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Abstract— In order to lead properly an electric vehicle project, it
is very important to assess and optimize the driver perception
during manoeuvres such as tip-in and tip-out. This aspect of
vehicle customer perception is called “drivability”. Precedents
papers have shown that the motor block (i.e. electric motor and
speed reducer) rolling motion onto its mounting blocks has an
important effect on the drivability rating. Moreover, this
drivability aspect is crucial for an electric vehicle (because of the
high torque gradient at low speeds or between regenerative and
motor modes). A usual criterion used to study the impact of the
motor block rolling on the drivabilty rating is the energy
decoupling between roll and surge modes. This criterion, called
“EcTx criterion” warrants to limit the oscillations of the
longitudinal force transmitted from the motor block to the car
body. As this criterion is independent of the torque command, it
is used for any manoeuvre. Its application to a Key-On/Key-Off
manoeuvre on conventional vehicle is well-known and enables to
predict the rating of this manoeuvre. Nevertheless, questions are
remaining about the appliance of this criterion to a tip-in
manoeuvre. Simulations have shown that the EcTx criterion can
also be used for a tip-in manoeuvre and gives a good prediction
of the oscillations amplitude for the longitudinal force
transmitted from the motor block to the car body. However, the
driveline mode is also involved in the vehicle dynamics during a
tip-in manoeuvre. Moreover, this paper shows that the
oscillations of the motor block onto its mounting blocks can also
damp the driveline mode oscillations thanks to a specific phase
shift between the two modes. Therefore, EcTx criterion can be
improved by taking into account the driveline equivalent stiffness
and inertia into its calculation.
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. INTRODUCTION

Within the context of the new European emission standar
automotive engineers have to focus their research on fu
efficient vehicles. Therefore, many of car manufacturers ar
oriented on zero emission vehicles as a solution, hence t

electric vehicle.
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In order to lead properly this vehicle project from the very
early design steps, it is very important to assess and optimize
the customer perception during vehicle use. We also need to
assess the difference between the vehicle response to driver
request and that expected from the driver himself. This aspect
of vehicle customer perception is called “drivability” and is
evaluated by numerous manoeuvres such as tip-in and back-
out of the accelerator pedal (“tip-out”) or acceleration from a
rest position (“take-off”). During tip-in, the torque gradient
causes oscillations of the driveline and a jerk of the vehicle.
Moreover, precedent works have shown that a torque excitation
causes the roll motion of the motor block (i.e. the electric
motor and the speed-reducer) onto its mounting blocks and
therefore shocks on the vehicle acceleration [1].

The acceleration shocks amplitude during a tip-in is
commonly used as a requirement in order to rate the drivability
of the vehicle [2]. To meet these requirements, physical criteria
on hardware components are very useful. Thus, one of the
criterion used for mounting blocks pre-sizing is the “EcTx
criterion”, which gives the percentage of kinetic energy
decoupling for the motor block surge dynamic. Actually, our
aim is that the roll motion of the motor block will not be
energetically transmitted to the longitudinal motion of the car
body. To ensure that, we set a specification that the ECTx must
be the highest possible. It means that the highest possible part
of the kinetic energy of the motor block surge dynamic mode
should come from the motor block longitudinal translation
degree of freedom (others criterions can also be used to reach
the same modal decoupling objective, see [3] and [4]). Thus,
the higher the EcTx is, the lower are the oscillations of the
longitudinal forces transmitted from the motor block to the car
body. This criterion allows an accurate prevision of the
drivality rating for Key-On/Key-Off (K0O2) or idle manoeuvres

n conventional vehicle. Actually, the motor torque during a
.ey-On/Key-Off is null, so that the forces received by the car
ody only comes from the motor block. Nevertheless, as the

Tx citeria is independent from the motor torque excitation

, it is also used for any torque excitation, especially the tip-
in manoeuvre. Then, the mounting block stiffnesses used for
this manoeuvre are obtained for a 10Hz excitation, or can also



be set by applying a multiplication coefficienttke static KO2
stiffness.

Nevertheless, many previous works have shownftinz
tip-in  manoeuvre, the acceleration oscillations aiso
impacted by the driveline mode (see [6] for example
Therefore, our aim is to demonstrate that the lasicihs of the
motor block onto its mounting blocks can also dathp
driveline mode oscillations because of the phage lsftween
the two modes.

Therefore, we will first present the hypothesis #melmain
calculations steps for the EcTx determination. 8dbg in
order to correlate this criterion with the drivityilrating, we
will use our drivability simulation platform [7].Ais simulation
platform will enable to compare the shocks of thehisle
acceleration for a tip-in manoeuvre and for sevaralinting
blocks stiffnesses (i.e. for several EcTx values).

I ECTX CALCULATION

A. Hypotheses and parameters

The motor block is considered as a perfectly stifiss
(which can move onto six degrees of freedom) cotegeto
the car body by three mounting blocks, each consilas a
point composed of three uncoupled translationreges.

In order to describe the vehicle dynamics, the dsaules
must be presented (see Fig.1l.).

order to locate the car body during its motion.Idtsation has
to be defined by the user: so this frame’s cerdeset at the
center of front wheel axles. The second frame

—

Rgrid =Oyyz = (O, uﬁx,uy,uﬂz) “car body grid frame’and has

the same center &%. This frame is used to locate connected

bodies to the car body solid (for example suspessior
junction with engine mounts). All the matrixes awelctors
written in this part are expressed Ryiq. We also definghe
motor block mass/inertia matrM,, at its center of gravit(:

[my O O 0 0 O
0Omy, O 0 0 O
00 0 0 O
M,y = e .o
0 0 0 ly-ly Iy
0 0 0 -lyly,-ly,
[ 00 0 -lglyly |

wherem,y, is the motor block mask, is its moment of inertia
around u, axis and,y is its product of inertia aroung andu,
axes.

Fig. 1. Frames used for the calculations

For each mounting blodk(i=1..3), the stiffness matri; is

0
Kiy

0 Kj, Ryrid

K, 0 0
K =| 0K, 0 , )
0

wherekKj; is the stiffness of mounting bloclontoj direction.

The displacemenﬁ of the mouting block fixation pointl is
function of G displacement (in both translation and rotation

motions, respectiveI)DﬂG and é), as described by

The Galilean frame
Ro=(Uo, Vo, W) is used to fix a reference for the vehicle in

3l = (Dg+1G08); 3)
with the following decompositions of the previowectors:
is . - - -
Dg = Xg* U+ Yg *uy+Zg* U,
0 =6, * U, +8,*u,+0,*u, 4

|G = BLy, * Uy + BLy, * uy+ BL, * U,
In (4) BL; is the lever armin j direction between mounting
blocki and G.

Thus, the expression ogl is given by

Xg +BLy*0, -BL,*8,

ol =|Y; +BL,*6,-BL,*0, . (5)
Zg +BL,* 6, - BL, * 8,
For useful notation, we define the following vector
O =[h92059405%] = [XGYGZGexeyez]- (6)

The potential energy¥, of the mounting block at its
fixation pointl is given by

1

Eizz*al‘*Ki*ei, (7)

p



As E, is now known, we can give a simple expression foiResolution of (14) allows finding all the eigendtenciesoy,
each coefficient of the {motor block + mounting thks} = We found the associated eigen vectdts by solving the
system 6*6 stiffness matrikgyo: following homogenous system

(KSMO —mﬂz*Mrrb)*Ym =0, (15)

Kaolab) = o oe ®
o 00,0q
=1 e with m natural numbebetween 1 and 6.

with a and b natural numberbetween 1 and 6. The kinetic energy of S is given by

As both mass and stiffness matrix of our system are
known, we can now assess its kinetic energy.

1, .
T=2"0"Mp*q. (16)
B. Kinetic energy of the system

The application of the Lagrange equation to outesys Then, kinetic energy of S for the moats given by
S={motor block+mounting blocks} allows us to writ®),

which gives the equilibrium of S in the case oftldit

displacements during free vibrations: T _1, M ZY(j,m)Z SY @MU Ty (@6m) £ 0 1),

2 =
Moo * G+ Kayo * 0 =0, ©) (")
i i where Y(4 :6/m)=Y(4 :6) andly is the inertia matrix of the
where g={x y z 6, 6, 0} is the system’s generalized yqtor block iNRyig.
coordinates vector. _ _ _ We also defineY( :,m)=Yq={Xn Y Zn Oxm Oym O, SO that the
We search a synchronous solution for (9), i.e wender and  inetic energy of S for the modeis the following:
®=0 so thatq(t)=Y*®(t), wheret is time andY is the eigen
vectors matrix. As these eigen vectors define askfas the

vector space of the 6*1 vectorg,is invertible. Moreover, as Tm :imrTb * (Xm2 +yl+ zmz)* ci;(t),,,
My is @ positive defined matrid,y, is also invertible, so that 2
; 1 .
% =—M mb_l* KS\/IO ) (10) =(I xyexmeym + Ixzexmezm + Iyzeymezm) *O(t)

In addition to the six classical dimensions, we patice that
As M, andKgyo are respectively positive and semi-positive three additional rotation-coupling dimensions appea
defined, 2 so that Finally, the energetic contribution ratio of thergels degree
of freedom in the total kinectic energy of madés

(11)

QM *Y=Kg,o*Y
P+Q** =0 ET..

_1 mmbxm2 CD('[)

2 T (19)

We only focus on the spatial resolution of (11)efidfore, we
search the solutions of the following generalizegervalues Moreover, we can recognize the motor block surgedeno
problem: among allm modes: it is the mode, for which the contribution
of the surge degree of freedom is the greater. efbes, the
(szo —Q2* M mb)* Y=0. (12) EcTx value is given by the greater valueegrt .
Then, the EcTx criterion warrants decoupling of thetor

. . block surge and rolling motions by ensuring thatrenthan
We make the assumption that (12) admits at leastranull 9504 of the kinetic energy of the surge mode mustecérom

solutionY. Therefore, we have the contribution of the surge degree of freedom.

Y OKer(Kgyo = Q%* M), Y 2 0. (13)
Il.  IMPACT OF THE ECTX CRITERION ON DRIVABILITY

As Ker(KSMO —Qz*Mmb);t{O}, we have RATING
Our aim is to assess the impact of a variatiorhefEcTx
value (by changing mounting block stiffness) on the

Y _
det(KSMO S Mmb)_ 0. (14) drivability rating for a tip-in manoeuvre. In order reach this



objective, we will use our electric vehicle simigat platform,
which is composed of a physical model and a coipiaot.

The first part models physical characteristicshef ¢électric

vehicle with LMS-AMESIim®. The second part sets the

control of the vehicle with Matlab/Simulink®. The yshcal
model of the vehicle is representative of the wJehic
longitudinal and vertical accelerations, as welitagitching.
The control part developed on Matlab/Simulink® cartgs
the torque command of the electric motor in allesasf study
from both acceleration and braking pedals. Thisquer
setpoint must guarantee a good quality of drivgbili

In this study, we will only focus on the physicarpof our
model, which will be the only part used for the retation
between EcTx and drivability rating. Therefore, wil first
give a description of this physical model.

A. Description of the electric vehicle simulation platform

We have modelled an electric vehicle based on [ty
car on AMESIim® (see Fig.2 for the sketch of the ntpdehe
dynamic field of the motor block drivability conecer the
frequencies between 0 and 20 Hz. Thus, the studjhef
vehicle drivability needs to take into account #ilé mass-
spring systems, which could have a low resonareguéncy.
These mass-spring systems are those who have antagh
and a low stiffness: car body and motor mass aedti&
unsprung masses, stiffness of vehicle suspensiotsretor
mountings and both tires and transmissions stiffnaad
inertias.

The motor block submodel moves onto all possibl
degrees of freedom. The motor block is considerdieptly
stiff and hanged on the car body through the mogriiocks.
The motor rotor is turning inside the motor blodle three

submitted to the motor command torque, the prinséiffness
reaction torque and a friction torque.

The translation dynamic of the motor block is exges in
the frameR, and atG by the following equation:

mrm*yRi/Ro:ZFext-' mb = F mount - mb + F gravity . mb » (21)

where myy, is the motor block massy is the motor block

acceleration andFext_ mb is the sum of all externals forces

applied to the motor block. These forces are thizaesmitted
from the car body to the motor block through theunting

blocks Izmoumamb and also the weight of the motor block

F gravity » mb .

The car body submodel is set on its suspensionsisand
responding to the external actions of the wind tredelectric
motor. A symmetric vehicle is modeled, which caryobe
animated in a straight road motion. It means thatdteering
motion of the vehicle is not taken into account.

The vehicle suspension submodel represents stiffard
damping in both vertical and longitudinal direcsor(in
vehicle frame). The vertical stiffness depends omgression
displacement in order to represent the bumper stapswe

gnake the approximation of a symmetric car body,hbot

suspensions of an axle will be represented by opévalent
suspension.

The wheel submodel is able to characterize theefomt

mounting blocks are considered as damped spriny witthe ground/tire contact, the rolling resistancegdanction of

stiffness depending on the displacement in compmessr
traction for all directions of translation. The pmss of the
mounting blocks for both car body and motor blotles are
documented in a junction submodel.

The motor block dynamic is given in the local imeert
frame R;, which origin is the center of gravity of the moto
block. This frame is used here in order to giveilgabe

inertia matrix [ of motor block. Therefore, we express the

rotation dynamic of the motor block in this frafeby

—

(1) QR0 =Zf edsint b {ém‘/RoD[[l mb]*E)Ri/ROH' (20)

In (20), éRi/Ro is the rotation speed of the motor block
expressed iRy (and the rotation speed between fraeand

Ry), and X T ext+int-mb is the sum of both externals and
internalstorques applied to the motor block center of gsavit
The externals torques consist of the reaction ®rigom the
differential and the torque transmitted from the lwady to the
motor block via the mounting blocks. The internaidque is
the reaction torque of the motor rotor inertia. sThiertia is

the wheel speed and the vertical load) and bott st@pe and
slip. We use a simplified Pacejka model to comptite
longitudinal force of the wheel; see [8] for mortails.

The maximum power of the synchronous electric mator
about 40kW, for a maximum torque of 190N.m. Thegter
delivered by the electric motor is transmitted he twheels
through a simple speed-reducer of ratil 1.3.

Flectric Vehicle Driveline

S - e

Fig. 2. Sketch of the electric vehicle physical mlogh LMS-
AMESIim®



By delivering a negative torque, the motor turns to

generator and is able to recharge the battery gutie
deceleration phases. The electric motor losses ndiefma
torque and rotary velocity. The reducer and théeckhtial

losses are merged in the reducer submodel and sset a

constant efficiency. More precisions about this tfplan,
including the main equations employed can be faorjd].

B. Resultsof simulation and discussion

The manoeuvre simulated is a full tip-in after #tastion
of the speed at 30 kph. The torque command is Hyiltivo
main blocks. First, an interpretation of the drivemuest
enables to compute a raw torque command. Thertothjee
setpoint filter (which principle is described in])@llows a
damping of the drivetrain oscillations. Simulatioas done
for different mounting blocks stiffness values fésg in
three EcTx values (49%, 67 % and 80%).

Firstly, Fig.3. shows that oscillations of the litnginal
force transmitted by the motor block to the caryacde very

high for the lowest EcTx value. The damping of thes

oscillations are better for EcTx=67% and EcTx=8@%hijch
both give very close oscillations. The drivabilifgr this
manoeuvre is rated by the vehicle longitudinal bred¢ion
oscillations amplitude (especially the first osatilbn
amplitude, also called “kick”), which is given bygr. The
acceleration oscillations are better damped forigh ECTx
value, for which the manoeuvre rating will be tHere better.

Nevertheless, as we can see on Fig.3., the fongkedpy
the motor block on the car body has a greater Kk
EcTx=80% than for ECTx=67%, so that we have to camp
the other longitudinal forces (i.e. forces comimgnfi both
front and rear suspensions) in order to justify dbeeleration
curves. Thus, Fig.5. gives all longitudinal foregeplied to the
car body for ECTx=67% and EcTx=80%. The forces cami
from both front and rear suspensions are almost#mee for
both EcTx values, especially for the kick. In otkards, only
the variation of the “motor block force” kick expia the
lower acceleration kick for ECTx=80%.

For EcTx=80%, an optimal dynamic behaviour between

motor block forces and suspensions forces allowsetier

acceleration damping. Actually, as shown on Figtie, time

response of the motor block is greater for EcTx=88A6l

warrants a kick which is opposite to the kick oé tlesulting
suspensions force. Moreover, oscillations of thepsuasions
forces are mainly caused by the driveline modenasoce (see
[7] for more details about frequency and originttu mode).
Thereafter, the kick of the total longitudinal feres damped
thanks to this greater time response, and the vigilp

oscillations are damped thanks to the optimal phsisé

between driveline and motor block modes. Therefame,
improvement of the EcTx criterion in order to apjtlyo a tip-

in manoeuvre would be to include the drivelinefiséés and
inertia into the EcTx calculations presented intghA, so

that the dynamic coupling of driveline and motardd modes
can be taken into account.
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Fig. 3. Longitudinal force applied by the motordkmn the car body

Tip-in after stabilization at 30 kph : vehicle acceleration
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Fig. 4. Vehicle Acceleration for different EcTx uak
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Fig. 5. Longitudinal forces applied on the car body
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