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Proportional Two Integral (P2l) Observer synthesis for Single Track
Vehicle

Chabane Chenane, Dalil Ichalal, Hichem Arioui and Said Mamma

Abstract— This paper deals with state estimation of Pow- context, including all methodologies (Luenberger observe
ered Two Wheeled (PTW) vehicle and robust reconstruction Takagi-Seguno based observer, Extended Kalman filtery, ver
of related_ unknown inputs. For this purpose, we consider few studies exist [10], [20]. The present paper proposes a ro
a Proportional two Integral (P2l) observer. Based on LMI ) .
technique, we recover vehicle states and part of its dynamics bust_pro_portlonal two mtegral app_roach, [12], [11], [1E]71,
(rider action) within steering angle disturbances and system helping in states observation of linear motorcycle model an
uncertainties. the reconstruction of rider’s action (couple or steeringlen

To prove the effectiveness and the robustness of the pro- ynder disturbances and system’s uncertainties. Distogsan
posed observer, two different scenarios are considered: first 5,4 the rider action are assumed to be almost affine. This
we observe the system with disturbances without system’s L . L. . .
uncertainties. The second case is more general as the observer"’lssur‘m)t'on ',S quite realistic accor(;hng tq c.ommon Vam,at'o
synthesis is conducted in the presence of steering angle dis- Of roads profile. ArH. performance index is included during
turbances/system’s uncertainties. Both the state and the rider the design in order to attenuate the effect of the second
action, on the handlebar, are recovered in the two cases. derivative of the Unknown Input (UI) on the estimation error

This paper is organized as follows: section Il is dedicated
to the motorcycle model description. Sections Il and IV
In recent years, the use of powered two wheeled (PTWhresent the robust estimation of the motorcycle states and

vehicles is constantly growing, upsetting driving pragsic U reconstruction. Finally, simulation results and corsiuns
and road traffic. Unfortunately, this change is also folldwe gre given.

by an increased risk of accident (20 times higher when
driving a car). The statistics confirm this observation and
riders are considered as the most vulnerable road users. InThe single track vehicle is more difficult to study than
2010, the French Agency of Road Safety made a findindie automobile. Stability of motion is an important issue
of around 1000 deaths (25% of traffic fatalities), while theand should be studied to properly handle the vehicle. In this
traffic volumes of motorcycles does not exceed 1%, [14fection, the motorcycle dynamics considered here concerns
Several reaserch programs are launched to answer this issidy the lateral motion (motorcycle and rider body are
and to find solutions in term of preventive and / or activéissumed to be a single rigid body) and the longitudinal
safety, [1], [3]. speedvy is constant. The contribution of steering and twist-
The success of these research programs or proposed safegy dynamics are neglected (see [20], [15] for details and
systems depends on the knowledge of: 1) the dynamiether assumptions). Last assumptions concern small angles
of vehicle, including motorcycles, and 2) the evolution ofapproximation adopted to obtain a linear dynamic model and
its states (observation/estimation). Regarding the fiogttp roll axis is merged the road’s plane. Here, the steer adgle
several studies were carried out in order to understand tigethe model input.
motorcycle dynamics [18], [7], [9], stability analysis gein- In figure 1, the motorcycle has been depicted while it
modes) of PTW [2], optimal and safe trajectories [4] and th&oves at a roll anglep in the mainframe. The represented
proposal of risk functions [19], [8] to detect borderlinesea motorcycle linearized model can be rewritten as follows:
of loss of adhesion or equilibrium. These research are very

I. INTRODUCTION

II. DYNAMIC MODEL OF MOTORCYCLE

m(w+Pv) = FRi+R 1
few sustainable if they are not backed by a system (sensors W+ W X,) vty @)
or observation technique) for estimating the dynamic state .lz ¢ = aRi-bFy )
of the bike. —mh(Vy+ ¢ vx)

The m_eas_urement, by_sensors, of all the dynami<_: states +h @ = mghe (3)

of the bike is not conceivable for two reasons: 1) instru-
mentation can be very expensive and leading inevitably to with :
expensive new bikes, and 2) according to used technologies, )
the measurement noise can seriously compromise the futgre R =Ci(5— w—a W) 4 Cre@
safety systems. Thus, we propose to use the observation be_

g . . ) Vo —
techniques to overcome the previous shortcomings. In this Fr = —Ci( y - w)+Crc(P

X

All the authors are with the IBISC Laboratory, Univegsit . .
d'Evry Val d'Essonne, 40, rue de Pelvoux, 91020 Evry cedex wherevy denotes the lateral velocity of center of graviy,

{chabane. chenane}@ bi sc. uni v-evry. fr is the yaw angular velocityp and derivatives are the angle,



is augmented withé; = Fh ( ) =8 = Fh >( t), which
leads to the augmented system described by state vector,
, ; X= [XT & Ez] The new state space system is given by:

}‘\57‘/; Steering ?axis
. X(t) = AXt)+Balt) (8)
y(t) = CX{t) 9)

0 B; B 0 . B,
0 0 |,Bi=|1|.,B,=] O
1 0 0 0

B=[ B B}Lé(t)z{ég))]andc?:[c 0 0]

i
i
i
i
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i
i
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Fig. 1. Motorcycle model configuration

wherex (t) = Fh(z) (t).
Note that zeros in bold are zero matrices with appropriate

velocity and acceleration of the roll motiow, represents the . . :
o . dimensions. The necessary requirement for the P2l observer
longitudinal speedFys and Fy, are respectively the lateral
design is the full observability of the augmented system
forces applied by the road on front and rear wheels in th A.C).

linear region. . . )
: . Let us consider now the following state-space observer:
m is the sum of total masses of mainframe, front upper ) B
frame, front sub-frame and upper body of the rideare the X(t) = AX(t) +L(y(t) — CX(t)) (10)

corresponding moment of inerti&.is the distance between
center of gravity and the roll axi€j are stiffness constants
with respect to reari & r) and front (= f) wheels.

One can rewrite the previous dynamic model as lined?
model state space equation as:

the vectorL is the gain to be designed.
Letse(t) =X—X be the estimation error. Its time derivative
given by:

X(t) = ALx(t)+Bu(t)+By F(t)+B2 w(t) (4) &ty = Xt -Xt) - (11)
yt) = Cx (5) = (A-LCe(t)+Bat) (12)
where : The considered Lyapunov function is:

x(t) is the state vector given by ¢ vy @ Ra(t) V(t) = e (t)Pe(t) (13)
represents the steer angle ingut) , w(t) is the unknown
disturbance input which can model the steering angle digthereP is a symmetric positive definite matrix. The deriva-
turbance, andi(t) is the feedback control. To stabilize thetive of the Lyapunov function is given by:
system, we apply the fo_llowing cor_1tro| inp_u(t) =—-K )_((_t), vV — eT[P(A_\_ E(:_) 4 (A_\— E(:_)Tp]e+ o B Pet e PBw (14)
whereK is a control gain synthesized using a specific pole

placement. Then we write (4) as: The observer gairL is computed in order to stabilize
. the system generating the state estimation error and also
Xt) = (AL=BK)X(t)+Br Fa(t) +B2 w(t)  (6) (o attenuate the effect of the Unknown Inpul(t), on
= AX(t)+B1 Fn(t) + B2 w(t) the estimation error, namelyTeg ||, < Y, ¥ > 0, whereTeg
y(t) = Cx (7) represents the transfer from(t) to the errore(t).

Let us define the_,-gain of the system as the quantity:

Proportional-Integral (PI) observer is an extension of the sup el , ||, #0 (15)
Luenberger observer. The presence of the integral of the leollz
estimation error makes it effective in estimating the syste where thel>-norm of e(t) and w are defined by:
perturbations and input disturbances. The Pl observer ean b - 1/2
extended for the estimation of non constant Ul faults by the le®)ll, = (/ e(t)Te(t)dt) (16)
use of Multiple Integral loops (PMI). In fact, any unknown 0
input with zerok!" derivative can be estimated [12]. _ ® T~ 12

In the following, we aim to robustly estimate the envi- lo®)llz = ((/0 w(t) w(t)dt)) a7
ronmental disturbances which are considered as an unknow
input gfault signal). Here, we consider that the secondvderi
tive F\?(t) of the F(t) is bounded. The previous system (6) V(t)+ele—yY’0'w <0 (18)

[1l. P2] OBSERVERDESIGN UNDERDISTURBANCES

r"1'hen, if the inequality



holds, the state estimation error dynamics is stable and there :
transfer fromc(t) to e(t) is bounded byy. By replacing (14)

in (18) one obtains: 5 AA 3 0 AB _ E,
.o wie (% ).a5- (0 0 ) A (B)
e [P(A—LC)+(A—LC)'P+l]e 0 1 0 Fn
~TgT TPBo— V2T @
w B Pe+e'PBw—yw w<0 19
i N v (19) Then we can write:
Since the final objective is to derive LMI conditions, let us _
consider the change of variable= P~1Z. The inequality Xt) = (A+DA1)X() + (Bi+AB1)R +Bow (27)
(19) Is equivalent to o s Let us define the augmented vectoeTe" x']T, we can
e'[ATP+PA-C'ZT —ZC+l]e obtain the following system:
+ @' B'Pet+e'PBo— Y0 w<0 (20)
In matrix formulation, (20) is equivalent to X = dR+Bd (28)
e \"(AP+PA-C'ZT-ZC+1 PB \(e)_, z = Hg (29)
W B'P —A w
. o B e MA ) (B 2B
The quadratic form (21) is negative definite if and only if “lo Aatna 77U A0 A

the linear matrix inequality

T TST
( A'P+PA B_CT:FTZ ZC+1 _Pylgl ) <0 (22)
N = [0 Bz], No = [0 Bl-i-ABﬂ
holds. Finally, given a scalay, if there exists a symmetric - = — =T
and positive definite matri® and a matrixZ such that the ®=(A-LC), bd=[w, R, H=[l Q

LMI (22) is satisfied, then the system generating the state Let us consider the same Lyapunov functidht) —

gstimation error is stqble and the transfer frat) to e(t) %7 (t)PX(t). The system (29)-(30) is stable and the gajrof
is bounded by thé; gainy. Furthermpr_e, n orc_ier to enha_nc_ethe transfer fron@o(t) to z(t) is bounded by if the following
the performances of the observer, it is possible to minimiz

. . . IMIZEndition holds:
the transfer gairy subject to LMI constraints. The following
optimization problem is then stated _
ATP4+PA-CTZT—7C+1 PB V(1) +7 (1)z(t) - P& (@) <0 (30)
BT = <0 (23)
- we obtain:
by choosingy as a variable and using the change of variables

o\ T ~ o

y = y°. After solving this optimization problem, the gains of ( X ) ( MTP"’_PAAT—FHTH P > < X > <0

the observer are obtained ly= P-1Z and the attenuation w (P2) -y w

gain is given byy = /7. Let us consider the following particular form of the matrix
In the following section, we will consider the uncertaintyp:

of modeling and the disturbances impact as two separate oo ( P O )

problems. V0 P

IV. P21 OBSERVERDESIGN UNDERDISTURBANCES AND  then after replacing all the matrices, one can obtain:

UNCERTAIN SYSTEM PARAMETERS -

In this part, the system is considered uncertain and sub- e(':) e(:)
jected to parameters variation on the matriéeand B;. In )i( t) = X(—) <0 (31)
similar way, as in the first part, the augmented system is s\% ﬁa()t)

obtained. The parameters variations are modeled as time-
varying uncertaintieAA(t). The augmented system is written | (= < 0) the inequality (31) is hold, where:

as follows: - _ -
n PAA PB PAB

X(t) = (A+DA1)XE) +Ba(t) (24) N R TRV Vi 7 @2
yt) = Cxit) (25) ) R A
* * * —y
Considering the same P2l observer of equation (10), the time
derivative of the estimation error is now given by: where (%) represents the symmetric and transposed term
&) = X)X and where:

= (A—LC)e(t) +Ba(t) + LAX(t) MN=oTP +Pd+I

(A—LC)e(t) + Ba(t) + AAX(t) + ABR, (26) W =ATP, + PA+PAA+AATR,



¢« R<0, Q-SRI <0

s 0 PB 0 ~ we can write the above nonlinear matrix inequalty< 0
_ + ATR+PA P[0 By | R[O B | into a linear matrix inequality:
: : ‘*Vz' SZI r0; 0 PBE 0 PNy PNg O 0 ]
- - - x  Qp Pm Pan2 0 0 RN PN
0. PLAA 0 PAB % —VA 0 0 0 0 0
L | (PAAT PAA+AATR, 0 PAB (33) « %+ —Yl+m 0 o 0 0 |_g
0 0 0 0 * * * * -1l 0 0 0
| (PAB)T (PAB)T 0 0 % % * x =Ml 0 0
* * * * * * —é&l 0
= is divided into two parts with respect to time dependence *  * * * * * *  —Agl
in order to derive time independence matrix. The uncertain (41)
terms are defined by: 3 o 3
vAA(t) = NZu(t)El , DA = NAZA(t)E_Ay AB = Np2g(t)Eg Q — PlA_—i-ATP]_ _76_CT7T n (42)
AB; = NXZ(t)E. By applying the claim [16], we can say T T . T
that for X, Y, F real matrices with appropriate dimension Q2 = AR+PRA+e Er Es+MEA Ea (43)
verifying FTF < 1 and for any scalag > 0, the following n = [0 By, n2=1[0 By (44)
inequality holds:
XETYT 4 YEXT < exXT 4+ & 1yyT (34) In a similar way, as in the first part, it is possible to

enhance the performances of the observer by minimizing the

then, the second part of (34) can be bounded as follow®arametery. The change of variablg= y* is then used. An
optimization problem is then obtained by minimizipginder

0 PIAA 0 PIAB ; ; =
(PAA)T o o0 o LMI constraint (42) after changing® by y.
(Plglﬁ)T 8 8 8 V. SIMULATION RESULTS
"0 0 0 0] The model considered here is that of a two-wheeled
0 PAA+AATR, O O vehicle with a single body, wheffg,(t) is the steering angle.
+ 0 0 00 All parameters are given in the appendix . The objective is
0 0 00 to estimate the state vector and the steering angle of the
- 0 0 0 0 7 motorcycle. For that purpose, three simulations are preghos
0 0 0 PAB, in order to illustrate the two approaches. The first one uses
+ 0 0 0 0 (35) the first method taking into account the external disturbanc
0 (PAB)T 0 0 w(t), which is considered as a centered random signal (can

_ - - be considered, in practice, as the disruption resultinghfro
Using (35), we have road irregularities or aerodynamic forces, etc.) with maadi
PAA+AATP, < 6E,TE; + £ 1P.NNTR, (36) ampI|tu<_je'2 anq without taking mtq accqunt the para}meter
uncertainties, since the second simulation deals with the
then we obtain: problem of observer design with taking into account the

m 0 0 O uncertainties of the model and the effect of the perturbatio
0 /% 0 O w(t). It is possible to enhance the performances of the
0 0 0 0 (37)  observer by choosing an LMI region in order to limit the
0 0 0 7B imaginary part of the dynamics matrix of the observer which
_ limits the effect of the oscillatory phenomenon in the tiins
where: phase. To do that the LMI regio® defined byS defined by
m o= Ay *PNANATP 4+ A tPNeNG T Py (38) S= {zep | Re(z) < —a, |7 <R}, is ghosen, which is an
B = €ELTEL+e LPNNTP - AEAT Ext A tRNNTR, intersection between the left plan defined by théZRe —a

and the disc with centei0,0) and radiusR. So, the problem
. (39) is now to solve simultaneously the proposed optimization
™ = AEg Eg+AETE (40) problems and the LMI constraints, corresponding to the LMI

— — region, given as follows (for more details see [6
Using the variable transforh = Pl‘lz and the following g g ( (6]

Schur complement given in the lemma 1: ATP+PA—ZC—-CTZT +2aP < 0 (45)
Lemma 1: [5] Let us consider the matrice® = QT,

R=R'" and S with appropriate dimensions. The following _RP PA_ 7C

inequalities are equivalent: Ap_cT7T  _rp | <0 (46)

. Q S <0
ST R In all the simulationsa = 12 andR = 15.



A. Sate and unknown input estimation

By solving the optimization problem minimizingsubject

dynamics or error in identification parameters or changes
in road adhesion coefficient, etc.) and modeled with norm

to the LMI constraint (23), the following gain of the obsarve Pounded uncertainties given BA(t) = NaZ(t)Ea andAB; =

is obtained:
—27.7916 385655
—42.6005 1535974
L —137.8306 3415682
—26.0097 693984
—19.7071 653497
—8.2148 247726

The obtained attenuation level ys= 0.6665. The simulation

results concerning the state estimation is depicted in tt
figure 2. The results concerning the unknown input (steerir
angle) is given in the figure 3. We can note that we have &
acceptable results and a good attenuation level of theralter

disturbances.

x, and xg (deg) X, and xg (M/s) x, and xg (rad/s)x, and xg (rad/s)

Fig.

Fh and IT‘qe (deg)

T

!
o

Fh(t) estimation error
o

o
-
“
“
.

Sl
-
.

Fig. 3. Steering angle and its estimation (top) and estimaticor (bottom)

B. Robust state and unknown input estimation

NgZ(t)Eg and defined byNa =0.11, Epo=0.1xA, Ng = 0.1l,

Eg = 0.1x By, and X(t) = cos(t) x| wherel is the identity
matrix with dimension 4. By solving the optimization prob-
lem minimizing y subject to the LMI constraint (42), the
obtained attenuation level ig= 13.03.

Fig. 4. Nominal system vs uncertain system

In the figure 4 the effect of the uncertainties on the system
is illustrated by the states of the nominal system and those
of the uncertain one. The states and the unknown input and
their estimations are depicted in the figures 5 and 6.

Fig. 5. States and their estimations

As a conclusion, with this matrik we can design the Ul
observer to estimate tht). We see that the observer is
estimating the state vecfgr ¢ Vj @|" and the Ul quite
efficiently.

VI. CONCLUSION AND FUTURE WORK
A. Conclusion

In this sub-section, the parameter are assumed to beA P2l observer, based on LMI approach, is designed
uncertain (can be considered, in practice, as the unmodeliat linear motorcycle model. From results, the proposed
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Ul estimation error

FeandE

0 1 2 3 4 s 7 8 9 10 [1]
t(s)

Fig. 6. Ul estimation (bottom) and Ul estimation error [2

3]

observer can handle both perturbation (road irregularéied
aerodynamic forces) and uncertainties (identificationrer 4]
motorcycle inertial parameters) robustly. This obseoratip-
proach is efficient because it allows to reconstruct motecy
unknown inputs (rider action and/or tire-road forces). (5]

B. Future Works (6]

In the near future, we plan to consolidate these results with
validation on a real benchmark, which is electrical scooter[;]
7. This motorcycle is almost instrumented with steering
angle sensors, inertial unit (linear acceleration and kmngu [€]
velocity), angular speeds of the two wheels and an embedded
data acquisition system. Other sensors are planned to be
added. This work will be, also, extended for both purpose$tol
1) take into account more motorcycle dynamics (steering,
twisting, longitudinal, etc.) and 2) reconstruction of @th
inputs as force of tire-road. [11]

Data acquisition|
system

[12]

Steering angle
encoder

[13]

[14]

Angular velocity
encoder (wheel)

[15]

[16]

Inertial urement Unit

[17]

Fig. 7. Sensors implementation on our Motorcycle [18]
APPENDIX [19]

—39.47 —-2153 2034 -—-19206
377 —-1086 —-284 1217
-1088 —-252 -066 -—-1263 |’
0 1 0 0

[20]
A=

43840 0

_ 22123 | [0 C<1ooo>

| 513 [ | 1]'"""\o 100
0 0

m=21743 h=0.6140 1,=2095
Ix=3101 g=981 a=0.822
b=0.478 vy =10 Cs=1117337
Cr=158304

REFERENCES

B. Amans and M. Moutreuil. Rider project . research on dents
involving powered two-wheelers. IRinal Report n RIDER200503-
10, French National Agency of Reaserch., France, 2005.

Karl J. Astrom, Richard E. Klein, and Anders Lennartsson. Bicycle
dynamics and controllEEE Control Systems Magazine, 25(4):26-47,
August 2005.

Evangelos Bekiaris. Saferider european project. Final Report n
RIDER200503-10, E-U, 2008-2010.

S. Bobbo, V. Cossalter, M. Massaro, and M. Peretto. Agaion of
the optimal maneuver method for enhancing racing motorcycle per
formance.SAE International Journal of Passenger Cars - Mechanical
Systems, 1(1):1311-1318, April 2009.

S. Boyd, L. El Ghaoui, E. Feron, and V. Balakrishnamnear Matrix
Inequalities in System and Control Theory. SIAM ed., 1994.

M. Chilali and P. Gahinet. H-infinity design with pole plment
constraints : an LMI approach.|EEE Transactions on Automatic
Control, 41(3):358-367, 1996.

V. Cossalter.Motorcycle Dynamics. Lulu.com, 2006.

S. Evangelou. Influence of road camber on motorcycle stgbil
volume 75, page 231, 2008.

S. Hima, L. Nehaoua, N. Seguy, and H. Arioui. Suitable twoeeled
vehicle dynamics synthesis for interactive motorcycle sitoula In
17" IFAC World Congress 2008, Seoul, South of Korea, pages 96—
101, 2008.

D. Ichalal, H. Arioui, and S. Mammar. Observer design for
two-wheeled vehicle: A takagi-sugeno approach with unnmedde
premise variables. 119th Mediterranean Conference on Control &
Automation (MED’11), Corfu, Greece, June 20-23 2011.

D. Ichalal, B. Marx, J. Ragot, and D. Maquin. Simultangou
state and unknown inputs estimation with Pl and PMI observers
for Takagi-Sugeno model with unmeasurable premise variables.
17th Mediterranean Conference on Control and Automation, MED’ 09,
Thessaloniki, Greece, June 24-26 2009.

D. Koenig. Unknown input proportional multiple-intedrobserver
design for linear descriptor systems: application to statd fault
estimation.|EEE Transactions on Automatic Control, 50(2):212— 217,
2005.

S.P. Linder, B. Shafai, and M. Saif. Estimating and accontatiog
unknown actuator faults with pi observers.Proceedings of the
Conference on Control Applications, Trieste, Italy, pages 461-465,
1998.

French Interministerial National Observatory of Roaafedy. charac-
teristics and causes of road accidents, 2010. France, 2010.

H.B. Pacejka and Society of Automotive Engineefse and vehicle
dynamics. SAE-R. SAE International, 2006.

I.R. Petersen. A stabilization algorithm for a classuotertain linear
system. Systems and Control Letters, 1(8):351-357, 1987.

B. Shafai, C. Pi, and S. Nork. Simultaneous disturbarttenaation
and fault detection using proportional integral observersceedings
of American Control Conference (ACC), Anchorage, AK, pages 1643—
1649, 2002.

R.S. Sharp, S. Evangelou, and D.J.N. Limebeer. Advamtebe
modelling of motorcycle dynamics. Multibody System Dynamics,
12:251-283, 2004.

H. Slimi, H. Arioui, L. Nouvelire, and S. Mammar. Motorcyl
speed profile in cornering situation. American Control Conference
(ACC' 10), Baltimore, Maryland, USA, 30 June - 02 July, pages 1172—
1177, 2010.

B.A.M. van Daal.Design and automatic tuning of a motorcycle state
estimator. PhD thesis, TNO Science & Industry, Eindhoven University
of Technology, Eindhoven, Nederland, 2009.



