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The increasingly widespread use of the Global Positioning o

System (GPS) in determining the location of vehicles rdises
possibility of using the information provided by GPS foriveh
cle control purposes. The use of a multi-antenna GPS systemcC,
provides the ability to measure not only position and veyoci
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Front tire slip angle
Rear tire slip angle

b Distance from vehicle CG to rear axle
B Sideslip angle

Front cornering stiffness
Rear cornering stiffness

but vehicle heading and sideslip as well. This paper present { | ongitudinal position
a validation of a GPS based system with an automotive grade § Steering angle at road wheels

two-axis optical sensor. The results show excellent ages¢m

I:brake

Braking force

between the two sensor systems, confirming the accuracg of th ¢ L1 Front lateral tire force
GPS based system even in highly dynamic situations. Althoug F
any GPS based system is subject to dropouts from drivingrunde I,

trees and bridges, cornering stiffness estimates obtaimleein
GPS is available enable construction of a vehicle state ese
for use in the absence of GPS.

NOMENCLATURE
a Distance from vehicle CG to front axle
ay Lateral acceleration

r

Rear lateral tire force

Vehicle moment of inertia
m Vehicle mass

Yaw rate

R Tire radius

s Longitudinal slip

Uaps Absolute velocity over ground
Utire
Ux

Uy Lateral velocity

Tire velocity
Longitudinal velocity

w Tire angular velocity
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INTRODUCTION

As stability and control systems advance, the need for accu- F
rate measurements of the dynamics of the vehicle becomes in-
creasingly important. The automotive industry has longecel
on optical sensors for high accuracy measurements of the dy-
namics of vehicles on test tracks, but the high cost of sunh se
sors makes them impossible to integrate into productioitiesh
Consequently, current stability and control systems camade
use of the accurate measurements that optical sensorslare ab
to provide. In particular, current stability and controksms
must function without accurate knowledge of the vehicless v
locity and sideslip angle.

The increasingly widespread use of the Global Positioning
System (GPS) in determining the location of vehicles raibes
possibility of using the information provided by GPS for i«eh
cle control purposes. A GPS based navigation unit for hetp wi
driving directions is already standard on many passendar ve
cles. The use of a multi-antenna GPS system provides thgyabil
to measure not only position and velocity, but vehicle hegdi
and sideslip as well [1] [2]. While the update rate of GPS mea- Slip Control Systems: Improved Slip Control
surements is typically slow compared to the dynamics of a ve- A tire generates a traction force depending on the longitudi
hicle, the system can be augmented with a set of accelermsnete nal slip, s, of the tires, which is the relative difference between
and gyros to provide real-time vehicle state measurem@pts [ the absolute velocity over ground of the vehidleys, and the
[4]. A combination of GPS antennas, accelerometers andsgyro Vvelocity of the tire Usire:
could provide measurements at the level of optical senbaoits,

max|

brake

Figure 1. TYPICAL TIRE CHARACTERISTIC, BRAKING FORCE
AS A FUNCTION OF SLIP ANGLE

at a price more feasible for automotive production. o Uaps— Utire )
Of course, any GPS based measurement system has its lim- Uabs

itations. GPS signals cannot travel through trees, bridges

buildings. In addition, the quality of the GPS solution ipde- where:

dent upon the geometry of the satellites in view [5]. However

during the time the vehicle does have access to GPS measure- Utire = Rw (2)

ments, it is possible to estimate vehicle parameters thathen
be used to construct a model of the system. This model can be,nereR is the tire radius ands is the angular velocity of the
used along with other sensor measurementg during a GPSoutag ,\heel. Today’s anti-lock braking systems (ABS) primarilseu
to construct an observer to estimate the vehicle states. the information from the individual wheel speed sensoreted
This work seeks to validate GPS based measurements of ve-mine the actual angular velocity of the wheels. From thesa-me
hicle velocity and sideslip with an automotive grade tw@sax  surements, the ABS controller estimates the angular aetiele
optical sensor. Experimental results show excellent ageee of each wheel and the absolute velocity over ground, froncivhi
between the two sensor systems, confirming the accuracyeof th |ongitudinal slip estimates can be derived. The ABS cotgrol
GPS based system even in highly dynamic situations. Prelimi then uses these estimates to decide whether to furthembere
nary results suggest that a vehicle state observer coulddero  hold or decrease the individual wheel pressures [6]. Fidure
information about sideslip even when GPS based measurement shows the braking force profile of a typical tire. In order tmm
are not available. imize the stopping distance in an emergency braking sdoati
today’s ABS controllers cycle around the peak force, ofegat
betweens; ands,. The average braking force in this region is
less than the maximum braking forde,ax. The problem here is
THE NEED FOR ACCURATE VELOCITY AND SIDESLIP that the longitudinal wheel slip is calculated from an inaete
There are numerous examples of how accurate knowledge of estimate of the vehicle speed over ground. Without knowdaifg
the vehicle’s velocity and sideslip angle could be used farave the absolute vehicle speed over groudghs, the ABS controller
vehicle stability and control systems. Two such examples ar is unable to maximize the braking force, and this in turn témi
included here. the performance of the control system.
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Figure 2. COMPARISON OF STOPPING DISTANCE WITH AND
WITHOUT KNOWLEDGE OF VEHICLE S ABSOLUTE VELOCITY

With direct measurement of speed over ground from GPS,
the performance of ABS systems could be improved. Figure
2 illustrates the magnitude of improvement that could taeor
ically be achieved if the ABS system could maintain the peak
braking force,Fmax. The solid line represents the stopping dis-
tance of a car with longitudinal slip variation charactécisf a
conventional vehicle. The dashed line represents the chsew
accurate estimation of longitudinal slip enables the ailatr to
maintain the maximum value of braking force. The differeimce
stopping distance is significant, in this case on the ordér tof
10 percent of the total distance. Thus, knowledge of thelateso
velocity over ground would consequently help to make velsicl
safer since their braking performance could be notably avex.

Stability Control: Improved Instability Detection

Today’s stability control systems like active yaw control
(Dynamic Stability Control (DSC), Electronic Stabilitydgram
(ESP), Active Steering, etc.) typically use lateral acelen
and yaw rate as inputs to determine the lateral state of the ve
hicle. However, to determine the lateral slip of the vehinhel
detect instability, sideslip angle information is needéd [

Figure 3 shows that the sideslip angle information is much
more useful in determining a critical situation than yavergir
lateral acceleration). In the depicted maneuver, the \eipier-
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Figure 3. LOW FRICTION MANEUVER SHOWING LARGE

SIDESLIP AND SMALL YAW RATE

the sideslip deviation is about 0.16 rad and the yaw rateadevi
tion has decreased to about 0.06 rad/s. Taking into accbhant t
control systems typically use a threshold to avoid inappade
control interventions, a yaw based stability control systeould
have difficulties in the denoted maneuver. In contrast, assiiol
based control system would detect the instability. Thishis t
conclusion drawn in [7], which also concludes that a muitipl
input controller, sensing yaw rate and sideslip angle, didd
most effective. Such a controller would help prevent uristab
vehicle states without inappropriate interventions, thrmvid-
ing effective assistance in maneuvering a vehicle throuigical
situations. However, such a multiple input controller catrive
realized without accurate knowledge of the sideslip angle.

EXPERIMENTAL SETUP AND VERIFICATION

In order to validate GPS based measurements of vehicle ve-
locity and sideslip with an optical sensor, a vehicle wasgogd
with both measurement systems. The vehicle’s Control Area
Network (CAN) output was used as a third sensor system. After
the initial high friction testing confirming the validity die GPS
based system, additional tests were performed with jusGP8
based system in place in order to illustrate the applidstofithe
system over a wide range of driving conditions.

forms a 1.6 rad step steer at about 10 m/s on ice with the tires GPS Based System

reaching the limit of adhesion. It is obvious that the siigesl
angle substantially deviates from the expected value thde+
rived from a reference model. About 1 second after the vehi-
cle enters the unstable state, the sideslip deviates frenexh
pected value by about 0.06 rad, while the yaw rate only desiat

from the expected value by about 0.12 rad/s. After 2 seconds,

3

The use of a multi-antenna GPS system provides the ability
to measure not only position and velocity, but vehicle hegdi
and sideslip as well [1] [4]. A BeeLine two-antenna systeomfr
NovAtel is used in conjunction with a NovAtel single-antann
system. Figure 4 shows the GPS antennas mounted on the roof
of the vehicle. The single antenna, mounted along the cénéer
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Figure 4. GPS ANTENNAS AND OPTICAL SENSOR MOUNTED
ON EXPERIMENTAL VEHICLE

of the vehicle, provides velocity information. The two amas
for the BeeLine receiver, mounted on either side of the cemte
tenna, provide heading and sideslip information. Thiseaysis
not dependent on the driving conditions as long as GPS i$ avai
able.

Since the update rate of GPS measurements is typically slow

compared to the dynamics of a vehicle, the system is auguhente
with a set of automotive grade accelerometers and gyrosoto pr
vide real-time vehicle state measurements [3]. Three axoel
eters and three gyros are mounted in pairs along perpeadicul
axes in a small cube unit to serve as an Inertial Navigatiast Sy

tem (INS) unit for the purpose of augmenting the GPS measure-

ments. Figure 5 shows the INS unit mounted on a bar rigidly
attached to the frame of the vehicle. The motion of the barrel
tive to the vehicle was found to be negligible.

A MATLAB/Simulink/XPC environment was used to col-

Optical sensor receiver

Figure 5. INSIDE TRUNK OF EXPERIMENTAL VEHICLE

sensor measurement axis 1
N

longitudinal motion

sensor measurement axis 2

Figure 6. THE OPTICAL SENSOR MEASURES ALONG TWO PER
PENDICULAR AXES

and lateral velocities at the vehicle’s center of mass can tre
computed. This information can then be used to directly agmp
the sideslip angle. Optical sensors such as this one do nét wo

lect and process the data from the GPS receivers and the INSIn all driving conditions and cannot, for instance, be useero

unit. Figure 5 also shows the “XPC box” used to collect thedat

Optical Sensor

The automotive industry has long relied on optical sensors
for high accuracy measurements of the dynamics of vehigles o
test tracks. One such industry standard is a Datron V Serwur f
Corrsys-Datron. This automotive grade two-axis sensoriges
the ability to measure both longitudinal and lateral vetiesi and
thus sideslip as well. The sensor works by correlating péstu
of the ground along two perpendicular axes, as shown in Fig.
6. The velocity of the vehicle along these two axes is contpute
and then transformed by the sensor to the longitudinal aeddla
velocities at the location of the sensor. With knowledgehaf t
yaw rate of the vehicle and the location of the sensor redativ
to the center of mass of the vehicle, the vehicle’s longitatli

4

puddles of water or in snow storms. Gaps in the pavement may
also result in inaccurate measurements.

Figure 4 shows the Datron V Sensor mounted to the front
bumper of the vehicle and Fig. 5 shows the sensor’s proggssin
unit mounted inside the trunk. The optical sensor was malnte
such that the two measurement axes wem@dtad with respect
to the longitudinal motion of the vehicle, as depicted in.Fég
The signal from the Datron V Sensor was read into the XPC
box via a serial link to allow a direct comparison between the
measurements from both systems without requiring thaediff
ent time vectors be matched up in post processing.

Control Area Network
In order to measure the steering wheel angle, the vehicle’s
Control Area Network (CAN) was also connected to the XPC

Copyright © 2005 by ASME



box. This also provided information on the wheel speeds and
the vehicle speed over ground estimate calculated by the ABS
controller.
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Verification with the Optical Sensor and High Friction ¥

Testing 30} !
A variety of maneuvers were conducted with summer tires

on dry concrete with both the GPS/INS system and optical sen-

sor operational. The maneuvers included straight runrtingra 281

stant speed, hard acceleration/deceleration, steady ciater-

ing, quasi-steady state cornering with fixed steering whegle, 26

step steers, single/double lane changes, parking, andosdal

steering (fixed frequency/increasing amplitude and fixeglam |

tude/increasing frequency). These maneuvers were chogen i 24 ‘ ; — ‘
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der to span a wide range of velocities and accelerationsi@and t/s

include both slow and quick changes in vehicle dynamics. The

optical sensor was assumed to be the truth reference in @eof
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Figure 7. SPEED OF VEHICLE MEASURED BY THREE SENSOR

high friction testing. SYSTEMS

Velocity.  Figure 7 shows the speed of the vehicle as mea-
sured by the GPS/INS system and the optical sensor during an 01l —GPSI/INS
emergency braking maneuver from an initial speed of about 33 ' Optical
m/s. The steering wheel was held constant at O rad duringéhe m
neuver. The most important thing to note is that the reshitsvs 0

excellent agreement between the GPS/INS system and the opti
cal sensor, confirming the accuracy of the GPS/INS system. Th
next important thing to note is that the signal from the GRS/I
system is significantly smoother than the signal from thécapt
sensor. Since the GPS/INS system does not rely on properties  —o.2
of the road surface, it is not susceptible to disturbancehk as

pavement irregularities that the optical sensor incorgsranto

its measurements. As a comparison to what is currently-avail -0.3
able in a production vehicle, the vehicle’s CAN measurenoént
speed is alsoincluded in Fig. 7. The ABS system engagedyghort
after the driver presses on the brake pedal. Since the CAdlspe
is derived from wheel speed measurements, it includes the cy
cling of the ABS system in its measurement of vehicle speed,
and consequently does not give very accurate information.

ke]
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[ea}

0 1 2 3 4 5
t/s
Figure 8. SIDESLIP OF VEHICLE AS MEASURED BY GPBNS
SYSTEM AND OPTICAL SENSOR

sensor. The information from the optical sensor seems te hav

Sideslip.  Figure 8 shows the sideslip of the vehicle as almosta 100 ms time delay with respect to the informatiomfro
measured by the GPS/INS system and the optical sensor duringth® GPS/INS system. This may well have been a result of the
a lane change maneuver at about 30 m/s at the limits of tire ad- SPecific sensor processing used and is not necessarilysesyiee
hesion. Figure 9 shows the yaw rate of the vehicle during this tive of optical sensor performance. The point of this corrsuear
maneuver. As in the velocity case, there is excellent ageeem IS not that the GPS/INS system is inherently faster; thests pl
between the two systems in steady state behavior and goee-agr ~ S€rve mainly to demonstrate that the GPS/INS system inteedu
ment in transient behavior, again confirming the accuradpef minimal delay in the measurement.
GPS/INS system.

Low Friction Testing
Time Delay. In both Figs. 7 and 8, it appears that the sig- Testing was also performed on snow and ice with winter tires
nal from the GPS/INS system leads the signal from the optical in order to illustrate the ability of the GPS/INS system tted®
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large sideslip angles. The maneuvers performed were the sam Figure 10. SINUSOIDAL STEERING MANEUVER
as in the high friction case. There was no notable differénce
the system’s performance as compared to the high frictisis.te
The vehicle’s dynamics were changed dramatically, gemgyat

larger sideslip angles more frequently, but the GPS/IN$esgys 6000+
appeared to sense these motions accurately. Due to the pave-
ment type (snow and ice), the optical sensor was not usedgluri 4000}

these tests. However, the measurements that the GPS/INS sys
tem makes are independent of the road surface, and thetkéore
different road surface was not expected to have any impatteon
performance of the system.

2000

Figure 3 shows one example of a low friction maneuver (1.6 Z> or
rad step steer at about 10 m/s on ice) during which the drider d
not counteract and the vehicle slid with a large sideslipleng —2000¢
The system appears to track the vehicle’s motion accuratety
even under these conditions there are no signal drift affept —40007
parent since the signal returns to its 0 rad value when thieleeh
comes to a stop. _60—0(?.06 -0.04 -0.02 0 0.02 004 0.06
o /rad
Different Tires Figure 11. TIRE CHARACTERISTICS FOR SUMMER TIRES ON
In order to check the sensitivity of the GPS/INS system, the DRY PAVEMENT
test vehicle was equipped with both summer and winter tives t
change the vehicle characteristics. Sinusoidal steeriagent
vers, such as the one depicted in Fig. 10, were performed on
dry pavement. Figures 11 and 12 show that the system gener-
ates data accurate enough to identify tire characteristidse the summer tires have higher cornering stiffness than tinéewi
ellipses represent the hysteresis resulting from the yinauchics, tires. In addition, Fig. 11 shows a noticeable difference be

and the lines represent the best linear fit to the data. Approx tween the front and rear summer tires, while Fig. 12 shows les
mate front and rear cornering stiffnesses are 138,000 Ninad of a difference between the front and rear winter tires. This
267,000 N/rad, respectively, for the summer tires. For theex also reasonable, since the weight distribution is almogakioe-
tires, the front and rear cornering stiffnesses are appratdly tween the two axles, and the front and rear summer tires have
124,000 N/rad and 188,000 N/rad, respectively. As expected different dimensions whereas the winter tires do not.
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Figure 13. PLANAR VEHICLE MODEL
-2000¢
—4000+ ity to estimate sideslip angle), the method presented heagst
the lateral acceleration as a scalar function of the velsidtes
6000 ‘ ‘ ‘ ‘ ‘ ‘ and inputs. This formulation allows for the direct estirnatof
-0.06 -0.04 -0.02 0 0.02 004 0.06 sideslip angle from lateral acceleration measurements.

a/rad

Figure 12. TIRE CHARACTERISTICS FOR WINTER TIRES ON
DRY PAVEMENT

Vehicle Model

The vehicle is modeled with the linear “bicycle model,” Fig.
13, in which the vehicle is treated as a mass moving in thesplan
GPS OUTAGES AND DROPOUTS Assuming small angles, the equations of motion for the vehic

The comparison between the GPS/INS system and the au-Can be written as:

tomotive grade two-axis optical sensor suggests that GB&dba
measurements are accurate enough to be used for vehicle con- X = Ax+Bd 3)
trol purposes. However, GPS is not available during allidgv
situations. The GPS signal is blocked by trees, bridgestahd
buildings, so driving in such an environment would prevant a
GPS based measurements from being made. One solution to this

whered is the steering angle at the road wheels and:

C
problem would be to only use the control systems that rely on __U;nfo —(% +1) af
GPS based measurements when GPS is available, and to turn X= [ﬂ A= ¢ Tu’éz B= E;nCGEf[ (4)
them off when GPS is unavailable. This is not desirable,esinc Tz 12Ux B

control systems that cannot function all of the time canret b
6;]5 effectl\(/je as tt)hose that Cat:' f%‘”c"ﬁ.” lcont'nuf)'“fly' -ﬁ_t:u?‘: wherep is the sideslip angle, is the yaw ratemis the mass of
there needs to be a way to obtain vehicle state Informatiomen o \ehicle U, is the longitudinal velocityl, is the moment of

event of a GPS outage. inertia, a is the distance from the vehicle CG to the front axle,
There are numerous examples of observers that have beerbmf is the front axle cornering stiffness, and:

developed for estimating lateral velocity and sidesliplarigat

do not depend on GPS. For example, in [8], measurements of

lateral acceleration and yaw rate are used to estimate tiralla Co = Cat +Car (5)
velocity. In [9], these same two measurements are combiitad w c1 = aCq s — bCqy, (6)
estimates of the tire lateral forces to estimate the latatalcity. Gy = a2Cq 4+ b?Cq; @)

Lateral velocity information is then combined with longitnal
velocity information to form an estimate of sideslip. Otlear
amples can be found in [10].

During the time that GPS is available, it is possible to col-

lect information about the system and construct a model. For h ) he vehicle
example, cornering stifiness can be estimated as showrgs Fi  Measured. However, the INS unit or the vehicle's CAN system
can be used to measure the yaw rateand the lateral acceler-

11 and 12. The model can then be used along with other sen- ™~ : L )
sor measurements to estimate the vehicle states when GRS mea2ion: . Assuming knowledge of the longitudinal velocity, the

surements are not available. In contrast to many other rdstho relation:
which use lateral acceleration measurements to estimiziella )
velocity (and then combine the estimate with longitudirelbe- ay=Ux(B+T) (8)

whereCy, is the rear axle cornering stiffness anid the distance
from the vehicle CG to the rear axle.
When GPS is not available, the sideslip anfflecannot be

7 Copyright © 2005 by ASME
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Figure 14. OBSERVER STRUCTURE

allows the measurements from the systgnp be expressed as
a linear combination of the vehicle stat&sand the inputd:

y=Cx+D?d 9)
where:
a B R
y= [ y} C m mlk| p=|m (10)
r 0 1 0

In general, the sideslip angl@, in the system described by Eqn.
(3) is unobservable when the yaw ratgs the only measurement
and the vehicle approaches neutral steering. By adding &z m
surement of lateral acceleratiom, the sideslip angle becomes
observable.

Observer Design

An observer to estimate sideslip from the available mea-
surements of yaw rate and lateral acceleration can now be con
structed. To do this, a simple linear observer is used indha f
of Fig. 14 where:

2=A2+B3+T(y—Y)
y=C2+D3

(11)
(12)

whereZis the estimate of the unknown states,andy’is the
estimate of the measurement vectpr, The observer feedback
matrix, T, is computed such that the error dynamizs, x, are

stable. Equation 11 can be written more compactly as:

2= AgbZ+ Bopal (13)

where:
Agps=[A=T(] BobS:[B—TD T] u:[ﬂ (14)

The standard bicycle model assumes a constant velocity in
the longitudinal direction, which is not a valid assumptiogen-
eral. Hence, the observer feedback maffixis computed for an
approximate speed, and the matriégss andB,,s are computed
at each time step with the current velocity information. sTie-
locity information would normally come from GPS, which is as
sumed to be unavailable. However, there are other sources of
approximate velocity information. For instance, we coussd u
information from the vehicle’s CAN system. While this infor-
mation is not as accurate as the velocity information remkiv
from GPS, it is generally close enough to use for the purpbse o
generating the observer matricédgps andBgps.

Preliminary Results

This technique was applied to some of the data sets acquired
during the testing maneuvers. Since the two-antenna systsm
operational during these tests, we can compare the obsesver
timate to the values measured during the experiments. €&igur
15 shows a step steer maneuver on which this technique was ap-
plied. The steering inpud, and the lateral acceleratica,, were
taken from the vehicle’s CAN system. The yaw ratayas taken
from the measurements made by the INS unit.

Figures 16 and 17 show the results of applying this observer.
The estimated value of the yaw rate tracks the actual yaw rate
exactly, which was expected since the yaw rate was a state we
could measure. The estimated value of the sideslip does<not e
actly track the measured sideslip. However, the differdmese
tween the observer estimate and the measurement from the two
antenna system is not very large. The measurements of yaw rat
r, and lateral acceleratiomy, both contain a small overshoot at
around 3 sec. Consequently, the observer estimate forligides
B, contains an overshoot not present in the original datapifies
this, the general trend is maintained.

CONCLUSIONS AND FUTURE WORK

The comparison between the GPS/INS system and the auto-
motive grade two-axis optical sensor confirmed that the GRS/
system does provide accurate measurements of velocity and
sideslip even in highly dynamic situations. The results alsow
that the GPS based system is more robust to disturbances such

Copyright © 2005 by ASME
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Figure 16. OBSERVER ESTIMATE OF YAW RATE

as pavement irregularities that the optical-based sensdtars

from, suggesting that the GPS based system would also be more

amenable for implementation into a stability or controlteys.

The vehicle state observer described here can be used to aug-

ment a GPS based measurement system to give sideslip informa
tion even in the event of a GPS outage. Expressing the lateral
celeration as a linear combination of the vehicle statesrgmds
allows for the direct estimation of the sideslip angle. Aliigh

the estimate of sideslip does not exactly match the measunem
from the GPS/INS system, the estimate does follow the same
trends as the measurement. This observer was developegl usin

9
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—— observer

measured ; I
0.02} il
0.01f
e
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=
offiT
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-0.02 : : : ;
0 1 2 3 4 5
t/'s
Figure 17. OBSERVER ESTIMATE OF SIDESLIP

the linear bicycle model, but could easily be developedagisin
nonlinear formulation that would include nonlinear tirendyn-
ics. This type of formulation would most likely improve thb-o
server’s ability to estimate sideslip.
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