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ABSTRACT

This study analyses an Adaptive Trajectory Control (ATC) 
system in case of a sudden change in μmax (maximum tyre-
road friction coefficient) during an emergency lane change 
manoeuvre in order to maintain the driving safety. Autono-
mous front wheel steering (FWS) systems have been devel-
oped for emergency steering situations. The trajectory de-
sign is also a part of these systems. Moreover, in this study 
ATC has been designed by sensing μmax to complete the 
emergency steering manoeuvre successfully. Therefore, the 
originality of this paper arises from the necessity of a trajec-
tory change in case of a sudden change in μmax to minimize 
the distance between the desired and the actual path. Suit-
able cases were designed by using a two-track model in IPG/
CarMaker (MATLAB/Simulink). Results show that ATC could 
be used during an emergency steering manoeuvre in case 
of a sudden decrease in μmax as it can be advantageous in 
certain critical traffic situations. Therefore, ATC could be 
used as an alternative system instead of Electronic Stability 
Program.
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1. INTRODUCTION
For a long time active safety systems have been 

introduced to avoid collision via braking such as brak-
ing assist and corresponding stability control systems 
[1]. It is predicted that responses to expected events 
are faster than responses to unexpected events [2, 
3]. Therefore, active safety systems have a significant 
role for avoiding possible collision with an autonomous 
braking system [4, 5]. Most of the active safety systems 
try to control longitudinal dynamics of the vehicle such 
as advanced emergency braking system, although in 
some cases active longitudinal control was not suffi-
cient to avoid a possible collision [6]. For example, if 
the speed of host vehicle is more than 70-80 km/h on 
the dry asphalt, the distance required to avoid collision 
with an obstacle via a steering manoeuvre is always 
less than the distance required to avoid collision with 

an obstacle via a braking manoeuvre [7]. Furthermore, 
a braking manoeuvre without steering was recognized 
as the most frequent first natural response of the driv-
ers. Also, a steering manoeuvre could be observed if 
only a braking manoeuvre was detected as insufficient 
by the drivers [8-11]. Although a single steering ma-
noeuvre could avoid a possible collision, it could be 
the second choice because of the lack of experience 
of the drivers for applying high lateral accelerations 
[9, 12]. Therefore, one of the most important decision 
error occurs, which also depends on a delayed recog-
nition by the drivers [13-15]. This error could be solved 
by an autonomous steering system. On the other hand, 
an autonomous steering system has not been put into 
practice as it is still in research & development phase 
[15]. Many control strategies of an autonomous steer-
ing system have been developed over a long time such 
as MacAdam's model in [16], Sharp's model in [17], 
Salvucci's model in [18], Gordon's model in [19], and 
Ryu's model in [20]. Most of the control strategies use 
front wheels as instruments to follow the desired tra-
jectory by comparing the yaw, yaw rate, lateral position 
and head angle of the vehicle [16-21]. By the way, μmax 
is an important factor in the design of these trajecto-
ries. For example, a sudden change in μmax may lead to 
a collision if the trajectory is not controlled properly. In 
the construction of ATC, the estimation of μmax is very 
significant. If μmax  is estimated continuously during an 
emergency steering manoeuvre, the corresponding 
trajectory could be designed online. In order to esti-
mate μmax, many parameters should be observed such 
as side slip angle, normal and lateral forces acting 
on tyre, velocity of the vehicle, etc. [22-28]. Velocity 
of the vehicle could be observed from speedometer, 
rear wheel angle sensors or GPS. If the default vehi-
cle mass is known, normal forces acting on tyres could 
be estimated by considering the load transfer during 
cornering. By the assists of GPS receiver and the gyro-
scopes, the longitudinal & lateral acceleration of the 
vehicle and yaw rate could be measured and there-
fore the side slip angles could be calculated. After side 
slip angles are calculated, the lateral forces acting on 
tyres could be calculated by mapping the change of 
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in IPG/CarMaker software on dry asphalt. The reac-
tion time was defined as 160 ms assuming that the 
vehicle was equipped with a collision warning system 
such as forward collision warning. This is in line with 
the studies as the mean reaction time for sound stim-
ulus is 160 ms [30, 31]. In this study, the vehicle was 
not equipped with an autonomous braking system and 
therefore human reaction time was taken into consid-
eration to calculate the last point to brake.

)d a v v2
1
(

brake
x mean

vehicle reaction vehicle
2

$ x= +  (1)

As shown in Equation 2, dsteer stands for the mini-
mum longitudinal distance from the obstacle to avoid 
collision (last point to steer) via steering [29]. It de-
pends on the maximum lateral acceleration ay(max), 
speed of the vehicle vvehicle and width of the steering 
manoeuvre, yend. The reaction time was not taken into 
consideration as the steering manoeuvre was not per-
formed by a human driver. The steering manoeuvre 
was done via autonomous FWS system and therefore, 
the reaction time was ignored here.
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2.2 Decision making 

The proposed adaptive trajectory will be analysed 
in this study. The trajectories for the dry (μmax=1) and 
wet asphalt (μmax=0.5) will be compared with the adap-
tive trajectory on the changeable μmax. As illustrated in 
Figure 2, the autonomous FWS system with the trajec-
tories for the dry and wet asphalt cannot avoid colli-
sion individually on the changeable μmax. On the other 
hand, the autonomous FWS system with the adaptive 
trajectory could avoid a possible collision. 

VEHICLE OBSTACLE
Trajectory for µ=0.5

Trajectory for µ=1

max µ=1 max µ=0.5

Crash

Crash

Adaptive
 trajectory

Figure 2 – Adaptive trajectory in case of a sudden decrease 
in μmax

There are some limitations in the activation of 
ATC such as Electronic Stability Program (ESP). The 
flowchart for the activation of ATC could be seen as 
illustrated in Figure 3. The first condition for the acti-
vation of ATC is missing the last point to brake. The 
target lane should be free also for an emergency lane 
change manoeuvre to avoid an unexpected collision 
with another obstacle or vehicle. In order to fulfil this  

cornering stiffness of tyres from a look-up table during 
load transfer. Therefore, the estimation of mu could be 
done via measuring lateral and normal forces acting 
on tyres. As a result of this estimation, the vehicle sta-
bility could be maintained via ATC during an emergen-
cy steering manoeuvre.

2. METHODOLOGY
Before examining ATC, the differences between 

emergency steering and braking manoeuvres for the 
autonomous FWS system will be explained briefly. Af-
ter that, the decision-making for the activation of ATC 
will be mentioned. For the usage of this controller, a 
vehicle model is necessary. The trial vehicle model, 
which is a bicycle model, will be explained in detail. 
After that, the validation model, which is a two-track 
vehicle model, will be mentioned briefly. Finally, the 
control strategy of ATC will be examined at the end of 
the Method.

2.1 Emergency steering vs. emergency braking 

As it was mentioned in Introduction, a single brak-
ing manoeuvre was recognized as first natural re-
sponse of the drivers [8-11]. The autonomous FWS 
system is activated via the steering wheel if only the 
last point to brake is missed, which is in line with 
the natural response of the drivers. As illustrated in 
Figure 1, for avoiding a collision at 100 km/h the last 
point to brake was calculated at 45 metres and the 
last point to steer via autonomous FWS system was 
calculated at 22-metre distance to obstacle on dry as-
phalt (μmax=1). Therefore, the autonomous FWS sys-
tem was not activated before passing the last point to 
brake, as the collision could not be avoided without a 
steering manoeuvre after that. 

VEHICLE OBSTACLE

LAST POINT 
TO STEER

LAST POINT 
TO BRAKE

Steering Line

Braking Line

Figure 1 – Last points for emergency steering & braking to 
avoid collision at100 km/h (μmax=1)

As shown in Equation 1, dbrake stands for the min-
imum longitudinal distance from the obstacle to 
avoid collision (last point to brake) via braking [29]. 
It depends on the average longitudinal deceleration  
ax(mean), speed of the vehicle vvehicle and reaction time 
τreaction. The average longitudinal deceleration was 
calculated according to the full braking exercise done  
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The characteristic speed of the vehicle can only ex-
ist if the understeer coefficient of the vehicle is above 
zero [34]. Directional stability of the vehicle depends 
on the under-steer coefficient of the vehicle. If the 
value of Kus is designed to be above zero, the vehicle 
is always directionally stable [34]. By obtaining direc-
tional stability the vehicle could be returned back to a 
straight line path via a sufficient steering manoeuvre 
[34]. Moreover, of μmax is also another factor to identify 
the stability limits of the vehicle. For a dry asphalt μmax 
is 1.0- 1.2 [35]. It could be assumed that the vehicle 
is in the stable region by staying in the linear region of 
μ curve [34]. According to the real tyre data, the lin-
ear region of μ curve could be valid until 50% of μmax 
[34-35]. On the other hand, the maximum value of the 
corresponding linear region of μ curve is assumed as 
83% of μmax, such as 1.0 in this study. Therefore, in 
this vehicle model beyond 83% of μmax the vehicle is 
assumed to be unstable.

The vehicle parameters could be seen as illustrat-
ed in Table 1. The under-steer coefficient of the vehi-
cle is above zero; therefore, the vehicle is always di-
rectionally stable [34]. As the maximum value of the 
corresponding linear region of μ curve is assumed as 
83% of μmax, the maximum allowable absolute side slip 
angle of front and rear tyre is 4.3 and 3.8, respectively, 
to maintain the vehicle stability [34]. The steering ratio 
from the front tyre to the steering wheel is 1/15 as 
shown in Table 1. 

Table 1 – The vehicle parameters that have an impact on 
the vehicle stability

Vehicle mass 1,000 kg
Yaw inertia 1,650 kgm²
Max friction coefficient of road 1.2 -
Max linear region of μ curve 1.0 -
Distance from cog to front axle 1 m
Distance from cog to rear axle 1.5 m
Cornering stiffness of front tyre 1,395 N/deg
Cornering stiffness of rear tyre 1,046 N/deg
Under-steer coefficient +0.515 deg
Characteristic speed 187 km/h
Steering ratio from front tyre  
to steering wheel 1/15 -

Max/min allowable side slip angle 
 of front tyre for stability +/-4.3 deg

Max/min allowable side slip angle  
of rear tyre for stability +/-3.8 deg

2.4 Adaptation to two-track model (CarMaker 
Model)

All vehicle parameters (except the cornering stiff-
ness of tyres) explained in the bicycle model have been 
reserved in the two-track vehicle model. Additionally, 
the tyre model is included in the two-track CarMaker 
model. Tyre parameters are shown in Table 2.

condition, the blind spot detection system or corre-
sponding systems could be used [32]. If the autono-
mous FWS system begins an emergency lane change 
with the default calculated trajectory, the system also 
checks whether μmax is changeable. If μmax is stable, 
ATC is not activated. On the other hand, if μmax is 
changed according to μ estimation, ESP should be 
observed. If ESP is activated because of the stability 
loss, ATC will not be activated either. For example, ATC 
is designed to switch smoothly into the trajectory for 
the wet asphalt from the trajectory for the dry asphalt. 
If ESP is active, the vehicle may step out from its actu-
al trajectory and therefore smooth transition into the 
trajectory for the wet asphalt could be impossible.  For 
this reason, ATC is activated only if ESP is not active. 
ESP stabilizes the vehicle by performing a single brak-
ing on a decided wheel from the observed yaw rate, 
vehicle velocity and steering angle. On the other hand, 
ATC system stabilizes the vehicle by changing the tra-
jectory from the observed friction, vehicle velocity and 
calculated trajectories.

START

Last point
to brake
missed?

Auto FWS
activated

1st trajectory

Max μ
changed?

ESP
activated?

Auto FWS
activated

2nd trajectory
Braking
possible

NO

NO

NO

YES

YES

YES

Figure 3 – Decision-making for ATC

2.3 Vehicle stability criteria via the trial vehicle 
model (bicycle model)

The stability of the proposed bicycle model could 
be identified by observing the tyre side slip angles αi 
and αr, under steer coefficient of vehicle Kus, corre-
sponding characteristic speed of the vehicle Vch and 
μmax. The under-steer coefficient of vehicle Kus and 
the corresponding characteristic speed of vehicle Vch 
could be calculated as shown in Equations 3 and 4 [33, 
34]. Wi and Wr are the weight of the front and rear axle, 
respectively, and g is the gravitational acceleration in 
Equations 4 and 5. Furthermore, the relationship be-
tween the friction coefficient of the road μ, cornering 
(lateral) force acting on tyre Fy and normal force acting 
on tyre Fz could be seen in Equation 5 [35].

K C
W

C
W

us
i
i

r
r= -  (3)

V K
gL

ch
us

=  (4)

F
F

z

y
n =  (5)



Şahin H. Collision Avoidance via Adaptive Trajectory Control in Case of a Sudden Decrease in the Maximum Road Friction Coefficient

472 Promet – Traffic&Transportation, Vol. 29, 2017, No. 5, 469-478

included in the system as the driver is not necessary 
in a full autonomous vehicle [36]. The automatic FWS 
system generates the reference steering trajectory 
depending on μmax, vehicle speed and the distance to 
obstacle.

In order to define suitable trajectories for the au-
tonomous FWS system, μmax should be measured first.

2.5.1 The μ estimation

To estimate μ, Fy and Fz should be calculated con-
tinuously.

F F F F F
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k m L
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F C( )y front i i$ a=  (7)

F C( )y rear r r$ a=  (8)

In order to calculate Fz for all wheels, the load 
transfer should be taken into consideration. For exam-
ple, if the steering wheel is steered counter clockwise, 
the normal load on the right wheels will increase. The 
increase could be seen in Equation 6, where ϑ is the 
vehicle body roll angle, kf  and kr are the front and rear 
roll stiffnesses, ef and er are the front and rear vehi-
cle’s track, hf and hr are the front and rear height of roll 
centres, respectively [27].In order to calculate Fy for all 
wheels, the corresponding cornering stiffnesses and 
side slip angles of the tyres are necessary as shown 
in Equations 7 and 8 [33]. On the other hand, actual 
Fy and Fz could be observed directly as individual sig-
nals in IPG/CarMaker software. By calculating or ob-
serving Fy and Fz, actual μ can be calculated. In order 
to estimate μmax, the behaviour of actual μ should be  
observed. If μ starts fluctuating suddenly, it means 
that at that point μ=μmax.

Table 2 – Tyre parameters in two-track (CarMaker) model

Tyre model RT 225 60 R15 -

Longitudinal force (standstill) 0.02 -

Lateral force (standstill) 0.2 -

Velocity limit (standstill) 0.25 m/s

Longitudinal force (relaxation 
length) 0.05 m

Lateral force (relaxation length) 0.1 m

Aligning torque  
(relaxation length) 0.05 m

Friction coefficient of road 1.0 and 0.5 -

Kinematic tyre radius 0.3084 m

Nominal tyre radius 0.3284 m

In addition to tyre parameters, the height of the 
centre of gravity, which was not used in the bicycle 
model, was designed at 0.5 metres. The tyre model 
coming from the magic equations (Pajecka tyre mod-
el) is embedded by default in the CarMaker software. 
Therefore, the stability proof is valuable according to 
this validation.

2.5 Control strategy

As the vehicle models and the corresponding stabil-
ity criteria were explained in the previous sections, the 
control strategy can be described. As shown in Figure 4, 
the whole control model of the system can be seen. 
There are three types of controllers in this system. 
The automatic FWS yaw controller and the feedback 
yaw rate controller are both proportional-integral (PI)
controllers that were designed with the same criteria.  
The steering behaviour of the driver models are not 

Automatic
steering 1st

trajectory 
calculator

Automatic
steering 2nd

trajectory 
calculator

Automatic
steering

yaw
controller

(PI)

µ estimation

Steering 
angle 

calculator

Steering
angle 

calculator

CarMaker
vehicle
model

Feedback yaw rate 
controller

(PI)FRONT WHEEL ANGLE

YAW

YAW

YAW
RATE

YAW
RATE

YAW
RATE

YAW
RATE

FRONT WHEEL
ANGLE

FRONT 
WHEEL
ANGLE

Max µ

Fy Fz

Figure 4 – The control strategy of ATC
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hand, the yaw controller needs an input (yaw) to pro-
duce an output (yaw rate) as shown in Figure 4. There-
fore, the calculated trajectory should be transferred to 
the corresponding yaw from the vehicle position. The 
corresponding yaw ω could be calculated as illustrated 
in Equation 11 [38]. The ẏdes and ẋ are the derivatives of 
ydes and x, respectively, regarding time.

2.5.3 Controller design

After calculating the corresponding yaw from the 
designed trajectory, the yaw controller could be de-
signed with a low pass filter to provide smooth values 
of yaw rate. As illustrated in Figure 5, the closed loop 
control model of the yaw controller could be seen. The 
plant was designed to be a low pass filter between the 
yaw rate values where Ԏ is the lag time [38]. Ԏ is de-
fined as 0.1 seconds in this study. In order to maintain 
the yaw control with this plant, two types of controllers 
were proposed such as proportional-integral (PI) and 
proportional-derivative (PD) control [38, 39].

The root locus form of the closed-loop control sys-
tem with PI and PD controllers could be seen in Equa-
tions 12 and 13, respectively [39].

.
K

s s
s1

0 1
8 1 03 2+

+
+ =b l  (12)

.
.K

s s
s1

0 1
0 125 1 02+

+
+ =b l  (13)

Parameter K in Equations 12 and 13 affects the 
damping ratio, maximum overshoot and rise time of 
the controllers [39].

The parameters which have an impact on vehicle 
stability, could be observed by performing the exact 
steering manoeuvre described in Trajectory design, 
such as the maximum absolute yaw rate output, max-
imum absolute lateral acceleration, maximum abso-
lute steering angle rate, maximum absolute lateral 
jerk and maximum absolute front/rear tyre side slip as 
shown in Table 3. Although the duration of the manoeu-
vre was similar with both PI and PD controllers, the 
results show that the PI controller indicated smoother 
responses than the PD controller as shown in Table 3. 
The usage of the derivative in the PD controller re-
sulted in an aggressive response. Therefore, the PI  
controller was selected as the yaw controller of the sys-
tem to follow the desired trajectory. 

2.5.2 Trajectory design

After deciding μmax, the trajectory of an emergency 
steering manoeuvre could be calculated as shown in 
Equation 9 [25, 37]. The width of the manoeuvre is yend, 
the longitudinal length of the manoeuvre is xend and 
the actual position of CoG in the longitudinal axis is 
x as shown in Equation 9. The coordinates in Y and X 
axes of any selected point on this trajectory are ydes 
and respectively x as shown in Equation 9.

( )y x y x
x

x
x

x
x10 15 6des end

end end end

3 4 5
= - +a a ak k k: D

 (9)

The yend was selected at 3.0 metres for an emer-
gency lane change manoeuvre. The selection of yend 
directly depends on the lane width; however, the selec-
tion of xend does not depend on a single parameter be-
cause the vehicle stability should be maintained while 
avoiding a possible collision. As mentioned before, 
dsteer in Equation 2 stands for the minimum longitudinal 
distance from the obstacle to avoid collision (last point 
to steer) via steering [29].

x a
y v2

( )max max
end

y

end
vehicle$n=  (10)

The xend is calculated as shown in Equation 10. In 
this equation, μmax directly affects the maximum lat-
eral acceleration of the vehicle and the tyre sideslip 
angles, and vvehicle shows the speed of the vehicle that 
was defined as 100 km/h in the whole study.

As mentioned before, ATC was designed to switch 
smoothly into the trajectory for the wet asphalt from 
the trajectory for the dry asphalt. The corresponding 
trajectories for ATC could be calculated from Equations 
9 and 10 depending on μmax. The only parameter which 
is different in both trajectories is μmax. The switching 
point of the trajectories is the intersection point of the 
steering wheel angles of the trajectories. The first part 
of the steering manoeuvre avoids collision to obstacle 
and the second part stabilizes the vehicle during the 
lane change. The switching point appears in the sec-
ond part. These points will be mentioned in detail in 
the discussion part after presenting the results.

tan x
ydes1~ =
:

:
- c m

 (11)

From now on the trajectory could be calculated as 
a vehicle position in both X and Y-axes. On the other 
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Figure 5 – Yaw controller
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point to brake was calculated as 45 metres and for 
the wet asphalt, the last point to brake was calculated 
as 80 metres. Moreover, there are three cases in this 
simulation as shown in Table 4. In the first case, the 
steering manoeuvre for the dry asphalt was performed 
(1st trajectory/black curve) without ATC. In the second 
case, the steering manoeuvre for the wet asphalt (2nd 

trajectory/red curve) was also performed without ATC. 
In the third case, the steering manoeuvre was per-
formed with ATC (includes both 1st & 2nd trajectorie-
blue curve). The colour of all cases was also shown 
in Table 4 for the figures representing lateral acceler-
ation, yaw rate, roll angle and lateral vehicle position 
and steering wheel angle.

Table 4 – Three cases representing the colour of cases, 
status of ATC and trajectory type

Cases Trajectory Type ATC

1 (black) only for dry asphalt (μmax=1) OFF

2 (red) only for wet asphalt (μmax=0.5) OFF

3 (blue) for changeable conditions ON

3.1 Comparison of 1st and 2nd case on 
the corresponding μmax, 1.0 and 0.5, 
respectively

Before performing the simulation on the change-
able road, it was performed on full dry asphalt and full 
wet asphalt to observe the differences of both trajecto-
ries on their own μmax. Vehicle lateral acceleration, yaw 
rate, roll angle and lateral position of both cases were 
shown in Figures 6a, 6b, 6c and 6d, respectively during 
the emergency lane change. In the first case (black), 
the distance to obstacle for the beginning of the steer-
ing manoeuvre was defined as 30 metres on the full 
dry asphalt (1st trajectory). In the second case (red), 
the distance to obstacle for the beginning of the steer-
ing manoeuvre was defined as 36 metres on the full 
wet asphalt (2nd trajectory). As mentioned before, the 
only parameter which is different in both trajectories is 
μmax. In both trajectories, the emergency steering ma-
noeuvre was performed successfully without resulting 
in a collision or loss of vehicle stability.

3.2 Comparison of the three cases on the 
changeable μmax 

For this time, during 0-277 metres of road μmax 
equals 1.0, and after the 277th metre of road μmax 
equals 0.5. In the first case (black), the distance to 
obstacle for the beginning of the steering manoeu-
vre was defined at 30 metres on the changeable as-
phalt (1st trajectory). In the second case (red), the 
distance to obstacle for the beginning of the steering  
manoeuvre was defined at 36 metres on the change-
able asphalt (2nd trajectory). In the third case, the  

Table 3 – The differences between the PI & PD yaw 
controllers for the same steering manoeuvre

Controller type PI PD
Steady state error < 1% 0%
Maximum overshoot < 5% 0%
Rise time 0.7 s 0.7 s
Damping ratio 0.707 1.0
K in Equations 12 and 13 0.3206 4.0
Max absolute yaw rate 
output 18 deg/s 25 deg/s

Max absolute lateral 
acceleration 6.0 m/s² 7.5 m/s²

Max absolute steering 
angle rate 200 deg/s >1,000 deg/s

Max absolute lateral jerk 25 m/s³ >1,000 m/s³
Max absolute front/rear 
tyre side slip 2.6/2.75 deg 3.2/3.5 deg

There are examples of the controllers in literature 
such that MacAdam's & Sharp’s model uses the pre-
dicted and desired lateral position in [16, 17], Salvuc-
ci's model uses the heading angle from the desired 
points of the lateral position in [18] and Gordon’s mod-
el uses the yaw rate in [19] as the controller parame-
ters [21]. In this study the desired yaw is calculated 
from the desired lateral position which is similar to 
MacAdam's and Sharp’s model in [16, 17], and also 
the calculated yaw is converted to the desired yaw rate 
as the closed-loop control parameter which is similar 
to Gordon’s model in [19].

The feedback yaw rate controller was also defined 
as the PI controller which uses the same plant and ex-
act design criteria of the yaw controller. The output of 
the yaw controller is the yaw rate moving to the steer-
ing angle calculator as shown in Figure 4. The calcu-
lated yaw rate is the reference for the feedback yaw 
rate controller after passing the steering angle calcu-
lator as shown in Figure 4. Moreover, the yaw rate value 
should be converted to the front wheel angle for the 
input of the yaw rate controller. This conversion can 
be done from the yaw rate ω̇ to the front wheel angle 
δi as shown in Equation 14 [38]. By the way, the cor-
responding steering wheel angle could be calculated 
from the front wheel angle by considering the steering 
ratio mentioned in Table 1.

u v
uL 1i

ch
2

2
d

~= +o e o  (14)

3. RESULTS
The simulations were done via the validation of 

IPG/CarMaker software at 100 km/h constant vehicle 
speed without a braking manoeuvre. Two types of μmax 
were used in this simulation such as 0.5 for the wet 
asphalt, 1.0 for the dry asphalt and both 0.5 & 1.0 for 
the changeable asphalt. For the dry asphalt, the last 
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followed the 1st trajectory until the 17.4th second and 
after that switched into the 2nd trajectory. It came to 
the desired point approximately in the 19th second. 
Moreover, ATC (blue) followed the same steering angle 
inputs as the 1st trajectory (blue-black) until the 17.4th 
second (yellow star) as shown in Figure 8d. On the other 
hand, ATC switched into the 2nd trajectory (red) after 
the 17.4th second (yellow star) which is the 2nd inter-
section point of the steering wheel angles of the 1st 
and 2nd trajectory. Therefore, ATC seems blue until the 
17.4th second (yellow star) and it seems red after that.

The trajectories followed by ATC and the road condi-
tions are illustrated in Figure 9, such as the beginning 
of the emergency steering manoeuvre, the change 
point of μmax , the trajectory switch point and the ob-
stacle avoidance point, respectively. Not only the ob-
stacle was avoided, but also the vehicle lateral stability 
was maintained via ATC.

3.3 The μmax detection according to μ estimation

As shown in Figure 10, the black curve represents μ 
estimation of the 1st trajectory on the full dry asphalt. 
There is no sharp fluctuation in the black curve which 
represents an unchanged road condition. The blue 
curve represents μ estimation of ATC on the change-
able asphalt. It could be observed that the blue curve 
fluctuates sharply in the 16.7th second of the simula-
tion. This is the point of μmax detection. After this point, 
it could be observed that μmax equals 0.5 instead of 
1.0.

distance to obstacle for the beginning of the steering 
manoeuvre was defined at 30 metres on the change-
able asphalt (ATC using both 1st and 2nd trajectory). 
The μmax changed from 1.0 to 0.5 in the 16.7th sec-
ond of the simulation for all cases. ATC followed the 1st 
trajectory until the 17.4th second of the simulation. It 
started to follow the 2nd trajectory after that.

As shown in Figure 7a, the collision to obstacle was 
avoided via the 1st trajectory and ATC. On the other 
hand, the collision was not avoided via the 2nd trajectory.  
Moreover, as illustrated in Figure 7b, the collision de-
pending on the stability of the vehicle was avoided via 
the 2nd trajectory and ATC, but not via the 1st trajectory. 
Therefore, the only case in which all possible collisions 
were avoided is performed via ATC.

As shown in Figures 8a and 8b, lateral acceleration 
and yaw rate fluctuated when μmax changed sudden-
ly in the 16.7th second. As illustrated in Figure 8c, ATC 
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[22-28]. There are many ways to detect the change in 
μmax. In this study, μmax was detected by observing μ 
estimation. An unexpected change or fluctuation in μ 
represents the point where μ = μmax.

The most important part after the detection of μmax 
is the specification of the trajectory switch point of 
ATC. ATC followed the 1st trajectory until the 2nd inter-
section points of the steering wheel angles of the tra-
jectories as shown with a yellow star Figure 8d. The first 
part of the emergency steering manoeuvre is to avoid 
collision to obstacle. The second part exists to stabilize 
the vehicle in order to complete the lane change ma-
noeuvre. Therefore, the ATC switches the trajectory in 
the second part to stabilize the vehicle. 

As also mentioned in the decision-making, ESP 
should not be active during the first part of the emer-
gency steering manoeuvre in order to perform a 
smoother trajectory switch via ATC. Although ESP was 
not active, via the 1st trajectory (for μmax=1) the vehicle 
could not maintain the stability without ATC. Therefore, 
ATC is necessary for this kind of situations. On the other  
hand, if ESP is active because of a stability loss, the 
trajectory switch could be cancelled via ATC because 
a loss of the intersection points of the trajectories is 
possible. And also, if ESP is active, the second part of 
the emergency steering manoeuvre (stability) can be 
performed by ESP itself automatically instead of ATC.

4. DISCUSSION

This study depends on the perfection of the detec-
tion of μmax. It could be possible to detect it by mea-
suring or calculating Fy and Fz, by using Kalman Filter, 
by pseudostatic lugre friction model, by dynamic lugre 
model or by a slip calculation in traction and braking 
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5. CONCLUSION
In this study, an Adaptive Trajectory Control (ATC) 

system was analysed during an emergency lane change 
manoeuvre. It was observed that ATC can avoid a pos-
sible collision while maintaining the vehicle stability. 
The yaw and yaw rate feedback controller assisted the 
vehicle to follow the desired trajectory. On the other 
hand, they are not able to switch into a new trajectory. 
The advantage of ATC is switching into a suitable tra-
jectory depending on μmax. Moreover, the simulations 
were done via the validation of the two-track vehicle 
model (CarMaker vehicle model) that considers the 
load transfer during high lateral accelerations. There-
fore, ATC was analysed successfully according to ve-
hicle stability criteria. Moreover, the manoeuvres and 
the change in μmax were designed by assuming ESP is 
inactive. If ESP is active, ATC should be cancelled be-
cause of the possibility of discrete transition between 
trajectories. As a future study, ESP and ATC may be 
controlled together via intelligent decision-making.
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ADAPTIF YÖRÜNGE KONTROL SİSTEMİYLE DEĞİŞKEN 
ZEMİN KOŞULLARINDA OLASI BIR KAZANIN  
ENGELLENMESI

ÖZET

Bu çalışmada, ani zemin değişiminde yapılan direksiyon 
manevrasının kazayla sonuçlanmaması için adaptif yörünge 
kontrol sistemi (AYK) geliştirilerek IPG/CarMaker (MATLAB/
Simulink) programı üzerinde yapılan simülasyonlarla test 
edilmiştir. Literatürde otomatik direksiyon manevrası yapan 
sistemler mevcuttur. Yörünge tasarımı da bu sistemlere da-
hildir. Ancak, bu çalışmada zemin sürtünme kuvveti satsayısı 
hesaplanarak zemin şartlarına göre gerekli yörünge değişimi 
anlık olarak yapılmaktadır. Bu çalışmanın özgünlüğü direksi-
yon manevrası esnasında zemin koşullarında ani bir değişim 
olması durumunda anlık yörünge değişiminin yapılmasıdır. 
Yapılan simülasyonlar sonucu AYK sistemi Elektronik Stabi-
lite Kontrolü’ne alternatif olarak gösterilebilir. 

ANAHTAR KELİMELER

adaptif yörünge kontrol sistemi; aktif güvenlik; sürücü destek 
sistemleri; kaza önleme sistemleri; akilli taşit sistemleri; oto-
nom araçlar;
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