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Abstract
The paper presents a control method for in-wheel electric 

vehicles, integrating several vehicle components such as steer-
ing, braking and propulsion system. The aim is to design a 
cruise control system with trajectory tracking ability. First a 
control oriented vehicle model is introduced and the trajectory 
and velocity tracking problem is formulated. Next the robust 
LPV (Linear Parameter Varying) trajectory tracking cruise 
control design is introduced. In the implementation of the inte-
grated control system, the limitations of the actuators has to be 
considered as well as the road surface adhesion. The operation 
of the proposed system is demonstrated in CarSim simulation 
environment with maneuvering the vehicle along a racetrack 
with altering speed limits.
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1 Introduction
Integrated vehicle control methods has been researched by 

several authors recently (Dugard et al., Scacchioli et al., Yu et 
al., Németh et al.). The main advantage of integrated control 
is the coordinated control of vehicle subsystems with respect 
to the coupling of vehicle dynamics. By integrated control of 
steering, braking, suspension the conflicts among these subsys-
tems can be avoided by the supervision of a central control-
ler. The aim of the integrated control can differ. Roll motion 
control has been presented by several authors (Kim, Hori et 
al.), where the control goal is to decrease the roll motion of the 
vehicle in order to avoid dangerous rollover. One of the most 
important task in vehicle control is to preserve yaw stability 
during cornering in order to avoid skidding of the vehicle. In 
the research papers and industrial practice differential braking 
is the most popular way to realize yaw stability of the vehi-
cle, although this can be achieved by active torque distribu-
tion (Zhang et al.) and active steering (Anwar et al.) as well. 
Integrated control that cooperates four wheel steering and yaw 
moment control to improve the vehicle handling performance 
and stability has also been researched (Jianyong et al., Wang 
et al.). Active steering and suspension controllers can also be 
integrated to improve yaw and roll stability (Baslamisli et al., 
Mastinu et al., Gáspár et al.). In the paper, the vehicle is con-
trolled with the propulsion of in-wheel electric motors acting 
on all four wheels, active steering of the front wheels and dif-
ferential braking of the rear wheels. For the controller design a 
single track bicycle model of the vehicle is used.

The controller design is evaluated using LPV framework. 
This paper is organized as follows: in Section 2 the nonlin-
ear control-oriented vehicle model is formulated. Section 
3 proposes the design of integrated vehicle control based on 
robust LPV framework. Section 4 deals with the distribution 
of the wheel forces and the yaw torque within the propulsion, 
the steering and the brake system. The trajectory and velocity 
tracking control method is validated by simulation in Section 5. 
Finally, some concluding remarks are given in Section 6.
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2 Control-oriented vehicle model
 for trajectory tracking
In order to design effective trajectory tracking controller, it is 

necessary to formulate the longitudinal and lateral dynamics of 
the vehicle. For modeling the lateral vehicle dynamics, the two 
wheeled bicycle model is used (Fig. 1.)

Using the notations 

the motion equations for lateral and longitudinal dynamics are 
as follows:

where m is the mass, J is the yaw-inertia of the vehicle, l1 and 
l2 are geometric parameters, c1 and c2 are cornering stiffness 
which can be identified (Song et al., 2002). The yaw of the 
vehicle is denoted with ψ, while β is the side-slip angle, yv is the 
lateral and ξ is the longitudinal displacement. The nonlinearity 
of the system is caused by the longitudinal velocity. The actua-
tors of the system are the front steering angle (δ), the brake yaw 
moment (Mbr) and the longitudinal force (Fl).

The disturbance force Fd affects the longitudinal dynamics 
of the vehicle. The elements of disturbances are the follow-
ing: Gravity force disturbance originating from road slope  
α: Fd1 = gsinα. Drag disturbance, depending on drag co-effi-
cient cw, density of the air ρ, contact surface size A and vehicle 
speed: Fd2 = 0.5cwρAξ

2. Rolling resistance depending on vehicle 
mass m, road surface K and road slope angle α: Fd3 = mgKcosα. 
In the design of trajectory and velocity tracking it is necessary 
to guarantee that the longitudinal and lateral positions of the 
vehicle track the geometry of the road. 

The required longitudinal motion is ensured by velocity 
tracking, while the required lateral motion is controlled by the 
error between lateral position and the desired road curve. The 
reference of the road geometry is defined by using a world coor-
dinate system (Xgl and Ygl), in which the coordinate system of the 
vehicle rotates together with the vehicle. The lateral position of 
the vehicle is calculated in both coordinate systems, see yv and 
ygl in Fig. 1. Therefore, it is necessary to consider the rotation 
of the vehicle in the calculation of the reference road geometry.

3 Control design based on the LPV method
The motion equation of the vehicle is transformed into  

a state-space representation form:

The state vector of the system:

contains the longitudinal velocity and the displacement of the 
vehicle, the yaw-rate, the side-slip angle, the lateral velocity 
and position. The control inputs of the system are the longitu-
dinal force, the front steering angle and the brake yaw-moment:

In the trajectory tracking both the longitudinal and lateral 
dynamics must be taken into consideration, i.e., the vehi-
cle must track two reference signals. First of all it is neces-
sary to ensure appropriate velocity tracking in longitudinal  
direction: . This requirement is formulated as an 
optimization criterion: zξ→0. Second, the difference between 
the lateral position of the vehicle and the reference lateral posi-
tion zy=|yv,r −yv| must be minimized: zy→0. These performances 
are built in a performance vector:

Simultaneously, the actuator saturations must be avoided. 
The maximal forces of both the driveline and braking systems 
are determined by their physical construction limits and the 
tyre-road adhesion conditions too. These limits must be taken 
into consideration in the control design. Thus, they are formu-
lated as performance criteria:

and
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Fig. 1. Single track vehicle model
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The system matrice depends on the velocity of the vehicle non-
linearly. It is assumed that the velocity is available, i.e., it is meas-
ured or estimated, see e.g (Scacchioli et al., 2009). Using a schedul-
ing vector ρ with the scheduling variable             the nonlinear model 
is transformed into an LPV model. The measured output of the 
system is the velocity and the lateral position, i.e.,  
For the measurement of the lateral position, differential GPS data, 
magnetometers or in-vehicle camera systems are used (Rajamani).

The control design is based on a weighting strategy, which 
is formulated through a closed-loop interconnection structure, 
see in Fig. 2. Input and output weighting functions are typically 
selected to the specifications of disturbances and the inverse of 
the specifications on the outputs. Usually the purpose of weight-
ing function Wp is to define the performance specifications in 
such a way that a trade-off is guaranteed between them. They 
can be considered as penalty functions, i.e. weights should be 
large where small signals are desired and small where large per-
formance outputs can be tolerated. The purpose of the weight-
ing functions Ww and Wn is to reflect the disturbance and sensor 
noises. ∆ block contains the uncertainties of the system, such 
as unmodelled dynamics and parameter uncertainty. The mag-
nitude of the neglected dynamics is handled by a weighting Wu.

In the trajectory tracking problem two performance signals are 
introduced in order to guarantee the tracking of the reference veloc-
ity and lateral displacement with an acceptably small error. The 
weighting function is selected as a second-order proportional form:

Where λ, α1,2 and T1,2 are designed parameters. Similarly 
weighting functions Wu, Ww and Wn are also selected in a linear 
and proportional form. Note that although weighting functions 
are formulated in the frequency domain, their state-space rep-
resentation forms are applied in the weighting strategy and in 
the control design.

Three weighting functions are applied for the proper inter-
vention of the actuators (see Wact in Fig. 2). The brake yaw-
moment is represented with weighting function Wbrake, the steer-
ing angle with Wsteer and a the longitudinal force with Wforce. The 
proper design of these weighting functions are crucial, in order 
to avoid saturation of the propulsion, the brake or the steering 
system and to ensure a good balance between the actuators. The 
weighting functions of the steering Wsteer and differential brak-
ing Wbrake are selected in similar forms as Wp in (12). The tuning 
parameters of the above described weighting functions and the 
parameters of the system model are specified later in Section 5.

The control design is based on the LPV method that uses param-
eter-dependent Lyapunov functions, see (Bokor et al., Wu et al.). 
The quadratic LPV performance problem is to choose the parame-
ter-varying controller in such a way that the resulting closed-loop 
system is quadratically stable and the induced L2 norm from the 
disturbance to the performances is less than the value γ.

The existence of a controller that solves the quadratic LPV 
γ-performance problem can be expressed as the feasibility of a set 
of Linear Matrix Inequalities (LMIs), which can be solved numer-
ically. Finally, the state space representation of the LPV control 
K(ρ) is constructed, see (Wu et al.).

4 Control implementation
For the implementation of the control system a hierarchical 

structure is designed. The synthesis of the multi-layer control 
system is illustrated in Figure 3.

The purpose of this first layer is to calculate the control inputs, 
i.e. to define the necessary longitudinal control force, the front 
steering angle and the brake yaw moment. The function of the 
second layer is to distribute the input signals designed by the 
high level controller.

Since the front steering angle is determined factually by the 
first layer, only construction limits of the steering system is 
considered, i.e the steering angle is limited by δmin ≤ δ ≤ δmax.
Thus the main task of the second layer is to distribute the 
designed longitudinal force and brake yaw moment between 
the four wheels of the vehicle.

When the vehicle accelerates the distribution of wheel 
forces depends on the construction of the driving system. 
In this paper a four wheel driven vehicle is used. Here the 
propulsion force is distributed equally between all four in-
wheel motors. The maximal positive and negative forces are 
determined by physical construction limits of the in-wheel 
motors and the brake system as well as the tire-road adhesion 
conditions too.

(12)

Fig. 2. Closed-loop interconnection structure

Fig. 3. Architecture of control system

.
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The wheel force distribution strategy in the braking proc-
ess is basically different because of the construction of the 
brake system. At deceleration the load of wheels are modified 
because of the pitch dynamics of the vehicle. The brake of the 
front wheels must be stronger while the brake of the rear wheels 
must be reduced. The optimal brake force distribution can be 
determined according to the following form, see (Zomotor):

where Fr and Ffr are the wheel forces at the rear and at the 
front, h is the height of the central of gravity of the vehicle, 
respectively.

The brake moment applied on the vehicle by differential 
braking of the rear wheels Mbr is constrained by the principle of 
limiting the friction. This maximum moment can be calculated 
with the following equation:

where μ is the friction coefficient, d is the half length of the rear 
axle (see Fig. 4). The normal load Fzr of the rear axle is given by:

The moment applied at the vehicle center is given by dif-
ferential braking of the rear wheel. The relation between this 
moment and the braking force is given as:

where Fxr,L and Fxr,R are the longitudinal forces of the rear 
wheels. These limits of the actuators must be taken into  

consideration in the control design. Note, that when differential 
braking is applied in a braking situation, the corresponding rear 
wheel forces Fxr,L and Fxr,R are added to the braking force cal-
culated with (13) with respect to the constraint given by (14) .

A third layer is also necessary since the required control forces 
must be tracked by using low-level controllers. These controllers 
transform the wheel forces and the values of the steering angle 
into a real physical parameter of the actuator. The design of low-
level controllers might  use more specific techniques that fit the 
specific nonlinear properties of the actuator. The steer-by-wire 
front steering system transforms the steering angle into a real 
physical parameter of the actuator. The real physical input of the 
system is the Pulse Width Modulated (PWM) signal of the electric 
servo motor, which moves the rack. The physical construction of 
electric steering has a lot of variations, see e.g. (Kozaki et al.).

5 Simulation results
The vehicle chosen for simulation is driven by all four wheels 

using in-wheel electric motors, while the braking is performed 
with hydraulic brake system. The parameters of the vehicle are 
shown in Table 1.

The geometry of the racetrack is shown in Fig. 5. As it can be 
seen, the path of the vehicle contains curves and hilly roads as well, 
thus to track a desired velocity and path at the same time can be 
difficult and somewhat impossible without the optimal coordina-
tion of the steering, braking and propulsion system of the vehicle.

The X-Y plane of the racetrack is shown in Fig. 5(a) along 
with the terrain characteristics in Fig. 5(b). The target velocity 
for the vehicle to follow is shown in Fig. 5(c). The start line 
of the racetrack is at the zero value of x and y coordinates. 
The vehicle has to perform a full lap on the racetrack with the 
changing target velocity without leaving the trajectory defined 
by the racetrack. In the following two different weighting strat-
egies will be examined.

The performance weighting Wp is divided into the weight-
ing of the lateral position error Wposition and the weighting of 
the velocity error Wvelocity. The parameters of Wposition are the 
following: λp = 20000, αp1 = 1/7 ,αp2 = 1/200, Tp2 = 2/10 and 
Tp1 = 1/100. The parameters of Wvelocity are the following: 
λv = 833, αv1 = 1/100 ,αv2 = 0, Tv2 = 2/10 and Tv1 = 0.

The actuators are weighted as follows. For the steering 
weighting function the following parameters are chosen:  
λs = 1/100, αs1 = 2/100 ,αs2 = 1/10000, Ts2 = 2/10 and Ts1 = 1/100. 
The braking weighting function parameters are the follow-
ing: λb = 5/100000, αb1 = 2/10, αb2 = 1/100, Tb2 = 2/100 and 
Tb1 = 1/10000. The longitudinal force is weighted with Wforce=1.

The unmodeled dynamics are weighted with Wu as fol-
lows:  λu = 1/100000, αu1 = 2/10, αu2 = 1/100, Tu2 = 4/1000 and 
Tu1 = 4/1000000. The sensor noise weight is Wn=1/1000 , the 
disturbance weight is Ww=1/2. 

The controller designed with the above weighting selec-
tion enables the vehicle to operate without saturation of the  

(13)

(14)

(15)

(16)

Fig. 4. Rear axle geometry
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actuators and achieves trajectory tracking with the dominance 
of the steering over differential braking. The Bode plot of the 
designed weighting functions are shown in Fig. 6.

It is well demonstrated in Fig. 7(a) and 7(b) that the designed 
controller tracks well both the reference velocity and trajectory 
with acceptable errors from the reference values. The lateral error 
does not exceed 0.2 m even in the sharpest corner of the race-
track. Thus, the vehicle follows the trace of the racetrack with a 
predefined velocity profile without the danger of skidding or roll-
over. The yaw rate and side slip angle of the vehicle can be seen 
in Fig. 7(c) and 7(d). It can be observed, that during heavy corner-
ing both yaw rate and side slip angle can increase significantly.

Tab. 1. Vehicle parameters

Parameter Value Unit

m 830 kg

J 1110.9 kgm2

l1 1.103 m

l2 1.244 m

bf 1.416 m

br 1.375 m

c1 22000 N/rad

c2 85000 N/rad

cw 0.343

A 1.6 m2

Fig. 5. Reference velocity and trajectory Fig. 6. Bode plot of the weighting functions in Case 1

Fig. 7. Time responses in Case 1 Fig. 8. Control signals in Case 1
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The motion of the vehicle is influenced by the inputs of the 
designed controller. These are the longitudinal force distributed 
between the four wheels, the steering angle acting on the front 
wheels and the brake yaw-moment generated by differential 
braking of the rear wheels. The actuated longitudinal force var-
ies depending on the task of braking or accelerating, see Fig. 
8(a). Heavy acceleration and deceleration corresponding with 
the changing speed limit can also be observed. Fig. 8(b) shows 
the steering angle of the vehicle, which is the dominant control 
signal for the task of trajectory tracking. The actuated brake 
yaw-moment is moderate due to the steering focused weighting 
strategy of the high level controller, see Fig. 8(c).

In order to the illustrate the role of the weighting func-
tions, the design of the high level LPV controller is modified 
by changing the weighting function of the differential brak-
ing with the following parameters: λb = 1/100000, αb1 = 2/10 ,
αb2 = 1/100, Tb2 = 2/100. The modified differential braking 
weighting function can be observed in Fig. 9. With the selected 
weighting functions the amount of differential braking is sig-
nificant compared to the previous case.

The simulation results performed with the modified high 
level controller are shown in Fig. 10 and Fig. 11. It is well 
demonstrated, that the implemented yaw torque of the vehi-
cle is increased compared to the first case, see Fig. 8(c) and 
Fig. 11(c). With the modified weights the steering is generally 
moderated (see Fig. 11(b)), thus the cornering of the vehicle 
is realized by the intervention of differential braking and the 
steering as well.

6 Conclusion
The paper has proposed the design of an integrated vehicle 

control system for in-wheel electric vehicle, which is able to 
track road geometry with a predefined reference velocity. In 
the design the lateral and longitudinal dynamics are combined 
using the propulsion, the brake and the steering system of 
the vehicle as actuators. The control design is based on LPV 
method considering performance specifications, model uncer-
tainties and disturbances.

Fig. 9. Bode plot of the weighting functions in Case 2 Fig. 10. Time responses in Case 2

Fig. 11. Control signals in Case 2
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