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THE PARAMETRIC OSCILLATIONS OF STEEL FRICTION PLATES FOR A
MULTIPLATE CLUTCHES
ПАРАМЕТРИЧЕСКИЕ КОЛЕБАНИЯ ФРИКЦИОННЫХ ДИСКОВ В ТРАНСМИССИЯХ
ТРАНСПОРТНЫХ МАШИН
Prof. Dr. Eng. Taratorkin I.1, Prof. Dr. Eng. Derzhanskii V.1, postgraduate Taratorkin A.1 – Institute of Engineering Science of the Ural
Branch of the Russian Academy of Sciences (IES UB RAS), Russia
Abstract: The article substantiates the ways of tuning parametric oscillations providing for increasing durability of steel and friction plates
of vehicle transmissions. The evaluation of dynamic stability is conducted on the basis of the analysis of Mathieu equation and Ince-Strutt
diagram. It is offered to restrict the parameter of rigidity modulation depth by filtering low-frequency disturbances formed in the nonlinear
system by the power unit (internal combustion engine (ICE) or electric motor (EM)), by hydrodynamic processes in the hydraulic
transformer (torque converter or hydraulic coupling) and in the system of its oil supply. The performance evaluation of the developed
actions on plate’s durability is conducted.
KEYWORDS: PLATE, FRICTION DESK, PARAMETRIC OSCILLATIONS, DYNAMIC STABILITY

1. Introduction
The advanced multi-purpose tracked and wheeled vehicles
operated in super severe conditions more and more perfect designs
of hydromechanical, electromechanical and hybrid transmissions
are to be developed [1]. Prototypes tests show the high dynamic
loading which restricts component durability, in particular, the
durability of plates of multiplate clutches and conjugated
components [2, 3]. The article [4] considers the type of failure
insufficiently investigated - plate disruption, which is observed in
transmissions being developed and in designs of worldwide
automotive leaders. It should be noted that the same type of failure
is observed in the vehicles equipped with stepped ratio gear
transmissions without torque converter and diesel engines.
The metallographic analysis of the disrupted plates shows that
crack formation has a fatigue character, which is revealed within
limited time of trial operation. It occurs due to generation of highfrequency oscillation. The article [4] shows that plate disruption
take place because of resonant modes which are generated by
hydrodynamic processes in the impeller-turbine interblade space
and by working liquid pulsation in the oil supply circuit. However,
because of the nonlinear elastic characteristics of plate and drum
interaction at gap opening the parametric oscillations and
resonances are excited which are more dangerous and are not
eliminated with usual methods.
Thus, according to the aforesaid, there are three main points of
the research subject. First, to study the processes of dynamic
loading formation of wet clutch plates. Second, to prove the ways of
durability increasing of wet clutch elements. Third, to improve the
existing method of multiplate clutches calculation considering
frequency characteristics and dynamic factors of loading.
Scientific novelty of the research involves to study conditions of
resonance appearance. By the way, to develop the ways for
eliminating resonant modes based on dynamics research of highly
nonlinear system at polyharmonic disturbances. These disturbances
are formed by a ICE or EM, by hydrodynamic processes in the
impeller-turbine space of the torque converter and by pulsation of
working liquid pressure in the oil supply circuit.

Fig. 1.Design model of the nonlinear system: the system
structure.
The scheme introduces the following notations: JICE, JTC, JD, JP
are moments of inertia of the engine, torque converter, drum and
plate; с1,с2 are rigidities of the pre-torque-converter zone damper
and transmission input shaft respectively; М(φ) is a nonlinear elastic
characteristics of plate-to-drum interaction; φ1; φ2; φ3; φ4 are
corresponding generalized coordinates of inertia masses. The
movement of the elements is described by the following system of
the differential equations (1):
𝐽𝐼𝐶𝐸 𝜑̈ 1 + 𝑐1 (𝜑1 − 𝜑2 ) = 𝐻0 + 𝐻𝑖 𝑠𝑖𝑛(𝜔𝑖 𝑡 + 𝛼𝑖 )
⎧
𝐽𝑇𝐶 𝜑̈ 2 − 𝑐1 (𝜑1 − 𝜑2 ) + 𝑐2 (𝜑2 − 𝜑3 ) = 𝐻т 𝑠𝑖𝑛(𝜔т 𝑡 + 𝛼т )
(1)
𝐽𝐷 𝜑̈ 3 + 𝑏(𝜑̇ 3 − 𝜑̇ 4 ) − 𝑐2 (𝜑2 − 𝜑3 ) + 𝑀(𝜑) = 𝑀С
⎨
⎩
𝐽𝑃 𝜑̈ 4 − 𝑏(𝜑̇ 3 − 𝜑̇ 4 ) − 𝑀(𝜑) = 𝐻𝐷
In this system Нi, ωi, αi are amplitudes, frequencies and initial
stages of engines harmonics respectively; Нj,ωj,αj are amplitudes,
frequencies and epoch angle of harmonics respectively, being
formed in the impeller-turbine space of the torque converter; МС is
a reduced torque of resistance to motion; НD is drag torque losses.
In the design model plate and drum connection is carried out on
the clearance fit centering according to the diameter of the reference
circle of teeth which providing axial movement of plate relatively to
the drum when engage or disengage. The design model of plate and
drum gear connection is shown in Fig. 2.

2. Analytical research of nonlinear system
dynamics
The dynamic problem is solved on the basis of mathematical
model of the system under study “Engine unit – Torque Converter –
Planetary Transmission Elements (conjugated drum and lined
plate)” (Fig. 1).
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is solved on the basis of studying two-mass mathematical model of
the nonlinear system “Drum – Plate”. This model accounts on
equivalent moment of inertia of TC turbine, elements of planetary
gear sets, pack of I plates, gap between plate and drum. The model
was modified to a nonlinear differential equation (2) after addition a
coordinate of the relative angular movement 𝜑

𝐽𝑑𝑟 𝜑̈ + 𝑏𝜑̇ + 𝑀(𝜑) = 𝑀(𝑡)

= 𝜑1 − 𝜑2 :

(2)
In this equation Jdr is a driven inertia moment
𝐽 ∙𝐽 ∙𝑖

�𝐽𝑑𝑟 = 𝐽 𝐷+𝐽𝑃 ∙𝑖�;
𝐷

frequency, oscillation amplitude and the hysteresis loop area (which
occures due to imperfectly elastic collision of the plate with the
drum, b=4.5 N.m.sec); M(t)is temporary function of the disturbing
torque formed by the engine, by the hydrodynamic processes in the
impeller-turbine space of the torque converter, by the pulsation of
working liquid pressure in the oil supply circuit; JP is a moment of
plate inertia; i is a number of plates. The moment of inertia Jdr
calculated with number of assumption. In this regard, the value Jdr is
determined by experimental data in compliance with the frequency
of its natural oscillations in the dynamic system.

Fig. 2.Design model of the nonlinear system: drum and plate
connection.
A nonlinear function - nonlinear elastic characteristics on
angular coordinate, is schematized (Fig. 3) and is accepted
symmetric with a gap, i.e.:

𝑀(𝜑) = �

b is a dissipation factor depending on a

𝑃

0 𝑎𝑡 |𝜑| ≤ 𝛿
с ∙ |𝜑| ∙ 𝑠𝑖𝑔𝑛(𝜑) 𝑎𝑡 |𝜑| > 𝛿.

3. Analysis of stability of nonlinear system
periodic solutions

The parameter δ was determined by engineering drawings
(δ=0,3 degrees); с is rigidity of the couple "plate tooth - drum
tooth" on the basis of modeling a stress-strain behavior of tooth
gearing of a plate with a drum (с=6.845·105 N·m/rad). For
determination of plate-to-drum rigidity it is necessary to define the
uniformity factor of loading between teeth. Mutual position of drum
relatively to plate has a periodic character during functioning. For a
quantitative evaluation of the disturbances formed by the nonlinear
system under the study, it is accepted that contact rigidity is defined
by one, two, three, etc. couples of teeth, and during the parallel
work of elements the rigidity is summarized.

It is known that the solution of the nonlinear equation (2) is
ambiguous and several stationary modes with various amplitudes

𝜑𝑖 = 𝜑𝑖 (𝑡) may be existed as well as unstable.

The analysis of stability is carried out with application of
parametrical oscillation approach. For this purpose the
mathematical model (2) is modified to Mathieu equation [5,6]:

𝜑̈ + 2𝜀𝜑̇ + 𝜔02 �1 −

𝑞𝑑𝑦𝑛 𝑐𝑜𝑠(𝑝𝑡)
𝑞𝑠𝑡

�𝜑 = 0

(3)

The equation does not take into account the presence of
dissipative forces. The moment of friction in off-mode, when plates
free rotate, is considered when determining a modulation parameter
in the formula

qд

qст

in formula (3) and determines the value of the

parameter h in the Ince-Strutt diagram. Evaluation of the numerical
values of dissipation coefficient b in the system of equations (1),
arising as a result of inelastic interactions of the plate with the
drum, has no significant effect on the value of the natural frequency
of the dynamic system and unsignificantly reduces the instability
area in the Ince-Strutt diagram (Fig. 5, blue line) .

Fig. 3.Idealization of the nonlinear function, dependence of the
moment on an angular coordinate (nonlinearity with a clearance).
The results of modeling the systems dynamics are shown in Fig.
4.

In this equation =

𝑏

2𝐽𝑑𝑟

2

; 𝜔0 is a square of natural oscillations

frequency of the nonlinear system corresponding to the value of
harmonic linearization factor qdyn; p is external forcing frequency.
The rigidity of nonlinear interaction «Drum-to-Plate» was taken

2𝜇 =

as modulation depth

𝑞𝑑𝑦𝑛(𝐴)
𝑞𝑠𝑡(𝐴)

. The numerator was

determined by four-mass-model solution. The dominator was
determined according to the drag torque.
For the assumed values of the amplitudes of angular oscillation
values q dyn(A) stiffness (A) and 𝑞𝑠𝑡(𝐴) (A) determined by the
method of harmonic linearization (4) for the above non-linearity
(Fig. 3):

𝑞(𝐴) = с0 −

Fig. 4.Results of modeling the system dynamics.
The results of the computational solution of the system (1) show
that nonlinear high-frequency interaction plate-to-drum generates a
wide disturbing forced spectrum (from 0 to 6,000 Hz) with high
power. Thus, the spectrum of forced frequencies crosses the
spectrum of the system natural frequencies. By the way, this
spectrum crosses forms of plate oscillations (if system is considered
as system with the distributed parameters). This fact can provide
generation of resonant oscillations of plates. The analysis for
eliminating of resonances appearance was performed. This problem

2с0
𝜋

𝛿

𝛿

𝛿2

�𝑎𝑟𝑐𝑠𝑖𝑛 𝐴 + 𝐴 �1 − 𝐴2 �,(4)

where А is an angular oscillation amplitude; δ is a gap (play). It

is important to note that an assumed value in computation 𝑞𝑑𝑦𝑛(𝐴)

gives the value 𝜔0 within the range between 600 and 700 Hz,
which is close enough to the lowest natural frequency (the second
form of oscillations of the multiplate clutch lined plate) of the
transmission under study.
Next, the Mathieu equation was modified to the parameters of
the Ince-Strutt diagram a and h (Fig. 5). Entering the parameters of
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rigidity modulation depth μ and the frequency of its alternation p,
Mathieu equation without taking into consideration dissipation is
modified to (5):
𝜑̈ + [𝑎 − 2ℎcos(2𝜏)]𝜑 = 0. (5)
In this equation a and h are parameters (abscissa and ordinate)
of Ince-Strutt diagram (Fig. 5): 𝑎

2𝜔 2

=�𝑝�

; h=

out filtration of the high-frequency disturbances generated in the
system and vibroprotection of the drum and multiplate clutch
elements. As a result a low-frequency filter is synthesized. The
results of the synthesis are implemented, for example, in the form of
development of the torsion damper, which can be installed between
a turbine wheel of the torque converter and input shaft of the
planetary gearbox.
During the research an experimental test was carried out. This
test proved the idea about exclusion of a high-frequency disturbance
by means of low-frequency filter. The object of the research was the
hydromechanical transmission, in which the plates of one of
multiplate clutches in this transmission were in resonant mode at a
frequency of 456 Hz due to nonlinear disturbance from electric
motor and resulting torsional vibrations (Fig. 7). Two torque
measurement sensors were installed in the transmission. The first
one was connected with the shaft which is separated from the
multiplate clutch by torsion damper (sensor A). The second sensor
measured torsion torque of the shaft, which had rigid kinematical
connection with the drum of the multiplate clutch under study. The
electric motor was a source of vibrations in the transmission. The
results of the test show that sensor A did not register oscillations at
the resonant frequency of 456 Hz, but sensor B did. This proves
efficiency of the suggested method of exclusion of resonant
oscillations (as superharmonic) in non-linear system due to
installation of torsion damper (which operates in the capacity of a
low-frequency-filter).

𝑎𝜇 ; 2𝜏 =

𝑝𝑡. Such representation allows tor analyze stability of parametrical
oscillations according to the specified diagram and according to the
positions of points with given coordinates a and h.
On the diagram the instability regions are shaded, stability
regions are not shaded. In the Figure 5 a straight line 1 characterize
the function h=

𝑎𝜇 of the dynamic system “Drum - Plate” under
study, (р=1,200 and 680 Hz, 𝜇 = 1.275). As it comes from the
diagram practically in all the range of functioning Line 1 is in
instability region. This means that parametric oscillations take
place.

Fig. 5.Ince-Strutt diagram for the system under study.
For a simplification of data analysis in the diagram the scale of
natural frequency to forcing frequency ratio is changed in addition
𝜔� . For analysis simplification the diagram was redrawn in the
𝑝
dependence of depth rigidity on frequencies relation (see Fig. 6).
Fig. 6 shows zones of the main and the second parametrical
resonances (the shaded areas) with damping logarithmic decrement
of attenuation Δ=0.3.

Fig. 7. Screenshot of the spectrum analyzer to confirm the idea
of exclusions high-frequency perturbations due to the use of lowpass filter
Figure 8 shows the results of "Engine – Torque Converter –
Drum – Plate" nonlinear system dynamics modeling after
performing actions connected with tuning out parametrical resonant
oscillations according to suggested way. Comparing the results of
modeling (Fig. 4 and Fig. 8) it is evident that the power of
disturbing spectral density generated by the system is reduced in
comparison with the initial one over 2,5 times, and the amplitude of
the moment decreases over 3 times. The assessment of fatigue
durability of the plate design shows that if tuning parametrical
resonances by the suggested way, the plate resource raises
enormously.

Fig. 6 - Zones of stability in relation to forcing frequency p for
the main and the second parametrical resonance.
As follows from the diagram, it is possible to prevent
parametric oscillations in two ways. First, to increase dissipation in
the system. On the diagram it is reflected as lifting of the tips above
abscissa axis. And second, to reduce rigidity depth to less than 0,1.
The first way is structurally pointless. The second one is possible.
Structurally it may be realized by installation of a filter of lowfrequency oscillations which will not let high-frequency
disturbances generated to be transferred to the drum. This analytical
conclusion received on the basis of the Ince-Strutt diagram, analysis
is verified when performing computational modeling according to
the model (1).
Besides, the required values of the modulation depth and natural
frequency of the system providing expansion of the stability zone
are established. For the system under study decrease in modulation
depth parameter μ up to the value 0.1 (Line 2 in Fig. 5) allows to
narrow essentially the range of parametrical resonant oscillation.
The variation of modulation depth parameter μ is implemented by
introduction of the low-frequency oscillation filter, which carries

Fig. 8.The results of "Engine – Torque Converter – Drum –
Lined Plate" nonlinear system dynamics modeling, after performing
actions connected with tuning out parametrical resonant
oscillations by suggested way.
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Summary
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increases durability of multiplate clutch plates.
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A METHOD OF VEHICLE-PEDESTRIAN ACCIDENT RECONSTRUCTION
Eng. Lyubenov D.A., PhD
Faculty of Transport, Department of Transport – University of Ruse, Bulgaria
E-mail: dliubenov@uni-ruse.bg
Abstract: In this work a method of vehicle-pedestrian accident reconstruction in case of unlimited driver visibility and accelerating
vehicle moving is presented. This method presents are mathematical models for determining the pedestrian visibility time, vehicle speed at
the moment of impact, time to vehicle move from the moment of the hazard occurrence until the moment of impact, the vehicle distance from
the place of impact, stopping distance, etc.
Keywords: ROAD TRAFFIC CRASHES, VEHICLE, PEDESTRIAN, ACCIDENT RECONSTRUCTION

1. Introduction
Fig. 1 shows a sketch of the place of an accident between a car
and a pedestrian. The sketch is prepared according to the protocol
for inspecting the accident. If necessary, the expert can make
additional measurements of various elements of the road
infrastructure. The accident occurred at the intersection. Before the
occurrence of the accident the car was stopped and waited enable
traffic signal for starting and crossing the road intersection. In this
traffic accident from the moment of starting to the point of impact
the vehicle was acceleration moving.

According to World Health Organization about 1.25 million
people die each year as a result of road traffic crashes, 90% of the
world's fatalities on the roads occur in low- and middle-income
countries, even though these countries have approximately half of
the world's vehicles and аlmost half of all deaths on the world’s
roads are among those with the least protection – motorcyclists
(23%), pedestrians (22%) and cyclists (4%). Road traffic injuries
are the leading cause of death among young people, aged 15–29
years [7].
In Bulgaria during the first ten months of 2015 were registered
6054 serious accidents. The distribution of accidents on main
reasons shows that the highest share of these have occurred due to
violations of drivers - 96.4%. The distribution of accidents by type
shows that approximately 27% of accidents are vehicle-pedestrian
accident [8].
Expertise is a procedural regulated activities carried out at the
request of the competent authority of persons who possess special
knowledge and skills to study certain subjects. Special knowledge is
the knowledge that simultaneously meet the following
requirements: not legal; not well known. They received the result
of theoretical knowledge and practical experience in a particular
discipline. Traffic accident reconstruction is an essential element of
the investigation of road accidents and lawsuits.

Fig. 1. Vehicle-pedestrian accident place

The positions of fig. 1 have the following meaning: position 1 –
the location of a pedestrian after impact; position 2 - the location of
the vehicle after the collision with the pedestrian; position 3 scattered pieces of glass and plastic on the road.

The aim of this work is to present a method of vehiclepedestrian accident reconstruction in case of unlimited driver
visibility and accelerating vehicle moving.

The method of vehicle-pedestrian accident reconstruction in
case of unlimited driver visibility and accelerating vehicle moving
includes the following basic steps:

2. Method and Discussion

2.1. Determination of the location of the beginning of the
impact

Vehicle-pedestrian accident can be classified by various signs
and conditions, depending on what part of the car hit the pedestrian;
under the terms of visibility; according to the character of the
movement of the car; according to the movement of the pedestrian
in relation to the vehicle and the road and etc.

The point of impact between the pedestrian and the car is the
place of a pedestrian on the road at the time of initial contact with
the car. It is determined by a variety of case data - various evidence
and items found at the scene of an accident, sketch of the accident
scene, prepared according to the protocol of view of traffic accident,
data from witnesses who were eyewitnesses to the accident, forensic
medical report and other data.

There are various approaches and methods for the vehiclepedestrian accident reconstruction [1-6]. Many of them are focus on
analysis of accident with a pedestrian when the vehicle is moving at
a constant speed or deceleration vehicle moving. Sometimes in
urban areas occur accident in which the car moves accelerating and
hitting crossing roadway pedestrian. The reasons for such a
mechanism of occurrence of accidents in which the driver does not
operate the brake and the car does not start deceleration in the event
of hazard are different. These can be a distraction to the driver,
insufficient experience of driving fast changing road situation
insufficient time for the work of the braking system technical faults
of vehicle and others.

The place of impact can be determined also using mathematical
relationships between vehicle speed at the time of impact and the
distance of the rejection of a pedestrian. If near the accident place is
located traffic cameras or security cameras at different sites, records
of these cameras can help to determine accurately the place of
impact and the mechanism of progress of the traffic accident.
Fig. 2 shows a sketch of the same accident. On this sketch
indicated the location of the vehicle (position 3) and the location of
a pedestrian (position C) at the moment of impact.

The study and analysis of such accidents required to be used
different methods. Otherwise, results and reports made will be
inaccurate.
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2.7. Determination of the time for the movement of the car
to the moment of impact
This time under constant acceleration motion can be determined
by one of the following relations:
-

timp = Vimp / a , s;

(3)

-

timp = 2 S1 / а , s.

(4)

2.8. Comparing pedestrian visibility time tp with time to
move the car to the moment of impact timp

Fig. 2. Location of the vehicle (position 3) and pedestrian (position C) at the
moment of impact

In this comparison are possible two practical cases:

2.2. Determination of the distance, traveled by а pedestrian
from the moment of occurrence of a traffic hazard to until the
moment of impact

- If tp ≥ timp follows that the pedestrian was entered on the road
at the time of starting the car. For this case a traffic hazard was
occurring at the time of starting the car. The accident was
preventable if the vehicle has started to move after passing a
pedestrian.

The determination of the moment of occurrence of a traffic
hazard is a legal question. Most often this is the moment of entry of
a pedestrian on the roadway (position B, Fig. 3). It may be referred
to another moment of occurrence of a traffic hazard by the
investigating authority or court. Тhis moment could be earlier, when
the pedestrian has not yet reached the roadway, but the driver of the
car has been able to see a pedestrian

- If tp < timp follows that the pedestrian was entered on the road
when the car has started. This option calculations continue.

2.9. Determination of the time for the movement of vehicle
from the moment of start until the moment of occurrence of a
traffic hazard

The distance, traveled by а pedestrian from the moment of
occurrence of a traffic hazard until the moment of impact is
indicated by S in fig. 2. It is determined by scale sketch or the
geometry of the road in accordance with the place of impact.

The moment of vehicle start is shown in fig. 2, position 1. The
moment of occurrence of a traffic hazard is shown in fig. 3, position
2.

2.3. Determination of the pedestrian speed
The pedestrian speed depends mainly on their age, sex and pace
of movement (normal move, running, etc.). If the case file has
additional information on a pedestrian, relating to his speed of
movement it should take account. In accordance with written above
the pedestrian speed is determined by reference or experimental
studies.
2.4. Determination of the pedestrian visibility time
The pedestrian visibility time is the time during which
pedestrian was on the roadway at the time of occurrence of a traffic
hazard until the moment of impact. The pedestrian visibility time
can be calculated by the formula

tp =

S
,s
Vp

Fig. 3. Location of the vehicle and a pedestrian at the time of
occurrence of a traffic hazard

(1)

The time for the movement of vehicle from the moment of start
until the moment of occurrence of a traffic hazard can be
determined by the following relationship

where S is the distance, traveled by а pedestrian from the moment
of occurrence of a traffic hazard until the moment of impact, m; Vp pedestrian speed, m/s;

t 2 = timp − t p , s

2.5. Determining the distance, traveled by a car from the
moment of start until the moment of impact

2.10. Determination of the vehicle speed at the time of
occurrence of a traffic hazard

The distance S1, traveled by a car from the moment of start
(position 1, Fig. 2) until the moment of impact (position 3, Fig. 2)
can be determined by scale sketch. If necessary, this distance can be
determined by measuring the scene of an accident.

This vehicle position is shown in fig. 3, position 2. This speed
can be determined by the following relationship

V2 = at 2 , m/s2

2.6. Determination of vehicle speed at the moment of impact

(6)

2.11. Determination of the distance of the car from the place
of impact at the time of occurrence of a traffic hazard

There are various dependencies and methods for determining
this speed. In this case, the vehicle speed at the moment of impact
can be determined by the following relationship

Vimp = 2 S1а , m/s

(5)

The position of the vehicle at the moment of impact with the
pedestrian is shown in fig. 2, position 3. This distance can be
determined by the following relationship

(2)

 Vimp + V2  , m
t p
S 3 = 
2



where а is the acceleration of the car, m/s2; S1 - the distance,
traveled by a car from the moment of start until the moment of
impact, m.
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(7)

traffic safety", financed by fund "Scientific Research" University of
Ruse.

2.12. Determination of the vehicle speed at initiation of
braking
The initiation of braking of the vehicle is the moment of
occurrence of a braking deceleration. The vehicle speed at initiation
of braking can be determined by the following relationship

V3 = V2 + atib , m/s
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where tib is the total time which is necessary the driver to initiation
of braking

tib = tdrt + tvrt + 0,5tinc , s

(9)

where tdrt is the driver reaction time, s; tvrt – the vehicle reaction
time, s; tinc – the time for increase the braking deceleration, s;
The driver reaction time is made up of human perception time how long the driver takes to see the hazard, and the brain realize it
is a hazard requiring an immediate reaction and the human reaction
time - how long the body takes to move the foot from accelerator to
brake pedal. The vehicles reaction time depends on the brake pedal
free-play, hydraulic properties of the brake fluid and working order
of the braking system.
2.13. Determination of the vehicle stopping distance
The vehicle stopping distance in this case is determined by the
following relationship

V ,m
 V + V3 
Sd =  2
tib +
2
2
adec


2
3

(10)

2.14. Determination of the opportunity to prevent the
accident by stopping the vehicle
Тhe possibility to prevent the accident by stopping the vehicle
is checked by comparing the vehicle stopping distance and the
distance of the car from the place of impact at the time of
occurrence of a traffic hazard

CONTACT
Daniel A. LYUBENOV. Department of Transport – University
of Ruse, 8 Studentska Str., 7017 Ruse, Bulgaria. E-mail:
dliubenov@uni-ruse.bg

If the vehicle stopping distance is less than or equal to the
distance of the car from the place of impact at the time of
occurrence of a traffic hazard is that the driver had the technically
possible stop before the place of impact.
If the vehicle stopping distance is greater than the distance of
the car from the place of impact at the time of occurrence of a
traffic hazard is that the accident was unpreventable through
braking. For this version of the development of the accident can be
checked and the possibility pedestrian to cross in front of the car
and leave his lane of travel.

3. CONCLUSION
In this work а method of vehicle-pedestrian accident
reconstruction in case of unlimited driver visibility and accelerating
vehicle moving is presented. Described a methodical sequence of
work. Presented are analytical relationships for calculation of
various parameters needed for vehicle-pedestrian accident
reconstruction.
This method can be used by accident investigators and in the
training of specialists for accident reconstruction experts.

The article reflects the results of the work on Project No 2016 FT - 03 on "Study of the simulator for driver training to improve
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SIMULTANEOUS RESONANCE CASES IN A PITCH – ROLL SHIP MODEL.
PART 1: FIRST – ORDER APPROXIMATE SOLUTIONS
Assoc. Prof. Dr. Deleanu D.
Faculty of Naval Electro mechanics - Maritime University of Constanta, Romania
dumitrudeleanu@yahool.com
Abstract: In the paper, a two-degrees-of-freedom ship model with quadratic coupled pitch and roll modes under sinusoidal harmonic
excitation is considered. The Multiple Scales perturbation technique is applied to yield the first-order expansions for the special internal
resonant case where the pitch frequency is twice the roll frequency. Increasing the wave frequency from zero to infinity, five resonant
situations are detected. For each case, the governing equations for the transition towards the steady-state solutions, the first-order
approximations for these solutions and the frequency-amplitude relationships are presented. A detailed analysis is performed only for the
case where the excitation frequency is half of the roll frequency. The reliability of the analytical results derived in the paper is checked in a
companion contribution by comparison with numerical solutions.
Keywords: SHIP ROLLING AND PITCHING, MULTIPLE SCALES, INTERNAL AND EXTERNAL RESONANCES
different scenarios to appear when the excitation frequency is
increased from zero to infinity. We describe in some detail the
solution for the secondary resonance Ω ≈ ω 1 / 2 and present the
first – order approximations for the other cases of interest, namely
Ω ≈ 0 , Ω ≈ ω 1 , Ω ≈ ω 2 , Ω ≈ ω 1+ ω 2 and Ω far from the
mentioned values. In a companion contribution, we verify the
accuracy of the analytical approximations derived in the paper by
contrasting them with the numerical solutions [9].

1. Introduction
A ship in waves, seen as a floating rigid body, has six degrees
of freedom (called surge, sway, heave, roll, yaw and pitch), so its
motion is extremely complicated and difficult to predict. Accurate
calculation of ship – wave hydrodynamic interactions leads to
strongly non – linear models, whose analysis is almost very
cumbersome and has a computational cost remarkably high.
Between the six oscillatory motions of the ship, the most
obvious are rolling and pitching. Roll is of maximum interest
because with a typical hull-form, it is the least damped of the
motions, hence the roll angle amplitude can be large enough to
affect the ship’s stability and even to capsize it. Pitch is also
important because in heavy sea conditions it can cause the bow to
come out of the water, then slam it hard in the water, and
introducing enormous efforts in the ship structure. The other
motions are typically heavily damped [1].
Various models with two or three degrees of freedom, including
rolling and pitching, have been proposed by different authors. Thus,
Ghadimi et al. have developed a model for the analysis of
simultaneous heave, pitch and roll motions of planning vessels in
regular waves [2]. Haddara and Xu have investigated the free
response of a heaving and pitching ship from its stationary response
to random waves [3]. Eissa et al. have modeled the interaction of
heave and roll by a mass-spring-pendulum system where the effect
of waves was included by a periodic forcing term [4]. Pan and coworkers have studied non-stationary responses of a ship model with
nonlinearity coupled pitch and roll under modulated excitation. In
their model, the differential equations of motion for a ship
restrained to pitch and roll modes are as follows
••

Because the governing system (1) is weakly nonlinear, we
employ the Multiple Scales method to determine its approximate
solutions. Thus, we consider two time scales, namely the fast time
T 0 = t and the slow time T 1= ε t , and expand the dependent
variables x 1 , x 2 and their derivatives in power series in the small
parameter ε
x 1= x 10 (T 0, T 1 ) + ε x 11 (T 0, T 1 ) + ...
x 2 = x 2 0 (T 0, T 1 ) + ε x 21 (T 0, T 1 ) + ...

•

(2)

2

d
d
= D 02 + 2ε D 0 D 1+ ...
= D 0 + ε D 1+ ... ,
dt
dt2

where D i =

•

x 1+ 2 ε µ 1 x 1+ ω 12 x 1+ ε α 1 x 1 x 2 = F 1 cos Ω t

••

2. First – order uniform expansions with Multiple
Scales method

∂
∂2
∂2
, D i2 =
, and D i D j =
, i, j ∈ {1, 2} .
2
∂T i
∂ T i ∂T j
∂Ti

In what follows, we treat separately the six mentioned situations
beginning with the external resonant cases, and closing with the
non-resonant one. For the sake of space, an extended solution of the
problem is presented only for the first analyzed case.

(1)

x 2 + 2ε µ 2 x 2 + ω 22 x 2 + ε α 2 x 12 = F 2 cos Ω t

where x 1 and x 2 are the roll and pitch modal amplitudes, µ 1 and

The case Ω ≈ ω 1 / 2

µ 2 the modal damping coefficients, ω 1 and ω 2 the natural
angular frequencies, Ω the excitation (wave) frequency, F 1 and
F 2 the excitation force amplitudes, α 1 and α 2 the coefficients of
nonlinear terms, and ε a small parameter [5, 6]. Finally, the dots
stand for the differentiation with respect to time t and all the
coefficients in (1) depend on fluid parameters, ship’s characteristics,
etc. Kamel has applied the multiple scales method for finding the
approximate response of system (1) in the special case of internal
resonance ω 2 ≈ 2 ω 1 associated with the combined external
resonance ω 1+ ω 2 = Ω [7]. Continuing the work of Kamel for
giving a picture of the various possible cases, Deleanu has
investigated the primary resonance ω 1≈ Ω [8].
In the paper we retain the condition that the pitch frequency is
twice the roll frequency and make a complete analysis of the

This case corresponds to a secondary resonance because a small
- divisor term appears in the second order term, x 11 [8].
Substituting (2) into (1) and equating coefficients of similar powers
of ε , one obtains the following set of linear partial differential
equations which can be solved successively
 D 02 x 10 + ω 12 x 10 = F 1 cos ΩT 0

ε0

 D 02 x 20 + ω 22 x 20 = F 2 cos ΩT 0

 D 02 x 11+ ω 12 x 11= −2 D 0 D 1 x 10 − 2 µ 1 D 0 x 10 − α 1 x 10 x 20

ε1

2
 D 02 x 21+ ω 22 x 21= −2 D 0 D 1 x 20 − 2 µ 2 D 0 x 20 − α 2 x 10

The first order solutions of (3) have the form
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(3)

(4)

Λ1
exp(i ΩT 0 ) + cc
2
Λ
x 20 = A 20 (T 1 )exp(i ω 2 T 0 ) + 2 exp(i ΩT 0 ) + cc
2

functions a n ,ϕ n, n = 1, 2 tend to constant values as time t is large
enough [10-12]. If we insert these values into (12), we obtain the so
- called steady – state solutions, which are periodic with frequencies
2Ω and 4 Ω . To obtain the steady-state solutions we have two
choices. First, we can integrate for a large enough period of time.
Second, we can use the fact that a n ,ϕ n, n = 1, 2 , are constants, set

x 10 = A 10 (T 1 ) exp(i ω 1 T 0 ) +

(5)

where cc stand for the complex conjugates of the preceding terms
and Λ n = F n / ω n2 − Ω 2 , n = 1, 2 . To express the closeness of Ω to

(

)

•

2 Ω = ω 1+ ε σ 1 , ω 2 = 2ω 1+ ε σ

sin 2 ϕ n + cos 2ϕ n = 1 , so we get a system of equations in the
amplitudes a n , n = 1, 2 , called frequency – response equations

(6)

2

µ 22 + (2σ 1− σ

Introducing (5) and (6) into (4), one obtains

(D + ω )
2
0

(

2
1

D 02 + ω 22

α ΛΛ

x 11= − 2 i ω 1 (D 1 A 10 + µ 1 A 10 ) − 1 1 2 exp(i σ 1 T 1 ) −
2


)x

]

− α 1 A 10 A 20 exp(i σ 2 T 1 ) exp(i ω 1 T 0 ) + NST 1

21=

[− 2iω 2 (D 1 A 20+ µ 2 A 20 ) −α
⋅ exp(i ω 2 T 0 ) + NST 2

2
2 A 10 exp

(− i σ 2 T 1 )]

− 2iω 2(D 1 A 20 + µ 2 A 20 ) − α

2
2 A 10 exp

2

(7)

(

a 2 η '2 =

α

4ω 2


 =0



x 10 = A 10 (T 1 )exp(i ω 1 T 0 ) +
(10)

2

F1
exp(i σ T 1 ) + cc
2ω 12

F
x 20 = A 20 (T 1 )exp(i ω 2 T 0 ) + 22 exp(i σ T 1 ) + cc
2ω 2

(14)

(15)

Inserting it in (4) and preventing the secular terms, one gets the
system describing the motion in the transient stage

α 1 a1a 2
sin ϕ 2
4ω 1
α a a
α a F
a 1 ϕ 1' = 1 1 2 cos ϕ 2 + 1 1 22 cos σ T 1
4ω 1
2ω 1 ω 2

a 1' = − µ 1 a 1−

where ϕ 1= σ 1T 1− η 1, ϕ 2 = σ 2 T 1+ η 2 − 2η 1 , and primes denote the
differentiation with respect to slow time T 1 .
Observing that ϕ 1' = σ 1− η 1' , ϕ '2 = σ 2 + η '2 − 2η 1' , the second and
the fourth equations (10) may be rewritten as

α 1Λ1Λ 2
α a a
cos ϕ 1− 1 1 2 cos ϕ 2
4ω 1
4ω 1

α
α a Λ Λ
α
−
a 2 ϕ '2 = a 2 σ 2 − 1 2 1 2 cos ϕ 1+ 

2 a 1ω 1
2ω 1
 4ω 2
2
2 a1

2
1a 2


 cos ϕ 2



a '2 = − µ 2 a 2 +

α 2 a 12
sin ϕ 2
4ω 2

α a2 α a2
a 2 ϕ '2 = a 2 σ 2 +  2 1 − 1 2
2ω 1
 4ω 2

(11)

(16)


 cos ϕ 2 − α 1 a 2 F 2 cos σ T 1

ω 1 ω 22


Comparing the first and the third equation, we easily observe
that the only steady-state solution is a 1= a 2 = 0 . Thus, the longterm behavior is described by the laws

Thus, the first – order approximate solution for the system (1) is
as follows
x 1= a 1 cos(ω 1 T 0 + η 1 ) + Λ 1 cos Ω T 0 =
x 2 = a 2 cos(ω 2 T 0 + η 2 ) + Λ 2 cos ΩT 0 =

)

)

The smallness of external frequency may be explicitly
introduced in the equations by means of a detuning parameter, σ ,
so that Ω = ε σ . But now cos Ω t = cos σ T 1 , such that the solution
of (3) is

sin ϕ 2

= a 1 cos(2 Ω t − ϕ 1 ) + Λ 1 cos Ω t

)

The case Ω ≈ 0

α 2 a 12
cos ϕ 2
4ω 2

a 1 ϕ 1' = a 1 σ 1−

(

(

Generally, it has only one acceptable solution a 1 which

a 1' = − µ 1 a 1−

a '2 = − µ 2 a 2 +

2

increases almost linearly with f 1 .

Inserting (9) into (8) and separating real and imaginary parts
gives the following first order differential system of equations

2
2 a1

2
2

α Λ Λ
+ µ 12 + σ 12 a 12 −  1 1 2
 4ω 1

(9)

α 1 a1a 2
α Λ Λ
sin ϕ 2 − 1 1 2 sin ϕ 1
4ω 1
4ω 1
α a a
α Λ Λ
a 1 η 1' = 1 1 2 cos ϕ 2 + 1 1 2 cos ϕ 1
4ω 1
4ω 1

2

α 12 α 22
α α (µ µ + σ 1 (σ 2 − 2σ 1 )) 4
a 16 + 1 2 1 22
a1+
2
2
256 ω ω µ 22 + (σ 2 − 2σ 1 )
8ω 1ω 2 µ 2 + (σ 2 − 2σ 1 )
2
1

(8)

1
a n (T 1 )exp(iη n (T 1 )), n = 1, 2
2

(13)

into the second, yields a cubic equation in a 12

We consider now the polar forms of the functions A n 0, n = 1, 2
A n 0 (T 1 ) =

2

Substituting a 22 / a 12 from the first equation (13) and inserting

eiσ 1 T 1 = 0

(− iσ 2 T 1 ) = 0






2

terms. The later, in (7), will vanish if and only if the coefficients of
exp(i ω n T 0 ), n = 1, 2 , are equal to zero

α 1Λ 1Λ 2

 α 1 a 12
 4ω 2 a 2

2

2) =

2 
2




 µ 1+ µ 2 α 1 ω 2 a 2  +  σ 1+ (σ 2− 2σ 1 ) α 1 ω 2 a 2  =  α 1 Λ 1 Λ 2 
2 
2



α 2 ω 1 a1  
α 2 ω 1 a 1   4ω 1 a 1 


where NST 1, 2 stand for the terms which do not produce secular

− 2iω 1(D 1 A 10 + µ 1 A 10 ) − α 1 A 10 A 20 e i σ 2 T 1 −

•

a n = ϕ n = 0, n = 1, 2 , in (11) and solve for sin ϕ n and cos ϕ n . But

ω 1/ 2 and of ω 2 to 2ω 1 we introduce the detuning parameters
σ 1 and σ 2 as follows

x 1=
(12)

= a 2 cos(4 Ω t + ϕ 2 − 2ϕ 1 ) + Λ 2 cos Ω t

F1

ω 12

cos Ω t , x 2 =

F2

ω 22

cos Ω t

(17)

The case Ω ≈ ω 1

where the amplitudes a n , n = 1, 2 , and phases ϕ n , n = 1, 2 , are
given by (10) and (11) after returning to the normal time t. The

This time we face with a primary resonance because the smalldivisor terms appear firstly in the term x 10 . The case was discussed
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extensively in [8] so we reproduce here only the main results. Thus,
the first-order approximation for the solution of (1) is written as
x 1= a 1 cos(Ω t − ϕ 1 ), x 2 = a 2 cos(2 Ω t + ϕ 2 − 2ϕ 1 ) + Λ 2 cos Ω t (18)

•

a 2 = −ε µ 2 a 2 +

ε α 1a1a 2
F1
cos ϕ 1−
cos ϕ 2
2ω 1
4ω 1

(19)

 ε α 2 a 12 ε α 1 a 22
a F
a 2 ϕ 2 = a 2 (ω 2 − 2 ω 1 ) + 2 1 cos ϕ 1+ 
−
 4ω
2ω 1
a1ω1
2


a 1= −ε µ 1 a 1−

•
 ε α 2 a 13 ε α 1 a 1 a 2
−
a 1 ϕ 1= a 1 (ω 2 − 2 ω 1 ) + 
 4ω a
2ω 1
2 2


•

a 2 = −ε µ 2 a 2 +

In the case of this primary resonance, the system (1) evolves
according to the laws
 Ω t − ϕ 1− ϕ 2 
x 1= a 1 cos
 + Λ 1 cos Ω t , x 2 = a 2 cos(Ω t − ϕ 1 )
2



(20)

9 µ 12 + (σ 1+ σ



(21)

9µ

ε α 2 a 12
F
sin ϕ 2
a 2 = −ε µ 2 a 2 + 2 sin ϕ 1+
2ω 2
4ω 2

2
2+



2
2 3α 1 a 2


2 ) = (a 1+ Λ 1 ) 


(2 σ 1− σ 2 )

2

2

= (a 1+ 2 Λ 2 )

•

ε α 1 a 22


 cos ϕ 2



α1

ε 2 µ 22 + (ω 2 − Ω )2

x 1= a 1 cos(ω 1 t + ϕ 1 ) + Λ 1 cos Ω t

x 2 = a 2 cos(2ω 1 t + ϕ 2 + 2ϕ 1 ) + Λ 2 cos Ω t

•

a 1= −ε µ 1 a 1−
•

As F 2 increases over F 2, cr , the pitch mode is saturated

2

ε α 2 a 12
sin ϕ 2
4ω 2

(29)

•
 ε α 2 a 12 ε α 1 a 22 
 cos ϕ 2
a 2 ϕ 2 = a 2 (ω 2 − 2 ω 1 ) + 
−
2 ω 1 
 4ω 2

(amplitude a 2 remains constant), and the extra energy introduced
in system contributes to the roll mode. For this second stage, the
frequency – response equations have the form
σ +σ  α a 
µ 12 +  1 2  =  1 2 
2   4ω 1 


(28)

•
εα 1a1a 2
εα 1a1a 2
sin ϕ 2 , a 1 ϕ 1=
cos ϕ 2
4ω 1
4ω 1

a 2 = −ε µ 2 a 2 +

(23)

2 ω 2 ε 2 µ 22 + (ω 2 − Ω )2

(27)

where the amplitudes a n , n = 1, 2 , and phases ϕ n , n = 1, 2 , are
obtained from

(22)

proportional with F 2 ,
a 2=

2

The first – order approximations for the solution of (1) are
written as

the roll amplitude a 1 is null, while a 2 increases directly

F2






The case Ω far from 0, ω 1/ 2, ω 1, ω 2 and ω 1+ ω 2

A careful inspection of (21) reveals an interesting behavior,
suggested by Nayfeh and co-workers [11]. If the excitation
amplitude F 2 is smaller than the critical value
2

3α 2 a 1

 4ω a
2 2


where 2Ω = ω 1+ ω 2 + ε σ 1 , ω 2 = 2ω 1+ ε σ 2 .

 εα
F2
cos ϕ 1+ 
−
2ω 2
2ω 1
 4ω 2

 Ω − 2ω 1 

 2ε 

2

 4ω 1 a 1 

•

µ 12 + 


 cos ϕ 1−



The frequency-response equations are written as

εα 1a1a 2
sin ϕ 2
a 1= −ε µ 1 a 1−
4ω 1
•

2
2 a1

(26)

ε α 2 a 12
ε α 2 a1 Λ1
sin ϕ 1−
sin ϕ 2
4ω 2
2ω 2

•
 ε α 2 a 12 ε α 1 a 22
+
a 2 ϕ 2 = a 2 (Ω − ω 1− ω 2 ) − 
 4ω
4ω 1
2

2
 εα 2 a1 Λ1 εα 1 a 2 Λ1 
 cos ϕ 2 .
−
+

2ω 2
4ω 1 a 1 


The transient towards the steady-state is governed by the
differential equations

F 2 a1
ε α 2 a 13
a 1 ϕ 1= a 1 (Ω − ω 2 ) +
cos ϕ 1−
cos ϕ 2
2ω 2 a 2
4ω 2 a 2


 cos ϕ 1−



 ε α 2 a 12 Λ 1 ε α 1 a 2 Λ 1 
 cos ϕ 2
−
+
 2ω a

2ω 1
1 2



The case Ω ≈ ω 2

8ω 1 ω 2

(25)

εα 1a1a 2
ε α 1 a 2 Λ1
sin ϕ 1−
sin ϕ 2
4ω 1
4ω 1

•


 cos ϕ 2



It is almost identical to (10), the only difference being the
ε α 1Λ1Λ 2
. The same change is
replacement of F 1 with −
2
necessary in frequency-response equations’ writing.

F 2, cr =

2

with amplitudes and phases given by

•

a 2 ϕ 2 = a 2 (ω 2 − 2 ω 1 ) −

α 1 ω 2 a 22   α 1 a 2 f 2 
=
α 2 ω 1 a 12   2α 2 ω 1 a 12 

 Ω t − ϕ 1− ϕ 2 
x 1= a 1 cos
 + Λ 1 cos Ωt
3


2
Ω
t
+
−
ϕ
ϕ

1
2 
x 2 = a 2 cos
 + Λ 2 cos Ω t
3



ε α 2 a 12
sin ϕ 2
4ω 1

•

−σ 1

For this compound secondary resonance, Kamel [7] found the
first-order solution

εα 1a1a 2
F
sin ϕ 2 + 1 sin ϕ 1
a 1= −ε µ 1 a 1−
4ω 1
2ω 1
•

a 1 ϕ 1= a 1 (Ω − ω 1 ) +

2

The case Ω ≈ ω 1+ ω 2

where the amplitudes a n , n = 1, 2 , and phases ϕ n , n = 1, 2 are the
steady-state solutions of the following system

•

2

2

2 


 µ 1+ µ 2 α 1 ω 2 a 2  +  σ 1+ σ
2 

α 2 ω 1 a 1   2


The only steady-state solution is characterized by a 1= a 2 = 0 , so
the system (1) oscillates in accordance with the laws
x 1= Λ 1 cos Ω t , x 2 = Λ 2 cos Ω t

2

(24)

(30)

Remark: We should observe that the solution (30) is the same as
that achieved in the case Ω ≈ 0 .
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3. Conclusions
In the present paper, a mathematical model for the analysis of
simultaneous pitch and roll motions of a ship is considered. The
coupling between the two modes of oscillation is realized by
quadratic terms and the external excitation is of harmonically type.
The ratio between pitch and roll frequencies is taken to be two to
one. The governing system of differential equations is weakly
nonlinear, thus the multiple scales method is applied to yield firstorder approximations both for the transient behavior and for the
steady state solutions. Five resonant cases and a non-resonant one
are presented, part of them already discussed in the available
published work and the other part analyzed in some detail by the
author. The accuracy of the analytical solutions derived in the paper
is checked in a companion paper and a good agreement with the
numerical solution is observed.
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SIMULTANEOUS RESONANCE CASES IN A PITCH – ROLL SHIP MODEL.
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Abstract: In a companion paper, the response of a two-degrees-of-freedom ship model with nonlinear coupled pitch and roll modes
under sinusoidal harmonic excitation was studied analytically by means of the Multiple Scales method for the case where the pitch frequency
is twice the roll frequency. Five resonant cases were analysed and the governing equations for the transition towards the steady-state
solutions, the first-order approximations for these solutions and the frequency-amplitude relationships were derived. The present
contribution aimed to verify the accuracy of the analytical results by contrasting them with the numerical results provided by direct
integration of the equations of motion. The two sets of results were found to be in excellent or, at least, in decent agreement every time the
system parameters were selected without a flagrant violation of the order’s magnitude.
Keywords: SHIP ROLLING AND PITCHING, NUMERICAL ANALYSIS, INTERNAL AND EXTERNAL RESONANCES
2.1. The case Ω far from 0, ω 1/ 2, ω 1, ω 2 and ω 1+ ω 2

1. Introduction

The first – order approximations for the solution of (1) in the
transition period are written as

Although considerable experimental and theoretical research
has been realized, the development of a full satisfactory
mathematical model for estimation the ship motion in waves
remains an open problem. Models with one to six degrees of
freedom have been developed and studied [1 – 4].
In the present paper, the model proposed by Pan and Davies for
the nonlinear coupled pitch and roll modes under harmonic
excitation is considered [5]. The equations of motion, which are
weakly nonlinear and coupled by quadratic terms, are as follows

x

•

a 1= −ε µ 1 a 1−

•

2
2 + 2ε µ 2 x 2 + ω 2

x 2+ ε α

2
2 x1 =

(1)

•
εα 1a1a 2
εα 1a1a 2
sin ϕ 2 , a 1 ϕ 1=
cos ϕ 2
4ω 1
4ω 1

•

a 2 = −ε µ 2 a 2 +

F 2 cos Ω t

ε α 2 a 12
sin ϕ 2
4ω 2

(3)

•
 ε α 2 a 12 ε α 1 a 22 
 cos ϕ 2
a 2 ϕ 2 = a 2 (ω 2 − 2 ω 1 ) + 
−
2 ω 1 
 4ω 2

where x 1 and x 2 are the roll and pitch modal amplitudes, µ 1 and

µ 2 the modal damping coefficients, ω 1 and ω 2 the natural
angular frequencies, Ω the excitation (wave) frequency, F 1 and
F 2 the excitation force amplitudes, α 1 and α 2 the coefficients of
nonlinear terms, and ε a small parameter. The dots, as always,
stand for the differentiation with respect to time t and all the
coefficients in (1) depend on fluid parameters, ship’s characteristics,
etc. Deleanu has considered a straightforward expansion for the
solution of system (1) and has obtained five resonant values of
external excitation frequency and one internal resonance [6]. Kamel
has applied the multiple scales method for finding the approximate
response of system (1) in the special case of internal resonance
ω 2 ≈ 2 ω 1 associated with the combined external resonance
ω 1+ ω 2 = Ω [7]. In a companion paper, Deleanu has derived or just
presented the governing equations for the transition towards the
steady-state solutions, the first-order approximations for these
solutions and the frequency-amplitude relationships for all the
resonant cases, namely Ω ≈ 0 , Ω ≈ ω 1 / 2 , Ω ≈ ω 1 , Ω ≈ ω 2 , and
Ω ≈ ω 1+ ω 2 [8].
The goal of this paper is to check the accuracy of the analytical
approximations derived in [7] and [8] by comparing them with the
numerical solutions provided by direct integration of the equations
of motion.

(

)

and Λ n = F n / ω 2n − Ω 2 , n = 1, 2 .
The steady – states solutions are characterized by a 1= a 2 = 0 .
Fig. 1 illustrates a typical time series for the x 1 component, both
for transient and stationary stages. Throughout the paper, the
continuous lines are used for numerical solution and the stars for
analytical results provided by multiple scales method.
(a)
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where the amplitudes a n , n = 1, 2 , and phases ϕ n , n = 1, 2 , are
obtained from

•

x 1+ 2 ε µ 1 x 1+ ω 12 x 1+ ε α 1 x 1 x 2 = F 1 cos Ω t

(2)

x 2 = a 2 cos(2ω 1 t + ϕ 2 + 2ϕ 1 ) + Λ 2 cos Ω t

x

••

x 1= a 1 cos(ω 1 t + ϕ 1 ) + Λ 1 cos Ω t
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Fig. 1 Time history for component x 1 and parameters values ε = 0.1 ,

α 1= 1, α 2= 2, µ 1= 0.25, µ 2 = 0.5, ω 1= 1, ω 2 = 2.03, Ω = 0.7,
F 1= 0.3 and F 2 = 0.1 : a) transition period; b) steady – state solution.

Using roll and pitch amplitudes given by Λ n or by numerical
integration of (1), after the transients die out, one can construct the
frequency - response curves shown in fig. 2. The important fixed
parameters ω 1= 1 and ω 2 = 2.03 were utilized. The external

2. Analytical versus numerical results
In this section, we treat separately the five mentioned situations
beginning with the non-resonant case, and continuing with the
external resonant ones. For a better understanding of the topic, we
include in each analyzed case the first-order approximate solution
describing the long term behavior of system (1), as well as the
governing differential equations for the transition period (see [8]).

frequency Ω was selected in the ranges [0.1, 0.5] , [0.55, 0.95] ,

[1.05, 1.95]

and [2.05, 2.95] , meaning that it is relatively far from
external resonances. It is obvious from fig. 2 that the approximate
solution (2) with a 1= a 2 = 0 matches extremely well or, at least,
pretty well with its numerical counterpart. Moreover, it is worth
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noting that this case represents more than 90% of all possible Ω
values.

•

a 2 = −ε µ 2 a 2 +

•
 ε α 2 a 12 ε α 1 a 22
a 2 ϕ 2 = a 2 (ω 2 − 2 ω 1 ) + 
−
 4ω
2ω 1
2
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sin ϕ 2
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An example of time series associated to variable x 1 is presented

0.08

F2 = 0.20

in fig. 4. Because the period T = 2π / Ω of the stationary motions is
much larger than in the previous case, we extended the integration
time to 10000 u.t. instead 500 u.t.
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From (3) we conclude that the roll and pitch modes amplitudes
do not depend on Ω . Indeed, fig. 5 shows that the long term
behavior of system (1) is characterized by amplitudes almost
independent on Ω and proportional with F 1 and F 2 , respectively.
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ω 1= 1, ω 2 = 2.03 and different forcing amplitudes .

a) F 1∈ {0.07, 0.15, 0.3} and F 2 = 0.05 ;
b) F 1= 0.07 and F 2 ∈ {0.05, 0.1, 0.2} .
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Some notable differences appear for large forcing and only in the
nearness of external resonances (see fig. 3).
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According to [8], the first-order approximate solution for system
(1) is as follows

Ω

Fig. 3 Roll and pitch amplitudes as a function of external frequency for
constant parameter values ε = 0.1 , α 1= 1, α 2 = 2, µ 1= 0.25, µ 2 = 0.5,

x 1= a 1 cos(2 Ω t − ϕ 1 ) + Λ 1 cos Ω t

x 2 = a 2 cos(4 Ω t + ϕ 2 − 2ϕ 1 ) + Λ 2 cos Ω t

ω 1= 1, ω 2 = 2.03 and different forcing amplitudes .

a)
b)

F 1∈ {0.07, 0.15, 0.3} and F 2 = 0.4 ;

with amplitudes and phases provided by the differential system of
equations

F 1= 0.2 and F 2 ∈ {0.05, 0.1, 0.2} .

εα 1a1a 2
εα 1Λ1Λ 2
sin ϕ 2 −
sin ϕ 1
4ω 1
4ω 1
•
εα 1Λ1Λ 2
εα 1 a1a 2
a 1ϕ 1= a 1 (2 Ω − ω 1 ) −
cos ϕ 1−
cos ϕ 2
4ω 1
4ω 1
•

2.2. The case Ω ≈ 0

a 1= −ε µ 1 a 1−

The long-term behavior is described by the laws
x 1=

F1

ω 12

cos Ω t , x 2 =

F2

ω 22

(5)

cos Ω t

(3)

•

a 2 = −ε µ 2 a 2 +

while the system describing the motion in the transient stage is
written as

εα 1a1a 2
sin ϕ 2
4ω 1
•
εα 1a1a 2
ε α 1 a1 F 2
a 1 ϕ 1=
cos ϕ 2 +
cos Ω t
4ω 1
2 ω 1 ω 22

•

ε α 2 a 12
sin ϕ 2
4ω 2

a 2 ϕ 2 = a 2 (ω 2 − 2ω 1 ) −

•

a 1= −ε µ 1 a 1−

(6)

 ε α 2 a 12 ε α 1 a 22 
εα 1a 2 Λ1Λ 2
 cos ϕ 2
−
cos ϕ 1+ 
 4ω
2 a 1ω 1
2 ω 1 
2


Fig. 6 contrasts the time series for rolling, given either by
numerical integration of system (1) or by multiple scales method,
for a set of parameters selected without order violations. As seen in
the figure, the two solutions are again in excellent agreement.

(4)

15

(b)

(a)

showing the time evolution of variable x 1 . The transition period is
characterized by a fast growth of rolling and pitching amplitudes
and a good agreement between numerical and analytical solutions.
On the other hand, a difference of about 5-20% between the two
solutions is recorded in the long-term behavior, depending on the
external forcing (see also fig.9).
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In the analyzed case, the roll mode is less affected than the pitch
one by small changes of the ratio ω 2 / ω 1 . Surprisingly, the roll
amplitudes in the neighborhood of the external resonance condition
Ω ≈ ω 1 are smaller for pure resonance ω 2 / ω 1 = 2 than for
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As concerns the steady-state amplitudes for the two modes of
oscillation, at low level of forcing none difference is observed when
compared with non-resonant case. Some irrelevant jumps are
registered around Ω = 0.5 for large forcing, as shown in fig. 7.
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ω 2 / ω 1 = 2.1 or 1.8. However, in so far as the condition
ω 2 / ω 1 ≈ 2 is fulfilled the pitch amplitudes get higher. Some
frequency – response curves showing these features are presented in
fig. 10, where the numerical solution is plotted only.

Fig. 7 Roll and pitch amplitudes as a function of external frequency for
constant parameter values ε = 0.1 , α 1= 1, α 2 = 2, µ 1= 0.25, µ 2 = 0.5,

ω 1= 1, ω 2 = 2.03 and different forcing amplitudes .

a) F 1∈ {0.1, 0.25, 0.5} and F 2 = 0.4 ;
b) F 1= 0.5 and F 2 ∈ {0.1, 0.4, 0.8} .
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The system (1) evolves according to the laws
x 1= a 1 cos(Ω t − ϕ 1 ), x 2 = a 2 cos(2 Ω t + ϕ 2 − 2ϕ 1 ) + Λ 2 cos Ω t

2

1

amplitude of x

amplitude of x

1

0.35

0.8

0.3

0.25

0.2

0.6

(7)

0.15

0.1
0.4

0.05

where the amplitudes a n , n = 1, 2 , and phases ϕ n , n = 1, 2 are the
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F 1= 0.07 and F 2 = 0.05 : a) transition period; b) steady – state solution.

For the primary resonance Ω ≈ ω 1 even small forcing leads to
high amplitudes of oscillation. Thus, fig. 8 illustrates this remark by
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(10)

 ε α 2 a 12 ε α 1 a 22 
F2
 cos ϕ 2
cos ϕ 1+ 
−
2ω 2
2 ω 1 
 4ω 2

3. Conclusions

As is it pointed out in [8], for small forcing amplitudes F 2 and
arbitrary F 1 the roll mode is not excited at all, while the pitch

In the paper, the nonlinear responses of a two-degrees-offreedom model for pitch and roll ship motions have been studied
numerically for the particular case in which the pitch frequency is
almost twice the roll frequency. Four resonant cases and a nonresonant one have been analyzed and the obtained numerical
solution was compared with its analytical counterpart derived in a
companion paper. Using time series plots and frequency-amplitude
curves, we have proved that the two solutions match well if the
system’s parameters were selected without order violations, both for
transition and steady-state periods. The presented results are in good
agreement with the available published studies on the same topic.

amplitudes are monotonic increasing quantities in F 2 . After the
forcing F 2 reaches a critical value, the pitch amplitudes remain
almost constant and the supplementary energy introduced in the
system is directed towards the roll mode and produces a fast growth
of amplitude a 1 (see fig. 11a). This transfer of energy is realized
only if the condition Ω ≈ ω 2 is satisfied (see fig. 11a).
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ω 1= 1, ω 2 = 2, F 1= 0.07 and different forcing F 2 ;
b) roll and pitch amplitudes versus F 2 for Ω = 2 .

A typical time series for the x 1 component, both for transient
and stationary periods, is reported in fig. 12. This time, some
disagreement between the numerical and analytical solutions is
observed in the transition stage.
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The steady-state amplitudes provided by the two methods match
extremely or , at least, pretty well even for large forcing, as shown
in fig. 13.
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ω 1= 1, ω 2 = 2 and different forcing amplitudes .

a) F 2 ∈ {0.05, 0.10, 0.25} and F 1= 0.07 ;
b) F 2 ∈ {0.1, 0.3, 0.5} and F 1= 0.3 .

The case Ω ≈ ω 1+ ω 2 is treated in detail in [7], such that its
analysis is omitted here. The results are somewhat similar to those
in the case Ω ≈ ω 1 / 2 .
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Abstract: In recent years, many researches in the field of electromobile transport using as driverless vehicle are carried out in Russia as in
the world. Operation electromobile transport in Russia has specific features, among which are the cold climate and heavy traffic conditions.
One of the key elements of the functioning of electromobile transport is an energy storage system, the characteristics of which are highly
dependent on how and under what conditions the vehicle is operated. The life of the energy storage system is also adversely affected by high
temperature and short overvoltage on its elements. To increase the mileage of vehicles on the electric energy storage provides an improved
system design, and in this article the experience of creating such an energy storage system for the driverless vehicle, taking into account
including the Russian operating conditions. In the process of creating energy storage system were carried out calculations, mathematical
and natural layout the basic elements of the system.
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maintain the temperature range that affects the battery and its life
cycle.

1. Introduction
International experience, based on the trends of increasing
safety, reducing toxicity and fuel consumption, and, consequently,
improve energy efficiency of vehicles, shows the priority of
development for the creation of driverless vehicles [1]. In recent
years, Russia, as well as studies conducted worldwide, associated
with the use electromobile transport as driverless vehicles.

2. Preconditions and means for resolving the
problem
Operation electromobile transport in Russia has specific
features. The main factor that distinguishes the Russian operating
conditions - a cold climate. Russia is located in the vast territory of
the Eurasian continent and has a variety of climatic conditions. For
the Russian Federation as a whole number of days per year with an
average daily temperature of 0 °C or less - an average of 171 days,
ie, 47% of calendar time of the year [2]. It should be noted that
manufacturers claimed electric performance indicators, in
particular the power reserve and the required charging time is often
not focused on the realities of Russia, and the Central European
climate zone, excellent road and charging infrastructure. At the
same time these figures are a measure of the applicability of
electric transport in the conditions of everyday life. The abovementioned Russian conditions will undoubtedly affect the initial
stated performance values.
One of the key elements of the functioning of electric vehicle
is an energy storage system (high voltage battery), the
characteristics of which are highly dependent on how and under
what conditions is operated by the vehicle on which it is installed
[3]. The Center test "NAMI" were conducted bench tests of the
effect of ambient temperature on the operational performance
electric car. The electric vehicle Nissan Leaf was taken as the test
vehicle. Its electric power is 80 kW, and the capacity of the
rechargeable Lithium-battery 24 kWh. At the same time declared
maximum cruising range of 160 km. As a result of the test [2]
found that the lowering of the outdoor temperature to + 25 °C to
minus 7 °C causes a reduction in power reserve of 9% and 44%
when consumers.
The challenge of operating energy storage system in terms of
working for them is extremely important. Research results
depending on the battery temperature gradient [4] shown in Figure
1. As shown, the battery power reaches a maximum when charging
in the temperature range from + 20 °C to plus 40 °C. To avoid heat
problems and achieve better battery performance, it is necessary to

Fig. 1 Dependence of battery charge on the temperature changes
To increase the mileage of vehicles on the electric energy
storage provides an improved system design, and in this article the
experience of creating such an energy storage system for driverless
vehicles, taking into account the Russian operating conditions. In
the process of creating energy storage system were carried out
calculations, mathematical and natural layout the basic elements of
the system.
Currently there are many different types of batteries (chemical
sources of electrical energy).
Using rechargeable batteries in electric transport places
demands on them: a large energy consumption; high rate of
resource; relatively low cost [5]. Further, the way these
requirements are the main products manufactured and preparing for
mass production of the types of batteries (rechargeable battery):
- Traction lead-acid batteries;
- Nickel-metal hydride batteries;
- Lithium - ion battery (Li-Ion);
- Lithium-polymer battery;
- Lithium-iron-phosphate and lithium-iron-phosphate sodium
batteries;
- Lithium-cobalt batteries;
- Batteries with lithium titanate anode;
- Battery modified lithium titanate;
- Supercapacitors.
Modern battery systems and electric vehicles with the
combined power plants are based on lithium-ion batteries of
different types of electrochemical systems.
Comparative characteristics of the main types of battery are
shown in Table 1, and the characteristics of the most widely
represented in the battery world market are shown in Table 2.
18

Table 1. Characteristics of the main types of batteries
Parameter
Lithium- lead acid
Prism
Lithiumion
battery AMP20M
ion
battery
1HD-AA- (modified
titanate)
ALTAIR–
123
SSK
NANO
systems
(50 Аh)
Operating temp.
–40…+55 +5…+50 –30…+55 –40…+55
range, °C
Recommended
–40…+55 –5…+50 –40…+55 –40…+55
storage temp., °C
Rated voltage, V
2.3
2.0
3.3
3.7
Rated capacity (1C
charge / discharge
50
72
20
25
1C), Ah
Weight cell, kg
1,6г
17г
0,496
0,6
Dimensions
256x259x 134x219x 245x160x 227x226x
(LхWхH, mm)
13
274
7,25
4,2
Nominal energy, 1C
72
30
130
254
at 25 °C, Wh/kg
Life (25°C), year
20
10
15
15
The number of
cycles at a charge
1500
3000
8000
2C, a discharge 2C, >12000
at 100% depth of
discharge at 25 °C

the maximum service life decreases to 50% of this for him. Figure 3
shows that the elements discharged more than 80% show a fivefold
increase of the internal resistance (milliohms from 0,3 ohm to
greater than 1.5 ohm) when the temperature changes from room
temperature to 0 ° C.

Fig. 2 The effect of the charging voltage at the battery service life

Table 2. Characteristics of produced batteries
Manufacturer Capacity, Rated The
Specific Temperature
Ah
voltage, number energy range, C
В
of
capacity,
cycles Wh / kg
A123 Systems
20
3,3
≤3000
130
–30/+55
Altair Nano
50
2,3 ≤16000
72
–40/+55
Ener1 Battery 16,7/40 3,3-3,7
–
150
0/+45
Dow Kokam
5/200
3,6
>800 125/185
0/+40
Saft Batteries
41
3,2
>1500
136
–25/+60
BYD
40/1000
3,2
>3000 100/120
–45/+85
International
40/160
3,2
>3000 88/97
0/+50
Bat
Valence Tech. 40/138
12,8 >2500 19/91
–10/+50
AK Riegel
15/260
3,6
<1000 100/120
–30/+50

Fig. 3 The dependence of the internal resistance of the lithium - ion
battery temperature and depth of discharge
Thus, for safety reasons, and improve performance of the
batteries should include monitoring and control system, which
provides control of the parameters of batteries during the operation
of the battery.
Monitoring and control system is compulsorily provide control
voltages and battery charge-discharge currents; introduction of
other functions is not mandatory, but it can improve the
performance of the battery. Alignment voltages of series-connected
batteries, the battery allows to operate with the greatest possible
impact capacity, capacity calculation system allows the dedicated
charging device to control the battery and allows the user to
estimate the time remaining until the end of charge or discharge.
NAMI Russian research centre is currently underway to
establish an experimental sample of driverless electric vehicle. For
the vehicle (Figure 4), and developed the electric power storage
system designed for inspection and research developed technical
solutions in the field of electric power traction unit, the monitoring
algorithms and active balancing of individual batteries and battery,
taking into account Russian conditions.
In the process of creating energy storage system were carried
out calculations, mathematical and natural layout the basic elements
of the system. The use of modern software systems in the
development of the battery allows you to automate the design
process and perform optimization effectively. Numerical modeling
has allowed to determine the required capacity of the energy storage
system developed for the driverless vehicle's electric range, which
should be at the level of 12 kWh.

When using the battery must take into account the following
factors. Modern batteries at nominal operating lithium - reactive
element in its pure form is not available, however, when emergency
situations (excessive charge or discharge current, short-circuit
currents, overcharge or above overcharging below certain voltage
levels on batteries) can be allocated to the internal battery electrodes
that in certain cases can lead to fire and explosion.
Battery allow the formation of parallel chains of n batteries to
provide the necessary capacity. Required battery voltage is provided
by a serial connection of individual cells or strings of n parallelconnected batteries. Thus, when connecting the battery by parallelseries connection can construct a given battery capacity and voltage.
At the same time, however, each battery or each chain of parallel
connected batteries requires strict control. When charging the
battery of the series-connected battery charge individual elements is
uneven, owing to technological scatter internal resistance of
batteries, or an uneven decrease in battery capacity due to aging in
service. Batteries with reduced capacity or high internal resistance
tend to be large fluctuations of voltage during charge and discharge.
When strictly fixed final charge voltage and discharge for a separate
battery, increasing from cycle (charge-discharge) to cycle the
charge difference will lead to gradually increasing imbalance of
battery cells, that is, in fact, a decrease of given capacity [6.7].
Also, during charging and discharging is necessary to protect
the battery from overheating. High temperatures and at short
overvoltage element can cause a significant reduction in lifetime
[8]. Figure 2 shows that the charge element even at 50 mV above
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period of battery operation. It affects all hybrid and electric cars. At
constant overheating, the duration of use of the battery is reduced
from 5-6 years to 2-4.
In the design of the power storage system is necessary to
determine the need for cooling [9,10].
Calculation of heat energy is advantageously carried out with
the assistance of mathematical modeling. For the computational
simulation studies the mathematical model of the car VAZ - 1117,
taken as a basis for development, developed with battery, used AVL
CRUISE package.
According to calculations conducted by Regulation №83 of the
UNECE to fast charge mode for cycle developed system power
savings without forced cooling, heat up by only 5,0 °C and 2,46 °C
respectively. Experience has shown that the resulting heat will be
compensated through the housing wall of the battery.
Developed by the original electric power storage system due to
new technical solutions for system charge redistribution between
the battery cells can significantly extend the life of the batteries,
which greatly improves the reliability and cost-effectiveness.
Based on the calculations and analysis of the design features of
the construction of electricity storage systems based on lithium
batteries, it was carried out development of conceptual design
documentation for the experimental model of the power storage
system. Figure 6 shows general 3D model developed type power
storage systems (without cover).

Fig. 4 Appearance a driverless vehicle on electric
Structural and functional diagram of the developed electric
power storage system is shown in Figure 5.

Fig. 6 3D model of the general form of the developed electric power
storage system

Fig. 5 Structural and functional power storage system scheme.
BM - battery module; MMB - module monitoring and balancing

3. Results

The circuit operates as follows. Head controller and MMB are
powered by an external power supply of 12 V. When this power
head controller polls all blocks MMB and in the absence of
extraordinary events include the contactor. Battery ready for use.
According to information channel information on the state of
individual battery cells, BM temperature and charge level of the
battery supplied to external observation device. In that case, if the
voltage at the individual battery cells are different by more than 5
mV, the circuit includes an active cell balancing voltage is above
average across the battery.
Monitoring and balancing module is built in a modular
fashion. Each MMB module allows you to balance up to 12 cells.
To implement the power storage system prismatic batteries
AMP20M1HD-A were selected having the following
characteristics:
- nominal capacity of 20 Ah (at + 25 °C);
- the specific energy consumption of 130 Wh / kg;
- rated voltage: 3.3 V;
- maximum voltage: 3.65 V;
- the internal resistance of 0.6 milliohms;
- nominal direct current discharge: 3-5S (up to 100 A);
- maximum pulse discharge current: 20C (400A);
- the maximum allowable charge current: 3c;
- service temperature range: - 30 ... + 55 °C;
- the number of working cycles of at least 2000, at 80% depth
of discharge.
Developed electric power storage system is comprised of eight
modules 12 containing batteries AMP20M1HD-A - only 96 storage
locations.
Voltage rating - 316.8 V. The total internal resistance – 0.576
ohm or 0.0576 ohm. The charging current from the on-board
charger - 12.5 A. Power battery heat is 9 W.
Lithium batteries, as previously mentioned above have the
disadvantage, as the negative effect of increasing the battery
temperature during operation with an intense impact on the current

On the basis of preliminary modeling of the main functional
units and developed design documentation were made experimental
rechargeable traction battery module samples in the amount of two
copies of the total power consumption of 13 kWh.
The experimental sample of the traction battery module is
shown in Figure 7.

Fig. 7 The experimental sample storage module of the traction
battery
The experimental sample rechargeable traction battery module
has a plastic housing. The sides of the body have vent holes. Within
each housing 48 placed on the battery cells, each battery cell is
mounted in a cradle.
Battery cells are arranged in such a way that a number of
positive findings of odd cells are arranged even negative findings.
Quality contact had polar conclusions of storage cells provide a
copper plate that secure the output terminals and tighten the three
screws. One of the screws used to attach information - balancing
conductor. The form framework provides a natural convection
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ventilation. According to calculations, confirmed by the practice of
this heatsink is sufficient for normal operation of the battery in the
operating conditions of the developed vehicle.
Monitoring and control system battery is placed in the upper
part, above the copper contacts. It represents four payment. Each
board operates 12 cells. Monitoring and control system battery is
shown in Figure 8.
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Fig. 8 Balancing boards
Designed monitoring and control system battery allows
monitoring and balancing of the battery cells, to determine the
integrity of the battery state circuits, voltage and cell temperature.
The transmission of information takes place in the unit Battery
Management System (BMS), which provides communication,
configuration and diagnosis of the battery control unit or with a PC
via COM port or through the CAN. Designed traction battery
module design experimental prototype driverless vehicle provides
reliable internal block contacts and the necessary noise immunity
control system.
Figure 9 shows an experimental model of a driverless vehicle
with the established in the luggage compartment of the traction unit
batteries.

Fig. 9 Experimental model of a driverless vehicle with the
energy storage system

4. Conclusion
Currently, experimental studies of a driverless vehicle with a
developed energy storage system, which should confirm or refute
the effectiveness of the design of the battery. This scientific study
was conducted with the financial support of the state in the face of
Russian Ministry of Education, the project unique identifier
RFMEF162514X0006.
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Abstract: This paper comprises an analysis of an automotive industry company in order to identify whether it has an effective quality
assurance system, by monitoring the manner business processes are managed (identification, documentation and control) and whether
system efficiency documentation has been developed. The application of different standards/systems for: quality, environment, employee
health and safety, corporative social responsibility, food products safety, etc., requires new manager proactive management style and system
orientation, as well as reengineering of business processes. However, for successful operation, it is not enough to develop a system that will
provide designed quality, but also the costs to implement business processes are significant. In this paper, by applying the Pareto method for
detection of points where most defects occur, the Ishikawa approach which reveals the causes of errors, checklists, as well as the Quick
Response Quick Control methodologies; 8D (Eight disciplines); PFMEA, the business processes for procurement of raw and repro materials
was optimized. The obtained results show that the implementation of these methodologies to optimize business processes leads to the defined
quality and better productivity at the lowest costs in operation.
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Not only education, but for [7] statistical process control, the
strategy to reduce variability is also significant, as part of TQM
strategy to permanently improve quality [8].
The statistical methods for quality control [5] are useful and are
applied in many functions of the quality system, especially the
critical areas where it is necessary to improve and optimize business
processes.
Although much of the statistical methods and techniques are
used in manufacturing companies, they have wide application in the
servicing business activities as well [9].
They help decide which data are important and how to get the
maximum information from them in order to avoid inconsistencies,
analysis of current problems etc. [10].
The statistical concept of quality management is characterized
by four main principles:
•
the results of any process are variable, they scatter and
obey some of the distribution laws;
•
errors are always possible and always present;
•
data is always collected and based on them, corrective
action is undertaken;
•
data must be presented with defined origin, the manner of
their acquisition, so they can be used in the right direction.
The scientists [6], based on their study in 83 Swedish
companies emphasized the benefits of the use of statistical process
control:
•
achieving low cost of quality and reduce of losses;
•
improving business processes and products;
•
better understanding of the processes;
•
ability to control processes;
•
quality assurance.

1. Introduction
The success of the application of the TQM (Total Quality
Management) strategy depends on the managers choosing a
methodology supported by a variety of methods and techniques. A
lot of organizational and technical factors affect the selection and
application, so depending on the design, i.e. the organizational
structuring of the quality system, classification of the faultless
operation methods and techniques may be proposed.
A great number of scientists [1] stress that the development of
quality methods and techniques began with the emergence of the
first elements of statistical theory in the field of inspection, and
several different techniques and quality tools have been developed
so far. They cite the example of the famous company Lucas
Engineering & Systems, where three of the thirteen key principles
for the development, implementation and success of the concept of
a total quality management constitute methods and techniques for
quality control related principles, which confirms their important
role. They cite the example of the famous company Lucas
Engineering & Systems, where three of the thirteen key principles
for development, implementation and success of the total quality
management concept is composed of principles related to the
methods and techniques for quality control, which indicates their
important role.
The advantage of the application of the quality control methods
and techniques in companies can be traced in the following:
•
raising the level of quality in all business processes of the
organization;
•
reduction of all types of costs;
•
reduction of product price;
•
creating trust with customers/users;
•
increasing the knowledge of employees.
In this way, staff motivation and productivity increase, markets
expand. Based on the analysis conducted in companies dealing with
metalwork business activity in the UK [2], a conclusion was
reached that the biggest reasons why companies do not use quality
methods and techniques is ignorance and inexperience in applying
such methods and techniques. They recommend overcoming these
barriers by using the quality methods and techniques and their
adequacy in application.
Тhe stability and predictability of the production process can be
established through statistical process control [3-5]. In addition, all
variations can range in defined intervals, i.e. within toleration
limits. If the process is a series of cases and conditions and a series
of stages where the expected input value is expected to give the
requested output with the least possible variations in such output,
then we can say that the process is stable [6].

2. Research Methods and Analysis of Results
The design and implementation of the TQM system in the
automotive industry is based on several pillars, one of them being
internal standardization. The Standard Operating Procedures (SOPs)
are intended to define the flow of all activities for each process and
based on that to define the obligations and responsibilities of each
employee. The aim of these standards is to unify the quality of work
of all participants in one operation or process. When creating a
SOP, the knowledge of all professionals is embedded, as well as
their experience and ability to rationalize the processes. Thus, on
the one hand, the wealth of the company is created, while on the
other hand, independence of each new employee from the
experience of the old ones is built [11].
The standard operating procedure serves as an instruction that
allows employees to act without requesting guidelines, and also, the
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company can rely on its employees because everything is
documented and their performance can easily be measured. At the
same time, the standard operating procedure must be accepted and
adopted by all employees, as well as by the ones preparing it or the
manager in charge. After the completion of the training, the
employees should declare whether they have understood and
whether they accept the standard operational procedure. For
instance, figure 1 shows a block diagram of the standard operating
procedure for the business process - supply of raw materials by
monitoring suppliers’ delivery schedule depending on the demand
of finished products by customers.

establish the real causes, Figure 3. Possible causes of the problem
are as follows:
•
Quality of material. It shall be checked if the packaging is
good, if the boards are flat and if the checkpoints are
properly set;
•
Applied methods. It shall be checked whether the
component setting parameters are well set, as well as the
components taking;
•
Accuracy of machinery. It shall be checked whether all
aspects of the machine associated with the setting of
components are in order;
•
Training of employees. It shall be checked if the human
factor is the cause of the defect.

Fig. 1 Block diagram of the standard operating procedure for the
business process - supply of raw materials for production of automotive
parts

The application of internal standardization improves staff's
responsibility in the implementation of business processes. The
application of TQM system methodology means designing a good
documented quality system that covers all business processes of the
company and is the necessary basis for successful application of
SPC (statistical process control) and efficient teamwork, which
could not otherwise be set in case of a poor quality system.
The tendency of the company’s providers is to get an exactly on
time, a specification and time schedule for delivery of raw materials
in order to be able to undertake all the necessary prerequisites for
Just in Time.
The Pareto chart has been applied in the analysis of data
regarding the frequency of problems in the process of delivery of
raw materials and intermediate goods. In the last three months, the
number of problems that arise in the production of circuit boards
has increased, for which the Pareto chart was applied to determine
the frequency of problems. The product line has a control station
that records all manufactured products with defects on checklists,
Figure 2.

Fig. 3 Ishikawa diagram to determine the causes of defects in the automotive
industry

The Ishikawa diagram helped determine the cause of the error,
which is that the circuit board is not flat and in the process of
production, it is not possible to set the required components. The
source of defects is the poor quality of the incoming raw material
supplied by the supplier.
The checklist is a method for assessing the stability of the process.
If the analysis of the checklist shows that the process is stable, then
no adjustments or changes to the parameter control process are
necessary. In addition, process data may be used to predict the
future performance of the process. If the diagram shows that the
observed process is not under control, the analysis of the checklist
can help determine the sources of variation. A process that is stable,
but is outside the desired range, should be bettered. The checklist is
used to measure the diameter of the electronic circuit board holes.
The measurements are performed by the very machine performing
these activities. The data from the machine are analyzed by the
responsible process engineers and based on these data, the checklist
Fig. 2 Pareto diagram to determine the frequency of defects that occur during the is prepared. In case there are any deviations from the standard or if
production of circuit boards
measurements show that the diameter is close to the upper or lower
Using this method, it has been found that the biggest problem
limit, then the source of variation is checked in order to prevent the
arise due to lack of component. In order to determine the possible
process from getting out of control, Figure 4.
reasons for defects, the Ishikawa diagram was used, which helped
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In order to prevent the problem from recurring, the
Customs Department performs frequent checks and the
supplier also checks the status.
Finally, the staff being involved in the project is
congratulated and the project is finally closed.

Fig. 4 Checklist prepared as part of the analysis of the project to improve
the quality of products in the automotive industry

The results of this checklist show that in one interval, the diameter
of the holes is at the upper limit, which is an indication that the
process may get out of control and that there is a need for corrective
measures. The application of the Quick Response Quality Control
(QRQC) methodology is aimed at quick resolution of the products’
quality/poor quality and quality control problems. This method of
quick response to quality problems was introduced in Europe and
France in the automotive industry since the early 2000s. Based on
facts, the QRQC technique enables quick solution of problems in
the workplace involving employees who are directly performers of
work. This method is used in the reality of the problem place, and
thus wasting time in meetings is avoided.
The company applied the QRQC methodology as soon as the
problem of the production line arose, the problem being wrong
polarity of the assembled components –microprocessor. The expert
team included representatives from the Department of Quality and
Production who first detected the problem. The number of defective
products was detected and the reasons were found. In this case, it
was established that the defect occurs due to the fact that the
components holders were not properly set as a result of damaging of
the certain machine set. Corrective measures were taken in view of
withdrawal of all machine broken parts, as well as complete control
of the products, as to protect the client from receiving any defective
products. The establishment of the reasons did not stop here. The 5Way method was applied to detect the cause of problems. The
activities that followed were proposing corrective measures that
should be taken to avoid the same or similar problem in future.
Finally, what followed was control after the application of the
corrective measures.
The application of 8D (eight disciplines) methodology created by
Ford to help company teams deal with quality control and safety
issues at work; to find appropriate and sustainable solutions to
problems; and to prevent recurrence of the problems. Although the
8D process was originally applied in manufacturing, engineering
and aerospace industry, it can be useful and relevant in any
industry.
The steps in the application of the Eight-D methodology in the
automotive industry in Macedonia are as follows: (see Fig. 5)

A team of competent people is formed per particular
problem; in this case they are representatives of the
Logistics and Quality Departments.

The problem is described. In one component kept in the
outside warehouse, an old review that is no longer used
was found.

A temporary solution is adopted. The complete discovered
amount is blocked, so that it does not go into the
production line.

The root of the problem is identified. The disputable
amount is not recorded anywhere, although there are
separate lists of what's in the outside warehouse.

Corrective measures are established. The Customs
department which is responsible for the accuracy of the
list data shall frequently check the actual situation in the
outside warehouse.

Implementation and verification of corrective measures.
The corrective measures are applied in practice.

Fig. 5 Application of 8D methodology in the automotive industry

Process Failure Mode Effects Analysis Methodology (PFMEA)
is used by organizations, business units, or cross - functional teams
to identify and assess any process weaknesses. PFMEA helps
determine what the impact of a given failure will be on a certain
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process and prioritizes actions in order to mitigate risk. FMEA
analysis starts before the beginning of the process (or product) and
is maintained and modified if necessary throughout the entire
process (product) life cycle.
The steps in the application of PFMEA methodology in the
automotive industry in Macedonia are as follows: (Fig. 6)
 A cross-functional team is formed out of the process
holders and the personnel supporting the production
and a team leader is appointed.
 The team leader defines the scope, goals and time
schedule for completion of the PFMEA project.
 The team creates a detailed process map.
 The team assesses the severity, frequency and
probability of detection of error for each step of the
process.
 Based on the RPN value, the necessary corrective
actions are identified for each step of the process.
 Corrective measures are proposed.
 The team - leader periodically checks the status of
corrective actions and updates the PFMEA project.
 The team leader monitors changes in the process,
changes in design, as well as other critical changes
and updates of the RFMEA project.
 The team leader organizes periodical meetings to
review the realization of the RFMEA project
(quarterly review could be an option).
The shown PFMEA analysis (Fig. 6) has been conducted in
order to identify possible errors that could occur in the production
of circuit boards in the automotive industry, not after, but before
they occur, and it focuses on increasing customer satisfaction. The
application of PFMEA analysis is aimed at improving the quality of
products and it is used as a preventive measure.

regardless of industry the companies belong to. The application of
these methods helps establish effective control processes to achieve
the defined quality at the lowest cost of operation.
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Fig. 6 Application of PFMEA methodology in the manufacturing process
of circuit boards in the automotive industry

The shown PFMEA analysis has been conducted by the
engineers in charge for launching new products before starting with
serial production.

3. Conclusion
The application of the cost optimization methodologies showed
that they are very important for the management as they enable
achieving the defined quality, with the smallest number of defects
and loss expenses.
These methods and techniques for the faultless operation in the
automotive industry enabled achieving the defined quality,
protection of buyers/consumers from defective products, thereby
increasing the company’s competitiveness, profitability, improve
quality, reduce defects and costs in operation, increase satisfaction
and participation of employees in decision-making. This indicates
the universal application of these methodologies in practice,
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Abstract: A major part of working operations performed by a motor-grader is accompanied by asymmetric action of the resultant
vector of external resistance forces applied to the main blade. The eccentrically applied horizontal loads together with additional lateral
forces affect the parameters of the machine road-holding ability resulting in deviation of its actual trajectory from the planned one. In the
presented work on the basis of the developed model there have been analyzed the impact of operational characteristics of the working
process on the indicators of the machine road-holding ability.
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the base machine, which has randomly changed its position in the
process of soil digging. This causes not only occurrence of
additional torques in the horizontal plane but also additional lateral
loads on the implement.

1. Introduction
A considerable part of research conducted by specialists
working in the field of transport, agricultural and earthmoving
machinery is devoted to issues of ensuring the road-holding ability
of a machine during its movement. Specificity of performing
technological operations by different types of machines results in
the need for development and analysis of non-standard
mathematical models of the machines movement.

For example, in [4] there considered the road-holding ability
of a tracked excavating machine equipped with a rotary implement,
which makes fan-like movements at digging a trench (Table 1.3).
When analyzing the movement of the machine the author proposes
to take into account the horizontal and vertical components of the
eccentrically applied force generated by the working equipment.

2. Analysis of publications

It is suggested evaluating the road-holding ability of such a
machine by the value of the ratio of the road-holding ability:

A typical design situation of losing the road-holding ability
by transport machines is their movement at cornering. In this case
the cause of the machine’s deviation from the set movement
trajectory is lateral inertia forces, which depend on the mass of the
machine, its speed and the corner radius.

=
kкc

М ор
Мр

> 1,

(1)

where М ор — the moment preventing the machine from

The physical processes considered by researchers in this
respect are slippage of the machine wheels due to the elastic
deformation of the tires and skidding of the wheels of the propelling
devices.

making a U-turn; Mр — the turning moment
Work [5] analyzes the movement of a motor grader in
situations of an intense increase in resistance forces acting on the
main blade. The author used a system of integro-differential
equations as a basic dynamic model (Table. 1.4). It has been
theoretically and experimentally proved that skidding of the wheels
of propelling devices and U-turning of the machine can occur at the
realization of such processes.

To analyze the movement parameters, a dynamic model of
the machine movement [1] is usually considered. An example of a
dynamic model of the machine movement on the curved part of the
trajectory is shown in Table 1.1. For agricultural machines the cause
of losing the road-holding ability in the process of performing work
operations are most often additional lateral components of the
gravity loading, which occur at moving on support surfaces with a
transverse gradient. Besides, due to a specific design of the
implement, an emergence of lateral components of working
resistance forces in the performance of technological operations is
possible.

Summarizing the performed review it is possible to make
the following conclusions:
1) for evaluating the parameters of road-holding ability of
machines an analysis of dynamic models of their movement is
usually performed. As a rule, the authors consider a plane-parallel
movement of the machine in the horizontal plane not taking into
account the support reactions and hence the tractive forces between
the elements of the undercarriage;

For the analysis of the movement trajectory of machines the
researchers propose to analyze dynamic models of plane motion.
Since agricultural implements are hinged to the base tractor vehicles
and tractors themselves can be articulated aggregates, a special
attention in such research is paid to multihinged systems [2]. For
example, in [3] there considered the movement of an agricultural
machine equipped with a trailing implement (Table 1.2). In
compiling a dynamic model of the plane motion of an articulated
system, the author took into account the action of lateral forces of
working resistance on the implement.

2) destabilizing factors influencing the road-holding ability
of earth-moving machines are the machine movement along a
curvilinear trajectory, work on surfaces with transverse gradient,
dynamic effects from the active implement, coordinates of the
application and direction of the resultant vector of resistance forces
on the implement;
3) the road-holding ability, as a rule, is evaluated using a
road-holding coefficient, defined as the ratio of the holding forces
to turning ones. The loading schemes are presented in a static form.

For excavating and earth-moving machines, characteristics
of the road-holding ability are influenced, apart from the
abovementioned parameters, by certain additional destabilizing
factors. Firstly, a number of machines is equipped with active
implements, which, during the excavation of soil move relative to
the base machine leading to occurrence of additional inertia forces
in the horizontal plane. Secondly, the main vector of the external
resistance forces acting on the blade- and bucket-type implement
can be considerably displaced in relation to the longitudinal axis of

This approach enables performing a primary express
evaluation of characteristics of earth-moving machines but it
doesn’t take into consideration the fact that for machines with
blade- and bucket-type implements the value and position of the
resultant vector of external resistance forces changes with the
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movement of the machine. Analysis of the characteristics of the
road-holding ability in this case, in our opinion, should be based on
studying the shape of the machine movement trajectory. To perform
such actions can only be possible after investigating the dynamic
model of movement of earth-moving machines in the course of the
work operations of soil digging.

The purpose and objectives
The purpose of the article is the development and analysis
of a dynamic model of motor grader movement in the process of
soil digging under the most unfavorable scheme of application of
external resistance forces from the side of the developed
environment.

Table 1. Parameters characterizing the road-holding ability
Ite
m No.

Author

1

D. M. Klets [1]

2

N. P. Artemov [3]

3

A. B. Koval’ [4]

Dynamic model

Mathematical model
 

2  mà + lK + lz  Vx1 =
2
2
  2 2rä 2 R 

 

h − rä
= (mx ⋅ ϕ x ⋅ G − 0,5 ⋅ Cx ⋅ ρ ⋅ F ⋅ Vx21 )
ϕ x (1 − cos α ) −
L


h − rä
 −
ϕ y sin α (mx ⋅ ϕ x ⋅ G − 0,5 ⋅ Cx ⋅ ρ ⋅ F ⋅ Vx21 ) −

L

 − P − ϕ (a + b cos α ) + ϕ b sin α  G ;
Cx
y
 x
L


2
 I x ⋅ψêð − 0,5 ⋅ µ ⋅ B ⋅ψ êð − (c1 + c2 − ma g ⋅ hêð ) ⋅ψ êð =

− PCy ⋅ hêð ;
 =
 I ⋅ β + 2 ⋅ µ ⋅ (a 2 + b 2 ) ⋅ β + (c + c − m g ⋅ h ) ⋅ β =
1
2
a
êð
 y
 =
P
h
.
−
⋅
Cx
êð


mξ + C1ψ1 + D1ψ2 + E1ψ3 + F1 =
G1 

mη + C2ψ1 + D2ψ2 + E3ψ3 + F2 =
G2 

C1ξ + C2η + C3ψ1 + F3 =
G3
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4

A. V. Voronovych
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+

∫
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 ∫ f x ( xx )dx  =
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+

=
−T ( x )b + f ( N z + N p )b − ψ b Rx b.

1. the motor grader movement occurs on a horizontal
surface. The changing of the vertical surface is neglected, as in
cases of most operations the wheels of the balance truck move
along the surface, which has been already leveled;

Development of a mathematical model of a
solid body plane motion
By road-holding ability we mean the capability of an earthmoving machine to move along a predetermined trajectory within
deviation tolerances regulated by construction standards and
regulations. To evaluate the parameters of the road-holding ability
at the stages of design and improvement of the machine, it is
necessary to develop and analyze a dynamic model of its
movement.

2. elastic properties of the tires in the design model are
taken into account. It is caused by the fact that their deformation in
the vertical plane causes the shift of the machine’s center of mass
and redistribution of the support reactions, which influences the
formation of tractive forces. The deformation of tires in the
horizontal plane causes vibration in the frame of the machine in the
same plane affecting the formation of characteristics of the motor
grader road-holding ability.

In contrast to the considered above dynamic models of
machine movement enabling the estimation of parameters of the
road-holding ability, we propose regarding motor graders to
consider the following factors, which have a significant influence
on the formation of their movement trajectory during soil cutting
operations:

3. parameters of the road-holding ability describe the
movement of the machine over long distances (from several meters
to several tens of meters). That is why the elastic deformations of
the working equipment and the bearing metal structure are
neglected, given their insignificance in comparison with the general
movement of the entire machine.

- asymmetric application of the resultant vector of the
external load on the main blade;

4. modern motor graders are energy-saturated machines
since they are equipped with the internal combustion engine with
excess power. At performing work operations of soil digging, when
the speeds of machine movement are low and the reduced mass of
rotating elements of the transmission and engine flywheel are in the
tens and hundreds of times higher than the mass of the motor grader
itself, with a change in the value of external resistance forces the
number of engine shaft revolutions changes insignificantly. During
the experiments there were recorded a decrease in the number of
revolutions of the crankshaft no more than by 5%, which is not
essential. In the calculations we assume that it remains constant [5].

redistribution of tractive forces between leading sides
of the balance truck during the machine’s operation on the sites
with a transverse gradient;
variation of tractive forces caused by the change in
the adhesion weight of the motor grader as a result of its unsteady
movement. Such cases are possible at the stages of intensive
penetration of the blade into the soil at the initial stage of digging,
changing the depth of cutting as a result of the control action by
hydraulic cylinders of lifting/lowering mechanism of the blade
while digging the soil, at the collision of the blade with a rigid
obstacle.

All the abovementioned aspects make it possible to pass to
developing a dynamic scheme of a motor grader for performing soil
digging operations. Since the experiments have shown that the
greatest effect on the road-holding ability is made by the absolute
values, direction and coordinates of applying the resultant vector of

In the process of justification and development of the
dynamic scheme of a motor grader the following objective factors
were taken into account:
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act forces of lateral resistance to displacement Рб1, Рб2 and Рбп,
which values are determined by the wheels adherence to the ground.

external resistance forces [6], the dynamic model considers the
worst in terms of road-holding ability situation, when the digging is
performed by the blade edge. In this case the blade is sloped in the
vertical plane, the portion of the cut soil prism is formed and placed
in front of the blade and the other portion goes under the blade from
the opposite side.

Оn the basis of Lagrange equation the motor grader
movement can be described by the following system of differential
equations:

mx1 =Т1 +Т 2 − my1φ − Wf1 − Wf2 −

−Wfп − Rг

 my1 =mx1φ − Rб − Рб1 − Рб2 +Рбп

l
l
 Iφ=(
 Т 2 − Т1 ) б +(Wf1 − Wf2 ) б −
2
2

 −(Р +Р )l +R l +R l − Р l
б1
б2 1
б2
г3
бп 4


Taking into account the previously considered
simplifications the dynamic scheme of a motor grader will have the
form shown in Fig. 1. The machine movement occurs relative to the
fixed inertial coordinate system Oxyz. The analysis of the machine
trajectory in this coordinate system allows defining key
characteristics of the motor grader road-holding ability: the lateral
displacement and rotation angle relative to the longitudinal axis [7].
In the process of performing the work operation of digging
the driving wheels generate tractive forces T1 and T2. The given
scheme of the application of forces is true for motor graders with
the most common wheel arrangement 1×2×3. The rolling resistance
forces are respectively Wf1 and Wf2 — on the sides of the balance
truck and Wfп — on the front axle. The resultant vector of resistance
to soil digging is presented by two components: Rг — longitudinal
component and Rб — lateral component. Both of these forces cause
the emergence of loads, cross-resistance and torque, which could
destabilize the trajectory of the motor grader movement. In the
areas of contact of propelling devices with the support surface there

(2)

In the given mathematical model m is the mass of the motor
grader, I is the moment of inertia of the motor grader relative to its
center of mass.
To build the motor grader trajectory in the inertial (fixed)
coordinate system Охy, it is necessary to solve the system of
differential equations [8].

 x =x1sinφ − y1cosφ
(3)

 y =x1cosφ − y1sinφ

Fig.1 The motor grader dynamic scheme.
where А is an empirically determined coefficient; φсц is a

The tractive forces on the driving wheels depend on the values
of support reactions, theoretical ( x1т ) and actual ( x ) speeds of the

coefficient of the wheel adherence to the support surface; N is a
is an exponent
support reaction on the driving wheel; m
determined by an experiment.

machine movement, type of the undercarriage and characteristics of
the support surface [9]:
=
δ

m
x1т − x
Т (1 − Aφсц )  Т 
= А +
  , (4),
x1т
N
φсц m  N 

The value of support reactions on the driving wheels change
in unsteady regimes of the machine movement resulting from
situations of abrupt change in the area of the cut chips of soil or
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collision of the blade with a rigid obstacle. To determine their
values, it is necessary to consider the dynamic model of the motor
grader in the vertical plane (Fig.2).

coefficient of tires of the front axle wheels; I b — moment of inertia
of the motor grader relative to the center of mass in the vertical
plane; z1, β — additional generalized coefficients

The machine movement in this case will be described by the
system of differential equations:

Solution of the system of differential equations (5) allows
determining the deformation of the front of the rear tires of the
motor grader and calculate the current values of the support
reactions:


mx1 =Т1 +Т 2 − my1φ − Wf1 − Wf2 − Wfп − Rг

(5),
mz1 + (C12 + Cпр ) z =
0


+C ⋅ l 2β + C ⋅ l 2β + C ⋅ l 2β = 0
 I bβ
12 1
пр 2
n 4


Gl1
+(z1 + l4β)Cn
Nп =

l
1 + l4


my ⋅ ha
Gl4
0
N1
− (z1 + l1β)C12 + 1 =
=
l
l
lб
+
1
4


my ⋅ ha
Gl4
0
N2
− (z1 + l1β) − 1 =
=
l1 + l4
lб


where C12 is the elasticity coefficient of the balance truck
tires; Cпр — reduced coefficient of elastic restraint between the soil
and hydraulic drive of the working equipment; Cn — elasticity

(6)

Fig. 2 The calculation model for determining the support reactions on the driving wheels.

W f 1 = N1 f ,

This equation can not be solved in its explicit form with
respect to the traction force T. The design feature of the vast
majority of modern motor graders is the use of torque converter in
their transmission. The experiments conducted on the basis of
KhNAHU with a motor grader ДЗК-251 demonstrated that with this
arrangement of the transmission the engine speed decreases by no
more than 4.6% even in situations where the blade is locked in the
ground. The engine power is sufficient to bring the leading
propelling devices to the regime of full slippage. In any case, in
order to simplify the calculations when determining the slip
coefficient, it can be assumed that the crankshaft speed will be
constant at variable external resistance forces. Taking into
consideration characteristics of the concurrent working of the
engine and hydro-mechanical transmission and the accepted
simplifications, the dependence (4) can be approximated and
reduced to the form [8].

T1 (=
x1 ) N1φсц 1 − ax1 − bx15  ,


5
T2 (=
x1 ) N 2φсц 1 − ax1 − bx1  ,



W f 2 = N2 f ,

(8)

W fп = N п f ,
Lateral resistance forces act as retaining restraints. The limit
value of these efforts can be determined by the dependence:

Рб = Nφсц.б ,

(9),

where φсц.б – is a coefficient of adherence of wheels to the
support surface in the lateral direction relative to the rolling
direction. If we denote the total active lateral forces acting on the
support pneumatic tires respectively as

∑ F1, ∑ F2 , ∑ Fп , in

analytical form it can be presented as follows:

∑

∑
∑
∑
∑
∑
∑


F1,если F1 ≤ N1φсц.б

Рб1 = 
,
 N1φсц.б ,если F1  N1φсц.б

F2 ,если F2 ≤ N 2φсц.б

Рб2 = 
,
 N 2φсц.б ,если F2  N 2φсц.б

Fп ,если Fп ≤ N пφсц.б

Рбп = 
,
 N пφсц.б ,если Fп  N пφсц.б

(7),

∑

where a and b are approximate coefficients, N1 and N 2 are
support reactions on the respective leading sides.

∑

The forces of rolling resistance depend on the value of
support reactions on the grader wheels and type of the support
surface. In a general form they can be calculated by the formula:
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(10)

The horizontal and lateral components of the digging
resistance depend not only on parameters of the working equipment
and characteristics of the developed environment but also on the
type and method of performing work operations. In a general case
the horizontal component is the function of the motor grader
movement along the x axis, and for different working situations it
can be expressed by the dependences given in Table 2.

In the dependences presented in Table 2 the following letter
symbols are used: R0 = Wp — soil digging resistance; Wо —
resistance to the movement of soil up the blade; Wпp — resistance
to the movement of the soil prism in front of the blade; Wв —
resistance to the movement of the soil along the blade.

Table 2. The horizontal component
Work operation

Graphic interpretation

Analytical dependence

1

2

3

Intensive deepening

Rx =x1 − b1x1 + c1x12

of the blade

At the stage of forming the soil
prism:

Rx =R0 − b1x1 + c1x12
Digging from the pit
At the state of steady movement
(the prism does not increase:

Rx = Wp + Wпp + Wо + Wв

Based on the known regularities we can form the following
system of dependences

where F is the area of the cut soil chip; k — specific
coefficient of soil cutting resistance; δгр — soil density in natural

Wp = Fk
Wпp = Vпp
Wо = Vпp
Wв = Vпp

δгр
kp

δгр
kp
δгр
kp

occurance; kp — coefficient of soil softening; g = 9,8 м / с 2 —
gravitational acceleration; μ1,μ 2 — respectively coefficients of

gμ1

gμ1μ 2cos 2β

internal and external soil friction; β — cutting angle; α — attack
angle.
(11),

The lateral component of the soil digging resistance
Rб = Rг sinβ

gμ1sinα

(12)

Fig. 3 The movement trajectory of the motor grader in the process of soil digging from the pit
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Simultaneous solution of equations (2) and (3) was
performed by the numerical Runge-Kutta method with a variable
step [7]. The results of the analytical calculations and experimental
data obtained during the experiments with the motor grader ДЗК251are shown in Fig.3.
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chosen mix of implemented measurements is the way how it´s
possible to achieve the best synergy.

1. Introduction
Under the transformation and liberalization of the railway
market, the new separated subjects inherently needs to cooperate so
they are able to proceed as the one entity. Thus formed philosophy
that can after transforming to reality can bring a new cooperation
across the railway sector regardless of competetiveness inside
railway sector between the subjects in railway market. There is no
more competitiveness as the main priority but cooperation seems to
bring higher prosperity.

3. The Proposal of a Several Measures
Rationalization of locomotive recoupling duration:
This operational measurement does not require any investment
and it can save train running times easily. It´s mainly about the
removal of conflicting or simultaneous actions that reduce the
effectiveness of locomotive recoupling technology. Thus, if the
locomotive is uncoupled by IM´s employee or by another operator´s
employee and according to the regulation is the locomotive driver
obligatory to uncouple the electric cable, there is need to organize
all this action by operator´s staff. This measurement saves the costs
to the operator (RU). In some cases could it lead to the longer
duration of this operations but there is a better organization of this
operations possible. The next step requires to harmonize an
activities of IM, who controls the railway traffic in a station. That
means the most effective use of all persons participated in this
process to achieve a reduction of stoppage and dwell time.

There are various ways to make the railway sector more
attractive - economical measures (price and tariff policy,
minimalization of costs) or traffic-organizational measures
(optimalization of shifts, turnover of vehicles, harmonization of
timetables). These measurements should be done under the
coordination between subjects of railway market – at all between
infrastructure manager (IM) and railway undertakings (RU).
Stimulating the development of regional rail transport requires
impulses mainly from the IM, in particular structural modifications
of tracks and billing of infrastructure for regional transport.

2. General Description of Effectiveness Proposals
According to the categorization we define this measurements:
• Operational-organizational
measures,
which
mean
improving of technological and organizational steps, elimination of
its quantity and reduction of time demand. As an advantage is its
very short time of realization and very low costs. But there is no
positive result without the synergy of other implemented measures,
• Build-constructional measures, which mean the changes in
technical and constructional layout of stations and track sections
and its accessories (horizontal and vertical adjustment of a rail,
construction of underpasses, platforms, new interlocking and
communication systems and so on. The negative site is high
costingness and time consuming for realization past normal traffic
operation,

Fig. 1 Example of a Push-Pull set – ZSSK 381/051/051/951

It can also be very effective to use in the railway traffic a new
modern trains, especially progressive sets like multiple units and its
parallel called “Push-Pull” upgraded from conventional sets which
consist of passenger coaches, locomotive and special ending coach
that is able to control locomotive on the other side of own set. It
means, there is no more need to change locomotive position from
the beginning of train to the end and back during the train turnover.

• Inovation measures (of IT systems and interlocking), which
allow to collect, exchange, classificate and change information
more effective and easier for more security in traffic operation. The
measure is high-cost as well, but the investments consumed by its
realization are continuously returned by saving of operating costs
[2].

Rationalization of a timetable construction:

Each of the measurement represents an individual group of
difficulty for investment consuming, realization time and technical
solution. It is possible to apply them generally to any of railway
tracks in any combination, but some modifications are still
necessary. It is based on a need to be set and realized in a right
sequence, so required effect can be brought.

This measurement tells about analyzing of a points of railway
infrastructure (usually stations) in which is possible to optimize the
crossing of trains and reevaluate the stopping and dwell time of
regional trains. There are the problematic stations equipped by old
interlockings. In case study there was supposed cancelling of
stoppage of the regional trains at stops, that are several hundred
meters away from populated areas and it is more effective to carry
passengers by bus.

Under these measurements it is appropriate to propose a set of
specific elements of rationalization, which are directly related to the
regional lines and whose implementation the desired effect is
achieved. It should be noted that the only right and appropriately
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Light modernization of track sections - exploring the current
potential:

Complete increase of track speed
This reconstruction measure solves the problem of insufficient
track speed profile by complete reconstruction of a basic track body
(extent of construction work and economic effects allowance).
There is need to reflect general effect. In the case study was
suggested the speed profile RP3 (speed zone) with its maximum
upper limit of 120 km.h-1. The time savage for speed profile of
140 km.h-1 (RP4) is just 2 minutes on 36 km track length.

The solution of this measure lies in finding out the upper track
speed limit according to the constructed parameters (the horizontal
direction of the track and other limiting factors) and to the cost
effectiveness. In the case study was supposed the adaptation the
track slope and superelevation. The deficiency of track cant doesn´t
allow the possible speed. If the curve radius and the horizontal and
vertical transition of track is convenient, so that is need to increase
speed limit by an adaptation of the gravel ballast and adjustment of
signalling equipment and other components of interlocking devices.

It is necessary to realize this complete increasing of track speed
and to carry out many of the procedures and interferences in the
railway infrastructure, which require extensive pre-project and
project preparation, respectively its documentation and of course
the huge investment costs, which are often increased by the cost of
preparation, removal, elimination of secondary effects during the
implementation of measure or the actual costs incurred by the
limited conditions for the implementation of reconstruction during
daily transport traffic [3].

The problem in the study line Nitra – Leopoldov is particularly
the stations that have unsecured switches and low secured
interlocking and in which is the top speed limit only to 40 km.h-1,
but both of adjacent track sections have generally the maximum
speed limit (mostly 100 km.h-1), so these stations create a
bottlenecks in reaching constant track speed. The measure requires
to spend some investments for implementation a new modern
interlocking, that means to implement switch-lock systems for
higher speed and replace an old mechanical signaling system
(semaphores) by a new illuminating signals, that are depended on
switch position and other signals (routing) and are also able to
signal the speed limit in a switches district and so on. There are
several ways how this measure can be realized. But an
implementation of the newest interlocking systems seems to be the
most effective way by considering the future.
Partial increase of track speed limit
This measure begins with a set of construction modifications of
a wider scale, especially in terms of horizontal direction of the
track. These measures imply the need for spending large amounts of
investments, they are more demanding on time and they also largely
affect the current traffic operation. Implementation is proceeded by
an exhaustive analysis of track body, its estate and direction or an
altitude conditions. It is possible to allocate the track sections that
can be subjected to this rationalization measure right by this
analysis [4].

Fig. 3 Complete increase of track speed – new direction

Establishing of a new stops
To increase the efficiency of railway transport as well as
competitiveness with other transport modes in passenger transport it
is needed to revalue the number and situating of the railway points
(train stops). This problem should be solved by building of a new
railway transport points, so to shorten the walking distance up to
1 km. There is need the cooperation with the municipalities. [1]
The new vehicles can reduce the running time despite more
stops due its better traction characteristics. In case study is supposed
a new train stop in Leopoldov (Leopoldov mesto z.) closer to the
build-up area between own station (railway station Leopoldov) and
the train stop at the edge of populated area (Leopoldov zastávka z.)
(see Fig. 4).

Fig. 2 Partial increase of track speed – minimal shift

By implementing this measure are modified curves, which
radius is convenient for the increased track speed, but there are
inconvenient horizontal and vertical transitions that are rated at the
current speed limits. Therefore, adapting them to the higher speed
comes with a shift of curve position by modification of
superelevation runoff and its direction (especially circular section,
because of a tangent runout between non-superelevated straight
direction and fully superelevated curve) towards the circular center
by a few tens of centimeters, which is depending on the input
parameters of the curve (see Fig. 2). This shift should not represent
an interference into the railway, but it´s only modification of the
upper railway body (gravel ballast) under the shift of the rail in a
curve or just a reinforcement of railway bottom, which will not
involve a laying of the railway superstructure (grid track and
ballast).

Fig. 4 New stops for better railway range
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can bring additional unnecessary costs in the future at an already
expensive measure.

Modernization of railway stations
By implementation of this proposal should be all stations
equipped with „island“ platforms (center platforms) and
underpasses (see Fig. 5 and 6 – plan for station Nitra).

4. Conclusion
The investment consumption for the infrastructure, like
modernization, optimization, and innovation and so on is certainly
an important issue for any of the railway infrastructure managers.
The implementation of capital-intensive projects are concentrated in
the priority projects for modernization of main railway corridors.
However, the possibility of the hidden potential in similar projects
of modernization and rationalization of regional lines are often not
in focus. The whole set of rationalization measures in their logical
relation and correct order will bring positive effect to all directly
affected subjects. Under an exactly defined conditions it is possible
to achieve these basic results:

The second effect should be as an increasing of speed limit in
the station. Reconstruction of a station gridiron (development or
district of switches) requires investments due to increasing track
speed. However, the result will be sharp by powerful station of
transport parameters which will be much more safety and effective.
Implementation of such measures has a complex character and must
involve the other related rationalization measures (comprehensive
pre-installation of central remote traffic controlling system and so
on), which usually also requires similar interferences into the
railway infrastructure [5].

•

increase of upper track speed limit,

•

increase of technical speed of trains,

•

reduce of train running time,

•

reduce of traffic time intervals,

•

increase of railway infrastructure capacity,

•

saving of salary costs a month is expected.

By these positive acting effects the rationalization of a railway
transport operation and development of railway transport is the
wide of attractiveness for the public transport, but in the end thanks
to the more flexible freight operators and the attractiveness for
shippers as well, it´s shown that one of the very clear way of
adapting to rapidly evolving standards in railway transport is also
the possibility of application of such measures like these.

Fig. 5 Visualization of the new station platforms

It is a very important to make a railway transport quick, safety
and reliable. To make an underpasses and center platforms is one of
the best way how to bring these features in a passenger transport
into reality (see Fig. 6).
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Fig. 6 Visualization of the new station underpass

Implementation of remote control center of a line traffic
operation
One of the final extensions in the realization sequence of
rationalization measures and also the possibility of its separate
implementation is the remote controlled track operation from one
control center. This will reduce the number of traffic control
personnel (IM) and it is more effective by increasing the capacity of
track line even if the controlling is more powerful by using the
common wall-based panoramatic display.
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Electrification of track sections
This measure is the latest one in a series of implementation
proposals. However, this doesn´t exclude the need for electrification
of railway tracks, it only moves this need in a chart of urgency to a
lower position. Along with the implementation of this measure and
its preparing, it´s really necessary to have regard for the possibility
of double-tracking the line in the future (location of gantries and
pylons for overhead wires), because of the frivolous electrification
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the barge and the store room size. Those parameters are very
important because of offshore location of the barge and limitations
of availability of service ships who supply the feed for the fish.

1. Introduction
Today’s fish farming industry is growing very fast due to
increased fish consumption in the world. The market in Norway is
very stable and has been growing very well. Fish farmer companies
are investing increasingly in their business. Those developments are
required to open more slots in the fjords, to establish new fish
feeding centers, to fulfill the requirement of the consumers. Due to
limitations in the law, farmers need to place fish farms farther away
from the shore. The requirement to be taken into consideration is
the load capacity of the barge and store room size. Those
parameters are very important because of remote location of the
barges from the shore and limitation of availability service ships
who supply the feed for the fish. In other words, the barges need to
be lighter in weight and have more capacity to meet the
requirements of consumers.

2. Overview of Methods for Plate Calculation and
Comparison of the Results
As soon as the barge is in calm water, the dynamic forces are
not present and in this case it is possible to consider only static
loads applied on the barge hull. The uniformly distributed pressure
is located on the bottom plate and the hydrostatic pressure is placed
on the sides of the barge.
There are a lot different methods for calculation of plate
bending:
a) Navier’ method [3],
b) Levy solution [3],
c) collocation method [3],
d) Kantorovits-Vlassov method [3],
e) grid method [4],
f) plate calculations by FEM [5].
In order to determine which of the methods suits best for plate
calculation and is closer to the real solution, comparison of the
deviations of all the methods is essential. The data of all deviations
for plates loaded by a distributed load are shown in Table 1.
Table 1. Deviations of all methods from the real solution for the distributed
load, %.
Method
Parameters

a)

Kant.Vlassov
14

grid

FEM

17

collocation
11

22

14

15

15

11

15

20

15

Deflection

0

0.5

0

0

0.7

7

Bending
moments

2

2

2

0.5

4.6

6.5

Navier'

Levy

Shearing
forces
Vertical
reactions

18

b)

Table 1 demonstrates that the Navier’, the collocation and the
Kantorovits-Vlassov methods have the smallest deviation from the
real solution. The deviation for the deflection is equal to zero,
which means that the solution exact in terms of the real solution for
calculations with certain boundary conditions. Next in ranking are
the Levy and the grid methods with deviations for the deflection
equal to 0.5 % and 0.7 %, accordingly. The FEM method appears to
have the largest deviation, accounting for 7 %. In summary, all the
methods can be used for plate calculation taking into account the
boundary conditions and deviations for bending moments, shearing

Fig. 1. Fish-feeding barge (a) and its cross-section in silos bunker (b) [1, 2].

Some vessels as barges (Fig.1) have no to move by their own
force and have to be towed by other vessels such as tugboats. This
study concentrates on fish feeding barges, the most useful and fast
developing type of vessels in the fish feeding industry. Focus will
be on the forces having impact on the hull of the barge. The
requirement to be taken into consideration is the load capacity of
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forces and vertical reactions, if necessary. If we take all the
parameters into consideration, we can conclude that the most
suitable method for plate calculation is the FEM method, the
deviations of which are not the smallest in terms of all the
parameters, such as the deflection, the bending moments, the
shearing forces and the vertical reactions. However, taking into
consideration the boundary conditions, it is most suitable for hull
calculations.

distributed load,
4 – the plate with variable thicknesses loaded by the
hydrostatic pressure.
The load were 6 kPa, 12 kPa, 18 kPa and 24 kPa for the
uniformly distributed load and for the hydrostatic pressure. The
calculations were made for plates with constant (8 mm) and
variable (6 mm and 8 mm) thickness with dimensions of 180 mm in
width and 400 mm in length. Steel grade NVA with yield stress
235 N/mm2 is used.
The calculation results for case 4 (plate with variable
thicknesses loaded by the hydrostatic pressure) are shown in Fig. 3
and for all calculation cases in Table 3.

Table 2 presents the results of deviations for the plates loaded
by the hydrostatic pressure.
Table 2. Deviations of all methods from the real solution for the hydrostatic
pressure, %.
Method
Parameters
collocation
12

Kant.Vlassov
15

grid

FEM

24

16

17

12

16.5

21

17

0.8

1.8

0.5

0.5

1.3

8.5

2.9

3.1

2.6

1.2

5.5

7.5

Navier'

Levy

Shearing
forces
Vertical
reactions

19

18.5

16.3

Deflection
Bending
moments

3. Calculation of Plates with Variable Thickness
All methods mentioned above use plates with constant
thickness. In case of fish-feeding barges more optimal is to
consider hulls made of plates with variable thickness according to
hydrostatic pressure applied on the side of the barge. Taking into
account chancing in thickness of the hull plates the calculation
procedure will be more complex. The calculation scheme is
presented in Fig. 2.

Fig. 3. Curve of deflection for the plate with variable thicknesses of 6 mm
and 8 mm loaded by the hydrostatic pressure 24 kPa.
Table 3. Maximum deflections of the plates, mm.
Load, kPa

The theoretical background of this method of plate calculation
and equations of calculation are shown in our work [6]. The final
equations for calculation of plate deflections can be presented as
follow

12

18

24

1

0.110

0.240

0.370

0.490

2

0.022

0.049

0.072

0.099

3

0.160

0.320

0.510

0.690

4

0.031

0.062

0.093

0.133

4. Experiments and FEM calculations
To check results obtained by calculations on base of proposed
theoretical method were made experimental tests and extra FEM
calculations. During the tests was used a standard tensile test
machine with additional equipment. Schemes of loading,
methodology and results of experiments are described in work [7].
FEM calculations were made with Solid Works Cosmos program
and the results are presented in Figs. 4 and 5.

2


~
x2 
(1)
w(x, y ) = Y ( y ) − Yr ( y ) 1 − 2  .
 a 


~
The parameters Y ( y ) and Yr ( y ) for uniformly distributed

)

6

From the Table 3 it is possible to see that deflections of the
barge sides under hydrostatic pressure are about five times less than
the theoretical calculations with uniformly distributed load. Values
of deflections of plates with variable thickness increase about 40 %
in comparison to deflections of plates with constant thickness but
even in this case they are about three times less than in the case with
constant thickness and uniformly load.

Fig. 2. Rectangular plate with variable thicknesses.

(

Case of
calculation

pressure and for hydrostatic pressure are given in the work [6].
In order to solve the equations and to obtain the numerical
results of deflection the Matlab program is used. The results are
presented by the curve of deflection for all four calculation cases:
1 – the plate with constant thickness loaded by the uniformly
distributed load,
2 – the plate with constant thickness loaded by the hydrostatic
pressure,
3 – the plate with variable thicknesses loaded by the uniformly

First, calculations were made for the plate with a constant
thickness of 8 mm with dimensions 180 mm in width and 400 mm
in length under a distributed load and under the hydrostatic pressure
(Fig. 4) with maximum value of load equal to 24 kPa. In these cases
of loading the maximum values of stress are 36 N/mm2 and 9
N/mm2 accordingly and the maximum deflections are 0.47 mm and
0.09 mm accordingly to load cases 1 and 2. The results are very
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close to the results obtained by calculation method proposed by us
and to the experimental results.

The results from all the calculations have to be compared. First,
let us to compare the experimental and the FEM results. Fig. 6
shows the deflections of the plate with a constant thickness of 8 mm
under uniformly distributed load. As the chart shows, the results are
very similar.

a)

Fig. 6. Deflection for the plate with a constant thickness of 8 mm under
uniformly distributed load from the experiments and the FEM calculations.

b)

In order to simplify it, the results of the deflections achieved for
the plate with a constant thickness of 8 mm are shown in Table 4.

Fig. 4. Stress simulation and the results for the plate with a constant
thickness of 8 mm under the uniformly distributed load (a) and the
hydrostatic pressure (b) of 24 kPa.

Table 4. Deflection for the plate with a constant thickness of 8 mm under
uniformly distributed load at different methods, mm.
Load, kPa

The same calculation are required for the plates with variable
thicknesses of 6 mm and 8 mm. The results are presented in Fig. 5.
The maximum stress is equal to 54 N/mm2 for uniformly load and
to 10.5 N/mm2 for hydrostatic load. The maximum deflections are
equal to 0.9 mm and 0.14 mm accordingly.

6

12

18

24

Proposed

0.11

0.24

0.37

0.49

Experiment

0.12

0.26

0.37

0.47

FEM

0.12

0.24

0.36

0.47

Method

The procedure for the plate with variable thicknesses will be the
same as with the plate with constant thickness. Figure 7 shows the
deflections of the plate with variable thicknesses of 6 mm and 8 mm
under a distributed load found by the experimental and the FEM
method.

a)

b)

Fig. 7. Deflection for the plate with variable thicknesses of 6 and 8 mm
under a distributed load from the experiments and the FEM calculations.

Fig. 5. Stress simulation and the results for the plate with variable
thicknesses of 6 mm and 8 mm under the uniformly distributed load (a) and
the hydrostatic pressure (b) of 24 kPa

It is also possible to obtain the results of deflection found by all
the methods for the plate with variable thickness under a distributed
load. The results are presented in Table 5.

The obtained results mean that at loading by the hydrostatic
pressure it is possible to use thinner plate thickness and at the same
time keep the strength. As a result, we have decreased the weight of
the plate, which is a very good result regarding the weight of barges
and ships.

Figure 8 shows the deflections of the plate with a constant
thickness of 8 mm loaded by the hydrostatic pressure obtained by
the proposed calculation method and by the FEM calculations.
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Table 5. Deflection for the plate with variable thicknesses of 6 mm and 8
mm under a distributed load obtained by different methods, mm.
Load, kPa
6

12

18

24

Proposed

0.16

0.32

0.51

0.69

Experiment

0.15

0.29

0.44

0.59

FEM

0.18

0.34

0.53

0.70

Method

Conclusions
A new method for the calculation of plates with variable
thicknesses is proposed. The results of the new method are close to
the results by FEM calculations. The deviations are in the range
from 0 to 11 % to compare with FEM results. The experimental
results are also close to the results of the proposed calculation
method. The maximum deviation is in the range from 0 to 17 %.
The new method enables the weight of the plates on the barge to be
decreased by using plates with variable thicknesses. At the same
time, the strength requirements are satisfied. The method can be
used as a basis for the development of an algorithm for program
calculations of plate thickness. Implementation of the new method
could give an economical effect on the cost of the barge or another
object.
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FACTOR ANALYSIS TO CALCULATE THE RIVER CAPACITY
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Abstract: A waterway is not consists of sections have constant loading gauges and - because of this - constant throughput capacity. The
waterway categories themselves are suggesting to the different capacities, however the effective quantification is a significantly more
complex task. The navigable section of a river consists of heterogeneous lines with space and time-varying characteristics because of its
morphology and hydrology. The study examines the factors to prepare specific calculation.
Keywords:

WATERWAY PARAMETERS, SECTION THROUGHPUT, SPATIAL AND TIME AVAILABILITY, QULIFIER
FACTOR
- free depth of section
- attributes of bend (ray, central angle)

1. Introduction
Founding the unified waterway network is based on the voyage
regulation of the AGN. The measure number of the track's
utilization is the tonnage of the ships can be used on each line. The
limits of these are formed by Table 1 in the case of each category.

3. Hydraulics parameters (the dynamic attributes of the carried off
water quantity):
- water speed values (valued in space and time)
- special flows (occurrences deviate from the laminar direction)
- surface curves (in different water levels)

Table 1: Cargo capacity on the waterways [1]
Waterway
class (AGN)
IV
Va
Vb
VIa
VIb
VIc
VII

Deadweight [ t ]
Motor cargo
Pushed convoys
vessels
1 000 – 1 500
1 250 – 1 450
1 500 – 3 000
1 600 – 3 000
1 500 – 3 000
3 200 – 6 000
1 500 – 3 000
3 200 – 6 000
1 500 – 3 000
6 400 – 12 000
1 500 – 3 000
9 600 – 18 000
1 500 – 3 000
14 500 – 27 000

4. Meteorological parameters (weather elements which can
influence shipping)
- wind (with waves)
- fog and other forms of wet
- Permanently high or low temperature (mostly icing)
5. Traffic parameters (features originating from the traffic of
vehicles):
- navigation technology that is applicable on the territory (selfpropellered vessels, pushed and towed convoys)

The greatest challenge of river transport planning is the
knowledge of the constantly changing throughput capacity of
voyage. The efficient utilization of water voyage requires the
transport calculation with high reliability. [2]

- the dimensions of the convoy that can be created on the area
- the speed that is necessary for the safe travel of great loadable
vehicles, and the performance of main engine that is necessary to do
this.

The permeability of water ways basically influenced by
- the track with its own parameters and
- the composition of the used vehicles

- the lowest admissible distance between vehicles, and its factors
that influence it

Rivers as natural water flows can be characterized by many outer
parameters like:

(The last three parameters are assessed separately according to
upstream or downstream, and different water levels)

- climatic and metrological parameters
- configuration of the ground and terrain
- utilization forms, the effects of human interference.

As we have already estimated, a determination factor for the
throughput of the rivers – the application of vehicles – can be
originated from traffic features.

The other main parameters of capacity can be changing by the
attributes of the fleet
- designation (human transport or weight transport, motorized or
without motors etc.)
- the order of the emerging requirements (sizes, operate frequency)
- the requirements come from the territory (stability, safety tools).

The other main component – the track – is shaped according to the
four listed parameters. Hereafter, we will analyse the latter
condition system, traffic factors will be the topic of another study.

2. Spatial availability
In the following, we will examine the waterway, as the components
of a complex system, and the affect they have on each other, and in
what kind of way do they influence the throughput capacity.

Based on above, to qualify the waterways we have to examine the
attributes of the area can be used for shipping. The parameters of
the fairway classically used to classify to five groups [3]:

When planning artificial waterways and canals we can determine
the necessary minimal water level, the depth and width of the
riverbed for the expected load under a standardised waterway class.

1. Hydrological parameters (attributes come from the water
frequency):

In the case of natural water flows, the minimal navigable water
level (HNmin) can be determined in an indirect way. This is the
standard water level with which the navigation is 100% ensured in
measure of the recommendations that belong to the classification.

- water output (the yearly, average and medium carried off water
quantity)
- water level (the height of water at a certain point)
- and the regularity of the facts above and the frequency and
duration reports

The bed of a natural river shapes itself according to geological and
morphological conditions, so it changes from section to section, and
the water level that is needed for the insurance of travelling changes
as well.

2. Geometrical parameters (the track sizes of the actual hydrological
terms in the given river bed):
- the depth of the fairway (with shallows data)
- the width (and the shore distance of the fairway)
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In a chosen cross-section of a waterway, the HNmin can be
graphically determined in the following way:
- through standards we can determine the value of the width of the
fairway (BCmin) belonging to the classification

this to specify the restrictive river section we have to choose from
the water outputs of the examined river sections which ensure
minimal water levels. This gives us the minimal water output to
make navigation possible (QNmin). At a lower level on the river
section, traffic is possible only by gauge-restriction.

- in the actual segment we look for the lowest level into which the
necessary width can be still inserted. (This determines the margins
of the fairway that belong to HNmin as well).

In general the suitable fairway depth is depend on the width and
the actual water output, therefore:
hi = f (BC; Qi)

- to the determined level we add the expected value of the draught
(tCmin) with needed underkeel clearance (CU).

The minimal navigable water output (by the shown method)
consists the morphological specifics of the examined river section
(shape of the section, flaw of the water surface, material of the river
bed, geometrical measures).

The water level in the cross-section, that ensures the passing of the
load according to the class of waterway, is at our service.
The navigable range of fairway is enclosed by the maximal water
level (HNmax) that still ensures boating. The two steps for
determination are:

We have to choose the restrictive water output (QNmax) belonging
the navigable maximal water levels. This means the geometrical
parameters of the river section's infrastructures. At a higher level,
riverage on the section is possible only by draught-restrictions.

- the estimation of the lowest level of the bridge (LBlow) in the crosssection that has an upper waist
- from this we deduct the recommended height of passage (fCmin)
with needed safety clearance (CB) of the waterway class.

By this method we get the water output range (QNmin - QNmax),
which makes a continuous (100%) navigation possible on the
section's waterway-classification.

So with this we have the water level in the cross-section, that
constantly ensures to pass vehicle and cargo heights according to
the class of the waterway

In an actual application we show the draught-restricting water
levels on the actual river section on the following diagram. On
figure No.2. you can read the lowest water level for riverage on the
different river sections and the necessary water output for them.

The navigable range and the voyage restrictor of a cross-section are
shown in the first chart.
LBlow
CB

fCmin
HNmax

RNsi
HNmin
tCmin
CU

Fig. 2 The navigation-proof water levels and water discharge on the

BCmin

examined river section

Fig. 1 Fairway parameters

The highest value of the minimal water outputs will affect
the river capacity. At this chosen cross-section we can specify the
water output for different - declined - draught by the method above.
By preparing to restrictions it is possible to specify practically oneand two-way traffic, so full and half-width of the fairway. Its
correspondences are on the figure No.3.

Of course we need to know the limitations mentioned above for
further sections. If a continuous (isobar-lined) river survey is
available, we can expand the previous methods in space. Nowadays
this can be done easier and faster by computing systems. As a result
we get the spatial diagnostics of the analysed section of the river,
which makes it possible to track both the vertical and horizontal
changes; therefore we get the sinuosity specifics of the assumed
width.

3. Time availability
By comparing the minimal shipping water level with the actual
water level we can calculate the degree of obstruction during
shipping in individual sections. The exploration of the laws of
changes on water levels can give us the probability of obstructions
in shipping over time. As a result of climatic effects the water level
is periodically changing.

Choosing authentic sections for a possible gauge on the
examined section is not possible directly by comparing the minimal
water-level, because the river has a natural flow. Because of the
above mentioned morphological specifics, different water output is
necessary for the minimal water level (HNmin) on every section. By
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With the time duration of shipping water outputs (TN) the shipping
season can be reduced by:
- a random event (blocking of shipping lanes because of an havaria,
or another event)
- events that are occurring in a particular regularity (in the
temperate zone it is mostly ice formation)
The first event is statistically insignificant, but with the second one
it is mathematically calculable. To determine the laws of ice
formation we should look at the following perceptual data:
Fig. 3 Connection between the draught and the water output on

These are used as probability variables, but because of the fact that
these will give us too much variations, the duration of the ice
covering (Ti) could be take into account with more probability (0, 5
and 50%). Knowing this – as a shipping necessity – we can
calculate the usable duration of the shipping season (Teff):

the actual river section
We can only measure it reliably by analysing daily water level
data over a long period (50 years) of time. The standard form of the
function [4]:

∑ ϕ (t)

In one year the number of days that are not appropriate for shipping
(Tn) can be calculated from the sum of the times of obstructions:

n

Q =Q+
p
k

[%]

1

1

ϕ 1 ( t 1 ) = Q1 cos

the starting of ice formation
the time of the stabilization of the river
the time duration of the ice covering
the starting again of the flow
the melting of the ice

365

365

Tn =

2iπ
2iπ
t + b1 sin
t
365
365

∑

Tmin ( t ) +

t =1

∑T

max

(t)

t =1

(3)

(1)
Or otherwise in rate:

The distribution of water output values over time is also
determinable by the parameters of the also periodic distribution
function [4]:

2iπ

n

Qp (t) = a 0 +

2iπ

∑ c cos 365 t + d sin 365 t
1

1

Tn =

tn

∑T

min

(t) +

t0

tn

∑T

max

(t)

[%]

t0

(4)

[%]
Where:

1

(2)

Tn: the duration of obstruction
Tmin: days falling out because of a water output under QNmin
Tmax: days falling out because of a water output over QNmax

If we use this correlation with the minimal shipping water output,
we get the probability of the value being on, or over the margin of
shipping water output over time in a given section. We get a full
picture, if we also use the correlation for the water level data under
reduced draught and half-width. The results are like the curves
illustrated on diagram 4.

The time duration of shipping water outputs (TN) in the shipping
season [5]:

TN = T365 − Tn
(5)

4. Qualifier factor
Multiple parameters of the fairway can be a characteristic of a
given section of the river, and it will affect its quality.
The above shown water level calculation gives us an opportunity to
complexly analyse the navigability of a waterway.
Next to the minimal shipping water output that has morphological
parameters, with the processing of the laws of changes on water
levels we can calculate the smallest occurrent water output (Q0) in a
given section. The relationship of these is representative to the
secureness (Ss) of shipping of the section:

Ss =

Q0
Q N min
(6)

From the proportions we can set up the quality classifications
suggested under figure 5.
Fig. 4 The probability of draught constricting water level in a given

section
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Conclusion
The parameters of waterway that are varying in space and time
along the river creates a complex measuring system.
With their analyses we can draw conclusions about the necessary
traffic management, the possible vehicle constructions, and what
waterway improvement is possible.
For these high cost procedures a high reliability waterway rating
method is necessary.
By looking at the method for obstructing water outputs we can give
the river sections a complex classification.
For the comprehensive expression of the rivers shipping capability
at the same time we need to consider the traffic patterns, which we
will do in the continuation of this study.
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FIGHT AGAINST POLLUTION IN CAR INDUSTRY – WORLD TRENDS
Prof dr Nataša Tomić-Petrović, University of Belgrade, Serbia
e-mail: natasa@sf.bg.ac.rs
Abstract: The expansion of our needs in the space and many changes around us requires a change in attitude towards the
environment. Research suggests that by 2030 in the world there will be 8.5 billion people. Planet is warming up and there is an increasing
frequency of natural disasters: heat waves, floods, hurricanes. The public is aware that air pollution kills 3,3 million people per year. It is
necessary to react quickly. In Paris at the end of 2015 the 21-st Conference of the UN on climate changes (COP 21) was held.
Serbian association of importers reported that in recent years in our country about 20.000 new cars and about 100.000 used cars
was imported. In Serbia there is no laboratory that could to accurately test the amount of exhaust gas according to European standards in
effect. In our country still is in force the Regulation on technical inspection from 1984, so the allowed values of exhaust gases are completely
downgraded. Today, in our capital city Belgrade we have been working on the improvement the identity of capital, as well as mobility and
ecology. In 1892. in Belgrade the first Belgrade’s tram - by a horse-drawn started, but during 2016, passengers will be transported by 5
electric buses of the Chinese company “Hager” with 10 years guarantee.
Hoping to realize the idea of manufacturers from all around the world, especially that pollution is reduced, and the environment in
which we live protected, this work originates.
KEY WORDS: POLLUTION, CAR INDUSTRY, BELGRADE, FUTURE, ENVIRONMENT.
Today we have for the first time in the history of aviation an
aircraft 2 flying without fuel both day and night, showing the
potential of clean technology that can be used to reduce the
dependence of the world from fossil fuels, affecting the preservation
of the environment and helping in solving many problems of
pollution, which at the end of 2015 in Chinese cities has reached
alarming levels. 3 Cars of the future are in development, so it stands
out revolutionary flying car called "TF-X". The designers believe
that it takes another ten years of work on this model to the company
"Terrafugia" to realize their idea and that the car "TF-X" will be
able to fly 805 miles without stopping. It is interesting to mention
the work of Korean experts, the car "Armadillo-T" which is
reducing. It was made by the Spanish Hiriko concept. 4
And today we are looking forward to the fact that
“Mercedes-Benz C 350E” is embracing hybrids, proclaiming that it
will have 10 new plug-ius in 2017. "Opel" will next year launch a
revolutionary new electric car using batteries and this German
brand will continue the greatest and the most far-reaching market
offensive in its history with 29 new models between 2016 and 2020.
The US administration of traffic safety may soon recognize
as a driver the technical device or a computer that controls the
vehicle, what would pave the way for the introduction into service
of vehicles with autopilot on the driver's seat. Self-driving cars
bring as first association the terms safer driving, new mobility
services. That represents the self-driving revolution.
Recently in Italy, in Milan at the “Week of design“
designers from Japan represented „Toyota-s“ model called
“Setsuna“ 5, a car that is almost entirely made of wood and cannot
go faster than 90 kilometers per hour. This car model was created
thanks to the traditional Japanese techniques, whose performance is
not yet fully discovered.
Ten the most important new cars of 2016 (The team of auto
experts has reviewed the full list of debuts and decided that these
are the 10 most important new vehicles of 2016) are: - “Chevrolet”;
- “Chevrolet Camaro”; - “Acura NSX”; - “Cadillac CT 6”, now a
purveyor of SUVs; - “Fiat 500 X”, that has potential to double the

INTRODUCTION
The expansion of our needs in the space and many changes
around us requires a change in attitude towards the
environment. Research suggests that by 2030 in the world there
will be 8.5 billion people. Planet is warming up and there is an
increasing frequency of natural disasters: heat waves, floods,
hurricanes. The World Health Organization reported that in 2012,
about 12.6 million people have died due to living in an unhealthy
environment. Unintentional injuries such as traffic accidents are
also included in the violations related to the environment and in
2012 of them 1.7 million people were killed, since accidents are
often caused by the poor condition of roads.
The public is aware that air pollution 1 kills 3,3 million
people per year. It is necessary to react quickly. In Paris at the end
of 2015 the 21-st Conference of the UN on climate changes (COP
21) was held in which the participants with the collective effort
achieved an international agreement that would allow the limit of
global warming to less than 2°C. In New York on the 22-nd of April
2016. the ceremony of signing "the Paris Agreement on Climate
Change" took place and the President of the Republic of Serbia
participated on that ceremony.

NEW TRENDS AND WORLD EXPERIENCE IN
CARS FOR THE FUTURE
In France management of "Peugeot Citroen group" believes
that during 2016. the first hybrid vehicle using air for propulsion
will be launched at the market. Experts employed in this company
believe that this system will reduce fuel consumption for 45% and
due to the fact that the cars are most of the time ran by air, fuel
consumption in inhabited areas would be reduced to 80%. The
compressed air would be used primarily in cities and urban areas,
and it would be set automatically when the speed of cars falls below
70 kilometers per hour.
However, it is necessary to remind that still in 1939. when
at the market appeared the first “Volkswagen’s bug“ which is
today the best-selling model, although the British Association of
consumers predicted that this car is going to be sought for only 2-3
years. During 2016. the "Volkswagen" company invited their
customers and gave them artistic freedom to present it in their ideas
how the car of the future should look. And certainly, among ideas
there was also one flying car. This is a concept called "Hover Car"
or hovering car, the result of the project "the people's car", launched
in China in 2015.

1

In the world these ten cities have the worst air pollution in the
world: most of them are in India (Lucknow city, Ahmedabad,
Raipur, Gwalion, Patna and Delhi too, then Khorramabad, city in
Iran is an agricultural hub, Rawalpiudi, Karachi and Peshawar /
with brick-making industry in the city/ in Pakistan.

2

The experimental aircraft "Solar Impulse 2" flies without fuel
(there are more than 17,000 solar cells whose energy enables
propellers to work also during the night)

3

Otherwise, from our inaugural flight in 1927. Air Serbia has been
a leader in air travel. Since 1961. Air Serbia has been a member
of the International Air Transport Association (IATA). And now
with our new name and new identity, we are redefining the
concept of comfort in the air across our growing network.

4

This micro car will develop a speed of 60 km/h and it will possess
the ability to reduce the length of 2.79 meters to 1.65 meters
electrically using an application for smartphones.
5
In Japanese that means “moment“.
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company’s sales in America; - “Jaguar XE”; - “Lincoln continental
concept”; - “Mazda MX-5 Miata” that represents the essence and
spirit of Mazda; - “Tesla Model S” /seating for 7 people/; - “Toyota
Mirai”.
And in March 2016 in Geneva, 86-th saloon of cars with
many premieres of new models announced by the world's largest
producers was held. Increased are hybrid vehicles, where leads
"Toyota" and they moved away far. The vehicle using hydrogen "Mirai" (“future”), as well as the new "Julia" from the "Alfa
Romeo", electric "Renault Zoe" and other models were presented.
In the meantime, Switzerland has temporarily halted the import of
"Volkswagen's” vehicles with diesel engines.
And only four days after the spring auto-saloon in Geneva,
in our capital town Belgrade began the 5th Car Show "BG car
show" and X International Fair of motorcycles. 6 At the auto saloon
in Belgrade vehicle "Toyota Mirai" was declared for the "ecocar" for 2016. This was decided by the jury composed of 73
journalists from 23 countries of the world on the International
Automotive Industry Exhibition in New York.
However, it should be indicated that the Japanese
manufacturer announced the withdrawal of 2.87 million cars
worldwide due to problems with the seat belt in the event of a
collision. The recall applies 7 to “Tojota” sport model “RAV 4”
/produced for the period from July 2005 till the August 2014/, as
well as to another model produced for the period from October
2005 till the January 2016.
In September 2015. the public learnt about intention to fix
the score of facts – information on emission of harmful gases
produced by “Volkswagen’s“ cars. The fraud was discovered in
America 8, where otherwise more effective control in relation with
production of harmful gasses is performed. United States
Environmental Protection Agency (non-governmental organization
International council for ecological transport 9) discovered that
“Volkswagen“ had built in an instrument for fixing the score of
tests of exhaust fumes emissions. This was the biggest scandal in
the newer history of German and the world’s car industry. This was
an attack on the German economy as a whole, and in the company
headquarters in Wolfsburg German state commission of inquiry has
searched for appropriate documentation. On that occasion, the
French Minister of Energy stated that "selling cars with fake
environmental indicators is unacceptable and the victims are the
workers whose job is now endangered, as well as deceived
consumers and countries which provide subsidies for the purchase
of environmentally clean vehicles". Volkswagen's fiasco with fixing
the score of tests of exhaust gases destroyed the reputation of
Germany. Meanwhile, the "BMW" was accused for fixing eco-tests.
The discovery of American non-governmental organization
International Council for environmentally friendly transport that are
jeeps of "BMW" type X-3 when tested showed 11 times lower
scores for gas emissions than those in regular traffic in USA.
Unfortunately, engineers of "Mitsubishi" 10 have cheated by fuel

consumption data in around 625,000 vehicles sold in Japan, with
intention to show them more economical. These data were revealed
by competition.
At the same time, the best cars of the last 2015. were cited
on the following list: Aston Martin DBX, Audi prologue concept
and Audi prologue avant concept, Bentley exp 10 speed 6 concept
and Bentley grand convertible, Buick avenir concept /French for
„future“/, Chevrolet chaparral 2X vision GT and Chevrolet bolt and
FNR concept aside from the Tesla model S most mainstream
electric cars on the market. Then, Honda civic concept and Honda
concept D, Hyundai Santa Cruz concept, Infiniti Q 60 concept,
Nissan’s premium brand and Infiniti QX 30 concept and Nissan
sway concept too. Also Kia sport-space concept, Lincoln
continental concept, Maserati Alfieri concept, Mitsubishi concept
XR-Phev and Toyota FT-1 concept, the Swedish Volvo lounge
console concept, Volkswagen C coupe GTE with advanced plug-in
hybrid system and Volkswagen sport coupe concept GTE.
It is also interesting to mention the findings from 2015
Tokyo Motor Show and the best concept cars as: - Mazda RX–
vision; - Nissan IDS concept that allows the driver to choose
between manual or automated driving or possibility of taking over
driving the vehicle completely allowing driver to relax. Then Nissan Teatro for Days that serve for daily transportation needs
and - Nissan Concept 2020 vision gran turismo; - Nissan Gripz
is powered by the Pure Drive e-Power series hybrid system based
on EV technology /uses electric motor/; - Nissan cars really have
innovation and represent world leader of the vehicles 100% electric
(- Nissan Leaf, la familiale 100% électrique); - Toyota Kikai’s
with 3 person cabin and - Daihatsu D-base, a version of a future
environmentally-friendly car.
I especially liked “Renault Twigo“ from the limited series
Cosmic. But we have to mention too that these are the most popular
European cars in the United States of America: Volkswagen Jetta
produced in 1979, BMW 3-Series produced in six different
generations, Mercedes – Benz C- class introduced in 1993, Volvo
S 80 that came out in 1998, Mini Cooper, Audi 11 A 4 sporty,
stylish and reliable, BMW 5-Series manufactured since 1972,
Volkswagen Golf 12 is the Volkswagen’s best-selling model,
Volkswagen Passat CC, Volkswagen Beetle; although they
stopped making the original Beetle in 2003, Volkswagen came out
a new version in 1998.
Meanwhile American car company "Tesla Motors" reports
that the number of orders for new, affordable electric car "model
3" 13 significantly increased and there is the possibility of opening
another plant.

SERBIAN CASE
Serbian association of importers reported that in recent
years in our country about 20 000 new cars and about 100,000 used
cars were imported. In Serbia there is no laboratory that could
accurately test the amount of exhaust gas according to European
standards in effect. In our country still is in force the Regulation on
technical inspection from 1984 14, so the allowed values of exhaust
gases are completely downgraded. 15 Otherwise, the first time after
2008. in Serbia, there was an increase in car sales, compared to
2014. Also, for the first time after more than half a century, on the
Serbian market appeared "Mustang" in two versions, classical and
as a convertible.
In Serbia, in Kragujevac "Fiat", after a pause, during
November 2015, is working again in three shifts, and during each
shift employees produce 210-220 large "Fića" or " Fiat 500L". In

6

From 17-th till 23-rd of March more than 300 exhibitors from 20
countries gathered.
7
1,3 million automobiles is covered in North America, 625.000 in
Europe, 434.000 in China, 177.000 in Japan and 307.000 in other
regions of the world (by France press).
8
In vehicles /diesel cars/ dedicated for American market the
software cheaters were built in. Unfortunately, software cheaters
were also built in the vehicles of class 1.6 and 2.0, which are sold
in Europe. It is not precisely specified of which models of their
respective diesel vehicles is spoken about. It is alleged that 11
million of these vehicles with a cheater, poisoned the air of the
planet with about 948,691 tons of poison gas / nitro poison /.
The public found out that in Germany 2.8 million cars in which
the cheater was built in were sold. Scam also relates to trucks
from this auto company.
9
It was confirmed that the CO2 emission measured during tests in
normal European traffic is 40 times greater than what the vehicles
showed during laboratory testing.
10
The sixth Japanese car manufacturer.

11

“Audi“ is part of the Volkswagen group.
“Volkswagen Golf” has won many awards throughout its history,
one of which was the World Car of the Year 2009.
13
This car has a panoramic glass roof and is equipped with the
autopilot and numerous safety systems, and can travel 350 km
before the batteries run down.
14
“Official Gazette of Federal Republic of Serbia”, no. 23/84.
15
And "Jugo" is technically within the allowed limits, although it
has no catalysts and similar devices.
12

45

three shifts approximately 650 of these cars is produced. Production
of these cars today is done on the basis of demand, which is weak,
particularly in the North American market, but the export of these
cars on the Russian market has been announced. After more than
1.5 million copies produced "Fiat" has introduced a redesigned "Fiat
500". Back in 1957 public first saw the original "Fiat 500", and 50
years later the Italian company introduced a modern version of city
vehicle with retro design that experienced a great success. It is
interesting that in the northern city of Serbia, in Subotica, a
landowner, cyclist Lajos Vermes (1860-1945) for the purposes of
Palić Olympiad built the first bicycle path in this part of Europe, in
elliptical form 500 meters long.
Today, in our capital city Belgrade we have been working
on the improvement the identity of capital, as well as mobility and
ecology. In 1892. in Belgrade the first Belgrade’s tram - by a horsedrawn started, but during 2016, passengers will be transported by 5
electric buses of the Chinese company “Hager” with 10 years
guarantee. It is predicted that by 2018. in the capital of Serbia 16 the
town center will gradually transform into a pedestrian zone. The
plan to build the Tesla Tower, as a new symbol of Belgrade, was
emphasized by the President of the Serbian Academy of innovation
Sciences.
In recently conducted free review carried out on 5000 cars,
it was found that 39% have a malfunction. These are the results of
the action "Vehicle in order - safe vehicle" organized by the
Automobile Association of Serbia with the Administration of
Traffic Police of the Ministry of Internal Affairs and the
Association for technical inspections.
The immediate cause of the accident may not be just a
malfunction of the vehicle, but also a bad road and weather
conditions. When a traffic accident occurs, representatives of the
judiciary often call the astronomers, searching for information on
the exact time of sunset, in order to determine the conditions of
visibility on the ground.
In our country since the beginning of the year 2015 until the
beginning of August 2015, 4 people were killed and 94 were harder
or easier injured in 91 traffic accidents, in which the immediate
cause was a technical defect of the vehicle, according to the data
from the Serbian Ministry of Internal Affairs. Unfortunately, in the
accidents in the New Year, on the Serbian roads in the first three
weeks of 2016, 16 people were killed.

16

CONCLUSION
Actual state of pollution represents the real danger for the
man and ecosystem. Understanding the necessity of environmental
protection, hoping to realize the idea of manufacturers from all
around the world, especially that pollution is reduced, and the
environment in which we live protected, this work originates.
Each society fights against the possibility that modern
technologies cause catastrophic consequences for people by making
and application of legal regulation, equipment and organization of
the protection management. For enforcement of regulation of
environmental protection, there are extremely important and already
known principles: integration, prevention and precaution, natural
values preservation, sustainable development, application of
motivation measures. Due to a number of global environmental
problems principle of protection, the preventive action principle and
precautionary principle in the environmental law must be respected.
With hope to introduce soon new car models that pollute
less environment on our roads, in order to preserve our environment
and have less accidents, cooperation of all decision making factors
at national and international level, especially in exchange of
experiences, will be very valuable.
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We have regular city tours through our capital organized by the
Tourist Information Centre of Belgrade and a streetcar named
“Belgrade” runs every Friday and Saturday.
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Abstract: The paper is focused on a benefit of urban traction units with tilting system particularly in regional transport, on reducing
travel times and on increasing the competitiveness of railway transport. The paper describes the importance of its utilization in such traffic
especially if the infrastructure is unable to provide options of higher efficiency for railway undertakings. In this cases are the investments for
line optimization not available, so railway undertakings cannot be more efficient by usage of classical vehicles. There is space for research
of the possibilities of increasing the quality of transportation process despite the state of the infrastructure.
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1. Introduction
The main barrier for a high competitiveness of railway
passenger transportation is a travel time of passenger from boarding
station to the destination station. This is not due to carrier´s ability
to provide fast, comfortable and safe transportation only, but also
due to infrastructure conditions in which a railway passenger carrier
operates. One of these conditions is the maximum track speed,
which cannot be increased by its reconstruction in many cases, due
to the current lack of economic profitability or natural conditions
under which the line is built.

•

technical condition and low safety level of switches,

•

a state of the railway superstructure and substructure and so
on.

Thus the suitability assessment for engagement of tilting units is
required, needs to be done and undergo a thorough analysis of the
line according to the current standards (norms) for the geometric
position of the normal gauge tracks.

3. The suitability assessment for deployment of
considered units

Therefore the deployment of modern rolling stock of
conventional construction to the operation may not bring a
sufficient and desired effect, which ultimately cannot contribute to
the achievement of targeted competitiveness. As the one option for
reducing travel times on the line section is an entry of tilting units
into service in this case which thanks to its tilting device can drive
the curves at higher speed and thus reduce travel times, but on the
other hand the comfort can be increased when traveling.

Units with tilting system mainly serve to shorten travel times
without the high cost for upgrading an existing infrastructure.
Active tilting devices allow 20 to 30 % time savings with higher
speed driving the curves at tilting up to 8 ° against the level of
wheel and rail contact, respectively to 6.5 ° without the comfort of
the passenger being marred.
By actual valid standards (norm) STN EN 73 6360 for
geometric position of normal gauge tracks while assessing the state
of infrastructure in relation to engagement the units with tilting
system it is required to undergo a thorough analysis of the route on
the basis of all relations arising from strictly injunctive or
recommended values. These relations and limits are subject to this
standards (norm) in which certain principles are selected:

2. General principles of the line selection
For the best use of tilting units in passenger transport the current
lines should be selected in addition to modernized main corridors,
which are held in harsh natural conditions and the direction is
characterized by many curves. That is why it is possible to increase
technical speed of passenger trains in such conditions easy and this
step leads to increase of its efficiency and attractiveness.
Railway lines are generally divided into five speed zones (Table
1) expressing the upper track speed limit and its related demands on
infrastructure maintenance. As the tilting system can be used only
for velocity over 70 km.h-1 (included) for vehicles of classical
construction there is no need to consider further the lines included
in the first speed zone SZ1.
Table 1: The speed zones distribution
Zone
Speed
SZ1
up to 60 km.h-1
SZ2
from 60 km.h-1 to 90 km.h-1
SZ3
from 90 km.h-1 to 120 km.h-1
SZ4
from 120 km.h-1 to 160 km.h-1
SZ5
over 160 km.h-1

•

tilting system works by the speed limit at least Vt = 70
km.h-1 in the curves with cant. In the sections with track
line speed limit less than is mentioned above for a
vehicles of conventional construction, it cannot be taken
in consider to increase speed limit by using the tilting
units,

•

to take advantage of tilting system, the value of track cant
in curves needs to be at least p = 30 mm. In folded curve
with a cant should intermediate transitions have a cant
difference at least ∆p = 30 mm,

•

the value of insufficient cant (the difference between
theoretical and real cant) for the track without solid parts
is reduced to Ik = 250 mm,

•

the value of insufficient cant for the track without solid
parts in comparing to the value of cant should be at least
Ik = 3.0p (in the most cramped proportions up to Ik =
3.5p)

•

for the curves without cant, the usage of tilting units in
higher speed limit than the basic limit is, cannot be
considered,

•

to use an advantage of tilting system, these conditions are
required:

Track speed of each line is limited by many factors such as:
•

small curve radius,

•

insufficient cant of outer rail in a curve (superelevation),

•

improper outlook conditions for horizon ahead,

•

inappropriate length or shape of curve transition (for radius
and cant),

o
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curves with cant must have the outer transitions,

•

o

folded curves with an intermediate cant transition
must have an intermediate radius transition,

o

cant and radius transitions must have the same
proper length,

o

the shape and course of curvature increases the
same way for both cant and radius transitions,

outer transitions with a linear increase of curvature and
cant shall comply with requirements of STN EN 7363 60,
the same applies for intermediate transition curves.

Trains with the tilting system allow for a reduction of travel
times on such a lines that meet with the requirements of standards
for increase the line speed, but mostly thanks to its tilting on the
lines with limiting factor of achieving higher speeds right in a
curve. All train carriages (wagons) are equipped with an active
hydraulic system, partially offsetting the effect of lateral
acceleration on passengers when running the curves to greatly
increase the average speed and convenience of traveling on curved
lines.

Fig. 1 Static velocity profile of chosen track line section

New travel times were calculated indirectly using the
approximate method of estimation from static velocity profile,
which has been selected for the initial orientation detection of time
savings due to engagement of tilting units and it was designed so
that the running time under static velocity profile of current speeds
was calculated and compared with actual running times of
passenger trains in the current timetable, in result of the dynamic
difference coefficient to the static velocity profile. The resulting
approximate travel time saving for this 223 km long track line
section is about 20 minutes.

4. Applications of several principles into the
selected ŽSR track line section Bratislava hl. st. –
Banská Bystrica
To verify the suitability of the considered units and thus achieve
the desired results, the track line section Bratislava hl. st. Palárikovo - Šurany - Zvolen os. st. - Banská Bystrica were used
considering intensive directional disparity in the vast length due to
the river Hron.
Figure 1 shows an existing static velocity profile (marked as
green), which is varies in the range from 70 to 100 km.h-1 in the
section Palárikovo - Banská Bystrica and from 100 to 140 km.h-1 in
the section Bratislava hl. st. - Palárikovo. Static velocity profile for
considered tilting units (marked as blue) following an analysis of
line geometry represents discontinuous and inefficient progress with
frequent alternation of velocity extremes, therefore it was necessary
to create reduced profile (marked as red), which respects the
fundamental dynamic options of adhesive rolling stock.

Fig. 2 Comparison of technical velocity

Comparison of a new and existing technical speed of passenger
trains is graphically shown in Figure 2. As can be seen in case of
fastest train (Ex) using tilting units improved its technical velocity
from the current 78.93 km.h-1 to an approximately speed of 94.93
km.h-1. Fast train (F) also increased its technical speed from the
original 70.47 km.h-1 to an approximately speed of 81.87 km.h-1 and
local passenger train (Ps) increased the technical velocity from the
original 57.79 km.h-1 to an approximately speed of 64.03 km.h-1.

This course can then be forwarded for further analysis by
computing the travel dynamic of the unit with tilting system and
plotting the course curve of actual speed according to traveled
distance. In this case, the position km 0.000 is the position of station
Bratislava hl. st. and km 230.200 represents the position of station
Banská Bystrica.

4.1. Forced infrastructure adjustments

For sectional travel speeds (technical speed with respect to
dwell times) of passenger trains it is the similar pattern in terms of
the introduction of tilting units (Figure 3). As can be seen in case of
fastest train (Ex) using tilting units improved its sectional travel
velocity from the current 75.48 km.h-1 to an approximately speed of
84.01 km.h-1. Fast train (F) also increased its sectional travel speed
from the original 63.36 km.h-1 to an approximately speed of 69.69
km.h-1 and local passenger train (Ps) increased the technical
velocity from the original 43.43 km.h-1 to an approximately speed
of 50.78 km.h-1.

For such a velocity profile would be necessary to establish the
curve cants at this track line section for three curves with its
transitions and for one curve to increase projected value of cant
while this step takes into account the current length of cant
transitions of the curves corresponding to the newly proposed value
of cant (superelevation).

5. Comparison of selected indicators
For calculation of new qualitative indicators that result after the
introduction of units with tilting system to operation, three basic
types of passenger trains of category Express (Ex), long distance
fast train (F) and commuter local passenger train (Ps) were designed
and therefore we assume the deployment of existing trains, which
are operating in the current timetable without regardless of their
regularity (5).
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Technický projekt na úpravu smerových a výškových pomerov pri
obnove železničného na trati Bratislava – Palárikovo – Zvolen –
Banská Bystrica. Technický dokument ŽSR. Elektronický výstup z
informačného systému infraštruktúry ISI.

Fig. 3 Comparison of sectional travel velocity

6. Conclusion
Thorough these analyses of the track line section Bratislava hl.
st. - Banská Bystrica it was found that given track line in the vast
majority of its length is likely to deploy regional tilting units to the
operation, respectively for their deployment would be necessary to
make some low-cost steps to adjust the infrastructure. With an
approximate method of estimating the travel time savings was
found indicative shortening of the fastest train travel time (Ex)
about 20 minutes, which represents a fundamental value for
increasing competitiveness against other transport modes in
passenger transport.
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PROSPECTS FOR DEVELOPMENT OF REGIONAL TRANSPORT-TOURIST
ROUTES ON THE BASE OF KOPITNARI AIRPORT
ПЕРСПЕКТИВЫ РАЗВИТИЯ РЕГИОНАЛЬНЫХ ТРАНСПОРТНО-ТУРИСТИЧЕСКИХ МАРШРУТОВ
НА БАЗЕ АЭРОПОРТА КОПИТНАРИ
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Abstract: The King david the Builder Kutaisi (Kopitnari) International Airport is located in the Black Sea region of the South Caucasus.
The Airport’s strategic geographic position and further improvement of the infrastructure allow for its transforming into the regional hub for
providing transport services to travelers.
In the 1980s, the flights from this airport were carried out as inside the country (Tbilisi, Sokhumi, Batumi, Mestia), so outside country
as well (Moscow, St. Petersburg, Kiev). The Kopitnari Airport was opened after reconstruction in 2012. Its priorities are attraction to attract
low-tariff airline companies and create a harmonic environment between the airline companies and airports. As of today, the flights from the
Airport are carried out to Eastern Europe, Turkey and Russia.
The Airport has the capacity to carry out domestic flights for small tourist groups to: highland ski runs in Mestia; well-appointed
Black Sea beaches in Batumi; wine tours in Telavi and so on. Proximity to the trunk railroad and motoring highway are the opportune
occasions to form the Kopitnari Airport as a synergic transport system.
Besdies, the Airport’s proximity to the Rioni River can be used for organizing there the short tour of the so-called “Travel of
Argonauts to Kolkheti”, which was passed by the well-known traveler Tim Severin by his oared boat named “Argo” in 1984, and the place
where he finally dropped anchor was near the Kopitnari Airport.
KEY WORDS: AIRPORT KOPITNARI; TOURIST TRANSPORT SERVICES; SYNERGIC TRANSPORT SYSTEM.

region. The strategic goal of regional development is to ensure that
the Imereti region is capable of hosting 2 million tourists by 2020.
The King David the Builder Kutaisi International Airport
Kopitnari is owned and operated by the United Airports of Georgia
Ltd of the Ministry of Economy and Sustainable Development of
Georgia, which entered into a contract with the Hungarian airline
company Wizz Air on establishing the base of this air company in
Kutaisi in 2016 [3].
As a result of several years of the successfully concluded
negotiations, the largest in Central and Eastern Europe low-tariff
airline companyWizz Air is to house permanently one plane at the
Kutaisi International Airport. The company owns 23 bases in all
throughout the world, and the 24th base is to be opened in Georgia
in the near future. This will be the first base ofWizz Air in the South
Caucasus region. Since 2012, the Hungarian airline company Wizz
Air performs flights to the Kutaisi International Airport, as a result
of this basing, Kutaisi will become the first airport in the region
with basing of low-tariff airline company that will contribute to
increasing passenger flows and developing new directions [4].

1. Introduction
Kutaisi International Airport is also known as the King David
the Builder KutaisiInternational AirportKopitnari. The Airport is
located 14 km west of Kutaisi. It is one of three Georgian
international airports, along with Tbilisi and Batumi international
airports. The Airport is equipped with the highest quality navigation
and meteorological observation systems, the length ofits takeoff
field is 2 600 meters and completely meets modern standards.
Since the 1970s, the flights are realized from the Airport in
both directions inside (Tbilisi, Sokhumi, Batumi, Mestia) and
outside the country on the long-distance routes (Moscow, St.
Petersburg, Kiev).Kopitnari Airport was reopened after
reconstruction on September 27, 2012. Officialreopening ceremony
was attended by representatives of governments of Georgian and
Hungary, as well as by Chief Executive Officer of the airline
company Wizz Air. After reconstruction, the first plane arrived in
the Airport was cargo Boeing 747 [1, 2].
Kutaisi International Airportis aimed at attracting the low-tariff
airline companies and creating a competitive environment. The
affordable air ticketprice makes Georgia an active tourist zone and
allows passengers for traveling in different directions for a friendly
price.

2. Preconditions and means

for resolving the problem

Due to its geopolitical location, the Airport is of highest
importance for the Black Sea region of the South Caucasus. Kutaisi
International Airport located 200 kilometers from Tbilisi, within
300-km radius links with Turkey, Armenia, Azerbaijan, Ukraine
and Russia. Due to favorable climatic conditions and infrastructure,
the Kutaisi International Airport is an airport standby. The Airport
has the capacity of controlling flights in all weather and visibility
conditions.The Airport is capable of servicing 600 passengers
simultaneously. It is also capable of accommodating and operating
three flights simultaneously. Kutaisi International Airport is
gradually becoming the country’s tourist airport owing to its
location.Kutaisi is also interesting because of fact that the Imereti
region of Georgia is gradually becoming a very attractive tourist

Pic. 1. Kutaisi – Europe, the cheapest way to travel
The airline company Wizz Air fleet comprises 65 aircrafts
of A320 and A321 types airbuses. Currently, the company is
represented in 23 airports and performs flights in 400 directions, by
which it links 188 airports in 38 countries. As of 2015,the airline
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company Wizz Air has carried 19,2 million passengers. In the same
year, for the achievements it made, the airline company Wizz Air
was acclaimed by the World Transport Magazine as the leading
airline company.
Since September 2016, the airline company Wizz Air
plans to operate direct flights to such cities as Berlin, Munich,
Milan, Dortmund, Thessaloniki, Larnaca and Sofia. The first flight
will be carried out on September 23, and it will include KutaisiBerlin and Kutaisi-Munich directions. The flights to Thessaloniki,
Larnaca and Sofia are planned to be carried out on September 24,
the flights Kutaisi-Milan and Kutaisi-Dortmund will be operated on
September 26.
The flights to six European cities will be operated twice a
week, butthe flight Kutaisi-Thessaloniki will be carried out three
times. the cost of flights varies between 24.99 EUR and 39.99EUR.
This in turn will contribute to the development of tourism
sector in Georgia, as well as provide for Georgian citizens the new
opportunities to travel cheaply to various European destinations.
The Kopitnari Airport has the capacity to carry out
domestic flights for the interested tourist groups to Mestia, Batumi
and Tbilisi.
Mestia Airport, which is also known as Queen Tamar
Airport, is a local airport in Georgia, in Mestia municipality, in
Mestia townlet, at an altitude of 1400 m above sea level. The
Airport has a runway of sizes 850 m X 30 m. The type of the
artificial surface is a cement-concrete.
In winter, the Airport receives one motor airplane and
small passenger planes with carrying capacity of 18 people. In
summer, the Airport is capable of receiving planes with carrying
capacity of 50 passengers.
Mestia Airport joined them list of 10 amazing airports
around the world. The designers of the web-page Novateput Mestia
Airport on the list of the world’s amazing airports and even named
it “a small Georgian miracle”.

Pic. 3.Mestia’s miracle – the oldest towers of Svaneti.
Mestia is a mountain small town in northwest Georgia, at
an elevation of 1,500 meters in the Caucasus Mountains. Mestia is
located in the Samegrelo-ZemoSvaneti region, 128 km northeast of
the regional capital of Zugdidi.
Mestia town is dominated by stone defensive towers of a
type seen also in Ushguli. A typical Svan fortified dwelling
consisted of a tower, an adjacent house and some other household
structures encircled by a defensive wall.
Unique icons and manuscripts are kept in Mestia
Historical-Ethnographic Museum. Mestia is also a center of
mountaineer tourism and alpinism.
When traveling from Kutaisi International Airport,
travelers are provided with a new type of service, and they are
serviced by new comfortable buses, by means of which they can
safely travel Tbilisi, Batumi, Zugdidi, Mestia and Kazbegi. The
mentioned buses convey also passengers in Kutaisi direction and
bring them to the particular bus stops. Together with bus tickets, all
travelers are provided with a booklet, which contains the bus
departure timetable in accordance with a flight schedule. The points
of departure are marked on the map contained in this booklet. Also,
there is provided a twenty-four-hour hotline, where any information
is available to travelersif they wish. According to this new service,
minibuses are equipped with the necessary comfort: airconditioners, television sets, safety belts and passengers are
provided with 1free bottle of drinking water. The specially trained
bus drivers can communicate in foreign languages.

3. Conclusion
A convenient complex geographical location of the central
railway and highway lines, autobahn under construction and Rioni
River, allow the Airport for developing new tourist routes by using
different modes of transport:
1. The wine tours to East Georgia to the Kakheti region
for those who like to travel by car – to the Telavi
Airport by plane with a small carrying capacity, with a
view to seeing the oldest grapes processing, winemaking and storage technologies, and to taking part in
these processin farm households;
2. A special speleological tour to the caves in the Imereti
region by comfortable minibuses with a view to
performing the extreme speleological tours tothe
adapted to be visited by tourists Kumistavi, Sataplia
and Navenakhevi caves, as well as the still being
unexplored caves of Tsutskhvati, Khreiti, Jruchi<
Tabagrebi and others;

Pic. 2. Mestia Airport was put on the list of 10 most amazing
airports around the world.
The Mestai Airport terminal, which was designed by
architect Jurgen Mayer Hermann, was put on the list of 10 most
beautiful airports, which was drawn up by the British Broadcasting
Corporation Ltd. (BBC). The Queen Tamar Airport is a kind of an
analogue to the oldest towers of Svaneti [5].
Despite its small sizes, the Mestai Queen Tamar Airport is
an impressive building, and it is the first one what impresses
travelers arriving in this mountain region.
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An extreme tour to the Khoni-Okatse canyon by
minibus for thrill seekers and lovers of climbing;
4. A historical-cognitive tour “In the footsteps of Travel
of Argonauts to Kolkheti on the Rioni River” from
Kopitnari to Poti and back – by small-size comfortable
river boats. This section of the Rioni River was passed
by the well-known traveler Tim Severin travelling
from the Adriatic Coast by his oared boat named
“Argo” in 1984,and the place where he finally dropped
anchor was near the Kopitnari Airport;
5. Water touring on the Rioni River “From Racha to
Imereti” – traveling by comfortable bus to Racha, then
bringing small groups to the Rioni River by specialpurpose boating devices.
With the purpose of expansion of sphere of tourist transport
services, the Airport also has to seize the capacities of Georgian
railway, which offer customers pleasant innovation. Since summerautumn 2016, travelers will have the opportunity to travel by Eurostandard train of the Stadler Kiss model. A new train is equipped
with ultra-modern safety systems, which completely meet European
safety standards. This will be the first train in Georgia realities,
which is completely adjusted to needs of disabled people.
The train moves in the direction of the Black Sea resorts and
back to Tbilisi without stops, except for only few stops at the some
junction stations. These new trains will make traveling in a seaside
region and capital city more comfortable for travelers that will
contribute to the development of tourism.

Preliminary studies of the mentioned tourist routes have
shown that each of them is attractive to particular tourist groups,
and to further increase their recognition, tour operators have to
carry out larger-scale and more intensive advertizing activities.

4.
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