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Abstract- A local modeling approach is used to design a Fuzzy Kalman Filter based controller algorithm and applied to 
electric vehicle for lateral dynamics  stabilization, which generates direct yaw moment as a driver assisting action to 
compensate for the state deviations under critical situations. The control scheme is mainly based on a fuzzy body slip angle 
(  ) Kalman Filter using local dynamics models of the vehicle. Initially, local equivalent vehicle models are built using 
linear approximations from the vehicle dynamics which lead to a simplification of the complicated nature of the original 
model, local representations are used for low and high lateral acceleration operating regimes. Finally, local observers are 
combined to build the overall controlled system by using fuzzy rules.The controller can then be robustly synthesized based 
on Linear Matrix Inequalities and using the deviation states model. The simulations using real-time experimental data show 
that controller-observer pair gives good performances in term of stability and reduce the complexity of the real-time 
implementation issues compared to some other algorithms existing in the litterature.  
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I. INTRODUCTION 
 
This paper focuses on the design of a control scheme 
to ensure good performances and the safety of the 
dynamics of electrically driven vehicles, especially in 
critical driving situations. Lately, it has been widely 
recognized that electric vehicles (EVs) are inherently 
more suitable to realize active safety stability control 
over conventional Internal Combustion engine 
Vehicles (ICVs). In EVs, the motor torque can be 
measured accurately, therefore the control can be 
generated instantanuously with precision; one can add 
to that the improved topology that result from using 
In-wheel motors which can be installed in each EVs' 
tires [1]. Based on these structural merits, vehicle 
motion can be properly stabilized by additional yaw 
moment generated as a result of the difference in tire 
driving or braking forces between the right and left 
side of the vehicle, which is known as ‘Direct 
Yaw-moment Control’ (DYC) [2]. Figure 1 shows an 
example of the main concept of the chassis control 
system utilizing DYC based on the model matching 
control method combined with an optimal control 
method [3]. 
 

 
Fig.1 General Scheme of lateral stability control applied to an 

electric vehicle. 

 
This system is aimed to maintain the driver’s 
handling ability at the physical limit of adhesion 
between the tires and the road by making the vehicle 
easily controllable even well below that limit. The 
dynamics of the 2-DOF (Degree Of Freedom) vehicle 
model can describe the driver’s familiar 
characteristics under normal driving conditions. The 
body slip angle ( ) and yaw rate ( ) calculated from 
the model are taken as the desired behavior of the 
vehicle. By applying Model Matching Control, the 
yaw moment optimal decision can be derived from 
the deviations of the state feedback compensator of 
  and   from their desired values. Using LMI 
design tools [4], the control can guarantee robustness 
versus uncertainties and varying dynamics affected 
by the state of the road, as well as, the fact that this 
approach can lead to a gain-scheduled control which 
is meant to be more appropriate to cope with the local 
dynamics at all driving situations. Since sensors for 
the direct measurement of  are very expensive, the 
construction of an observer for its estimation is quite 
desirable and recommended. The main complexity 
from vehicle dynamics comes from the nonlinear 
aspect of the tire force that exhibit a saturation 
equivalent to the limits of tire adherence, which 
makes  response change considerably if the vehicle 
cornering is more severe than usual, not mentionning 
the fact that a inevitable variation in the speed of the 
vehicle can lead to a highly nonlinear dynamics. In 
addition, the nonlinear nature of vehicle dynamics is 
further complicated by the influence of many 
characteristics part of the chasis elements (tires, 
suspensions and steering system…etc). So, it is hard 
to determine the physical model parameters 
theoretically. To deal with the difficulties associated 
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with nonlinearity modeling, as well as to make good 
use of the linear observer advantages such as 
simplicity in the design as well as the practical 
realtime implementation, the nonlinear vehicle 
dynamics are represented in terms of Takagi-Sugeno 
(T-S) local models [5][6]. Local approximation of the 
nonlinear vehicle model and a dynamical 
interpolation method is introduced in this paper to 
construct a fuzzy model-based control system for  
estimation and control. Optimal  observer is 
designed for each local model using Kalman filter 
theory [7]. The proposed system is a combination of 
local linear observers and controllers with varying 
switching partition. The overall control scheme is 
applied to the Electric vehicle “UOT MARCH II”. In 
reference to Fig. 1, we can clearly distinguish the 
parts which have developed where : first, the   
observer  already implemented and tested previously 
in [1] and treated in section III , and then the LMI 
based robust control using local modeling approach 
and under the existence of uncertainties and 
disturbances.  This can be a start point for a 
gain-scheduling control strategy according to each 
local model of the vehicle for better performances. 
According to the configuration the vehicle using 4 
In-Wheels motors, an optimal driving/braking force 
distribution system has been developed in former 
research to be applied with the DYC Control Unit. 
Finally, results of simulations are presented.  
  
II. VEHICLE DYNAMICS MODELING AND 
   THE LOCAL APPROACH 
 
The model formulation relies on the topology used on 
the car which is built of in-wheel electric motors 
driving the chassis of the vehicle (Fig. 2). The 
difference one can mention compared to common 
vehicle architectures can be seen in dynamics and 
more precisely is that the direct yaw moment is used 
additional control input, which can be physically 
realized by separated motor torque input between 
each of the four wheels. The vehicle dynamics can 
then be described by a 2 degree of freedom model as 
given by the following set of equations:  








NFlcosδFlsinδFlγI
FcosδFsinδFma

yrrfyfffxffz

yrfyffxfy

   (1) 

Where ya denotes the vehicle lateral acceleration, 

 is the yaw rate, f is the steering angle of the front 
wheel, N is the direct yaw moment, m represents the 
mass of the vehicle, zI is the yaw inertia moment, fl  
denotes the distance between the centre of the mass 
and the front axle, rl is the distance between the 
centre of mass and the rear axle, xfF is the 
longitudinal force of the front tires, fFy  and rFy  
are the  lateral forces of the front and rear tires 
respectively.  

 
Fig.2 Vehicle 2 Degree Of Freedom Model Scheme 

 
Let the body slip angle  and yaw rate  be the state 
space variables of the considered system. We define 
the kinematics relationship by γ)βv(ay    and 
assume that f  is relatively small for high speeds, 
the vehicle’s state equations can be obtained as 
follow:  
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The model described in equation (2) is clearly 
nonlinear due to the tire lateral force relationship. In 
order to simplify the model, we can use an 
approximation around local operating regimes, which 
results into an equivalent 2DOF linear model with the 
equivalent tire cornering stiffness C  described by,  

α
F

C y                         (3) 

Where yF  is the tire lateral force and α is the tire 
slip angle at its operating point. By adopting the value 
ofC  given from (3), the nonlinear vehicle dynamic 
state equations (2) can be expressed as an equivalent 
linear state space equations at a certain local 
operating point: 

BuAxx                      (4) 
In which the matrices are defined as follow, 
- State matrix:  
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- Input matrix: 
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The states of the system:  Tx , and the 

inputs  Nu f
T  , 

Where, rf CC ~  are the cornering stiffness values 
of the front and rear tires respectively. The variable 
V represents the longitudinal velocity of the vehicle.  
 

 
   

 
 
Fig. 3 Local approach applied to the tire lateral force 
characteristics describing 4 local dynamics and the 
equivalent membership functions using the adaptation 
coefficient ya .  
In fig. 3, Lsa means large tire slip angle, Ssa: small 
tire slip angle, Lfr: large adhesion coefficient, and 
Sfr: small adhesion coefficient.We have to note that 
the design of the observer, as well as the controller 
are performed under a constant velocity assumption. 
Therefore, the nonlinearity of the part describing the 
tire-road contact will be simplified by a local 
modelling approach. According to Fig. 3, these 
coefficients are known to be large when the tire slip 
angle takes small values, which are equivalent to the 
low lateral acceleration regimes; on the other hand, 
the stiffness coefficients become small when the tire 
slip angle increases which leads to a vehicle running 
at high lateral accelerations. Hence, to describe the 
vehicle dynamics by an equivalent linear 2-DOF 
model, local models with different C  value should 
be considered, for both low and high lateral 
accelerations at a constant velocity. 
Fig. 4 Structure of the proposed observer for   
estimation based on the Kalman theory 

III. SIDE SLIP ANGLE OBSERVER 
 
The first step in the estimation design deals with the 
derivation of the system state equations from the 
vehicle dynamics and local approximation of 
nonlinear tire model. After that, a local modeling 
approach is used to get a simplified vehicle model 
which could be achieved by using a weighted sum of 
the outputs of only two local linear models. These 
modeling techniques are considered more appropriate 
for on-line control system design and implementation. 
An adaptation mechanism of the fuzzy membership 
functions has been included to make the model fit for 
different running conditions as well as road friction 
changes, fig. 4. Two local linear observers will be 
considered for the description of the local dynamics 
of the tire, and they seem to be sufficient to cover the 
whole domain and give a satisfying results in term of 
estimation, moreover it will lead to a relatively 
simple design [3].  
 
IV. LMI-BASED DESIGN OF LATERAL 
   DYNAMICS CONTROL 
 
As shown in Fig.1, the control scheme is applied for 
DYC system design by using the model matching 
control method.The reference model is chosen to 
avoid any dangerous behavior compromising the 
lateral stability of the vehicle generates, so, the 
desired state variables of   and  are determined 
by a 2-DOF linear model with front wheel steering 
angle as input according to (4) and are expressed as 
follows: 
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         (5) 

In addition, there is a constraint on the parameter   
given by its adhesion saturation value given by the 
following inequality: 

V
g

d


                         (6) 

Note that this constraint is subject to many changes in 
case of the variation in the vehicle velocity. The state 
deviations variable between the desired value dX and 
actual value X  is assumed to be as follows: 
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According to (4) and (5), the differentiation of the 
above equation leads to the error dynamics which will 
include this time the external disturbances and 
uncertainties, necessary for the robust design: 
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Equation (8) describes the dynamic relationship 
between the direct yaw moment and vehicle motion 
state deviations. It shows that when a vehicle motion 
deviations appears, exerting a direct yaw moment can 
reduce them to make the vehicle regain stability. 
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Our objective is to design an optimal state feedback 
controller to achieve high tracking performance under 
the assumption of the existence of bounded 
uncertainties and external disturbances applied to the 
dynamics of the lateral dynamics. For such 
requirements to be fulfilled, and given the uncertain 
nature of the plant already described by 2 local 
models, LMI control tool represents a suitable 
approach to deal with these multi-models 
uncertainties. The control problem can be stated as 
follow: Design a stabilizing control law that 
guarantees performance for the system while taking 
into account all variations in the friction model 
parameters, observer gains and uncertainties resulting 
LMI based convex optimization procedure and stated 
as follows. 
Find, 
  ).().( 21

*
dd kkN          (9) 

 
- That minimize 2T  which is the closed loop 
H2 norm of the transfer function T from w to 

*
21 NE   , where 1 , 2 are weighting 

coefficient of position and input signal respectively, 
and their choice is known to be related to 
performances criteria as well as to the control signal 
that achieves such performances, this is termed the 
LQG (Linear Quadratic Gaussian) cost problem.   
- All closed loop poles lie inside the stable 
region with a maximum damping value decided 
according to the limits of the uncertainties and 
disturbances which can affect the existence of a 
solution  . 
- subject to the dynamics given by (8) for all 
operating conditions. 
Once the LMI problem is solved, the state feedback 
gains can be determined. Therefore,  
The norm of 2T can be guaranteed not to exceed 
some predefined performance value   if there 
exist two symmetric matrices P and Q such that the 
general form of the Matrix Inequalities are stated as 
follow:  
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Where the LMI elements ensuring a robust local 
design are chosen to be as follow: 
Since we are using one model ranging between two 
bounds i = 1, iA has already been defined in (4) ,  
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To evaluate the efficiency of the proposed estimation 
scheme as well as the robust control design under 
more realistic conditions, field tests are conducted on 
our experimental Electric Vehicle “UOT March II”. 
UOT March II is equipped with an acceleration 
sensor, a gyro sensor and a noncontact speed meter 
which provide measurements of the vehicle state 
variables. The parameter used in simulations can be 
found in [3]  
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Fig. 5 Field test results validation of the proposed observer 

(steering angle=90°, v=40km/h). 
 
Figure 5 shows the results of field tests of the 
observer for relatively moderate cornering situations.  
The experiments demonstrate that the observer gives 
quite satisfying performances in term of estimation 
and noise elimination compared to the signal coming 
from the sensor, adding to that its suitability for real 
time applications due to its high on-board 
computational speed, it can make a very adequate 
solution to the estimation problem in lateral dynamics 
control in vehicles in general. Furthermore, the 
nonlinear global system results show high  
estimation capabilities and good adaptation in case of 
a changing road adhesion. 
An extension to this work, it can be taken into 
account the variation of the velocity of the vehicle, 
this will extend the use of local modeling into more 
dimensions, which will result in the use of more local 
models in the estimation/control design, and will 
solve the problem of the complexity of the dynamics. 

 
Fig. 6 Test of robustness of the controller, Error states 

convergence. 
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Figure 6 shows the results of the test of robustness of 
the proposed controller. Considering the uncertainty 
and the disturbances in the vehicle dynamics, we can 
say that the proposed controller is able to achieve 
quite good performances translated by the fact that 
the real vehicle will behave as the reference model 
vehicle without loosing the ideal trajectory when 
cornering. Theoretically, it is verified, but still a 
considerable work to merge the controller into the 
vehicle architecture and use the gain-scheduling 
version which will give naturally better 
performances.    
 
CONCLUSION 
 
This paper proposed an algorithmic solution to the 
nonlinear vehicle dynamic control problem which has 
been validated in a simulation environment and 
evaluated for real-time processing. A state observer 
based on local modeling has been designed for an 
in-wheel-motored electric vehicle with Direct 
Yaw-moment Control (DYC). Local models were 
used for approximating and expressing the complex 
vehicle dynamics by mean of simpler linear local 
models. An adaptation mechanism was introduced to 
adjust the switching functions in response to cope 
with changes in road friction conditions. The local 
observers design was based on Kalman filter theory 
and was combined with an interpolating fuzzy 
mechanism which provided the link between the 
underlying local dynamics.  
We have shown that the LMI based designed 
controller rely critically on the estimated value of  , 

and can give a very satisfying results in term of 
robustness and state tracking. A special effort will be 
devoted to develop more effective estimation and 
filtering techniques, and the implementation of a full 
dynamic stability control of the UOT MARCH II for 
eventual experimental tests. An optimal 
gain-scheduled version of the proposed controller can 
be adopted to ensure better dynamical performances 
of the vehicle in local domains and for different 
extreme situations.   
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