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Abstract— Over the last years a number of different vehicle Extreme maneuvers are typically applied when a collision is
controllers has been proposed for tracking planned paths almost inevitable so that the requirements on the tracking
or trajectories. Most of previously published works do not  nerformance in those situations are especially high since a

compare their results with other approaches or limit the hi ibl | ided when the deviation is t
comparison to a few scenarios. Unfortunately, comparisons with - ¢'@S" 1S POSSIDly no fonger avoided when the deviation 1S 0o

existing controller concepts are very rare and a ranking is hard  large.

to establish from the literature. In this work, we rigorously Many trajectory tracking approaches apply input/output
compare inversion-based trajectory tracking controllers by  (1/O) linearization [9]. Early results [12] used linear etir
systematically exploring the set of possible solutions when ,q4eis put approaches with more realistic, nonlinear tire
disturbances vary over time and initial states and parameters ' . '

are uncertain. By using Monte-Carlo simulation, we determine models a_re known [24]' The ”aCk'”Q error gan be exp.ressed
the average performance and by using rapidly exploring ran- in earth-fixed coordinates [21] or trajectory-fixed cooedes

dom trees, we determine the worst-case performance, which [24] and may be compensated by an inversion-based non-
is especially important in emergency situations when avoiding linear mapping of a linear feedback-controller. A subset of
a crash is essential. The tested scenarios and the applied {,o input/output linearizable systems is full-state lizgble,

methodologies are documented in detail so that they serve as . ) -
benchmark problems for other control concepts. The results which are known aglat systems [6], possessing the beneficial

show that the controller with smaller relative degree performs ~Property of a possible static mapping from the desired ¢raje
better with respect to the worst-case deviation computed by tory to the full vehicle state and input vector [8]. Whethdsth

rapidly exploring random trees, while conventional simulations  property may be achieved depends on the vehicle modeling
of random scenarios would not reveal any difference. assumptions and the available control inputs. For example,
. INTRODUCTION individual wheel steering [14], differential breaking aft-

Recent advancements of safety systems in road vehicl%@d right wheels [1] as well as differential breaking of ron

have shown that collision avoidance will be the dominan nd rear wheels [17] may lead to flat systems. Alternatively,

future technology for safer vehicles. A major advantage c1 e system description may be simplified, e.g., neglectieg t

collision avoidance systems is that they require only a fev?ngltudmal dynamics [2], [23] or focusing only on veldes

lightweight parts, such as environment sensors and cora_?d neglecting the vehicle position [7]. It is also knawn

puter hardware, whereas passive safety systems significan a:j tr? Z.(T.;Ots'd(;'st"p assg?pt':)lp of t{'ﬂ kinematic r:/ ehl;:le
increase the vehicle mass while still causing injuries o odel facilitates flatness [20]. Alternative approaches fo

fatalities. path/trajectory tracking are Lyapunov-based control glesi

We consider collision avoidance systems which fully takJ:S]’ [19] and sliding m(_)de controllers_ [18]. .
over the vehicle control in emergency situations. This is All_previously mentioned works in the literature h?“’e
typically realized by a two-stage approach, consisting of i) common that. they have never been evaluated using a
path/trajectory planning phase and a path/trajectoryinac set of standardized tests. To the best knowledgg of the
phase. An alternative are reactive approaches, which do 0 thqrs no such benchma_lrk tests have been published for
plan ahead [13]. Due to their simplicity, reactive apprazch tracking controllers of vehicles. Benchmark problems have

are popular with indoor robots, but are not suitable for roaaccelerated research in many areas, such as artificidi-intel

vehicles since it is hard to ensure all constraints on thec € (RoboCup Federation), SAT-Solvers (SATLIB library)

motion when the plan has no look-ahead horizon. computer-vison (e.g. KITTI Vision Benchmark Suite), and
In this work, we focus on trajectory tracking and assumBOWErs systems (IEEE benchmark problems), to name only

. . : : few.
that an evasive trajectory is already planned as described? S . . .
e.g. [10]. There exist good solutions for trajectory tracki ;- he chontrllt()l;tlon OI;/TS_WOJK |sttwoi1;(_)Id. Flrstt, vI\I/e prgf((t)se
when the vehicle is not operated at its physical limits a8 Penchmark for pathitrajectory tracking controliers 0

demonstrated by fully automated vehicles at the DARPXehiCIeS' Besides the benchmark itself, We propose several
Urban Challenge [5]. However, designing a controller tha@erformance measures that quickly highlight the strengths

operates the vehicle at its physical limits is an open prable and weakngsses of.the controllgr. Among. them is a worst-

case deviation obtained by rapidly exploring random trees
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benchmarks. All details of the benchmark problems areectors of the front and rear axl&y ¢ and Fxy, measured
fully available for downloadl Based on future feedback, in the vehicle-fixed coordinate system, a moment balance
we plan to continuously improve and include new proposegields the following functionfy, and the velocity vector of
benchmarks. Besides the description of the benchmarks, We pointP is selected as the outphy:

also provide the MATLAB code which makes it possible

to simulate all the benchmark problems for any type of WCC = (Fyi+Fer)/m+\CCw
controller, enabling other researchers to compare thsirdtse . \-,ée iy o VKG

: . R fa: yo = (R +FRu)/m=—v;"w
with the ones published in this work. @ = (1Rt —IFy)/d

The paper is organized as follows. In Sec. Il, we present N (1)

the vehicle quel used for the comparison. Based on this ha(xg) = (vf{) _ ( \C6 )

model, we derive the controllers from [24] and [7] for the vy We+Aw

comparison. This is done in a two-stage process: First, the

F:ontrollers for_ tracking ad.esired velocity \_/ector ared®l  gince we aim at controlling the vehicle at its physical

in Sec. Ill, which are used in Sec. IV to derive the contraller|imts 4 nonlinear tire model that reflects the saturatién o

for position track_ing. In Sec. V, thgframeWQFK for comparin forces at higher slip values is indispensable. Furthermore

_both controllers is introduced, which is suitable for COMPA for combined breaking and evasion, the interdependence

ing other controllers, too. The results of the comparis@ ary |ongjtudinal, lateral and normal tire forces has to be

discussed in Sec. VI, followed by the conclusion in Sec. Vllognsidered. For that reason, we use a tire model proposed by

Il. VEHICLE MODEL Orend [14], which is explicitly invertible. Exemplary fohe

. . . . . ._combined front wheel, the following quantities influence th
.We mv_estlgat_e the vgh|cle trajectory t.rackmg behav'OFesulting tire force: The slip vect@F is given in vehicle-

without differential breaking, therefore a bicycle modeé¢ fixed coordinates as the normalizeyd difference between the

E)igéclr?iei\slestlr?zi;t:i?ﬁ; tlt())odkezﬁreigz g‘;ﬁ?}{gﬁgcz t-rrz;}gcii?; I§elocity of the vehicle body at the center of the front wheel
y WF = MECA\EC + 15 w]™ and the velocity of the tire patch
— [xD D T i _ _ i D yD xy X 07y
T(t) *F[X (?’Yﬂ(]t)]t of deilrfd XI a.':d ngo;mon? ’:(h relative to the vehicle bodR(6)[rwr,0]T, where ws is the
(sge '9. ): € tangential velocity (t) is v(t), the rotational velocity of the wheel andthe wheel radius (see
orientation of the velocity vector i8(t).

. : 2)). We limit the analysis to the case of breaking, implying
X'lrhewt;]lc?/clle n:sjdlel Cror?ﬁmzis ;/vrr:eels tOf ttrk:e ILON arr:td rreel at ||v§’(\{,':|| > |rw|. The scalar tire force model is similar
a e,.t CeGer\/ ad r ? ?[h E]f stahcesl (t) € the CT £ %o Pacejka’s [15] approach with the constaBtandC. The
?hravui . ) Ie Ien(_ieb € rond \;\;1 ee sleerlfn?hang T]_ ?/ vector iy is unit-less and describes the fraction of the normal
he rotational velocity byw, an € angie of the VENIC'E- ¢, e utilized as tire force in andy direction. The equations
fixed coordinate system relative to the earth-fixed cootdina . )
. of the tire model are:

system[ex,ey] by ¢. The velocity vectors at the center of
gravity and the look-ahead point P are given in vehicle-fixed

. . . N\ _ (cog) —sin() I
coordmatgs. Using the 'rotat|o.n matii ). = (Sm(_) cos) ) . Sey = V\){\)//F_R(a) Of / V\Q{/FH
the velocity of the point P in earth-fixed coordinates is
[XPvYP}T = R(‘P)Vﬁy, V)?y: [V?,VS]T. Sxy . @
Basically there are two common formulations to de- “XY(SW):_HSW” -sin(Carctar(B/ko- [|syl)))

scribe the planar motion of the vehicle. One can either
use the absolute velocity of the center of gravify®, and

the slip-anglef, or the vehicle-fixed velocity components . .
[V;:qv)ge] used herein, whergC — ||[V§GaV$G]|| and B — The tire forces_ for the rear axle are calculated accordingly
arctar{i ® /). We further introduce the partial state vectorVith & =0. As in [22], the tire normal force can be modeled

— VEB\EG T of velocity variables. Using the tire force upder the assumption Qf an equmbrlu.m of moments for zero
Xa =W pitch angle and the heiglft of the CG:

ny,f = ny(S(y,f) *Ho- Fz,f

Lhttp:/ivehiclecontrol.it.cx/ttb

Ir — ey
r +h(px s — txr)

F t =mg: P (3

A second part of the model concerning the positions is
required to describe the trajectory tracking dynamics. The
partial state vectox, = [XP,YP ]T of position variables is
defined with respect to the earth-fixed coordinate® @ind

the vehicle orientationy. The outputhy, of the position level
system is defined as the tracking erggy in trajectory-fixed
coordinates with vector components in path tangemtaid

Fig. 1.  Bicycle model path normaln directions. The corresponding state equation




fp uses the output of the velocity level systég= vf(’y: control input can be used to acquire a desired change in
lateral velocity of the reference positidnﬁ;, which is a

xP eneralized version of (8):
‘. (Yp> = R, . ® N
Vo= (@  e2=hu _J+)\Ifm<hd72+m.) Fur +55w
B B XP XD(t) (10)
p(Xp: 1) = &n = R(=6(1)) <YP> B <YD(t) Similar control concepts are applied in [16], [24].

It is well-known from the literature that (1) and (4) areB. Rear decoupling point

input/output linearizable, i.e., one can transform theesys Similar to the independence of the front decoupling-
such that the input-output behavior from input ved®rw]  point acceleration from the rear wheel forces, a position on
to output vectohy, is linear. Depending on the choice of thethe vehicle x-axis must exist, where the change in lateral
look-ahead distancd, one obtains input/output lineariza- yelocity is independent from the front wheel force. In [7]
tions of different relative degréewith respect to the output this knowledge is applied to show the flatness of a nonlinear
hg. In order to describe the input/output linearization in tWayjcycle system equivalent to (1). Choosiig= ~J/(1¢m),
steps, we first obtain such a linearization for (1) in Sec. llthe outputh, has a relative degree of two, if one assumes
and then for (4) in Sec. IV. the rear lateral tire force to be independent from all inputs
IIl. VELOCITY CONTROL For the applied tire model though, this assumption stands

In thi tion. the input/outout I ation i P— in conflict with the following two properties: a) the rear
n this section, the inputioutput Tinearization 1S per tire lateral forcel,, depends on the rear normal forég,
for (1), which is later used for the position control of the ’ i

\ . . . : which is in turn influenced bwgy1 = F s and b) the tire
vehicle. As the tire model (2) is invertible up to the maximun, .o F,r decreases for large Idngituéinal slip values. We

it:]reJ:);g?,(;r;.e front axle tire forces can be defined as aafrtu therefore have to increase the relative degrebgafby one
P ' integration step, Iiftinghéﬂ into the state vector and now

®) directly controlling the output-function derivativdfrﬁ and
If the tire force exceeds the maximum force, the absolut]eézg_ The corresponding equations for the lateral velocity

Ud = [Fx,faFy,f]T

value ofuq is limited to its maximum. output are:
Independently from the choice of the look-ahead distance I 4]
A (Fig. 1), the outpuhg; has a relative degree of one. This  h{!) — fl "R (vfG,v)‘,:G, W, héli) Y (11)
can be shown by inserting the right-hand side of (1) into ’ fm ’
hg%)l = % =\KC, which yields after reordering: thZ% it Ry [fd (¥, U1, Ug.2) 7h£12HT
Uit — For m(h<1) vCGo)) c © 27 1im 0[Xd,hé%i]T 1:Ud.2) 5 Mg,
d,1 x, f d,1 y X,r B hélg_(;.) _ VE(:GOO (12)

A. Front decoupling point

ChoosingA = J/(I;m), which we refer to as thdront
decoupling pointthe outputhy » also has a relative degree IV. POSITION CONTROL
of one. Analogously to obtaining (6), we have

The front lateral tire forcely » is determined by solving (12).

The ultimate goal for applications such as collision avoid-

hglg _ It +1r Fr —vfwa (7) ance is to contr_ol th_e po;ition qf the vehicle._ From the ppsi-
’ lrm tion control derived in this section, one obtains the regplir
— Ugo=Fyf = lrm htY 1 \ECg 8) changes in lateral and longitudinal velocit)éfé,hég) for the
, v e 1, \d27

front decoupling point, ortﬁ,l)l,hff;) for the rear decoupling
For the front decoupling point, the change of lateral vejoci point. These desired values are then used to obtain the
is not influenced by the rear tire force, which could be usefulre forces at the front wheel according to the input/output

when the rear tire forces are uncertain. linearization of the previous section.
In many aspects similar to the front decoupling point are The deviation of the reference position from the desired
all choices ofA > —J3/(ltm): trajectory can be described with the help of the output-
JLAlem J—ALm vector hy of the velocity layer. By replacing the earth fixed
h((f% = me R.f— - Jr Fyr —v&% (9) velocity representations in the derivative of the positoror

with path- and vehicle-fixed representation¥P,YP]T =
Here, an influence of the rear tire forces remainéwgﬂ, R(O)[v,0]T, [XP,YPIT = R(g)hg, we obtain:
but if known, it can be easily compensated. The following

1) _ ¢ —hp,z \
°The relative degree corresponds to the number of output alisés hP =—6 ( hp1 “\o + R(l!!— G)hd (13)
necessary until the corresponding input variable appears. P



According to (13),hp could be I/O-linearized with a hypo-

5) Compute the required forces according to (6) and (12)

thetical inputup = hy and a relative degree of one. We can 6) Computed and ws by solving (2)

therefore continue the derivation unit ”1), wherer is the

relative degree ohy, to achieve an 1/O-linearization dfp
with the inputup := ug (front tire forces).

For the front decoupling point or alA > —J/(Itm)
described in Sec. Ill-Ahy has a relative degree of one. By
solving the second derivative of the position erhfpf) for

the derivativehfj1> of the velocity of the reference position,
one receives:

h = Re— ) [ 2 6 (w2 v

d hpﬁl 0

— (wfé) ( ) (14)

In case of the rear decoupling poiht=—J/(Itm) in Sec.
[lI-B the relative degree of two requires solvirluﬁ3> (third
derivative of the position error) fdnf)

(2)
P

—hg2
ha.1

(3)

h? =R(6-y) | h

AR . [—h
p,2 N d,2
+e(h§)l)+(o (0-8) (7

V. FRAMEWORK FOR COMPARISON

In this section, we provide detailed information for two
typical emergency maneuvers, which can serve as benchmark
problems for other trajectory tracking control conceptse T
first scenario is a lane change under braking and the second
one is a double lane change under braking. We plan to add
new scenarios to our website as soon as we discover that
other scenarios reveal weaknesses that are not observed by
the current scenarios.

A. Trajectories

The parameters for the nominal trajectories for both
scenarios are provided in Tab. I, where all values are
with respect to the center of gravity. The road-fixed Carte-
sian coordinatesy and X are chosen as polynomials of
an auxiliary variabler and the functionS as a polyno-
mial which maps the time to a distance along the path
[X(r),Y(r)]. The degree of the polynomialX, Y and S
are chosen to fulfill the given boundary conditions, so
that the functions are uniquely defined by them. The arc
lengthL(r) = 5 /X'J2(p) + [Y']2(p)dp of the path is com-
puted numerically to define the trajectory @ggt),Y(t)] :
X(r(). Y (r(t)] with r(t) = L-Y(S(1))

TABLE |
SCENARIO PARAMETERS

h(l) ) SCENARIO | - LANE CHANGE
_2 (w— 9) ( f),Z + (w— 9) hg (15)  Y(Om) Y/(0m) Y”(Om) / Y(40m)  Y'(40m) Y”(40m)
hy1 0om omis o0mb |/ 3m omis 0mfA
o S(0 g'(o / 2 / g'(2
Both cases constitute an input/output linearization. Adeo §<ms) zé 2,5 O(ms,?% / %;)m / O(m7)§
ingly a linear feedback for regulation of outphf can be SCENARIO |1 - D OUBLE L ANE CHANGE
applied. The linear feedback gains listed in Tab. Il are ehos Yo Y0 vy VGEE T Y7am Y (7oml Y*(7om
in such a way that the second- and third-order linear systen1§(mm) 0 <m7;) 0 <m;2) 3(m m) 1( m ) O(m/s) O(m,"s)
have a similar initial condition response. S0 SOy 08 S4s) / (49
om 2mis 0mk |/ 705m / 0 m/g

A. Setup of Controller A
Both controllers assume the variabS®, YCO, @, \C,

\/)SG andw to be measured. Controller A proceeds to calcuIatF:e

the physical input® and w; as:

1) Calculate tracking errons, and h<p1>

2) Linear feedbaclhfoz) = —Ka1 h(pl) —Kaohp

In order to track the given trajectorigX(t),Y(t)] with
spect to the center of gravity for both controllers, we de-

rive the corresponding trajectories for the referencetjposi

[XP(t),YP(t)] such that the center of gravity is moved along
[X(t),Y(t)] in case of error free tracking (see [24]). As a first

to (14)

numerically solved witth =0 and for the pathX(t),Y (t)]

4) Compute the required forces according to (6) and (840 acquireys(t) andwy(t). By applying the inputig > from

5) Computed and w; by solving (2)

B. Setup of Controller B
Controller B uses the internal stdhél‘)l:
(2)

1) Calculate tracking erronsy, h<p1) andhp
— Kz hi” — Keohp

2) Linear feedbacbhg) = —Kpg2 hE,z)
3) Compute the required changéz) according to (15)

4) Integratehﬁ =/ hﬁdt

(10) for the open-loop control, one obtains:

Jw=ltm a— (I +|r)Fy,r
with  ay =(8 — 2w)vcos 8 — ) + Vsin(8 — ¢)

(16)

Then the trajectory positions can be translatedAbto the
instantaneous yaw direction of the vehicle:

XP(t)

YD('[) (17)

() e (3)- ()



TABLE I

selected a®; = & with the values fol given in table Il. A
MODEL PARAMETERS

total number of 500 simulations is evaluated.
VEHICLE (from [14]) 3) Worst-Case-Disturbance using RRTRRTs have been
m k) Tk T b m) h (m) developed for planning problems in robotics [11], bu_t are
1750 2500 143 127 0.5 used more and more for general state space exploration [4].
¢ (m) B c B, c We consider the problem of estimating the trajectory tnagki
0.32 10.4 1.3 21.4 11 worst case performance under noisy vehicle state measure-
ments. The RRT algorithm is used to explore the vehicle

CONTROLLER . g
state space in order to determine a sequence of measurement
Ka1 Kao Ke2 Ke1 Keo . . .
3.35 5 5.87 17.3 224 errors that maximizes the distance to the reference taject
MEASUREMENTERRORS Although we use the same basic technique as in [4], we make
Bco (M) Beo (M) By () B (Mis) Ece (MS) &, (/s) @ modification to the algorithm to generate a constant number
0.05 005 1 Q05 005 1 of samples for each time interval, see Fig. 2. For a point of

time ty, 1 the following steps are performed:

1) Initialize the discrete set of reachable states as
Z (k1) = 0.

Generate a randomsample from a multidimensional
rectangle centered afty.1).

Find the nearest stakgearaccording to a distance mea-
sure p so thatXnear= argminp(Xsample X)), where

X € 2 (t).

Obtain the measurement erid; which drivesxnearto

the new stat&new closest toxsampie

B. Test Methodology

In the nominal case, when there is no initial deviation from )
the trajectory, no measurement noise, known parameters and2
unsaturated wheel forces, the controllers exactly traek th 3)
desired trajectory in open-loop mode due to the inversion-
based approach. In reality none of the above assumptions
are precisely met, resulting in different trajectories and )
control inputs for the two controllers. We use the following
measures to compare the tracking performance according to

the deviatiore®C(t) = R(—0)[XCC(t) — X(t),YCC(t) - Y (1)]" . 1
’ () (&) = /
: X = Xnear+ f(x(t),c(x(t) + dt
of the CG: (&) =Xaeart | F (X(0),0((0) + &)
; ST CG _ .
maximum deviation: te[rg}a})ke{t’n} )] &y =arg mm(p (Xsample X“)(fM)))
T .
average deviation:%/ |ef Gy (D) dt Xnew =X (&%)
o it
final deviation: g{CtC;]}(T) whereu = ¢(x) is the controller and = [fp, fq]".
1 T 5) Add xnew to the set of states for the next time interval
average tire saturation'?/ | ey £,y (1) || Ot 2 (k1)
0 ,

_ _ . ' 6) Repeat steps 2-5 for a predefined number of samples.
With {t,n} referring to either the tangential (or the normal When initializing 2 (tc1) = 2 (t), one obtains an ap-

components r() and {f,r_} to the _front () and rear 'O proach similar to [4]. The distance measure is chosen as
components. The following analysis methods are applied to

the benchmark problems: A

1) Selected Test Casem order to test certain propertiesx Xsample
by a few selected scenarios, we define test cases for (i) pe—  Xnew
initial deviations, (ii) varying degrees of tire force sation, § results of
and (i) vehicle parameter variations. In test (i), thetiadi 1 -l di'ﬁgafgt
condition response is tested for a heading errof() —
Y(0) = 3° and a lateral offset of (0) — Y©©(0) = 0.2 m. Tire
force saturation is tested in (ii) for both trajectoriesngsi
a low friction value of g = 0.6 instead ofup = 1, which
is known to the controller in a first test and unknown in a
second one for which the controller assunpgs= 1. Besides Fig. 2. RRT concept for trajectory tracking.
the road friction parameters, vehicle parameters affected
by the loading are investigated in test (jii). The change@®(XsampleX") = ||N(Xsampie—X")||2 with & diagonal normal-
parameters arene = 1.3-m, Jo = 1.3-J and It =1.3-1; ization matrix with valuesN;; = ’517 The measurement error
while the controllers are operated with the original values & that minimizes the distance betwegfay andXsampe i.€.,

2) Monte-Carlo Simulation for Measurement NoisEhe  minimizesp(Xaqd,Xs), iS chosen by testing all vertices of the
average performance under measurement errors is modeged of possible measurement errét . The set is defined as
by white Gaussian noise added to the state vector suppliadnultidimensional rectangle with the edge lengghgiven
to the controller. The vectdX®®,YCC, s, xq4]" is ‘measured’ in Tab. II. Thus, we obtain a manageable set of 64 different
and the variance of each dimension of the error process riseasurement inputs.

—
~_ 4

Y

k-1 tk te1 t



VI. RESULTS controller performance, we obtained the average control

In this section we apply the selected test cases, MonR§rformance due to sensor noise using Monte Carlo sim-
Carlo simulations, and RRT computations from Sec. V-gllation as described in Sec. V-B. The sampled simulation
to controller A and B. First, the results of the selected tedgSults of the Monte-Carlo simulation are presented in Fig.

cases (i-iii) summarized in Tab. Il are discussed. Tesiofi) 5. The average performance for l?ot_h controllers is sim_il_ar
investigating the effects of initial deviation shows thaitt as presented by the standard deviation plots of the position

controllers are quickly converging to the reference trmjgc  €Or In Fig. 6.

and precisely track it once the deviation is small, as shown Unlike the average performance, the difference in the
in Fig. 3 and Fig. 4 for each scenario. The only difference¥/orst-case performance of both controllers with respect to

are the slip anglg8 and that controller B exhibits front tire Measurement noise is significant. Controlier A has much
force saturation in scenario Il and undesirable osciltatio |0Wer worst-case position deviation compared to controlle
for both scenarios. Results of test (i) for a known, buB @s shown in Fig. 7. The simulation traces of the RRT

low friction coefficient (1o = 0.6) show that both controllers computation are plotted in Fig. 8, which find larger devia-
behave similarly in scenario | and are able to closely traek t ions with an equal number of simulations, compared to the

reference trajectory, but controller B is significantly wer Monte-Carlo approach in Fig. 5. For both tests, 500 samples

compared to controller A in scenario II. This is becaus®e' time step have been used.

controller B requires larger tire forces and thus operates In summary, controller A performs slightly better or

longer at its physical limit. When the friction coefficientalmost equal in all tests compared to controller B and is
is unknown (see Sec. V-B), the average tire saturation fgnificantly better with respect to the maximum position de
slightly lower and the errors are slightly higher becausth bo viation, which is especially important for evasive manesye

controllers exceed the optimal slip value and cannot makihich require small deviation errors to guarantee colfisio
use of the maximum tire force. Varied parameter valmgs avoidance. Across all tests, controller A is not so hard @n th

Je and ¢ in test (iii) lead to a static tangential offset in tires, i.e. tire saturation is avoided more often. The bette
path tangential direction. In the comparison of path normdf tire forces is especially obvious in test (ii) for scewali

errors, controller A performs slightly better than conieol as shown in Tab. lll. Tests (i-iii) showed that both contecdl
B. are insensitive to initial deviations and uncertain vehicl

Since selected test cases only provide a snapshot of tharameters. Using a set of test methodologies also showed

Onominal + A xB Onominal + A xB
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Fig. 3. Test 1 - Initial Disturbance - Scenario | Fig. 4. Test 1 - Initial Disturbance - Scenario Il
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Fig. 7. Worst Case Disturbance Estimate using RRTs

worst-case deviation, where the control concept propased i
[24] produced better results.

The test cases and test methodologies described in this
work are fully specified, so that other researchers can use
them as benchmark problems, or directly download the
implementation from our website. We plan to add further
test results of other control concepts on the website and
encourage other researchers to send us their results. We als
plan to test the most promising controllers on a real vehicle
and compare the results with the simulations.

that the superior performance of controller A with respect
to maximum deviation errors would have been undetected
without the use of RRTSs.
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TABLE Il
RESULTS

max. deviation (m) avrg. deviation (m)

final deviation (m) avige saturation

t n t n t n f r

(i) Initial Deviation, Scenario |

A 451.10°3 4.42.10°1 1.99-10°3 221101 —9.44.10°° —1.56-10°3 0.58 043

B  1.60-102 4.40-10°1 7.19.-10°3 221.101 -1.34-10°8 1.21-10°2 0.58 043
(i) Initial Deviation, Scenario Il

A 523103 451.-10°1 1.20-10°3 1.16-101 —7.61-10°° —4.47-10* 0.6 042

B 147-102 468-10°1 412.10°3 1.30-101 4.80-10°° 5.20-10°3 0.63 04
(i) Tire Force Saturationyy = 0.6 known, Scenario |

A 956-103 1.21-10°2 3.33.10°3 4.01-10°3 8.34.10°3 1.16-102 0.82 055

B 1.22.102 1.49-10°2 359.10°3 8.15.10°3 1.10-102 —6.89-10°3 0.82 055
(i) Tire Force Saturationyp = 0.6 known, Scenario Il

A 1.56-10° 1.01-10° 5.33.101 3.41-10°t 1.45-10° -329-101 0.96 054

B 1.26-10! 8.14-10° 3.61-10° 3.01-10° 1.26-10 8.14-10° 0.99 074
(i) Tire Force Saturationyy = 0.6 unknown, Scenario |

A 197.101 1.33.101 8.88-102 7.08-102 1.84-101 1.28-10°1 0.83 05

B 222101 8.96-10 2 9.69-102 4.32.10°2 211-10°1 6.72-102 0.84 054
(i) Tire Force Saturationyp = 0.6 unknown, Scenario ||

A 1.89-10° 1.41.10° 6.69-10°1 5.30-10°t 1.81-10° -161.101 0.93 049

B 5.07-10° 9.33-10° 1.69-10° 1.30-10° 5.07-10° —9.33.10° 0.93 083
(iii) Mismatched Parameters, Scenario |

A 246-101 6.73-102 122101 3.95.10°2 2.37-10°1 6.59-10 2 0.66 032

B 247-101 3.85.102 1.22-101 8.97.10°3 2.38.10°t —3.85.102 0.66 032
(iii) Mismatched Parameters, Scenario Il

A 182101 7.94.102 1.10-101 3.74.10°2 1.07-101 —7.94-102 0.65 034

B 1.83.10! 1.89-101 1.10-101 2.49.102 1.04-101 1.89-101 0.66 035
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