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Abstract— The paper presents a control-assistance system number of trailers) are mainly focused on the active assis-
devised for human drivers of articulated vehicles equippedvith  tance concept [15], [13], [10]. In this approach the tractor
arbitrary number of trailers mounted in the off-axle manner. must be equipped with the steer-by-wire implement and the

The proposed assistance system fmassive, which means that it . . .
does not interact directly with a vehicle, but it only suggets  CrUiSe control system, which make the concept expensive and

control action to a human operator solely by a (passive) huma  lead to legal problems in case of commercial applications.
machine interface (HMI). In contrast to the active assistance Mentioned consequences motivated research in the dinectio
systems proposed for N-trailers in the literature, the passe  of passive control-assistance which can be applied intdlthe
assistant does not require installation in a vehicle any hig- g 4jiers with conventional tractors equipped with the menu

end actuation subsystems likesteer-by-wire or cruise control. hanical steeri d leration/ d pedal. E |
The concept presented in the paper utilizes the cascaded VFO mechanical steering and acceleration/speed pedal. Ekamp

control law as a control-assistance function and the HMIwih a  Of the passive parking assistants can be found in [9] for a
simple and intuitive graphical interface, which allows a diver  single-body car and in [2] for a car-single-trailer vehicle

to focus an attention onIy on a single bar-like indicator. Tre In this paper we propose a passive control-assistance
system has been devised for N-trailer vehicles with a tractoof system which can be applied into N-trailers comprising of

differentially-driven or car-like kinematics. Effective ness of the diff tiallv-dri like tract d arbit
assistance system has been illustrated by experimental dts imerenually-ariven or car-lixe tractor and arbitraryum-

obtained with a laboratory-scale vehicle. ber of trailers interconnected by passive rotary jointse Th
concept utilizes the cascaded Vector-Field-Orientatidfd)
|. INTRODUCTION feedback control strategy [6] which plays a role of a control

Maneuvering with the tractor-trailers vehicles (N-tregle  assistant. Due to utilization of the VFO controller, whicnc
is an extremely difficult task for a human operator. Due témoothly guide a last vehicle segment toward desired loca-
specific properties of the N-trailer kinematics [1], the than tion [4], any planning stage of the transient trajectorfiida
made maneuvers performed even by experienced drivaret required. Control actions computed by the assistant are
are very burdening, non-intuitive and, in a consequenceyggested to the driver by a very simple graphical human-
dangerous. Difficulties increase (in a nonlinear fashioithw machine interface (HMI), which allows a human focus an
a number of trailers attached to a tractor. One of the mosttention only on a single indicator during the whole pagkin
hard motion tasks for N-trailers are the backward parkingrocess. This property makes the assistance systemvetuiti
maneuvers, where the last vehicle segment should be pogipd easy to use allowing even unexperienced driver to
tioned at the desired location (the docking task) [18]. Weuccessfully perform a docking task with the N-trailer. The
consider the problem how to make this hard task simpleoncept will be described assuming the non-Standard N-
by application of a control-assistance system which coul@railer (n\SNT) kinematics of a vehicle where all the trasler
effectively cooperate with a human driver [8] (in contras@re hitched with the non-zero hitching offsets (called dffe
to the fully-autonomous control systems which completelgxle hitching). To the authors best knowledge, the passive
replace a driver making a vehicle a robotic system [12]gssistance system for truly N-trailers has not been prapose
[11], [3]). For a single-body vehicles (commercial carsyn the literature.
such assistance systems have been widely proposed and ar?I
now commercially available (see the practical review [16]) '
However, for the multi-body vehicles the control-assistan
systems for parking tasks are still under development. An A general concept of the passive control-assistance can
example of the assistance system tested in a commerdid explained by the block diagram presented in Fig. 1. We
truck with a limited number of trailers can be found in [17];assume that in the system a human driver has an ability
another kind of an assistance system, restricted howewgr oo affect a vehicle through the conventional interface i@ th
to synchronization of a truck-trailer motion, can be foundorm of a steering wheel and a speed pedal. Further, assume
in [14]. Available solutions of control-assistance syssemthat the current vehicle configuration, represented byorect
devised for N-trailers (especially those which admit agsit g, can be measured and it is available at the input of the

control assistant block. This block computes the current
This work was supported by the statutory grant No. 93/194/53MK. control input (upon an appropriately selected control law)
The authors are with Chair of Control and Systems Engingefmznan . . . .
which should be applied to the vehicle in order to meet
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property of the above concept results from the fact that the

assistance block doe$ _n.Ot interac_t directly With a vehiclgig. 2. N-trailer vehicle in a global frame with definitions @nfiguration
[16] — all the responsibility of motion execution is left to variables and control inputs

a human driver, who may respect the assistant suggestion

or not. This property makes the control-assistance systemV %C'ty of the front wheel, respectively (front-wheekdm

passive solution cart, cf. Fig. 2). Correspondence between inpugsand wyg
Now, let us formulate some prerequisites which fix OuFesults from the well known kinematic relationships:
attention more precisely on the problem under considaratio
The N-trailer vehicle has been presented in Fig. 2. It césisis
of a tractor segment (numbered by zero index) and a numbghere L, > 0 denotes the length of the car-like tractor, and
of N trailers interconnected by the passive rotary jointssy = gin , ca = cosa.
The last trailer is a guiding segment (with the guidance Having defined the configuration and control variables of
point P = (xn,yn)) for which the docking task will be the N-trailer we can precisely formulate the control ohijet
formulated. Kinematic parameters of the N-trailer areildra e are interested in (the docking task) which should be
lengthsZ; > 0 and hitching offsetd.;,; € R, whereL; 0  provided to the control assistant block in Fig. 1. lggf; =

for the off-axle hitching type and,; = 0 for the on-axle one 9, 2n4 ynq]T denote the constant reference posture for
[1], [4]. From now on we assume the special case of NSNthe guiding segment, and let

1 .
vo = vFrChy, wo = L_OstﬂO’ Bo = wr, 2

vehicle whereL;; > 0 for all « = 1,..., N (every trailer
is hitchedbehind a preceding wheel axle). Configuration of A €6 N
the vehicle can be represented by the vector: ew(t) = Well), e(t)= le:| Zgqna—an(t) (3)
€y
B
q= [qN] =[B1 ... By On xn yn]', (1) be the weighted posture error, wheW& 2 diag{w, 1,1}

N o ) ) andw € [0,1]. The control objective is to compute a control
where3 € T is the joint-angle vector, andy € S X R*  jnpyt uy = (e, ) which guides the last trailer posture

denotes the posture of the guidance segment. The tractorgs toward the reference poingxg with some prescribed
the only active segment of a vehicle. It can be considergdecisions > 0 in the sense:

as a differentially-driven (DDV) or a car-like (CLV) vehil
In the former case, the control input is defined &g 2 Vt>T [ew(t)] <6, (4)
[wo vo] T € R? with components interpreted as the angulafparer ¢ (0, )

and longitudinal velocities of the tractor, respectivelly. ¢ ha above objective in terms of input, does not diminish

. . A

the IatteTr Casf' Fhe control input can be definedugs= . its generality, since the corresponding car-like infayt can
lwr vr] € R® with components understood as the steeringe jnferred from relations (2) — see [7] and Section I1I-B.
rate of the front wheelKy), wr = B9, and the longitudinal

is the docking time-horizon. Formulation

I1l. PASSIVE CONTROL-ASSISTANCE FORN-TRAILERS
1By the (optional) auxiliary loop depicted in Fig. 1 the HMI ynae

augmented with an additional control authority in order tonpensate for The p_asswe_ control-assistance system will be described
the delay and inertia of the human driver dynamics. sequentially. First, a control law chosen for a role of a oaint



assistant will be shortly recalled and its selection for thé3) to zero when it is directly applied into virtual inputy of
nSNT vehicles will be justified. Second, utilization of thethe unicycle-like guiding segment. It is almost immedigatel
control assistant in the overall passive assistance sysifm clear that, by takings := u.(e, 3) and using (7) for =

be explained for the case where a tractor of the N-traileW, one obtaina:y = ®(e), which allows satisfaction of the
has got car-like kinematics. The role and working princpleasymptotic-convergence postulate mentioned above (3ee [4
of the HMI interconnecting the assistant subsystem with thidote that (10) has a form of the cascaded control law, where
human-control subsystem will be clarified. the outer-loop controller is determined by functidn(e),

and the inner feedback loop is represented by the velocity
inverse-propagation formula.

For the purpose of a control assistant we have selectednow, let us explicitly define the outer-loop control functio

the cascaded VFO control law formulated for the set-poing ), which results from the geometrically-motivated VFO
control task in [4] — we briefly recall and explain thegtategy (cf. [4], [6] and [5])

fundamental relations below. For our purposes let us treat

A. Cascaded VFO control law as the control assistant

any ith segment of the N-trailer vehicle as the unicycle ®(e) = {(I%J(e)] a [ka(GNa —0ON) + Ong (11)
(i=0,1,...,N) P, (e) | e[l ca ’

0, 1 0 . RN

il =10 cb;fu;, w2 k)}z] ) with [ ef| = y/ez + ¢ and

gl L0 Ona 2 Atan2¢(o - hy, o - hy) € R, (12)
with velocity vectoru; < R2, which can be.treated as the Ona = (hyhy — hyhy)/(h2 + hi)’ (13)
virtual control input of theith segment. It is not hard to hoA L 5l ch 14
find that velocities of any two interconnected segments are " pex =10 || €l Ona, (14)
related through transformation hy = kpey —no || €| S, (15)

—Lnics, LgB] [wi ca 2 (haCOn + hySOn)/+/h2 + h2 (16)
T A. ) o T, i T,;°Mi i—1 zWUN yUN x Y
ui = Ji(Bo)ui1 = [ LpisBi ¢ ] [%‘—1] - ®

) _ ) ) ) .. where Atan2¢-, ) : R x R — R is a continuous version of
which can be applied along a vehicle kinematic chain yieldg, four-quadrant function Atar2 ) : R x R — [—, )

ing the velocity propagation formula In definitions (11)-(15) we have introduced four design
L parametersk,,k, > 0, n € (0,k,), v € [0,1), and
u; = HJj (Bj)uo, i=1,...,N. (7)  decision factors € {—1,+1} which determines a motion
j=i strategy (forward/backward) for the guiding segment — for

The above equation exp|ains how inpmo of the backward maneuvers one should take= —1. Selection

differentially-driven tractor affects velocities of thith vehi- of the VFO controller is justified by the beneficial and
cle segment. In case of nSNT vehicles, where all the hitchirigtuitive transient behavior which it guarantees (with the

offsets L,; # 0, one can formulate the inverse velocitySo-calleddirecting effect yielding the non-oscillatory and
transformation monotonous terminal approaching to a reference posture),

_Lig Lgp, _ and by simple implementation and tuning of the controller.

Wi = Jl__l(ﬁi)ui - [ LLM L Z} [wl] ,  (8) Interpretation of the VFO equations, detailed comments on
P cfi | Lvi the controller parametric synthesis, and analysis of tirg-jo

which can be applied along a vehicle kinematic chain yieldangles behavior in the closed-loop system can be found in

ing the velocity inverse-propagation formula [6], [4], [5]. To avoid unnecessary repetitions of our prior
N works let us restrict further comments on application of
;g = HJJfl(ﬂj)uN, i=1,...,N. (9) the above strategy to the corollary which summarizes the
=i closed-loop system behavior comprised of the nSNT vehicle

_ N 1 with a differentially-driven tractor and with the contraolgut
Eq. (9) fori = 1 takes the formuy = Hj:1 J;(Bj)un.  determined by (10)-(11).
The latter equation may suggests how to design the traCtorCoroIIary 1: Let us assume thak,; > 0 for all i —
input w in order to force a desired virtual inputy on  n (nSNT vehicle with every hitching point located
the last trailer (guidance segment). Using this suggestien pening 5 wheel-axle of a preceding vehicle segment). Then,
propose to define the control input as follows application of the cascaded VFO controller (10)-(11) with
. IZ_VI ) o = —1 (backward parking maneuvers) such that
uOc(ea/G) = J; (Bj)é(e)a (10)
= o { wole.B) when fleu|>6 o

. . 0 when |ley| <0
where index 'c’ denotes the term 'computed’ according to the lewll <

above strategy. We postulate thBte) = [®,,(e) ®,(e)]" € guarantees thaf 3(t)|| and a norm of error (3) remain
R? is some feedback control function (defined explicitly inbounded for alt > 0, and the objective (4) is satisfied with
the sequel) which guarantees convergence of the postare erf’ = T'(9).



Obviously, we are not interested here in the direct apshould not involve reversing of the tractor motion. Notettha
plication of the presented control law into a vehicle (weaccording to this assumptiofiy. will belong to the first
do not consider autonomous parking). Instead, the controt fourth quadrant ifvg. < 0, and to the second or third
action, being permanently computed in the control-assigta quadrant ifuvg. > 02. Note that in the latter case (and for
block upon definition (17), should be suggested to a driver iy =~ Sy.) the longitudinal velocityyy, becomes positive (see
some acceptable manner by taking into account perceptitime first equation in (2)), thus its sign remains compatible
limitations of a human operator. In this context, we proposwith the control-assistant suggestion. Summarizing, wee ha
in the next section an interface interconnecting the controgot only a single variables,. which should be suggested
assistance block with a human-control subsystem. to a driver during parking maneuvers. Hence, the HMI may

) be limited only to a single indicator devoted to the steering

B. Interface between the control-assistance and human-  \yheel angle determined by (20), leaving realization of the
control subsystems for N-trailers with a car-like tractor instantaneous velocity; as a free driver disposal. The above

To the design purposes we assume that a driver has gaincept seems to be practically reasonable when considerin
at his/her disposal two (human) control-actions: change q@erception limitations of an average human driver.
the steering-wheel anglg, and selection (by a pedal) of The scheme of the overall proposed passive control-
the longitudinal velocityvr of a front tractor wheel. Let assistance system has been illustrated in Fig. 3. The acerf
us consider a way in which the control inpuj.(e,3), described above consists of the conversion block (denoted
computed and suggested by the assistant, can be effectivbly conversion symbol DDV CLV in Fig. 3) and the HMI

reproduced by the driver. interface which is responsible for on-line indication o&th
At any time instant, the control assistant provides theuggested steering anglg. and the current steering anglg
two-dimensional vector of control actiongag.(e,3) = (the latter in order to provide a feedback from efficiency of

[woe(e, B) voc(e,B)]T. According to the control objective a human action). Description of the HMI design is included
stated in Section Il, the most important issue is to track the Section IV-B.
instantaneous 'computed’ motion curvature of a traetgr

which directly results from the computed control vector V. LABORATORY-SCALE EXPERIMENTS
A. Experimental testbed
kele.B) = 1@B) o ag A Do | |
voc(e, B) The passive control-assistance system has been imple-

Thus, following the instantaneous curvature determined byented on the laboratorfigMP-Assistant testbed according
(18) guarantees reproduction of the suggested motion geoff-the block scheme shown in Fig. 4. On the scheme, one
etry and, in a consequence, realization of the docking taskay distinguish two physically separated subsystems: the
Note that in case of parking maneuvers the longitudinalgpeehicle subsystem (VS) and the human-control subsystem
of motion realization has a secondary meaning. Moreover, (HS). VS consists of the 3-trailer (laboratory-scaRyIP
should be freely regulated by a human operator accordighicle (presented in Fig. 5), the control-assistant, ded t
to the personal preferences and driving skills. Due to thauxiliary blocks used for vehicle localization improverten
mentioned reasons we will exclude the longitudinal speeand for on-line input scaling purposes (the latter in order
suggestions from the HMI in order to not burden a driveto limit the inputs to the admissible levels resulting from
unneccessarily. maximal admissible velocityw,, max Of the tractor wheels,
Recalling (2) one finds simple relation joining the curvasee [6].). Joint angles of theMP vehicle are measured by
ture of the tractor body and the steering angle of a frorfhe 14-bit absolute encoders. Localization of the guidance

wheel: segment has been computed as a linear weighted combination
o= 0@ itanﬁo. (19) (cf. Fig. 4) v = w1gny + w2gn, With the user-selectable
Vo Lo weights satisfyingv; +w2 = 1. All the computational blocks

By substitution of (18) into the left-hand side of (19) ondn the VS have been implemented on the DSP on-board
can propose a definition of the ‘computed’ (and suggeste§pntroller (processor TMS320F28335) and have been exe-

angle of a steering wheel of a car-like tractor in the fornfuted with a sampling timé;, = 0.01s. The human-control
(alternative definitions can be found in [7]) subsystem consists of a human operator with a mechanical

interface (Logitech steering wheel with pedals), a HMI gane
Boe g{ Atan2(v Lowoe, v voe) - for | uge| > 0 , (20) and two conversion blocks (denoted by DBACLV and
0 for [l woc|| = 0 CLV—DDV). Transformation block denoted by CLYDDV
has been introduced because the real tractG\i® vehicle

depends on a sign of the speed selected by a driver througﬂS _th_e umcycle-_llke kmematlcs, Wh”.e we want to make
a pedal. Coefficient determines the quadrant of the desired” MiMIC Fhe car-like behavior according to the equations
steering angle. From now on we assume that the speed provided in (2).
forced by a driver is always non-positive. This assumption,_ , _

Positive velocity vo. may temporarily be suggested by the control

(I_eadlng tov = —1) comes solely from pragmatic reasons ggistant when substantial reconfiguration maneuvers ehile chain are
since the smooth human-acceptable backward maneuvessuired during a docking process.

where AtanZ-,-) : R x R — [-m,7), andv £ sgnvr)
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Fig. 5. 3-trailerRMP vehicle with adjustable hitching offsets and with a diffetally-driven tractor

VS and HS have been interconnected by an external H@eraction, where the only two red parallel graphical bars
station which plays (together with an external digital ceape indicate the computed steering anglg, and the current
a role of the exteroceptive vehicle localization systersal  steering angles,, respectively (the latter directly related
detection is based on a LED marker situated on the guidirtg the position of a steering-wheel). A driver must track a
segment, see Fig. 5). Besides, the PC computer is respensitdlue of 5.9 by observing the bars on a HMI screen and
for intercommunication between the two subsystems (by th®y manipulating the steering wheel. Longitudinal velocity

radio and Ethernet links). vrp (commanded by a pedal) can be set arbitrarily by a
o o driver; it can be even time-varying (usually small values of
B. Description of the human-machine interface the speed are recommended to keep variability3gf on

The graphical human-machine interface used on the ef1€ acceptable level — it depends on the personal perceptual
perimental testbed has been illustrated in Fig. 6. It has be&10toric properties of a driver). The small square-indicato
designed under assumption of the minimal human-machifearked asGoal reached, signals completion of a parking
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task when it is highlighted in green. proposed solution seem to deserve an attention. Firsthwort
to mention high scalability of the control assistant altori,
where a number of trailers attached to a vehicle influences
Three experimental tests of manual backward parkingnly a number of matrix multiplications in equation (10).
maneuvers have been conducted with a help of the contr®econd, simplicity of the cascaded VFO control law imple-
assistant for different numbers of trailers attached to thementation and tuning [6] allows it to be embedded into a low-
tractor of RMP vehicle: experiment A for a single trailer, cost on-board processing unit. Third, the human-machine
B for two trailers, and experiment C for three trailers.interface proposed is simple and intuitive enabling a drive
For particular vehicle segments kinematic parameters wete successfully accomplish difficult maneuvers by focusing
selected as followsL, = 0.17m, L, = 0.229m and attention only on a single bar-like indicator.
Lp; =0.048m, ¢ = 1,2, 3. In all cases the control objective  There still remain some important open problems which
was to dock the last trailer at reference postgkg; := 0.  should be treated like consideration of mechanical liruitet
Following common parameters of the control assistant haveposed on vehicle joints and on a steering angle usually
been selected:, =2, k, =1,y=0.4,0 = —1,w =0.001, present in car-like tractors, and elaboration of the lowtco
0 = 0.02, wymax = 8rad/s,w; = 0.98, we = 0.02 (in  (but reliable) measurement method for the joint angles whic
order to enhance terminal attenuation of the measuremembuld be more suitable in the case of full-scale articulated
noise level the weights were switched intga = 1 and vehicles. Applicability extension of the proposed scheme i
ws = 0 in the vicinity of 0.08 m near the reference position). N-trailer vehicles with the mixed off-axle and on-axle hi¢cl
Values of parameter; have been equal t6.8, 0.8, and trailers will be a topic of the authors’ near-future works.
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Fig. 7. The results ofJ-turn docking (A), perpendicular docking (B), and parallel docking (C); by g(0) and g(T") the initial and terminal vehicle
configurations have been denoted, respectively
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Fig. 8. Time plots of selected signals for experiments A, BJ &, respectively (velocitiesps andvgs are the components of scaled vehicle control-
input ups denoted in Fig. 4)
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