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Abstract

A mechanically decoupled steering system enables autonomous or semi-autonomous vehicle
steering by independently actuating the vehicle wheels and the steering wheel. In semi-
autonomous operation the steering system should be controlled such that the vehicle wheels
angle tracks a reference signal provided by the trajectory planner rapidly and safely, while
guaranteeing that a certain alignment is maintained between the steering wheel and the
vehicle wheels to avoid loss of ”driver’s panic”. We develop a controller for a mechanically
decoupled steering system that can achieve this by coordinating the steering column and the
steering rack actuators, while enforcing constraints on the motion of the vehicle wheels, on the
interaction between the steering wheel with the driver, and on the relative motion between
steering wheel and vehicle wheels. Our design is based on a particular command governor, for
which convergence is proven. The control strategy is simulated in closed loop with a detailed
simulation model.
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Governor-based Control for Rack-Wheel Coordination
in Mechanically Decoupled Steering Systems

Spyridon Zafeiropoulos, Stefano Di Cairano

Abstract— A mechanically decoupled steering system enables vehicle wheels) are always mechanically decoupled. The
autonomous or semi-autonomous vehicle steering by indepen steering wheel and the vehicle wheels are actuated by two
dently actuating the vehicle wheels and the steering wheel. motors, one at the steering column and one at the steering

In semi-autonomous operation the steering system should be K tivelv. Th tuat trolled b |
controlled such that the vehicle wheels angle tracks a refence rack, respectively. 1he actuators are controlied by an-elec

signal provided by the trajectory planner rapidly and safely, tronic control unit (ECU) that coordinates them in order to
while guaranteeing that a certain alignment is maintained achieve the desired vehicle and steering wheel motion. Due
between the steering wheel and the vehicle wheels to avoits®  to the additional degrees of freedom, these steering sgstem
of “driver's panic”. We develop a controller for a mechanically  5ve the potential of handling more driving situations and

decoupled steering system that can achieve this by coorditiag L .
the steering column and the steering rack actuators, while objectives, such as preservation and enhancement of the fee

enforcing constraints on the motion of the vehicle wheels,rothe ~ for the road. Furthermore, the separated actuation allows
interaction between the steering wheel with the driver, andon  to operate the vehicle in semi-autonomous mode, when the
the relative motion between steering wheel and vehicle whise  vehicle wheels are controlled based on a trajectory planned
Our design is based on a particular command governor, for py the autonomous system and the driver receives a non-

which convergence is proven. The control strategy is simutad . . - . .
in closed loop with a detailed simulation model. damaging feedback on what the vehicle is doing. In addi-
tion, the misalignment between steering wheel and vehicle

. INTRODUCTION wheels can be limited, which improves drivability during

. semi-autonomous operation, as the driver is (approxiyatel
Advanced steering systems are fundamental Compone?r{ff"ormed on what the vehicle is doing and it feels it mainsain

infuture vehicles for enabling autonomous and Seml_artial control over it. Limiting, and eventually removirtge
autonomous driving. A well studied technology for advancell® § 9 y Y

steering system is Active Front Steering (AFS) [1]_[4].m|s_al|gnment also simplifies the transition back to normal
) : driver-control) mode.
Nonetheless, AFS cannot modify both the vehicle whee : :
. . . In this paper we propose a control system architecture
and the steering wheel, since there is no actuator for the . . .
and design for a mechanically decoupled steering system.

stgerlng wheel. Thu§, dgrlng seml-gutonomous Vemde—Opelthe objective of the control system is to track a reference
ation, when the vehicle is responding to the commands of a

trajectory planning system with the driver still handlirtet for. the vehicle wheels an.gle supposedly p_rowded by a
. . . . trajectory planner for (semi)autonomous vehicle openatio

steering wheel, there is no direct feedback to the driver on, . . . ;

o . . . while guaranteeing safe operation of the vehicle, of the

what the vehicle is currently doing. This may result in loss

T . : steering wheel, and a limited misalignment between the
of drivability, i.e., loss of a predictable vehicle resperts . . .
steering wheel and the vehicle wheels. We design a governor

the driver commands, and significant misalignment betwe€e ) .
. ) Strategy that commands the setpoints of the steering wheel
steering wheel and vehicle wheels. In torque-based stgerin . . .
d the vehicle wheels to achieve steady state tracking of

assist systems, such as Electric Power Steering (EPS) [ e steering wheel angle reference signal and alignment
the actuator is connected to the steering wheel, which is me-

. . . etween the steering wheel and the vehicle wheels, and to
chanically coupled to the vehicle wheels. Thus, misalignime . S : .
. Lo enforce all the aforementioned constraints including relyri
never occurs. However, the mechanical coupling limits th

capabilities of improving vehicle cornering performanee a the transients. The proposed design uses a slightly modified

lateral stabilization [6] due to the rigid mechanical irtetion ?18?3;:]Lén\,f,ionr\cl,v\l,? trhe;pti(: :Tc:;i?]e igan;z;dsc;ﬁﬁée'g'\;]é?ng
with the driver through the steering wheel. ' b prop 9 '

i.e., constraints satisfaction and finite time convergeoice

In order to overcome the limitations of AFS and torqueihe command to the actual reference, are maintained.

based steering assist systems, mechanically decoupksd ste The paper is structured as follows. In Section Il we

ing systems, such as the steer-by-wire [7], [8], have beemnodel the mechanically decoupled steering system and we

proposed. In these systems, the steering column (and herg:e

; ) escribe the control objectives. In Section Il we describe
the steering wheel) and the steering rack (and hence tfe )

e control architecture, and in Section IV we design the
Spyridon Zafeiropoulos is a graduate student at the D. Culggm govem_or for Coor(_jlnatlng the _tWO steering SUbSy_StemS and
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summarized in Section VI. l state

Notation: We indicate the set of real, nonnegative real, command|  rack input rack
and nonnegative integer numbers By Ry, and Zgy, controller subsystem
respectively. Whenu is a vector,[a]; is its i component, .erench
and||a||, is its p-norm, where ifp is skippedp = 2. B(p) is — governor
the 2-norm ball centered at the origin and with radius 0. : -
Inequalities between vectors are intended componentwise. - Cg;’tlrjgﬂgr i subsystert
The notationint(X'), whereX is a set, indicates the interior
of the set, andt @ ) is the Minkowski sum of set&’ and I state
Y. We use the shorthand notati¢n, y) = [z y]'. Fig. 1: Control architecture for the mechanically decoupled #tgesystem.

Il. MECHANICALLY DECOUPLEDSTEERING SYSTEM

The mechanically decoupled steering system considergthnner, and the control unit must tracks such a reference
in this paper is composed of two subsystems, the steeringth the vehicle wheels angle, while controlling the stegri
rack subsystem and the steering column subsystem, that arleeel to maintain some alignment between the steering
mechanically disconnected and coordinated by a steeringheel and the vehicle wheels. For the correct operation of
control unit, as shown in Figure 1. the system a number of constraints needs to be enforced. For

The steering rack subsystem is composed of an electiiestance, the vehicle wheels angle and the steering wheel
motor (rack motor) that, through appropriate gearing,tgin angle and their derivative need to remains in appropriate
and shafts, steers the vehicle wheels that are also affbgtedranges to avoid the loss of stability of the vehicle and a
the road aligning moment. Here, we assume the rack angiegative interaction with the driver, respectively. Alsbe
to be equal to the vehicle wheels angle. The dynamics of thmisalignment angle, i.e., the difference between steering
steering rack subsystem is described by wheel angle and vehicle wheels angle, should be controlled

i (1a) to maintain driyability and tp _inform the driver of the cunte
r = e vehicle behavior. Summarizing, the control system should:
Jrpr = =Brer + Timot,r — Tain, (1b) (i) Rapidly track the reference angle with the vehicle wheels

where o, [rad/s] is the vehicle wheels (and steering rack?ngle;(“) SmothIy track the. (steering-ratio §9aled) vehicle
angular rated, [rad] is the vehicle wheels (and steering”/N€€lS angle with the steering wheel anglé) Enforce
rack) angle Iino:. [NM] is the torque generated by the raCkcon_stralnts on_veh'lcle wheels angle Qynamlcs, .e., on the
motor, .J, [kg m?] is the moment of inertia of the steering vehicle dynamlcs;(m_;) E_nforce constr_alnts on the_ st_eerlng
rack, vehicle wheels, and connecting shafts, [Nms/rad] wheel angle dynam!cs, i.e., on thg drlver-vehlcle inteoact
is the lumped friction coefficient of the steering rack, andv) Enforce constraints on the misalignment angle.
Tm [Nm] is the aligning moment torque. ' Next, we propose a control system design that addresses
The steering column subsystem is composed of an electfio—(v)-
motor (column motor) that, through appropriate gearing,
joints, and shafts, can apply torque and possibly steer the
steering wheel, where also the driver steering torque is We consider a control architecture schematically depicted
applied. Here we assume the steering column angle to beFigure 1, where a governor receives the reference for the
equal to the steering wheel angle. The steering columrehicle wheels and the current state of the entire steering
dynamics are described by system and sends commands of a target vehicle wheels angle
i (2a) and a target steeripg wheel angle to the steering §ubsystem
w = Puw rack and the steering column subsystem, respectively. The
JwPw = —Buwpw + Tary + Tmot,w, (2b)  commands are received by two feedback controllers that
wherey,, [rad/s] is the steering wheel (and column) angula?cwate the rack mot_or and the column motor, based on the
states of the respective subsystem, to track them.

rate, 0,, [rad] is the steering wheel (and column) angle, . X X
Timot.o INM] is the torque generated by the column motor In the considered steering system, the driver torque and

J.» [kg m2] is lumped moment of inertia of the steering wheelthe aligning torque are measured/estimated from appitepria
column, steering wheel, and connecting shafts[Nms/rad] sensors, and hence considered as measured disturbances.
is the friction coefficient of the steering wheel column, and NUS: we define the net rack motor tordfie= Tinot,» —Tain,
Tarw [Nm] is the steering torque by the driver. and the net column motor torqu&, = Tinot,w + Tarv- Then,
The steering system receives a reference arjgéel] and we sample (2), (1) with period; and design the controllers

controls the rack motor torque so that the vehicle wheels
angle tracks such reference. During normal operation, the u, = K,z + Ho,, (3a)
reference angle is provided by the position of the steering

S ; : = K Hyvy, 3b
wheel, which is controlled by the driver. In semi-autonomou t whu + Huly (3b)
operation, the reference angle is provided by a trajectowherew, = T, € R, u,, = T, € R, andv, € R, v, € R

IIl. CONTROL SYSTEM ARCHITECTURE



are the commands faf, andd,,, respectively, resulting in angular velocities, i.e,
the closed-loop systems
psy Mg, < pw = 0pr < Mg, )
(k+1)=Az;(k)+ Bjv,;(k 4a . . . .
zi(k+1) 53 (k) + '71?( ) (42) which bounds the maximum difference between the steering
yj(k) = Cjz;(k), j € {r v} (4b)  wheel angular rate and the vehicle wheels angular rate. The

j € {r,w}, where for the rack dynamics, = [5, ¢,]' € objective of (7) is to guarantee that the change in the vehicl
R? is the state vector, ang = J, € R is the output, and lateral motion is not completely unexpected by the driver.
Tw = [0 ©u] € R? is the state vector, angl, = 6, € R Indeed, if in(:)—(v) the constraint enforcement was not
is the output. Based on these models The feedback gafsconcern, one could just set (t) = r(t), vu(t) = or(t)
K;, j € {r,w} are designed to stabilize the systems an# (3) and if r(t) = r, for all ¢ > ¢, the angles would
achieve a desired performance, and the feedforward gaif§ asymptotically controlled to their desired values. Here
Hj, j = {r,w} are designed to obtain unitary dc-gain forin order to enforce (5) and (6) (and, if desired, (7)), the

the closed-loop systems, that is,if(t) = v, for all ¢ > ¢, feedforward commands in (4);., v.,, are generated by a

limy 00 y5 (1) = v;. governor
v=g(z,7), (8)
Remark 1: We have assumed@y,, T.,, to be measured, L .
which can be achieved by a torque sensor on the steerii’iﬁ‘erex = [_»”Cr ;] is the full system stgateﬂ, is the reference
column, and by measuring the rack motor voltage antP’ the vehicle wheels angle, ande R?, [v]1 = vr, [v]2 =
current. If the sensor measurement noise and uncertaintfés iS the governor command. The purpose of the governor

are significantly large, the controllers (3) may be augmentdS to maintain the steady-state behavior, i.e., for_ thealehi
with integral action. wheels to track the reference, and for the steering wheel to

align, and in addition to enforce the constraints, inclgdin
The objectives of the steering controller in semiduring the transients.

autonomous operation (i.g4)—(v)) include enforcing con-
straints on vehicle, driver-vehicle interaction, and rhgga IV. CONSTRAINT GOVERNORDESIGN
ment which are formulated next as functions of the steering _. . . .
Different governor exists for enforcing constraints, such

system states and inputs. The constraints on the rack subsys
tem and column subsystem that we consider are S reference governor [10], [12], command governor [9],
extended command governor [13], and virtual state gover-

0j.min < 05 < 0j max, (5a) nor [14]. In [15] reference and extended reference gover-

Qimin < 9 < Ojmax, (5b) nors were applied t(_) the AFS for enfqrcing constraints on

T < <. je{ruw. (5¢) lateral and roll vehicle dynamics, which dos not require
S = = Tgyman ’ the coordination of steering wheel and vehicle wheels. The

The constraints on the rack subsystem (ijes r in (5)) coordination of the steering wheel and the vehicle wheels

limit the vehicle wheels angle, the angular rate, and the n&t a major difference requiring a (particular) multivadiab

rack steering torque, which can also be seen as a proxy fgovernor.

the angular acceleration, due to the mechanical design ofin order to design a governor (8) that enforces the subsys-

the steering system and to the impact of the steering motiaem constraints (5), and the alignment constraints (6)and/

on the vehicle dynamics. Similarly, the constraints on thé7), we exploit themaximum output admissible set [12].

column subsystem (i.ej = w in (5)) limit the steering Given a systemz(k + 1) = f(z(k)), * € R", and a

wheel angle, angular rate, and the net column steeringégrquonstrained output = h(x), z € R?, such that € Z C R,

due to the interaction of the steering system with the drivean output admissible s&., is a set such that

In particular, the steering wheel motion is controlled to

have limited range, velocity, and torque, to avoid excesgiv z(k) € Soo = h(z(t)) € 2, VE 2 k ©)

aggressive effects on the driver who is holding it. and the maximal output admissible sél,., is the largest
In addition, we consider the alignment constraint tha(t)utput admissible set, meaning that there exist no stateval

bounds the misalignment angle and hence “virtually COL’]p|eSx € R™ and output adm|ss!ble Eé. bo, S.UCh thatr € S, and
z ¢ Oo. Furthermore(D, is an invariant set fog(k+1) =
the two subsystems,

f(xz(k)), thatis, ifz(k) € Ou, then f(z(k)) € Oc.
M2, < 6, — 00, < M, (6) Result 1 ( [12]): Consider the asymptotically stable lin-
. . o ear systemz(k + 1) = Asz(k), + € R", with linear
yvhereg is Fhe steermg (gear) ratio, i.e., the value _such th tonstrained outputs(k) — F,z(k) and subject to the
in conventional steering system®, = d,,. Constraint (6)

: S constraintz € Z, wherez € RY, (F, A;) is observable
ensures that the vehicle lateral motion is not completelgndz is a polytope,Z — {- € R? : H,» < K,}. The
unexpected by the driver. A similar co_nstraint could a|S(Pn ximum output ad}nissible sél.. is finistely_detsérmined
be gnforced on the commanded steering wheel angle agg?a polytope defined by a finite number of constraints
vehicle wheels anglep?. < v, — ov, < MY An

min max”*

additional alignment constraint can be formulated on the Oxw={2€R": Hyr < Ky} (20)



0 The objective function (13a) aims at computing the vehicle

Consider the system(k + 1) = f(z(k),v(k)), z(k) = wheel command that is closest to the reference, and the
h(z(k)), v(k) € R, with performance output(k) = «(x(k))  steering wheel command that is closest to the vehicle wheel
which has dc-gain fromv to y equall. At time k € Zo., command. In fact, the controller aims at rapidly reacting to
given a desired reference valug:) € R, a governor selects the reference angle provided from a path planner, and at the
the “closest” actual command € R to (k) such that if same time aims at maintain alignment of the steering wheel
v(t)y=vforallt >k, z(t) € Z, forall t > k. with the vehicle wheels for drivability and for informing

The governors in [9], [10] exploit th& ., set for the the driver of the current vehicle behavior. Often, it is not
system dynamics augmented with the dynamics of a constgmssible to achieve the optimum of both objectives, because
command,v(k + 1) = wv(k), to select the control input. the vehicle wheels can be moved faster than the steering
Specifically, forr € R™ andv, r € R, the reference governor wheel, due to the limitations imposed by the interactiorhwit
is defined as the driver encoded as constraints, and 0 trades off the
two objectives.

— 3 2
glz,r) = arg o I =il (11a) Consider the closed loop-system (12), (13)
st (2,0) € O (11b) w(k+1) = Az(k)+ Bo(k) (14a)
Indeed for the case where tli2,.-set is polyhedral, (11) is (k) = go(z(k),r(k)) (14b)
a quadratic program which finds the projection-adnto the 2(k) = Fa(k) (14c)

section obtained for the current statef O,. The simplest
implementation of the command governor [9] has a definition z(k) € Z. (14d)

similar to (11), whit the relaxed conditiom,” € R™,  The following corollary follows from Result 2.
m € Zy, and allowing a positive definite matrix weight  corollary 1: Consider the closed-loop system (14). For
in the cost function, yet still requiring and v to have gome > 0, let z(k) be such that a solutions for
the same dimension. Additional details can be found in th&(z(l%),r(l?:)) exists. Then, for every > k, z(t) € 2. O
Futorial [16]. A fundamental result on the reference goeern 1 proof is immediate due to the use_:(@;go and it follows
is recalled next. _ the same steps as that in [10] for the (standard) governdr (11
Result 2 ([10]): Consider the closed-loop systenik +  gince hoth exploil., to guarantee (recursive) constraints
1) = f(x(k), g(x(k),r(k))), 2(k) = h(z(k)), z € R", z €  gatisfaction. While indeed (13) uses the maximum output
R?, and the constraint € Z C R?. For somek > 0, let  5gmissible invariant set and results in a quadratic program
a(k) be such that a solutionfor (11) exists. Then, for every j; js gifferent from the classical governors [9], [10] besatof
t >k 2(t) € Z,and if r(t) = r for all t > ¢ > k, there ¢ cost function (13a). In particular, while Result 2 foLY1
exists a finite time; > ¢ such thato(t) = r forall ¢ > ¢1. 5 optained by the properties of projection (i.e.,is the
projection of » onto the section of0,, obtained for the
} current state), see, e.g. [10], this is not the case for (13)
In order to design a governor that generates the commagd 5 ,se (13a) does not model a (standard) projection. Hence
vectorv = [v, v,]" with the commands of both the vehicle heyt e prove that the second part of Result 2, that is, finite
wheels and the steering wheel, we consider the system .o convergence of the command, holds also for (13).
w(k+1) = Az(k)+ Bo(k) (12a) Let J,.(x) pe the value function Qf (1_3), i.e., the qptimum
Ak) = Fa(k) (12b) of (_13) for givenx andr. For the simplicity of notation we
definez™ = Ax + Bv, vT = g(a™,r), Av; = [vT]; — [v],,
z(k) € Z, (12¢) ;= {1,2}, and along the trajectories of the system we use
wherez = [« 2/,)', (12a) is constructed from (4), (12b) the shorthand notatiod. (k) = J(z(k)).
and (12c) are constructed from (5), (6) and/or (7). Due to Lemma 1 Letv = g,(z,r), andvt = g,(z™,7), wh2ere
the linear nature of the constraints (5)—(7), the getis ¢ = Az+DBuw.Then,J.(z)—J(x*) = q([v*]1 — [v])*+
polyhedral, i.e.,Z = {z € R? : H,z < K.}. According (([o*]s = [v]1) = e([vF]2 - [”]2))2- S
to Result 1, for (12) augmented with the constant command The proof of Lemma 1 is omitted due to space limitations,
dynamicsu(k + 1) = v(k), the maximum output admissible and it is based on proving thalt.(x) — J (™) = g([v"]1 —
set is the polytop@®.. = {(z,v) : Hia + H%v < Koo}, [11)?+ (71 = [v]1) = o([v]2 — [v]2))* by showing that
Thus, we define the governor for the mechanically decod"” — [0]1)* + (e[vh = [v]2)* > q(r — [U+]1)_2_+ (o[v™]: —
pled steering system as [vF]2)2+0(Av1)? + (0Avy — Avg)? by exploiting feasibility
of v = v and optimality of the actuat™.
go(@,7) = argmin gf|r — [h|?+ lle[v]: — [v]2]* (13@)  Theorem 1: LetV contain only commands that are strictly
(13b) steady state admissible, i.e., for all€ V, (z.(v),v) €
int(Ow), Wherez, (v) is the equilibrium of (12) fon (k) =
whereO, is the maximum output admissible set computed. Let »(k) = r for all & > 0, and[r gr]" € V. For the
from (12) andv(k + 1) = v(k), ¢ > 0 is a cost function governor based on (13), l€t(0),v) € O, then there
weight, andV is the (polytopic) set of allowed commands.exists a finite indexk € Zo, such thatv,(k) = r and

A. Governor for mechanically decoupled steering system

s.t. (z,v) € O,



va(k) = ovy (k) for all k > k.

The proof of Theorem 1 is only sketched, due to space
limitations.

Due to the properties oD, the closed-loop system
is recursively feasible, and hencé.(k + 1) < J.(k)
and limy_,o J,(k) = JX. Using Lemma 1 we can
prove thatlimy_,. Av;(k) = 0, « = {1,2}, and hence,
limg o0 v(k) = wveo. Thus, by the asymptotic stability
of (12), limg 00 (k) = z. € int(Ox).

The rest of the proof follows the standard approach of,
e.g., [9], [17], by showing that given any € V), the set
z.(v) @ B(o), whereo > 0 is small yet finite andz.(v)
B(o),v) € int(Ox ), is reached in finite time, and that for all
T € 7.(v) ® B(o) there existsy? > ¢, > 0, for arbitrarily
small yet finitee,, such thatv + v with [[v2| < 48 is
feasible forz. SinceJ(x) > 0 for all z, and J(0) is finite,
in finite time % it has to occur thatlv(k) — [r gr]’|| < 72,
and hencey(k +1) = [r gr]’, J(k+1) =0.

Remark 2: In order to improve robustness with respect to
abrupt driver actions or disturbances, (13b) can be subesit
by (Az + Bv,v) € O thus allowing a one step to recover
feasibility after a disturbance.

V. SIMULATION RESULTS

In this section we show the behavior of the control system,
and in particular of the governor, for the mechanically de-
coupled steering system. We discuss the behavior in differe

maneuvers, namely a step-steer, a slalom, and a double lane

change. The control architecture described in Sectionslil i
implemented withT, = 50ms, and enforcing (5) and the
coordination constraint (6) in the governor. The governor
cost function in (13a) is designed to favor a fast response
of the steering rack angle. For the simulations we use a
proprietary model of the steering system connected with
the model of a compact car implemented in CarSim, which
provides a high fidelity and reliable simulation platform.
Our control architecture is implemented in Simulink. The
tests are executed for a constant longitudinal velocity of
60km/h on normal road (friction coefficient = 0.8). For
every test we show also the time history of the lateral
accelerationa, [m/s?], the lateral velocityv,[m/s], and the
yaw rate¢y [rad/s]. We denote byd,.,[deg] the difference
between the steering wheel angle and the (scaled) vehicle
wheels angleAé,., = §,, — 06;).

A step-steering of 60 degrees at the steering wheel is
shown in Figure 2. In this maneuver the vehicle wheels are
actuated to rapidly track the reference, while the steering
wheel is actuated more slowly, so that its motion is accept-
able for the driver. In the last part of the maneuver, the
difference between the vehicle wheels angle and the stgerin
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(a) Vehicle dynamics variables during the sim-
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(b) Steering rack. Upper plot: Reference angle
(red), vehicle wheels angle command (black), ve-
hicle wheels angle (blue), and constraints. Lower
plot: Vehicle wheels angular rate, and constraints.

(c) Steering column. Upper plot: Scaled vehicle
wheels angle command (red), steering wheel an-
gle command (black), steering wheel angle (blue).
Lower plot: steering wheel angular rate.
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(d) Misalignment between vehicle wheels and steering wheel

wheel angle reaches the constraint, and hence the angular and constraints.

velocity of the rack decreases, since it cannot anymoréerota
faster than the steering wheel.

In Figure 3 we show a double lane change maneuver with
4.5m lateral amplitude. Also in this case the constraint (6)

enforces a certain alignment to be maintained between-stearove rapidly to track the reference signal, thus providing a
ing wheel and vehicle wheels. In this case, the vehicle véhedlast response and good performance in executing the double

Fig. 2: Simulation of a60 degrees step-steer maneuver.



z A /\/\/\ VI. CONCLUSIONS

=) ‘ ‘ ‘ ‘ ‘ We have proposed a design for coordinating vehicle
. wheels and steering wheel in mechanically decoupled steer-
‘lgo N\ \/\ ing systems in semi-autonomous vehicle operations, and in
3. ‘ ‘ ‘ ‘ ‘ particular when a reference trajectory for the vehicle videe

_ 0 ’ - oo angle is given. Our design is based on a governor that has the
% ’ objectives of tracking the reference for the vehicle wheels
= \Jf\ angle and of aligning the steering wheel and the vehicle
Sos, ; i tfs] g 0o wheels, while enforcing constraints on rack subsystem and

on steering wheel subsystem, and on the misalignment

(a) Vehicle dynamics . .
between vehicle wheels and steering wheel. The controller

I . T has been simulated in closed-loop with a CarSim vehicle
%M' 1 model showing that the desired behavior is achieved. The
= "_LU er\ prop_e_rtie; of the governor have pegn proved, by appropriate
S e e ] modifications of the proofs of existing governors.
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