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Oscillation annealing and driver/tire load torque estimation in Electric
Power Steering Systems

J. Tordesillas lllan, V. Ciarla, and C. Canudas de Wit

Abstract— The paper presents several aspects of modeling, wheel. In that way the low frequency feelings of the driver
observation and control towards a new generation of Electéal  will not be affected. The observer in this first version was

Power Steering(EPS) systems. In particular we design an gerived assuming that the exogenous inputs (driver and tire
optimal control to reject oscillations of the steering column, friction torques) were known

then we device a new observer to estimate the internal state
variables of the steering column, the driver applied torque b) Improved LuGre Tire-friction modelThe dynamic

(steering wheel torque), and the load torque (tire/ground ontact | ,Gre Friction model proposed in [5], [6] is here modified
friction). Finally, we also revisited the LuGre tire dynamic to trade the t ition bet the stick fricti d

friction model by improving the transient behavior between 0 trade .e ransition eW_een_ e stic r_'c lon companen
the sticking phases and the dynamic ones. Simulation of the (that dominated when vehicle is stand still), and the self-
proposed control and observer are shown at the end of the alignment torque (produced when vehicle in motion). To

paper using the improved LuGre-tire friction model. have a complete tire-friction model is mandatory to test EPS
Index Terms— Electric Power Steering systems (EPSs), LQ systems
control, LuGre friction model, observer. '
c) Driver and load torque estimationThe observer

. INTRODUCTION previously designed was extended to the case where the

Nowadays, the existing Electric Power Steering systenfX0genous inputs are unknown. This was done assuming the
(EPSs) are developed basing on a general driver profile [ﬁgandard hypothesis for opsgrvanon under _unknown input,
[2]. Future generation of EPSs should be able to propose@Mely a slow rate of variations of these inputs. In spite
torque assistance which may be adapted for different kin@ this hypothesis, our results show that these exogenous
of driver population: young drivers, aged people, disablefpraues where correctly estimated with a very good pregisio

people, etc. and very little phase lag.

A first important step towards the above goals consists in
setting a control framework that includes a realistic model P 9t
of a steering column accounting for all other torque loads § Tyre/Road f——¢
involved in a real driving situation (torsion torque due to T Friction Model [+ ‘5/

force sensors flexibility, applied driver forces, and tioad b
contact friction forces). The control framework shouldoals

include observers that allow to recover signals which ate no P 31 Tal :
sensed and a control law that compensates for the column o I : —  Mechanical Y
flexibilities. This is completed with a booster-torque-law Reference ‘ Model

(power steering torque) specific to the driver population Model  |Yass
in question. The general architecture that we propose is '
shown in Fig. 1. This paper concerns with the block 1
(observer/control), and the block 2 (tire-friction modef) ;
Fig. 1, with the additional contribution that the observisoa
estimate the driver and load torque. The design of the SpeCi&ig. 1. General architecture of the EPSs: block 1 concemsliserver and
reference model (block 3) for non-standard drivers is undefe control; block 2 includes the tyre-friction model anddi 3 includes
current investigation. the reference model.

The contributions of this paper are:
@) Optimal output control feedbaciBased on the steer-  The paner is organized following the 3 main items as
ing column model proposed by [3], [4], we redesign a lineaj,qicated above.
optimal control that seeks to cancel oscillation due to oiu
stiffness. This results in an output optimal feedback with
an observer included. In addition to cancel oscillation the
control design seeks to preserve the open-loop gain between
the applied driver torque and the motion of the steering

1. OSCILLATIONS ANNEALING

To begin with, it is essential to define the mechanical
C. Canudas-de-Wit and V. Ciarla are with the Laboratoireuiomatique g

de Grenoble, UMR CNRS, Grenoble 5528, France (e-mailsosadnudas- system that we will take into account. Fig.2 shows an
de-wit@gipsa-lab.inpg.fr, valentina.ciarla@gipsa-dménoble-inp.fr) explanatory schema of the system.



TABLE |

CONSTANT PARAMETERS OF THEEP S5

[ Symbol ]

Value [

Description

whereT = ( —5= 0 —2 ). Fig. 3 shows the frequency

response and huuts in evidence that the open loop system has
a significant peak for a frequency of about 12 Hz that cause

- — 5 kg - m2 . . . .
i o et 000083 10 - m2) substantial oscillations on the steering wheel and thatilsho
75 agaregatod wheel and rack ineria reqiected be avoided so as to improve the driving comfort.
k _ stee_ring column stiffn_ess _ 100 [N m] .
| e e oo s ool 124 T B. Full-state optimal feedback control
By damping coeff. associated to the steering wheel 0.01 [N - s/m] . . .
B |  damping coeff. associated to the motor axis| 0.003 [V - s/m] To compensate the oscillations an optimal LQR controller
is designed. This controller is computed so that the state-
Ta feedback lawu = —Kx (with K the state-feedback gain)
93 = Qm/NQ minimizes following cost function:
v | ¢
v J ) 7 o]
T 2
" ] J:/ ' Qx + ru”)dt (5)
v Ny ; ( )

k No72
o
0,
B,

Mechanical model of the EPSs

where the constant matrice > 0 andr > 0 are
the weighting matrices. For the purpose of annealing the
oscillation without impact the low frequency gains of the
resulting closed loop, we can sele@t such that only the
torsion angle and its time derivative is penalized, i.e.

Fig. 2.

J = / (q1(z1 — 22)* + qoai + ru”) dt
A. Column model 0

The mechanical equations governing the system explainfprmalizing this cost withr
above are (see [3]) by selecting@ as

= 1, the problem is simplified

. ) B 0
J’uev = Tu — k 91) — 95 — B,UG,U 1 q1 q1
j ( ) on 4 o Ta W Q=| o« @« 0 (6)
JT95 - 7k(95 - 91}) - N2 Bmos + F + NQU (2) 0 0 0
1
. 5 I This results in a cost function with only two parameter to
with Jp = (Je+ NyJm + % ). The constants of the e yneq. The closed-loop transfer function is given by the

model are defined in Table I,”whilé,, 6, and 6, are, following equation:
respectively, the steering wheel, the motor-shaft and the
motor angles. Both/. and .J,, are neglected for simplicity,
but to obtain more precise results it is advisable to intoedu
these parameters in the calculations. Let

xT - (x17x2)m3)T - (9.’1)79-8791) — 95)

G = b _ T(sI — (A - BK))'G4

Ty

with A — BK the closed-loop state space matrix.

()

T

3)

The model can be formulated into the state-space form
& = Az + Bu+ Guw '?\
e S e »Open Loop Peak
with w = (Tv,Ta) and T ,‘:\ at 12 Hz
h:‘
-0 —f 0 ;
_ ' N2B,, . _ Ny R
A - 0 - ?]T _]LT ! B o ']; ’ \%
1 ~1 0 0 .
1 S,
Z ? ~~.~“~
G={ 0 x5 |=la ol
0 0 ™

(4)

It is interesting to observe how the model responds to .
variation of the torque exerted by the driver on the steeringd- 3- Open loop (blue) vs closed loop frequency responseighting
wheel. To do this, it seems appropriate to compute tHZ'ameters aren =3andgz =12, r = 1.
transfer function of the steering wheel’'s angular accéiema
g, to the driver's exerted torque,. Such a transfer function
is easily computed from the state-space matrices as fallo

b,

T

The benefits of this design can be observed in Fig. 3.
The resonance peak that might cause undesirable osciltatio
"Rave been eliminated thanks to the proposed optimal linear
control. Note also that the low-frequency gain has kept

_ —1
=T(sI=A)" G unchanged.



C. Optimal "output” feedback controller

All the calculations carried out until now assumed that
the whole set of state-space variables was measurable. In
commercial products only the motor angle and the torsion
torque are measured. This is due to the fact that instaflatio
of these additional sensors implies an important extra cost
that should be, if possible, avoided.

The previous control problem can be reformulated by
assuming only that the motor speed (approximated from
motor position sensor) is available. This means that we
dispose of the output

y=Czx=(0,1,0)z = 0,

Assuming as before (this hypothesis will be relaxed latter)
thatw is measured as well, then the proposed observer has
the following form

&= (A—LC)%+ Bu+ Guw + Ly (8)

v

Driver's torque T (Nm)

Profile of driver’s torque input

Steering wheel angular velocity in open loop

Steering wheel angular velocity in closed loop
s

SW angular velocity (m/s)
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(b)

%
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where L is the observer gain to be designed. By the sepa-

ration principle, the controkK is kept as before, and can

be designed either via pole placement method, or via the

loop-recovering strategy. In any case, it is suited that the

dynamics of the observation error— & = ¢ = (A — LC)e

has a fast dynamics and hence a fast convergence of the
observer towards the real states.

SW angular velocity (m/s)

Estimated steering wheel angular velocity

D. Simulation results

In order to see the performances of the proposed controller,
following simulations are carried out using as input to the
system the driver’s exerted torque profile shown in Fig. 4-a.

1) Open loop behaviorThe first simulation concerns the
system in open loop. As shown at the Fig. 4-b, once the ; e
steering wheel is released by the driver at the time instant (d)
16s, the steering wheel suffers significant oscillations that o ] - ]
would cause an undesirable driving feeling and might ever gt'hi' Stg’griﬁsa\lvﬂg‘éfrss"):;em‘%;g;q‘Ijoeo;_sﬁg)fgi;gfesé??ﬁzr%mﬂgz
be dangerous when we are in drlvmg situations at fast Spee@ﬁeed in closed loop. (d) Estimation of the steering wheetdp

2) Closed-loop behavior under closed-loophe optimal
linear controller computed before has the aim to eliminate
the oscillations found in open loop thanks to the assistan hicle dynamics are coupled. However to avoid unnecessary
motor. As shown at the Fig. 4-c, the oscillations derive%

¢ the rel ¢ the steeri heel h b i ‘ mplexity (implementing a complete vehicle model it is not
romthe release of tne steering wheethave been sa_|silac Ofassential for the development of our simulations), the rhode
compensated by the optimal controller. The behavior of th

i . i Chosen is a simplified model of the tires assuming that the
observer is shown by Fig. 4-d. Fr_om this figure we see th"f’1tormal force on them is equal to a quarter of the total weight
the performance of the observer is completely satlsfac:toryOf the vehicle.

I1l. TIRE/ROAD CONTACT FRICTION TORQUE Fig. 5 illustrates the longitudinal and the lateral velgcit

The model used until now takes into account all théhat might appear when driving under the effect of centepet
elements that go from the steering wheel to the steerirfgrces. This lateral force appearing during the turning ma-
shaft. Load torques exerted by tire/road contact need to B@euvres, is the origin of the slipping, in the direction foé t
consider explicitly in the model. The contact friction ferc So-called slipping anglg.
is an important element of the driving it is present in all the So as to prove the validity of the observer, it is imple-
different driving situations that a driver may find, and it ismented in simulation. In the bottom of fig. 4 it can be
the main responsible of the ultimate feeling that the drivestated that the performance of the observer is completely
will feel during his driving maneuvers. satisfactory. To sum up, an observer has been calculated

In general, models for contact forces need to be completadch that the whole state-space has been rebuilt from both
with the mechanical model of the vehicle dynamics as ththe control input and the measurable output. Once all the
states/variables between the contact forces and thoses of thifferent states have been estimated, the full state feddba

SW angular velocity (m/s)




carried out in section II-B is implemented obtaining very wherev, = [ vpg Ury |7 is the vector of the relative
satisfactory results. speeds:

Ve = wr —vcos() (11)
Ve vy = —wvsin(f) 12)

v
vl

with w that corresponds to the angular velocity of the wheel
of radiusr, while v is the velocity of the vehicle angd is

the slip angle.

The scalar functiory; (v,) (with i = X, y) is peculiar of the
LuGre model and is given by:

Fig. 5. Forces action on the tire when turning. Slip angleshow the

. . . . . )\ Uy )O0;

direction of the vehicle resulting velocity C()i(vr) _ ( 2) 0 (13)

Hlei
The angles, is known to depend on the vehicle’s speedWith )
i : || M or|

v as well as on the radius of curvatugegiven by the curve Avp) = —E== (14)

traced by the vehicle in a given moment, i&t) = f(v, p). g(vr)

The radius of curvature can be considered as being inverséiyEq. 14 we recognize the the matrix of the kinetic friction

proportional to the steering .whe.el angle: an_lnfmlte rad'“éoefficientsMk _ | Mk O ~ 0 for the motion along

of curvature means the vehicle is going straight and hence 0 pky

the steering wheel angle is zero. For the reasons advocatB§ * and they directions, respectively; note also that each
before, in our simulations a simple relation betwegand ~Parameteru; in Eq. (13) corresponds to one element on

the steering wheel angle weighted by the vehicle velocity i§'€ main diagonal of matrix/,. We find also the function

considered. g (v.), given by:
sy el (Dol 2ol sy
A. Dynamic tyre friction model [ Moy | [Msvr|| ([ Myvr|

(15)
LuGre Friction model proposed in [5], [6]. These modifi- 0 fisy > 0 that is the malrix of static
cations aim at improving the transition between the stigkinfriction coefficients.
friction component (that dominates when vehicle is stand0 evaluate the constants® andv**, we do the hypothesis
still), and the self-alignment torque (produced when viehic that the steady-state solution of the lumped model is the
is in motion). The most important phenomena (component§fme Wwith the steady-state solution of the distributed one.

We introduce here some modifications to the dynamiﬁ/ith M J sz O

captured by the model are: The complete expression of these parameters is given from:
o Sticking torqueM gticking: it is the tor_que that opposes RS = n (1_% _ CO'L'(UT)) (16)
the movement of the tyres when turning them around the wr| \ 2"
\(;(farttr:zal :;](_El.elt is especially important for low speeds w 1 1 (Guyy . Jwr|z38 . an
venicie. ~er] \Zr \FuL L 0y

« Self-alignment torqueV/,e;r—aiig: it is the torque that
appears as the vehicle speed up, and tends to rotate thi¢gh z;* and z;°, that are the steady-states of the system;
wheels around its vertical axis in order to make thenthe explicit expression for these parameters is given in the
return to the straight position. appendix of [5].

The auto-aligning torque can be written in terms of the mean

The dynamic LuGre Friction model proposed in [5], [6] tatesz, () and 2, (t) as follows:
Yy Yy .

derives from a distributed friction model. It is describecls

by four differential equations, which capture the average B 1_ R
behavior of the internal friction states. To introduce this Mietf—atig = F"L[U(’y §Zy(t) — &)
model, letz;(t) (i = x,y), 2,(t) denote the internal states 1. R
of the system: + o1y (§Zy(t) - Zy(ﬂ) (18)
ZLZ' (t) = Up; — C()i (vr>2i (t) — /{fs|wr|2i (t) 1 G
(i =ux,y) ©) t o2y 51}”/  F,L }
: G 5 icki i
() = Ury — Coy(07)2, (1) — To _calculate the sticking torque we introduce the last
F,L equation
or] 4o 9
- N wr| _ . ] 00z
— V3 |wr|Zy () + ——Zy(t) Z,=¢— ——2z,.(t) (19)
! L™ 9:(9)



TABLE Il

CONSTANT PARAMETERS OF THELUGRE MODEL

of this speed range is due to the fact that an EPSs operate

in this range.
[ Symbol ] Value [ Description
[ wheel radius 0.38 [m " . .
v vehicle speed range fromo to [30 ][km/h] Sticking torque at ?hfferent speeds
w angular velocity of the wheel w = 2 [rad/s] T ---V =0.5 km/h
Pl kinetic friction coeff. x-axis 0.75 ! ==V =56km/h
ke L - —_ i V =10 km/h
Ky kinetic friction coeff. y-axis 0.75 < 5 ==V =15 km/h
Pz kinetic friction coeff. z-axis 0.76 E ‘\‘ --V =20 km/h
Hsx static friction coeff. x-axis 1.35 @ | e . ==V =25 km/h
sy static friction coeff. y-axis 1.40 3- “tess-- V = 30 km/h
Hsz static friction coeff. z-axis 0.91 = T S S e
vg Stribeck relative velocity 3.96 [m/s] ;
s Stribeck relative velocity 74 [rad/s] K=
¥ steady state constant 1 —z_j y
o0y normalized rubber stiffness 6000 [N/m] %23 v
o1y normalized rubber damping 0.3568 [N/m/s] M. i
o2y normalized viscous relative damping 0.0001 [N/m/s] | e i
L patch length 0.15 [m] Time (s)
<r left patch length 0.0030 [m] (@)
(R right patch length 0.1155 [m]
Fmaz max value of normal load distribution 1900 [N]
Fp, normal value of normal load distribution| 249.37 [N] Self-Alignment torque at different speeds
aq coeff. for Self-Align. torque 63000 N/m -V =0.5 km/h
ag coeff. for Self-Align. torque —55000 N/m D ik ---V =5 km/h
Ba coeff. for Self-Align. torque 8260 N 4':: % V =10 km/h
702 coeff. for Stick. torque 20 — & i --V =15 km/h
o1z coeff. for Stick. torque 0.0023 % § o, : -tV =20 km/h
oo, coeff. for Stick. torque 0.0001 = ]{/ ~‘§. - x = gg ';"‘;:
G load distribution function 16.83 Nm? =] : 3 = i
=1
kIS function used to approx. steady behavigr 11.9 =3
bs function used to approx. steady behavidr —0.8 =l
<C
w
where the angular velocity of the wheel rimds= 6,/Ny, Tl(rg)e (s)

and and the function

Fig. 6. (a) Sticking torque for different driving speeds @glf-Alignment
torque for different driving speeds

9: (é) = fikz + (hsz — Hkz) () (20)

where ui, and g, are, respectively, the kinetic and static
friction coefficients across the z-axis, while is the Stribeck
velocity.

The sticking torque can be evaluated as follows:

The results obtained from those simulations are shown
by Fig. 6. Fig. 6(a) shows the different curves obtained
for the sticking torque for different driving speeds, while

. : Fig. 6(b) shows the different curves obtained for the self-
Mstieking = —LFn(00:2:(t) + 01:2:(t) + 02:0)  (21) alignment torque. Results are as expected: the stickingiéor
Hence, the total torque generated by the contact of the tyrdscreases exponentially as the velocity increases, soeas th
and the road is: contribution of the self-alignment is more important as the

speed increases.

Ta = Mself—alig + Msticking (22)

The parameters used in this model are reported in Table II. IV. EXOGENOUS TORQUES ESTIMATION

The purpose of this section is to develop an estimator that

One possible improvement of the previous model Conipcludes estimation of the exogenous torques that appear
P P 9 . In the system. Bothr, and 7, are not sensed priori.
cerns the the dependence of the sticking torque to ti]f

: : ; : constructing an observer for the "extended” systems
vehicle velocity,v. In fact, it can be proved experimentally y g Y

. . the implementation of the previous controller can be done
that, as the speed of the vehicle grows, the self-alignmen . .
. o . under the relaxing hypothesis on the known and sensed
torque dominates over the sticking torque, and inversel

The previous model in its actual form, does not respect thl}ﬁformation. Another interesting issues, which is a side
prev . " resp éc’ffect, is the observer not only provide the control states
observation. It is then necessary to weight the stickinguer

as a function the velocity of the vehidle. Thus. a OSSibIestimates but also provide an estimate of the driver deltver
e y . o rap ?orque, and the contact tire/road friction forces.
modification along these observations is

Msticking - *LFn (0()zzz + 0—122}2 + 022é>67‘v|/vk (23)

B. Friction model improvements

A. Extended state-space representation

Let consider that both exogenous torques are slowly time-
varying: 7, = 7, = 0. The extended state-space representa-
tion with z now defined as,

wherewvy, is a positive constant.

C. Dependency on the vehicle’s speed

It is also important to check if the results follow the
expected logic when we vary the vehicle’s speed. In order
to do this, several simulations were carried out for velesit in which both exogenous torques are added as state variables
going from 0 to 30 km/h and over a range time of severdb give by
seconds, in order to see the effects at steady-state. Thaecho

zZ= (9.1)79'57911 _HSaTvaTG)T (24)

Z=A.Z+ Bou (25)



The state matrices for this system are shown below:
A G

B B B
Ae<@2x3 O2x2 >; Be = 8 ;
C.=(C 0 0)

If only the motor velocity is used as a available output, then
the observability matrix for this new extended system has
rank 4 in spite of dealing with a system of dimension 5.

(26)

B. Using the torsion force as a additional output

Although it has been so far considered that the only mea-
surable variable was the angular velocity of the assistance
motor, it is as well possible to measure a second signal: the
torsion force,

Y2 = k(@v — 95> = kId

In this case, the output matrik,. of the extended system
01 0 00

becomes,
Ce:(o 0 k 0 0)'

Computing the new resulting observability matrix, it can be
easily check that it has now full rank. The system is then
observable and it is concluded that both exogenous torques
can be correctly estimated. The method used to design t
observer’s gain is analog to the one used in section II-B,
i.e. the poles of the observer's dynamic (matdx— L.C.) ]
should be fast enough compared to those resulting from the
linear controller.
The performances of the observer have been tested in simﬁ—]
lations. The results obtained for the estimationrpfand 7,
are shown in Fig. 7(a) and Fig. 7(b). The maximum value
reached by the observation error can be reduced at the price
of increasing the observer gain. Measurement noise wilt lim
at certain point the maximum possible value of the observelid]
gain.

V. CONCLUSIONS 4]

This paper presented simulation results of a detailed model
of an EPS system including a dynamic model that repro{s]
duces the physical phenomena involved in driving. From
an adequate mechanical model of the steering column, thg;
natural oscillations that exist were eliminated by using a
suited optimal linear control design. Furthermore,a highl
reliable modified dynamic friction model has been devised
from previous author works. This model will allow to carry
out trustworthy simulations that will be used to evaluate
the different typologies of the potential drives for the new
generation of EPSs.

Finally, a satisfactory observer for the internal statd-var
ables needed for control, but also for the exogenous torque
estimation due to the driver and tire/road friction contact
was proposed. This observer was evaluated via simulation
on the context of closed-loop showing good results and good
estimation characteristics.
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Fig. 7. (a) Real driver’s torque (solid) vs. estimated drg/éorque (dotted).
(b) Real load torque (solid) vs. estimated load torque édijtt
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