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ABSTRACT vided either by wheels driven or partly driven by electric-mo
Current researches on electric vehicles are focusing on the tors, i.e. EVs are actually typical mechatronic systemsljke

environment and energy aspects. However, electric moiscs a  hard disks, robots, machine tools, etc. By introducing igaly-

have much better control performance than the internal assnb ~ developed mechatronic technologies especially the memtiat

tion engines. Electric vehicles could not only be “cleanarid control, EVs could not only be “cleaner” and “more energy ef-
“more energy efficient”, but also become “safer” with “bette ficient”, but also become “safer” with “better driving perfo
driving performance”. In this paper, a discrete elasto-gtia mance” compared to the conventional vehicles. Few research
friction model is proposed for a dynamic emulation of ticedd have been done on this aspect of EVs [1]; however it is still no
friction for developing control systems of electric veagl The well recognized by public.

friction model can capture the transient behavior of the-fri From the viewpoint of control, the most distinct advantages
tion force during braking and acceleration, therefore thedel- of well-controlled electric motors over the internal coration
based emulation could enable more reliable verifications &w- engines and hydraulic braking systems are:

ious electric vehicle control methods. . )
1. Millisecond-level torque response (10 to 100 times faste

2. Accurate feedback of the generated motor current/torqu
(motor torquel motor current)

3. Continuously variable speed in nature (see the torqaeesp
characteristics of electric motors depicted in Fig. 1)

4. Small size but powerful output (easy to implement dis-
tributed motor location using in-wheel motors)

1 INTRODUCTION

It has been widely recognized that electrifying vehicles ca
provide a solution to the emission and oil shortage problems
brought by billions of conventional vehicles today, whidle a
propelled by internal combustion engines. Consequenty th
most of current researches on EVs (Electric Vehicles irnyd The above unique characteristicses make it possible t@ezhi

the hybrid electric vehicles in this paper) are focusingtanen- high-performance motion control of EVs with flexible and sim
vironment and energy aspects. And one of the key issues te com plified configurations.
mercializing EVs is considered to largely rely on the depelo Like the development of other mechatronic systems, model

ment of long-term energy storage devices with competitbst.c based simulation/emulation is essential for efficient giesiof
However the most fundamental difference between EVs and EV control systems such as the Anti-lock Braking (ABS) and
the conventional vehicle is that EVs are the vehicles wite on yaw dynamics control systems. Test benches have been dev:
or more electric motors for propulsion instead of using e i  oped for serving the purposes ranging from the design ahdftes
ternal combustion engines. Namely the motion of EVs is pro- propulsion motor drives to the implementation of Hardwhre-
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Figure 1. The torque-speed characteristics of electric motors and inter-

nal combustion engines

the-Loop (HIL) powertrain control strategies [2, 3]. As depd

in Fig. 2, the test benches usually have the following thraeghm
components: a dynamometer, a real-time data acquisitidn an
digital control system, and a propulsion drive motor unést.t

Figure 2. Electric vehicle test bench

For those test benches, no tire sliding (complete tire/eakd
hesion) is assumed. Therefore the equivalent equation titeden
EV’s longitudinal dynamics is:

whereJ; is the equivalent inertia of the vehicle, is the angu-
lar velocity of motor, T, is the motor torque]g, Ta and T, are

the equivalent torques for the slope resistance, aerodgrdrag
and rolling resistance, respectively. The equivalenttiaek is
calculated as:

Je = Ju+Mr? 2)

whereM is the vehicle mass anyy,, r are the inertia and radius
of the wheel, respectively.

As emphasized above, the high-performance vehicle contrc
of EVs could be achieved by taking full advantage of electric
motor’s unique characteristicses. Since the friction éarcthe
tire/road interface is the main mechanism for converting&th
angular acceleration to forward acceleration, i.e. geimgréon-
gitudinal force, the emulation of friction force charaésécs at
the road/tire interface is important for developing eliectehicle
control systems. The friction model for emulating the rdiael/
interaction need be able to accurately capture the tranki&n
havior of the friction force during braking and acceleratidhe
dynamic emulation of tire/road friction would be very helpfor
the designs of vehicle control systems such as ABS anddracti
control, which rely on the knowledge of the friction charxtd-
tics.

2 REVIEW OF ROAD/TIRE FRICTION MODELS

In this paper a simplified motion dynamics of a quarter-
vehicle model is considered. Unlike in Eqgn. (1), the londital
dynamics is of the form:

M .
Zv:F )

Jw® = —rF +Tm (4)

wherev is the linear velocity of the vehicle ariis the tire/road
friction force. For simplicity’s sake, the slope resistapaerody-
namic drag and rolling resistance are neglected.

A common assumption in the most tire friction models is
that the normalized tire frictiop:

F Friction Force

M= E = Normal Force

()
is a nonlinear function of the relative velocity between tine
and the road with a distinct maximum.

2.1 Static Slip/Friction Models

The static slip/friction models are the most common
road/tire friction models used in the simulation of vehilda-
gitudinal dynamics. As depicted in Fig. 3, they are defined a:

Copyright © 2009 by ASME

Downloaded From: http://proceedings.asmedigital collection.asme.or g/ on 06/10/2014 Terms of Use: http://asme.or g/terms



one-to-one maps between the frictienand the longitudinal slip
rateswhich is defined as
_rw . q .
{s_ 91, if v>rwand v# 0 for braking ©)

s=1-, if v<rwandws# 0 for driving

Normal
— — — Wet
—-— Snow
Ice

Figure 3. Plot of static slip/friction characteristics

One of the most well-known models of this type is Pacejka’s
model, also known as the “Magic Formula” [4]. This model has
been shown to suitably match experimental data, obtainddrun
particular conditions of constant linear and angular vigjo@ he
Pacejka model has the form:

F (s) = cisin(cparctan(cas— ca(cas— arctan(css))))

(7)

where the parameters,...,c4 can be identified by fitting a
given set of tire test data.

The static friction models assume the idealized steadg-sta
conditions for the linear and angular velocities, ivvandw in
Eqn. (3) and Egn. (4). In reality the linear and angular vitiles
can never be controlled independently especially durirnglec-
ation and braking.

2.2 Dynamic Friction Models

The dynamic friction models attempt to describe the tran-
sient behavior of the tire/road friction. There are two typd
dynamic friction models, lumped friction models and distted

friction models. The lumped friction models assume a point

tire/road contact; while the distributed ones assume aacont
patch existing between the tire and the road [5]. Naturdity t
distributed friction models are represented by partidedéntial
equations. Only the lumped friction model is discussed ia th
paper.

A number of dynamic friction models have been proposec
such as the Bristle model, Dahl model, etc [6]. Among those
models, LuGre model is the one of the most popular models fo
control system design with friction [7]. The LuGre model is a
extension of the Dahl model with the Stribeck effect.

In the LuGre model, the mechanism of friction is described
by two rigid bodies making contact through elastic bristléfs
the deflection of the bristles is large enough, the bristiag
slip. An internal state denotes the average deflection which is
modeled by:

(8)

g(vr) = Hot (Hs—po)e /" ©)

wherev, = rw— Vv is the relative velocitygy the stiffness of the
bristles u. the normalized Coulomb frictiofs normalized static
friction (Us > Hc), Vs the Stribeck relative velocity) to capture
the steady-state slip/friction characteristics. Typiclue forn

is between 0.5 and 2j(is taken as 0.5 in this paper). Therefore
the steady state @f i.e. whenv; is constant, is:

g(wr) g(vr)

Vi) = Vr = =——=sgnV, 10
Zss(Vr) olvr| r o an(vr) (10)

The friction force is:
F = Fn(00z+ 012+ 02v) (12)

The first two terms describe the elastic and dissipativeefogen-
erated by the deflection of the bristles (see Fig. 4), whbgis the
stiffness andy; is the damping. The last term is for the vicious
force proportional tar; with coefficientos.

Sliding body

Bristle

Figure 4. The friction mechanism of the bristle deflection

Stationary surface

For the level of tire/road adhesion, it can be modeled by in-

Copyright © 2009 by ASME

Downloaded From: http://proceedings.asmedigital collection.asme.or g/ on 06/10/2014 Terms of Use: http://asme.or g/terms



troducing a parametérin the functiong(v): 3 EMULATION USING ELASTO-PLASTIC MODEL

As mentioned in the introduction section of this paper,
the emulation of friction force’s dynamic characteristatsthe
road/tire interface is important for developing electriehicle
control systems. The dynamic friction models need to be dis
cretized for the digital controller to calculate the gemeddric-
tion force. The bilinear transform can be applied to the LaiGr

g(vr) = Bg(vr) (12)

The LuGre model is popular because its parameters have a
physical significance and the velocity-dependency is algsp
ically consistent. However, the LuGre model exhibits diuft

arbitrarily small external forces, which is not a physigaibn- model:
sistent behavior [8]. This non-physical phenomenon redrdim
inaccurate modeling of presliding as an combination ofti&las 1 T olVek-1l T
and plastic placement. _ T 2 Wy + 2 (Vek+Vrk_1) (16)
P P % T Go\Vrk\ ! T ol KT kL
The drawback of the LuGre model can be overcame by hav- 1+ 2 e 1+5 1)
ing an elsato-plastic presliding. A piecewise continuaufion Gol Xl '
a(zvy) is introduced which controlsto avoid the drift: (00 ey rk) > Z+ (014 02)Vrk a7
r
. Oo|Vr| . o
z=v,—a(zv) o) (13) whereT is the sampling time.
r

However, the functiom(z, vy k) andz are depend on each
other. In order to avoid this interaction (i. e. algebraiogd a
simple solution is to ado@t~: @ But the one sample delay
introduced by taking back-forward difference is known tade

wherea(z V) is defined as:

0, 2| < Zpa, SGN(Vr) = SQN(2) to inaccuracy and even instability in the simulations/eatiahs.
a(v,2) = Um(Vr,2), Zba<|Z| < Zsg(Vr), SONVr) = sgn(z) Therefore in this paper an iterative Newton-Raphson tepfei
" 1, || > Zss(Vr), sgn(Vr) = sgn(z) is used to find a local zero (i.e) of the below function using
0, sgn(vr) # sgn(2) Z_1 as the initial guess:

(14)

wherezy, is the breakaway displacement below which the pres-

liding is purely elastic, and a specific exampleogf(v;,z) for a
smooth transition between the elastic and plastic behdsas
Fig. 5) is:

1. 7 Zss(Vr2)+Zba 1
=Ssin(mo——2— |+ 1
Am(V,2) = 5sin <n o) 7 +5 (15)

Figure 5.  An example of the smooth elastic-to-plastic transition provided
by Om(V, Z) where Zyg = 0.5 and Zss= 2.0

For small displacements= 0 and thugz = v (purely elas-
tic presliding), while for larger displacements the mixéakéc-
plastic sliding is entered; and finally transitions to punalbstic
is achieved withh = 1, z= 0 andz = z4(Vv;) at steady state.

A

f(X) =x— T By (18)

where

T 00| Vrk— T
A= (1 _G(Zklavr,kl)M) Z1+ E(Vr,k*FVr,kfl)

2 9(Vrk-1)
(19)
T O'0|Vr k|
_ ' ) 20
2 9vik) (20)
with derivative:
f/(x) 1+ A B-a (X,V ) (21)
= — b s Vi k
[1+B-a(x Vi) '
The derivative ofi(x, vy ) is also a piecewise function:
/ 0, a(x,vrx) =1or0
o (X, Vrk) = 1 x— 280t n (22)
zCOS<T[ Zss(Vr ) —Zpa Zss(Vr k) —Zba’ else
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Simulations show that five iterations of the Newton-Raphson
method typically have a good convergence to the solutioterAf
finding z, the friction forceFy is calculated as:

Oo|Vrk
9(Vrk)

Fn

Fk

<00 — 0(Vrk, Z)01 > Z+ (01+02)Vrk| (23)

The block diagram of emulating the dynamic friction forcéngs
the dynamometer is depicted in Fig. 6. The current command of
the dynamomter is:

ié,k =R r/K (24)

whereK; is dynamometer’s torque constant. Again vehicle speed
Vi is dependent of. Herevg is simply approximated by the 1-
order Taylor series expansion usiRg 1:

Fe1
== 25
-1 M /4 (25)
Ti+z1
Vk R V-1 +ak-1T = > makfl +ag 1T (26)

wherevy_1 is calculated by the trapezoidal integration of the ac-
celeration{ay,...,a-1}.

Discrete Elasto-Plastic
Friction Model

Figure 6. Emulation of the dynamic friction using the dynamomter

4 Simulations

Simulations are carried out using the proposed discrete
elasto-plastic dynamic friction model. Data used for siatinig
the dynamic friction model is shown in Table. 1, which is from
the experimental data and Ref. [8].

As depicted in Fig. 7, the transient behavior of the fric-
tion force with a constant vehicle velocity k@/hr and various
changing rate o§ is different. This dynamic behavior can not
be captured using the static slip/friction models such aswll-
known “Magic Formular”. And the level of tire/road adhesion
can also properly modeled by introducing the param@iarthe
function ofg(w).

Table 1. Data used for simulations

Parameter Value

0o 316m!

01 1.0s/m

(o7) 0.0005s/m

Me 0.69

Ms 1.779

Vs 3.5m/s

Zna 0.7
(@) 8=10 (b) 8=05
Figure 7. Normalized friction [ vs slip ratio S

For test purpose, the times responses of a step angular v
locity command (equivalent longitude velocity iskgf/hr) are
simulated with velocity and current PI controllers for théve
motor. Beside® = 1.0, a very slippery road surface with= 0.1
is also simulated. As shown in Fig. 8, the step velocity comena
leads to oscillatory angular and vehicle velocity respermke to
the large nonlinear friction force generated at the beginiisee
Fig. 11.a and Fig. 11.c), especially for the slippery roatbse.

Velocity (kmihr)

15 20 25 30 3 40 45 (]
time (sec)

(@) 6=10

time (sec)
(b) 6=0.1

Figure 8. Velocities I and V without DOB

The nonlinear friction force can be compensated by a “fric-
tion observer” [7]. However, as mentioned in the introdoicti
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section, the accurate feedback of motor current can be wsed t
estimate the torque by frictiom;. A simpler and more robust
observer, the disturbance observer (DOB), can be intratlirce £

which the friction forceTl; is considered as a unmpdeled dynam-
ics in the wheel inertia modé|,s and estimated ak:.

ion (Nm)

500 500

Estimated torque by frict

0 of

) 5 10 15 20 25 30 35 40 45 o 5 10 15 20 25 30 35 40 45
(O] ime (sec) tme (sec)

Vehicle
Wheel (@) Tr(8=10) (b) Tr(6=1.0)

Tm

v

inverse model

ion (Nm)

by frct
imated torque by friction (Nm)

Torque

Q-filter 0

Est

Figure 9. Estimation of T by the disturbance observer

0 5 10 15 20 25 30 35 40 45 o 5 10 15 20 25 30 3 40 45
time (sec) time (sec)

) o ) () TF(8=0.1) (d) Tr(8=0.1)
As depicted in Fig. 10, the velocity responses are greatly
improved by introducing the DOB for the both two tire/road ad Figure 11. The torque by friction T and the estimated Tf
hesion levels. With the accurate feedback of motor curtest,
estimatedrs by DOB well matches the torque by frictidn (see

Fig. 11). With the dynamic emulation of the tire/road fristj REFERENCES
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