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Abstract— This paper deals with a new
method for estimation of the road profile
using partial measurements of vehicle dy-
namics. This method is based on a robust
observer designed with a nominal dynamic
model of the vehicle. This model is a linear
half-car model whose inputs have been con-
sidered as unknown states to be estimated.
The estimation accuracy of our observer has
been validated experimentaly using a trailer
equiped with position sensors and accelerom-
eters.
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I. INTRODUCTION

Road profile unevenness through road/ vehicle
dynamic interaction and vehicle vibration af-
fects safety (Tyre contact forces), ride comfort,
energy consumption and wear. The road profile
unevenness is consequently a basic information
for road maintenance management systems.

Measurement of road unevenness has been a
subject of numerous research for more than 70
years. Methods developed can be classified in
two types : response type and profiling method.
Nowadays profiling method giving a road pro-
file along a measuring line are generally pre-
ferred. These methods pertain to two basic
techniques : rolling beam or inertial profiling
method. The last method which was first pro-
posed in 1964 [4]. is now worldwide used. Iner-
tial profiling methods consist in analyzing the
signal coming from displacement sensors and
accelerometers. One problemn with the inertial
profiling method, as currently used, is the im-
possibility to build up a 3D profile from ele-

mentary measurements needed for road /vehicle
interaction simulation package.

Finding a way to get a 3D profile from the dy-
namic response of an instrumented car driven
on a chosen road section is the general purpose
of a research engaged at Roads and Bridges
Central Laboratory (in French : LCPC) in
cooperation with the Robotics Laboratory of
PARIS (in French : LRP).

The method proposed here, developed at the
LRP, is the use of observers [5] [6]. Design of
such observers requires a dynamic model. In a
first step, we built up a model for a trailer com-
prising a chassis (sprung mass) and two wheels
linked to the chassis through a RENAULT 21
rear suspension. This model has been experi-
mentally validated in comparing estimated and
measured dynamics response of the trailer.

The second paragraph of this paper deals
with the vehicle description and modeling. The
third section is devoted to the validation of the
half-car model. Then the observer design is
presented in the fourth section. The main re-
sults are presented in the fifth section to show
the accuracy of the estimated road profile com-
ing from our observer based method. Finally,
the last section concludes on effectiveness of the
method.

II. SYSTEM DESCRIPTION AND MODELING

We find in the literature many different kind
of this model. We will mention one proposed
by the Task Group [2], where the two wheels
are modeled as a Mass-Spring system without
coupling. This model is very interesting since
the number of degrees of freedom is reduced.
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Other types of models have been studied [3],
which are more adapted while using a coupling
between the left wheel and right vehicle part.
The experimental bench considered is a two
wheels trailer. This system is represented by
figure(1). It consists of two wheels with masses
m1 and mg respectively, coupled to a chassis
with mass m through a suspension. k; and B;
represent the stiffness and the damper constant
respectively.

Fig. 1. half-car model

Let z be the displacement of the chassis and
21, 2 be the vertical displacement of the left
and the right wheels respectively. Let z; and z,
be the vertical displacement of the left and the
right sides of the chassis respectively. The road
profile w3 and ug are the two inputs signals of
the system. & and ¢ represent the chassis orien-
tations. The distance between the two wheels
is 2/ and the length of the trailer is 2p. The
two wheels are coupled through a stiffness k..
I, and I are the lateral and longitudinal mo-

ments of inertia respectively. We have then:

z1 =z Isinf O psing

(1)
zr = z+ {sinf [ psin ¢

If the angular displacements are small, then we
can assume sinf ~ # and sing ~ ¢. We note
by 8410 and ¢ the angular velocities and accel-
erations of the chassis. When we consider the
translation motion of the mass m;, we obtain:

m1 21 = L(ky stk o)z +kezat
k z0 kllfﬁ'Dklpqﬁ (l
(B;+B3)5+B1z0 B1lb  (2)
Byppltkgur+Baai

The translational motion of the mass m,

obeys to the following equation:

mpty = O(kytkgtke)z,4hez
+hoz Okl 0kypo
O(B,+B4)%& + B, 211 Byl (3)
OBop-kaus+ Bais

Let us now consider the vertical translation
of the center of mass m:

mz = k1(z, Oz;) + ko2, 020 )+
Bi1(40%) + By(z0z,)

Replacing z and z, by their values given by
equations 1, we obtain:

mz = kyz1+kozo0(k+k2)2 (4)
(k1 1k2)l0 + (kq+k2)pd
+B1 2i+By AM(B;+By) %
+(B,By)l 4 (B,+By)p ¢!

The roll motion of the center of mass m can

be written:

L8/ = ko(2,0 2 )p (N ky (2, 0z)p+
By(2 0 Z)pl) By(Z0G)p

According to 1, we obtain,
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L0/1 = Okyzy+kazo+(k [ ks) 200
(K +ho)l0+(Ky —Ikl)pgb (
Blzy-i-BQZg-}-(Bll 1B2) 2l
(B,+Bs )l0+(B,l1 By )pg
The pitch motion of the center of mass m
gives:
I /p = Uka(zsl)2)p O Ky (2, Oz)p
[1Ba(11£)+4)p U B, (5 0&)p

o

)

Lé/p= k2 [ kayzot(k;+ks)2
(ko Lk )10V (R -y Jpod (6)
[1.By £)[1ByZs+(B,+ By )21
By 1By )01 (By+ By )pd

Finally, we can write the dynamic model in
the following form:

Mi+Bi+Kq=Cu+Di (7

With u = (uy, ug)  and g € R® the following
coordinate vector

q= [Zlv '-7’2}2:39? gb}T

Where M is the inertia matrix, B the damp-
ing effects and K is the spring effects dues to
the suspension.

ITI. VALIDATION OF THE HALF-CAR MODEL

For experimental validation of our model, we
consider that a trailer provided of an Axel of
RENAULT 21 and equipped of Dunlops the
Mans air is used (see (2)). An excitation (vi-
brating) system of 100KN has been placed un-
der a vertically guided table corresponds to the
level of soil. Different signals are then gener-
ated to excite the system and the sensors record
the trailer’s dynamics. We compare then the
measured signals with our simulations. As
an example, we consider the excitation signal
which represents the motion of the trailer with
a speed of 20m/s rolling on a plate of 1 cm of
thickness and 1m of large. The signals coming
from the vertical displacement of the chassis
and the two wheels are represented in the fig-
ure (3). We can see that, the measured sizes are
near of the simulated sizes. The steady state
error is due to sensor calibration and integra-
tion of velocities for obtention of positions.
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Fig. 2. The trailer with different sensors
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IV. OBSERVATION AND ESTIMATION OF THE
ROAD PROTILE

In order to estimate the profile of the pave-
ment while using observers, we must have an
efficient, informations and measures which al-
low to estimate the unknown input states of
the system. The different measurable outputs
have to be appropriately chosen. Our idea is to
parametrize the system model in order to com-
pute the signals to be estimated. The system
(7) can be rewritten db follows with y as output
vector and z1 = [g,q]T

£ = Az + Clu+ Dyl (8)
y =i Ol
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Where:
A=[An  Ap)

The sub matrix A;; and Ajs are:

0 0 0 1 0
0 0 0 0 1
0 0 0 0 0
(= ki—ka—ke Yo ke o iafon (=A-B1)m 0
e ko (=hr—Ka=k kalmz 0 (=B2—B1¥m>
) klm Bim (k4 k2)iar Bim Bim
1] L] 0 a 0
1] Q 0 0 ]
—hkiltic k2ifl (k1=k2)/ e =Biilifx —Brilkx
—kptiy kapth (hki+k2)p/ Iy ~Bipily =Bxpily
a 0 ] ] 0
] o [] 0 ]
1 o [} [ 0
Bl =kifim =kt prim =Bl m -Bipim
Brim: kalim: =kxpimz Baiim: =Bapim:
A p_gtym -kt W ki (B -B\im Lilve 821p
0 0 [ 1 0
0 0 0 ] 1
IBBNE I (RIATE WR—kaplifs (SRS EDC (s B
EeBaipr e (—kivkebipth (mki-kn)p I (-Bi+Bupile (=Bi-Bnpiiy
0 Q 0 0
T | 0|
0 0 0 0
1 0 0 ' 0 0 l
o 4} 0 o 0 0
Cli k3 frmy 0 ’ Dl_ Ba/m1 0
| 0 ky/ms 0 By/ma I
0 0 0 0
0 0 0 0
| & & ] 5 b

The input dependant part of the system
model can be written:

w= Aoz + Cou + Do [ 2 } (9)
With:
Az = [An A

The sub matrix A1 and Ass are:

(kyrk k) B,y ~k.! B KBy kUB;  KpiB;
Ay =
~k./B, (koTh th YBy ~kiiB, ~kl/By kiplB,
(B*B;)/ 8, 0 =B/B;, BI/By, BpiB,
Agyy =
o 0 (B2% By)By TBaBy TB:dlBy BaplBs
s O kg/B 0
Cy = [ o ° ok, /34]
: E Omq/Bg 0
Dy = [ 0 Omy/B, ]

In equation (9) the accelerations will be con-
sidered as inputs, since they can be measured.

A. Observer Design

Let us assume, in a first step, an estimation

(&, w) of u and 4 available. We can develop a
state observer as follows:

#@ = An+Cig+ D (10)
+GC'(z1 O 1)

This observer needs estimation of the road pro-
file and its derivatives. These will computed by
use of the following estimator, where the avail-
able measurements of accelerations #; and %
are used as inputs in this step.

= AsT) + Coti+ Do [ 2 ] (L1

The integration of this equation gives . The
principle of this observer is given by figure (4).
The different outputs that constitute the vector
y are the vertical displacement of the right and
left wheel, the vertical displacement and the
orientations of the chassis.

u 4 -
— | Model Estimator >
. i
i s s
— )
Observer
_’ x

Fig. 4. Principle of the observer and estimator

B. Convergence analysis

The dynamic of the state estimation error
can be written:

éi =11 U = (A DGC'+D1. Ar)e,  (12)

& = T u= Ase; + Coen (13)

Gathering the dynamic error equations, we ob-
tain:

=(@)=(%a)(5) o

Let us define :

Ay = A+ D A0 GC!

(43 0
L= (& a)
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We have then:
e= Le (15)

This error e converges towards zero if the ma-
trix L is stable. let us define the Lyapunov
function:

V=ele (16)

The time derivative of this function is given
by:
Vi=¢Tetele (17)
Using the relation (15), it becomes:
Vi=el (LT + L)e (18)
We chose then the diagonal positive matrix
G = diagonal(g1, g2, g3---g10)

in order to have a convergent error e, the eigen-
values of the matrix (L + LT) must be in the
left-half open plane. We deduce then some con-
ditions on gains g;:

G 0e=12.8:8 (19)
and:
g1+ > (Bs+DBsg)/my
g5 > (Ba+DBa)/my
gs > ( +Bg)/mD(Bl+Bg)/m1
g7 > (kaBa)/m? (20)
g9 > (B1+B)l/I;
g > (B1+Bap/l

Under these conditions, we have V- < 0 and
the error e converges asymptotically towards
ZEr0.

V. MAIN RESULTS

A. Simulation Resulls

We give in this paragraph some simulation
results to test our estimator. The algorithm of
Rung-Kutta developed here is of order 4. The

signals used in our simulations are obtained
from measures done on the trailer. These sig-
nals are digital on 2559 points delivered by a
rotating memory. The parameters of the model
used in our simulations are supposed constant
and well known. The sampling frequency is 128
Hz. We consider for example that the profile
of the pavement have the shape of the chirp si-
nus of figure(5). We try by our estimator to
retrieve this input signals.
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Fig. 5. Estimation results

We note that the estimated signal follows the
variations of the real signal. The difference be-
tween these two signals that represents the esti-
mation error is between 05.107'% and 5.10° 5m
(In percentage, it gives 0.5%).

B. Experimental Results

To illustrate the performance of the proposed
approach, we consider a trailer shown in figure
(6) which is excited by real road signals. The
outputs of the system are the displacements of
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the wheel and the chassis which correspond to
signals given by sensors. The position of the
right wheel is fixed. Only the left part of the
vehicle is excited. Our estimator uses then the
measurement, coming from the sensor 1 (for z;)
and the sensor 2 (for z9) to estimate the input
u. This treatment is shown on the figure (7):

£
I i
s i|._.-... Right Whee
"f g
Fixed Reference
Excitation

Fig. 6. The trailer: fixed right wheel

N » Road
Data file profile

5| estimator

N

Fig. 7. Principle of estimation of the road profile

B.1 Left quarter-vehicle

The two signals plotted in figure (8) and ob-
tained from trailer are applied to our estimator
in order to have the profile of the pavement.
The results are then represented by figure(9).
We show the convergence of the road profile to
actual value with only a maximum of 0.4 %
error.

B.2 Right quarter-vehicle

We suppose now that our quarter-vehicle
model is on a fixed reference. We are going
to see, if our estimator is able to determine the
unknown input of this system. The signal of
figure (10) represents the displacement of the
vehicle body. This signal is injected to our es-
timator.

We can see that the estimated signal shown
in figure (11), varies around the real signal
(zero). The estimation error is around 2mm.
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Fig. 8. left-car input data
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From these results, one can conclude to the ef-
fectiveness of our estimation method.
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Fig. 11. Estimation error

VI. CONCLUSION

In this paper, a new approach on on-line esti-
mation of the road profile has been developed.
The proposed approach is based on an observer
and requires only few sensors in comparison
with the methods currently in use. Moreover,
the vehicle dynamics are explicitly considered.
The signals of the road profile represent the
unknown inputs of the model to be estimated.
The reconstruction (observation) of these inac-
cessible inputs is validated using a trailer. It is
shown that the estimated profile converges to
its reference with an error less than 0.6%. Fu-
ture research will investigate the estimation of
the road profile using a robust estimator based
on the sliding mode observers. In this method,
the four road profile signals will be considered
as unknown inputs to be estimated. The re-
quirement to measure all the parameters of the

=1

model is the most important limitation of the
proposed approach. Thus, in our future work,
we intend to identify on line these parameters.
Finally, it’s planned to validate the robust es-
timator approach on an instrumented vehicle.
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