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'AN INFLUENCE OF THE INTERNAL COMBUSTION ENGINE
CHARACTERISTICS UPON THE TRAFFIC SAFETY IN THE REGIMES
OF OVERTAKING

Dragoljub Radonjié¢, Faculty of Mechanical Engineering, Kragujevac, Serbia
Aleksandra Jankovié, Faculty of Mechanical Engineering, Kragujevac, Serbia

UDC: 621.43:656.052.48]:656.08

Abstract

The overtaking vehicles’ manoeuvre is a very often cause of traffic accidents resulting in
serious consequences. The influence of the engine as a vehicle’s drive unit is rarely
evaluated within the analyses of the causes leading to those accidents. On the other hand, a
necessary condition for overtaking which is to be carried out in a safe manner is given
through the vehicle’s motion due to the specified acceleration values which primarily
depend on the characteristics of engines and transmission. Therefore, what has been
elaborated in the work itself is a model including the fundamental regularities of vehicles’
motion in the regimes of overtaking, complete with the characteristics of engines,
transmission and vehicles. The emphasis of the analysis has been placed on the engine as a
drive unit, owing to which it has been necessary to develop adequate non — steady models
that represent the only models able to define the characteristics of engines in the regimes of
overtaking.

Modeling has been performed by using the Simulink and SimDriveline program from the
MathLab program package. The developed model provides a complex analysis of all the
factors influencing the overtaking manoeuvre: a driver, the engine, the transmission, a
vehicle, positions and speeds of the vehicles involved in the overtaking process.

Key words: traffic safety, overtaking, drive unit, modeling.

UTICAJ KARAKTERISTIKA MOTORA SUS NA BEZBEDNOST
SAOBRACAJA U REZIMIMA PRETICANJA

UDC: 621.43:656.052.48]:656.08

Rezime: Manevar preticanja vozila je veoma Cest uzrok saobracajnih nezgoda sa teskim
posledicama. U analizama uzroka takvih nezgoda retko se ocenjuje uticaj motora kao
pogonskog agregata vozila. S druge strane, za bezbedno izvodenje preticanja neophodno je
kretanje vozila odredenim vrednostima ubrzanja koja u prvom redu zavise od karakteristika

! Received: November 2009. Primljen: U Novembru, 2009.god
Accepted: December 2009. Prihvacen: U Decembru, 2009.god.
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motora i transmisije. Otuda je u radu razvijen model koji obuhvata osnovne zakonitosti
kretanja vozila u toku preticanja, karakteristike motora, transmisije i vozila. TeziSte analize

je bilo na motoru kao pogonskom agregatu, zbog ¢ega je bilo potrebno razviti odgovarajuce
nestacionarne modele koji jedino mogu da definiSu karakteristike motora u rezimu
preticanja vozila.

Modeliranje je vrSeno uz koris¢enje programa Simulink i SimDriveline iz programskog
paketa MathLab. Razvijeni model omogu¢ava kompleksnu analizu svih uticajnih faktora na
manevar preticanja: vozac, motor, transmisija, vozilo, polozaji i brzine vozila koja uSestvuju
u preticanju.

Kljuéne reéi: bezbednost saobracaja, preticanje, pogonski agregat, modeliranje.
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AN INFLUENCE OF THE INTERNAL COMBUSTION ENGINE
CHARACTERISTICS UPON THE TRAFFIC SAFETY IN THE REGIMES
OF OVERTAKING

Dragoljub Radonji¢', Aleksandra Jankovi¢
UDC: 621.43:656.052.48]:656.08

1. INTRODUCTION

The intensive progress of traffic, as a logical consequence of the technological progress of
the society in general, produces series of undesired effects upon the environment: the
increase in the number of traffic accidents with fatal consequences, the pollution of the
environment as a result of the exhaust gases of engines, the noise, non — recycled materials
of parts of transport means, complete with a transformation of natural surfaces into asphalt
and concrete surfaces of traffic roads, parking space and the like. As regards the traffic
safety, a particular influence is shown by: the increase in the number of transport means
(vehicles), the improvement of their performances (maximum speed, acceleration), and also,
by the inadequate development of the road network based on the traffic capacity and the
way of traffic regulation. Considering the fact that the influential factors in this area are
connected to the man — vehicle — environment system, what is going to be analyzed in this
paper is the influences of vehicles, that is, of their drive units, although the other two factors
cannot be completely excluded because of the evident interactions.

A driver performs the overtaking manoeuvre on the basis of his/her own evaluation of the
position and speed of not only his/her own vehicle but of the other vehicles passing by as
well, incessantly endeavouring to drive the vehicle along the optimal distance with the
maximum acceleration, so that he could perform the operation itself in the shortest amount
of time. The vehicle acceleration is defined through the tractive balance equation and it
represents the most significant parameter of the vehicle longitudinal dynamics [4]:

1
=—(F,-ZR
a m5(0 Z)

where: m represents a vehicle mass, § — the coefficient of a participation of a vehicle’s
rotating masses, F,— a driving (propelling) force, >R — the sum of the tractive resistance.

A driving force of a vehicle’s driving wheels is defined through the characteristics of the
drive unit (T,) and a vehicle transmission ratio (ini,) according to the following equation [4]:

_ Teimion
g =—mo7
d

! Corresponding author e-mail: drago@kg.ac.rs, University of Kragujevac - Faculty of
Mechanical Engineering, Sestre Janji¢ 6, 34000 Kragujevac, Serbia

Volume 36, Number 1, March 2010.


mailto:drago@kg.ac.rs

10 D. Radonji¢, A. Jankovi¢

The following symbols are used in the previously given equation : T, — the torque, inand i, —
the transmission ratio and the rear axle ratio, # — the transmission efficiency and ry —the
rolling radius. The foregoing equations practically define the influence of the drive unit’s
characteristics (in the shape of the torque’s curve) upon the vehicle’s acceleration values,
and therefore, upon the overtaking vehicle’s manoeuvre as well.

2. GENERAL CHARACTERISTICS OF OVERTAKING

Overtaking practically represents going round a vehicle along the same carriageway at a
certain speed. Considering the fact that this kind of a manoeuvre entails an alternation of the
carriageway, the risk of the possible crash with other vehicles moving along the carriageway
where this overtaking is taking place — is significantly being increased. Frontal or back
impacts usually occur in those situations and their consequences are the most serious ones.

Characteristics of the overtaking process differ depending on whether it is being done along
the roads with one — way or two — way traffic. These two cases are schematically presented
in the Figure 1.
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Figure 1.

According to the chart given in the Figure 1, the vehicle 1 is overtaking the vehicle 2, and
during this process it is supposed to avoid a possible crash into the vehicle 3 moving in the
same direction, in the first case, and in the second case, it is moving in the opposite
direction. The vehicles’ speed values are the following: vy, v, i v, and the distances between
the foregoing vehicles are defined by the following values: of the x; and x; frontal areas of
the vehicles 1 and 3 of the rear side of the vehicle 2. The length values of the vehicles 1 and
2 are: L; and L,. The overtaking process is being terminated at the moment when the rear of
the vehicle 1 occurs in front of the front part of the vehicle 2.

Volume 36, Number 1, March 2010.



An influence of the internal combustion engine characteristics... 11

Monitoring the positions of particular vehicles during their motion can be realized by
displaying their distances which have been illustrated through the diagrams presented in the
Figures 2 and 3. Because of the assumption relating to vehicles going at a constant speed at
the initial moment, the law referring to the alternation of a distance is linear. The
characteristic position presented in the diagram is a point b which represents the moment
(time t,), when the frontal areas of the vehicles 2 and 3 are found going in the same direction
(S,=S3=Sy). It is evident that the vehicle 1 is supposed to terminate the overtaking process
before that particular moment. Variants in relation to the initial speed of a vehicle that can
have the following values: vi,= v, i V1> Vv, _are also presented in these diagrams. In the first
case, overtaking is performed after a vehicle has previously been going in a weaving lane
and it requires a vehicle to be accelerated. In the second case, if there is enough difference
between the vehicles’ speeds: v; — v, the overtaking process can be performed even at a
constant speed vy; on the contrary the vehicle has to be accelerated. The alternation of a
distance of the vehicle 1 during the acceleration has been displayed in the diagrams by using
a curve S;(accel.). If the overtaking process is to be performed in a safe manner, what is
necessary is to realize a vehicle’s acceleration values according to which the distance of the
vehicle 1 at the moment t, is: S;(t,) > Sp, which represents the basic criterion taken into
account within the analysis of factors influencing the overtakaking process itself.

S 4(accel.)
S ¢ N\,  vz=const
/

[m] ™

——Vio>V2

% =
v2—const

V1o=Vo=const

o~
= == »
e t[s]
cg >
> ~
-
S
[m]
V2=const
o
(5p]
>
QN Vio=V2
o t[s]
> v3=const
T

Figure 3.
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12 D. Radonji¢, A. Jankovi¢

While defining the simulation model the following assumptions have been made:

e what is being neglected is the carriageway alternation manoeuvre of the vehicle 1 —
at the initial moment the vehicle 1 is going along the carriageway used for
overtaking,

e it is not predicted to use the braking system with the purpose of changing one’s
mind as regards overtaking the vehicle 1 or the speed alternation of the vehicles 2
and 3, the values of which are always constant,

e what is used in this model is a minimum distance x;, which is equal to the safe
following distance and its value according to [4] is: Xy, =(V1 > V, )/2g3.6%(p+]),
where: g represents the acceleration of gravity, ¢ — the coefficient of adhesion, f —
the rolling resistance force coefficient. The following value: x;,=10 m is taken in
the case when: vy = vy,

3.AN ENGINE MODEL

Engines as drive units of motor vehicles operate in extremely varying modes of operation.
Existing (drive) engine characteristics are defined and determined in the steady (steady—
state) modes of operation and the same characteristics cannot be used for an examination of
vehicles’ overtaking manoeuvre which is a typical non—steady process. Therefore, what is
required is to form an engine model which is to generate the fundamental drive values
(power and torque) in the rapidly varying modes of operation, such as a vehicle acceleration
during the overtaking process. While establishing such kinds of models, it is possible to use
the following two approaches:

e amodel based on the calculation of the engine cycle in varying modes of operation,
e amodel established due to the use of empirical and semiempirical formulae.

T 1 Pe
Load L proterach
Output 9e
O sa T | shaft | o
U m:
Ll Injector|-. Mimy o Uy
Intake |AFR | CYlinder | =2 0,sensor [—
@—"’ i manifold Pin i
Throttle -»
ECU
Figure 4.
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An influence of the internal combustion engine characteristics... 13

The first method entails a calculation of an actual work cycle according to the block diagram
presented in the Figure 4, [2], taking into consideration actual processes of an alternation of
working substance and fuel combustion. The fundamental control variables are: a position of
the throttle oy, and the load intensity k. The results of a simulation performed while using
such a model are presented in the Figure 5, [2].

70 ATy : P
—+— Eng.speed rpm |
—6— Englorque Nm

T
k=25084Nms's
—+— Load torque Nm ’
; i ]

=2}
(=]

] i

O
<

]
I
..... == s e - -y
!

w
(=]
|
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n Y
Q o

|

|

|

A

5
Time /s/

w
Y ER——
.Y S
A
-]

10
2

Figure 5[2.]

The alternations of output values: the torque, load and a number of revolutions have been
obtained during a sudden (step-function) opening of the throttle from 20% to 60% and the
load factor: k=2.5e-4 Nms?,

The second method is based on the use of empirical power and torque formulae. One of the
often used formulae is given through the third degree polynomial (1) showing power
dependance P, on the angular speed of the crankshaft w. By using the well-known
connection between the engine power and torque T, ,(2), an appropriate torque formula is
obtained (3).

The values of the coefficients a, b, ¢ and d given in these formulae are being defined based
on the conditions which are valid for the characteristic points on the engine performance and
torque curves presented in the Figure 6: the maximal engine torque (Nt ,Temax); the maximal
engine power (Np ,Pemax); the moment value if the number of revolutions is np, (Te(Np)).
These conditions are given within the following formulae: (4), (5) and (6).
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An influence of the internal combustion engine characteristics... 15

The shape of the curves presented in the Figure 6 is often expressed through the compliance
coefficient: according to the number of revolutions e, (7) and the moment e, (8); therefore,
it is convenient to express the coefficients given in the empirical power and torque formulae
in the function of these values.

Pemax Te———— (1 O
Pemax Te
ne Temax|—————— B 3 O

nP Temax
Cs >———Pen Pe——— B 2 D

en Pe
Ca > P nipm] eT———»Ca >
N [rpm] T

Empirical engine
characteristics

Figure 7.

Commencing with the conditions given by the foregoing formulae, the values of the
coefficients a, b, ¢ and d are defined and also, by using the Simulink program from the
MathLab program package, the process of modeling the power and torque empirical
formulae is performed. The model is depicted by the block presented in the Figure 7, in
which it is shown how, based on the given inputs: Pemay ,Np ,€, and n, the output values: T, =
f(n), Temax » Pe = f(n) and ey are being defined, where n represents the number of revolutions
of the crankschaft which has been adopted for the value of the independently variable.

What has been done with the purpose of checking the empirical model is a comparison of
the characteristics obtained by its use (the full line drawn in the Figure 8) and the
experimental results obtained after running inspection based on the engine of 1.4 | — for the
Florida vehicle (the dotted line). The appropriate curves are obtained during the full throttle.
Deviations are minimum, as it can be seen from the diagram depicted in the Figure 8.
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w
(]
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i i i H i i
u} 1000 2000 3000 4000 5000 6000 7000
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Figure 8.
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16 D. Radonji¢, A. Jankovi¢

By using the same model it has been possible to evaluate an influence of the compliance
coefficient, according to the number of revolutions, upon the shape of the engine
performance and torque curves. The curves presented in the Figure 9 are obtained for the
engine with the following characteristics: Penax=60 kW, np =6000 o/min and e,= 0.1 - 0.75,
with the maximum (100%) full throttle.

140

120 F- - e Sl s g

100 ool SISV R e N b .

i}
[}

m
o

o
Q

Engine power (kW] & torque [Nm|

20 T R ERREEe .

4000 6000 8000
Engine speed [rpm]

] 2000

Figure 9.

The compliance coefficient’s alternation e, within the given boundaries influences the
position and value of the maximum moment, complete with the shape of the engine
performance and torque curves, as it is shown in the diagram presented in the Figure 9.

Engine output:

o Pe,Te,n
.| Brake output:
T
Throttle ; Il Hydraulic Brake
—sitiet | Engine model 1 brake model control

Figure 10.

Modeling of the engine non—steady characteristics is performed, in this case, by introducing
a characteristic of the throttle position Ky, the value of which ranges within the boundaries:
0 — 1, which corresponds to the angle of the throttle position: ay = 0 — 90°, that is, to the
throttle openness: 0 — 100%:

[Te()] unsteady — Kin [Te(n)] steady

The control of the output characterisrics of this model has required the same model to be
realized within the Simulink program according to the block diagram shown in the Figurel0.
Except for the engine model (the empirical one), the hydraulic brake model has also been

Volume 36, Number 1, March 2010.



An influence of the internal combustion engine characteristics... 17

installed with the purpose of the load torque simulation. The simulation results are displayed
in the Figure 11, in which steady characteristics are also displayed, the ones corresponding
to the throttle openness: 20, 40, 60, 80 and 100%, complete with the non-steady
characteristic occuring during an alternation of the throttle position according to the step
function from 20 to 60%.
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Figure 11.
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Figure 12.

Non-steady engine characteristics for various speeds of the throttle opening (intensities of
effects upon the accelerator pedal) have been simulated by using the same model,
commencing with the step function. The results are displayed by means of a diagram given
in the Figure 12, and they are considerably in accordance with the results obtained by the
use of the model displayed in the Figure 4, which are presented in the Figure 5.
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4. VEHICLE MODEL

A model has been formed, by using the SimDriveline program, for the purpose of simulating
the output values of vehicles (a vehicle distance S, vehicle speed v and vehicle acceleration
a) in the regimes of overtaking, and its block diagram is displayed in the Figure 13.

% Clutch Gear Ratio E

Clutch control signal Gear ratio control
signal
(D)
; B} Vehicle speed

p TF Rim a—»(2)

= dﬂ \f\ Veh.acceleration
@ Throtile — Throgtle [= B

Variable S '( : )

Throttle control (?ontrollable Ratio Gear Vehicle distance
signal Enai Friction Clutch Vehicle and Tire
ngine Dynamics
Figure 13.

The model’s structure consists of the following: the engine model (which refers to the
previously depicted empirical model) with the throttle control signal, the friction clutch with
a control signal for its connection and disconnection, the steplessly variable ratio gear with
the gear ratio control signal with the purpose of defining the law of the ratio gear alternation
and a model of pneumatic tyres for vehicle simulations.

For the purpose of a verification of the output values, the model has been used for a
calculation of performances of a Florida 1.4 | vehicle, with the input values characterized as
it follows: the full throttle (100%), the clutch which is always connected (the time required
for the ratio gear alternation is being neglected), the ratio gear alternation is being done
according to the diagrams given in the Figure 14.

Gear ratio [-]

i L 1 i i i H ¥
%0 40 60 80 100 120 140 160 180
“ehicle speed [km/h]

Figure 14.
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Diagrams shown in the Figure 14 present the law of the ratio gear alternation of various
types of a gear (a gearbox). The line a (the dotted one) corresponds to the step— shaped
gearbox of the Florida 1.4 | vehicle, the line b corresponds to the step—shaped gearbox in
which the ratio gear alternation is being done with Tena and Penay, the line ¢ corresponds to
the variable ratio gear which enables the engine running in the Te,ax regime and the line d
corresponds to the variable ratio gear which enables the engine running in the P, regime.
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Figure 15.
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Figure 16.

Comparing the simulation results obtained for the presented laws of the ratio gear
alternation, it can be discerned that the most convenient output parameters of the vehicle are
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obtained while using the law which is defined by the line d (Pemax), and then by the line a.
The simulation results for the Florida 1.4 | vehicle with the step—shaped gearbox, a
characteristic of which is displayed by the line a complete with the ratio gear alternation at
maximum speeds in the particular ratio gears according to the recommendations given by
the producer — are presented in the Figures 15 and 16. The alternations of the vehicle
distance S and speed v are given in the Figure 15, and the Figure 16 represents the vehicle
acceleration a in the particular ratio gears realized during the acceleration process.

5. SIMULATION RESULTS

A complete model, developed in order to simulate the overtaking process of vehicles, is
included in the block diagram given in the Figure 13 complete with the model which, being
in accordance with the relations given in the Figures 1, 2 and 3, determines the time of the
encounter t, of the vehicles 2 and 3, complete with the appropriate distances up to that
moment: S, and Si(ty). Also, it should be emphasized that the distance indicated in the
Figures 2 and 3 with S; (accel.), represents the output value from a vehicle model block
given in the Figure 13.

What has been made is a research of an influence of the internal combustion engine
characteristics upon the traffic safety in the regimes of overtaking, based on the example of
a road with two — way traffic (the Figure 3), by using the depicted model presented with the
input values characterized in the following manner: Ly =L, =4 m; X3, =150 m; v1,=90 km/h
=const., v, =80 km/h =const., v3 =80 km/h =const., the coefficient of adhesion: ¢ = 0.75 and
the rolling resistance force coefficient: f,=0.018.

85.0

825+

80.0

Distance [m]

77.5 4

50 60 70 80 90 100
Engine max. power [kW]

Figure 17.

The time of the encounter of the vehicles 2 and 3 and the appropriate distance, based on the
predetermined input values, are characterized in the following manner:
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t,=3.285s, Sp=77m.

An influence of the maximal engine power has been presented by diagrams given in the
Figure 17, in order to show the case of an overtaking manoeuvre performance within the
third and fourth ratio gears. The character of these dependencies confirms the well-known
fact related to the engine characterized by the greater maximal power enabling the same
vehicle to achieve greater accelerations, owing to which the time of an overtaking
performance is being shortened. Considering the previously introduced criterion for a safe
overtaking performance, given within the relation S;(t,)>S,, the simulation results presented
in the Figure 17, are displaying the fact that in the fourth ratio gear — overtaking can be
performed in a safe manner exclusively by means of the engine, the maximal power of
which is greater than 60 kW. In other words, it means that vehicles provided with engines
producing less power have to perform the overtaking process throughout the third ratio gear
or to commence the same process at the point when:

X30=>150 m.

79.0 A
n
78.5 o
E. 780
@
o
[ =
s
(2]
a 77.5 4
77.0 A
76.5 ¥ T v T X T v T v T v T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
en=nT/n£-'
Figurel8.

The diagram given in the Figure 18 displays an influence of the compliance coefficient e,
upon the overtaking manoeuvre. This influence reflects the character of the torque
alternation depending on the value of the coefficient e, which has been presented in the
Figure 9. Namely, an increase in values of the coefficient e, leads to a decrease in values of
the maximal engine torque within the empirical model.

An influence of the maximum throttle opening has been presented in the Figure 19. For the
predetermined input values, a safe overtaking process can be performed only if the throttle
openings are greater than 80%.
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For the purpose of a verification of the simulation results obtained by using the developed
simulation model, characteristics of modern medium class passenger vehicles have been
analyzed according to the criterion of maximum accelerations which can be achieved in the
third ratio gear at speeds ranging from 60 to 100 km/h and in the fifth ratio gear at speeds
ranging from 80 to 120 km/h. The results have been presented in diagrams given from the
Figure 20 to the Figure 24. As it has previously been emphasized, vehicles with greater
acceleration values have better performances regarding the overtaking manoeuvre process.
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Diagrams given in the Figures 20, 23 and 24, display a vehicle acceleration dependency on
the maximal engine power, that is, on the maximal engine torque. These dependencies show
the same direction of the influence just like the results obtained owing to the simulation
models: an increase of the maximal engine power, that is, the maximal engine torque leads
to the increase of acceleration values, and therefore, the time required for the overtaking
manoeuvre performance is being shortened.
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The influence of the compliance coefficients displayed within diagrams given in the Figures
21 and 22 primarily depends on the maximal engine torque value which is equal to the given
value of the coefficient itself. Therefore, this influence has a stochastic character. As regards
modern engines used for passenger vehicles’ drive units, and owing to the application of
variable systems, the engine torque curve is characterized by the constant value of the
maximum in a wide area of a number of revolutions (1000-5000 o/min), which renders the

Vehicle acceleration [m/s*2]

Vehicle acceleration [m/s*2]
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influence of the compliance coefficients invariant .
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6. CONCLUSIONS

The developed model of the overtaking manoeuvre of vehicles enables an assessment of
influences of a greater number of parameters, commencing with the engine characteristics,
the intensity of its effect upon the throttle control linkage, the friction clutch connection
process, transmission characteristics and vehicle characteristics. The engine influence as a
vehicle’s drive unit has been analyzed in detail by presenting a concrete case.

Obtained results confirm the fact that the engine characteristics are the ones having a crucial
influence upon the safety of vehicles’ overtaking manoeuvre performance. The fundamental
parameter significant for the overtaking process is, by all means, a vehicle acceleration
which primarily depends on the intensity of its effect upon the throttle control linkage. All
of these influences have been analyzed by using the above presented model and interpreted
by displaying appropriate diagrams.

Having a certain knowledge of the engine characteristics regarding the maximum
acceleration values which can be achieved by means of the given vehicle — is significant
particularly when the overtaking process is performed in cases when it is required to avoid a
critical situation owing to the misjudgement of speeds and following distances. Except for
the analysis of influences of the engine, transmission and vehicle’s characteristics, the
model indirectly enables the assessment of a driver’s reaction regarding his/her evaluation
of the following distances (X1, ,X30) and speeds (v, ,v3). By varying these values, the
boundary valves can be established, the same ones owing to which the overtaking
manoeuvre can be performed in a safe manner by using the given engine and vehicle.
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Abstract

In this paper, the problem of vehicle unstable motion related to desired path is considered.
A model to study vehicle lateral dynamics with respect to steering control is developed.
Three possibilities to solution of vehicle directional unstability are analysed, as follows,
driver steering control, optimal controller application, combined cotrol - as driver steering
action supported by a technical controller. But, only optimal controller application is further
focused in this paper. In this sense a procedure to design a vehicle steering controller based
on the optimal control theory is proposed. For input data a passenger car midlle class the
structure and parameters of optimal controller are determined. Then, simulation researchs
are conducted and some results of controled vehicle behaviour by acting specified
disturbance are presented and discussed.

Key words: vehicle, unstability, driver, controller, simulation.

KONTROLA UPRAVLJANJA VOZILA

UDC: 621.43:681.515.2/.8

Rezime: U radu je razmotren problem nestabilnog kretanja vozila u odnosu na zeljenu
putanju. Razvijen je model za proucavanje bo¢ne dinamike vozila sa aspecta kontrole
upravljanja. Analizirane su tri mogucnosti za reSavanje problema nestabilnosti pravca vozila
i to, uz pomo¢ vozaca, zatim uvodenjem optimalnog regulatora, i kona¢no kombinovanom
kontrolom — dejstvo vozaca podrzano tehnickim regulatorom. U radu je dalje, razmotrena
samo primena optimalnog regulatora. U tom smislu, predlozena je prcedura za
projektovanje optimalnog regulatora bazirana na teoriji optimalnog upravljanja. Za ulazne
podatke putnickog automobila srednje klase odredeni su struktura i parametri optimalnog
regtulatora. Zatim su sprovedena simulacioana istrazivanja i neki rezultati upravljanja
ponasanjem vozila pri dejstvu specificiranih poremecaja su prilozeni i discutovani.

Kljuéne reci: vozilo, nestabilnost, vozac, regulator, simulacija.
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INTRODUCTION

The wheeled motor vehicle do not possesses own stability of lateral and angular motion
along desired path. From this reason, some form of driver steering control or other controller
must be included to vehicle stabilization and guidance. Many researchs have been made to
study of driver behaviour by different control tasks in different driving conditions, [1], [12].
Numerous mathematical models developed to describe of driver control action are named as,
ideal, quasi-linear, optimal, predictive, supervisory and so on. [2], [3], [4], [13], [14]. The
term driver model is a synonym for a mathematical description driver control with models
of vehicle dynamics in interaction with road and environment.

Driver models were developed, before all, in order to get information about how a vehicle
and its design changes influence the handling quality and driver efforts, also to accident
causations. Recently, theoretical and experimental researchs of driver — vehicle —
environment interaction have great importance with aspect to above pointed out problems
but with aspect design, optimisation and application automated vehicle control, [9].
According to above mentioned problems in this paper some phenomenon of vehicle
unstability are studied and any solution to assessment vehicle steering performances are
proposed, in order to continue our earlier researchs, [8], [15].

1. VEHICLE LATERAL DYNAMICS

The vehicle lateral dynamics can be modelled with different complexity, from a simple two
— wheeled model to a numerous degree of freedom model. The complex vehicle model
requires using of numerical integration which makes it difficult to form general conclusion.
In many currently researches developed vehicle steering controllers for automated vehicles
have focused on low lateral acceleration conditions, [9]. Under these conditions linear
vehicle and tire models are suitable for the controllers developing and design. However,
most emergency situation require complex vehicle model, which today can be successfully
realized by means of advanced simulation methods, [10].

In this paper, a simplified model is used, which simulates vehicle motion over a flat and
level road surface, when the forward speed is kept constant. The equations of motion are
written in relation to vehicle lateral Ay, and heading deviation Ae, from desired path, which
represent absolute lateral displacement Yy, and heading angle &, on the straight-line road,
according to presentation in Fig. 1a, vehicle model and Fig. 1b, relevant inputs to vehicle
steering control. As can see from implicit expresions (1) and (2), output variables, y and &,

! Corresponding author e-mail: rradonjic@kg.ac.rs, University of Kragujevac-Faculty of
Mechanical Engineering, Sestre Janji¢ 6, 34000 Kragujevac, Serbia
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are mutually coupled by means of the system matrices coefficients, a;, b;. Input variable is
steering wheel angle, denoted with, g. The initial equations (1) and (2) are transformed into

state space form suitable to control problems solution, (3), (4), (5).

Equation (3), as matrix expresion, presents state space form of basic vehicle model in
open- loop with state vector (4). On the other hand, matrix equation (5), describes closed
loop system in state space form for alternative control defined by state vectors: (5.1) —
driver steerig control, (5.2) — optimal controller application, (5.3) — combined control, driver
action supproted by technical controller for given condition, so called vehicle stabilty
augmentation systems, which modifies the driver steering command, as presented in Fig. 2,

internal loop with input variables, y, & and output variable, .

Yo

J—— -T jk% - path
As Cur\ved path

Figure 1a: Model of vehicle lateral dynamics
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B—p Bed
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Figure 1b: Real and estimated inputs to vehicle steering control,
according to Fig. 1a, a/ driver, b/ optimal controller
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Figure 2: Possible variants of vehicle steering control

x =Ly, V. €] (4)
u; =41 (5)
%c = Axe + Bug ©)
Xc =Ly, V.&,6, B @)
Bov = Bey (¥, 6,4, L) (7.1)
Beo = Peo (Y. Y. &, ¢,....) (7.2)
Bec = Bec (Bevs Beo) (7.3)
uc =[yp(£p)l (7.4)

The more attention in this paper is dedicated to design an optimal controller to vehicle
steering control according to theoretical considerations given in chapter number 3, but with
previous hypothetic coments about possible driver steering control strategies given in next
chapter, 2.

2. DRIVER STEERING CONTROL STRATEGIES

Driver control action by a single — loop compensatory task can be described by means of
differential equation derived from driver convencional quasi — linear model, [2], [5], [8].
and presentation in Fig. 1b, as relationship between steering wheel movement, £ and
vehicle lateral deviation, Ay:
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Bz +Tp\)OTi1+ B +T +Tj) + B =—KT Ay —Kay (8)

where, t - driver time delay, Ty — driver neuromuscular system time lag, T, T; — driver
time lead and time lag equalization, respectively, K — driver gain factor.

Driver control strategy in a comprising multi — loop system, shows in Fig. 3, is based on
the combined control of the lateral deviation, Ay, into outer loop, and heading deviation Ag,
into internal loop. So, driver compensate directly lateral deviation and indirectly angular
deviation based on the modification of his mode control in outer loop.

By two level control strategies, [6], [7], [8], driver used visual cues of sight field derived
from vehicle position relative to road, for compensatory action in equvalent single — loop,
advanced in time, and parameters of reference path, as curvature, focused curve segments
and so on , to guidance tasks. These three driver strategies, hier presented , can help by
design optimal controller and by interpretation results in next chapter.
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Figure 3: Driver steering control strategy in multi-loop systems

3. DESIGN OF VEHICLE STEERING CONTROLLER

The vehicle optimal controller has been designed using linear quadratic regulator method
based on the optimal control theory, [11]. Therefore, some basic design phase and ideas of
the theory should be presented. The dynamic equations of the closed loop system in Figure 4
are present in a state space form:

X = AX + Bu 9)

where, X = [X; Xz .....X,], is the state vector in general form, u = [u; U, ...uy], the input vector
determined by controller. The output vector, y, can be defined in different forms as a linear
combination of the state variables:

y = Cx (10)

depending on the chosen form of matrix C. The optimal control concept is formulated as a
problem to minimize a functional of general form:
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t
1 1 f
1= vt )Sy(ts )+ - T 0Qwy® +uT ORI (11)
0]

where Q, R, S are symmetric weighting matrices, u(t) input, y(t) output variables. With
Hamilton — Jacobi equation

and by used

1 1
H [y(t), u(t), A(t), t] = E yT Qy + E uT Ru + AT Ay + ;LT Bu (12)
maximum principle:

oH T
— =0=R@Mu(t)+B" (t)A(t)
ou

oH (13)
- i=Qym + AT MAW)

oy
at constraint condition:

At