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Rack Force Feedback For An Electrical Power Steering Simulator

L. Nehaoua, M. Djemai and P. Pudlo

Abstract—This paper presents a force feedback control
approach to enhance the realism and the fidelity of an electric
power steering simulator. This simulator includes a real steering
system with its electric assistance and a DC motor intended for
the load rack force restitution. This motor allows to compensate
for the lack of real tires and to simulate the tire/road contact as
in a real driving situation. Besides, two different scenarios case
study are introduced to prove the effectiveness of the various
algorithms: virtual sensor based on sliding mode observer for
the unknown input estimation and a sliding mode control for
the force feedback.

Index Terms—force feedback, driving simulators, sliding
mode control, sliding mode observer.

I. INTRODUCTION

The power steering has emerged as a design standard
of personnel and professional vehicles. Indeed, in order to
satisfy the expectations on driver comfort, the use of power
steering system was widespread. This assessment is the fruit
of a constantly rising complexity of car vehicles. Today,
many driving assistive devices make the vehicle more and
more intelligent but also heavy. In addition, the increased
traffic in urban areas requiring maneuvers at low speeds
were, among others, encourage the introduction of power
steering system.

According to the actuation technology, we enumerate
mainly the hydraulic power steering (HPS) and the electric
power steering (EPS). The EPS assistance torque is usually
defined from the torque boost-map implemented in the elec-
trical control unit (ECU). Nevertheless, EPS system boost-
map does not have well defined feedback design method.
Among others, reversibility, maneuverability and vibrations
are some of design criteria which are generally considered in
the design of reference model used for the torque boost-map
tuning [1]-[3]. However, driver physical capabilities are not
taken into account and, consequently, the EPS optimality is
not satisfied for a large population whose muscular activities
are variable. The presence of the human-in-the-loop must be
studied in-depth and a new approaches of assistance should
be proposed and adapted to driver capabilities [4].

The validation of any developed control law is an essential
step to assess its effectiveness and acceptability. Moreover,
real circuit experimentations are often expensive and dif-
ficult to implement especially if they involve drivers with
disabilities. Therefore, tests on an electrical power steering
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test-bench, in addition to real experimentation, seems to be
an interesting alternative. In the field of driving simulation,
multiple low-cost simulators have been emerged in the last
decade [5], [6] while for EPS simulators, only reduced
versions are designed [7], [8] and most of them were
built by industrial institutions [9]-[11]. In this perspective,
the VOLHAND project aims to build a EPS test-bench by
integrating a real EPS and by ensuring a high simulation
fidelity to be as close as possible to a real vehicle steering
system.

To enhance the simulator realism and fidelity, a force
feedback must be account for. In a classical way, the
torque/force feedback methods are based on PID control on
the Direct Current (DC) actuator current. These approaches
require a dedicated torque/force sensor or the design of
an additional virtual sensor (named observer) to estimate
the torque/force to be reproduced. Instead, the torque/force
feedback can be implemented as a robust reference position
tracking computed from a reference model [12].

In the following, a force feedback control method is
described. The remainder of this paper is organized as: sec-
tion II exposes the problematic context. The EPS reference
model and the simulator dynamics modeling are introduced
in section III. In section IV, the driver torque estimation is
illustrated and section V deals with the load force feedback
control.

II. PROBLEM STATEMENT

Within the framework of the ANR project VOLHAND, an
EPS test-bench is expected to be constructed. This simulator
includes a real EPS system embedded into a modified car
vehicle chassis [13].
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Fig. 1. Overall force feedback loop diagram
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However, on the simulator, the load force on the steering
system rack, resulting from the tire/road interaction, is ab-
sent. One must to replace the vehicle tire with a DC motor
to simulate the corresponding rack load force. As shown in
figure (1), when the driver applies a given torque 7y on the
vehicle steering-wheel, a corresponding rack displacement
is measured. Consequently, the simulator fidelity is achieved
if one can makes the simulator rack displacement to be as
close as possible to the rack displacement on a real vehicle
steering system. In other words, the DC motor assembly,
intended to reproduce a given load rack force, should be
versatile with respect to a real EPS system. This issue can
be realized by controlling the rack displacement u, towards
a reference rack displacement u,. .y computed from an EPS
reference model. In such way, one can also ensures that the
reproduced load force on the simulator’s rack is exactly the
same as one developed in the presence of a real tire/road
interaction.

Nevertheless, the driver torque 7} is an unknown variable
which should be estimated in order to drive the reference
model as shown in figure (1). For this, an estimation pro-
cedure is described in section IV by using the well known
sliding mode unknown input observer (SMUIO). In the other
side, the tracking of the reference rack displacement u,. .y
should also be robust against model uncertainties and also
against the sum of the driver and assistance torque Ty + 7Ty,
which may be large for some driving maneuvers.

III. DYNAMICS MODELING
A. EPS reference model

In this section, a reduced order model of the EPS system is
considered [14]. Figure (2) schematized the interconnection
between the EPS system and the load motor where the
bilateral effort interaction is propagate over the rack force
F,.

At first, the steering column dynamics is given by the
following equation:

Jcéc + Bcéc = Td - ch (1)

where 0. is the steering-wheel angle, Ty is the steering-
wheel torque applied by the driver and T, is the transmitted
torque via the column stiffness modeled as:

U
Tee = K, (95 - T) )
Tp
Here w, is the rack displacement and r, is the pinion
radius. Next, the EPS electric motor is located between
pinion and rack. Its mechanical equation is expressed as
following:

Jaéa + ﬂaéa =T5—Tem (3)

where 0, is the motor axis rotation, T, = k¢ 4%, is the
assistance motor delivered torque and 7v,, is the transmitted
torque to the rack via the EPS gears. Finally, the rack
dynamics is given as:
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. , 1 N,
MUy + /87-U'r = 7ch + JTcm - F7' (4)
Tp Tp

in which F, is the load rack force computed from the ve-
hicle dynamics. The rack displacement is related to the EPS
motor rotation by u, = ]%GG. From (3.,4), the motor/rack
equivalent dynamics is:

Nakt,a
4+ —

Tp

KC T -
meqﬁr + 6equr = — <90 - u> io — Fr (5)
Tp Tp
By combining (1,2,5), the EPS steering system dynamics
is written as a linear state space formulation, as follow:

Ty
Xr = -A'rxr + Br Z‘a (6)
Y
where x, = [éc,ﬂc,ur,ur]T is the state vector and the

system output is the rack reference displacement ;. .
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Fig. 2. Scheme of the EPS system and the load motor dynamics

B. EPS simulator dynamics

To drive the reference model of the previous section, an
information about the driver torque applied on the simulator’s
steering-wheel is required. In that case, it is necessary to
write the simulator dynamics.

As stated in section II, the simulator includes a real EPS
system, so, equations (1-5) hold, and, it remains only to
integrate the dynamics of the load motor part where the
mechanical equation of the load motor and the screw-nut
are described by:

Jiby + Biby = Tr — The @)

Jsés + ﬁsés = NlT’lc + LF’I‘
21
where 6;, 0, are respectively the load motor and the screw-
nut angle positions and 1} = k¢ ;%; is the motor delivered
torque. In the other hand, 6;, 6, and rack displacement u,. are
related to the EPS motor angle 6, by the following relations:
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By reporting these relations in (7) and combining the
resulting expression with (5), we get the equivalent dynamics
of the assistance motor/rack/screw-nut/load motor assembly:

p
2mnr,

m/equT + Béqur = let,lil + (ch + Nakt,aia) (8)
Finally, with (1) the overall EPS simulator dynamics is
written by the following linear state space formulation:

iq

Xs = Asx + Bs + DTy 9

1

Ys = Ur = Csxs

where x, = [éc, 0., 1., ur]T is the state vector, y is the
measured rack displacement signal and 7 is the unknown
input to be estimated.

The next section concerns the development of virtual
sensor to estimate the driver torque by introducing SMO
theory.

Remark 3.1: In this paper, it is supposed that the assis-
tance and the load motors are driven by the current signal
i, and its current dynamics is not considered.

IV. SMO DESIGN FOR STATES AND UNKNOWN INPUTS
ESTIMATION

In this section, an application of a class of SMO developed
in [15] is applied by considering the linear time invariant
(LTD) system (9) with n = 4 states, one measurable output
and one unknown input. Consider the following definitions
[15], [16]:

Definition 4.1: The relative degree of the system output y,
with respect to the unknown input T} is r if C,A7D, = 0,
where, j =0,--- ,7 —2 and C,A" 1D, # 0.

Definition 4.2: System (9) is strongly observable if
and only if the relative degree r satisfies r =

rank(P) where P is the observability matrix P =

[CT, (CoA)T, -+, (CoAT— )T

From these definitions, the relative degree of the system
output y, with respect to the unknown input 7y is 4 which
is equal to the system state order n (or equal to the rank
of the observability matrix), hence, system (9) is strongly
observable. In addition, as reported in [15], if system (9)
satisfies the following two assumptions:

1) The unknown input 7} is a bounded function where
|Tq| < T, (the applied driver’s torque is obviously
bounded),

2) The k successive derivatives of T, are bounded by the
same constant 77", .. and the (k 4 1)-th derivative is
a Lipschitzian function.

ax

then, the reconstruction of the unknown input 7y is pos-
sible and the observer is built in the form:
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5= A+ B, | " | + Ly, — Coz) (10)
1

X, =z+P 'w

v=W(v,y;s — Csz)

C.=[0 0 0 1]

where, w = [v1,--- ,v,]T and v = [vy, -+, vpipa1]T s
the nonlinear part of the observer computed by the following
high-order sliding mode differentiator (recall that n = 4 and

k=1):

01 = —8M [y — y, + Cuzl® sign(vy — g, + Coz) + 2

Dy = —5M3 lvg — '[)1|% sign(vy — 01) + v3

By = —3M* vy — o7 sign(vs — 02) + va (1n
by = —2M3 Jug — b3 sign(vs — 03) + vs

b5 = —1.5M? |vs — i4] sign(vs — 04) + vg

1.)6 = —1.1MSigI1(’U6 — ’05)

where, M is chosen sufficiently large from definition (4.1)
and assumption (1) as:

M > |C,A™'D,| T}

ax

Finally, the unknown input 7y is estimated by using:

A 1
Ty= — —
¢ e, A1,

Remark 4.1: Matrix A; in (9) has one eigenvalue at
the origin ([-4.216£68.543j, -2.973, 0]) then system (9) is
unstable. It goes that the use of L(ys — Csz) is necessary
to stabilize the system. Since (9) is strongly observable, an
arbitrary eigenvalues assignment can be done.

Remark 4.2: Unlike Walcott-Zak observer [17], the
present observer is well adapted for high-order system. How-
ever, its direct application requires the boundedness of the
unknown input 7y and also its k + 1 successive derivatives.
Fortunately, in mechanical system applications, assumption
can be made and generally, only the first derivative of the
unknown input T is considered (so k¥ = 1 in assumption
).

At this level, the virtual sensor is implemented and the
EPS reference model can be simulated. The next section
is dedicated to the development of a control strategy to
reproduce a load force on the simulator’s rack.

(vs — P(As — LC)P 'w)  (12)

V. MOTOR CONTROL FOR THE LOAD RACK FORCE
FEEDBACK

The main key is that the simulator’s rack displacement
should be as close as to the reference rack displacement,
computed from the reference EPS model. For this, from
(8), the rack/screw-nut/load motor assembly equation can be
written as:
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/

L, 4 u+w(, t)
eq
where the new control input u and the external perturba-

tion w are given by:

13)

iy = —

Nk
u= 7772/“” (14)
€q
P .
w(z,t) = W (Nokt,ata + Tec)

The system under control is controllable and the distur-
bance w(x,t) and its gradient are bounded. Consider the
sliding surface s = Ae + ¢é, consequently, the system error
dynamics is given by:

/

——L(s—Xe)+u+w
m’eq

€= (15)

where e = u, — u,,es is the position error tracking.
When the motion reaches the sliding surface s = 0, the error
dynamics é = —\e can be tuned to reach a prescribed per-
formance. Next, to compensate for the disturbance w(z,t),
an injection term v is added to the equivalent control in order
to form the global control variable v which can be expressed
by:

/

eq) (s —Ae) +v (16)

/
My,

U=Ueg+0V=— ()\—
When the perturbation w(x,t) is bounded by a known
function p(x), the first-order sliding mode control (SMC) can
be used at the expense of a discontinuous control. Otherwise,
since system (13) has a relative degree 2, the super-twisting
algorithm (STA) can be employed to avoid control chattering,
however, the STA was designed as an absolutely continuous
control law allowing to compensate Lipschitz unbounded
perturbations but with a bounded time derivative [18], [19].
Then, we need VGSTA because the uncertainties are state
dependent and bounded with known functions [20]. In that
case, v is taken to be as:

t
v=—ki(t,z)¢1(s) —/ ko (t, )2 (s)dt (17)
0
d1(s) = |s|"/* sign(s) + kss

1/2

1. 3 .
Ga(s) = sign(s) + Shas|'/? sign(s) + s

where k1 (t,x) and ky(t,z) are the variable gains which
make the sliding surface insensitive to perturbations growing
with system states and ks allows to deal with perturbations
growing linearly in s. For this the perturbation w(z, t) is split
into to parts: ¢1(x, s,t) is growing linearly in s and go(x, t)
is independent from the sliding surface s like following:

g1(z,s,t)=0
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K, .
ga(w,t) = b (K(ﬂc - fur + Nakt,ala>

27T pMeg »
So, according to assumption (3), VGSTA is insensitive to
perturbations w(z, t) satisfying:

l91(z, 8,t)| < p1(t, ) [@1(s)] — pr(t,x) =0

and:

igz(:v»t)’ < p2(t, @) [P2(s)|

. A
0.+ —e

K.
— palt ) > 7
Tp

—— — max { 2
- 7 2 b
2mnrpme, rpks

}

In these two expressions, the bound functions p; (¢, x) are
used to compute the variable gains k;(¢, z) as shown in [20].

VI. SIMULATIONS RESULTS
A. Simulation configuration

In the following, simulations are carried-out using the
system model (9) as sketched in Fig.l where the EPS
assistance is deactivated (i, = 0). The measured variables are
the steering-wheel angle 6. and the load motor position angle
;. The simulator’s rack displacement w,. is is obtained from
the load motor angle position §; where w, = p/(27N;)0,.

B. Case 1: parking maneuver

The first simulation aims to test the platform behavior for
a parking maneuver. In that case, the steering-wheel rotation
consists on a 47 (rad) which corresponds to 2 steering-
wheel tours at right and left.

Fig.3.a presents the estimated driver’s torque with respect
to the steering-wheel angle where, an exact estimation in
a finite time is obtained, in the case of noiseless signals
and by using the nominal system parameters. Next, to check
the robustness of the present observer against parameters
uncertainties, a simulation is carried-out by considering
20% of parameters variation with respect to the nominal
values (Fig.3.b). Despite the parameters uncertainty, one
can conclude that the observer ensures a good asymptotic
convergence.

Figures (3.c-d) point-out the effectiveness of the VGSTA
control for the load rack force feedback. The proposed
control is able to compensate for high level perturbations
and provides an exact tracking of the reference rack displace-
ment. This was possible thanks to the variable gains which
allow to compensate for bounded perturbations growing with
the system states (Fig.3.e-f).

C. Case 2: cornering maneuver

The second simulation aims to test the simulator behavior
for a cornering maneuver in which, and according to the
visual environment, the driver applies a torque to follow
a defined trajectory. System (9) is considered with an un-
certainty of 20% on the nominal parameters. Once again,
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Fig. 4. Simulations: cornering maneuver case

it can be seen in Fig.4.a-b, that the unknown input (driver
torque) is accurately reconstructed by the proposed observer
where an asymptotic convergence is ensured. Finally, as in
the parking maneuver, VGSTA control allows to achieve an
exact tracking of the reference rack displacement (Fig.4.c-d)
and to compensate for external perturbations and parameters
uncertainties where the control gains are shown in Fig.4.e-f.

Remark 6.1: To prove the observer convergence, it is a
custom to use different initial conditions to integrate the
system states and observer states. Nevertheless, in this paper
the same initial conditions are considered since the simulator
will be calibrated at the beginning of each simulation.
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VII. CONCLUSION

In this paper, a force feedback control approach is pre-
sented. It allows to enhance the EPS simulator fidelity and to
provide a convenient load rack force feedback. An estimation
procedure is illustrated for the sensorless measurement of
the driver torque by using a step by step high-order sliding
mode observer (HOSMO). The described algorithm allows to
give an accurate estimation even in the presence of external
perturbations and/or parameters uncertainties. Otherwise, the
force feedback on the simulator’s rack is carried-out by
using a position tracking problem. This issue is easiest and
more suitable then a force tracking as in the traditional
torque/force feedback methods. However, since external per-
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TABLE I

ABBREVIATIONS, NOTATION AND NUMERICAL VALUES

Je (Kg.m2)

Ja
Jls Js

Be (N.m.s/rad)

Br. B

my (Kg)
Br (N.s)
K. (N.m/rad)

rp (M)

kt,a, kt,; (N.m/A)

Nq,N;

p (m),

column inertia (0.04)

EPS motor inertia (4.52E-4)

load motor and screw-nut inertia (98E-5, 17E-5)
column damping (0.361)

EPS motor damping (3.339E-3)

load motor and screw-nut damping (0, 0.0405)
rack mass (2.5)

rack damping (0.361)

column stiffness 172

pinion radius (0.0077)

torque constant (1.345, 1.07)

EPS gear ratio (16, 10)

screw-nut thread and efficiency (0.025, 80%)

turbations applied on the simulator’s rack are of high level,
a VGSTA control is applied to achieve an accurate position
tracking and compensate for growing perturbations. Finally,
estimation and force feedback are validated by considering
two maneuver cases, at parking and at cornering. There
effectiveness is proven.
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APPENDIX
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