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considering the presented model and using model reference adaptive
control, a proper controller is designed to control the longitudinal speed of
intelligent vehicles. The results of the proposed model, which is validate
by commercial software, are in good agreement with real-world situations.
Hence, a positive step taken for controlling longitudinal speed of
intelligent vehicles on an intelligent highway platform.

1. Introduction

Traffic control is a major and common problem
in large-scale urban decision-making, particularly
in metropolises. Several models of intelligent
highways have been proposed to tackle the issue,
and the longitudinal speed control of vehicles
remains a key issue in the field of intelligent
highways. Many researchers have been
investigating the longitudinal speed control of
vehicles. However, their proposed models
disregard important and influential presumptions.
Traffic management based on roadside control
(including traffic signals, dynamic route
information panels, dynamic speed limits, ramp
metering, etc.). To promote the viewpoints
concerning traffic control, new technologies in the
field of communications and control are combined
with current equipment and infrastructures [1].
This shows the advent of novel techniques in the
field of traffic control and management, and a
motivation to incorporate intelligent transportation
systems or intelligent vehicle highway systems
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(IVHS)[2]. IVHS is composed of three main parts:
traffic management, driver information and vehicle
control system, which would finally become
automated highway system (AHS) by eliminating
the driver [3]. Smart vehicles can also be classified
into three main categories with respect to their
dependence on the driver: 1. advisory system, 2.
semi-autonomous, and 3. fully autonomous
systems [4]. Current implemented traffic
management systems are usually based on
intelligent control by roadside infrastructure and do
not benefit much from data obtained by intelligent
vehicles. As a result, one of the methods for
improving traffic management is using intelligent
vehicles and taking advantage of data obtained
from such vehicles. Finally, this has the benefit of
making the movement of vehicles safer in such
highways.

One of the most important issues by which
comprehensive control of highways can achieve, is
focusing on the management of vehicles having a
close distance relative to each other. Such vehicles
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are called intelligent platoons [5]. In each vehicle
platoon, the first vehicle calls platoon leader and
others are followers. In this method, to avoid
crashes, it is assumed that the distance between
cars is larger than their dimensions [6]. Many
researchers have considered the interconnection
between vehicles as platoons and roadside
infrastructure [7-9].

Adaptive cruise control systems are control
systems based on the data obtained from radars.
The obstacle identification functions by estimating
the relative velocity between the vehicle and the
obstacle. If the relative velocity is a small number,
the obstacles considered as vehicles, and if the
relative velocity is close enough to the vehicle
speed, the obstacles consider stationary obstacle.
Implementing the adaptive cruise control system at
low velocities is problematic. Therefore, the stop-
go model employs in this velocity range. In short,
it can claim that in this type of controller, the
control action applied on distance instead of
velocity. Although the adaptive cruise control
(ACC) system is reliable in most situations [10-
11], it fails to correctly detect the front vehicle
position in conditions such as the reduction of the
next car velocity. Cooperative adaptive cruise
control is the next and optimized version of
adaptive cruise control that obtains data about
braking or accelerating and maneuvering of
vehicles from the network and immediately
attempts to control the intelligent highway. It
should be mentioned that this type of controller
does not have a long history [12-16]

The first step in implementing the cruise control
is controlling the longitudinal speed. Several
researchers have attempted at controlling the
longitudinal speed, among whom some have tried
to use model-free approaches to eliminate
modeling complexities. For instance, Menhour et
al. controlled a Peugeot 406 using a model-free
control method and the presented intelligent
controller [17]. In addition, Zhang et al. developed
a robust gain-scheduling approach to tackle the
nonlinear effects of vehicle dynamics [18]. As can
be noted, uncertainties and variation in vehicle
dynamics is among the important issues in recent
studies and researchers have been trying to present
controllers capable of tackling unknown factors
and with a design that is independent of known
dynamics.

In previous studies, assumptions such as rolling
resistance, air resistance, existence of a not ideal
gearbox, the presence of a torque converter and an
internal combustion engine are neglected. In this
study, however, the researchers have tried to show
the importance of the mentioned factors by

examining them, and could finally present a model
reference adaptive controller (MRAC) for the
system while noting the governing dynamics of the
system and the variable nature of vehicle dynamics
(engine behavior alteration, etc.). The results of
this study, validated by commercial software, show
the consistency between the proposed model and
real-world cases. Hence, a positive step is taken for
longitudinal speed control of intelligent vehicles on
an intelligent highway platform.

In the first section, resistance forces related to
vehicles discussed. Then, longitudinal dynamics in
presence of resistance forces considered. In the
equivalent mass and force section, all of the inertia
and forces modeled after that, torque convertor
explained. In the verification section, chosen
dynamics of system verified then, the adaptive
controller that is suitable for the equation has
introduced. In the result section, the outputs are
discussed.

2. Governing Equations

First, the significant forces acting on the vehicle
in longitudinal motion investigated and then, the
vehicle dynamics expounded.

2.1. Resistance forces

Rolling resistance: When the wheel is in the
stationary state, the pressure distribution between
the wheel and the ground is symmetric with respect
to the tire contact point with the ground. When the
vehicle is moving, however, the equivalent force
exerted on the wheel by the ground is slightly
shifted forward, owing to the disruption to the
pressure distribution between the tire and the
ground, which results in imposing a torque
opposing the motion of the wheel, equal to
EquationError! Reference source not found..
This phenomenon represented in Figure 1. In the
picture stress distribution is shown by o, and
equivalent concentrated force by F, .The resisting
force to the motion is defined, using the SAE
standard and J670e data, as the force exerted on the
wheel center[19]. In the following M,, is rolling
resistance, F, is equivalent normal force, Ax
distance between equivalent normal force and the
vertical axis.

M, = —E,Ax @)

y
This resisting torque is not practically described
by, but the value of Ax is estimated through
considering the effective radius as R, presenting
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the rolling resistance as EquationError!
Reference source not found. and calculating F,
via experimental methods and fitting it with the
EquationError! Reference source not found.. It
is important to note that in the equation Error!
Reference source not found. and Error!
Reference source not found., E.is equivalent
force that produce equivalent rolling resistance
torque, f; are constants which are achieved after
curve fitting of experimental data with theory, u® is
longitudinal velocity to power (i). If rolling
resistance force is for the front axis, F, has index 1
and if F, has index 2 it is for rare axis in the
following equations.

M, = —FR, (2)

F.=f, XF, and fTZZfiui (3)
i=0

b)

Deformation Elastic return

x |
—_— — Ax

Figure 1. Pressure distribution between the tire and the
ground, and the resulted deformation[20].

Air resistance force: In this study, air resistance has
been considered as an influential force on the
vehicle behavior and it was shown that it plays a
significant role on the vehicle speed; emphasizing
the importance of considering air resistance in
modeling and vehicle control. To apply air
resistance  force in  vehicle dynamics,
EquationError! Reference source not found. has
been utilized[20].

1 4)
Faero = E pairSCxuz

In which, p,;, is the air density, S is the effective
area at the front of vehicle, C, is the air resistance
constant and u is the longitudinal speed of the
vehicle.

2.2. Longitudinal dynamics

Now, the forces acting on the vehicle axle should
calculate and the acceleration must compute using
the Newton’s second law. The importance of this
procedure lies in the fact that vehicle speed,

E. Khanmirza et al.

position, and other important parameters can be
investigated. Since the forces acting on the vehicle
applied in different manners due to their nature,
and as they do not act on the vehicle mass center
exactly, some moments created. Significant forces
and parameters of vehicle longitudinal motion
depicted in Figure 2,

Figure 2. Forces acting on the vehicle in longitudinal
motion[20]

in which, W is the weight force acting on the
vehicle mass center, having two perpendicular
components, one of which is in the direction of the
inclined surface and the other perpendicular to the
inclined surface. This type of decomposition can
simplify the process of writing the equations of
motion for the rest of the article. Moreover, m,, is
vehicle mass, J,,and], s are inertias of,
2
respectively, the front and rear wheels, % is the
linear acceleration of the vehicle in the longitudinal
direction of motion, 8,, s and 6,,,. are rotation of
front and rare wheels respectively and they will

daze dze .
f T
show  by6,,. —-and—= are rotational

accelerations of, respectively, the front and rear
wheels about the rotation axis of the wheels (y), (
is the distance between the rotation axis of front
and rear wheels, [;and [, are the distances from the
mass center to the rotation axis of front and rear
wheels, [; is the distance from vertical drawbar
load and rear axle. In addition, F,,.F,, and M,,,
are, respectively, aerodynamic forces and moment
acting on the vehicle body. F, is the aerodynamic
force acting in x direction and can be considered as
a concentrated force acting at a height of h, and
causing the  aerodynamic  moment  as
EquationError! Reference source not found. ,
and F,, is the aerodynamic force acting on the
vehicle in z direction[20].

Mya = Eqh, (5)

Where h, and h, are the distances between the road
and the line of action of inertial force and
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aerodynamic forces. Ax; and Ax, are, respectively,
the distances between the line of action of vertical
force exerting from the ground on the wheel and
the center of front and rear wheels. F,; And F,,
are, respectively, the horizontal and vertical forces
acting on the tow bar handle from towing trailer.

To calculate the vertical force between the two
wheels’ axles and the ground, two equations are
necessary. Noting Figure 2 and the described
notation, and taking the moment about the point p,
one of the equations described as

mvjc. + 2]W.féw.f + 2]W.TéW.T - ZFZZ X

(L +Axy — Axy) + Fpq(L+ I3+ Ax) + (6)
Fyeahy + Eqhy — B (ly + Axy) — My, +

Wihy + Wy (L + Ax,) =0

For simplification, it is assumed that

My, =0 (7)
Fza =0

Additionally, the forces from the tow bar on the
vehicle ignored (Fy4; =0 andF,; = 0). If the
second moment of inertia of rear and front wheels
and also their specifications and rotation value are
considered equal, i.e.

]w.f =]W.T =]w
Ax, = Ax, = U ®)

ew.f =0y, =10,

And the equilibrium equation about the point p is
rewritten, the following equation is obtained

my¥h, +4J, 6,y —2F,; | + FE,q hy + )
+W,h, + W,(l, +U) =0

Where W, and W, are components in the
direction of and perpendicular to the road,
which can be written according to
EquationError! Reference source not
found.. Here, F,; and F,, are normal forces
related to front and rare axes respectively.

W, = m,gsin(®) = m,gi
X ‘Ug ( ) Vg (10)
W, = m,gcos(0) = m,g

Therefore, according to EquationError!
Reference source not found., the force

perpendicular to the inclined surface exerting on
the rear wheel, can be described as

1 . .
Fy = E[mvxhl + 4]y 0y + Fq hy (11:

+m,gih; + m,g(l; + U)]

To calculate the force perpendicular to the
inclined surface exerting on the front axis, the
equilibrium equation in the direction of the surface
used,

— 2F
F, =109z (12)
2
Therefore, the two equations by which the vertical
forces acting on the axes estimated written as

1 . v
F,y = Fzsl _Z_Z[mvxhl + 4/, ew +
. (13)
w +FE.,4hy, +m,gihy +m,gU]

1 ..
Fpp=F; + 21 [myXhy + 4]y, 0y + (14)

Fq hy + my,gih; +m,gU]
In which F;; and F;, depict the static loading

force estimable from EquationError! Reference
source not found.,

s _ mygl,

z1l — 2l ( )
15

s _ Mmygly

zZ2 = 21

To determine the magnitude of exerted forces on
the vehicle, two other equations are necessary.
Therefore, these equations written for a vehicle
with one drive shaft with the aid of Figure3.

Figure 3. General forces acting on the front wheel[20].
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Writing the equilibrium equation for the front
axle about its center of rotation, results in
Equation(16). It should note that in this study, the
drive shaft taken as the rear axis,

Jwby + Fi,U+ FyR, =0 (16)

Likewise, another equation for rear axle wheels
can be obtained as Equation(17).

1
Fx2=Fx1+E(mvjé+an+mvgi) (17)

In figure 3, V; and H; are, respectively, the
horizontal and vertical forces exerted on the wheel
from the chassis. In the fowling, these two forces
omitted because of being internal forces.

As some of the equations include angular velocity
and acceleration, and some others involve the
variables of linear velocity and acceleration of the
vehicle, alongside the fact that in order to deal with
a few number of variables, they should define in
terms of one another, these variables presented as
follows

. WotRy

u=x=
TcTg

. d)O.tRT'

a, =% = (18)
TcTa

e X Wot
ew —_— ——

R, 71,74

Where 1. and t,; are, respectively, the
transmission ratios (the ratio of output to input
velocity) of the gearbox and final drive. In the
gearbox, the gearshifts and for each gear, the
transmission ratio and efficiency of the gearbox
changes (the effect of gearbox transmission
efficiency and final drive will consider in next
sections). Furthermore, w,; and w,; are,
respectively, the rotational wvelocity and
acceleration of the torque converter’s output shaft.

It should be mentioned that a criterion was
considered for shifting: when the engine RPM
exceeds 5000 RPM, the gear shifts up and when the
engine RPM drops below 2000 RPM, the gear
shifts down.

In this study, to simplify matters, the vehicle mass
and rotational inertia of the wheel in addition to the
forces resisting the motion (rolling resistance, air
resistance) equalized on an equal rotational inertia.
Figure 4 is a representation of this equalization.

E. Khanmirza et al.

Torque converter

-]

Engine [

Gear Box \

Equivalent mass

Figure 4. Representation of the equivalent mass
equalization

2.3. Equivalent Mass and force

In this section, the equalization method of
resistive forces in addition to the equivalent mass
are studied. When the gearbox is ideal, the input
power is equal to the output power (neglecting the
rotational inertia of gears). In fact, in reality the
output power is a fraction of the input power and
since in the path of force transmission to the
equivalent mass, there exists the gearbox and also
a gear in the transmission line, the influence of
efficiency should be considered at these two
locations. In this study, n. and n,; show the
transmission efficiencies of gearbox and torque
drive line, respectively. This leads us to the
following equations,

Traerod80t = Faerods X Neng

dbo: ds

Tr.aero 7 - Faero E X NcNg

(19)

TraeroWo.t = FaeroU X NcNa

u
Tr.aero = Faero w X NcNa

o.t

Finally, considering Equations(18) and(19), we
can obtained T;,. ;.. in Equation (20) as following:

NeNa
T, =F R, X =
r.aero aeroltr T.T,
1 Ncla
EpairSCxqur X TZTd = (20)
1 W3 MeMa
—_ ] SC R3 o.t'lc
Zpalr X 'r (Tch)3

In the same way, for the reduced torque caused
by rolling resistance (T rouing) and slope of

ground(Tr.slope):

International Journal of Automotive Engineering (IJAE) 3349
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NeNa
Tr.rolling = rollingRr X
TcTa
NeNa
= EfrRy X
T:Tq (21)
T _ R chr]d
r.slope slope™r T,T4
. Nclla
= WiR, x =
TcTg

Moreover, to transmit inertia, the kinetic energy
of each body should equalize with its equivalent
mass. If the mass m,, and translational speed of u
are assumed, and equivalent inertia in a rotational
system with the rotational speed of w, ; is desired,
then:

1 1
Emvuz = 2 Iewcz).t

fow = () = ()
ev — My Wy, =m,y .1,

In addition, for the transmission of wheel inertia

(Iw),

(22)

1
Elww\i = Elewcz).t

Wy \2 142
foaw = lw (ww) = hw (T Td>
o.t c

Now, knowing the reduced torques and
equivalent mass, the next equation obtained as

(23)

To.t - Tr.aero - Tr.rolling — Ir.slope

(24)
= (lew + 4lew)@or
To calculate the above equation, the termT, ,
which represents the output torque of the torque
converter, should evaluate. The engine considered
in this study is of the internal combustion type and
the produced torque depends on the engine RPM
and throttle. Figure 5 depicts the produced torque
by this engine[20].

th=0

th=20%
50+ th=30%
th=40%
th=50%

T, INm)

th=60% T
th=70%
sof th=80% —_—

th=90%

th=100%

A , . . , L ,
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
n, [rpm]

Figure 5. Diagram of the engine output torque with
respect to the engine RPM and throttle

The engine output torque delivers to the torque
converter and finally, a torque from the converter
applies on the equivalent inertia.

2.4. Torque converter

Based on the rotational speed of engine and
turbine (output of torque converter), the input and
output moments of torque converter can be
formulated as follows. First, the rotational speeds
of either side of the torque converter should be
calculated, as the amount of torque transmitted by
the torque converter is dependent on the speed of
its sides. To calculate the rotational speed of
converter’s input blade, Equation(25) should be
utilized:

Te—Tei = Ie.iNe (25)

Where

e T, andT;; are, respectively, engine torque
and input torque of engine

e [,; represent rotational inertia of internal
parts of engine, flywheel and torque
converter’s turbine

e N, depicts rotational speed of engine
(RPM)

The amount of torque converter output moment,
noting the rotational speed of converter sides
obtained via the following relations:

N,\?
re=(%)
N
K=F, ( “’) (26)
N,
N
b=, ()
e

3350 International Journal of Automotive Engineering (IJAE)


http://dx.doi.org/10.22068/ase.2019.399
http://www.iust.ac.ir/ijae/article-1-399-en.html

[ Downloaded from www.iust.ac.ir on 2022-02-06 ]

[ DOI: 10.22068/ase.2019.399 ]

In which N;, is the output rotational speed of

torque converter (RPM), equal to Ny, = w;, X %,
and Ry is the transmitted torque ratio. As shown
in Equation(26), the torque ratio transmitted by the
torque converter depends on two constants. These
two constants can be found in CarSim software as
functions of speed ratio for different types of
torque converters. In this study, the available data
for a Sedan car in the software has been used,
similar to Ref[20]. A view of changes of these two
constants can be seen in Figures 6 and 7.

102

Inverse capacity factor(1K)

o 0z 04 06 o8 1 12 14 16 18 2
Speed ratio(output/input)

Figure 6. A view of inverse capacity factor (1/K) vs.
speed ratio[21]

Torque ratio{output/input)

1 N

0 0.1 02 03 04 05 06 07 08 09 1
Speed ratio(output/input)

Figure 7. A view transmitted torque ratio vs. speed
ratio[21].

3. Dynamics verification

All of the equations in this research have
simulated in Matlab software and its Simulink part.
Each simulation step has been verified with
CarSim software with the parameter mentioned in
reference[20]. Last validation result represented in
Figure 9. The verification steps presented in
Appendix. To verify the created model in the
software, the commercial software, CarSim, is used
in which longitudinal and lateral vehicle dynamics
can be investigated by considering different parts
of the vehicle such as engine, gearbox, tire, wind,

E. Khanmirza et al.

and other specifications. The throttle is set on semi-
open state (50%) as the test condition. As can be
seen in Figure 9, the simulated longitudinal
dynamics is fully consistent with the results
obtained from CarSim.

Sedan C class is used in CarSim and parameters
in reference[20] are implemented. Figure 8
represents the CarSim environment that we enter
the parameters.

——V

L s L . ,
0 50 100 150 200 250
Time(s)

Figure 9. Longitudinal dynamics verification using the
commercial software CarSim

4. Adaptive controller

As previously stated, the change in the behavior
of vehicle at various moments and the change of
parameters such as mass and other physical
specifications force us to consider a controller
capable of adapting itself to changeable
circumstances. Consequently, the researchers have
tried to implement this controller.

Model reference adaptive system (MRAS) is one
of the most important adaptive controllers. In this
controller, a stable system consider as a reference
model, which is desire of control designer.
Meanwhile, some terms exist in the input of the
controller updated as time passes and converges the
plant behavior to that of the reference model.
Figure 10 shows a representation of the controlling
process in this type of controller.

International Journal of Automotive Engineering (IJAE) 3351
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"
Model Hn

Controller parameter

Adjustment
mechanism

L BN " v

> Controller Plant

Figure 10. Model reference adaptive system
(MRAS)[22].

Parameter adjustment in this method achieved
by the two approaches of 1) gradient-based, and 2)
application of Lyapunov stability theorem. In this
study, parameter updating is attained by the
method presented in Ref[22] and considering
Lyapunov stability theorem. The governing
equations of this method for the control of a linear
system described in the state-space is presented in
the following section.

Let the considered system be described
according to Equation(27) and the desired system
according to Equation(28),

dt (27)
y=Cx+Du
dx =A,x+B
g~ fmx T Omd (28)
Ym = Cnx + Dpyu

And the controller input as Equation(29),
Usx1 = k(t)sxpxpxl + Krsxsrsxl (29)

It is noteworthy that in Equation(29), s is the
number of system inputs, and p is the number of
system state. The parameters inside these two
matrices constituting the vector 8 will update
according to Lyapunov stability theorem. The
updating procedure of these parameters is reported
to be as in Equation(30):

6 = —Tpe’PB (30]

Where ¢ = [xT.7rT]7, T is a square matrix with
the same length as the vector 8, and P is positive-
definite matrix with the same dimension as the
matrix B.

As can be seen, this type of controller is designed
with the assumption of the system being linear, but

it can further be utilized for nonlinear systems such
as vehicle dynamics noting the following
explanations.

In this study, the dynamics of the vehicle has
been considered similar to a linear system as in
Equation(27). However, the matrix A is not
constant and is a function of time. Furthermore, as
the changes of this matrix does not happen rapidly
and there is enough time for the controller to
update, it has the ability of adapting itself to the
circumstances surrounding the controller. Then,
using the assumption gained by understanding
vehicle dynamics and controller type, control of
vehicle longitudinal speed considering the
existence of nonlinear factors such as gear shifting,
not ideal gearbox, air resistance, wheel rolling
resistance, the presence of torque converter and
internal combustion engine is represented. So, the
high efficient controller for controlling such a
complicated problem with nonlinear elements is
introduced.

5. Results

In this section, the obtained results are presented.
First, to show the importance of the preliminary
assumptions in studying vehicle dynamics, some
simulations are performed whose results are in
Figure 11. All of these comparative simulations
conducted with a 50% throttle. These assumptions,
as mentioned in the beginning of the article
consider the gearbox as its imperfect mechanism,
in addition to considering rolling resistance and air
resistance. The simulation was first performed with
none of the above-mentioned items (dotted curve)
after which the effect of gearbox as a non-ideal part
is taken into consideration (dotted-line curve) and
then the effect of air resistance is looked upon in
the ideal model (dashed curve). Finally, the effect
of rolling resistance and air resistance
simultaneously applied on the ideal gearbox model.
As evident, the proposed model is in good
agreement with the real model, which shows the
importance of the above parameters on the
simulation and control of the model.

It should be mentioned that the influential
parameters of performed simulations are
determined using Ref[20], according to Table 1.

Table 1: Specifications of simulation [20].
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Parameter Value Parameter Value
m, 1362 (kg) l 2.47 (m)
I, 0.95 (m) I, 1.51 (m)
Nea 0.80 T 3.73
Ne2 0.91 Teo 2.05
Ne3 0.93 Tes 1.32
Nca 0.92 Tca 0.97
Na 0.80 Ty 3.80
R, 0.30 S 1.93 (m?)
Cy 0.33 hy.h, 0.45 (m)
0.31 0.0069
Ie i IW
(kg m*) (kg m?)
fo 0.17 fi 0.19 x 107°
1.18 (kg/
Pair g 9.80 (m/s?)
m?)

) *Ideal gears
250 F e Non ideal gears

- With wind effect
With wind and rolling effect

L L L s
0 50 100 150 200 250
Time(s)

Figure 11. Simulations related to the importance of
considering non-ideal gearbox, rolling resistance
and air resistance

To show the effectiveness of the control system,
a simulation with the desired speed of 70 (km/h)
has been performed. The result of this simulation
represented in Figure 12. As can be seen, the
controller has made the vehicle reach the desired
velocity.

E. Khanmirza et al.

— — = Relerence Velocity
Vehicle Velocity

Velocity(kmh )

0 10 20 30 40 50 60
Time(s)

Figure 12. Velocity control relative to constant
reference velocity

Controller output results for the reference input
shown in of Figure 12, is in Figurel3.
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Figure 13. Control output for the reference
velocity of 70 (km/h)

Changes in tuning parameters related to reference
input shown in Figure 12, are in Figure 14.
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Figure 14. Changes of controller parameters vs.
time

Meanwhile, in another simulation, control of
velocity has been attempt despite of variable
reference velocity (Figure 15). The results of this
simulation represented as follows (Figure 16).
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Moreover, the speed of torque converter’s sides has
reported to show the differences in the speed of
torque converter’s sides (Figure 17).
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Figure 15. Portrayal of control system
performance for variable reference velocity vs.
time
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Figure 16. Control output (gas pedal) for tracking
reference velocity
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Figure 17. Portrayal of differences in the speed of
torque converter’s sides

6. Conclusion

As stated in the results section, assumptions such
as rolling resistance, air resistance, a not ideal
gearbox, the existence of a torque converter and an
internal combustion engine, are of vital importance
and must not neglect. In this study, the researchers
described the importance of the aforementioned
parameters  while conducting  comparative
simulations. As it is mentioned in equivalent mass
and force section, the defined forces (rolling force
and aerodynamic force) and the behavior of
internal combustion are non-linear that affects the
velocity of the vehicle. Therefore, the researchers
suggested a proper model reference adaptive
controller for variability of nonlinear intelligent
vehicle dynamics. To sum up, this research shows
a breakthrough in controlling the longitudinal
speed of intelligent vehicles by implementing
MRAC on an intelligent highway.
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Appendix

Table 2: Internal engine output torque[20]

Throttle in percent

0 20 30 40 50 60 70 80 85 100
800 26.8204 145.1589 165.2752 177.0149 177.0149 179.0264 179.0264 179.0264 179.0264 179.0264
1200 -25.5025 78.4498 135.4663 175.3328 187.0726 195.4482? 199.1418 201.8238 201.8238 201.8238
1600 -32.855 56.9934 119.3505 161.5931 185.0841 196.4597 205.5058 206.5174 209.1994 209.1954
2000 -35.5371 45.2537 99.2356 146.8419 185.3905 199.1418 205.5058 209.1994 213.893 213.893
2400 -38.2191 29.5025 81.8023 129.4086 175.3328 195.4482 205.5058 213.893 219.2571 219.2571
2800 -40.9012 19.4448 69.7331 111.9753 159.5816 185.3905 201.8238 216.575 219.2571 223.9507
3200 -43.5832 6.7051 56.9534 101.91/7 149.5239 1/5.3328 196.4597 213.893 2159.2571 223.9507
3600 -46.9358 -1.341  45.2537 89.178 139.4663 171.6508 189.0841 211.8815 219.2571 223.9507
5000 -49.6178 -8.7166 32.1845 79.7908 126.7266 156.8996 179.0264 199.1418 209.1994 213.893
5400 -52.2999 -15.7512 22.1269 65.3691 115.6574 142.1483 166.9572 187.0726 196.4597 205.5058
5800 -55.9819 -21.4564 12.0692 56.9934 101.9177 129.4086 151.5355 169.6393 179.0264 185.3905

Engine speed (RPM)

In the Table 2, there are internal combustion
engine information used in the article. The amount
of torque produce in this kind of engines depends
on the amount of opening throttle and the engine
speed.

V(Knvh)

Verifications steps with CarSim software
represented in the following figures. In Figure 18,
ideal model without considering rolling and
aerodynamic resistance shown. In Figure 19, not

ideal gearbox added to the model and shown. Then, 0 ° et w0 0
aerodynamic  resistance  implemented  and Figure 20. Implementing model with aerodynamic
represented in Figure 20. The final step, rolling resistance and non-ideal gearbox.
resistance considered as well, and can be seen in
Figure 21. "
160
350
140
1201
250 %‘13[).
= 200 ¥z
E = eof
> 150 60
100 40
20
. . . ‘ . ‘
1] 50 100 150 200 250
0 50 100 150 200 250 Time(s)
Time(s)
Figure 18. Ideal model with considering ideal Figure 21. Implementing model with aerodynamic
gearbox. resistance and considering rolling resistance and

non-ideal gearbox.
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Figure 19. Ideal model with considering non-ideal
gearbox.
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