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Estimation of vehicle’s vertical and lateral tire forces considering road
angle and road irregularity

Kun Jiang, Adina Pavelescu, Alessandro Victorino, Ali Charara

Abstract— Vehicle dynamics is an essential topic in development
of safety driving systems. These complex and integrated con-
trol units require precise information about vehicle dynamics,
especially, tire/road contact forces. Nevertheless, it is lacking
an effective and low-cost sensor to measure them directly.
Therefore, this study presents a new method to estimate these
parameters by using observer technologies and low-cost sensors
which are available on the passenger cars in real environment.
In our previous work , observers have been designed to
estimate the vehicle tire/road contact forces and sideslip angles.
However, the previous study just considered the situation of the
vehicles running on a level road. In our recent study, vehicle
mathematical models are reconstructed to suit banked road
and inclined road. Then, Kalman Filter is used to improve the
estimation of vehicle dynamics. Finally, the estimator is tested
both on simulation CALLAS and on the experimental vehicle
DYNA.

I. INTRODUCTION

The advanced driver assistance system is designed to increase
car safety and more generally road safety. Except for some
passive safety systems, for example the seat belts, air-
bags, another approach proposed as active safety system can
also effectively help avoid accidents. To prevent accidents
actively, it is necessary to measure vehicle dynamics, which
allow the assessment of the dangerousness of the driving
situation. However, the states of vehicle dynamics such as
the tire contact forces, sideslip angles are very difficult
to measure directly. In addition, these sensors are very
expensive or in-existent to install in ordinary cars. This leads
to the need and effort given in the development of state
observer applied to the estimation of these parameters.

Vehicle dynamic estimation has been studied by many re-
searchers. For example, in [7], the vertical tire forces are
calculated by a 14 Degree of Freedom vehicle model. More
recently, the vertical and lateral forces at each tire have been
estimated in [4] and [5]. However, these studies are under the
hypothesis that the vehicle is running on a leveled road. In
reality, the environment may include difficult features such
as undulating terrain, and deformable surfaces.

The main contribution of this study is to rebuild the vertical
force estimators in order to take into account the roll angle,
pitch angle and road angle.

To evaluate the performance of our observers, the vehicle
simulation software PROSPER/CALLAS [4] is used. After
the Chicane simulation tests, we have evaluated our new ob-
server with the experimental vehicle DYNA, a Peugeot 308.

The authors are with Heudiasyc, CNRS UMR 7253, Université de
Technologie de Compiegne, 60205, France. kun.jiang@hds.utc.fr, apave-
les@etu.utc.fr, acorreau@hds.utc.fr, acharara@hds.utc.fr

DYNA is equipped with sensors which are able to measure
in real time the parameters used in the implementation of
our observers as shown in the Figure 1.
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Fig. 1. Experimental vehicle: DYNA

This paper is organized as follows. Section 2 presents the
vehicle models that have been reconstructed. Section 3
describes how the observer is constructed. Then, experiment
is conducted in Section 4. Finally, concluding remarks and
future perspectives are given in Section 5.

II. VEHICLE MODELING

Many mathematical models have been proposed for the vehi-
cle dynamics description. However, the analytical approach
is limited to the existence of large numbers of components,
subsystems. The embedded systems usually can’t afford
much computation ability. Thus, we need to simplify the
vehicle modeling with reasonable assumption in order to find
the mathematical solutions and satisfy our requirement of
computational power. The vehicle dynamics models we used
can be classified in three parts as shown in Figure 2.
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Fig. 2. Structure of complete vehicle model



The study here is to propose a new vertical forces model,
which considers roll angle, pitch angle and road irregularity.
Then we have combined our vertical model with the existent
lateral dynamics model [1] to build a new observer of vehicle
dynamics, observing vertical and lateral tire forces.

A. Acceleration Measurement in dynamic situation

In the previous vertical force model, the wheel load shifts
because of the acceleration variation[5].

Vertical load distribution

Fig. 3.

The model of vertical load distribution is shown as below:
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where L is the wheel base, L = L1 + L2, h is the height of
center of gravity, E(1,2) are the vehicle’s track(front,rear).

In the previous study, the car is considered as running on
a level road so that the force of gravity acts only in the
direction vertical to the vehicle. This assumption simplified
the measuremetn of accelertaions.

In our recent study, we try to provide a general vertical force
model that is suitable for all road geometry. We proposed to
distinguish the accelerations caused by the vehicle’s motion
from the gravitational acceleration. In this way, the influences
of the road angle and road irregularity are considered.

In irregular road situation, the measured accelerations contain
two parts, one is caused by motion, zmot, Gymots Gzmot, and
the other is caused by gravity, azgra, Gygra> Gzgra-

To simplify the calculation of vertical forces, we can trans-
form the irregular road situation into the equivalent level road
situation. The equivalent accelerations are:

Azequ = Qzmot + Qzgra
Ayequ = Aymot + Qygra (2)
Qzequ = —0zmot + Qzgra

Then according to the load transfer theory , the equation of
vertical force is changed to:
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The accelerometer measures directly the sum of accelerations
caused by the vehicle’s motion and by gravity. However,
the measured quantity is influenced by the pitch and roll
angle. The coordinate of accelerometer should be rotated to
be parallel to the road.

As a result, the equivalent accelerations can be calculated by
the measured accelerations as follow:

Azequ Qzm
Qyequ = R0R¢ Gym (4)
Azequ Azm

Where the rotation matrices are :

1 0 0 COs Py 0 singy
Ry = 0 cosf, —sinb, ,Ry = 0 1 0
0 sin6, cos 0, —sing, 0 cos¢y
(5)

where 6, and ¢, are the pitch angle and roll of the vehicle
chassis. azym Gym a.m are the measured accelerations by the
accelerometer installed at the chassis.

After the rotation of the measured accelerations, we can
transform the irregular road condition into the equivalent
level road condition.

B. Roll and Pitch Dynamics

The equation (3) already provides a general mathematical
model of vertical forces for all road geometry. However,
the roll and pitch dynamics are not directly appeared in
this model. The model doesn’t consider the movement of
suspension systems. In a dynamic driving situation, like
braking, turning, or at irregular road, the suspension system
will greatly change the vehicle dynamics.

In order to reduce the number of parameters in the model,
we simplify the suspension system with a parallel spring and
damper as shown in the Figure 4. We combine the suspension
and tire into one system, in which Kr is the equivalent total
rotational stiffness and Cr is the equivalent total damping
coefficient.

’

Fig. 4. Roll dynamics and pitch dynamics

Usually, the roll center changes according to the vehicle
movement that defects on the suspension deflection, here we
assumed that the vehicle roll center keeps constant and its
distance with the center of gravity is noted as hs.According
to the torque balance in the roll axis, the roll dynamics of the
vehicle body can be described by the following differential
equation:

I;c;cdi’u = _OTQ.;)'U - Ky ¢, + mvhsaym 6)
1,0, = —Cp0, — K0, + myhsazm



Where 1., is the moment of inertia of the vehicle with
respect to the roll axis, I, is respect to the pitch axis and
hs is the height of the sprung mass about the roll axis.

C. Roll and Pitch Angle Calculation

The roll angle can be calculated by integrating the roll rate
measured by accelerometer. However, the sensor bias will
also be integrated, which causes large calculation error. Hac
[11] proposes a roll angle model expressed with suspension
deflection, with which the pitch dynamics affection is decou-
pled from the roll motion. In this study, the roll angle and
pitch angle is obtained via suspension deflection sensors.
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where A;; is measured suspension deflection at each wheel
of the vehicle and E denotes the effective track’s width, 6
is the inclination angle at static state.

D. Vertical Forces Calculation

In the previous vertical force model, the load transfer is
caused by the longitudinal and lateral accelerations. In our
recent study, we suppose that the load transfer are regarded
as caused by the torque of suspension systems.

In the case of roll movement, the torque of suspension is
denoted as M .Then according to the torque balance, we
have:

le + FzQ = MyQzequ

FoLy — F.oLly = My ®

Where F.;; (i,7 = 1,2) is the vertical force of each wheel,
1 = 1 means front axle, 7 = Imeans left side.F’,;is the total
vertical force of front axle.

In the case of pitch movement, the torque of suspension is
denoted as My. In the same way, we have:

Fo1=F.1 + Feie

E E F

Fz11E71 —Faa3t = Me(ﬁ}ﬂ) )
B2

Fen1 5t = P2 = Mo(537;)

In the moment with both pitch and roll movement, the torque
of the suspension systems can be calculated by the following
equations:

My = K¢+ Crdp

1
MO = K’re + Cr9 ( 0)

With all the equations above, vertical force at four wheels
can be approximately formulated as:

Flio = Mul2azequ _ Ly (K,0+Cr0) 4 K.¢+Crd _ MgMéo
z11 — 2L LE; . 2L My LEY
_ myLoasequ | La(K.04+C.0) | K,.$+Crd Mo M
Fao = 2L + LE, . + 2L + mya.rLE;
F _ valazequ _ LI(KTQJFC?"G) _ Kr¢p+Cro Mo Mo
221 = 2L LE, 2L MyazrLEo
F _ myLiazequ + Ly (Kr-0+Cr0)  K,¢p+Crp = MgMo
222 — 2L LE- 2L Mya., LE>

(11)

In the final model equations, the pitch and roll angle are
directly used to present the roll and pitch dynamics. It is
more suitable to dynamic driving situations at irregular roads.
However, it is limited due to the variation of certain param-
eters and assumptions that aimed at simplifying the model.
Consequently, in the next section, the observer technique is
introduced to improve the estimation.

ITI. OBSERVER DESIGN

The overall calculation process of the observer can be
expressed by the Figure 5:
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Fig. 5.

The first block provides the vertical tire forces for the
calculation of lateral dynamics in the second block, which is
already realized in our previous work[1], [2], [3]. Our study
here is to modift the first block to improve the estimation
of vertical forces.Then two block are combined to estimate
the tire forces. With a linear model, the vertical forces are
estimated with Kalman Filter shown as below.

A. Discrete-time State-space Representation

To build a Kalman Filter, the vertical force system has been
represented by a set of discrete state-space equations:

Ty = Axp_1 + Bup—1 + wi—1

12
Ye = Hzp +op (12)

Where A is the states evolution matrix, H is the observation
matrix. and wy v are white noises. Here, the vehicle state
vector X eR' is defined as follows:

n A . . . T
X = [ ¢¢90Fz11 F212F221 F222az7‘azrayrayraz»razr ]

(13)
The initial value of X is:

Xo= [0000 ™8 Mg meg 23000 000]" (1)

In addition, the following assumption is made G, = Gym =
Gy = 0.

The continuous-time state equations are presented in equa-
tions (15). By discretizing the state equations we can obtain
the evolution matrix A. And B=0.
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The observation model is linear and the output vector Y is
presented as follows:

Y= [ ¢¢99Fz11Fz12Fz21 Fz22azrayrazr ]T (16)

The elements in this vector are respectively provided by:

o ¢, 0 are calculated by equation (7):
e ¢, fis measured by the accelerometer
e Qzm,Qym,d.mare measured directly from the ac-
celerometer
Therefore, the observer matrix H can be simply determined
by

Y =Hx*X (17)

For our developed Kalman filter, the error measurement
covariance is determined by the sensor variance, and the error
model covariance is determined by the model quality.

Before applying the Kalman filter, we need to check ob-
servability of the system. Observability tells how well the
internal states of a system can be inferred by the knowledge
of the inputs and outputs. The observability matrix can be
calculated by:

O=[H HA HA? HA T (18)
In our case, the observability matrix has full rank 14,
therefore our system is observable.

IV. EXPERIMENTAL VALIDATION

As we have introduced in the abstract, both simulation
software and experimental cars are used to evaluate the
performance of the new observer. The performance of the
developed observers was characterized by the normalized
mean. The normalized error is defined in Stephant [8] as:

|Zobs - Zmeasu're |

e, =100 %« ———————
mam(|Zmeasure D

(19)
where 7,5 is the value calculate by the observer, Z,,cqsure 18
the measured value and (IZcasurel) 1S the absolute maximum
value of the measured data.

The new observer is designed to have a better performance
in both banked road and inclined road. The object of our
experiments is to testify this improvement. Therefore, all our
tests are conducted in the condition of non-zero road angle.

In the simulation part, two Chicane tests have been done.
One Chicane test is done with banked road. The bank angle
of the road is 30%. The other test is done with inclined
road. The incline angle is 20%.The velocity of the vehicle
is about 30 km/h. The lateral acceleration is around (-0.5 g,
0.5g). The test lasts for about 20 second. The trajectory of
this test is shown in Figure 6:

position Y (m)

20 0 2 0 00 120 10 160
position X (m)

acceleration longitudinal (m/s2)

Fi

g. 6. Vehicle trajectory and acceleration

To verify the performance improvement, we also test the pre-
vious observer in the same condition to make a comparison.

A. Simulation of Chicane test at inclined road

This objective of the following simulation is to test our
observer in inclined roads. The inclination angle is set as
20%. The observed vertical forces from the observers are
shown in the following Figure 7. Simulation data of Callas
are shown in red. The estimated values of the new observers
are shown in dashed blue. The black dashed lines represent
the observed values with the previous model.
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Fig. 7. Vertical Forces Estimation of each wheel at inclined road

The normalized mean error of the vertical forces estimation
is shown in Table 1:



TABLE I
ERROR OF VERTICAL FORCES ESTIMATION AT
INCLINED ROAD

[ Error (%) [ Fz11 | Fz12 | Fz21 | Fz22 |

CurrentObserver 0.34 0.34 0.13 0.15
PreviousObserver 8.68 8.74 4.90 4.90

From the Table 1, we can see that the error of the new
observer is less than 1%, while the previous observer has
an error about 8%. In the new observer, we considered the
component of gravity into the longitudinal dynamics, which
makes the observer reliable even at inclined road.

B. Simulation of Chicane test at banked road

The following simulation is to evaluate our observer at
banked road. The bank angle is set as 30%. The observed
vertical forces from the observers are:

Vertical force at front left wheel Vertical force at front right wheel
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Fig. 8. Vertical Forces Estimation of each wheel at banked road

In Figure 8, the red lines represent Callas simulation data.
The red lines data shows that vertical forces of right wheels
are generally bigger than those of left wheels. That is
correspondent to the bank angle. However, in the previous
observer,presented by black dashed lines, the bank angle is
not considered, so its observed values at right and left wheels
are very similar. In contrast, with our current observer, the
estimated value are very satisfactory. To evaluate the per-
formance of both observers more precisely, the normalized
mean error of the estimation is calculated:

TABLE 11
ERROR OF VERTICAL FORCES ESTIMATION AT BANKED
ROAD
[ Error (%) [ Fz11 | Fz12 | Fz21 | Fz22 |
CurrentObserver 0.24 0.46 0.30 0.42
PreviousObserver | 27.22 10.46 31.97 13.52

From the Table 2, we can see that the new observer has
also a good performance in banked road. These good results
confirm that the presented algorithm is suitable for estimation
of vertical forces in banked road and inclined road.

C. Experiments in real condition

After the validation of our observer by simulation, we use the
experiment car to evaluate its performance in real condition.
During the test, the experiment car was conduit on the city
roads near our research center. The test takes 450 seconds
and the total distance is about 6 km. Globally, all the real
data is approach to our estimation. However, to present our
experimental results more clearly, we choose only 80 seconds
of the experimental data to analyze. Figure 9 shows the
experimental car’s trajectory, altitude, steering wheel angle
and speed during this period of 80 seconds.
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Fig. 9. Trajectory and altitude of experiment car during test

This data is chosen, because during the 80 seconds, the
experimental car has experienced most driving situation we
could meet in real condition. In the first 30 seconds, the
car DYNA is climbing at the inclined road. Then it meets a
sudden turning,as we can see in figure 9 in the trajectory of
DYNA. After that, DYNA follows S-curve, which causes a
sharp variation in steering wheel angle. The road condition is
very complicated. To have correct estimation of vehicle dy-
namics requires the observer to maintain reliable regardless
of the inclined road and banked road. The following figures
show the results of our estimation.

The observed vertical forces from the observers are:
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Fig. 10. Vertical Forces Estimation of each wheel in real road experiment



The red lines represent the measured value. We can see
the vertical forces has underwent big variation during the
experiment. That is caused by the road angle and turning
behavior of the vehicle. The blue lines represent the esti-
mated values by new observer. The green lines represent the
previous observer. We can see the estimated values by the
new observer are very close to the true value, which could
validate our new vertical force model.

To evaluate the performance more precisely, the normalized
mean error of the observer output is:

TABLE III
VERTICAL FORCES ESTIMATION IN REAL CONDITION

[ Error (%) [ Fz11 | Fz12 | Fz21 | Fz22 |

Current Observer 2.49 1.63 1.94 2.05
PreviousObserver 3.40 4.52 4.10 4.60

With the observer structure shown in Figure 5, besides
the vertical forces, our observer could also estimate lateral
forces. Since the vertical forces estimation at banked road
is improved, the observer of lateral forces is supposed to
also have a good performance at banked road. To justify this
suppose, we also measured the values of lateral forces in
the real tests to evaluate the observer. The observed lateral
forces from the observers are in the Figure 11:
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Fig. 11. Lateral Forces Estimation of each wheel in real road experiment

The estimated values of lateral forces are also very close
to the reference data. The normalized mean error of the
observer output is:

TABLE IV
LATERAL FORCES ESTIMATION IN REAL CONDITION

[ Error (%) [ Fyll [ Fyll [ Fyll [ Fyll |
Current Observer 6.04 6.69 6.10 6.31
PreviousObserver 6.05 6.72 6.21 6.42

V. CONCLUSIONS AND PROSPECTS

This paper has presented a new model to estimate vertical tire
forces. By distinguishing the acceleration caused by gravity
and movement, the model can take in account the road angle
and road irregularity. And in contrast to the previous model,
the current model has considered the pitch dynamics and roll
dynamics of the suspension. In conclusion, in our renovated
model, pitch and roll dynamics and road disturbance are
considered. Then combined with the lateral forces model
in previous work and Kalman filter, we have developed
observers to estimate the vertical and lateral tire forces of
vehicle. Experiments have been made by both simulation
software and real experimental car. Experimental results are
presented to evaluate the performance of the new observer.
Several critical tests are performed to compare and validate
our new algorithm, The observer gives convenient results
even when the car follows a S-curve on the inclined road.

However, the new observer works only when the vehicle
physic parameters are already known and remain constant.
Actually, some parameters considered as constant are chang-
ing during the driving process. To improve the precision of
the observer, we should know exactly the physic parameters
of vehicle, like position of center of gravity, the corning
stiffness, the suspension stiffness and so on. Future study
will be concentrated at the estimation of these vehicle physic
parameters.
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