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Abstract— This paper demonstrates a method of obtaining
key vehicle states using GPS and INS measurementstiwan
adaptive model based estimator. A dual antenna GP&titude
system is used to estimate tire cornering stiffnessThis
estimated parameter is updated in the estimator maa to
provide more accurate estimates of the vehicle sed. The
experimental results for the estimate of sideslipral yaw rate
using the updated estimator model compare favorableo
values predicted by the theoretical model.

I. INTRODUCTION

A critical component of many modern vehicle contro

systems, such as stability control and lateralrobsstems
requires the accurate knowledge of vehicle sidesiig yaw
rate [1, 2]. The yaw rate, or angular velocity atbthe
vertical axis, can be measured directly with a kot
gyroscope. However the measurement of sideslipzhnis
the difference between the velocity vector of tlehiele
and the actual heading of the vehicle, requiresxgensive
speed over ground sensor. Recently, it has bemmnsthat
a two antenna GPS attitude system can be useddsunge
sideslip directly, since it provides both a velgaiector and
a true heading [3, 4]. This method, though legseagive
than the speed over ground sensor, provides measntg
in only the 10-20 Hz range (which is not fast erodigr
control purposes). Additionally, the GPS measurgme
may not be available when there is poor visibilifythe
sky, such as areas of heavy foliage or urban canyon
Since neither method for measuring sideslip islabk
on production cars, due to cost, this key vehitdesmust
be estimated. One of the most common practices
estimate sideslip is by integrating inertial sesssuch as a
lateral accelerometer [5, 6]. Another method ttnese
sideslip uses inertial sensors with a linear madokesed
estimator [7]. In this estimation scheme, the okels
actual parameters are used to estimate the sidasiip and
the yaw rate while using a steer angle as the inpatthe
system and a yaw rate as the measurement statsevidn
sideslip is unobservable with a yaw rate and stegjle
measurement when the vehicle reaches neutral

integrating a single GPS antenna with a yaw ratespppe
[13, 14]. In this method, sideslip is estimatedcbynparing
the vehicle velocity heading provided by GPS wille t
heading of an integrated yaw gyroscope. Althoulgh t
kinematic Kalman filter is able to account for thés
present on the gyroscope, the method is unabledouat
for the presence of a scale factor error on th@spope.
Recent work has attempted to estimate the gyro&ope
scale factor error [15]. Also, with a single amtameceiver,
this method can not account for roll or road graders

hich can lead to a false estimation of sidesknally, it

as been shown that the kinematic Kalman filtegenvhsed
with a dual antenna GPS attitude system, a yawgwte,
and accelerometers can be used to estimated pidean
in the presence of roll or road grade [16]. Howewene
of the GPS methods of sideslip estimation providag
information to the controller regarding the accyra€ the
system model.

One of the newest methods of estimating sideslifoi
combine GPS measurements with inertial sensors in a
model based estimator [17]. This method providdgect
estimate of sideslip and is robust to gyro scattofaerrors
but is limited to estimator model accuracy. Armstihew
method of estimating the sideslip is to use a mddesed
estimator and steering torque information on argtgewire
vehicle [18]. This method uses a yaw rate gyroscop
measurement, steer angle measurement, and a simple
observer to estimate the sideslip of a vehicle.

It has been shown that GPS/INS can be used toastia
\{ghicle’s tire cornering stiffness by using the esiip
estimate to find tire slip angle [19]. These dimles can
be used to solve for the tire cornering stiffnes®ther
methods proposed for estimating tire cornerindr&ifs use
non-linear observers [20]. This paper investigates use
of estimated tire cornering stiffness using GPdarect
the model of the estimator.

Il.  VEHICLE MODEL

steeThe lateral dynamics of the vehicle in the hortabn

characteristics. Other methods for estimating siples plane are represented with a single track vehaldicycle

include use of non-linear observers [8, 9]

A much more recent method of vehicle estimatioesus

GPS and Inertial Navigation System (INS) sensd@-12].
One of the most resent methods of estimating splesby
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model [21] and is shown in Figure 1.
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Where L = Kalman Gain
Py = Error Covariance Matrix

I Cq = discrete Observation Matrix
& N R, = Measurement noise matrix
b Xx = state estimation

y = Y-Yest= residuals
| = Identity Matrix
Fyr k = Time Step

The next step of the Kalman filter is the time aigd
which occurs at every time step, and can be seen in
Equation (4).

Figure 1. Bicycle Model

The equations of motion for the lateral dynami€she Ker = A% + Byu, 4)
bicycle model are found by summing the forces and P.,= APRA'+Q,
moments around the center of gravity. This leadsh® \where Ay= discrete State Matrix
equation of motion for the bicycle model shown bein Bq = discrete Input Matrix

Equation (1). Note that in Equation (©, andC, are the U= input _ n
tire cornering stiffness for the front and rear eaxl =~ Qu=process noise matrix B Q.B, T,
respectively.

ZFy =F, +F, =ma, = m(\/,g+vr) One of the current ways to combine the GPS heading
) (1) measurements with the information provided from yher
ZMV =aF, —bF, =1.f gyroscope is through a kinematic or indirect Kalnfiéter
Where [13]. Additionally, GPS course angle measuremeatsbe
ar combined in a model based estimator. The estirsadtate
Fyp =—Cxa; =Cg4 [,3+V—5) space model is derived from the linearized equatioh
motion of the bicycle model, seen in Equation (Ijhe
__ - ( _bfj state space equations for the model based estinaator
Fyr - Cmar ~Cm ﬁ . h
shown in Equation (5).
By manipulating Equation (1), the equations farasty 5| S ZAG ROy g o) oo [ G (5)
state yaw rate and steady state sideslip can beedeand ¢ _ac;“\fbcm azcr:VJr b’C, ; r;‘C;’
are given in Equation (2). Steady state yaw ratesaaeslip o | I Y 00, B o
are dominated by the weight split and the tire edny Bayeo 0 1 0 0fb,, 0
stiffness. 0 0 0
\Y B
fss=7L+VzKu55 @) {0101}r
lgsszl\)/ir_n;rvr 1010bt;l:ro
‘”W W Additionally the discrete measurement noise cevee
where K . = c L - c L and discrete processes noise covariance are shown i
of ar Equation (6). Note that the state estimator dycamill
. VEHICLE ESTIMATION change withafias [14], but is not a focus of this paper.
The GPS measurement of heading can be combinéd wit R{‘g :2} ©)
the yaw rate gyroscope measurement through twcstgpe 0_; 0
estimators, a kinematic estimator or a model based Qs =BW{ o ;JBLTS
estimator. The purpose of combining the GPS where: o7, =1e®

measurements with the gyroscope measurements
provide a high-update rate, unbiased, accuratenats of
the lateral vehicle dynamics.

The discrete Kalman filter for a system represgrite

IS 1Orhis estimator provides a direct estimate of tidesdip
(B, yaw rate (), vehicle heading¥%), and the gyroscope
bias fgy0), Which again is being modeled as a random

. ) ) walk. The input into this estimator is the stepgla ¢) at

Figure 1 consists of two parts: the measuremenatepand the wheel. The two measurements are yaw rate thiis

the time update [22]. This step of Fhe Kalmarefilbnly bias (from a gyroscope) and the course angle, hgalus
occurs when measurements are available. The equiati sideslip (from GPS). Vehicle sideslip is not obsdie

the measurement part can be seen in Equation (3). using only a yaw rate measurement if the vehiclelehis



neutral steer. However, sideslip in this estimasostill measurements provided to the estimator are a bigased
observable (when GPS measurements are availatdae)iev rate gyroscope measurement (with no scale factor)eand

the vehicle is neutral steer. Additionally, if thgroscope the course angle from a single GPS antenna. /Auwihdiliiy,
measurement is lost, sideslip, yaw rate and heaaliagtill both measurement and process noise was added to the
observable with only a GPS course angle measuremént simulation.

GPS measurement is lost, then only sideslip (asgyuhie
vehicle model is not neutral steer), yaw rate, Hegyro

0.4

o
o

bias are still observable with only the yaw gyrgsezo ER A \
E o i e il
Measurements. ;e iyl i | i
Equation (2) shows that steady state yaw ratesmlaslip 0 - ]
are a function of weight split and tire cornerirtgfrsess. B U T T ey 000w

To get the correct steady state sideslip and yaey these
are the critical parameters that must be corredéntified.
However, trying to estimate all four parametersatze a
non-linear estimation problem. Note that weightitsgan
be measured and changes very little with additidoads. o
By assuming a known weight split, front and reameaing R e
stiffness (G and G,, respectively) can be estimated using
Equation (7).
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Figure 2. Estimation Error of Incorrect Modeledhitde

c = mvr ~ mvVr (7)
’ [EJrljar [9 +1j(/3—%) Next the updated estimator model was used to atim
a a or the sideslip and yaw rate of the vehicle. Thigsligh from
bC o me[ﬁ-vj the dual antenna was then used to calculate tle tir
Ca =g, = pe cornering stiffness shown in Figure 3 using Equaiid).
a[ﬁ v j Note that during straight driving, the tire slipgéais zero

It has been shown that a kinematic Kalman filten be SO the tire cornering stiffness can not be estith#ierefore
used to estimate the vehicles sideslip when the ggale Wwas set to the original value provided to the estim
factor error is removed [13], or by using a twoeama GPS il
unit [15]. Additionally, it has been shown thateti
cornering stiffness can be determined by estimathmy
vehicle’s sideslip (assuming the weight split of trehicle
is known) and solving the linearized bicycle model T
equations [19]. The estimated tire cornering stiéfn can o Tine (520
then be used in the model based estimator in orler ‘ . .
provide a more accurate model of the vehicle. Taw b J J
model would allow the model based estimator to jg®v ' o [
cleaner state estimates of the vehicle. Additignal ‘ o o
continuous estimation of tire cornering stiffnessll w o M
compensate for other errors, such as incorrecthieiglit,
because these errors will be incorporated in thienason
of the tire cornering stiffness.
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Figure 3. Tire Cornering Stiffness Estimation

The estimates of the tire cornering stiffnesstfar front
and rear wheels are then used in the model basiethes
to improve the estimator model accuracy. Figushows

First, a simulation was performed to show thgne state estimation of sideslip and yaw rate witen
effectiveness of the estimation method. In thiswation octimated tire cornering is used to modify the nestor

the parameters of a 2000 Blazer were used to sientie .\, qel.
vehicle going around a fixed radius turn. Theraator was
provided the correct model parameters, with thesption

of the front and rear tire cornering stiffness (ttie
cornering stiffness were increased by thirty petcedhe
estimation error results for sideslip and yaw rfaten the

model based estimator with the incorrect estimatodel

can be seen in Figure 2. It can be seen in thigdithat the

slight change of model parameters leads to ermorthe

state estimation. Note that in this simulatione thnly

IV. SIMULATION
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Figure 4. State Estimation Using Updated ModeldBlasalman Filter

The estimation error for the sideslip and yaw rate
shown in Figure 5. Notice the difference betweba t
estimation errors when the tire cornering stiffness not
corrected in the estimator model (Figure 2) andmih&vas
corrected by using the updated estimator model(Ei§).
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Figure 5. Estimation Error using Updated Estimatbodel

The residuals from the model based Kalman filberthie
corrected estimator model are shown in Figure 6habk
been shown in previous work that estimator resigloah be
used as an indication to the accuracy of the estinmaodel
[18]. Notice the estimator residuals appear masthdom
and zero mean, indicating a fairly accurate mosgddding
used in the estimation algorithm. The residualshdee a
slight oscillation, which indicates the estimated torning
stiffness is slightly inaccurate, due to slightoerin the
estimated tire cornering stiffness caused by noisethe
yaw rate gyroscope measurement and sideslip estimat

Figure 6. Residuals for Estimator Updated Estimitodel

Next, a simulation was performed to test thenesior
method in the presence of other errors, such ascanrect
weight split. In this simulation, the estimator aebdweight

split (front/rear ratio) was modified from 55/45 &5/35.
Equation (7) is again used to estimate the tirenexang
stiffness seen in Figure 7. However in this siriaig the
algorithm is unable to estimate the correct tirenedng
stiffness values due to the errors in weight split.
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Figure 7. Tire Cornering Stiffness for IncorreceMht Splits

The estimate of the front and rear wheel tire edny
stiffness is again used in the estimator modele gtaphs
for the state estimation of sideslip and yaw rama the
updated tire parameters are shown in Figure 8.
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Figure 8. State Estimation using Updated ModeldBlaKalman Filter

The residuals from the estimator are plotted arel a
shown in Figure 9. Notice the estimator residwgipear
mostly random indicating a more accurate estimatodel
is being using in the estimation algorithm. Agahe sight
oscillation in the residuals is due the estimate tiod
cornering stiffness using noisy measurements aiiitha&es.
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Figure 9. Residuals from the Model Based

V. EXPERIMENTAL RESULTS

A 2000 Chevrolet Blazer (with known vehicle



parameters) was instrumented for experimental attd

of the model based Kalman filter with updated partars.

The Blazer was equipped with a string potentiomdtem

Space Age Controls, that measures steer angle athbel

and is sampled at a rate of 100 Hz. The Blazer alss
instrumented with a 6 axis Bosch IMU, consisting 3f
accelerometers and 3 rate gyros, which were alsplsa

at a rate of 100Hz.
instrumented with a Starfire GPS receiver, whicbvjated
5 Hz GPS measurements.

An experimental run was taken in a parking
performing extreme cornering maneuvers.
maneuvers consisted of the vehicle being driveaigit for
a few seconds and then performing a hard leftwinife the
velocity is held fairly constant. The measuremeptate

Additionally, the Blazer was

lot
These

estimated using the kinematic Kalman filter [13].1Zhen,
Equation (7) is used to estimate the tire cornesiiffness
shown in Figure 12. Note the repeatability of tenering
stiffness estimates for the four turns.
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was performed at 5 Hz to coincide with the GPS Figure 12. Tire Comering Stiffness for Extremeai@sing Maneuver

measurement. The sideslip and yaw rate (actual a
estimated) of this run can using the model basttha®r
be seen in Figure 10. Note that the value forabtial
sideslip was calculated post process by compahadaPS
course angle to an integrated yaw rate with scatgof
error and bias removed. The estimated value igegaw

rate and GPS course measurements with no commmsaff

for biases or errors.

Figure 10. Experimental Results using the ModeleBasstimator

As stated previously, the estimator also provites
residuals which can be used to check the modelracgu
The graph of the residuals of the yaw rate and G&¥sling
are shown in Figure 11.
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Figure 11. Residuals from the Model Based Estimator

nd

The state estimation results using the estimated t
cornering stiffness values (shown in Figure 1Zhemodel
based estimator can be seen in Figure 13. Notetliba
estimation of sideslip and yaw rate are much mopeimte
~ompared to the same estimation using just the himed
estimator and one GPS antenna (which was showigimed=
10).
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Figure 13. Experimental Results using updatechizgtr model

To get some insight on the estimator model acguthe
residuals from the estimator are plotted in Figde
Notice the residuals appear as mostly zero meate wbise
(except during the transient dynamics). The yate ra
residual and the GPS residual are closer to theatet
expectations than with the previous (non-adaptéichasor
model) estimation (Figure 11). This shows the Wwegplit
and estimated tire cornering stiffness is fairlgwate while
the yaw moment of inertia most likely is incorrect.

The experimental data was then run through thd dua

estimators. First, the scale factor error for ylaev rate
gyroscope was removed. This allows the sideslifpdo
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