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ABSTRACT the slip angle. A car that under-steers will have
a positive angle while over-steering causes a
negative angle. The basic idea is to brake the
rear inside wheel during under-steering and the
front outside wheel during over-steering. To
compute the slip angle, the yaw angle taken
from a gyro is needed. Since this is corrupted
with noise, a dead-zone is needed. Because of
drift in the yaw angle, a D-controller is used,
since only the derivative of the slip angle is
known accurately enough.

In the presented sensor fusion approach, centralized
filtering of related sensor signals is used to improve
and correct low price sensor measurements. From
this, we compute high-quality state information as
drift-free yaw rate and exact velocity (accounting for
unknown tire radius and slipping wheels on 4WD ve-
hicles). The basic tool here is a Kalman filter sup-
ported by change detection for sensor diagnosis. Re-
sults and experience of real-time implementations are

presented.
e An adaptive cruise controller including a radar
needs accurate yaw rate information for its sit-
1 INTRODUCTION uation awareness.

During the last decade, a number of automotive CoON-nstrumental for improving such Systems using accu-
trol systems for motion control has appeared and berate state informations is knowledge of the offsets in
come standard in high-end vehicles. These systemgaple 1. Adaptive estimation of these is the core of
may benefit from more accurate state information, ashe approach.
the vehicle’s speed and yaw rate, as listed below. The  NJRA Dynamics AB is together with Linéping
longitudinal slip is here defined as the relative differ- University developing adaptive filters for automotive
ence of the wheel’s peripheral speed and its abolutgypplications. The department of electrical engineer-
Speed, while the Sllp angle is defined as the diﬁerenCQng at |_|nk0p|ng University has |0ng experience in
in angle between the steering wheel and the wheel'sensor fusion in airborne navigation systems, which
velocity vector. have similar problems. Bringing over this compe-
e ABS needs absolute velocity information to comt-.ence fro”.“ aircraft to cars was original_ly f[he motiva-
oute the slip. tion for thls vyork. The approac.h herein is based on
Kalman filtering, change detection and sensor fusion

e The anti_Spin System has probiems to Computetheory, which is thoroughly described in Gustafsson

the optimal slip on four-wheel driven (4wD) (2000).
vehicles. Figure 1 shows the structure of the signal process-

ing. Only existing sensors in modern, high-end cars
e A dynamic stability system basically controls are used. The result is a yaw rate with drift less than
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Figure 1: Overview of the sensor fusion system.

O Absolute difference in average and nominal wheel radius [mm]
O19 Relative difference between front left and right wheel radius
O34 Relative difference between rear left and right wheel radius
doace | Accelerometer offsetn /s?]

do.gyro | GYro offset[rad/s]

dse,qyro | GYro scale factor relative error

Table 1: Offset parameters for high-precision filtering.

0.2 degrees per second, and absolute speed with awo offsets can be estimated accurately in an adap-

error in the order of centimeters per second, withouttive filter or Kalman filter, as illustrated in Figure 2.

any prior knowledge of tire radius. Furthermore, the Kalman filter has the advantage of
Section 2 describes estimation of yaw rate, while attenuating measurement noise, implying a high ac-

Section 3 describes absolute velocity estimation. Ascuracyvirtual yaw rate sensor.

a related project with many cross-couplings, virtual ~ As applications for an accurate yaw rate, we have

sensors for estimating tire-road friction and tire pres-lateral slip computation, used in vehicle stability sys-

sure are described in an accompanying paper. Théems and friction estimation.

approach is patent pending Gustafsson and Ahlqvist

(2000).

Gyro: yaw ratelr Yaw rate®
ABS: wheel velocityw| Filter | Yaw rate offse®, g0

2 ACCURATE YAW RATE COMPUTATION

Accurate_qu rate _computatlon IS conS|derec_i. TheFigure 2: Basic structure of high precision yaw rate
first possibility of using only a yaw rate sensor is suf- computation

fering from an unavoidable measurement offset which
varies in time.

Another possibility is to compute the curve ra-
dius from wheel angular velocities taken from the
wheel speed sensors in the ABS system (hereafte

simply called ABS sensors), which can be convertedrigure 3 defines the notation used in this section. The
to yaw rate information. Again, there will be an off- \ell-known relations between yaw rafe lateral ac-
set caused by imperfect knowledge of the tire radii. celerationa,, longitudinal velocityv, and curve ra-
By integrating the information from both sensors, thes@iusR are (See any text book on vehicle dynamics as

ﬁasic relations
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Adler (1993), Gillespie (1992) and Wong (1993))
U = =u,R!

_ _2p-l _ .
a, = =v, R =0,V
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The offset’s influence on the denominator is negligi-
ble, so we will use the following expression for in-
verse curve radius:
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Here we have introduced the computable quantity

pral 2 (en
"L Z—:i +1 \wy,
for the inverse curve radius.
Finally, the velocity at the center of the rear wheel
axle is

Wy + Wry
Uy = ——r
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= Ugm — i 57’
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wherer,, is the nominal wheel radius, andthe ab-
solute error in this value. Again, index indicates a

The ABS sensors measure rotational wheel velocitie€omputable value.

w, where the index convention is thelt means rear
left, fr means forward right and so on.

A geometrical relation from Figure 3 is used to Meéasurements

compute the curve radius, whefeis defined as the
distance to the center of the rear wheel axle,

UTT

Ury

Rrr o R+L/2
R, R-1LJ2

Solving for R~! (the inverse to avoid numerical prob-
lems when driving straight ahead) gives
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The wheel radius is denoted The wheel radii ratio
is subject to an offset
Trl A

— =1+03
TTT

The measurements under consideration are

e y; from gyro (yaw rate sensor).
e y? =v,,, R, from ABS sensors.

e Possiblyy? from lateral acceleration sensor.

The gyro signal is subject to an offset and scale factor
error

1

Y = (1 + 550)\111? + 50,gy7‘o + etl

Hered,,,, s IS the scale factor error in the gyro, which
enters the measurement non-linearly. A good work-
ing approximation might be to use

yl = 1/} + d}ésc,gyro + 5o,gyro- (1)

1 Everywhere when an acceleromater is mention, this may, and
should, be supported by a vertical accelerometer to compen-
sate for a non-horizontal position of the car.



The nominal velocityv, ,, differs from the true  With an accelerometer, the regression quantities are
one because of unknown absolute wheel radius ac-

. . 3
cording to (1). The measurement is thus related to 7 =yl — Y
known and unknown quantities as Uy
1 T
yt2 :UmeT;L1 pe=(1, E)
Wyl + Wy -1 1 2 Wyl ) :(60 r0 5ACC>T
=lv,+—4 | | R -9 gure?
(v+ 5 )( +L%+1ww 34 e
rr ét :et - =
r rr 1 2 r Vg
=, R} +Ral%5r + Vrm T on - 034
“f oy T LW The least squares estimate is computed by
Wy + Wrp 1 2 Wri -1
Ty IEiia, (L3 i) Ly
o zf 9 N t=1 o N t=1 tt
%\i/t + R;lmér + Um,m_wi i 534 . . . . - .
2 Lzt + 1w, The important question aflentifiability, that is,

under what conditions are the offsets possible to esti-
mate, is answered by studying the rank of the matrix
YP =0,V + 8o ace to be inverted in the LS solution. For the accelerom-

Wyl + Wy _ eter sensor, the matrix is given by
= | Vzm — T(sr \Ijt + 5o,acc-

1 N 1 1 ZN 1
, . , . T, — N t=1 vy
Again, there is a non-linear scaling factor error due 7y Z P Pr = <L SN oL LNV L )
. . . . . =1 N t=1 vg ¢ N t=1 v?c +
to absolute wheel radius. A linearization as above is ’
necessary. Note that the two scale factors are linearlyn short, this matrix has full rank if and only if the ve-
independent when the velocity is changing. locity changes during the time horizon. Furthermore,
In summary, the slowly time-varying parameters the more variation, the better estimate.
in Table 1 must be estimated (in order of relative im- Similarly, the offsets are identifiable from yaw
portance): rate and ABS sensors if the velocity the curve ra-
dius changes anytime.
o The offsets can be estimatadaptivelyin a stan-
Offset estimation by least squares dard way by recursive least squares (RLS) algorithm,
or least mean square (LMS) or a Kalman filter.

For the accelerometer, we have

Here we neglect the scale factor errors and only us
wheel velocities and the gyro. Eliminating the yaw
rate from the first two measurements yields a linear _
regression in the two offsets: Kalman filter

The Kalman filter is completely specified by a state

_ T _
=p, 0+ e _
= ' space equation of the form
where T4y =Axy + By
_ 1 2 Yt :Cxt + €
Yt =Y — Yy
1 1 2wy where the covariance matrices @f ande; are de-
o1 =(L Vam ) noted@ andR, respectively. The unknown quantities

L g—;i + 1wy
o :(5o,gyro7 534)T
ét :etl - et2 i‘tJrl = Ai‘t + Kt<A7 B7 07 Q? R)(yt - Ci‘t%

in the state vector; are estimated by a recursion



where the filter gaink,;(A, B,C, Q, R) is give a0 b0 1600 106 §500

the Kalman filter equations. Thus, the desi 1750 [ — NIRA Yaw Rate |

lem is to setup the state space model. | = Giyma Frbegration
Using the state vector
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a continuous time state space model is

0100 0
. 0000 1
=10 00 o™t o]"
0000 0 Figure 4: Path obtained by dead-reckoning the gyro
5 signal and the estimated yaw rate, respectively.
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It is here assumed that there is an unknown input '
that affects the yaw acceleration, which is a com-
mon model for motion models, basically motivated

by Newton'’s lawF’ = ma.
A discrete time state space model can be derived

1 T, 00 T2/2
0 1 00 T ;
Tiy1 = 0 0 1 0 Ty + 0 (o
0 0 01 0 _ o
101 0 Figure 5: Wheel offset estimation. The true offsets
w={10 0 0,12 1wﬂ>xt+et are not known here.
z W:T‘i’ Wrr
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which is used by the Kalman filter. Related publications

Related material is the article Hac and Simpson (2000),
Experimental results  Figure 4 illustrates a test drive where sensor fusion is used for wheel speeds and
with four laps in a large slightly elliptic roundabout lateral accelerometer, the patent Shivashaekaa.
(radius approximately 90 meters). The marked pathg1996), where two accelerometers and steering an-
are obtained by dead-reckoning. Due to the real off-gle are used, and the patent Williams (1991), which
set in the gyro, the straightforward attempt of dead-adapts the offsets when the steering wheel angle and
reckoning leaves the roundabout with a phase errotateral acceleration are both close to zero. None of
of 180 degrees. After compensation, the plot showsthese include the gyro signal.
perfect resemblance with the map and reveals exactly
which lane was followed.
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The sensor signals to be fused and their characteris-
tics are here:

e ABS sensors provide wheel rotional speed
g . T S O /W that can be transformed to a scaled velocity at
P e any position in the car:

.-__: s ok | ytlzwtrm+€tlzwt(r+5r)+etl
LR = Uy + Wb, + €;.

This holds for a non-driven wheel. Fusion of
the driven wheels is also possible, but then the

wheel slip must be modeled. This will show up
Figure 6: Gyro offset estimation, where a linear drift as a scale factor error.

has been added to the sensor signal afterwards. The _ o o
Kalman filter tracks the time-varying offset with an ~ ® An accelerometer in longitudinal direction

error not exceeding 0.1 deg/s. YZ = Vps + Oogee + €5

Summing up to time gives
3 ACCURATE SPEED COMPUTATION

t
—2 2 =2
Y = Z Y = Uzt — Uz0 + 5o,acct + €.

The standard approach to compute velocity is to use
k=0

the wheel speed signals, possibly averaging over right
and left wheels and preferably using non-driven wheelBhe offset factor here (1 @j is linearly independent
to avoid wheel slip. This approach obviously has of the one from the ABS sensor (a small variation in
shortcomings during braking when the wheels are lockegdular speed is needed), so the offsels,.., J, are
and during wheel spin on 4WD vehicles. For 4WD observable.

vehicles an additional problem is that there will even

during normal driving be a small positive offset in

velocity caused by the wheel slip. Kalman filter

This approach uses an accelerometer as a Cc)mlokz"B_asicall the same estimation approaches as for yaw
ment to the wheel speed signals, as illustrated in Fig- Y S bp y

o : ,2
ure 7. In this way, the velocity can be computed afterrare are possible: least squares (ugipgindy;) or

e S g ot
ocking the wheels when braking. For swD vehicles |S 87 i Joien SR Lo e
and otherwise when non-driven wheel speed signal ' i
are not available, the system compensates for whee

slip and gives accurate velocity and accelerometer in- Uzt
formation. 2y = ’Ug,t
5o,acc
Accelerometeru,, Velocity v, the state space model becomes
ABS: wheel velocityw| Filter | Acceleratioru,, 1 7. 0 0 T2/2
0 1 00 T,
T =1o o 1 o™ o | Y
Figure 7. Basic structure of high precision speed 00 0 1 0
computation.
(1 0 w O i
=010 1)t

Everything else is similar as to the previous section.



Experimental results

The numerical illustration is based on a test drive
modified in the following way. First, all offsets are
manually tuned such that the path obtained by dead-
reckoning of the sensor signals fits a road map per-
fectly. Then the offsets in Table 1 are added to the ¢ o
measurements, and the algorithm tries to estimate them __
Figure 8 shows how the individual tire radii are esti- J
mated. It takes less than a minute to find a value with °

less than half a millimeter error. As a consequence, .l
the velocity error decreases significantly, see Figure .

L L L L L L
9 0 50 100 150 200 250 300 350

Rear left wheel radius offset (53)

s : ‘ ‘ ‘ ‘ Figure 9: Accurate speed estimation follows from the
P,\ | e knowledge of tire radius offsets. Here the velocity er-
I — | ror is shown (true is ze_ro) using nominal _wheel radius
s f (upper curve) and estimated wheel radius (the curve

close to zero).

R ——— per second, and absolute speed value with an error in
| | | the order of centimeters per second, respectively. No
v ] calibration is needed, and the system adapts to tem-
Ezf 1 perature and aging drifts in sensors and wheel radii.
. ] The wheel radius estimates (heékg andd;,) are
useful for tire pressure estimation, which is described
° * A in an accompanying paper.
The question of order of excitation and degree of
Figure 8: Estimation of error in nominal tire radius gpservability is not addressed here. Basically, the off-
as a function of time. The added offsets on 3 and 4sets are much easier to estimate than scale factor er-
mm, respectively, are after 60 seconds estimated withors. Also, relative difference in tire radius is easier
an error less than 0.5 mm. to estimate than absolute value (the average error).
The current implementation switches the adaptivity
depending on the current excitation, as is coupled to
accelerations and turning of the vehicle.
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