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The Design of a Look-Down Feedback
Adaptive Controller for the Lateral Control
of Front-Wheel-Steering Autonomous
Highway Vehicles

Seibum B. Choi

Abstract—An adaptive control law and a distance rate observer control to reduce the feedback gains [7], [9], [10]. With pre-
were developed for the lateral control of autonomous vehicles. The view, the lateral tracking problem is simplified into a regulation
control law and the observer were implemented on a passenger ve- problem. The binary coding of the upcoming road geometry for

hicle. The test results show that both tight lateral tracking control th - h Iso0 b ted [9]. H the bi
and smooth steering can be achieved without feed forward infor- e preview has also been suggested [9]. However, the binary

mation. The developed control law is shown to be very robust to €oding of the road geometry using discrete magnetic markers
changes in the most critical vehicle control parameters. makes the installation of the markers expensive, and the neces-

Index Terms—Adaptive, autonomous, control, vehicle. sity of preview especially in highway driving conditions is still
in question. In California, the recommended minimum radius
for freeways is 900 meters, excluding ramps and intersections,
. INTRODUCTION and the equivalent maximum lateral acceleration of a vehicle on
HERE HAVE been several studies to develop automatéie curve at the speed of 100 km/h is only 0.086 g, even without
highways where automated vehicles are driving down tisé/per elevation. Therefore, considering the super elevation,
road, either individually or in platoons of multiple vehicles. Inthe lateral acceleration of a vehicle at the curved section of
telligent vehicle highway system (IVHS) aims to achieve cor highway is very small. This paper studies the feasibility of
gestion-free and accident-free highways by maximizing the d&inimizing the feed forward information and depending upon
pacity of highways and minimizing the driver-oriented acciteedback control at least for the normal sections of the highway.
dents which are known to be the main source of car accidents'he discrete magnetic marking scheme has several advan-
[13]. tages compared with the electrified wiring scheme. Since it is
The automated steering control of vehicles has been studfegassive system, it does not consume energy and the damage
as part of IVHS [1], [2], [4], [5], [7], [13]. The lateral sensing ist0 any single magnet does not affect the overall system. The big
classified into look-ahead and look-down sensing. Look-aheélgadvantage of the scheme is that the measurement is discon-
sensing can be realized using vision sensors [4], [11], [12puous from one marker to the next one, and the measurement
Look-down sensing is classified into continuous and discofLror is also discontinuous.
tinuous sensing. It can be realized using electrified wires [2], This paper suggests a semicontinuous measurement method
radar reflection [8], or buried permanent magnets [6], [7Pn discrete markers to minimize the effect of the b|g disadvan-
Each sensing scheme has advantages and disadvantages!a@e An observer is designed to smooth out the measurement
vision sensor has the advantage of look-ahead, which maR&Er without introducing any phase lag. An adaptive look-down
the C|Osed_|oop control system more stable. However, it f@edback control law is described which works well on a curved
expensive to acquire and to process the 0p[ica| images "ﬁﬁﬁd without the feed-forward information about the road ge-
credible data in real-time in any weather and road conditior@netry. The robustness of the developed control law is verified
The look-down sensing schemes using either electrified wirggpirically using a test vehicle for several vehicle speeds and
or permanent magnets can be realized by inexpensive sen§ggronments.
and simple data processing, and are guaranteed to work well
in any weather and road conditions, but these schemes give no Il. LATERAL POSITION SENSING

ideq about upstream road conditions, and the cqnstruction Ofrhis section suggests a new lateral positioning scheme on
the infrastructure on the road can become expensive. the road reference system which consists of discrete magnetic

CaliforniaPartners for Advanced Transit and Highwaygarkers embedded along the center of the test track at one-meter
(PATH) has been investigating a look-down sensing schemgacing.

using discrete magnetic markers, with feed-forward preview,a\ssuming that the markers are magnetic dipoles, the mag-

netic field around each marker can be described using polar co-
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Sensor 1

Zp
Sensor 2

Fig. 1. Definition of coordinates.

Magnet— (&
Fig. 3. 3-Dimensional sensing layout.

way. From (5), the angles from the sensors to the magnet (
anda) with respect to the horizontal plane can be derived as:

Magnets
3n; 7 +8
tan ai:%, i=1,2 (6)

Sensors where

o<

|i] .
= 7> 1=1,2 (7)
Vi v
Fig. 2. Lateral positioning system. Define; andfs on the triangle connecting the two sensors and
the magnet (see Fig. 3). Geometrically,and3. are related to
aq anda, as follows:
Hy =k 22 @)
T Yi

cos f3; = cos o ————, 1=1, 2. (8)
where k,,, is a constant proportional to the strength of the Vi Ty

magnet. Therefore, the horizonta/{) and the vertical #,) Since; and3, can be obtained, if the distance between the
component of the magnetic field can be written as: two sensors is defined ds then the lateral position2 d,) of

3 cos o sin o the magnet with respect to the center of the two sensors can be

3 (3) derived as

2 sin? o — cos? 4 _ L —tan B +tan 3
73 ’ “) Y72 tan B +tan o

Hh = krn

H, =k, 9

As (3) and (4) show, each component of the field is a function &ince the magnetic field projected to the horizontal plane
the strengthk,,,), the distance to the sensef)(and the angle (z—y plane) makes concentric circles, the longitudinal position
(). However, the ratidd,,/H;, is a function of just the angle ( 2 d.) can also be obtained from a simple geometric relation

() as
X1 X
H, 2 sin? o — cos? « ) x—l y_2
H,  3cosasina dl‘:Lﬁ
J— + J—

Inspired by the fact that it is a function of just the angle, a robust (& xlgg
and semi-continuous positioning scheme is suggested using two =L P (10)
3-axis magnetic sensors mounted under the front bumper of a 12 T L2471
vehicle (see Fig. 2). Therefore, the position of the vehicle with respect to the mag-

Define the direction of the vehicle movingasand the lateral nets can be measured continuously as long as the magnetic field
direction orthogonal ta: asy, and the vertical direction as is strong enough to be sensed. Moreover, the position measure-
Similarly, define the components of the marker magnetic fieltient scheme derived in (9) and (10) is not affected by the varia-
measured at the sensor locations@as /1, 21) and (2, 2, z2) tion of the strength of the magnefs,() and the vertical distance
as Fig. 3 shows. Note thgt andy- are defined in an opposite of the sensors from the magnets.
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035 : : with the maximum error of only 2—3 mm. When using only one
+ mg@etometer o sensor || > 0.15), the accuracy depends upon the deviation of
0342 ruler% : o K, fromthe nominal value. However, the test results in Section
: : g VIl shows that, during the closed-loop control, the lateral error is
less than 0.1 meter, and within this range, the scheme developed
025 in this section is very accurate.
The problem with the magnetic sensing is that the magni-
7 02 tude of the background earth magnetic field is not small com-
2 pared to that of the marker magnetic field. Fig. 5 shows a typ-
% 015 ical pattern of the variation of the magnetic field when a ve-
hicle, with the two magnetic sensors, is moving over one of
the magnetic markers along theaxis with the marker cen-
01 tered between the sensors alonghexis. The variation of the
magnitude and the direction of the earth magnetic field is very
0.05 small around one location. Therefore, the horizontal component

(Hn_cartn = /72,1, + y2,,.4) and the vertical component

: ; (zearer) @re almost constant. However,,,.;, and yeq.¢;, are
0 003 0.1 0.15 02 0.25 03 0.35 changing depending upon the direction in which the vehicle is
heading. Assuming that the direction is not changing very fast,
Tearth, @NAYyeqrer, CAN be obtained from the moving average of

y [meters]

Fig. 4. Comparison of the magnetic sensing scheme with the direct A

measurement using a ruler. (37;7 y;) = {(wi_meam Yi_meas)| — € < \/xzz_meas + yzz_rneas
The lateral measurement range can be extended by using only — Hyyourn < € i—1.9 (15)

one of the two sensors, when the magnet is too far from the other eartit = ’

sensor, using the nominal valuefgf . Consider the case thatthe]c bitraril I itive-. As Fig. 5 sh th ¢
magnet is too far from sensor 2, but not very far from sensor f.r arbitrantly smafl positive:. As F19. 5 Shows, the average o

With respect to the sensor 1, the anglecan be calculated as *
in equation (6). Since the absolute value of the magnetic field —r L
L ; = Learth t= 17 2. (16)

(£ Hy)
Hy = \[a} +yi + 22
o 2 yll =Yeartl, T A (17)
- \/ hq + U1 HIQ = —Yearth + A (18)
\/4 sin? oy + cos? o . . L
3 (11) whereA is the residual magnetic field of the marker. Therefore,

"1 Yeart, CAN be obtained from equations (17) and (18) as
the distance from the sensor 1 to the magnet can be obtained as

However, the average gf

= k'rn

1/3 Yearth = %(y& - yIQ) (19)
krn .
L= <E) (4 sin® a + cos” ) /¢ (12)  and the marker magnetic field{, v;, z;) is defined as follows:
USing T1, the pOSition dwv dy) can be derived as (-Tia Yis Zi) = (xi_rneas — Learth; Yi_meas — Yearth, %i_meas
— Zearth ), 1= 17 2. (20)
d, =71 COs o % (13) th)
VI UL The experimental results of this earth-field rejection scheme,
d, = L Py COS oy ——22 (14) tested ona curved test track, are shown in Figs. 6 and 7. In Fig.
2 2+ 6, Zeartr @Ndy.qr1p reflect the curve of the track shown in Fig.

L . . . %exactly. Fig. 7 shows that the earth field is rejected exactly
The accuracy of the positioning scheme given in equations (1e n when the marker magnetic fields are overlapping
and (14) depends absolutely on the variationkgf from its '
nominal value.

Fig. 4 shows the comparison of the semi-continuous magnetic
sensing scheme described above with the direct measuremendthis section considers a classical linearized bicycle model
using a ruler on the—y test bench. The magnetic sensors wengith two degrees of freedom for the lateral dynamics of a ve-
mounted+0.15 meter apart from the centek (= 0.3 m) with  hicle. The curvature of the road is not considered in this study,
0.17 meter clearance to the top of the magnet. The test dsitace the effect of the curvature in the vehicle lateral control on
shows that this measurement scheme derived in equationst@ freeway is less than that of other modeling uncertainties and
and (10) (using two sensor| < 0.15 m) is very accurate external disturbances.

Il. V EHICLE MODELING
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x1_meas & x2__meas

Xfield

-0.8 -0.6 -0.4 -0.2 (o] 0.2 o.4 0.6 o.8

zl_meas S z2_meas
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x [meter]

Fig. 5. Variation of magnetic field along th&-axis.

Defining the side-slip angle of a vehicle asthe yaw rate Fy=Cop b . (24)
asr, front wheel steering angle ag, cornering stiffness of the v
front and the rear wheels &% andC,., and the road adhesion . .
. . If the normalized mass and the normalized angular moment of
factor asu, and the vehicle velocity as then the lateral forces .

. . . - A 7 A
due to the slip £1, F3) and to the yaw motioni(s, F}) can be inertia of a vehicle are defined as = m/p af‘d S =/ .
derived as (see Fig. 8) the governing equations of the vehicle dynamics can be written

from F, I, F5 and F} as follows:

Iy =Cpp(éy —q (21) Cily — Cyl CB+Cl3  cpl
1 (o ) porir T ffq_ i ffT+ f~f6f (25)
Py, =Chpq (22) J Jv J
l ) Cr+ C. C.l. — Cyl C
Fg:Cfu—f7’ (23) q=—r— s q+ — fo7’+~—f(5f. (26)
v muv muv muv
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1] [Gauss]

3! {Ganss]

7.1 [Gass]

Fig. 6. The test result of earth magnetic field rejection (sensor 1).

IV. LATERAL CONTROL LAW

time [sec]

where# is the yaw angleé(é 7). Combining (25)—(27):

Neglecting of the road curvature makes the control system
very simple; the road curvature does not have to be coded into
the magnetic markers. The system becomes even simpler by

controlling the lateral error of the vehicle at the sensor location
instead of the vehicle center of gravity; the yaw angle sensor 4

be eliminated from the control loop.

Here,

d; §) = —v
(=) 52 +p1s+p2

If the lateral tracking error of the vehicle at the sensor location 4, = —~
is defined agls, the transfer function from the control input{

to the acceleration of the vehicle at the sensor locatighdan

be derived from the relation:

ds = —v(q+6)—lsr

(27)

q1

q2

_ GO L)+ 1)
mJuv?
_ CrCr(l +1y)
mJv

q0s” + qus + g2

65(s)

2261

(28)

(29)
(30)

(1)
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x__earth
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z__earth
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Fig. 7. The test result of earth magnetic field rejection (sensor 1, zoomed).

. (33)

120) + 207,Cfl,,lf
mJv?

C,Cp(I2 +1

+

L — Cyly

P2 =

as:

Define the synthetic inpuf,,,

2

(34)

of

A Gos" + 15+ @0
52 4+ p15+p2

6syn -

Koy
k53
=
=
<
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g
o]
3
{

then equation (28) can be simplified as

Fig. 8. Bicycle model of vehicle lateral dynamics.
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Fig. 9. The layout of RFS test track (not to scale).

Since it is a second order system, a PD type controller can ben this section, an adaptation algorithm is developed to update
considered as follows: b0 based upon a Lyapunov criterion. Define the positive-definite
scalar functionV/

Al .
S = (Awads + Wl dy),  wi>0,(21  (36) 1

él 3 2 2
V= 2(d5 + Ads)" + o o6 (41)

From (35) and (36), the closed-loop transfer function becomes ) ) )
where ) is a constant that will be determined later. From (40)

dy + 2Cwnd, + w2 d, =0 (37) @and (41)

. . . 24
and the errotl, converges to zero. Since the poles and the zeros  V =—(2¢w,, — A)(d; + Ad;) <d5 + 2;"7_))
of (34) are in the left half of a complex plane, the control law “n

derived in (34) and (36) can be implemented. — b0 |v(dy + Md,) + ki 50} ) (42)
V. PARAMETER ADAPTATION Choose) such that
Since the control law developed in Section IV is PD type, the w2
closed-loop can have steady state tracking error due to the front A= 2@7"_)\ (43)
wheel mis-alignments, unbalanced tire pressure, off-set error on ™
the steering actuator or the steering angle sensor, side wingd,,
super elevation of the road, road curvature, etc. Simply adding
an integration term makes the closed-loop system slower or even A= (C VA 1) Wn, (44)
unstable.
Since all the above-mentioned uncertainties are summarizbdn, (42) becomes
as the unknown lateral force on the vehicle, the normalized ve- ] )
hicle model and the control law shown in (35) and (36) are mod- V=-— (C FVE-1 ) wi(ds + Ad,)?
ified as follows: . ) 1
— (50 |:U(d5 + )\ds) + k_60:| . (45)
ds = _U((Ssyn + 60) (38) ¢
Ssyn = 1(2Cwnd5 +w2d,) —bo 39) If éo is updated as follows:
v
0 = —kqu(dy + Ady) (46)

whered, is an unknown parameter aﬁglis the estimated value

of 8. Due to the parametric uncertaindy (£ 8 — &), the then,
closed-loop governing equation becomes

V=— (V@ -1)wald, +Md,)? <0, (4D)

Therefgre, the erraf; goes to zero, and if; goes to zero iden-
and the errori, does not converge to zero. tically, 69 converges td, [see (40)].

d, = —2Cwpd, — wd, — v8o (40)
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laterat position m]

steering angle [deg]

vehicle velogity [mys]

Tateral accel, [m/sfs]

observed

lat, position rate [mys]

(e) time [sec]

alaptive paramameter

) 2 4 6 8 10 12 14 16 18 20
(f) time [sec]

Fig. 10. Low speed closed-loop test at RFS.

VI. CONTROL-COUPLED OBSERVER hicle velocity @) and to the inverse of the cornering stiffness
of the tires 'y andC;.). Therefore, it is necessary to reject the
The control law developed in Section IV needisandd,, low frequency measurement noise, as well as the high frequency

since it is PD type. The positioning errdt can be obtained noise, fromd, for the successful implementation of the control
directly from the sensing scheme described in Section Il. Hovaw derived in equation (36).
ever,d, is not smooth enough to be differentiated directly to In this section, a control coupled-observer is described to
get the D termd). Moreover, as mentioned in Section 1V, thdilter out the low frequency noise afy without introducing the
eigenvalues equivalenttgy, ¢1, ¢2) and {1, p2) have negative phase lag due to the filtering [3]. If the adaptive control law de-
real values, but they are lightly damped. Especially, the dampingloped in Section V is working properly, the paramétﬁcon—
equivalent to §o, q1, ¢2) is decreasing in proportion to the ve-verges ta5,. Therefore, the acceleratiod, can be estimated
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lateral position [m]

commanded

(S UROIVOTPF STt [IRITTRNPIENPTOLE TOCTPPRPPRPLTRRS) SUSISTITLCERRILS EITEITIEPRLE RS CETSIRTRITILPREIEES: SERSERPRLS

Steering angle [deg]

vehicle velocity [ms]

Tateral accel. [m/sfs]

lat. position rate [mys]

(e) time [sec]

adeptive paramameter

() time [sec]

Fig. 11. High speed closed-loop test at RFS.
from (38) as is finalized as follows:

ds = =v(8syn + b0) (48) Som = ~(2Cwndy +w2d,) — bo. (50)
v

wherec'fs means the estimation df. Usingc?S as a feed-forward

term, the observer af, is suggested as follows: Stability: Combining (38) and (49)

~

dy = —0(Buyn + 60) + ks(dy — ds), ks > 0. (49) dy — dy = —ky(d, — d,) — véo. (51)

Considering the adaptation and the observation, the control I&verefore, the observer suggested in (49) is stable.
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lateral posiion [m]

sieerng ange [deg]

vehicle velecity fmf]

iz

(c) time [sec]

Fig. 12. High speed closed-loop test on a straight test track.

Convergence:Define a positive definite scalar functidhas
in equation (41), and as in equation (44), then:

V== (CFVET ) wnld, +7d,)? - o(dy + Ad,)o

. . 1~ =
+ 2Cw, (ds + Ads)(ds — dy) — k—éoéo. (52)

If 8 is slowly varying, thend, — c?s converges to-(v/k;)do
[see (51)]. Therefore,

V—_ (C o \/C?——l> wn(ds + Ad,)?

— &o [vlﬂ& +>\d5)+i50 .

(ds o (53)

Define the adaptation law similar to (46) as

fo2 —ky BB 4 a)
S Ko(d, +Md,), Kk, >0 (54)
then,
V== (¢FVE=1)wald, + M) S0, (55)

Therefore, the erro; converges to zerojl to zero [see (49)
and (50)], and finally, to &, [see (51)[J
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[ateral position [m]

-0.2

steering angle (deg]

vehicle velocity (]

lateral acoel. [mysfs]

(o] 5 10 1s 20 25 30 35
(d) time [sec]

Iat. position rate [m/s]

adaptive paramameter

(8] 5 10 1s 20 25 30 35
() udme [sec]

Fig. 13. Closed-loop test with a regular tire pressure (35 psi).

VII. EXPERIMENTAL WORK wheel ABS sensor signal. The ABS sensor signal was very ac-
curate above 4 m/s (9 mph).
The hydraulic loop of the conventional power steering system

The vehicle lateral control tests were conducted using a 1988s modified to control the steering angle by the external servo
Ford Crown Victoria, a typical rear-wheel-driven full-size sedavalves. However, this steering actuation system was premature,
with very soft suspension. The vehicle was equipped with twvand the performance was not very good; it 38l phase lag at
magnetic sensors, 0.3 meters apart, under the front bumpeRasz, ancdd-1° random errors in the command following.
shown in Fig. 2. A lateral accelerometer was also installed toThe developed control law was implemented on a IBM-PC
evaluate the acceleration during the maneuver with automafi66 MHz Pentium processor) with DOS and XIGNAL, a
control. However, the measured acceleration was not used ffieal-time kernel developed at the University of California,
the control. The vehicle velocity was measured by tapping tBerkeley (UCB). The interface to the sensors and the actuator

A. Test Setup
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lateral position [m]

steering angle [deg]

vekicle velocity [m/s]

lateral acce]. [mfsfs)

Lat. position rate [m/s]

alaptive paramameter

o 5 10 15 20 25 30 35
() time [sec]

Fig. 14. Closed-loop test with a low tire pressure (15 psi).

was through National Instruments data acquisition boards. Témeed track near UCB. The profile of RFS track is as shown
data sampling and the control were running at 2 m/s loop-time. Fig. 9. Much of the test track was designed based upon a
The control itself does not need 2 m/s loop time. However, [#teviously existing dirt road at the site. The track is approxi-
m/s loop time was chosen to pick up as many data as possitviately 330 meter long and 5 meter wide. The permanent mag-
from each magnetic nail since measurement range of thets with 2.2 cm diameter and 10.2 cm long were installed along
magnetic field is only+-0.3 meter in this case. the center of the track at 1 meter spacing.

Fig. 10 shows the result of the lateral control test on the RFS
test track at a low speed using the adaptive control law and the
observer developed in this study. Since the adaptive control

The lateral control tests were performed at the Richmonalwv was designed assuming a linear system with a slowly
Field Station (RFS) test track of UCB and at another highgarying parameter, while the real parameter can be varying

B. Vehicle Lateral Control
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very quickly (e.g., road curvature), the adaptive parameter waation angle or the side wind can be larger than that due to the
bounded during the implementation. This control law has moad curvature, a look-down feedback adaptive controller was
feed-forward preview information, but as the result showsggveloped and tested on a passenger vehicle.

the vehicle followed the center of the track very well with The test results show that it is feasible to eliminate the pre-
maximum 0.1 meter error [Fig. 10(a), filtered signal is usedew information on the normal sections of the highway. The
in the control] when the road curvature is changing stepwiseggested semicontinuous magnetic sensing scheme is simple
very sharply from one direction to the opposite. The steeritoyit was working well on the high speed driving condition. Also,
input remained very smooth [Fig. 10(b)], and the position-ratee developed control law is shown to be very robust to the

observer ¢,) was filtering out the measurement noise very wefthange of the tire cornering stiffness, the critical and the most

without a phase lag [Fig. 10(e)]. Fig. 10(f) shows the parameténcertain vehicle parameter in the lateral control.

adaptation. The adaptive routine was turned on at 3 s, adjusting
the off-set error on the steering angle sensing (3—7 s), and
estimating the road curvature (7-20 s). 1

Fig. 11 shows the result of the same testing, but at a higher
speed up to 22 m/s (50 mph). Due to the higher speed, the Iatereﬁ]
acceleration was increased. However, the lateral tracking error
still remained at less than 0.1 meter, and the steering input com[3!
mand was also very smooth.

Fig. 12 shows the result of the same control law tested on[4]
the 150 meters straight stretch of another test track at an even
higher speed up to 24 m/s (55 mph). Since the length of the tracks,
is very limited, the vehicle was accelerated to 13 m/s (30 mph)
manually before the track, and then the automatic control was[6]
actuated at the starting point of the track. As Fig. 12(b) shows
(data logging at 60 m/s loop-time), the steering actuator was not
following the command very well. However, the closed-loop [7]
didn’t become unstable, and the lateral positioning error wasyg
remaining at less than 0.05 meter.

As mentioned in Section VI, the high velocity and the low [
cornering stiffness make the damping of the control system very
small, and the smaller damping makes the closed-loop systefm]
much less stable. The robustness of the control law to the varf-ll
ation of the cornering stiffness was also tested. Figs. 13 and 14
compare the behavior of the vehicle when the pressure of the
tires was reduced from nominal 35 psi to 15 psi. In both case$!2]
the control law was working very well, and tHe0.1 meter er- [13]
rors fort = 25-40 sec were due to the very frequent stepwise
change of the road curvature. In both figures, the obseti@r (
was filtering out the noise well, and even gave a little phase
lead that was very helpful to make the closed-loop system mori5]
stable.

VIIl. CONCLUSIONS
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