the point LA is taken f
the lower arm component. So, the total number ofFDf the suspension subsystem displacement

vector q is 96. Equation (2) can be reduced to the dispiece vectorq, represented only

independent displacement vectors of the each ggidponents due to the geometrical constraint of
the rigid links as

q=4d,. (3a)

4T T T T T
P _{ukcIWC Uiwro l"IuprO uton} ) (3b)
where B isrigid element matrix that expresses the lineetigeometrical constraint of the rigid links.

Therefore, the rigid element matrix is the functafrthe geometry of the suspension subsystem.isn th
paper, the displacement vectors at the point WCcamder of gravities of the lower arm, upper arrd an
toe control arm are taken as independent displanerectors. The number of DOF of independent

displacement vectoq, is 24.
3.1.2 Vehicle body

The displacement vector of the vehicle body is expressed by the modal coordinate in the
global coordinate under the condition of being wrgled with the suspension subsystem as

U, = @Sy, (4)
where ¢, is the mode shape matrix of the vehicle body d&pdis the modal amplitude vector of the
vehicle body.

3.1.3 Tire

As well as the case of the vehicle body, the disphaent vector of the tireu, is also expressed
by the modal coordinate in the global coordinatdamuncoupled condition as
u, =&, (5)
where @, is the mode shape matrix of the tire agd is the modal amplitude vector of the tire.
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3.1.4 Absorber

The configuration of the absorber depends on thath® lower arm component so that the modal
coordinate of the absorber has to be expressetidnldcal coordinate and is transformed to the
global coordinate by the transformation matrix as

u, =T0l%,, 6)

where u, is the displacement vector of the absorber in ghebal coordinate andl, is the

transformation matrix from the local coordinatett®e global coordinateq)g) is the mode shape

matrix of the absorber in the local coordinate, vehihe superscrip(l) denotes that the mode shape
matrix is described in the local coordinatg, is the modal amplitude vector of the absorber.

3.2 Couplings

The coupling with the bush is described as theddrcthe coupled subsystem. For example, the
coupling force between the vehicle body and theelomrm at point LB is described as

foe = ~fiwe =K (Lga) (ubLB “Ujurie ) (7)

where f,,; and f,,, , are the force to the vehicle body and to the lowsen at the point LB,

respectively. K(LQB) is the stiffness matrix of the bush at the poi The superscrip(g) denotes
that the stiffness matrix is expressed in the glaoardinate.u,, , and U, are the displacement

vector of the vehicle body and the lower arm atpgbet LB, respectively.
The rigid connected displacement couplings are idemed by constraint equations. The
constraint equations of the system are followings.

Upag ~Ugpg = 0. (8a)
Upe ~Upgue =0. (8b)
Vigo =1. (80)

Equations (8a) and (8b) are the rigid connectioopding at the point AB and WC respectively.
Equation (8c) is the constraint equation at thenp@D, which describes the forced displacement
input. In this paper, the focus is on the input powround 150 Hz. In such frequencies, it is known

that the contribution from the y directional forcddplacementv,,, has high contribution to the
road noise so that unit y directional displacemarthe point GD is considered as input.

3.3 Equation of Motion

The equation of motion of the system can be writtmmsidering the couplings at all the
connection points as

D, sm (g, 0
0 D, & |0
0 0 D, gt=l0t, ©)
Cp Co 0 D, |la| |oO
Co Cu Cu Cu O|ln) [y,

where D, D,, D, and D, are the dynamic stiffness matrixes of the eactsgstems which take

into account the stiffness of the bushes at theneotion points.CqID and an are the coupling

matrixes due to the bushes between the suspensidrithe vehicle body, the suspension and the
absorber, respectivelyC,, C C, and C,, are the Jacobian matrixes of the constraint

equations andh is the Lagrange multiplierl, is the input vector due to the forced displacenunt

ca’ ct
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Egn. (8c). By considering the rigid link relatiohBqgn. (3a), the equation of motion of the systean c
be finally obtained as

Dx=F. (10a)
[ D, sym ] €, 0
0 D. Sa 0
D=| 0 0 D,  x={g t, F=40 (10b)
B'Cy, B'C. O PB'DpP d, 0
| Cs Cu C, Cup O » U,

3.4 Input Power to the Body

The Input power to the vehicle bodljl is expressed by the summation of the input povaers
the each connection points as

|—|:|—|LB+|—|UB+I—ITB+|—|KB+I—IAB, (11)
where the superscript denotes the connection doamd which the input power is supplied. As an
example, the input power from the connection paiRtis written as

-ja X

ne= forg Wy (12)

The superscript * denotes complex conjugate @ndis angular frequency. Substituting Eqns. (2), (4)
and (7) into Egn. (12)J1*® can be expressed in a function &f and q. For the connection point
UB, TB and KB, the input power at the connectionnpa@an be obtained in the same manner as the
point LB. The input power from the point AB can &epressed in the modal coordinate of the vehicle
body as
_ - JCL * _ JCL *

n* = beAB mbAB - 7(0&1)[% : (13)
In the expansion of Eqgn. (13), it is used that ¢tbastraint force at the connection point AB can be
expressed using the Lagrange multiplier a@lbx. Substituting Eqns. (12) and (13) into Egn. (11),

and taking into account the first equation of E(J), the total active input power to the vehicledigo
is expressed as follows.

R} =24/ R, (14a)
_ wz%i”bw (i:j)
T @

where the superscriptHd denotes conjugate transposeéy; and 7}; are the natural angular

frequency and the modal damping loss factor of thie vehicle body mode, respectively. The form of
Egn. (14) is equal to the dissipation power withire vehicle body subsystem. This indicates the
equality of the input power and the dissipation powso called power balance.

3.5 Sensitivity Analysis

For finding the suspension geometry which redudes ihput power to the vehicle body, the
sensitivity analysis with respect to the positidnttee connection point is used. The position of the
point KL, KU and KT are taken as design variabje in this paper. From the fact that the matifik

in Egn. (14) is not a function of design variabje the sensitivity can be written as
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orRdn} _ fogy
o e Re{ o R&b}. (15)

From Eqgn. (10b),&, is part of X so thatd&, /0y can be obtained frondx/dy . First order

sensitivity of X can be lead from Eqn. (10a) by considering tkatis not a function of design
variable,

0X ;
—=-D 10_DX .
oy oy
The derivative dD/dy can be calculated algebraically or numerically.

(16)

4. RESULTS

4.1 Validity of Modeling

For the proposed rigid arm modeling, the concerttahasses of the each rigid components are
estimated from the detail 3D geometry. For the Wkeigigid component, the masses of the brake
rotor and the caliper are considered in additiothtt of the knuckle arms. In Fig. 2, the companmiso
of the input power between the detail FE model #redproposed rigid arm modeling is shown. Less
difference can be seen between the two modelinga@alby around frequencies of large input power
(e.g. from 100 Hz to 200 Hz). This indicates tha influence of the bending rigidities of the arms
can be neglected to describe the vibration beha¥idne system at the frequencies of interest.

The shapes of the suspension arms are neitheglstraor uniform cross section. However, for
the simplified case, it is considered that the aams assumed to have the center of gravity at the
geometrical center (i.e. the arm shapes are asstwned straight beam with uniform cross section).
There is also less difference between the simuliiad the exact case. This indicates that the Idetai
mass distribution could not be important unlessdhastic mass distribution is considered. In other
word, the road noise could be predicted without tiegail information of the arm shapes. This
characteristic can make application of the modelpussible at the early stage of the vehicle
development in which the detail arm shapes aredeoided.

Input power [dB]

— Proposed: simplified
- - Proposed: exact mass distrib

] AR Lconsesnasln| BN EE
1

0 50 100 150 200 250 300
Frequency [Hz]

Figure 2 — Validity of the proposed rigid arm susgien modeling. Input power computed from detail FE
model (blue dashed), from the proposed simplifigiirarm modeling (red solid), from the proposegidi

arm modeling with exact mass distribution propéréd dashed).

4.2 Sensitivity Analysis

By the rigid arm suspension modeling, the sengitiginalysis can be conducted using Eqgns. (15)
and (16). The x, y, z positions of the point KL, Kdnd KT are taken as design variables (i.e. totally
nine design variables), and the overall of inpuvpofrom 100 Hz to 200 Hz is taken as an objective
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function.
With the design variables taken in this paper, deeivative d0D/dy of Egn. (16) is able to be

evaluated without uncertainty, except the parthef derivative of the mass matrix of the suspension
subsystem. The derivatives of the mass matrix efsilispension subsystem is expressed as

M (o) M T
Mo”0 yorr o7 Ma g1 gy 9T (17)
oy oy ° oy T ooy

where Mgg), Mg) are mass matrixes of suspension subsystem. Thersurpt denotes the

coordinate in which the mass matrix is expresséd.is transformation matrix from local coordinate
to global. On the right hand side of Egn. (17), finst and the third terms describe the contribatio
from geometrical change with constant mass proegrtiwhile the second term describes the
contribution from the mass change of the rigid arthemselves due to their length changes. In
general, the shapes of the suspension arm compomamt be arbitrary (e.g. an arm with tapered
cross section, a curved arm and so on). Theretheederivatives of the mass matrixes of the second
term of Eqn. (17) cannot be determined uniquelyoider to calculate the derivatives, one nominal
arm shape is considered that the arm has straightumiform cross section assumed as simplified
case in the rigid arm modeling of Sec. 4.1. Focuhlting the derivatives of the knuckle component
mass matrix, it is assumed that the mass increpisgsortional to knuckle arm length extension at
the connection point. The increase rate is estithat® 4 kg per unit length from the actual mass
distribution of the knuckle.

The sensitivity results are shown in Fig. 3 witke thoth cases in which the derivatives of the
mass matrixes are taken into account or not. Thyatiee sensitivity shown in Fig. 3 means that the
input power is increased with the negative dirattpmsition change (e.g. replacing z coordinate of
the point KL along -z axis increases input power).

In Fig. 3, less difference can be seen between lib#h cases either with or without the
consideration of the mass matrixes derivativessThdicates that the mass property changes could
not be important. This characteristic is also camgat for the application at the early stage of
vehicle development.

o 168

Il w/o arm mass deriv
I with arm mass deriv |

Sensitivity [W/m]
1

KLx Kll_y Kll.z KLIJx KUy KUZ K'i'x K'i'y K'i'z

Figure 3 — Input power sensitivity with respecthe positions of the connection points KL, KU an@l K

The derivatives of the arms masses are not takeraatount (blue), are taken into account (red).

4.3 Shape Optimization

4.3.1 Optimized results

Using the sensitivity analysis, a shape optimizaan be conducted. From the result of Sec. 4.1
and 4.2, the arms are simplified as straight witlifarm cross section and the mass matrixes
derivatives are neglected in the sensitivity anialyBesides, the mass properties of the arms on the
principal axes are kept constant during the optation process (i.e. each rigid components
respectively has the same mass property as thialisthapes on their local principal axes, but the
influences due to the geometrical transformations aken into account). The flowchart of the
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optimization is shown in Fig. 4. MMA (3) was useslan optimization method.

Prepare model

Update design variables estimated Compute system response

by MMA by Egn. (10)
Compute sensitivities Evaluate objective function

by Eqgns. (15)(16) by Eqn. (14)

No
Converge ?
Yes
End

Figure 4 — Flowchart of the optimization
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Figure 5 — The optimization results: (a) (b) (c)gm@rison of the geometry in each plane views batwee
the initial (blue dashed) and the optimized (relid¥oThe design spaces are shown in cyan patgHe
optimization history. (e) Comparison of the inpotyer between the initial (blue dashed), the optadiz

without mass change (red solid) and the optimizitd mass change (red dashed).
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The optimization results are shown in Fig. 5. Thesign spaces were taken -25 mm to 25mm
from the point KL, KU and KT initial positions faall directions, which are shown in Figs. 5(a)-(c)
as cyan square patch. It is observed that the apdinon is well converged from the optimization
history of Fig. 5(d). In Fig. 5(e), it can be foutitat the input power is reduced in the frequenoiles
optimization target. The influence of the mass demndue to the arm length changes is also
investigated. The input power that considers thesnghanges at the optimization configuration is
also plotted in Fig. 5(e). The mass change of ipiel arms is calculated from the assumption used in
Sec. 4.2. The two spectra are almost the sameatattls confirmed that the assumption of keeping
the mass properties of the rigid components comssavalid.

4.3.2 Input power contribution

The optimization results can be diagnosed by thmutirpower contribution. The input power
contributions from the each connection points didted in Fig. 6 for the initial configuration and
the optimized. Figures 6(a) and 6(b) show the mtagie of the input power whereas Figs. 6(c) and

6(d) show the positive/negative contribution by thermalized input power expressed in the

following equation. As an example, the normalizaeglt power from the point LBl ,fr

as

is written

nte = /(ne|+[nve|+[n[+ ]+ ) (18)

nor

Input power [dB]
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Figure 6 — Input power from each connection poitasinput power in the case of the initial in diake.
(b) Input power in the case of the optimized ingile. (c) Normalized input power in the case ef th

initial. (d) Normalized input power in the casetiog optimized.
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The negative normalized input power means thatetiergy of the vehicle body is dissipated by the
excitation at the connection point due to the opgodirection of the force and the vibration. The
normalized input power can be used as the indicBtounderstanding the mechanism of the input
power reduction. The decrease of positive normdlizgout power means that the input power
reduction could be achieved by the reduction ofaiiton velocity of the rigid arm itself whereas the
increase of the negative input power contributioeams that the input power reduction could be
achieved by cancelation among the input power fe@oh connection points.

From Figs. 6(a) and 6(b), the reduction of the inpower over entire frequencies is mostly
achieved by reducing the contribution from the pdiB. Around 125 Hz, the input power reduction
from the point UB also contributes to the input moweduction. In Figs. 6(c) and 6(d), the signs and
the negative contribution of the normalized inpotyer have same tendency between the initial and
the optimized over entire frequencies (except adolia5 Hz). This indicates that the input power
reduction could be achieved by the reducing theatibn of the highly contributed rigid suspension
arm without increasing the vibration of the othema.

5. DISCUSSION

The optimized suspension geometry shown in Figa)-&) may not achieve the compatibility
between NVH and handling stability at high qualijeyg. camber compliance might be increased due
to the small z directional width). In order to aehé the purpose, limitations about handling stabili
should be considered in the optimization procefsanloptimal result doesn’t reduce the input power
enough by taking into account the limitations, adgdithe stiffness of the bushes to the design
variables might improve the results (in such casmsidering weigh function for the sensitivities
would be necessary because of the difference isieity unit between the arm connection position
and stiffness of bush).

6. CONCLUSIONS

The sensitivity analysis with respected to the @mtion positions was conducted by modeling
the suspension as rigid arms. The modeling wadatdd by comparing the input power with that
calculated by the detail FE model. The optimizedpmansion geometry that minimizes the input
power was calculated using the shape optimizatiased on the sensitivity analysis. In the
sensitivity analysis and the shape optimizatiorwats found that the influence of the mass changes
was not important for the input power compared hattof geometrical change. Therefore the
suspension arms could be modeled as straight witifonm cross section rigid beam. This
characteristic is suitable for the application la¢ early stage of the vehicle development in which
the suspension geometry can be only modified.
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