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Abstract. The stability analysis of a path-following controller for au-
tomated vehicles is presented, with the consideration of path curvature
and feedback delay. The analysis is based on a kinematic vehicle model
expressed in a path reference frame. The steering controller includes feed-
forward and feedback terms, and the time delay in the control loop is
also considered. The effects of the path curvature are analyzed using com-
pact analytical expressions, stability charts and numerical simulations.
The results help the designer select the optimal control gains and the lim-
itations of tuning the controller with the assumption of a straight-line
reference path are also shown.
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1 Introduction

Designing stable and safe path following controllers with sufficiently high perfor-
mance is a crucial step towards vehicle automation and it is also a cornerstone of
many advanced driver assistance systems, such as lane-keeping and lane chang-
ing control. There are many different approaches to design the corresponding
controllers, from simple geometrical considerations to machine learning-based
methods [1]. The designed controller must be able to maintain its performance
and stability under a variety of circumstances: the controlled vehicle must be
able to handle unexpected disturbances such as road surface irregularities and
suddenly appearing obstacles [2], the variation of the road curvature [3], as well
as sensor uncertainties and noise. In addition, the feedback delay in the control
loop has also been shown to greatly impact the performance of path following
[4].

In this study, the analysis of a steering controller for path following is pre-
sented, with the consideration of time delay in the control loop and the curvature
of the reference path. The calculations are based on a kinematic single-track vehi-
cle model and a constant path curvature, which allows us to present the results in
the form of compact analytical expressions. The constraint forces at the wheels



2 Illés Voros et al.

are also calculated to ensure that loss of traction does not occur. We derive
compact analytical expressions for the stability boundaries and optimal control
gains, and present the results using stability charts and numerical simulations.
Our results show the benefits of taking into account the path curvature when
tuning the controller, especially in the case of highly dynamic maneuvers.

The rest of the paper is organized as follows: Section 2 presents the derivation
of the vehicle model both in a global coordinate system and a path reference
frame. The path following controller is introduced in Section 3, while the stability
analysis is performed in Section 4. The results are concluded in Section 5.

2 Vehicle model

The vehicle model considered in this study is an in-plane, single-track (bicycle)
model (see Fig. 1), where the vehicle is modeled with respect to its longitudinal
axis, and the roll, pitch and vertical dynamics are neglected. Furthermore, we
assume that no tire deformation occurs at the wheels, i.e. the tire side slip angles
remain zero.

The vehicle parameters consist of the wheelbase f, the distance d between
the center of gravity G and the rear axle center point R, the vehicle mass m and
the yaw moment of inertia about the center of mass Jg.

Fig. 1. Vehicle model in path reference frame.

2.1 Vehicle model in the global reference frame

In the global reference frame, we use the coordinates xg and ygr of point R,
as well as the yaw angle 1 as generalized coordinates to describe the location
and orientation of the vehicle. Since no tire side slip is considered in our model,
the direction of the velocity vectors at the front and rear axle are determined
by the rolling direction of the wheels: at the front (point F), this corresponds
to the steering angle &g, while the velocity vector in point R points into the
longitudinal direction. Furthermore, we assume a constant longitudinal speed
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V', corresponding to a rear-wheel drive vehicle. These considerations can be
described by the following three kinematic constraint equations:

iR sin(y + 8) — yr cos(yh + 8s) — fipcos s = 0, (1)
—&g sinty + yg cosy = 0, (2)
IR costy + Yrsiny = V. (3)

From Eq. (1)—(3), the time derivatives of the generalized coordinates (often called
as generalized velocities) can be expressed as

.V

igr =V cosy, gr=Vsiney, w:?tanch. (4)
In addition, by taking the time derivative of Eq. (4), the acceleration components

of point R and the angular acceleration of the vehicle are:

V2 V2 - Vo
Ir = ———sinY tands, Yr = —— cos) tan g, = ———0. 5
R f ’(/J s Yr f w s 1P fC082 5% s ( )
Although the tire dynamics are not considered in our vehicle model, we still
want to ensure that no loss of traction occurs. This can be verified by calculating
the constraint forces acting at the wheels due to the kinematic constraints in
Eq. (1)-(3) (denoted by Fr at, FR,1at and FRiong in Fig. 1), and comparing these
with the friction limits. We use Lagrange’s equations to calculate the constraint
forces:

d oT or

&% _ % — l/lAll + V2A21 + V3A317 (6)
d oT oT
a% _ % =11 Ao + v Agg + v3Asa, (7)
dor or
&@ _ % =v1 A3 + o Agg + 13 A33, (8)

where T is the kinetic energy of the system, v, v and v3 are Lagrange multi-
pliers corresponding to the constraint forces of the three kinematic constraints
in Eq. (1)—(3), while 4;; (i,7 € {1,2,3}) are the coefficients of #g, yr and ¥ in
Eq. (1)—(3). Namely,

Aqp =sin(y) 4+ 6s), A = —siny, Asz; = cosi, 9)
Ajg = —cos(¢p +d5), Aga =cost), Azx =sine, (10)
Alg = —f (¢0)] 65, A23 = 0, A33 =0. (11)
The kinetic energy can be calculated as
1 1 .
T =om (& +98) + 5 Jat?, (12)

where the velocity of the center of mass consists of

PG = ir — dysiny, e = yr + di cosp. (13)
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Substituting Eq. (9)—(13) into Eq. (6)—(8), the Lagrangian equations read:
m(ir — dyp? costp — dip sinep) = vy sin(vp + 85) — vasiny + v cos b, (14)
m(ijr — dp? sin + di cos 1)) = —vy cos(p + 05) + vacos) + vgsiney,  (15)
—mdig siny + mdijg cosv + (Jg + mdz)d} = —v1 f cos . (16)

Solving Eq. (14)—(16) for the three Lagrange multipliers, then substituting Eq. (4)
and (5) leads to

B V . 2 §
vy = —m (de Sln(255) + 2(<]G + md )65) ) (17)
|4 . 5
12 = oo, (F = mV sin(20) =2 (Jg = (f = d)dm) &), (18)
P 2 S
vy = 72 codt s, (Jo + md*)ds tan ds. (19)

Furthermore, it can be proven using Newton’s second law that the Lagrange
multipliers correspond to the constraint forces as Fr 1ot = —V1, FR lat = V2 and
FR long = V3. Loss of traction will not occur, as long as the constraint forces at
the front and rear wheels do not exceed the friction limits, i.e.

Fr1ay < prlr 2, (20)

\/ Fl%,lat + Fl?{,long < IU’RFR,W (21)

where pp and pr are the coefficients of friction, while Fr , = mgd/f and Fr , =
mg(f —d)/f are the vertical wheel loads at the front and rear wheels in steady-
state condition, respectively.

2.2 Transformation to path reference frame

In order to design a path following controller, the vehicle model is now trans-
formed to the path reference frame (£,n) that moves along the desired path as
the vehicle moves forward (see Fig.1). The details of the transformation can be
found in [5].

Our control goal is to ensure that the rear axle center point R follows the
reference path. Assume that the closest point along the reference path to R is
point C. Then the lateral error can be calculated as ec = (tc x rcr) - k, where
tc is the tangential unit vector to the path in point C, the vector rcgr points
from C to R, and k is the unit vector normal to the plane of motion. Using the
direction ¢ of the tangential vector tc, the lateral deviation of the vehicle can
be expressed as

ec = —(zr — x¢) sin¥c + (yr — yo) cosPe, (22)
while the angle error is

fc =9 —c. (23)
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Note that the coordinates z¢ and yc of point C, the angle ¥ as well as the
curvature k¢ of the reference path in point C all depend on the arc length sc
and are assumed to be given. The transformation from the absolute position
and orientation of the vehicle (zr, yr, 1) to the relative position and orientation
(sc, ec, Bc) with respect to the reference path can be performed as

cos o . n sin Yo

s . 24
sc 1-— Kcec R 1-— Kcec YR ( )
éc = —IR sinYc + YR cos Y¢, (25)
. KC COS . K sin . .
fo = -2 wch_ = ¢CyR+¢ (26)
1-— Rcec 1-— Rcec

(see [5] for details). Substituting the equations of the kinematic vehicle model
(Eq. (4)) results in

V cos ¢

g = ————— 27
Sc 1_ K/CeC’ ( )
éc = Vsin 90, (28)

. 1% Vg cosfOc
0c = —tandy — ———, 29
cT 1 — kcec (29)

where the first equation describes the longitudinal motion of point C as it moves
along the reference path, while the remaining two equations correspond to the
evolution of the lateral deviation and the angle error of the vehicle. Note that
since the curvature xc depends on the arc length sc, all three equations are
coupled. In the following, the transformed equations will be used to design a
path-following controller.

3 Path-following control

In order to ensure that the rear axle center point can follow the reference path,
the steering angle of the vehicle will be generated using the combination of a
feedforward term 6F'F and a stabilizing feedback term 65 B:

O5(t) = o5 4 oFB. (30)

Based on the kinematics of the vehicle in Eq. (27)—(29), the ideal steering angle
to follow a reference path of curvature k¢ with zero position and angle error is

SFF = arctan (ke f), (31)

while the feedback controller is designed with the proportional feedback of the
error terms ec and O¢:

5§B(t) = —P.ec(t —7) — Pybc(t — 7). (32)

The control gains are denoted by P, and Py, and we also consider the time delay
7 in the feedback loop, which includes sensing and communication delays, signal
processing time as well as actuator delays.
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4 Stability analysis

In the following, we perform the linear stability analysis of the closed-loop sys-
tem consisting of the vehicle model in path reference frame (Eq. (27)—(29)) and
the path following controller defined in Eq. (30)—(32). The stability analysis is
performed for the case of constant path curvature (k¢ = const.). Moving along
the reference path with zero error and a constant speed V corresponds to the
steady state s¢ = Vt, ec =0 and 0c = 0. After linearizing the closed-loop sys-
tem around this steady state, the equation of s¢ can be decoupled from the rest
(i.e. the longitudinal and lateral dynamics can be treated separately), leading to
the linear model

x(t) = Ax(t) + BKx(t — 1), (33)
where the state vector is x = [ec OC]T
K= [—Pe —Pg], and the system and input matrices are

0 VvV 0
A= |:—VI£% O]’ B= |:‘;+Vfl€%:| ’ (34)

Using an exponential trial function, the characteristic equation of the controlled
vehicle can be reached as

D(X) :=det (\I- A —BKe ") =0, (35)

, the control gains are collected into

where A = p + iw is the (complex) characteristic exponent and I is the identity
matrix. After substitution, the characteristic function reads:

1 P. _
D(X\) = A\ + ?ng (14 f2kg) de ™ + V2 <f + PJ:@%) e M 4 VKL,
(36)

Because of the time delay in the system, the characteristic equation is tran-
scendental in A, and the stability analysis can be performed using e.g. the D-
subdivision method [6]. At the boundaries of stability loss, the critical charac-
teristic exponent will be purely imaginary, e.g. A = iw. If w = 0, static stability
loss occurs, which can happen at the stability boundary D(A = 0) =0, i.e.

fre
1+ f2rE’
Notice that for kK¢ = 0, this corresponds to P, = 0, but for non-zero path cur-
vature, the stability limit moves into the negative region of P..
The boundaries of dynamic stability loss can be analyzed by separating the
real and imaginary parts of the equation D(\ = iw) = 0. Solving the resulting

two equations for the control gains P, and Py leads to the stability boundaries
in the (P., Py) plane:

f(w? — VZkZ) cos(wT)
V2(1+ f?kd) ’

P, = (37)

f(w? — VZkZ) sin(wr)

Pelw) = V(I + f2r2)w

Pg(w) =

(38)
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Table 1. Vehicle parameters used in stability charts and numerical simulations

f(m) d(m) m(kg) Jo (kgm®) V (m/s) 7(s) pr pn
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Fig. 2. (a) The stable domain of control gains for different values of path curvature
kc. (b) Contourlines of the real part of the rightmost characteristic exponent along
the stable domain. The red dot denotes the optimal gain combination that leads to the
fastest decay of small oscillations.

The stable domain is enclosed by the stability boundary as shown in Fig. 2(a)
for the vehicle parameters in Table 1. It can be seen that increasing the path
curvature k¢ leads to a slight shift in the location of the stable domain towards
the negative control gain directions. However, even if the path curvature reaches
the critical value k&1, where the steady state tire forces exceed the friction limits
(as defined in Eq. (20) and (21)), the change in the stable domain of control gains

is not very significant.

To check how the performance of the controller changes by varying the two
control gains inside the stable domain, the above calculations can be repeated
by also taking into account the real part p of the critical characteristic exponent,
which corresponds to the decay rate of small oscillations. Figure 2(b) shows the
contour lines inside the stable domain that correspond to a given value of p.
Similarly to the boundaries of static and dynamic stability loss, the contour
lines for a given value of p < 0 can be separated into a straight line where w =0
(i.e. the critical characteristic exponent is Ae; = p) and a curve where w > 0 (i.e.
Aar = pEiw). The best control performance can be achieved when the value of p
is minimized, which occurs if the slope of the straight contour line corresponding
to w = 0 is equal to the initial slope of the curve, i.e. there is no enclosed area
between the two. The real part of the critical characteristic exponent in this case
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is
Opt_i ) 22 _ V2,274 39
PP = =5 (—2r+ o VRt (39)

and the corresponding optimal control gains can be calculated as

2fe 2TV 2-VingT? (—7 + V2272 +5./2 — V2/€207-2)

PPt = (40)
€ 2 2,22
V2(1+ f2kg)T
— _V2k2 2
. 2fe 2+y/2-VERgT (—1 +4/2— VQI%TQ)
Py = (41)
9 2 2 .
V(1+ f2kE)T
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Fig. 3. The real parts of the rightmost characteristic exponents as a function of the
control gain P. for different values of path curvature kc. Black continuous and blue
dashed lines represent real and complex conjugate pairs of characteristic roots, re-
spectively. The color of the stability boundary p = 0 indicates the stable (green) and
unstable (red) ranges of P.. The value of Py is set as the optimum in each panel, as
follows: (a) Py = 0.1245, (b) Py = 0.1210, (c) Py = 0.1151.

Figure 3 shows the real parts of the rightmost characteristic roots as the
control gain P, is varied, for three different values of path curvature. In each
panel, the value of Py is fixed to the optimum Py®", calculated using the corre-
sponding path curvature kc. It can be seen that at the boundary of static loss of
stability (P©!9), a real characteristic exponent crosses the imaginary axis (black
curves), while at the boundary of dynamic stability loss (PHPf) a complex con-
jugate pair of roots move to the right half plane (blue dashed lines), leading to
a Hopf bifurcation in the nonlinear system. The best control performance can
be achieved by selecting the control gain P°P* where the real and the complex
conjugate pair of roots merge.

The root tendencies in Fig. 3 show that as the path curvature is increased,
the optimal gain P°P' decreases. Additionally, if the controller is tuned with the
assumption of a straight-line reference path (using the optimal gains in Fig. 3(a)),
then as the path curvature increases (while the control parameters remain fixed),
the rightmost roots will move closer to the imaginary axis, leading to a decrease
in control performance.
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Fig. 4. The optimal control gains (panels (a) and (b)) and the real part of the rightmost
characteristic exponent (panel (c)) as the path curvature is increased. Panels (d)-(f):
numerical simulations with (point B) and without (point A) taking into account the
path curvature when tuning the controller.

This effect is further illustrated in Fig. 4. Panels (a) and (b) show how the
optimal control gains change as the path curvature increases from zero to mccm,
where loss of traction occurs in steady state. It can be seen that the location
of P;P" is not very sensitive to the path curvature, but the optimal value of P,
decreases to less than its third until n%rit is reached. In panel (c), the real part
of the rightmost characteristic root is plotted for increasing path curvatures,
assuming an optimally tuned controller. This indicates that as long as the con-
trol gains are adjusted, the path curvature does not affect control performance
significantly. On the other hand, the dashed line in panel (c) shows that if the
optimal gains corresponding to k¢ = 0 are used regardless of path curvature,
the rightmost roots will move closer to the imaginary axis as k¢ is increased,

and control performance will degrade.

A pair of numerical simulations using the nonlinear vehicle model are shown
in panels (d)-(f) (vehicle parameters are listed in Table 1). In order to better
illustrate the effect of properly tuning the controller, the reference path is chosen
to be a circle of curvature k& (we note that transients are not accounted for in
our calculations of determining the critical path curvature, therefore this choice
would be highly unsafe in practice). In the orange trajectory (point A in panels
(a)-(c)), the optimal control gains for kc =0 are selected, while in the blue
trajectory (point B), the gains have been adjusted according to the reference
path. It can be seen that if the control gains are not adjusted, some overshoot
will appear in the system response, while using the properly tuned optimal gains
leads to a visibly smoother trajectory. Under normal driving conditions, the
difference would mainly affect passenger comfort, but in highly dynamic, safety
critical maneuvers, the difference in overshoot might determine whether loss of
traction occurs or not.
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5 Conclusion

The stability analysis of a path following controller with feedback delay was
performed in this paper, with the consideration of the curvature of the reference
path. Using a simple, kinematic vehicle model, analytical expressions have been
derived for the stability boundaries and the optimal control gains in terms of
the fastest decay of the linearized system. Using stability charts and numerical
simulations, we showed that taking into account the path curvature when tuning
the controller leads to smoother path following without overshoot. This improves
passenger comfort and allows performing a wider range of emergency maneuvers.

The main limitation of the current study is that tire behavior and loss of
traction was only indirectly taken into account, therefore the results should be
verified using a higher fidelity vehicle model too, especially if highly dynamic
maneuvers are considered.
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