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Abstract

Recent researches on advanced driver-assistance systems (ADASS) indicate great advances in terms of safety and
comfort in automated driving. ADASs use control systems to perform most of the maneuvers as performed by the driver
in the past. One of the useful ADASs is automatic lane change system in order to avoid accidents. This study designs
the controller of an automatic lane change system for an autonomous vehicle. The control law in this study is Adaptive
Sliding Mode Control (ASMC). To avoid chattering in ASMC, fuzzy boundary layer is used. Also, adaptive law is used
for sliding-based switching gain. This adaptive controlling law is used to avoid the calculation of upper bound of system
uncertainties. In this study, based on the boundary conditions, the vehicle lane change path planning and different
maneuver periods are evaluated. To simulate the designed controller, CarSim-Simulink joint simulation model is used.
This linkage leads to a full nonlinear vehicle model. The results of simulation show excellent tracking for dry road
conditions and acceptable tracking in icy and wet roads in some maneuvers of above 4 seconds long.

Keywords: Autonomous vehicle, Adaptive Sliding Mode Control, Fuzzy logic system, Automatic Lane Change

1- Introduction

One of the important causes of road accidents is driver-related issues * including being unaware of road conditions,
traffic infringement, sleeping, using drugs, etc. Advanced driver assistance systems (ADAS) are among the basic
solutions to avoid driving error accidents. These systems communicate to the environment via the data received from
sensors and vehicle radars and by lack of capability of the driver in steering, the car is steered automatically. National
Highway Traffic Safety Administration (NHTSA) has defined different levels of car automation in 2013 2. According
to that, level 0 vehicles are not automated. The vehicles of level 1 include driver assistance systems with limitations of
lateral or longitudinal control and the rest of responsibilities are assigned to the driver. The vehicles of level 2 are
relatively automatic cars with limited responsibility of some functions as simultaneous longitudinal and lateral control
and the rest of responsibilities is on the account of the driver. The vehicles of level 3 include limited automatic systems.
The automatic system should perform all of the tasks under some conditions and this responsibility is delegated to the
driver, if necessary. According to NHTSA, the vehicles of level 4 include full automatic systems and in this level,
automatic system is fully responsible for monitoring roadway and driver conditions. The lateral control of car is
considered as an important part of automatic systems in levels 1 through 4, namely in overtaking and lane change
maneuvers. The longitudinal control of vehicle provides the safe longitudinal distance of cars in highway and the lateral
control navigates the vehicle in a desired path. The lateral control tracks the required path by creating steering angle. In
this study, the vehicle lateral control is used in lane change maneuver and safe maneuver under environmental roadway
conditions.

In the past 10 years, the researchers have employed different control rules including Sliding mode control (SMC) *22,
Hoo robust control ** 24, model predictive control (MPC) %, fuzzy control 226, Backstepping 2”28, adaptive control 2*
8t and PID controllers 323 and LQR 223637 optimization algorithms %% 3% and solution of LMI inequalities “° to design
controllers. Sliding mode control as a non-linear control plays an important role against different friction changes of
road and different velocities in the presence of parameter uncertainties *. Siding mode control can be combined with
different control laws including fuzzy control rules #*, adaptive ®, fuzzy neural networks 8, Backstepping 2 and other
control law and optimization algorithms. Li et al., ** combination of fuzzy control rules and sliding mode and generated
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the required steering of the produced maneuver. Sliding surface and its derivative after being generated by sliding mode
control enters fuzzy control and the fuzzy control output generates the required command for the required maneuver. In
another study done by Li et al., 8, the sliding surface acts as neural fuzzy control input and the output of this system
generates car front steering. In reference 7 the sliding mode controller is modified by a PI controller. The modified
controller in this study has better results compared to SMC controller. Also, using adaptive control, the switching gain
of sliding mode control is updated based on sliding surface and this leads to the adaptation of control system with the
environment and system conditions ©.

Baslamisli et al., %2 applied Hoo controller to improve the vehicle handling stability based on front steering system. In
another study, an active steering system is designed based on Heo controller and the relevant results at different velocities
show desired path tracking “3. Jin et al., * applied Gain-scheduled robust controller for lateral control of a vehicle with
four electric wheels. Also, the controller design using the combination of suspension system and active steering system
by Gain-scheduled robust controller led into the desired stability of vehicle.

Yoshida et al., ** applied predictive control to control steering in lane change maneuver. In their study, the designed
controller is applied on bicycle non-linear model and is simulated for different friction coefficients. Attia et al., 2 applied
predictive controller on simultaneous longitudinal and lateral controller of autonomous vehicle. In another study,
predictive control is applied on driver assistant system of lane change in the highways 8. Also, Brown et al., 1 by this
controller designed the autonomous vehicle tracking controller. This controller was tested for high curvature conditions
and the results of study had desired path tracking. In another study done by Park 2°, collision avoidance controller was
designed for an autonomous vehicle based on predictive control.

Zhao et al., 2 applied fuzzy control on a vehicle model of 7 degrees of freedom (longitudinal and lateral motions of car)
and evaluated the lateral control and yaw stability control using Differential Braking. The results of simulation showed
that differential braking increased efficiency of lateral control systems and stability. Also, fuzzy law can combined with
adaptive control law 2¢ and neural networks “° and these combinations can improve the controller response.

The adaptive controllers are created based on combination with other controllers ¢ 2® and for adaption and updating
controller based on parameter changes. Suarez et al., 2° applied two control loops for lateral control of autonomous
vehicle. Two controls are used in that study. The outer loop includes updating feedforward gain and in the inner loop,
Model Following Controller (MFC) is used to create the system stability. Khosravi et al., 3! applied predictor-based
model reference adaptive control and LQR controller for lateral control of vehicle in the presence of uncertainties.
Emirler et al., *2 designed PID controller based on parameter space approach of autonomous vehicle controlled the lateral
and angular errors of yawn. The use of Pl control with feedback & feedforward controllers 3 or pole placement %
presented good results for desired tracking. Also, by fuzzification * or adaption “6, of PID controller coefficients, we
can improve the non-linear behavior of this controller to have good response to the parameters changes and have desired
tracking. Anderson et al., % integrated the signal of driver response with the signal of LQR controller based on desired
roadway and created final steering system of the vehicle. Moreover, Actuator Fault detectors have been used in another
research for a vehicle with active front steering *’.

Feng et al., 3 applied fuzzy-neural networks (FNN) controller with genetic algorithm for lateral control of vehicle to
perform lane change maneuver. In another study, the vehicle tracking control is designed using PSO optimization
algorithm based on PID, LQR controllers *°. Enache et al., “° applied LMI (linear matrix inequality) and BMI (bilinear
matrix inequality) optimization methods to design the controller of lane keeping system. The various control methods
performed by researchers are mentioned. In addition, different heuristic methods are applied as the result of innovative
integration of these methods. In the majority of researches, software simulation is used to test the designed controller
based on dynamic models (normally by bicycle two degree model). Among them, CarSim-Simulink joint simulation is
used as one of the best software in this regard " 2035444853 Thijs simulation system presents full vehicle model consisting
of all degrees of freedom and different vehicle sub-systems. By linking this software and applying the designed controller
in Simulink space, we can perform different simulations by the software.

As noted in the literature review, many of existing researches have not presented a controller that fully controls the
vehicle in different conditions of the road. The aim of this study is at addressing various issues of existing works. The
goal of this study is to present a control which is capable of controlling the lane change maneuvers at any time and in
different environmental conditions. Considering the existing uncertainties in the system, particularly the friction between
the road and the tires, the sliding mode controller has been opted. In addition, to avoid the prior knowledge of ranges of
uncertainties, adapting rules have been added to the sliding mode controller. It is clear that one of the main issues with



this controller is the chattering. Adding a boundary layer will terminate this issue, however it also increases the tracking
error. Therefore, the boundary layer has been designed using fuzzy logics rules in a way that is near the sliding surface
at any given time during the maneuver. As a result, while the tracking error will be reduced, the chattering will be
avoided.

In this study, by adaptive sliding mode control (ASMC) with fuzzy boundary layer, a lateral control system is designed
for automatic lane change system. This paper consists of four sections. The first section explores the lane change path
planning based on the boundary conditions of vehicle and environment and a path with Quintic function. The second
section presents a dynamic model and the dynamic model is achieved in terms of position and orientation errors. This
study applies two degrees of freedom bicycle model in controller design. The third section presents a control strategy
and designs an adaptive sliding mode controller for automatic lane change system. It also defines Lyapunov function
and uses Lyapunov stability to support the adaptive robust controller stability. Fourth section elaborates on the
simulation of lane change maneuvers and evaluates different conditions of environment and vehicle. The simulation in
this study is performed using CarSim software linked with Matlab/Simulink. The results of simulation show that by the
increase of period of lane change maneuver, the numerical value of friction, based on the road condition and reduction
of car velocity, presents better results and for critical conditions, the lateral stability is preserved.

2- Lane change path planning

Various researches have been conducted on the design of lane change maneuver and one of the common methods for
path planning is using mathematical functions such as Quintic function 3. Equation (1) is considered as candidate
function to design lane change path. At the beginning and the end of the maneuver, the vehicle moves in a straight lane
and the acceleration and lateral velocity are zero. The lateral position at maneuver starting time is zero (Equation 2) and
for the end of maneuver is equal to the distance of the center lanes of origin and destination (Equation 3). t; is the starting
time of maneuver and T is the ending time of maneuver. Figure 1 shows the lane change based on Quintic function in
which the boundary conditions are also shown.
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Figure 1 The lane change path based on Quintic function

By applying boundary conditions (2), (3) to candidate function of Equation (1), the following Equation is achieved:
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By solving the above matrix equation, path coefficients are designed in terms of the starting (t1) and end time (T) of
maneuver path. By entering this path to control system and calculation of desired yaw (), the autonomous vehicle is
controlled in the desired maneuver path.

3- Modelling
In this study, the vehicle dynamic model of 2 DOF, called bicycle, is used. Figure 2 depicts the vehicle bicycle model.
The bicycle model in this study has two degrees of freedom including yaw rate and lateral sliding angle of the vehicle.

Figure 2 The two degrees of freedom model of bicycle

The dynamic equations of this model are shown in Equation (5) *°.

. r +cr Leer = lecy cr
o= (et
fcf G2 + ctl? e ©)
r= (2 — B+ (= T) + 22 )5f

This dynamical model, neglecting roll, bounce and pitch, has been used to design the controller along with the
following assumptions: %

Assumption 1: Lateral sliding angle, steering angles, and lateral sliding angles of front and rear tires are assumed to
be neglected.

Assumption 2: The longitudinal velocity of vehicle is constant and its value has been assumed to be between v1 and
V2.



Assumption 3: The relationship between lateral forces of tire and sliding angle is assumed to be linear.

In this model, lateral forces of tire are equal to Equation (6) °°.
Fr = agcy = ascpp ©)
Fr = aycr = apcru
Where, «a is sliding angle, ¢* nominal lateral stiffness of tires, ¢y and c, are, respectively, the cornering stiffness of front
and rear tires and p is the friction coefficient. The vehicle model has some uncertainties and by robust control, we attempt
to make the system robust against these uncertainties. In this study, the parameters are considered as uncertainties of the
longitudinal velocity of vehicle and friction coefficient. Since longitudinal velocity is controlled by the driver’s
command or longitudinal controller, and has various values, this parameter is considered as uncertainty parameter such
that the proposed controller system can preserve its robustness against variations. Table 1 shows the vehicle parameters.

Table 1- The vehicle parameters in this study 57

Symbol Variable name Value Unit
U Road friction coefficient [11-p2] -
m Mass 1704.7 [ka]
] Yaw moment of inertia 3048.1 [kg.m?]
l¢ Front axle-COG distance 1.035 [m]
L, Rear axle-COG distance 1.655 [m]
Cr Cornering stiffness of front tire 105850 [N/rad]
C, Cornering stiffness of rear tire 79030 [N/rad]
v longitude velocity [vi-v5] [m/s]

In this study, the changes of friction interval are ranging from 0.1 to 1. The minimum and maximum velocity is 5 m/s
and 40 m/s, respectively. For controller simulation, 30, 40 m/s and dry, wet and frozen roads were used. The coefficient
of adhesion for different road conditions is shown in Table 2.

Table 2- Coefficient of adhesion for different climatic conditions ¢
Pavement type Coefficient of adhesion

Dry 1
Wet 0.5
Ice 0.15

For controller design, position and orientation error with respect to the road errors are defined as follows:
e, the distance of the C.G. of the vehicle from the center line of the lane
e, the orientation error of the vehicle with respect to the road
These errors are shown schematically in Figure (3). These errors are defined using the system states as follows °°:
é1=y+ V(Y —vq) =Ve(B+¥—1q)
()
e =9 —19Yq
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Figure 3 Lateral error and coordinate of vehicle in body fixed and global coordinate %

Using Equations (5-7), the dynamic equation is achieved in term of position and orientation errors as:

él = allél + aq2€5 + a13é2 + b16f + dll)b.d . (8)
€y = A1€1 + Agey + az3é; + b6 + dahy — YPg
The coefficients of this equation are shown in Appendix 1. Also, the upper and lower bound values of Equation (8) are
based on the mentioned uncertainties in Appendix 2. Based on the equations in reference > and Figure 3, the desired
yaw angle of road is defined as in Equation (9). Also, the final output in global coordinates is achieved as Equation (10).

Y, Y. (t
l/)d — tan_l 'des ~ des( ) (9)
v,

des

t
= f V, cos(Pq) dt — egsin ()
i (10)

t
Y = f Ve sin(yy) dt + eq cos(Y)
0

4- Controller design
The sliding mode controller system is considered as an appropriate controller in coping up with uncertainties. In this
study, the adaptive sliding model with fuzzy boundary layer is used. By creating boundary layer to avoid chattering of
sliding mode controller, an intentional error is introduced to system. As the fuzzy boundary layer is closer to sliding



surface, it creates less error compared to that of fixed boundary layer and chattering is also avoided. Adaptive control
law shows switching gain based on the variations of sliding surface.

In this section, just firstly we define sliding surface based on errors and then we design a controller. In the next section,
the fuzzy boundary layer and adaptive control law are applied and finally by definition of Lyapunov function, the
controller stability is proved as analytic. As the vehicle model has two degrees of freedom, the sliding surface is selected
as Equation (11):

d
S = (a + /1)% = él + dez + /1((:‘1 + dez) (11)
Where, A is strictly positive constant 8 and X is tracking error:
f - 61 + d€2 (12)

Where, d is the distance of sensor from the head of vehicle to the mass center of the car. ¥ is shown schematically in
Figure 4.
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Figure 4 The measurement of Look ahead lateral to the center line of the road >

The above sliding surface has some advantages such as:



- A problem of order n is converted to a problem of order one.

- This s afilter of order n which leads the chattering to be highly reduced.

- The above surface has the fastest response among linear systems without vibrations. However, many others
have used different poles.

Although in Figure 4, these errors are presented for lane keeping system but by applying the desired path, we can use
this error for path tracking error.
Differentiating the sliding surface, we have:

s = A4é1 + A262 + Aséz + bu + Dl/)d - dl/)d (13)
Where u is the angle of front steering of the vehicle:
u =& (14)

According to Reference %, the best control law for % error is achieved by s = 0. Thus, by putting the derivate of sliding
surface (Equation 13) equal to zero, the best control law is achieved:
Ueqg = _B_l(ﬁ) (15)
Where 1 is defined as:
= A6, + Ayey + Asé, + Dy — diy (16)
According to Reference %, sliding condition is defined as follows:

R CRLIN0! an
Where 7 is a strictly positive constant *%. To satisfy this condition, a term is added t0 u,:
U = upq — kb~ tsign(s) (18)
To establish sliding condition (Equation 18), the range of k is yielded similar to reference studies °:
kzy(F+n)+ - Dlal (19)

Equations F, 4, b, D and y are shown in Appendix (2).
To avoid chattering, instead of sign function, we can use saturate function. Saturate function is shown in Equation (20)

(1 251
¢
C) > 1<><1 (20)
sat|{—| =< = - -
¢ ¢ ¢
S
-1 3 < -1
Where ¢ is the thickness of the boundary layer. Thus, the final equation of SMC controller is achieved as:
- s
U= Upg — kb‘lsat(a) (21)

In this study, ¢ is entered based on fuzzy logic®  and sliding surface in Equation (21). The input of this fuzzy rule is
sliding surface and its output is ¢ value and it is changed by changing the sliding surface. Generally, the fuzzy system
rule is as by increasing the value of s, the boundary layer ¢ is increased and by reduction of the values, this value is
reduced. By this logic, fuzzy rules are as:

R1:IfsisZthen¢ is Z

R2: If sis PS1 and NS1 then ¢ is S1
R3: If sis PS2 and NS2 then ¢ is S2
R4: If sis PM1 and NML1 then ¢ is M1
R5: If s is PM2 and NM2 then ¢ is M2
R6: If sis PB1 and NBL1 then ¢ is B1
R7: If sis PB2 and NB2 then ¢ is B2
R8: If sis PB3 and NB3 then ¢ is B3
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Figure 5 a) the input of fuzzy rules is the slidng surface b) The output of fuzzy rules is the boundary layer.

This specific number of fuzzy rules has been chosen to give a generalization sense to the controller, so that it expands
at shorter distances from the boundary layer at any time. It is obvious that in very low frictions and through eliminating
steep maneuvers, the system is controllable using fewer rules.

The next section includes applying adaptive control law on sliding mode controller of the previous section. The adaptive
control law is defined as Equation (22) in which f is switching gain and presents an estimation of k ®%:

ﬁ(@ =T[s(t)] (22)
p0) =0
Thus, control command is achieved based on adaptive sliding model controller:
A~ S
Upsmc = Ueq — ,BFb'lsat(a) (23)

Where, I" is constant and positive. This constant value enables use to select the adpative velocity for sliding gain
(switching gain). To select it, there are some constraints as evaluated in the stability section. It is worth to mention that
B has no association with the lateral sliding angle of the vehicle.
To evlauate the stability of the designed controller, the candidate Lyapunov function is selected as:
1 bh~1
V(t) = 552 +— B2 (24)

Where, § is defined as:
B=B—-k (25)

k is achieved using Equation (19). To eavluate the Lyapunov function, the Lyapunov candidate function is derived:

V(t) = 5§+ bb 1B

. . . ~ A~ S ~ A

V(t) = s[Asé, + Agey + Agéy + Dby — diy + b {—b-l(a) — Brb-'sat (5)}] +bb=1(B — K)T|s(D)]

V(t) = S[A4é1 + Azez + A5é2 + Dl)bd - dl)bd

+b {—5‘1(A4e'1 + Aye; + Aséy + Dy — dipy) — frb~tsat (5)}] + bbb~ (B — K)I|s(t)|

V(t) < |46, + Azey + Aséy + Dipglls(e)] + |1 — bb~Y||2lIs(t)| — bB™1BTIs(t)| + bb AT |s(b)
— bbb 1B |s(t)]
According to Appendix 3, we have :
V) < Fls@l+ 1=y HIals@l -y @ (F + ) + (v — DIADTIs(®)]
V() < (1 =)(F + 1=y HaDls@D — nlls@®)|
Since 7 is strictly positive constant, the derivative of Lyapunov function becomes negative, only if I' is bigger than 1,
thus we have:
r=1 - V@®<0 (26)
Hence, by selecting of I bigger or equal to 1, we can guaranty the system stability based on Lyapunov stability. Figure
6 shows the block diagram of adaptive sliding model control with fuzzy boundary layer.
There are two ways to measure slip angle of a tire: on a vehicle when it is moving, or using a dedicated device. When
the vehicle is moving, optical methods can be used to measure slip angle. In addition, GPS devices and inertial methods
(or both) can be utilized. On the other hand, various testing devices have been developed to measure slip angle of a tire
in a controller environment. They often use the inner or outer surface of rotating drums, sliding planks, conveyor belts.
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Figure 6 The block diagram of adaptive sliding model control with fuzzy boundary layer for automatic lane change
system

4- Discussion and Results
In this section, the designed path for lane change maneuver is inputted into the controller, based on the equations in the
modeling section. Simulation is performed using CarSim linked with Simulink Software and F-Class model is chosen
as shown in Table 1. By linking CarSim to Simulink the full vehicle model with high DOF and system’s non-linearities
is obtaind. The simulation of the proposed controller has been conducted using this full vehicle model.

In addition to mentioned advantages such as the lack of requirement to know the ranges of uncertainties due to the use
of adaptive rules, and reduced tracking error resulting from adding fuzzy boundary layer, the performance of this
controller has been compared against that of sliding mode controller. Figures 7 and 8 compare the performance of the
two controllers in dry (friction = 1) and wet (friction = 0.15) roads. The length of maneuvers have been considered as 3
and 5 seconds to demonstrate the performance of each controller.
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Figure 7 Comparison of the two controllers for maneuvers of 3 and 5 seconds long and dry road (u= 1)
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Figure 8 Comparison of the two controllers for maneuvers of 3 and 5 seconds long and icy road (u= 0.15)

As shown in figures above, the performance of the proposed controller is much better than that of sliding mode controller
for both dry and wet roads. In the maneuver of 3 seconds long, due to the very low friction in the case of icy road and
the high velocity, both controllers have fluctuations in path tracking, however, the fluctuations of the proposed controller
have been dumped and finally the full tracking is achieved. The reason of high fluctuations is the low friction of the
road. In fact, even a human driver is not able to control the vehicle. Some suggestions have been provided at the end of
this section to improve this performance.
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In this paper, for the purpose of simulation, lane change paths with T values from 2s to 6s at longitudinal velocities
from 30m/s to 40m/s are used. The controller is simulated for three states of dry road (friction 1), wet road (friction 0.5)
and frozen road (friction 0.15). Figures 9-11 depict the simulation of autonomous car at a velocity of 30 m/s and different
frictions, and Figures 12-14 illustrate the simulation for a longitudinal velocity of 40m/s. In these figures, inset (a)
includes reference x,y and the vehicle for different T (lane change duration) values. Inset (b) shows the sliding surface
against time for different T values. The dashed curve illustrates the fuzzy boundary layers. Insets (c) and (d) show lateral
e1and angular e, errors against different T values. Insets (e) to (h) show steering angle (control output), yaw rate, lateral
sliding angle and roll angle against different T values.
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As shown in Figures 9 and 12, the system presents a perfect performance. The path tracking is completely performed
(except when T is equal to 2s). Even at T=2s, path tracking shows high performance. The sliding surface is fully
surrounded by the boundary layer. When T is equal to 2s, only in the vicinity of maximum, the sliding surface has been
located outside the boundary layer, however, no chattering can be seen in the system. From an engineering perspective,
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it is shown that for short maneuvers in terms of time, steering angle, yaw rate, lateral sliding angle and roll angle are
maximum and by the increase of maneuver time, the angles are reduced and the full path tracking is possible. The
simulation, for friction of 0.5 (wet road), is shown in Figures 10 and 13 when T is equal to 2s. Although there appears
high fluctuations, but after a short period, the system achieves the stability state. The effect of these fluctuations can be
seen as lateral and angular error, high yaw rate, high steering angles, high roll and high lateral sliding. For maneuvers
with other periods, a desired tracking of reference path is performed. In the frozen road, as shown in Figures 11 and 14,
the behaviors for two velocities are similar, however there exists the difference that the maximum values are higher for
higher velocities. In this case, for T=2s, the controller attempts to keep the system on the destination lane in a sinusoidal
motion and as shown in sliding surface, this surface has no fluctuations. For T=3s, the car has high fluctuations but
finally these fluctuations are damped and the car moves on the lane and after a short period, tracking with high accuracy
is achieved. For maneuvers of about 4s at a velocity of 30m/s, and for maneuvers of about 5s at a velocity of 40m/s, the
vehicle follows the designed path and we observe the full path tracking. For high frictions, we observe remarkable
steering angles for maneuver periods of 2 or 3 seconds long. These angles cannot be practically applied by the front
wheel. For these maneuvers, the lateral sliding angle and yaw rate have also high values, but roll angle is low due to
sliding. When the friction is high, despite the severe maneuver, the lateral force of wheels resist against the friction of
surface, and instead of sliding in the target lane, it starts rolling. Therefore, roll angle is higher for high frictions.

For better comparison of controller performance for different velocities and frictions, Root mean square (RMS) of lateral
and angular errors is achieved for different maneuver times, velocities and frictions. Figure 15 shows RMS value of
lateral error (a) and angular error (b). As shown in the Figure 15, based on lateral error and angular error, we can say the
controller has the best performance in three states: (1) in the dry road and velocities 30, 40m/s for all T values, (2) in
the wet road and velocities 30, 40m/s for Ts bigger and equal to 3s, (3) in frozen roads and velocity 30m/s for bigger
and equal T values of 4s and for the velocity 40m/s for Ts bigger and equal to 5s. The reason of unsuitable tracking in
high velocities, low frictions, and small radius of curvatures is the saturation of lateral force on tires. In such a situation,
the lateral tire force cannot resist against friction forces. In other words, a human driver would be also unable to
appropriately control the vehicle. A possible solution to this issue is to use novel tires in which the adherence with the
road is higher.

" 30‘
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Figure 15 RMS value of lateral and angular error for different velocities, frictions and T values

Conclusion and further studies

In this paper, using the vehicle boundary conditions, the lane change path is designed for different maneuver times. For
tracking the designed path, the adaptive sliding mode controller is designed. To avoid chattering and suitable control
efforts, fuzzy boundary layer is applied. The designed controller in this study is simulated by linking the CarSim with
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Simulink Software. This linkage provides a full vehicle model with higher DOF and taking the suspension, steering,
non-linear tire subsystems, etc., into account. The simulation using this model is, to some extent, similar to real test
environments. The simulation results show that the controller for dry road at different velocities and maneuver times has
good performance. Also, in the wet road for different velocities and maneuver time equal or more than 3s, the controller
showed good performance. In a frozen road, the controller for the velocity of 30m/s and maneuver time above 4s and
for the velocity of 40m/s and maneuver time above 5s have good performance. In addition to high velocity, low friction,
and short time lane change maneuver, non-linear behavior of tire models and the saturation of lateral forces on tires lead
to unsuitable tracking. Thus, suitable duration of lane change maneuvers based on friction and longitudinal velocities
has been presented. The designed controller can be tested in a real vehicle using a backstepping controller and in
combination with sliding mode controller. It can be also optimized using a meta-heuristic algorithm. In addition, the
study of Actuator/sensor faults in the vehicle dynamic model of 2-DOF by using of actuator faults via Markov chains®®
62:64 deserve further investigation.
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Appendix I: The coefficients of vehicle equations based on error
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Appendix IT: Upper and lower bounds of uncertainties for controller design
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Appendix II: The switching gain limit to evaluate Lyapunov stability
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