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The concept of passive control-assistance
for docking maneuvers with N-trailer vehicles

Maciej Marcin Michalek,Member, IEEE, Marcin Kietczewski

Abstract—We present a concept of passive control-assistancetowing a full-trailer has been presented in [37], [38]; athe
system which can help a human driver in precise maneuvers examples of various kinds of specialized assistance sgstem
with a tractor-trailers vehicle in the task of docking with t he last for tractor-trailer vehicles were addressed e.qg. in [3], [82].

trailer. The novel approach is developed fortruly N-trailer vehi- In contrast to the automatic vehicular quidance svstems
cles comprising a car-like tractor andarbitrary number of on-axle g Yy !

or off-axle hitched trailers. Passivity of the proposed asstance Which completely replace a driver making the vehicle a ribot
system results from the fact that it does not interact direcly system [6], [21], [23], [25], [26], [33], [39], we will conder

with a vehicle, but acts solely as an advisor suggesting caot  the human-in-the-loop (HIL) control concept, where a drive
action to a human operator through a passive human-machine anq an automatic assistant cooperate together to achieve th

interface (HMI). The key role in the concept plays the cascaed A . .
Vector-Field-Orientation (VFO) feedback control law responsible control objectives. In the HIL system a human driver applies

for computation of the efficient control strategy for a driver the control action by using a conventional mechanical fater
based on a feedback from a current vehicle configuration. The and still takes the entire responsibility for the contrabgess
passive assistance system has been functionally comparedthw treating the control assistant only as an advisor. Such an
an alternative active control-assistance proposed in theterature. approach does not rise difficult and still unresolved legal

The paper reports the results of experimental tests condued issues concerning the case where robots and humans share
with a laboratory-scale vehicle, which illustrate efficacyof the 9

cooperation between a driver and a control assistant in theask @ common task space. Control-assistance solutions prdpose

of backward docking with three trailers. in the literature for the N-trailers are mostly focused oa th
Index Terms—N-trailer, feedback control, docking maneuvers, active assistapce cor!cept [22], [30]3 [31], [34], Wherg a tractor
driver-assistance-system, control-assistance, HIL, HMI must be equipped with the expensive steer-by-wire implémen

and the cruise control system. These requirements restrict
practical application of the active methods in commercial
vehicles equipped only with a conventional manual steering
Precise maneuvering with N-trailer vehicles (N-trailersyheel and a speed/acceleration pedal. An alternative and
belongs to non-intuitive, difficult, and burdening taske®¥or cheaper solution is th@assive assistance which is free of
experienced human drivers [5], [19], [38], [41]. Ones of thehe mentioned limitations and can be applied into the N-
hardest motion tasks executed with N-trailers are backwargilers with conventional tractors. Description of wardi
parking maneuvers, where the last trailer must be precis@lsinciples and functional comparison of active and passive
positioned at the desired location (the task of docking witkontrol-assistance systems are provided in Section II-B.
a trailer) [4], [25], [38], [42]. Essential difficulties in ameu-  In this paper we present a passive control-assistancensyste
vering come from specific kinematic properties charadierisfor the task of docking developed fdruly N-trailers com-
for the N-trailers [1], [10], [20], [24], [27], [35]; difficities prising a car-like tractor andrbitrary number of single-axle
substantially increase with a number of trailers attacteed trailers interconnected by on-axle or off-axle rotary jeinA
a tractor. In this paper the problem of precise docking iore of the proposed system is the cascaded Vector-Field-
addressed by application of a control-assistance systéin [10rientation (VFO) feedback control strategy introduced an
which could effectively cooperate with a human driver hedpi formally analyzed in [9], [12], which plays a role of the coit
him/her apply appropriate control actions to smoothly exec assistant. Taking into account naturally limited percaptof
required maneuvers with arbitrary number of trailers. a human driver we will show that control actions computed
So far, parking-assistance systems have been widely pby- the passive assistant can be efficiently suggested to a
posed for the single-body car-like vehicles (see e.g. [B],[ driver by a minimalistic graphical Human-Machine Intedac
[40]), and have become now commercially available [36{HMI). The latter property makes the proposed assistance
Recently, the parking assistance system has been alsosgtpagystem relatively easy to use, enabling successful corplet
for the marine vehicles, see e.g. [16]. However, their ceunt of precise docking maneuvers even for unexperienced driver
parts for the multi-body tractor-trailer vehicles arelsitl a The paper is an extension of our prior conference articlg. [11
phase of laboratory tests, and are usually restricted tahesh
with a strictly limited number of trailers. An example of |- THE CONCEPT OF CONTROtASSISTANCE AND
the control-assistance system devised for a commerciek tru CONTROL OBJECTIVE FORMULATION

A. Model of the N-trailer
Authors are with Chair of Control and Systems Engineeringznan . . . .
University of Technology (PUT), Piotrowo 3a, 60-965 Pazn&oland, e- .We W'II restrict .modellng of the N-trailer solely to the
mail: maciej.michalek@put.poznan.pl kinematic level which corresponds to the so-called speed

|. INTRODUCTION
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steering motion [17]. This simplification is motivated by two yG wm{{Bpj 7777777
practical reasons: 1) precise docking maneuvers are ysuall

executed with small velocities to keep safety and feagjbili
of the task, thus the effects caused by vehicle dynamics
are secondary and often negligible in this case, 2) most

tractor
b e ]
(car-like kinematics) p [ RN

difficulties with docking maneuvers have their origins jirst Y, ______
specific properties of the N-trailer kinematics which im@os ICR,
sophisticated constraints on the vehicle motion. Center of Rotation

Let us consider the N-trailer vehicle comprising a fronteax
driven car-like tractor (segment number zero) and a number o
N trailers interconnected in a chain by the passive rotantgoi
(cf. Fig. 1). We assume that wheel axles of all the traileess ar v,
non-steerable (fixed) and passive (non-actuated). Théotrac
is the only active vehicle segment with the control input

ury = [wro vRo) | € R, 1)

wherewg = 5y is a steering velocity of a front tractor wheel,
andvg is a longitudinal velocity of a middle point of the front y
tractor wheel (Fig. 1). Further, we assume that in the case of " N~!
a conventional vehicle controlled by a human driver stegrin Yy
velocity wrg can be forced by turning a steering wheel, while
velocity vgy can be forced by a pedal. Let us also distinguish

the so-calledtractor-body velocities, wg and vy, which are

related with control input (1) by the well-known relations

1 . :
vg = vro cos By, wo = ——vrosinfo, Bo=wro, (2) _ o . . I
Ly Fig. 1. N-trailer vehicle in a global frame — kinematic sture with definition

. . of configuration variables and control inputs.
where Ly > 0 denotes a tractor length, ariy is a steering

angle of the front tractor wheel (see Fig. 1). Equations (@#) w

be used in subsequent considerations. ~avehicle chaih Motivated by the control objective considered
For the purpose of a motion task definition we distinguisi the sequel — see the formulation in Section I1-C — we select

the last vehicle trailer calling it thguidance segment with 5 hosture of the guidance segmen, = [0y 2y yn|T € R?,

the guidance poinPy = (zx,y~) located at the midpoint of 45 3 part of the N-trailer configuration vector

the wheels axle. The vehicle is characterized by two types of

kinematic parameters (see Fig. 1): trailer lengths> 0 and A {ﬁ} =081 ... By Oy zn yn]T €TV xR®  (3)

hitching offsetsL,; € R, i = 1,..., N, where forL;; # 0 an

one says about the off-axle hitching and fgy; = 0 about the

°”“'?‘X'e one [1], [9]' The offset,n». s treated as positive Whenrical interpretation of configuration variables resultsnfr the

theith hitching point is locatebehind a preceding wheel axle, kinematic scheme presented in Fig. 1). Configuration vector

and negative in the opposite case. From now on we assutg? lets one uniquely determine position and orientation of

that any vehicle segment in a global frame by applying basic

AL Vi,j: Lnu#0 ALp;j #0 = LpLn; > 0. geometrical relationships (see [24]) based upon the scheme
Assumption A1 means that all the non-zero hitching offsepgesented in Fig. 1.

in a vehicle must have a common sign. Although A1 may

seem Iimiting_, most practical construc_tions Of_ N-trgilemisfy B. General concepts of active and passive control-assistance

this assumption. In the paper we will consider in particular . .
two practically meaningful kinematic structures of N-teai !N Figs. 2 and 3 have been presented functional block
vehicles called in the literature as non-Standard N-TraileSchemes of the two alternative — ACTIVE and PASSIVE —

(NSNT) and Generalized-N-Trailers (GNT). The former aréontrol-assistance systems proposed so far in the literéon
equipped solely with off-axle joints, while the latter pess the N-trailers. Both schemes utilize feedback from the emirr

mixed on-axle and off-axle hitches (for classification of Nvehicle configurationy which is assumed to be measurable

trailer structures the reader is referred to [1], [10], [24] ~ (0r can be estimated by using proprioceptive and exteraeept
Configuration of the N-trailer body can be uniquely deteS€Nsory systems). Let us briefly explain and compare the two

mined by +3 variables (cf. [1], [10], [24]) which comprise a CONCEPLs.

posture (position Coordinat%’ Yi and Orientatiom)i) of an ar- 1Alternatively to angless BN one could select here orientation

bitrarily selected vehicle segment (tractor or one of thédrs) anglesd; of all the vehicle 1s7e.§jr.n’en]t\rs, however measuring the joinfesng

and all the joint angleg, ..., Sy which determine ahape of is much easier in practice.

where3 € TV denotes a sub-vector of joint-angles (geomet-
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In the ACTIVE control assistance, applied e.g. in [22], [29]applied in the assistant block, and the form in which control
[34], a human operator is responsible for on-line detertiona suggestions are provided to a human operator.
of a motion strategy for the guidance segment of a vehicle in

order to complete the stated motion task (represented on the human |, [ mechanical - ‘

scheme by the control objective). By the available meclanic operator[—= (sffc‘fﬁifiiicl — ‘(’g};felg

interface a human operator commands suggested velocities z|. [(driver) and pedals)

for the guidance segment to the active assistant block. Upon %2 | q

the current configuratiory (provided through the internal - auxiliary feedback loop y

feedback loop depicted in Fig. 2) the active assistant o@-li i s e

.. . i . '] Machine suggested tractor velocities assistant Sz

transforms commanded velocities into desired velocitas f i nterface (control law) £3
. . . | ) ©5

the tractor, and applies them to the tractor control inpitsce : PASSIVE control-assistance

the assistant block directly affects the vehicle input aordds

a vehicle motion, the assistance scheme is called activerA pFig. 3. Functional block scheme of the PASSIVE controlstssice system.
pose of the HMI subsystem is to provide feedback information

on configurationg in a form suitable for a human operator Table | summarizes essential properties of the ACTIVE
(i.e. by the visual, audio or haptic forms [2], [15], [18])hi& and PASSIVE control-assistance schemes available for the
information allows the operator to modify the motion stegte N-trailers. One can find substantial differences between th
for a guidance segment and keep safety of the maneuvéf& approaches, where the main distinction results from the
Application of the ACTIVE control-assistance system in &Wwap of roles played by the assistant and a human operator in
conventional tractor-trailer vehicle require instabatiof the Particular control schemes.

steer-by-wire and cruise control systems to enable automat

execution of desired tractor velocities. C. Control objective formulation

e ; Let us focus on the PASSIVE control-assistance system
human |, | mechanical | YE8e | [CREERE vacorl | | p: o for the task of docking, which is the main topic of the
‘Zﬁffj‘et?)r action | Stecring whoel | Ehmment e contol | (Naaier paper. We need to formally state the control objective which
t , el foedback should be achieved by the control strategy employed in the

< internal feeaback loop . . .
] . q assistant block. For this purpose we define the output of
contro! . . .
objective vebicle posture HMI vehicle kinematics
visualization H -ﬁﬁ; A .
Interace . y=qnv =Cq, C=[03cy diag{1,1,1}3x3] (4)

ACTIVE control-assistance

being a posture of the guidance segment. The task of docking
Fig. 2. Functional block scheme of the ACTIVE control-assise system. with the last trailer can be formulated by introducing thefix
reference point

In contrast to the above scheme, the PASSIVE control-
assistance system, proposed by the authors for the firstitime
[11], utilizes a conventional way of affecting the tractootion  which determines desired orientatién, and positiongyg =
by using the classical mechanical interface in the form of [y, yna] " of the dock, where the guidance segment should
steering wheel and a speed pedal. In this case, the passigepositioned. By definition of the output error
assistant block in Fig. 3 consists of an appropriately setec

Ya £ qva = [Ona 2na yna] € R® (5)

feedback control law devised for N-trailers. Upon the contr 29 2y oyl .7:1(:91\/(1_—:691\/) € (=, 7] «R? (6)
objective and current configuratiog the passive assistant €~ e”” Yoy = yN d yN mr
y Nd — YN

computes instantaneous suggestions for the tractor vielsci
which should be forced by the human operator in order tith 7 : R — (—m, 7], we introduce the weighted posture
meet the stated motion task (represented on the scheme bydher

control objective). Computed suggestions are then coedert en 2 We, W = diag{w, 1,1}, (7
into the form of expected instantaneous manual/pedalretio ) ) ) _
and are provided to a human operator by the HMI modul@ith weight w < [0,1] which allows selecting a proportion
The auxiliary feedback loop denoted in Fig. 3 helps the hum&gtween particular error components of different unitse Th
operator monitor and, if necessary, correct his/her astipn control objective is to provide for every > 0 suggested
comparing them with suggestions provided by the HMI. Wortfactor-body velocities

stressing that in this case the assistant block does noaatte wos(t) )

directly with a tractor [36], hence all the responsibility o ugs(t) = |:’L)Os(t):| € R ®
motion execution is left to a human operator who may either

respect or discard the assistant suggestions at any tiramtns Which guarantee, when forced (i.e. fop(t) = wos(t) and
This property explains why the assistance system is called(t) = vos(?)), that

passive. Effectiveness of the PASSIVE assistance sche®ik Vi >0 | eu(t)], | B(t)] < oo,

essentially depends on the two components: the control 1®2. 3T'(4,-) € [0,00) : Vt>T | en(t)]| <4,
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4
TABLE |
ESSENTIAL PROPERTIES COMPARISON OF THACTIVE AND PASSIVECONTROL-ASSISTANCE SYSTEMS
[ PROPERTY | ACTIVE control-assistance | PASSIVE control-assistance |
1. Assistant role fulfills suggestions of the human operatprsuggests velocities for the tractar
(inner-loop controller) (outer-loop control strategy)
2. Human operator role suggests velocities for the guidance segmerfulfills suggestions of the assistant
(outer-loop control strategy) (inner-loop controller)
3. Component directly affecting the tractor motion assistant block human operator
4. Installation of steer-by-wire and cruise control systemrequired NOT required
5. Measurement of configuratiof required required
6. HMI implementation required required

whereT' (4, -) is called the docking time-horizon, aid> 0 is  which maps velocities between two neighboring segments wit
a prescribed docking accuracy. matrix .J;(3;) being invertible for anys; if only Ly; # 0.

O1 requires boundedness of all the configuration variables_et us consider the guidance segment in the form (9) fer
during maneuvering with the N-trailer. O2 reflects the expev, with postureqy, and with virtual inputuy = [wy vy] .
tation according to which the weighted output error congsrgAccording to the control objective stated in Section 1I-C we
to the prescribed vicinity of zero in time horizdn(g, -). As a are going to make posture of the guidance segment converge
consequence, objectives O1 and O2 restrict a class of ¢ontwthe reference point (5). Hence, assume there exists some
laws which can be used in the assistant block. In SectioA lll-control function®(e) = [®,,(e) ®,(e)]", devised for unicy-
we propose the cascaded VFO control laws introduced ¢ie kinematics, which fowy = @, (e) andvy = ®,(e)

[9] and [12], which turned out to be especially effective iguarantees that

achieving the objectives O1 and O2. In Section I1I-B we show1 v+ > I e(®)|| < oo,

how the suggested tractor-body velocities (8) can be coedergy I e(;)H ~4 0 with time.

into a single steering suggestion for a human driver of a car-

like tractor with input (1), Having such a control function, the key idea is to force

®(e) on virtual inputu y by appropriate definition of tractor-
I1l. PASSIVE CONTROL-ASSISTANCE FORN-TRAILERS body velocities. Before providing a definition of the dedire
tractor-body velocities resulting from the cascaded adntr

concept introduced in [9], [12], let us first determine the

_ We propose to design the control-assistance block by Uiy of function ®(e). To this purpose we will utilize the
lization of the cascaded VFO control laws introduced for tgieometrically motivated VEO control law which turned out
set-point control task in papers [9] and [12]. Let us recafy pe especially effective in the context of the docking task
origins of the control law and explain the overall cascadgfl,nks 1o the so-calledirecting effect characteristic for motion
VFO control strategy to make further considerations clegg 5 yehicle guided by the VFO controller. The directing effe
enough_. ) .. resembles the parking-to-garage maneuver and it reveas wh
Looking at the multi-body structure presented in Fig. 1, \ephicle approaches a reference position [9]. Equatiotiseof
and assuming the rolling-without-skid motion conditi®risr VFO set-point controller in two versions for the finite-tirfe

all the vehicle wheels, one can treat the N-trailer as a chai§) 5 infinite-time (I-T) convergence can be formulated as
of unicycle-like bodies interconnected by the passivetfin ¢;ows:

Denoting byu,; = [w; v;]T € R? a velocity vector of theth i
vehicle body in the chain one may describe kinematics of the &) — |:(I)w(e):| N [ka(91va —0n) +6na (11)
ith vehicle segment by equation P, (e) p(ex, €y) cosa ’

A. Cascaded VFO control law as the control assistant

0; L0 o where functionp(e,, e,) : R x R — R takes the form
;1 =10 cos#b; {?]—G(Gi)ui, i=0,....,N, (9 ) 1o
i 0 sin6; @ s | (hi+hy) /2 for I-T convergence
i ples,ey) = (2 292 tor BT (12)
T i ez +ey) or F-T convergence
whereq; = [0; z; y;]' denotes the posture, while; and v;
are the angular and longitudinal velocities of tile segment, while
respectively (note: fof = 0 the tractor-body velocitiesy, vy Atan2c(o h. .o h for h2 2
are related with tractor control inputs through equatid).( Oy = { p (C;loyd (;ﬁ ) for hE 4 nd i o (13)
Due to the presence of interconnections between the vehicle JNd r v
bodies any two velocities; andu,_; are not independent. , % for h2+ h§ #0 (14)
According to the basic velocity geometry one can easily find ~'* — 0" for h2+h2=0
the following transformation N P Y
hy = kpeg —noy/e2 + e2 cosOng, 15
—Fiicos 3 £ sin ] [wio P IOy T e 15)
u; =Ji(B)ui = | Fi 7 Lo 7, (10) s 2 1 24
Lpisinf;  cosf; | [Vi-1 hy £ kpey —noy/e2 + €2 sinfya, (16)
2The absence of skid for the wheels of tita segment is equivalent to L ; /12 2
satisfaction of the nonholonomic constraint [24}:sin §; — v; cos §; = 0. cosa (hm cos O + hy st HN)/ h” + hy’ (17)
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with Atan2c(-,-) : R x R — R being a continuous version(20) or (22) fori = 1,..., N to obtain the resultant transfor-
of the four-quadrant function Atar2 -) : R x R — (—m,n] mation which maps desired velocity (18) to the desired tract
(see e.g. [12] and [13]). In the above definitions four desigrody velocity
parameters have been introducéd; k, > 0, n € (0,k,), A
v € (0,1), and decision factor € f—l,+1}. The latter Uoa = Wio...0oWy, (25)
will determine a motion strategy for the guidance segmegwhere fori =1,..., N
(backward ifc = —1 and forward ifc = +1). Discussion off s )
on properties of the VFO control law (11) together with v, ;:{ ‘I’z('m def_med by (21) !f Lni #0,
convergence analysis for posture error (6) in a closed-loop 7" defined by (23) if Ly; = 0.
system with unicycle kinematics can be found in [14] for thas a consequence, equation (25) determines desired instan-
I-T case and in [13] for the F-T case (see also [9] and [12faneous velocities for the tractor body which allow forcing
For our purposes it is enough to recall that control functiogontrol function®(e) on virtual inputuy of the guidance
(11) satisfies G1 and G2. segment.

Now, let us consider how control functio®(e) can be

forced on the virtual input of the guidance segment. Define Remerk 1. Worth n_otlng that (.25) with (11) determines
the desired velocity for thevth trailer as in fact a cascaded interconnection of the outer-loop VFO

control function®(e) — with feedback from output error (6)
ung 2 ®(e). (18) — and the inner-loop velocity transformation being a praduc
of mappings (21) and/or (23) according to the types of joints
Since (10) is valid for any segment velocities, it holdpresent in a vehicle. Detailed explanation of particulartoa

(26)

also for desired velocitiest;q = [wiq via] andu;_14 = components used in the cascaded VFO control law can be
[wi—1q vi—14) T, i.€. found in our prior papers [9], [12], [28].
wig = Ji(Bi)wi_1q, i=1,...,N. (19) Having determined resultant transformation (25) we prepos

to define suggested tractor-body velocities (8) as follows:
To determine the inverse transformation to (19) one should ; a for 5
separately address two cases: cl) whepe # 0 (off-axle wos(t) = {WOS( )] L { toa(t) : lewll > (27)
hitching), and c2) wherd.,; = 0 (on-axle hitching). In case vos(t) O for [lew]| <9
cl) one can formulate the inverse velocity transformatisn avhereé > 0 represents the docking accuracy prescribed by
follows [9] the designer, and,, is the weighted error defined by (7).

ff
ui—1q = U7 (wia, Bi); (20) Remark 2: Let us briefly explain in what extent one may
expect that suggested velocities (27) with definitions (25)

where mapping and (11)-(17) are effective in achieving control objective

O (wig, Bi) 2 T H(Bi)ia (21) ©O1 and O2 stated in Section II-C. The answer results from
“Licos B -1 sin i our prior works which addressed direct application of cointr
= | Lni t Lni "1 uig law (27) into the N-trailer robotic vehicles. In particular

Lisinf;  cosp; achievement of objectives O1 and O2 with usage of (27) for
is always well determined for the off-axle hitching. In cagy the I-T version of the VFO control law was formally proven
one cannot utilize (21) due to singularity of matty(3;). Fol- and verified by simulations in [12] for the robots equipped
lowing work [12] one proposes the alternative transfororati With on-axle hitching. Control law (27) with the F-T version

(being in fact a control function) of the VFO controller was experimentally validated in [12]
) with a standard three-trailer robotic vehicle. Achievemeh
wi—1q = O (wia, Bi, Bid), (22) objectives O1 and O2 for NSNT robots under assumption A1l

was formally addressed and numerically verified in [9], whil
the experimental results obtained with a nS3T robotic \ehic
(A _ A ‘ 5 were reported in [28]. Worth noting that avoiding the jacit&n
QkIZL(?;(iin ﬁf;)-;rwczgs;ﬁ?il , (23) phenomenon in the nSNT and GNT vehicles controlled by law
(27) requires backward motion strategy £ —1) if Ly; >0
wherek; > 0 and¢ € {—1,+1} are the design parameterspr forward motion strategyo(= +1) if Ly; < 0 (see [9]).
whereas

with mapping

‘I’?n(uid, Bi, Bm) £

Bua(wia) 2 Atan2¢(¢ Liwia, Cvia) € R, (24) B. The form of control suggestions for a human operator

. _ _ Velocities (27) cannot be directly forced by a human opera-
and s is a feed-forward term resuling from time-tor becauses, andv, are not the inputs of the car-like tractor.
differentiation of formula (24). The bi-valued factgrhelps To obtain more appropriate control suggestions for a driver

one confine evolution of angle (24) to the appropriate quagt us define the suggested motion curvature for the tractor
rants and avoid in this way the so-called jackknife phe&egment

nomenon in vehicle joints, see [11], [12]. Now, according to
the type of hitching one may iteratively apply transforroat

s (105 (£)) = ‘:2((;) €R, (28)
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which is well determined for any bounded non-zero velocity human driver because steering is a dynamical process influ-
ugs(t) resulting from (27). Curvature (28) is a key quantitenced by the inertia and friction of the steering mechanism.
which should be reproduced accurately enough to guaran&eering dynamics can be approximated by a simple linear
execution of the suggested motion geometry for the N-trailenodel Iwry + bwrg = mpy, wherel andb are, respectively,
According to equations (2) one finds a relation joining ththe effective inertia and effective damping coefficient loé t
motion curvature of a tractor body and the steering angle: entire steering mechanism (perceptible on the driver side)
w 1 whereasmy denotes a torque directly exerted by a human
0 (2) . . .
ko = — = — tan fo. (29) operator on the steering wheel. A human driver, as a steering

L . .
v 0 controller, is a part of the closed-loop system presented in

Sut.)s.ti_tution of (28) to the Ieft—hand side of (29) Ie_ads to Rig. 5, wherefr (Bos, B0, t) represents a reaction of a human
definition of the suggested steering angle for a car-likettra qriver to current values of anglesy, and 3, by applying

a [ Atan2(vroLowos, vrovos) for | wos|| > 0 - some feedback control strategy which minimizes steeringy er
Bos = 0 for || uosl =0 (30) les|. Explicit form of strategy fr is usually unknown in

where AtanZ-,-) : R x R +— (=7, 7], while @ sign of = j-oeecsemaceeceececeoe e : davaanscansaan: :
longitudinal velocityvry applied by a human driver determines | 8. —| human driver | m : 1
proper quadrants for the suggested steering angle. Acwprdi £.(BowBout) & g Pl
to equations (2) and (29) it is clear that the motion cuneatur i B[ L2 %" ’ ' ’

of a car-like tractor depends only on steering angle P
Thus, in the case of docking maneuvers an absolute valu; steering feedback loop 1 e
of longitudinal velocityvgy has a secondary meaning because: S

HIL steering control system

on a kinematic level it essentially determines only a rate of TN I

maneuvers. As a consequence, any VelOCIty preﬂlét) will Fig. 5. Block scheme of the HIL (Human In the Loop) steeringtonl system

n9t be suggested to a humaq oper-ator, and Selec“mfﬂif” where a human driver plays a role of steering controfigi( 8o, 8o, t), while
will be fully left at a human driver disposal. Worth notingree velocity wr is treated as a steering control input to the N-trailer kiatos

that in practice a human driver should force velodity, (t)] (5 denotes the complex operator).

with care taking into account such issues like vehicle dyinam _ . . . .
(neglected by the assistant), a level of his/her drivindlski practice and depends on various factors like skills, expes,

and safety of the maneuvérdereafter we assume thag, and psychophysical state of a driver. However, if the driver

can be almost freely commanded by a pedal (it may be ev&RCtionfr (Fos, fo. t) is effective enough with respect to the
time varying) however its sign should be kept constant, thdynamics of a steering mechanisrone can neglect small

is a human operator during maneuvers can employ only tﬁgnsmnt?state effects and V|rt_uaIIy treat V_EIOCWO as a
non-positive or non-negative velocity of a front wheel: _control signal forced _by the_ driver ar!d applied as a steering
input to the N-trailer kinematics (see Fig. 5). A human opmra

vro(t) © vro(t1)vro(t2) >0, Vip,te € [0, 00). (31) is also responsible for supervision of the maneuveringgssc
which is supported by information on the current vehicle
configurationg provided through the HMI (see the supervision
es(t) = Bos(t) — Bo(t), (32) loop in Fig. 4). Worth stressing that the proposed passive
) o control-assistance system not only does not exclude a human
one can state that achievement of control objectives O1 _%@tor from the loop, but it still leaves the responsibilftyr

02 formulated in Section II-C can be ensured by enforcingfe maneuvers and control decisions on the driver side.
convergence of the steering error (32) to zero.

The proposed control-assistance system has been iledtrat
by the scheme in Fig. 4. From the control-theoretic viewpoin
the system has a multi-loop cascaded structure. Funcljpnaf. Brief comments on the experimental testbed
it consists of three essential subsystems: the contradtassi ~ The experiments have been conducted by utilization of
(fully automated and represented by the control law (2fe 3-trailer articulated vehicle shown in Fig. 6. Thanks to
with definitions (25) and (11)), the human-control subsystethe adjustable hitching offsets the vehicle admits selactif
represented by a human driver equipped with a standajgious kinematic structures — in particular nSNT and GNT
steering wheel and a speed pedal, and the interface sulmsysig N < 3. The control-assistant subsystem was implemented
which enables an interconnection between the assistant gpdthe vehicle board using the DSP floating-point processor
the human operator. According to the scheme, a human drive1S320F28335, and worked with sampling frequency of
works as a steering controller (using the feedback fromeanglyo Hz. The suggested tractor-body velocities (27) were sent
fo) and as a commander of longitudinal velocity (31). Iy a wireless link to a remote human-operator console (éatat
practice, angular velocityr, cannot be directly forced by on a mobile computer outside the vehicle) equipped with a

. i graphical HMI. Suggested steering angle (30) was computed
3It is recommended to select values |ofq(t)| sufficiently small to keep

variability of Bos(t) on the acceptable level (especially for vehicles wittpy the console based on the received velocities (27) and

a large number of trailers) and to avoid substantial exoitabf vehicle
dynamics. 40ften supported by the power steering gear provided in aclehi

Finally, by introducing the steering error

IV. L ABORATORY-SCALE EXPERIMENTS
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human-control subsystem

interface subsystem =
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- veloci ) ) : : mechanical |+ .
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4 controller condition g =»| conversion — . operator N N ‘v .
(VFO) check RN ST HMI | !indicators dri action | (steering wheel | | Uro_| vehicle
qn : H : : ( rlver) and speed pedal) [
(%) Bo 1 steering feedback loop | B
________________________________________ R B

inner feedback loop

outer feedback loop

Fig. 4. Functional scheme of the passive control-assistaystem for N-trailers with utilization of the cascaded VE@ntrol law in a role of the assistant.

adjustable hitching offsets on-board

Farker ; > & seconalier  Fed When the absolute value of steering error (32) exceeds
f = \ a prescribed threshold (selected by the HMI menu). Due to
the limited human perception, this part of the HMI has been
purposefully designed in aiinimalistic fashion in order to
limit the attention level a human must pay for an interaction
with the assistant. Simplification of the HMI was also poksib

tractor

equipped with two brushiess DC motors | § || thanks to the intentional exclusion of longitudinal vetgci

closed in Pl-type velocity-regulation loops

veo(t) from the control suggestions provided for a driver
(see Section IlI-B). To help the operator supervise a vehicl
configuration, visualization of a current vehicle chain haen
provided below the bar indicators. A view from the rear on-
longitudinal velocityvry commanded by a driver. Postugg, board wireless camera allows the operator to monitor safety
of the guidance segment was estimated on-line by the useobthe maneuvers with respect to the docking area visible on
a simple sensory fusion mechanism in a form of the line#le screen.

weighted combination

Fig. 6. The experimental 3-trailer vehicle with adjustablihing offsets.

(33) C. Sdlected results of backward docking

. . _ . The original results presented in paper [11] illustrated ho
whereqy, denotes the estimate computed with sampling timge  control performance depends on a number of trailers

T, = 25ms by an external vision system upon observatiqflesent in a vehicle chain. In this paper we provide selected
of a LED marker mounted on the last trailer, whifer, IS regyits obtained solely for the three-trailer vehiclé & 3)

the posture predicted upon the s_oftwar(_e kinematic model @f oo\, effectiveness of the method for various docking
a vehicle (see [28] for more details). Joint angles were Megsenarios under the same vehicle complexity, and also t@ sho

sured_by the 14-l_3it absolute encoders. Sin_ce a tr_ac;or of g}f’plicability of the concept to a vehicle equipped with naixe
experimental vehicle was a two-wheeled differentialljvein pes of hitching not considered in [11].

cart only mimicking the car-like kinematics, the comman%l-l-he results of three experiments, denoted as A, B, and C,
vro(t) and current steering-wheel angfl(t) were used in 50 hresented for the practically meaningful tasks of stift

(2) to get back the tractor-body velocities (), vo(t) and 46| docking, U-turn docking, and perpendicular dogki
apply them as tractor control inputs. A graphical HMI wag, e tively. Two types of vehicle structures have been se-
implemented on a mobile PC computer and was provided ifioy “namely: the nS3T kinematics with positive hitching
a human driver by the remote operator console. A NUM3Rqes for experiments A and B, and the G3T kinematics with
driver was equipped with a mechanical interface in the fofm @, o & o 1e and single on-axle hitching for experiment @. |

the Logitech steering wheel and a velocity pedal. Additlonﬂ1e considered cases transformation (25) takes the failpwi
implementation details can be found in [11].

gn = widnp + wodny, w1+ ws =1,

« for nS3T kinematics
B. Description of the HMI
. . A Uog = \Il?ﬁ o \Ilgff o \Ilgﬁ
A view of the graphical HMI has been presented in Fig. 7. 5 . .
The main part of the interface is the two-bar indicator which = Ji(B1)J5 " (B2) 5 (B3 )usa,
shows the currently suggested (computed) steering an@)e (3 , tor G3T kinematics
through the upper bar and the current steering amgldy
the bottom bar. A human operator can compare indications wog = P 0 W o @I
on-line to make appropriate corrections of manual steering _ Jfl(ﬁl)Jg_l(ﬁz)‘I’gn(u?,d,33,53d),
(steering error (32) corresponds to a difference of bar$ pos
tions, see Fig. 7). Additionally, the bottom bar highlights with u3; = ®(e) in both cases (cf. (18)).
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Fig. 7. Graphical Human-Machine Interface (HMI) implemahn the laboratory testbed; the view of the docking area Been the on-board rear camera
mounted on the last trailer is provided on the right side.

During all the experiments the F-T version of the VFGngle 5y, was caused by the noise-sensitivity of the VFO
control law was applied (see (12)), and only constant negaticontrol strategy increasing in a small neighborhood of the
velocity vgg was being commanded by a driver (backwarteference position (similar phenomenon occurs in pralctica
motion strategy). The experiments have been conductetiéor maneuvering performed by professional drivers). Worthingpt
reference posturgy, = 0, and using the following common that all the tests were performed by the operator unexpestn
parametersiL; = 0.229m, L;; = 0.048m for i« = 1,2,3 in professional tractor-trailer maneuvers. Successfahpe-
(with exception ofL;3 = 0 for case C), k, = 2, k, = 1, tion of the tasks turned out to be virtually impossible witho
n =10.7,6 = 0.02, w = 0.001, Lo = 0.17m, v = 0.4, and a help of the proposed control-assistance system.

w; = 0.98, we = 0.02 (to improve terminal attenuation of
measurement noises the weights were switched qinte= 1
and we = 0 inside the prescribed vicinity of.08 m around
the reference position). In case C, the inner-loop daia= 20 The results presented in the paper indicate that the passive
has been selected for transformati®3" with the bi-valued control-assistance system can be efficiently utilized tp he
factor taken ag, = o, while the feed-forward tern®s, has human drivers accomplish precise docking maneuvers with
been omitted to simplify an implementatfon N-trailer vehicles. High scalability and modularity of the

The results of three manual backward docking maneuvé}%scaded VFO control IaW, which is the core of the assistant
supported with the proposed control-assistance systera h&lock, let one easily apply the method to N-trailers with
been presented in Fig. 8. Analyzing the plots one ma@rious kinematics and with various number of trailers.riria
find quite smooth and non-oscillatory motion of the guidingractical perspective, the assistance system can be hatptfu
segment in all three successfully accomplished trials wifily for unexperienced drivers who do not possess appitepria
the characteristic directing effect, especially benefiriathe skills involved by the task, but also for professional drs/e
docking task. Worth emphasizing that the approaching ptiasénaking their everyday work easier. Thanks to passivity of
the dock did not require application of any motion planniag f the proposed solution, it can be more easily applicable to
the guidance segment. Both the directing effect and the n&@mmercial vehicles than the active control-assistanstesys
oscillatory (non-zigzag) movement of the guidance segmeioposed in the literature.
result solely from the characteristic properties of the VFO However, some issues still remain to be solved. First,
control law (11) applied in the control assistant (see [84]]. reliable measurements of the vehicle configuration vaegbl
As a consequence, the obtaineatural docking maneuvers is an engineering challenge in the field applications. Sécon
allow avoiding potential collisions with the a priori knownthe control-assistant algorithm could be extended withitgbi
dock boundaries without exploiting any direct boundarie?f the obstacles collision avoidance when docking maneuver
observation nor any specialized collision avoidance efgat Must be performed in a highly cluttered environment. Fipall

More oscillatory terminal behavior of the suggested steprithe HMI interface may require further development in order
to maximally reduce a level of human perception paid for
5G3T kinematics selected in case C corresponds to the vetoatprising  INteraction with the assistant subsystem. In this contixt,
a tractor with a single-axle trailer followed by the so-edlfull-trailer (i.e. seems promising for example to superimpose the supervisory
serial connection of a dolly with a semitrailer). - camera view with the bar indicators to narrow the required
In [12] it was shown that for sufficiently high gaing; omission of . . . . .
view-angle of a driver when interacting with the HMI. In

the feed-forward term in (23) still allows preserving adedfe control e ; '
performance. the authors’ opinion, all the mentioned issues should be

V. CONCLUSIONS
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Fig. 8. Experimental results of three backward docking meees performed with the help of the passive control-emstst system: (A) shifted-parallel

docking with nS3T vehicle, (B) U-turn docking with nS3T vele, and (C) perpendicular docking with G3T vehicle (the kisching is of on-axle type);
initial vehicle configurationg(0) has been highlighted in magenta, the guidance segment kashighlighted in red, while the reference dock highlighied
green has been located at poin;; = 0. The commanded tractor-body velocities; and vg, have been presented in the last column.

carefully addressed, at least in some extent, when comatercj2] A. Balachandran and J. C. Gerdes. Designing steeringdesteer-by-

application of the system is considered.
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