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@ N-trailer vehicles — highly nonlinear kinematics hard to control
@ Maneuvers by-hand — very difficult, nonintuitive and burdening (dangerous)
@ Control-assistance for agile maneuvers — especially desirable in this case
M. Michatek, M. Kietlczewski (PUT)

[}
Backward docking with N-trailer vehicles

=

Dac

4/21



Vehicle ki ics and control objecti Control i for N-trailer i Experimental results Conclusions

General concept of passive control-assistance

human [human rr}echamcal tractor : q
X interface vehicle

driver action | (steering wheel control (N-trailer)
and pedals)

expected
action

auxiliary loop

passive

assistant
(control law)

HMI

suggested tractor control

control
objectives

‘ol-assistance

@ g = measurable vehicle configuration

@ Assistant suggests control action upon g and control objectives
(human intuition NOT required)

@ Control action performed entirely by a human driver
(passive assistance = steer-by-wire and cruise control systems NOT needed)
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Kinematics of N-trailer vehicle — definitions

yc wF;/ﬁO
%

A i F

F Vehicle configuration vector
a2 B ... By Onanyn]T €RVTE (1)
N e e’

B qN

tractor
(differentially-driven
or car-like cart)

Kinematic control input
up = [wo vo] T €R?  forDDV (2
wo = [wrpvp] €R? forCLV  (3)

trailer 1

DDV = Differentially Driven Vehicle
CLV = Car-Like Vehicle

trailer 2
Y : 4
trailer N b - .
- w,, P3G Assumptions
Uy 2 joint N i
Yy P o . L; >0 VZ:L...,N
gugdtanggsr Ly ~ Lp; >0 Vi=1,...,N (nSNT)
poin
. G
Xy X, > X nSNT = non-Standard N-Trailer

L; —trailer length, L, ; — hitching offset
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Kinematics of N-trailer vehicle — cascaded form

Kinematics of i-th segment

G
Y 91 = Ww;
A .
T; = v; cosb;
tractor yZ = vy sin 91'
(differentially-driven
or car-like cart) 51 =0;_1—0;
w; , v; — virtual inputs of i-th segment
Velocity transformation
trailer 1
Lp; .
. 3 wi| _ |7k cos Bi z; sin Bil| |wiz1
joint - .
w ”‘J‘ vj Ly sin B; cos B3; Vi-1
2 N~~~
trailer 2 PUZ Bt i J;(B;) « invertible for L,; # 0 *i—1
5 Y
Y trailer N b -
@ joint3 . . . .
. N e Velocity propagation along a vehicle chain
N ? joint N
Yy P Oy . 1 N
N < —1
st v wi= [L o5, s =[] ()
> xG Jj=1 Jj=1i
X X,
i=1,...,N
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Control objective formulation (docking task)

Constant reference set-point

G w,,;/ﬁ
K o X F, and = [ONd Tna yna) | (4)

tractor
(differentially-driven
or car-like cart)

Weighted posture/docking error

ew(t) 2 Wel(t), et)= |ex| £qnag—an(t)
Cy

where W = diag{w, 1,1} and w € [0, 1]

trailer 1

Definition (Docking task)

trailer 2 Compute control suggestions in the form of
Yoo 4 . velocities ug (e, 3) and desired steering angle
w, PG Boc(uo(e, B)) which guide the N-th trailer to
On Q) jointN set-point g4 with prescribed accuracy 6 > 0
I o o guaranteeing that
N <
guidang LN N
Boint o Vt>T | ew(t)] <9,
n % where T’ € (0, o) is a control time-horizon.
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control-assistance subsystem

: velocity
I propagation
Controller

o e RRAD)

interface subsystem

human-control subsystem

Conclusions

Boe . i mechanical .
o 2% pvp Heiseal L | human {humanf 5 erface N-trailer
o . indicators: driver |action | (steering wheel | : vehicle
boV - Cly and speed pedal)|
Bo f steering feedback loop | Bo
inner feedback loop

outer feedback loop

@ N-trailer with CLV tractor = control input wo = [wr vr] T

@ Human driver as a feedback controller of steering-angle 8o and governor of driving speed vp
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control-assistance subsystem interface subsystem human-control subsystem
y Y Y
locity H hanical
Ina e & u, signals | B, ) mechanica . Iy
Controller L ] conversion LR v emiial S, human |humss] inerface N-trailer
(VFO) I I,(ﬂ) DDV - CI indicators: driver |action | (steering wheel | vehicle
In iJi P ’ ! and speed pedal)|
B,f steering feedback loop [ 86
B inner feedback loop
outer feedback loop

N -1 ;
o ) T2 J (Bj)e(e) for  |ew]| >4 &(e) 2 |kalOna — ON) +Ona
toe { 0 for Jewl <5 (e) || &l cos
el =y/ez +e3
£ kpey —no || €| cosOng
hy 2 kpey — no || €| sin Oxg cosa £ (hy cosOn + hysinfy)/y/h3 + h2
ko >0, kp € (0,ka), n€(0,kp) ce{-1,41}, ~v€0,1)

M. Michatek, K. Koztowski: Vector-Field-Orientation feedback control method for a differentially driven vehicle. IEEE Trans. Cont. Sys. Techn., 18(1), 2010
M. Michatek: Application of the VFO method to set-point control for the N-trailer vehicle with off-axle hitching, Int. Journal of Control, 85(5), 2012

Ong = Atan2c (o - hy,0 - hg) €R
éNa = (hyhr - hyhr)/(hg + hi)

=] F
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Interface subsystem

control-assistance subsystem interface subsystem human-control subsystem
; locity B hanical
M Outertoon KAl oronesacon | B signals | B ) mechanical . I
R propagation | conversion |70 gy femisual human {humaa| “ineerface N-trailer
H (VFO) I1.J(8) : DDV . CIV indicators! | driver | action [ (steering wheel | i vehicle
N[ il \Pi/ B ' and speed pedal)| i
Bo f steering feedback loop | By
inner feedback loop

outer feedback loop

Signals conversion for backward maneuvers:

/50c(UOc(e,ﬁ))é{ Atan2{=Lownc(s, 8), ~woele, B)) v Two| >

for ocll =
where

wuoc(e, B) = [wo(e, B) wvo(e,B)]T  (control suggestion for DDV kinematics)

Note: Driving velocity vy < 0 can be freely governed by a driver with a speed-pedal
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Experimental testbed — selected details

Laboratory-scale N-trailer vehicle

results C

|
LED marker ‘

ustabi
N lcusabe
(X3
T ‘L"'
trailer 2

(s

P

Selected for experiments: L1,2,3 = 0.229m, Ly,1 2,3 = 0.048m, Ly = 0.17m

Human-Machine Interface (minimalist HMI)

Lot ] [comea] [Somos] [owem] ‘==t

() Active © Passive
— B ——
B1=101.9deg B2=12.4deg B3=-49.2deg |[B|| = 113.8deg @ SetPoint ) DDV Tractor
Fi=47.85deg X=0.304m Y=-0.151m LineUp

[deg] -180

E

e computed

steering angle

steering angle
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(for emulation of CLV tractor)

Only single suggested variable
Boc has to be tracked by a driver

(steering angle Bg. determines motion

curvature; driving velocity is secondary)
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Experimental testbed — implementation scheme

Experimental results

'HS Human-control
H Subsystem

steering feedback loop

Bo l I Bo l
oty signals g | b human| Mechanical | @ signals | 7,
4 i c ! N
{ conversion HMI asta uman interface conversion
: DDV — CLV indicators | driver [ action| (steering wheel CLV - DDV
: Eq. (19) and speed pedal) Eq. (2)
s e s
0c 0
r%\
outer feedback loop ANy external PC vision signal t

S !

i fadio link  Ethernet link

: digital

H A H camera
| Iny 1
+| fusion predictor H
qN velocit i
i y =] . 3
¢ Outer-loop ¢(e) propagation Uy : U, | input o RMP an
: Controller s e scaling hicl - H
L= VO 1 lock vehicle i
Ina ) H, ], (.B/) bloc 1
i t w, i
Hy/g Yenice g t B inner feedback loop T B 1
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Experiment A: U-turn docking with

Selected parameters

ko =2,kp=1,1=08,7v=04,0=-1
w = 0.001, 6 = 0.02

and =0

0.2 T T T T T
ok

y® [m)
3
>

-0.2F L 1
-0.4r 4 1
-0.6 : > 1
-0.8

a(0) xC [m]
i ; ; ‘
-15 -1 -0.5 0 0.5 1 15

q(0) — initial vehicle configuration
q(T) — terminal vehicle configuration

for N-trailer i p results C ions

1-trailer (V = 1)
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e, [ml

e, m
, [m)
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N
¥ m)

=)
T
\[l\
\

x®[m)

-1 -0.5 0 0.5 1 15

q(0) — initial vehicle configuration
q(T) — terminal vehicle configuration
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for N-trailer

perpendicular docking with 2-trailer (IV = 2)

Selected parameters

ke =2,kp=1,71=08v=04,0=-1
w = 0.001, § = 0.02

results C

qna =0
4 2
e, rad]
R 1 e, [m]
e, [ml
o
-2
0 20 40 60
time [s]
1
@, Iradss]
05 s [AMIS]

(et ¢ MNCUINOPEI\ |

0 20 40 60 0 20 40
time [s] time [s]

Backward docking with N-trailer vehicles
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Experiment C: parallel docking with 3-trailer (N = 3)

Selected parameters

ee[rad]
ko =2,kp=1,71=06,7v=04,0=-1 . e, Iml
w = 0.001, § = 0.02 ey [ml
ana =10 0
-1
04— i i i i i 0 20 40 60 ) 20 40 60
£ C time [s] time [s]
Q.
S
0.2
-08
205
q(0) — initial vehicle configuration 0B Ly . A

q(T) — terminal vehicle configuration
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Summary of control-assistant properties

[ Highly scalable control law (arbitrary number of trailers admissible)
@ Outer-loop controller determines the task (modular approach)
@ Implementation and tuning simplicity (ow-cost embedded solution)

@ Minimalist HMI complies perception limitations (single bar-like indicator)
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Summary of control-assistant properties

[ Highly scalable control law (arbitrary number of trailers admissible)
@ Outer-loop controller determines the task (modular approach)
@ Implementation and tuning simplicity (ow-cost embedded solution)

@ Minimalist HMI complies perception limitations (single bar-like indicator)

Thank you for attention
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