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On the Estimation of Longitudinal Dynamics of
Powered Two-Wheeled Vehicles

Mohammed El-Habib Dabladiji, Dalil Ichalal, Hichem Arioui dusdd Mammar
Informatics, Integrative Bio!ogy and Complex Systems Lrabary (IBISC EA-4526)
Universie d'Evry Val d’Essonne, 9102&vry, France.

Abstract—A robust observer is presented in this paper to Proportional-Derivative unknown input observer and tha-Ly
estimate the longitudinal tire-road forces, the engine and braking punov theory where we need any model of the tire forégs.
torques for powered two-wheeled vehicles. A study of detectabifit o jterjon is added to make the observer less sensitive t@som

of the longitudinal dynamics is presented and the tire-road lon- . t d ¢ d also t ke it bust t
gitudinal forces are estimated using an unknown input observer INputs and measurements and aiso 10 maxe It more robust 1o

without any knowledge of tire parameters. The effectiveness of Uncertainties.

the proposed approach is shown through simulation results. It is well known in motorcycle and bicycle community that
tire forces are very hard to measure or to estimate ; and
. INTRODUCTION AND PROBLEM STATEMENT at the same time, they are seen to be the most important

variables that affect the comfort and safety of ridérs []. |

Development of safety systems for powered two-wheelggis context, it seems important to estimate the longitaldin
vehicles (P2WV) is an important issue due to the injuries aRgrces in their nonlinear form even if the pneumatic param-
the significant number of fatalities worldwide. Compared tgters are unknown. Accordingly, to be more consistent with
standard vehicles, several elements may explain this defaylistic constraints, we consider the longitudinal ticeces
in the development of safety systems for P2WV: the lownd the engine or braking torques as unknown inputs and
market of P2ZWV and the investments on R&D which arge try to reconstruct them directly thanks to the proposed
limited. Moreover, users’ acceptance and freedom feeling dpserver. The paper is organized as follows. Se¢fion Iflgrie
also a key point that is often neglected. Finally, P2WV afgresents P2W\V's longitudinal dynamics. Sectfod Il recalls
very hard to control due to the complex dynamic behavioffe detectability of P2WV's longitudinal model. Sectibnl IV
which are naturally unstable and which are sensitive taside describes the proposed nominal and robust observer. Finall

movements|[[1]. section Y provides some simulation results.

In this context, our long term objective concerns the design
of passive and active safety systems by using the automatic ||, TwWO-WHEELED LONGITUDINAL DYNAMICS
control theory. However, this needs the knowledge of the DESCRIPTION

vehicle’'s dynamics. Unfortunately, some variables are not_ o ) o
available with conventional sensors for economic and tieghn  11iS section is devoted to the modeling of the longitudinal
reasons. To overcome these problems, constructing obsenfiynamics. After, we will propose two observers to estimate
to estimate dynamic variables of P2WV is essential in pefi€ longitudinal forces. The only restriction for the ohggion
spective of passive or active assistance systems desighe [nPart i t0 know the ratio of braking torque on the two tires
field of observer design for such vehicles, there are only f&fing the deceleration phase, and to suppose that during
techniques since the domain is new. Nevertheless, one tean 8FCelération phase, the engine torque is applied only o rea
the design and implementation of an Extended Kalman Filt¢fheel- An analytic model of the longitudinal dynamics is
(EKF) [2] which takes into account the nonlinear behavidi€rived from the single-corner modell [7].1[8] and is given
of the system and some stochastic measurement noises. Mdfdhe following equations (see also figlde 1):
recently, High Order Sliding Mode technique has been used Ma, = Fyp+ Fyp — Cq?
to estimate rider’s torque and the roll angle by using a ipgp = —RfFl-f_Bf z 1)
linearized model of the vehiclé][3] with constant longitoali iij - _RF. +E—-B.
velocity. Nonlinear approaches based on Takagi-Sugen@mod e e !
are developed in_[4],.[5] which provide nonlinear observers B; and B, are the braking torques applied to the front and
taking into account several important nonlinear behayiorhe rear wheel respectiveli is the engine torque. We suppose
especially, those related to the roll motion and the timgivar that the engine torque is applied only to the rear wheehnd
longitudinal velocity. All these techniques are based aedr «, are the longitudinal velocity and acceleratidf.; and £,
or nonlinear tire-road forces’ models (e.g. Pacejka’s rhfi]g refer to the front and rear longitudinal forces; andw, are
which are empirical models, thus, uncertain. the front and rear wheel angular speeds. The front and rear
In this paper, an approach to estimate the longitudintite radii are Ry and R, andis, andi,, mean the front and
dynamics of P2WV is proposed. It is based on a lineaear rotational inertiaM = M,, + M, is the sum of the



« State strongly asydetectable, if:

y(t, z(t),u(t),w(t)) — y(t, z(t),u(t),w(t)) ast — oo
implies that:z(t) — z(t) w(t) — w(t) ast — o).

Let us check the Ul strong observability (detectability or
asydetectability) of the model giving by](1). We consider
that the longitudinal dynamics state vectdw((¢),w.(¢)]7)
is measurable. Moreover, sinege, and v, are considered
measurable, then we can say that; + F,, is also known
from (). So, the vector(t) = [wy(t),w,(t), Fus + Fyp]T is
known.

Now, from definitior{1, consider the trajectory of the system

Fig. 1. Representation of a P2WV model with longitudinal dyresmi

P2WV’s mass and the rider's mass. Finally; refers to the

drag aerodynamic coefficient. (@) and another trajectory:

The front and rear braking are assumed to be coupled Ma, = Fyp+ Fpr — Cqv,?
and the ratio of braking torque between the two wheels is ipyor = —RyF,;— By (4)
considered known. We consid8y = aB andB, = (1-a)B iy w = —R.Fy +T-B,

with a € [0,1] and B is the new braking torque to distribute 4 suppose that() = 3(t). Thus, we obtain:
between the two wheels. Thus, the modél (1) can be writing ’

in the following form: Fop+Fpr=0
—RjF,;— By =0 5
Ma, = wa—FFm.—Cd’U?L. et ~f_ ®)
S —R,.Fpyy +T -8, =0
LpyWwys = 7RfF$f+OzT (2) i B
ipylor = —RyFy+ (1—a)T where:z refers tox — z. ~ ~
We see that the obtained system és, + F..) = 0 as
where:T — | £ acceleration phase unique solution, butF, s, ) = (0, 0) is not the unique one.
' -B braking phase Then, the longitudinal forces cannot be observable witthsuc
_f/ 0 acceleration phase a model. This motivates our constraints to consider the rati
anda = i , i
a braking phase of braking torque to be known.

anda” is ratio of braking torque between the two wheels. |n the case where this ratio is known, we obtain the
It is easy to measure the longitudinal acceleration thanksilowing system of equation:
to accelerometer, and the wheels angular speed with optical

encoders. In fact, these sensors are available on motescycl ﬁ}f + Fzr =0
equipped with anti-lock braking systems (ABS). Thus, the —Rylpy+aT =0 (6)
more difficult task consists on the estimation of the longi- —R.Fp+(1—a)T=0

tudinal forces. This is the aim of our work. Now, we see that the only solution of the above system of

. STUDY OF DETECTABILITY equations is|F, s, F,., T]T = 0. So, if the ratio of braking

) o . torque is known, the longitudinal forces become strongly
Before speaking about the estimation of the longitudinghservable i e. they will be estimated exactly.
dynamics, let us recall some definitions about the unknown-

input (U1) observability and detectability of nonlinearssgms. IV. OBSERVER DESIGN
The Ul observability (detectability) relates to the podigib To estimate the longitudinal forces, we consider that the
of reconstruct the Ul uniquely infinite-time (asymptotigal longitudinal acceleration and velocity and the angulaowel
having as information the known inputs and outputs. ities of the wheels are measured. The first derivatives of the
Definition 1: [9] Consider the following nonlinear systemangular velocities of the wheels are also considered known.
with z(t) the state vector(t) the known inputs vectorp(t) These derivatives can be obtained by the direct derivatfon o
the Ul vector andy(¢) the measurements vector: the angular velocities if the latter are not very noisy oeatty
filtered. Otherwise, there are several techniques to etitha

{ ) = S, u(t), wlt)) (3) derivative of signals such as the super-twisting algorgfib@].
y(t) = h(z(t),ut),w(t)) From [2), the system can be writing in the following form:
For every initial conditionz(0) and any known input(¢), M 0 0 ag
the nonlinear systeni](3) is called: ( 0 iy 0 ) ( wr ) =
« state and Ul strongly observable, if: 0 0 iny “r
y(t, x(t), u(t), w(t)) = y(t,Z(t), u(t), ©(t)) implies that: My v
a(t) = z(t) andw(t) = w(t). 1 1 0 Foy Ca
« state and Ul strongly detectable, if: ( —R; 0 o ) ( Fyr ) - ( 0 ) vi  (7)
y(t,x(t), u(t), w(t)) = y(t,z(t), u(t), @(t)) implies that: 0 —-R l-a T 0
x(t) — z(t) andw(t) — w(t) ast — occ. _—



) We consider the following Lyapunov function:
Y refers to (v, wyr,w,)? and Y refers to its derivative e
(g, g, Gop) T V=Y'"MY+U'U (13)

Note that considering the tire forces as unknown inputs is From the estimation errors dynamic12), the time derieativ
more consistent with real constraints, because they dependyf the Lyapunov function is as follows:

several parameters (tire pressure, tire adhesion, massfdra ~ B ~ ~

between the two tires, etc.). In fact, it is not necessannis t V. = —Y'(Ki+K[)Y +2Y"(D, — K5 + K{ K3)U

paper to know the tire’s parameters or dynamics. — UY(K3sD, + DYKIU 4+ 207U (14)
Since the rotational tire velocities; and w, and their ) o )

first time derivatives are bounded, we use the super-twjstin 11€ main objective here is to attenuate the effect of the

algorithms [10] to estimate the first derivatives and vector U on the error estimation of the unknown inplit
The vectorY is well known from the sensors, so it is not

interesting to attenuate the effect @fon Y. Moreover, since

. 1 .

Ui = vz = Aufon - wrfzsign(on - wy) the magnitudes of the elements of the vectbraand U are
bz = —Aiesign(vis — ”11)1 _ (8) not the same, Thé&l, weighting performance with weighting
V21 = V22— Aa1fvar — wy|ZSigN(v21 — wy) matricesQ; and Q- w.r.t. U is guaranteed if and only if

Ugg =  —Ao2SigN(vag — D21)

: : , g V+UTQ U <~2UTQ.U 15
sign refer to the sign function\,; are positive scalars and FU U=y @ (15)

are chosen according to the limits of the derivatives pfand From the expression of the derivative of the Lyapunov
w, (see [[10]).v = [v12,v22]T are the estimates dfvs,w,.]”.  function [I3), the inequality(15) is equivalent to:

A. Nominal observer for the longitudinal dynamics -Ki—-K{ D;—-KI+K{KT 0
Under the assumption that the model of the longitudinal dy * —K3Dy — DI K3 + Q1 g <0
namics is well known, let us consider the following observer * * —7" Q2 (16)
MI{, — DU — Dov? + K,V By settingy = 72 and L, = DI — K, + K3K;, the LMI
: . T (9) below is the same aE{[11) given in the theorem below. So, by
v = KoY + KMy the minimization ofy , we will minimize the effect of the
where'Y =V _ V. vectorU on the error estimation of the unknown inplit m
The gains of the observer are computed according to thel NUS, With the proposed observer, we can estimate the
following theorem: longitudinal forces and the engine or braking torque withou

Theorem 1:Under the assumption that the! derivative any knowledge of the tire parameters.
of the unknown input vector is bounded and given positig Ropyst observer for the longitudinal dynamics
diagonal matrices); and -, if matrices K, L, and K3 h ) ¢ .
solution to the optimization problerf (110) subject to the LMI The proposed observer given before was designed by con-

(L) exist, thenH.. weighting performance is guaranteed fosidering the mass of th_e vehicle constant and known which is
the estimation of the state vectirand the unknown inpu. not the case because it can change with respect to the mass

of the rider.
KI{IEiZI}K3 gl (20) _ Moreove_r, th_e effective rolling radiu§ of wheelsy and R, _
in free motion is smaller than the radius of the unloaded tire
st because of its deformation. The new values of the effective
-K; — KT L3 0 rolling radius depend on the forward velocity, tire radial
* —K3Dy — DI KJ + Q1 I <0 stiffness, tire load and inflation pressure.
* * —7Q2 Also, the aerodynamics coefficiedt; may be subject to

(1) uncertainties because it changes w.r.t. riding position.

. . I \ .
The gainK is computed fromKy = Dy — Ly + K3k, So, the nominal observer proposed before doesn't take into
The [, weighting performance is guaranteed wiit.with  account these uncertainties and we don’t have any proof of

the weighting matrices); and @z and the attenuation level ¢onyergence of the observer in the realistic case.
is 7 = /7 which means that: In this context, we propose in this part a robust observer to
« if U=0,then:Y - 0andU — 0. estimate the longitudinal dynamics of the P2WV whatever it
o if U#0,then :UTQ U < ~2UTQyU. is subject to uncertainties.
Proof: From the P2WV’s longitudinal mode[](7) and the The P2WV longitudinal dynamics are modeled in this case
observer structuré9), the dynamic of the estimation eripr &S follows:

given by: Moy+éM 0 0 az
. ) ) 0 ify O wp | =
{MYDmmY 0 0 iy o

- F ~ - (12) ——
U U+ (K3K1 — KQ)Y — K3DWU Mio+8M; v




1 1 0 Foy
—Ryso —0Ry 0 « Fyr —
0 —Ryo—0R, 1—« T
———
D1o+6Dy U
Cao +0Cq
0 V2 17)
0
—_— —
D2o+6D2

where: |6M| < Ay, [6Rs| < Aq, [0R,| < Ag and [6Cy| <
As.

M 0 0 5Cy
sMy=| 0 0 0 |,6c,= 0 |,
0 00 0
0 0 0
D= | —=6R; 0 0
0 —6R,

SincedM , SRy , dR, anddCy are bounded, we can write:

OM; = A161 , 6D1 = Asds and 6Cy
(5{(51 <I, 5%(52 <I and(53T(53 <.

A3d3; with:

The robust observer has the same structure as in the previous
case [[P). The gains of the observer in this case will be

computed according to the following theorem:

Theorem 2:Under the assumption that thé' derivative of
the unknown input vector and the uncertaintidg .0 Ry , 6 R,
and §C, are bounded. Given positive diagonal matricgs
le, QQQ, Q23, Q24 if matriCESKl, Lo anng solution to the
optimization problem[{118) subject to the LMI(19) exist, mhe

H,, weighting performance is guaranteed for the estimation

of the state vectot” and the unknown input/.

min y
Ki,L2,K3 i (18)
S.t.
Nii 0 Nig
* Noy 0 <0 (19)
* * N33
with:
-Ky — KT LY 0
N1 = * —K3D1o — DI, KT + Q1 I
* * Q21
—AqT Aol —Asl
Ms=| A1Kz3 —AxK3 A3zK3
0 0 0
—7¥Qa22 + €2l 0 0
Nag = * —3Q23 + €31 0
* * —¥Q24 + €4

—el 0 0

N3z = * —esl 0
* * —eygl

The observer's gairk(; is computed from:K, = DlT0 —
Ly + K3K1 o

The H,, weighting performance is guaranteed wilt. Y,

U andv? with the weighting matrice€); , Q21, Q22, Q23

and 24. The attenuation level is = /4 which means that:

0T QuUT <2 (U7 YU 0 @, (20)

H@w q >< q

with Q2 = diag(Qa1, Q22, Q23, Q24).

Remark 1:Note that the diagonal matricé€gs;, Q22, Q23
and Q4 are the weighting matrices that allow us to give
more importance to the minimization of a transfer more than
another.

Proof: Let us consider the P2WV’s longitudinal model

({I2) and the observef](9). The estimation error dynamic is
modeled by the following set of equations:

MIO{/ = D10U—K1}7—(5M1Y+5D1U—5D21}%
U = U+ (K3Ky — K3)Y — K3DyoU
+K35M1Y — K35D1U + K3(5D2U3
(21)
We consider the following Lyapunov function:
V=YT"MY +UTU (22)

According to the estimation error dynami€s](21), the deriva
tive Lyapunov function is as follows:

- YUK, + KDY +2YT(Dyy — KT + KT KI)U
UT(K3Dyo + DIy KU

207 (U + KsdMY — KydDiU + K33 D302

V:

+

v ooyT (—5M1Y + oD U — 5D2v§) (23)
The H,, weighting performance is guaranteed with the

attenuation levely if and only if:

U
VAOTQUT < (0T YT 0T ) Q| V| (24
vy
with: Q2 = diag(Q21, Q22, Q23, Q24).
The inequality [(24) is equivalent to:
Nip Nio
< * N22 < O
with:
—Kl—K’lT Dlo—Kg—‘rKFKg 0
Ny = * —K3D19 — DI, KT + Q1 1
* * —2Q21
75M1 5D1 *5D2
Nis = K3dM, —Ks36D1 K36Do
0 0 0
—72Q22 0 0
Nog = * —v2Qa2s 0
* * —72Q24

By making the change of variables? = ¥ and L, =
DT, — Ky + K3K; and by using the Xie lemma, the last LMI



is equivalent to the following:

_ Al I 100 50

A 1 K. 3 0 0

N1 0 4 0 -

( * N22 ) +é& 0 (*) o w0
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Fig. 2. Longitudinal tire forces

Thanks to Schur’s lemma, the above inequality is equivalent
to (I9). Then by minimizingy, ﬂ}e effect of the transfer
from the vector(UT7YT,UT,v§ to the unknown input

estimation is minimized according to the weighting masice

Q21, Q22,Q23 and Q24. ]

V. SIMULATION RESULTS

TNmY

A. Setup

The vehicle parameters are as follow&l,, = 210kg, e e B T
M; = 64kg, C4 = 0.19kg.m™', ip, = 0.484kg.m=2,
iry = 0.638kg.m=2, Ry = 0.274m, R, = 0.274m, o = 2/3. Fig. 3. Equivalent braking torqué

The simulations are carried out on a nonlinear model [11]
which takes account the combined longitudinal and lateral
dynamics of P2WVs. The longitudinal forces are modeled Note also the chattering which is observed on the estimation
using the magic formula of Pacejkal [6] and the data asggnals. This is due to the derivative action in the adamati
collected with a sampling rate G0 H z. The simulations are law of the unknown input estimation. By decreasing the gain
carried out for a lane change maneuver where a braking torglig associated with this derivative action, the observer véll b
is applied to both wheels to reduce the longitudinal velocitess sensitive to noises but with a more delayed response.
of the P2WV from200km /h to 30km/h. b) Uncertain case:In the uncertain case, there is no

Sensor noises are added to measurements and inputprtsof of convergence of the first observer proposed in theore
get more realistic results. For the scaling of the sensaenofll. So, we will deal with the second observer (theofém 2).
terms, we have used the parameters given_in [12]. Zero-meamn this case, the mass of the rider is decreased f6dhy
white noises were added to measurements with the followieg 57.6k¢ (10%). The radius of the front tire is reduced by
standard deviationsz,, = 0.23m.s™2, 0, = 0.25m.5—1, 1% and for the rear tire; the radius is increased 1. The
0w, = 0.08rad.s~* ando,, = 0.08rad.s™". aerodynamic coefficient is decreased 3. Note that the

For the first observer (the nominal cas€); and Q: second observer was designed to minimize the effect of these
are chosen to be equal to the identity matrix. The obtaingg@certainties. Figuregl(@ 5) show that even with uncetitsin
attenuation isy = 0.03. the results of simulation remain acceptable.

For the second observer (the uncertain case), the obtained
attenuation level isy = 3.16 and the weighting matrices have
been chosen as follows); =1, Qo =7 x 10741, Qop =
6 x 10*T , Qo3 =5 x 10721 , Qo4 = 0.4.

B. Results

In the following, the measured variables are given with . .

curves in blue and the estimated ones with curves in red. 400 -200
a) Nominal case:In this case, the P2WV'’s parameters =00 20

are considered well known. Simulation results are given in
figure 2,03).

The simulation results show that the longitudinal forced an e ¢t
the braking torque are well estimated even with the knowdedg
of the tire parameters. Note that this scenario involves the Fig. 4. Longitudinal tire forces with model uncertainties
nonlinear behavior of tire forces because of the hard beakin

FoN)
&
g

F, (N
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TNmM™Y

6 8
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wherew is the unknown input and is its estimate. Tablg |
presents the mean and standard deviation of the normalized
error of the unknown input estimation. This confirms the
efficiency of the proposed observers and their robustness ev
with uncertainties and sudden changes in tire-road frctio

TABLE |
PERFORMANCES OF THE OBSERVERS

Maz |Fyr| = 734N , Maz |Fer| = 418N , Maz |T| = 309N.m~}

Case (a)| Case (b)| Case (b)| Case (c)

Fig. 5. Equivalent braking torqu& with model uncertainties 1%t obs | 1%t obs | 2"¢ obs | 2"¢ obs
MeanF, ;(%) | 1.22 2.56 2.52 2.48
) , L . MeanFy-(%) | 1.35 3.25 3.25 2.93
¢) Uncertain case with sudden change in tire-road fric- rreanT (%) 1.43 273 273 3.31
tion: In this last case, we consider that the parameters ar&tdr (%) 1.56 1.96 172 2.05
; - StdFyr (%) 1.20 1.92 1.85 3.47
always subject to the same uncertainties. Moreover, we congth(%) 190 9,09 39 55

sider that the P2WYV is subject to a sudden change in the tire=
road friction att = 7s. The results of simulation are given in

figures [6[7).
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Fig. 6. Longitudinal tire forces with
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Fig. 7. Equivalent braking torqu& with model uncertainties and sudden
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VI. CONCLUSION AND PERSPECTIVES

In this paper, an observer was proposed to reconstruct the
longitudinal dynamics of two-wheeled vehicles. Withoue th
knowledge of the ratio of braking torque, we proved the
undetectability of the longitudinal tire forces. When thidio
is known, the observer allows the reconstruction of theikorg
dinal tire forces and the engine and/or braking torquesawith
any knowledge of the tire parameters. Simulations through a
nonlinear model were given to show the effectiveness of the
proposed approach.
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