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The Use of GPS for Vehicle Stability Control Systems
Robert Daily and David M. Bevly

Abstract—This paper presents a method for using global po-
sitioning system (GPS) velocity measurements to improve vehicle
lateral stability control systems. GPS can be used to calculate the
sideslip angle of a vehicle without knowing the vehicle model. This
measurement is combined with other traditional measurements to
control the lateral motion of the vehicle. Noise estimates are pro-
vided for all measurement systems to allow the sensors to be accu-
rately represented. Additionally, a method to calculate the lateral
forces at the tires is presented. It is shown that the tire estimation
algorithm performs well outside the linear region of the tire. Re-
sults for the controller and force calculations are shown using a
nonlinear model to simulate the vehicle and the force calculations
are validated with experimental measurements on a test vehicle.

Index Terms—Global positioning system (GPS), lateral stability,
road vehicle control, vehicle dynamic control.

I. INTRODUCTION

MANY VEHICLE control systems, including stability
control and lateral position control, require measure-

ments of yaw rate and vehicle slip angle [1]. The yaw rate
can easily be measured by a gyro. Typically, the vehicle slip
angle is either estimated with an observer integrating the gyro
and knowing the vehicle model [2], by using accelerometers
and integrating the lateral and longitudinal acceleration to
determine the velocity [3], [4] or some combination of the two
[5]. These methods have drawbacks due to errors arising from
model and sensor uncertainties.

The global positioning system (GPS) allows the vehicle slip
angle to be determined without requiring a model of the system.
GPS does have several drawbacks. The sample rate of most GPS
receivers is 10 Hz, which is much lower than the typical sample
rates of accelerometers and gyros. Additionally, the GPS mea-
surement contains higher noise than traditional inertial sensors.
This paper will show it is possible to utilize the advantages of
GPS while working within its limitations to accurately control a
vehicle. GPS has already proved effective when used for vehicle
navigation [6], [7] and lane keeping [8] as well as estimating
cornering stiffness [9] and wheel slip [10]. GPS has also been
used to measure yaw rate [11].

The goal of most lateral vehicle stability control systems is
to control the vehicle’s yaw rate or slip angle. There are several
papers that present methods for controlling slip angle and yaw
rate [12]. The thrust of this paper is not to present a new method
for controlling the vehicle, but to show that GPS measurements
can be used to enhance existing control methods.
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Fig. 1. Model of system.

There are two main ways to control the lateral motion
of a vehicle. The first is to directly control the steer angle
(steer-by-wire) [13], [14]; the second is to control the longitu-
dinal force generated at each wheel (differential braking) [15].
Steer-by-wire is more widely used for autonomous control of a
vehicle because most drivers would feel uncomfortable without
a direct mechanical link between the steering wheel and the
tires. Differential braking is the method usually employed in
vehicle stability control systems. A problem arises, however,
when choosing how to split the braking force among the four
tires. With GPS it is possible to determine the slip angle instead
of estimating it, therefore, accurate calculation of the tire curve
is possible. These forces can be taken into account to optimize
the braking force division without saturating a particular tire
before the others.

II. EQUATIONS OF MOTION

Fig. 1 shows a schematic of a vehicle.
The lateral dynamics of the vehicle are described by

(1)

The Pacejka tire model [16] shown in Fig. 2 is used to calculate
the lateral forces at the tires ( ). In this tire model, the lateral
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Fig. 2. Pacejka tire model for various loading cases.

Fig. 3. Measured input into vehicle.

forces are calculated from the vertical load and slip angle at the
tire. The vertical force ( ) at the tire is simply the static weight
on the tire plus the contribution from lateral weight transfer. The
slip angle at the tire ( ) is calculated by

(2)

Fig. 3 shows the velocity and steer angle input of an experi-
ment performed in a parking lot using a Chevrolet Blazer. Steer

Fig. 4. Comparison of yaw rate and slip angle.

Fig. 5. Comparison of tire slip angles.

angle is measured using a string potentiometer, and velocity is
measured with GPS.

Figs. 4 and 5 show the resulting yaw rate, sideslip angle, and
tire slip angles determined using GPS velocity measurements
and a yaw rate gyroscope. The front and rear slip angles are av-
eraged over the inner and outer tires. The method to determine
sideslip experimentally is presented in the next section. The fig-
ures also contain the output from the dynamic model given in
(1) and (2).

III. MEASUREMENTS AND LIMITATIONS

As was previously mentioned, the vehicle sideslip angle can
be determined experimentally using the GPS velocity measure-
ment and a yaw rate gyroscope. This is done by taking the differ-
ence of the GPS velocity heading ( ) and the gyro heading
( ).

(3)
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The gyro heading is found by integrating the yaw rate gyroscope
during a turn. During straight driving, the gyro heading bias is
eliminated to minimize error from the integrated gyroscope.

The effects of latency must also be taken into account. It is im-
portant to make sure each of the measurements is for the same
moment in time. Because the expected slip angles are reason-
ably small (3 –7 ), any difference in time could cause a notice-
able error in the slip angle calculation. Every GPS measurement
includes a time stamp, which allows the measurements to be
aligned correctly and to not introduce latency errors [9].

In this paper, error or accuracy refers to the standard de-
viation of the stochastic errors. A gyro is used to measure the
vehicle’s yaw rate. The yaw rate gyro used in this work had an
accuracy of 0.05 s. As the previous section stated (3), vehicle
sideslip angle is the difference in the GPS heading and the in-
tegrated yaw rate gyro heading. Assuming a well-calibrated gy-
roscope over short integration times, the vehicle sideslip angle
error is dominated by the error in the GPS velocity measurement
[10].

A single GPS receiver can measure velocity very accurately
in one of two methods. The receiver either measures the Doppler
shift of the GPS carrier wave, or measures the carrier phase dif-
ference between two consecutive samples to determine velocity.
These methods provide more accuracy than simple differenti-
ating the GPS position measurement. Typical GPS receivers can
measure velocity with an accuracy of 5 cm/s. [10]

Slip angle is calculated by

(4)

Therefore, the slip angle error can be approximated as

(5)

Using GPS velocity measurements, this leads to the vehicle slip
angle accuracy ( ) as a function of the GPS velocity accuracy
( )

(6)

A Monte Carlo simulation is used to verify the vehicle slip angle
error. As Fig. 6 shows, analytical vehicle slip angle errors given
in (6) match the Monte Carlo simulation.

By a similar derivation, the accuracy of the tire slip angles
( , ) can be calculated using

(7)

For realistic yaw rate accuracies, the gyro noise ( ) in (7) is
much less than the GPS velocity noise ( ). Therefore, the ac-
curacy of the tire slip angle is virtually the same as the accuracy
of the vehicle slip angle.

The experimental data presented in the previous section
(Figs. 3–5) was run at an average velocity of 8 m/s. Equation
(6) leads to an expected error on the vehicle slip angle (and,
hence, the tire slip angles) of 0.36 . The low frequency errors
arising from unmodeled vehicle dynamics were removed

Fig. 6. Slip angle accuracy.

Fig. 7. Experimental measurement noise.

using a high-pass filter with a very low cutoff frequency. The
resulting higher frequency errors representing the measurement
noise are shown in Fig. 7.

The standard deviation of the noise on the vehicle slip angle
is 0.27 . On the front and rear slip angles it is 0.33 and 0.27 ,
respectively. This noise fits very well with the expected error
using (6) and (7).

To simulate realistic measurements the noise characteristics
developed in this section are added to the output of the dynamic
equations from the previous section. Additionally, the output of
the simulation is recorded at 10 Hz, matching the sample rate of
a typical GPS receiver.

IV. STEERING CONTROLLER DEVELOPMENT

The controller developed in this section regulates the steer
angle. As the introduction stated, this method is not regularly
used for vehicle stability control systems; however, it is used
to autonomously drive vehicles or for lane keeping maneuvers
and can be used to demonstrate the feasibility of using GPS



DAILY AND BEVLY: USE OF GPS FOR VEHICLE STABILITY CONTROL SYSTEMS 273

measurements for vehicle control. It also has more capability
than differential braking in recovering from unstable situations
[14], [17].

While the nonlinear system developed previously simulates
the vehicle, a simpler model is utilized to develop the vehicle
controller. The system is linearized, weight transfer is neglected,
velocity is assumed constant, and the inner and outer tire slip
angles are assumed equal. In addition, lateral force at each tire
is assumed linear

(8)

with and the combined cornering stiffness of the front
and rear axles, respectively.

These assumptions lead to (9), known as the bicycle model

(9)

Equation (9) is represented in a more general form in (10) or in
discrete form in (11)

(10)

(11)

By applying state feedback ( ) and equating the
eigenvalues of the desired and actual systems in state-space
form (12), is obtained

(12)

Additionally, a reference input ( ) is generated using the
steady-state values of the desired system (13)

(13)

The desired system ( ) is taken to be a vehicle with
3 g of understeer. Understeer ( ) is defined as

(14)

The understeer is changed by modifying the weight split.
Next, a gain ( ) for the reference input is developed

(15)

(16)

where setting controls , and setting
controls . The control input ( ) is generated by com-

bining the feedback and reference input [18]

(17)

Since GPS measurements are only sampled at 10 Hz, the
eigenvalues of the desired system are limited in order to keep
the natural frequency below half of the controller bandwidth.
Fig. 8 shows the poles of the desired system (3 g of under-
steer) as well as an uncontrolled system with 1 g of oversteer
at 10 and 20 m/s.

The controller response is tested with a step steer input. In this
test, the uncontrolled system has 1 g of oversteer and is run at
20 m/s. Fig. 9 depicts the uncontrolled system’s behavior.

Fig. 8. Poles of desired and uncontrolled system.

Fig. 9. Uncontrolled system response.

Fig. 10 shows the response of the controlled system when yaw
rate is being controlled. The apparent noise on the steer angle is
not noise, but the controller’s response to noisy measurements.
As the figure shows, the vehicle dynamics filter most of this
noise out so it is not very apparent in the system response.

V. BRAKING CONTROLLER DEVELOPMENT

In most vehicle stability control systems differential braking
is used as the control actuator instead of steering [19], [20]. This
section presents a method to control the vehicle through differ-
ential braking. The steering input from the driver is still applied,
however braking is applied to supplement the driver’s input.

As with the steering control, a linear system is used to control
the vehicle. The state-space bicycle model (10) is modified to
include longitudinal forces at each tire

(18)
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Fig. 10. Controlled steering system response.

with

or, in discrete form

(19)

As in the steering control, the desired response is determined
by the driver’s steering input applied to a vehicle with 3 g of
understeer. State feedback is again used to generate the con-
troller. Due to the force terms ( , ) in this term has a
one step time lag. In order to compute the total input the driver’s
steer input ( ) must be fed forward and combined with the con-
trol input ( ). To accomplish this, equation (15) is modified

(20)

with

The control input is then developed by combining the state
feedback with the reference input exactly as in the steering
control (17).

The controller is tested using the same situation as the
steering controller used in the previous section. A step steer
input is provided by the driver. The uncontrolled system has
1 g of oversteer and is run at 20 m/s. Fig. 11 shows the
controlled response of the system. This case shows slip angle
being controlled instead of yaw rate as was done in the steering
control.

As with the steering controller, the controlled response
matches the desired response very well. The slight deviation

Fig. 11. Controlled braking system response.

from zero in the response before the step steer input is applied
is due to noise in the measurements.

VI. CALCULATING LATERAL FORCES

The controller presented previously uses differential braking
as the control actuator to generate a torque about the vertical
axis of the vehicle, thus causing the vehicle to yaw.

The braking control input, however, is
. This leads to the problem of how to split the

braking force between the front and rear wheels as well as be-
tween inner and outer wheels. Ideally, the braking forces applied
should act in a way that saturates each tire at the same time. The
total force a can tire provide is given by

(21)

known as the friction circle. If a tire is using most of its available
force in the lateral direction it will not have much force avail-
able to provide braking. Therefore, the lateral force and total
force possible at each tire must be known to determine how
much braking force can be applied at each tire. Additionally,
the longitudinal force the tires are using to maintain the desired
velocity must be taken into account.

Control schemes that use an observer to estimate the vehicle
slip angle require an accurate model of the system. Many times
a linear tire model is used to produce a linear observer. Because
the tire’s saturation point lies outside the linear region, a linear
observer would not be able to accurately predict the peak lat-
eral force. A nonlinear observer would require knowledge of the
nonlinear characteristics of the tire, as well as must account for
roll in the vehicle and how the roll and resulting weight transfer
affect the tire model. As will be shown this weight transfer con-
tributes significantly to changes in tire characteristics.

Using GPS and a gyroscope, the vehicle’s sideslip, yaw rate,
and velocity can be measured (as opposed to estimated). This
means it is possible to calculate the lateral forces at each tire,
capturing the nonlinear effects of the tire without knowing a
model for the tire.
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As was previously stated, the forces required to maintain the
desired velocity must also be considered. Assuming a rear wheel
drive vehicle, the total longitudinal force at the front tires is
simply the sum of the braking forces applied at the front wheels.
The total longitudinal force at the rear tires is what is required to
overcome the braking and maintain the desired velocity. There-
fore, the total longitudinal force at the rear wheels must be cal-
culated along with the lateral forces.

The lateral forces as well as the total longitudinal force at the
rear wheels can be found from analyzing the forces in Fig. 1
using Newton’s equations

(22)

with

Simultaneously solving the equations above and assuming the
inner and outer lateral forces are the same leads to the solution
for the lateral tire forces as well the total longitudinal force at
the rear wheels

(23)

Using a simple forward difference the derivatives of the ve-
hicle’s sideslip, yaw rate, and velocity can be approximated as

(24)

Since the derivatives are calculated using a forward difference,
they are known only for the previous time step. Therefore, the
forces are being estimated one time step behind the current time
in the vehicle. The accelerations ( , ) can be calculated from
the GPS velocities, or measured directly from accelerometers.

Fig. 12. Predicted tire curves.

Differentiating the GPS velocity measurements results in
very noisy acceleration measurements and, therefore, noisy
force calculations. This noise is calculated by

(25)

with sample time . With a sample rate of 10 Hz and the typical
GPS velocity accuracy of 5 cm/s, the acceleration error from
differentiating GPS velocity is 0.707 m s . A solution to the
noisy force calculations is to use an accelerometer to measure
the lateral acceleration directly. When a lateral accelerometer
is used the effects of vehicle roll on the measurement must be
taken out of the measurement. This can be done with a roll gyro,
a second accelerometer, or using GPS. Once these effects are
removed, the accelerometer measurement is very clean. Typical
accelerometers have an error of 0.05 m s .

The goal of calculating the lateral forces is to produce lateral
force vs. tire slip angle plots similar to the ones represented by
the Pacejka tire model. This information can then be used to
predict the tire’s current lateral force and allow more intelligent
stability control.

A common maneuver that generates high slip angles (where
stability control might be needed) is the double lane change.
This maneuver consists of changing to a neighboring lane and
then immediately back again (normally to avoid an obstacle).
This scenario is simulated to predict the tire curve. To create
these plots an accelerometer is simulated to provide lateral
acceleration measurements; longitudinal velocity is constant.
Fig. 12 shows the actual force at the tire (from the nonlinear
simulation), the calculated force using (23), and the Pacejka tire
model force for static loading of the vehicle. Note that the true
forces at the tires are significantly lower than the forces would
be if no weight transfer were present. The lateral acceleration of
the vehicle at the end of this simulation was 0.7 g (an extremely
aggressive lane change). The front tires appear to be nearly
saturated and the rear tires are close to saturation as well. The
lateral force curves for no weight transfer, on the other hand,
saturate at a higher lateral force, particularly on the front tire.
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Fig. 13. Experimental tire curves.

The loops in the actual lateral force occur because the roll
angle, and therefore weight transfer, of the vehicle is different
entering and exiting the maneuver. This changes the lateral force
dynamics as the vehicle performs the maneuver resulting in the
loops on the tire curve.

The force/slip angle estimation is now applied to the exper-
imental data in Section II producing the tire curves in Fig. 13.
The looping of the tire curve can again be seen, particularly in
the rear tire. The maneuver in the experiment was not as drastic
as the simulation, so the tire curves are mainly in the linear re-
gion. However, as Fig. 12 shows the method is valid in the non-
linear region of the tire as well.

Knowing where a tire is on the tire curve, along with knowing
the total longitudinal forces enables the controller to more ac-
curately distribute the braking forces between the front and rear
wheels. Care must also be taken to intelligently brake either the
inner or the outer tire since acceleration of individual tires is not
possible.

The controller presented in Section V divides the force so
that the total force at each braking wheel (lateral force, braking
force, and driving force) is a percentage of the maximum force
available to that tire. This percentage is the same for the front
and rear tires. Therefore, each braking tire hits 100% of its max-
imum force at the same time. In other words, the braking tires
saturate at the same time and the maximum control input is
applied.

VII. CONCLUSION

This paper has shown the feasibility of controlling a vehicle
using GPS-based slip angle measurements. In reality, higher
performance controllers can be developed using the GPS mea-
surements combined with inertial sensors to provide higher up-
date rate measurements [9]. Additionally, a method was pre-
sented to predict the lateral forces at each tire. These lateral
forces can be used to optimally divide the braking forces among
the tires when using differential braking to control the vehicle.
Again, integrating GPS with traditional sensors (which still does

not require a model of the vehicle) can provide performance be-
yond what is presented in this paper.

Further investigations are necessary to determine methods
to intelligently divide the control input between steering and
braking. Additional study into weight transfer phenomenon seen
in the experimental tire curves is also warranted.
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