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Abstract: In this publication, the authors present the results of a numerical research of the dependency
of the aerodynamic efficiency of the rotor in hover from its geometrical characteristics. A study is made
on the influence of the angle of incidence of the blades, the type of the profiles, and the rotor solidity.
The computational model used in this numerical study is also presented. The results are shown in a

convenient graphical form.

Key words: helicopter rotor, aerodynamic efficiency, hover flight

1. Introduction

The helicopter rotors have constantly evolved to
be more and more efficient through a wide range of
flight regimes ever since the first powered helicopter
flight. As helicopters developed in various sizes and
were suited for various tasks, the provision of high
efficiency of the rotors of those different types of
helicopter was not achieved by the same design
means [1, 2].

The design of the rotors for the heavy cargo lifting
and crane helicopters, which have a more significant
part of their flight time in hover mode, is optimized
for higher efficiency in hover, thus they suffer from
performance penalties in forward flight with higher
speeds. Meanwhile, the high speed transport and
attack helicopters are slightly less efficient in hover
but are able to sustain higher cruising speeds in
forward flight, thus having a better range of operation
[1, 2].

The different helicopter types have rotors with
different geometric characteristics, like: diameter,
airfoil type, airfoil thickness and curvature, blade

twisting and in addition to that the rotors may have
various plane forms, like in example rectangular or
trapezoid shapes. Thus the chord of the blade may
be constant through the blade radius or it can be
shrinking from root to tip [1-4].

Rotors with different diameters and speeds of
rotation are operating within different ranges of
Reynolds numbers. Also those ranges change
through the span of the blade and are increasing
from root to tip [3].

There are various theoretical approaches, which
may be applied for the evaluation of the helicopter
rotor performance and each one of them has its
own advantages and limitations. The blade
element theory (BET) forms the basis of most
modern analyses of rotor aerodynamics, as it
provides estimates for the radial and azimuthal
distribution of blade aerodynamic loading over the
rotor disk. The rotor performance can be easily
obtained by integrating the sectional air loads at
each blade element over the length of the blade [3,
4].
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The main advantage of the numerical study, based
on the BET theoretical approach, which uses a rather
simplified mathematic apparatus, is the net speed of
the performed calculations compared to the traditional
CFD methods. It allows for an adequate estimation of
the aerodynamic performance of the studied rotor,
especially when used for an overall performance
evaluation [3, 4].

Based on this knowledge, the aim of the article is
to conduct a numerical study of the influence of the
geometrical characteristics of the rotor on its
aerodynamic efficiency in hover flight mode.

2. The Numerical study

A numerical study of a two-bladed rotor was
conducted with three different airfoils: two
symmetrical and one slightly curved. The two
symmetrical airfoils are respectively NACA 0012 and
NACA 0015, while Goe-417 is a curved plate. The
blades of the rotor are untwisted and thus they have
the same angle of incidence 6 from root to tip.

The main goal of this study was to evaluate the
influence of the following three geometrical
parameters: the relative thickness of the blade ¢, the
rotor solidity O and the angle of incidence of the
blade 0, on the aerodynamic efficiency of the rotor in
hover flight mode.

In addition to that a comparison between the
aerodynamic efficiency of a rotor with a symmetrical
and with a curved airfoil was performed. Both rotors
had the same diameter, number of blades, rotor
solidity, angle of incidence and rotational speed, thus
they were differing only in the type of the airfoils of
their blades.

The types of airfoils were not chosen by chance. A
research was made, which showed that about 65% of
the helicopters, produced by companies like:
Sikorsky, Eurocopter, Aerospatiale, Westland and
Mil, all have rotor blades with one of the three
following airfoils: NACA 0012, NACA 0015 or
NACA 23012. Nevertheless, a lot of experimental
data on helicopter rotors was published in the past
two decades and was made available as a reference
base, which can be used for both validation and
comparison purposes [7].

It was decided that NACA 23012 is not
sufficiently curved and that instead, the study will be
performed with the Goe-417 airfoil, for which enough
experimental data is available for a wide range of
Reynolds numbers [8].

A comparison between NACA 0012 and NACA
0015 was expected to provide a clue on the influence
of the relative thickness of the blade ¢ on the
efficiency of the rotor. The diameter of the rotor in
this case is 17.06m.

A comparison between the results obtained for
two rotors with NACA 0012 airfoil, one of which
is scaled up ten times, was expected to reveal the
influence of the ranges of Reynolds numbers on
the efficiency of the rotor.

2.1. The numerical model

The program developed for this numerical
study is based on the blade element theory (BET)
and is coded in the C programming language. The
program is made out of four subprograms. The
schematic representation of the program is shown
on figure 1.

The first subprogram is a read-only module
with static data, including the tables of
C, =f(a,Re) and c =f(c,Re) for the relevant
airfoil being used in the study and the geometry of
the rotor.

The second subprogram is also a read-only
module with global parameters, including: the
constant 77 with a finite representation up to the
twelfth digit, the density of the air p, the free

stream velocity Vo, the axial velocity Vc, the
angular speed of rotation @, the number of the
blades on the rotor Np, the length of the chord of
the blade c, the diameter of the blade D, the
diameter of the root of the blade d and the number
of stations along the blade length i.

The third subprogram is a calculation module,
which based on the two read-only modules, is
estimating the rotor disk area A, the rotor solidity
0, the linear coordinate for each station along the
blade length y; and the length increment dr.

The fourth subprogram is also a calculation
module, which implements the BET, such as per
the algorithm described by Leishman [3] in
chapter 3 of his book. The proposed
simplifications on the mathematical apparatus
were not applied, in order to obtain the highest
possible level of precision of the calculations.

The calculations in the fourth module begin
with the acquisition of zero for all calculated
parameters, including the inflow ratio A;, by which
the iteration cycle is closed. The calculations run
in series for each i number of stations of the blade
and this goes for each angle of incidence at which
the blades are to be studied. In order the
calculation to continue toward the next angle of
incidence 0, first the iteration loop must satisfy the
following condition: e=|ﬂk—lk_l|<10'6, where ¢
is the maximum formal deviation for two
consecutive inflow ratio calculations within the

loop and k is the current iteration step. The
number of iterations for a single loop is limited to



100 iterations. There is a submodule in the fourth
module, which intervene if a solution is not found up
to iteration number 30. While testing the program it
was found that usually in such situations, the results
for the inflow ratio A; tends to bias between two
values and thus after a simple check, whether the last
value of the inflow ratio Ax.; was bigger or smaller
than the current one Ak , a tranquilization algorithm
continue up to the limiter k<100 for k=0;99. Only on
rare occasions it was observed to attain the limit of
100 iterations but the deviation was every time

inferior of 107, thus:

£=|A M| <107,

The results obtained from this numerical study are
printed to ASCII text files, which later simplifies the
data import in excel and Python, where they can be
analyzed and graphically visualized.

Rotor/Propeller geometry

ay N, VoI == =01, R v = (1L RY
o =1(N,,b,R)
R.G8,C,Co =] A=TRLD=1R)

U, = flk o, v); Uy = (A, w,v)

U, = f{U,,U,); Re, = F(U, c,0)

i = f(zZ); o = fld, )y 2= U0

C, = fle,Re,); C,, = f(e,Re,)

dL=fp, U, c,C,); dDy=f(g U, €, C,)
dT=f(p,, €, C)) T=[ Tk
dR=f{g,U,c,C,) P=[Pdr

dQ=f(pU,c,C) Qefqar
d'c-”:ﬂ:,ﬂ.. U,e & ) L= =J Cpdr
dcn=ﬂ.f'.-u|rca C-_.} -:P=1'chf|r

C,.=fC,. v ) PM=FfiC, C, =)

T¢ TADSF

E=[A-A_ |
NONES1C!
YES
y

Print data to file
Analyze and Visualize via Excel

Figure 1. Schematic representation of the program

2.2. The set up and initial conditions for the
numerical study

Two calculations were performed with a rotor
with the following geometry: diameter D=0.576m,
root diameter d=0.065m and a constant chord
through the length of the blade b=0.025m. The
first calculation was made with a NACA 0012
airfoil and the second one was with Goe-417. The
angular speed in both cases
was =209.44 rad/s=2000rev/min , Which resulted in

a low Mach tip speed of the blade Mip=0.18.

The range of values of the rotor solidity was
achieved by varying the length of the chords of the
rectangular blades. For those two simulations, the
chord length was varied from 0.6 up to 2.0 times
the original length of b=0.025m.

The initial conditions are as follows: the free
flow and axial velocities are both zero: Vo=Vc=0,
which is required for a hover flight mode with an
axis-symmetric flow condition around the rotors.
The angle of incidence of the blades for all
calculations in this numerical study varies from a
minimum of 2° up to a maximum of 16° with an
increment of 2° per loop.

The third calculation was performed with a
rotor scaled up ten times, in order to evaluate the
influence of the ranges of Reynolds numbers on
the aerodynamic efficiency of the rotor. In order to
assure comparability between the results, the
Mach tip speed for both rotors was matched to
Mip=0.18, which resulted in a lower angular speed

of the scaled-up rotor:
.. =24 rad/s = 229 rev/min.
The fourth numerical calculation was

performed with a full-scale Wessex-60 helicopter
rotor geometry: diameter D=17.06m, root diameter
d=0.46m and a constant chord through the length
of the blades b=0.471m. The angular speed was
=24 rad/s = 229 rev/min and the Mach tip speed

was Mip=0.6.

2.3. Conclusion on the results from the
numerical studies

The results obtained from the numerical studies
listed above were processed with excel, in order to
produce:

o The figures of Merit for the different set of
airfoils, presented below on figures 2 and 3;

e The figure of Merit in function of the angle of
incidence for different ranges of Reynolds
numbers, presented on figure 4;

e The figure of Merit in function of the angle of
incidence for symmetrical airfoils with
different relative thickness, presented on figure
5.



Figure of Merit NACA 0012
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Figure 2. Dependency of the aerodynamic efficiency of a
rotor with a NACA 0012 airfoil from the angle of incidence
of the blade and the rotor solidity

Figure of Merit Goe-417
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Figure 3. Dependency of the aerodynamic efficiency of a
rotor with a Goe-417 airfoil from the angle of incidence of
the blade and the rotor solidity

If a comparison is made between figure 2 and 3, it
becomes obvious that although it is a curved plate and
not a thick airfoil, the Goe-417 airfoil has a noticeable
advantage to the NACA 0012 airfoil. A conclusion
can be made that for small rotors, operating in
relatively low ranges of Reynolds numbers, a curved
airfoils has an advantage to a symmetrical airfoils as
it comes to the aerodynamic efficiency of the rotor.
This conclusion is true for almost 90% of the range of
values of the rotor solidity and the angle of incidence
of the blades of the rotor. Another conclusion that can
be drawn is that the curved airfoil has its maximum
efficiency slightly toward the higher angles of
incidence of the blades of the rotor.
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Figure of Merit in fuction of the angle of incidence
for different ranges of Reynaolds numbers

0.8
0.7
0.6
0.5
0.4
0.3
02
0.1

0 T T
4 6 8

FM, []

— NACA 0012
D=0.576m

—NACA 0012 —
D=5.76m

10 12 14
Tita, [deqg]
Figure 4. Influence of the ranges of Reynolds numbers

on the aerodynamic efficiency of a rotor
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The conclusion that can be drawn from figure
4, is that the bigger the operational range of
Reynolds numbers of a given rotor, the higher is
his aerodynamic efficiency.

Figure of Merit in function of the angle of incidence for
symmetrical airfoils with different relative thickness
0.9
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Figure 5. Influence of the relative thickness of the
airfoil on the aerodynamic efficiency of a rotor

The conclusion that can be made from figure 5,
is that as the airfoil of the blades of the rotor
become thicker its maximum aerodynamic
efficiency tends to shift toward the higher angle of
incidence.

Comparison between the numerical and experimental data
for the figure of Merit of the studied rotor for the purpose
of validation of the developed program code
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0 ‘ . : : ;
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Figure 6. Comparison between numerical and
experimental data for the purpose of validation
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As it is shown on figure 6, the developed program

code over-predicts the aerodynamic efficiency of the
studied rotor with about 30 percent in comparison

with

the experimental data, obtained in the

aerodynamic tunnel.

3. Conclusion and future work on this project

The presented numerical study made with the

newly developed program code, shows that:

a thinner and curved airfoil is more advantageous
than a ticker symmetrical airfoil;

as the Reynolds numbers become smaller, the
aerodynamic efficiency of the rotor drops;

the thicker airfoil shifts the maximum
aerodynamic efficiency of the rotor toward the
higher angles of incidence of the blades;

for both symmetrical and curved airfoils there is
an optimum angle of incidence at which the
aerodynamic efficiency has its maximum;

unless the rotor solidity is abnormal (too small or
too big), it does not influence significantly the
aerodynamic efficiency of rotors with rectangular
blades.

The future work on this project includes:

an additional set of numerical studies to be
performed on the influence of the geometrical
twist, the taper ratio and the number of the blades
on the aerodynamic efficiency of rotors in hover
flight;

an additional set of experiments to be performed in
the aerodynamic tunnel, in order to obtain a
greater comparison base for validation purposes
and for the calibration of the developed program
code;

the development of a vortex model, based on the
Biot-Savart laws, for the estimation on the rotor
aerodynamic performance, based on the generated
blade vortices.
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BaaronapuocTu

UzpazsiBam CBOsITa Hal-uCKpeHaTa
O6naromapHocT kbM mpogecop Paya3z Macy 3a
OTJENICHOTO BpeMe U IIEHHUTE HaIbTCTBUS,
MoJy4eHW B Tpoleca Ha pa3paboTBaHe Ha
HACTOSIIIUAT TPYA.
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brnaromaps Haili-cepaeuno Ha a-p UBan
JloOpes 3a OoKa3aHara IIOMOII] npu
pa3paboTBaHETO Ha MPOTrPaMHUS M3YHCIUTEICH
Monyi. bnaromapeH ceM My u 3a OC3ICHHUTE
CBHBETH, KOUTO  BHHArW  IoMarat Ipu
pa3peliaBaHeTo Ha Bh3HUKHAIUTE TPOOJIEMU.
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Abstract:

Aircraft level flight conflict in air traffic is presented geometrically. An analytical decision by heading or velocity
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traffic conflict decision algorithm by heading changing is presented too.
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1. YBon

Kondnukr BeB BB3mymiHOTO ABrkeHHe (BJ]) ce
Hapr4ya HapyllaBaHETO Ha HOpMHTE 3a 0e30IacHo
paznaniedyaBaHe (cenapupaHe) Ha Bb3IyXOIUIaBaTeIHU-
te cpenctBa (BC). OTkpuBaHETO W pelIaBaHETO Ha
KOH(ITUKTH ca OCHOBHH 3aJ]a4d HA YIPABICHUETO HA
BB3IyIIHOTO BKeHUe (YB/I), ¢ kouto ce ocurypsisa
oesonacuHocrra Ha mnonerure (BII). B [1, 2] ca
MPE/ICTABEHN METOJ] M AITOPUTMHU 33 OTKPWBAHE Ha
KOHQIUKTH Mexay BC, Jersimy Ha eJHO M ChIIOo
mojieTHO HUBO. Cie BCSIKO OTKpHBAHE Ha KOHQIUKT
CITe/IBaT pelleHus M IEHCTBHS 32 OTCTPAHSABAHETO MY,
KOMTO C€ HaphyaT pelmaBaHe Ha KOH(IMKTA.
Hactosmara paboTta mokaszBa kKak Make Ja Obiae
pelieH KOH(IMKT, OTKPUT 10 HAYWHUTE, OIMCAHU B
[1, 2] gpe3 mpomsiHa Ha OTHOCHTETHATa CKOPOCT Ha
enaoro BC crnpsimo apyroto. ToBa Ha mpakTHKa cTaBa
ype3 M3MEHeHNe Ha Kypca WM CKOPOCTTa Ha €JHOTO
(ro-psimxo 1 Ha Bete) BC.

2.3axaua

Pasrnexnar ce nse BC ¢ o3nauennst BC1 u BC2,
KOHUTO JIETAT C MOCTOSIHHU ITBTHU cKopoctu V) u V, B
XOPHM30HTAIHA pPaBHUHA TI0 TPABOJMHEHHHM TpacK-
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TopuH, Tipecuyammy ce B T. O mog brea a = < AOB.
Tpaexropusra Ha BC2 chBmaga mo HampapieHHE U
Mmocoka ¢ abcIpicHaTa OC X Ha XOPHU3OHTAJHATa
MpaBObI'biHA KoopauHatHa cuctema xOy (dur. 1). BC
ca B cCHUTyalluss Ha TmpeiacTosn] (MOTEHIHUAJICH)
KOH(pIMKT W B Tmporeca Ha OTKPHUBAaHETO My ca
omnpenenenu [1, 2]:

- KOHCTaHTHUTE:
V. sin
m=—2, A= = :
Vi \/ m-—2mcosa +1
- MHMHHMAJIHOTO pa3CTOSIHHE Ha COJIDKEHHE
(MPC) mexxay BC 4,

- mporHo3Hoto Bpeme 10 MPC 1, .

B MomeHTa, B K0iiTO € OTKpUT KOHQUUKTHT BC1 e
B Touka A, a BC2 — B Touka B u pascrosinuero AB
MEXIY TSIX € U3BECTHO.

3a fa ce pery KOHQUIMKTBT, 12 C€ ONPEeIH:

- BI'BIBT \, C KOWTO TpsOBa 1Ja ce HM3MEHH

KypchT Ha etHoTo BC mimu
- Kak Jia ce MpoMSHH cKopocTTa Ha efHoTo BC.

3. 'eomeTpus Ha pelIeHHETO

Axko Vi, u V, ca romemuHuTe (MOAYIUTE) Ha
BEKTOPUTE Ha MbTHUTE ckopocth V; U V, B
KoopauHaTHaTa cucteMma xXQy BeKTOpUTE UMAT:



BC2 V,

®durypa 1. 'eomerpus Ha KoHPIHKT Mexay BC u pemaBaHeTo My

- TIPaBOBI'BJIHHU KOOPMHATH:
Vi(Vi.cosa, =V, .sina) ; Vo (V,, 0)
- TIOJSIPHU KOOPJIUHATH:
Vi(Vi, 2z —a); Vy(V,, 0).

3aeqHo ¢ mpemectBaneTo Ha nBete BC B
MPOCTPAHCTBOTO MOXKe na ce cumra, ye BC2 ce
nmobmmkasa 10 BC1 1o HampapiieHHETo 1 TocoKaTa Ha
BEKTOpa Ha OTHOCHTETHATa ckopocT Ha BC2 cmpsmo
BCl, xosTO € BEKTOpHATA pa3jnKa:

V.-V =AV(V,- Vicosa, Visina) = AV(AV, p).

BektopsT AV € HacoueH IIBPBOHAYAIHO TIO
HanpaeieHnero BE M BrbiabT, KOWTO CKIIOYBA C
abcrucnara oc € f = < EBO.

Hokazea ce, ¢ MPC d e mepneHIuKyispa OT
ToukaTa, B Kosarto ¢ BC1 (1. A) KbM HampaBIICHHETO
(BE) ma ortHOocurenmHata ckopoct AV. Topa e
nmokazano u koraro BCl e B 1. O, a BC2 — Ha
pas3cTosiHuE X OT Hest. Ot [1]:

d = X02 ). , (1)
ot ¢wr. 1:
sin f = a4 , 2)
X2
aor (1) u (2) cneaga, ue
B =arcsind. 3)

Ako okono BCl ce ocurypu 3amureHa 30Ha C
(hopmaTa Ha OKPBKHOCT C paJIUyC, paBeH Ha JKellaHaTa
cemaparys, KOH(QIUKT IIe UMa, aKO HAIpaBICHUETO
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BE w©a orHOcuTenHata ckopocT AV mpecnda
okppxHOcTTa. [lloM € mporHosupan KOHQUIHKT,
CHTYyaIMsITa € TakaBa M TOBa € MoKazaHo Ha ¢wur. 1.

Jemwxennero Ha BC e CBBbp3aHO ¢ HEM30CKHHU CITy-
YyailHu rpemiku. JJokazaHo e, ue JOMUHUpALIUTE (Hal-
JBKHHU) TPEIIKH B MecTonooxkenuero Ha BC, ners-
0 XOPU30HTAIHO, UMaT HOpMAaJIeH 3aKOH Ha pasrpe-
neneHne [4]. B pesyaTar Ha CilydaiHUTE TPEIIKH
MPC d e HOpMAITHO pa3mpe/ielieHa ciyJaiiHa BeJTNIH-
Ha. B mHTEepBan OT mporHazHo BpeMe 7 10 20 min
CPETHO-KBaJJPaTUYHOTO (CTaHAAPTHO) OTKJIOHEHHE Ha
MPC nHapacTBa THHEHHO ¢ BpeMeTo U € [4]:

o, =(aAN1+m*).r,a=(02-0,25NM/min (4)

B 3aBucumocT OT kemaHata BEpPOSITHOCT 3a
pelaBaHe Ha KOH(JMKTa p, HOpMaTa 3a cenapanus s
TpsOBa J1la Ce YBENWYM Taka, Y€ CIIy4allHHUTE
croiiHoct! d Ha MPC ga He ObIar mO-MajKH OT S.
3amaceT oT cernapauus OOHMKHOBEHO e
MPONOPLMOHANIEH HA CTaHAAPTHOTO OTKJIOHCHUE Oy
ToBa o3HauaBa, ye BMECTO C pPaJUyC § 3alUTCHATa
30Ha okoJi0 BC 1psi0Ba aa e ¢ mo-ronsiM pajuyc:

D=S+k.0’d .

©)

ToBa e T. Hap. ,,[IpaBUJIO HA CUTMUTE"* TIPX HOPMAITHO
pasnpeieieHy CIydaiiHu BeTUUMHU:
- npuk=2 BepoarHoctrae p,=095;
- npu k=3 BepostHocTTa € p, = 0,997.
JlomyckaHusTa 1 3aKpbIJICHUSITA TP PelllaBaHe Ha
KOH(DIMKTH TPOBa Ja ca KbM yBEIIMUaBaHE HA 3araca
oT cenapanus u orraM — Ha BI1. C Ta3u uen na B3emMeM
MaKCHUMAaJTHUTE CTOMHOCTH Ha KOHcTaHTHTe B (4) [1,2]:

(©6)



a=025NM/min , A=1, m=1,3,3axkonuro

04.=04.7 . @)

AKO TpreMeM JKellaHa BEPOSTHOCT 3a pelllaBaHe Ha
koH(mKTa Hazt 95 % T.€. p, > 0,95 ot (6) cnenpa, ye k
TpsiOBa 1a € mo-roysMo oT 2. M30upaiiku

k=25, ®

caen 3amectBane Ha (8) u (7) B (5) 3a »xeynaHara cena-
paLysi OKOHYATEITHO Ce MOoTyYaBa

D=s+rt.

®

N Taka D e pamdyca Ha OKPBKHOCTTa Ha
3ammreHara 3oHa Okojo BCIl. 3a ma ce pemm
OTKPUTHST TIPENCTOSIT KOH(PIHUKT TpsiOBa jga ce
3aBBPTH JIBYBT HA OTHOCHTENIHATa CKOpocT AV Taka,
4e ma crane ponmparenHa (B T. C) KbM OKPBKHOCTTA
Ha 3aIlUTeHaTa 30Ha.

Ot nipaBowreiaauTe TpUBrBIHAII AABC 1 AABE
MOTaT J]a C€ HaMepsIT bIJINTE:

< ABC = arcsinﬂ; < ABE = arcsini . (10)
AB AB

‘brereT, Ha KOITO TPsAOBA 14 CE 3aBBPTH JILYBT HA
OTHOCHTENTHaTa CKOPOCT, 3a Ja C€ JOmpe [0
OKPBKHOCTTA Ha 3alUTeHATa 30Ha €:

& =< ABC—-< ABE = arcsin£ - arcsini (11)
AB AB

4. Pernienue 1pe3 npoMsiHa Ha Kypca

Enva  edextnBeH HaunH 3a pemiaBaHe Ha
KOH(ITHKTA € J]a Ce MPOMEHH Kypca (a OTTaM U IIbTHUS
wrei) Ha BC2. 3aBost TpsaOBa ma Ob1e¢ KbM JPYroTo
BC, 3a ma Obae mO-MaJIKO OTKIOHEHHETO OT
TBPBOHAYATHUS Kypc [3].

Tepcu ce BrBIBT Y, Ha KOHTO TpsOBa ma ce
3aBBPTH BEKTOPHT V, Ha IbTHATa ckopocT Ha BC2, 3a
Jla ce JIOTpe IIbYbT Ha OTHOCHTENTHAaTa CKOPOCT Ha
BC2 1o OKpmKHOCTTA Ha 3aIllUTEHATa 30HA OKOJIO
BC1.

3aBLPTSAHUAT BEKTOP Ha ITbTHATa CKOpocT Ha BC2,
KOTO pemaBa KOH(IMKTa € Vyp W TOH € ¢ HOBU
KOOPIMHATH CIPSIMO V,, HO CBhC CHIINS MOJYI (KO Ce
npeHeOperde BATHPA):

Vap (Va.cos y, Vasiny) = Vap (Vo y)

BextopbsT AVp Ha HOBaTa OTHOCHTEIHATA CKOPOCT
Ha BC2 cripsimo BC1, koiito peiaBa KOHGIUKTA €:

Vap—=V1=AVp (Vocosy—Vicosa, V,.siny+V cosa) .

‘brereT, KOHTO cKirouBa BekTopa AVp ¢ abcrmcHara
oc ¢+ & (dur. 1), T.c MOJISIPHUTE My KOOPAUHATH Ca:

AVp(AV,, B+2).

[lpaBobIbIHATE W TONSAPHUTE KOOPJMHATH HA
BekTopa AVp ca CBBP3aHH 110 CIICIHUS HAYHH:
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V,siny +V,sinx
V,cosy -V, cosa (12)
B to3mn n3pa3 HCU3BECTCH € CaMO BI'bJIBT Y/, KOHTO ce
TbpPCH. CHCI[ pa3AciAHe Ha YUCIIUTCIIA U 3HAMCHATCIIA

B (12) Ha V, ce moiyyaBa TPUTOHOMETPHUYHOTO
YpaBHEHHE:

=tg(f+€)=c=cnst

ccosa +sin

siny —ccosy =— = K =cnst (13)

m
To moxe Ja CC PCIIN YpE3 MOJIAraHeTo:

siny=x, cosy=y
1 CBEXAHETO MYy JIO CUCTEMAaTa ypaBHEHUSL:
x—-cy=K
Y+y' =1
Pemennero Ha cuctemara e:
K+cVe’—K+1
xX= 3 .
c +1
OKOHYATENHO THPCEHUAT BI'bJ HA MU3MEHEHHE Ha
Kypca Ha BC2 3a pernaBane Ha KOH(INKTA €:

K+cVe?—K+1

ct+1

W = arcsin (14)

4.1. AIropuTeM 32 TOYHO pellieHue

PemaBanero Ha Bcekn KoH(QuUMKT BBB B/l ce
MIPE/LIECTBa OT OTKPUBAHETO My. 3HA€ C€ HOpMaTa 3a
xopu3oHTanHa cemapammsa s = SNM = 9 km. Or
(bazara Ha oTKpUBaHe [2] ca u3BecTHH: m, A, 74 [min] u
d [km wm NM]. Ot o63opHara (pagapHa)
uHopManms ce u3UMCIABa pascrosHueTo AB.
[locnenoBaTenHOCTTa Ha pellIaBaHE € ClIeHATA:

A) Ormpenens ce paguyca D Ha 3alMTeHara 30Ha
okonio BC no ¢opmymna (9). Karo mporHosno Bpeme ce
M3M0J13Ba IPOrHO3HOTO BpeMe 10 MPC B MuHYTH, T.€.

T = 74.

B) Uzuncnsra ce proa S no gopmyna (3).
B) N3uncnsiBa ce vroa ¢ mo Gopmyna (11).
I') U3uncnsiBa ce koHcTanTata ¢ ot ¢popmyna (12):

c=tg(f+e)

J1) Mzuncisisa ce koHcTanTata K ot opmyna (13):

ccosa +sin &
K=——""- " "
m

E) Uzuucnssa ce usmeHeHueTo Ha Kypca i Ha BC2
o opmya (14).

4.2. IIpuOaM3uTeTHO peleHne

To4YHOTO, aHAUTUYHO pEIlIeHUEe Ha KOH(]IMKTa
(6) e TBBpPIE CIOXKHO U Ha MPAKTHUKa MOXKE Ja ce
peanusupa camo ¢ KOMIIOTbpHA Iporpama, T.€. aB-
ToMaTu3upaHo. Bee oiie camo Hali-HOBUTE aBTOMa-
TH3UpaHu cuctemMu 3a YBJl mputexxaBaT TakaBa



(YHKIIMOHATHOCT, JIOKATO aBTOMAaTHYHOTO OTKpH-
BaHE Ha KOH()IMKTHU CE CUMTA BeUe 3a PyTUHHO.

KakTo oTkpuBaHeTo, Taka W pemIaBaHETO Ha
koHGIMKTH BbB BJ| ¢ ocHOBHa 3amada Ha
PBHKOBOJUTENUTE Ha TIOJNETUTE W Te TpiaOBa na
MOraT Ja Tro TmpaBiT W 0e3 aBTOMaTH3aIlWsl.
T'eomerpuunuTe MeTOaM ca HaWH-MOAXOASAIIM 3a
ToBa. B [2] e mpencraBeH emuH aaTOPUTBM 3a
OTKpHBaHEe Ha KOHMIUKTH O0e3 aBToMaTu3amms. Tyk
ce TOKa3Ba KaK M pEIIeHHeTO MOoXe aa Obue
ONpEENIEHO ,,Ha M.

He e TpynHO ma ce mokaxke, 4e BIBIBT €, Ha
KOHTO ce 3aBbpTa BEKTOPHT HAa OTHOCHTEIHATA
ckopoct Ha BC2, 3a ma ce pemm KOH(pIUKTA €
BHMHATH TO-MallbK OT HEOOXOINMOTO M3MEHEHHE Ha
Kypca  3a mocTuraHe Ha chiara 1en. ChrnocTaBumM
¢ y e no-rojeMusT oT € preil ABC ot ¢ur. 1. Teid
KaTo pamuychT D Ha 3amuTeHaTta o0iacT € MHOTO
Mo-MalibK OT pazctossaneTo AB mexay BC, To

< ABC = arcsin£ zﬂ [rad].
AB AB

Moxe na ce cuWta B IbPBO MPHUOIKEHHE, UYe
BI'BIBT i Ha HEOOXOJAMMOTO W3MEHEHHE Ha Kypca
Ha BC2, 3a ma ce permu KOH(GINKTA € paBeH Ha BI'bJ
ABC, T.e.

l//z%[md] .

ANTOpPUTHMBT 3a pellaBaHe Ha KOH(IMKTA ,,Ha
yM* € JIeceH:

A) Onpenens ce paanychT D Ha 3ayTeHATa 30Ha
okoj10 BC o hopmyma (9). Kato mporaosHo Bpeme ce
M3I0J13Ba MTPOTHO3HOTO BpeMe 10 MPC B MUHYTH, T.€.

T = Tg.

b) Or pamapnata kapTuHa Ce
pascrosiareTo AB mexay BC.
B) Uzuncnssace r=D : AB.
I') U3uncnsBa ce m3MeHEeHHETO Ha Kypca Ha BC2
B Ipajycu 1o ¢popmysaTa
¥Y=5Tr

oTpeeNs

6. Perienne upe3 npoMsiHa Ha CKOPOCTTa

3aBbppTaHe Ha BEKTOpa Ha OTHOCHTENIHATa
CKOPOCT Ha BI'BJ €, TaKa Y€ HApaBICHHETO MY J1a
JloTpa OKPBKHOCTTA Ha 3al[UTeHaTa 30Ha MOXeE
Jla CTaHe 4pe3 W3MEHEHHe Ha ckopocTta V| u/umm
V2 na BC.
6.1. Pemienue upe3 nmpomsina Ha ckopoctTa Ha BC1

Tepcm ce ckopocrra Vi, , KOATO pemnasa
KOH(ITMKTA 0 ONHCAHUS JkeNlaH HauuH. [IpoMens ce
camo BekTopa Ha ckopoctra Ha BC1, a To3u Ha BC2
0CTaBa HEMPOMEHEH:

Vip (Vip.cosa, =Vip,.sina) ; V2(V,, 0).
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TBpceHuaT BEKTOp Ha OTHOCHTEIIHATA CKOPOCT €
V2=V 15=AVp(V:-V i, cosa, Vipcosa)=AVp(AV,, f+¢),

Or BpB3KaTa MEXAy TMPAaBOBIBIHH U TOJSIPHA
KOODP/FHATH CE OTIPEIETIS:

V,tg(B+¢€)
sina+cosa.tg(fB+¢€)

‘/1 p
6.2. Perienue 1pe3 npoMsiHa Ha ckopoctTa Ha BC2

Ilpy chpums MOAXON ce TMOJydaBa CICTHOTO
peleHue:

sinx

1 mﬁ‘COSa’]

2p:

7. 3akimouenue

HacrosimaTa pa6oTa 3aBbpiiBa IMKbIa OTKPUBAHE
U pemaBaHe Ha KoH(aukTH BbB BJl, n3cinensan karo
eIWHHA 3a/ada C JBe IMocienoBatenHd ¢asm. B
Mo3HaTa TeOMETPHYHA IMOCTAHOBKA Ha 3a/1adaTa 3a
TIPOTHO-3UpaH (TOTCHITHAJICH) KOHMIMKT MEXKITY B
BC ca nomy4yenn opurdHaIHN aHAJTUTUYHHA PEIICHIS
Ype3 IpOMSIHA Ha Kypca WM CKOPOCTTa Ha €IHOTO OT
1sx. [IpencraBenure GpopMymnu Morar fa ce U3Mon3BaT
3a aBTOMATH3HMPaHO W3ITBJIHEHHE HAa T3 OCHOBHU
¢dbys-xmmn Ha YBJI, K0eTo ocHrypsiBa IpeauMCTBa 3a
BI1 1 epekTHBHOCTTA HA BB3IYIIHHUS TPAHCIIOPT.

[IpakTrgecko 3HaYeHWE WMa W TPEICTABEHOTO
TIPUOJIM3UTEITHO peleHne Ha KoH(mkTH BsB B/l upes
MpoMsIHa Ha Kypca, KOETO MOXKE Ja ce mpwiara ot
PBHKOBOIUTEINTE Ha TIOJIETUTE ,,HA yM' 03 KaKBaTo U
Ia e aBroMarm3amus. To OM MOrjio 1a ce mpoBepw,
anpoOupa U YCHBBPIIICHCTBA Ha TpeHaxkop 3a YB/I.

JobaBsHeTo Ha BeKTOpa Ha BATbpa HE
npencrasisiBa npobnem. Ilomesno 6m Owio ma ce
W3CIleiBa T0-HATaThK KakBU Ca Pa3IMKHATE MEXITy
TOYHOTO W TIPUOJM3HUTETHOTO PEIICHHWE B PE3UYHU
CHUTYaI¥ 1 KOMOMHAINY OT M3XO/IHH JaHHH.
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The aim of this effort was to continue the PhD thesis research "Boosted Diesel Engine as an Auxiliary Power
Unit for Commercial Transport Aircraft" conducted by one of the coauthors. The calculation algorithms were slightly
improved. The number of calculation cases was significantly increased, allowing more in depth analysis of the impact of
the operational conditions on the fuel efficiency of a passenger airplane equipped with a diesel auxiliary power unit.

Keywords: auxiliary power unit (APU), diesel engine, gas turbine engine, specific fuel consumption (SFC),

specific power, basic flight, alternate airport

1. Introduction

The presented work is an evaluation of the
feasibility of a boosted diesel engine (Diesel) based
auxiliary power unit (APU) and the impact in the
current generation of narrow body passenger jet
airplanes. It is based on PhD thesis research “Boosted
Diesel Engine as an Auxiliary Power Unit for
Commercial Transport Aircraft” conducted by
Vladimir Serbezov. The mathematical model of the
aircraft, its systems and the engines described in the
thesis are used. There are additional features aimed at
automation of the software and therefore the errors
caused by human factor in the different calculations are
reduced to a minimum.

2. Model Description

The Airbus A319 was chosen as a base aircraft
for the study. The characteristics of the base aircraft
and its engines were identified with the use of
records of regular flights from the aircraft digital
flight data recorder. The aircraft characteristics
were incorporated in a flight dynamics performance
model, realized in Matlab.

Supplementing the system with the units, recreating
the work of the Diesel APU, will include a unit that is
taking into account the energy consumption of the
systems whose power is transferred to the Diesel APU.
Another unit is necessary that takes into account the
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impact of the reduced load on the main engine
characteristics (supplemental engine model — SEM).

Aircraft : APU L > Heat Exchangers

Electric Power p— 3

115V, 400Hz, 90 KVA | Generator | S ' M

i |% 8. | DIESEL ENGINE

oL

To Airconditioning Sys. a3 ]
Pt=180kPa, Tt=455K 1Eo Turbo

i Load —1= Charger

Compressor Inter-
~0.8 kgls
Ambient air..... g cooler

Flight Level 390} Cooling ~1.2 kgls
P0O=19.8kPa,

TO=230K

Engine Air Intake from Cabin

haust

~0.5 kg/s, P=73.7kPa, T=296K (Cabin Altitude 8000 ft)

Fig. 2.1. Structure of the Diesel APU

In order to cover a sufficiently wide range of
operating conditions of the aircraft six different
flight scenarios are simulated.

l1a. slightly below average distance flight (2000
km) and 80% load (14.4 t).

1b. slightly below average distance flight (2000
km) and maximum payload (18 t).

2a. middle distance flight (2500 km) and 80%
load (14.4 1).

2b. middle distance flight (2500 km) and
maximum payload (18 t).

3a. large distance flight (3500 km) and 80% load
(14.41).



3b. large distance flight (3500 km) and
maximum payload (18 t).

The selected flight scenarios allow inferring the
relationship between the effectiveness of using Diesel
APU, flight distance and loading of the airplane. The
calculations for each scenario were made to the base
plane with gas turbine APU and Diesel APU within the
whole area of the control parameters of the study -
specific fuel consumption and specific weight of the
Diesel engine.

The flight stages and the indications of mass of the
airplane at the beginning and end of each stage are
given on fig.2.2. The parameters of each of the stages
are selected in accordance with the aircraft
documentation and are given in table 2.1. for the main
flight and table 2.2. for the flight to an alternate airport.

1R..2R. Initial Climb/Climb to altemate cruise
Hey.usxaveare/Viskayeare 00 6UCONUHa 3a
npenumane 4o 3anacko nemuwe

m3 3R. Alternate cruise

[Mpenumane do 3anacHo nemuwe

m4

4. Cruise - (Initial) Flight level
Kpedcepcku nonem - (HayanHa)
sucoyuHa
1.Takeoff /3 mimb

Msnumake /' agop na sucovuna

4R. Descend to alternate airport
5. Descend CHUXeHUe KbM 3anacHo nemuwe
CHuxeHue
------------------
N
SR Holding \ __.
Msvarsane — X\

6R Approach \
3axod 3a kayaHe * o

\ /
msy | /

6. landing approach), )/

3ax0d 3a kayare

mé (ML)

Reserve Fuel
3anacko 2opueo

1

2. Initial Climb

Hay.Habop Ha sucoquHa
mo mi

(mwo) Trip Fuel

lopuso 3a nonema

Fig. 2.3. Flight profile

Table 2.1. Basic parameters for calculating the fuel
for a flight to the main airport

Flight stage | Flight height m Speed profile

1 0 0—V,

2 - Vo—Veas=250kt

3 —11278 Vcas=250kt/

Vas=300kt/M=0.78

4 11278 M=0.78

5 11278(11887) M=0.78/  Vs=300kt/
—853 Veas=250kt

6 8530 Veas=250Kt —Vapp

Table 2.2. Basic parameters for calculating the fuel
for a flight to an alternate airport

Flight | Flight height, Speed profile Time | Distance,
stage m , min km
1R 30556960 | Vap— Ves=250kt
2R Veas=250kt— V=270
kt
3R 6960 Veas=270kt 3704
4R 6960—457 V=2 70kt—V =250 -
kt
5R 457 Veas=202kt 30
6R 457—-0 Veas=202kt—Vapp -

The task is to determine the fuel consumption of the
aircraft in flight. For this purpose, a parametric study
was conducted with control parameters specific fuel
consumption (SFC) and specific power of the diesel
engine.

The assay range of values of these parameters is
selected so that it corresponds to the values set for
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existing engines. Specific power (power/mass) vary in
the range 0.8 - 1.2 kWr/kg, and specific fuel
consumption, respectively, 0.23 - 0.2 kg/kWh.

For each flight scenario for basic flight and flight to
an alternate airport was calculated the fuel for the
whole flight and the fuel for each flight stage.
Calculations for the fuel for the flight stages were made
for the most favorable and most unfavorable
combinations of specific fuel consumption and specific
power of the Diesel engine.

3. Results for the fuel consumption for the main
flight

The realized fuel economy for different flight
ranges and different loads on aircraft using diesel APU
is between 0.01% and 0.95% of the total fuel
consumed for the basic flight. It is noted that with
increasing distance of the flight, the savings increases.
By reducing the specific power of Diesel, the benefits
of using it decreases exponentially, while increasing
the specific fuel consumption of Diesel with 0.01
kg/kwh, the difference in rates between the fuel
required for gas turbine APU and Diesel APU grew by
about 0.1%. The benefit of using Diesel is more
pronounced at 100% load on the plane.

It is important to note that even in the worst case of
Diesel (573.33 kg and 0.230 kg/kwh SFC), there is
fuel economy compared to the use of gas turbine APU.

0
Ed 0.200
- 0 15 1.4 1 1 &
s 01 keg/kwh
= -02
::_J 0.3 0.210
£ 04 ke/kwh
=
5 0.5
%" 0.8 III.ZZZE\I )
£ o7 ke/kwh
W -
g o8 0.23
w 00 ke/kwh
“

Diesel APUSFC, kW kg

Fig. 3.1. Relative change of fuel consumption of aircraft using Diesel APU,
flight of 2000 km, 80% load and standard atmospheric conditions

The dependence of fuel consumption from Diesel
APU, SFC and its specific power is showed on fig. 3.1.
This is the worst case - a flight of 2000 km and 80%
load.

The reserve fuel is determined only by the load of
the aircraft so it is compared only for a flight with
aircraft with 80% and 100% load.

At the lighter engines (higher specific power) with
a less SFC, the Diesel APU is more economical -
within 0.17% to 0.02%, but more severe engines
(lower specific power) with a higher SFC it appears
that the gas turbine APU is more economical. The
Diesel gives higher fuel consumption by 0.02% to
0.50%.



06
= 05 - - -~ 0200
2p 04 kg/kwh
23 03 w0210
532 L g/l
B3 02 — + &
£ 01 — 0.220
iy . S A g/l
2 01 L6112 -1 o 0.6 0.230
£ 02 +—5 g/l
o

-0.3

Diesel APUSFC, kw/lg

Fig. 3.2. Relative change of fuel consumption of aircraft using Diesel APU
for flight to alternate airport and 100% load

4, Results for the fuel consumption on the
different flight stages

The most and the least favorable cases of Diesel are
simulated. They show most clearly the dependence
between weight and SFC of the engine. The parameters of
the diesel engines are showed in table 4.1.

Table 4.1. Parameters of the Diesel APU

Weight (specific power) of Diesel, kg SFC of Diesel, kg/kWh
(kWikg)
260.83 (1.6) 0.200
260.83 (1.6) 0.210
287.62 (1.4) 0.200
287.62 (1.4) 0.210
448.33 (0.8) 0.220
448.33 (0.8) 0.230
573.33(0.6) 0.220
573.33(0.6) 0.230

The figures below show the results for each flight
stage of the flight to the main airport. All of them are in
percentage calculated by the formula below:

m —m
FuelTD fuslGT + 1009%

, (4.1)

Mrerrp — fuel mass for the specific flight stage used
by Diesel, kg

Mrysie =~
mfus!TD.srum - mfus-iﬁ-‘?‘sum

mMeect — fuel mass for the specific flight stage used
by gas turbine APU, kg

Mrerrosum — total flight fuel for aircraft equipped
with Diesel, kg;

Mueictsum — total flight fuel for aircraft equipped
with gas turbine APU, kg;
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Fig. 4.1. Take off
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Fig. 4.6. Approach

It is seen that at stages "cruise” and "descent” the
impact of Diesel APU on the fuel consumption is
positive. It is also clearly seen that the results for the
first four types of engines (lower SFC and greater
specific power) are similar. For the second four types
(with a large SFC and lower specific power) there are
also similar trends.

For the first four types of engines (lower SFC and
high specific power) between 79.18% (83.26 kg) to
81.56% (80.84 kg) of fuel savings are realized at the
"cruise” stage of the flight.

For the second group engines 773.08% (23.55 kg)
of the total fuel savings are realized at “cruise” stage of
the flight. At “climb to cruise height” stage these
engine types realize rapid increase of fuel consumption
— up to 810% (24.68kg) over the value of the economy.

The dependences that are observed at the flight
stages during the main flight are observed at the flight
stages of the flight to an alternate airport. The only
difference is at stage ‘“holding” which has only
negative impact of the fuel consumption.

5. Conclusion

The results of the presented study confirmed the
positive effect of boosted diesel engine as APU for
narrow-body passenger jet airplanes. The study
expands the range of the examined flight cases in [1].
The different flight scenarios with several flight
distances, aircraft load and standard atmosphere
conditions showed:

- When using contemporary diesel engine in
flight as an additional source of energy,
relieving the main engines it can be expected
fuel economy within the 0.5 - 1%;

- Diesel gives a better overall performance at
100% load on the airplane, which is
explained by the higher mode of the main
engines and the bleed air for conditioning
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system that
pressure;

is with unnecessarily high

- The results for the flight phases show that
Diesel has very good performance at cruise
phase of the flight. This means that by
increasing the distance of the flight under the
same conditions, the savings will grow.

- Analyzing the results of a flight to an alternate
airport it is seen an increase in fuel consumption
using Diesel APU during flight stage "holding."
This can be avoided by switching off the APU
at this stage of the flight.

- The results of a total fuel savings of airplane
equipped with Diesel APU are fully comparable
with those of other alternative APUs as fuel
cells.

Examination of the aircraft's flight in its stages gave
an opportunity to see the impact of each stage on the
total cost of the fuel and to make general conclusions
about the possibilities of additionally reducing the fuel
consumption by selective use of the Diesel APU only
in flight stages when it is mist effective. Final
conclusions about the expediency of introducing Diesel
APU can be made on the basis of wider feasibility
studies.
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Peztome:

B nacmoswama paboma ca npedcmagenu nooxoo0, aneopumvM U npoSpama 3a SU3YAIU3AYUsL Ha NOJeMHU OAHHU,
sanucanu om bopouume peaucmpamopu. Pearusupano e akmusHo uzobpasicenue Ha nem 6a308u napamempu ¢ HOMowma Ha
CUHMESUPAH NUTOAdCEH NPUOOP U eOHOBPEMEHHO C MO8d U38eXHCOaHe 8 cpaguyer 8ud CMOUHOCUmMe HA Yemupu napa-
Mempu 3a u36panusL MOMenm Ha Nojiemd.

Knrouosu oymu: eusyanuzayus, 60ponu pecucmpamopu, nojiemnu OAHHU, NUIOMANCHU npudopu

VISUALIZATION OF THE FLIGHT DATA REGISTERED BY FLIGHT DATA RECORDERS
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Abstract:

This paper presents method, algorithm and program for visualization of flight data registered by onboard record-
ers. It consists of an active image of five basic flight parameters using synthesized primary flight display and simulta-
neously displays in graphical form four flight parameters for the desired time of the flight.

Keywords: visualization, flight recorders, flight data, primary flight displays

1. BnBeaeume

3a mocturase Ha BUCOKa €(pEeKTUBHOCT IPH 13- pamerpu (KpeH, TaHTax, Kypc, CKOPOCT U BHCO-
MOJI3BAHETO HA 3alHMCUTE OT PETUCTPATOPUTE Ha YMHA) BBPXY CHHTE3HPAHO TUHAMHUYHO H300pa-
nostetHn mapametpu (PIIII) e or 3HaueHme He KeHue Ha mtotaxed rpudop (1111).
caMO KOJIM4eCTBOTO MH(opmarus (Opod 3amu- EnnoBpemMeHHO ¢ TOBa B rpaduueH BUJI CE U3-
CaHM TMapameTpH, MPOIBHKUTEIHOCT U YecToTa BEXJIAT CTOWHOCTHUTE Ha OlIe YSTUPHU MapaMeTpH
Ha 3aIUCHUTE U JIP.), HO ¥ HAYHHA HA TSIXHOTO Bb3- 3a YKeJJaH MOMEHT OT TIOoJIeTa.
Mpou3BeXAaHe W BU3yaiuzanus. OT HM3KII0OYH- [IpencraBsHero Ha 0a3zoBHTE MapaMeTpu B
TEJIHO 3HAUEHHE € Bb3MOKHOCTTA 32 Bb3CTaHOBS- MIPUBUYHUS 32 EKUIIaXKa BUJ 1aBa Bb3MOXKHOCT 32
BaHE Ha IIbJIHKUA 00pa3 Ha M0JIeTa C pa3lo3HaBaHe MO-PEAIMCTUYHA OLIEHKA HAa IIOJICTHUTE CHUTYya-
Ha eTaluTe Ha I0JIeTa, Ha XapaKTePHHU y4acThLH LU, KaTo pPa3KpuBaT NPUYMHHO-CIIEICTBEHATa
U BaXHU MOMEHTHU OT HETO, Ha BPBb3KaTa MEXIY Bpb3Ka MEXIY IOJlydyaBaHaTa OT €KMIIaKa WH-
OTZACJIHUTE IIOJIETHU [1apaMETPH. ¢dopmanus (upe3 [1I1), neiicTBusiTa Ha eKuMmaxa

B nacTosmmara pabota ce npeayiarat moaxos u (oTKJIOHEHUE HA OPraHUTE 3a YIIPABICHUE, U3I0J-
ca pa3paboTeHHu aNTOPUTHM U IPOTPAMHO MPHIIO- 3BaHE HA MEXaHHU3AIMATA, BKIIOUYBAHE HA aBTOIH-
JKEHNEe 32 KOMOMHUPAHO W300pa3sBaHe HA CTOM- jota u Jp.) u peaknuara Ha BC, uszpazena upes
HOCTUTE Ha ompezaeeH Opoil mapamerpw, 3amu- HW3MEHEHUE Ha ITapaMeTpUTe Ha MOoJIeTa.
canu ot PIIII. I'paduunoTO M300pa3sIBaHe HA MOJIETHUTE T1a-

2. CpuUIHOCT HA MpeIaraHus MOAX0/ paMmeTrpH J1aBa Bb3MOXHOCT 32 ChOTHACSHETO UM

[Ipenyaranust moaxo ce 3aKioyaBa B Ch3/a- €/IMH CIIPSIMO JPYT BB BCEKH MOMEHT OT I10JIETa,

BaHe Ha aKTUBHO M300pakeHHe Ha TIeT 0a30BH Ia- KOETO € MPEenAIocTaBKa 3a 3aJpJI00UYeH aHaJIN3 Ha

MU3CIICABAHOTO aBHAIIMOHHO cpouTHe.
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3. AJropuTbM H NPOrPpaMHO NPHIIOKe-
HUe
bazoBusT Mojen, Mo KOUTO ce u3rpaxia aji-
TOPUTBMBT € MPEACTaBeH 4Ype3 auarpaMa Ha TH-
MUYHUTE ClTyyad Ha peanuzauus (¢ur. 1).
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Bxonnute maHHM ce MPENCTaBAT B TEKCTOBU
dbopmar 3a TabnudeH 3anuc Ha gaHHU (*.CSV mim
*.txt).

3apexIaHeTo Ha 3aluca ¢ BXOJHUTE TaHHU €
MoCJeIBAaHO OT M3YMCIISIBAaHE W M300pa3sBaHe Ha
BepTUKaIHUs podull Ha ronieTa. ToBa e HeoOXo0-
JIIMO, Thi KaTO C HEroBa MOMOIIl JIECHO CE pa3-
IO3HaBaT XapaKTCPHUTE €Tallki U MOMCHTH Ha I10-
jera (M3IHMTaHe, HAOMpaHEe HAa BUCOYMHA, TOJIET
10 MapIIpyT, CHU)KaBaHe, IT0IX0/]1 3a KallaHe U Ka-
IIaHe).

Crex 3apexiaHe Ha 3armnca CTaBaT JOCTBITHH
ocTaHanuTe QyHKIMH, TIpeICTaBeH! Ha (ur. 1.

AJITOPUTHMBT TO3BOJISIBA U300p HA TIPOU3BO-
JICH MOMEHT OT 3amuc, u300p Ha rpaduuHO U300-
pa3sBaHHUTE MapaMeTpH, a ChIO TaKa U CMsHA Ha
Mamaba Ha rpadukure. Bp3nponsBexxgaHeTo Ha
3aIMca € B CHHXPOH ChC CHCTEMHOTO BpEMeE, KaTo
3a M3MIAXKJaHe Ha CTHIAJOBUAHUS XapakTep Ha
W3MEHEHUE Ha 3allMCaHuTe MapaMeTpu ce Npu-
jlara JUHeHHa arpOKCHUMALIHSL.

3a peanuzanys Ha ATOPUTHMA € M3IIOJI3BAHO
0o0exkTHO opueHTHpaHo mporpamupane (OOII),
JIaBaIio Bh3MOXHOCT 332 'bBKaBOCT W MOJYJTHOCT
Ha pazpabotenus mporpamer npoaykr. B OOII

dur. 1
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MporpaMHaTa CHCTEMa € ChbBKYITHOCT OT B3anMO-
nercrBamy 00exkTH. OCHOBHHUTE IMOHATHS, C YH-
SITO TIOMOII] C€ pean3upa aJropuThbMsbT, ca Kirac,
O6exT, CpoticTBo, KoHCTpyKTOp M1 MeTon.
Onepanuonnata cucrema ¢ MS OS Bepcust 7
wiu no-Hosa. M3non3sa ce .NET miardopma, ko-
ATO TIPEJOCTaBs MPOrpaMeH MoJel, OubnuoTeka
or knacose (FCL, Framework Class Library) u
cpelia 3a M3ITBIHEHNE Ha HAIKCaH 3a Hesl Tporpa-
men xox (CLR, Common Language Runtime).
[IpunoxxeHneTo € HaMcaHo Ha MPOrpaMeH e3WK
C# B cpena Microsoft Visual Studio Community
u ce kommmrpa 10 mexauaen e3uk CIL (Com-
mon Intermediate Language). ITo Bpeme Ha u3-
neiiHeHneTo ClL koabT aBTOMAaTUYHO CE KOMIIH-
nupa ot CLR 3a konkperHa miargopma u OS.
Baxna ctriika, HeoOXxoMMa 3a BU3yasIu3allu-
sITa Ha 3aIKCUTE, € Je(UHUPAHETO Ha KIIACOBETE
¢ rexaute O6ekTH, CBoiicTBa, MeTOAM U U3IIOJ-
3BaHMTE 3a Ch3aBaHe Ha 00ekTH KoHCcTpyKTOpH.
Ha ¢ur. 2 e moka3ana kiracoBaTa quarpama Ha ai-
FOPUTBbMA C BPB3KUTEC MEXAY OTICIHUTE Kila-
coBe. CrienMaiHO BHUMaHUE 3aciTy’KaBa KIachT



,Vertical Profile”, mopaan usmon3sane Ha M300-
paXXEHUETO Ha BEPTUKATHUS PO 3a H300p Ha
JKeJaHUsS MOMEHT OT TIOJIeTa.

HNudopmarusara 3a OGapoMeTpudHaTa BHCO-
YMHA CE ChAbPKA B JiBa MapameTbpa — rpyoda
(ALT COARS), xosTO ce M3MEHsI ChC CTbBIIKA
4096 ¢yra u Touna (ALT FINE), xosro ce us-

MeHs B auana3oHa ot 0 mo 8192 ¢dyra. 3a momy-
yaBaHe Ha Bucoka TouHOCT KkbM ALT COARS ce
npubass crorHoctTa Ha ALT FINE, ako T e mo-
maika ot 4096 pyra. Ako ALT FINE nanBumasa
4096 ¢yra oT Hes HW3BaXKIAME CTOMHOCTTAa Ha
ALT COARS. Ta3wu onepariiust OCUTYypsiBa IUTABHO
M3MEHCHUE Ha M300paKEHUETO Ha BEPTUKATHUS

npodun (pur. 3).
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EnnoBpeMeHHO ce OCBHIIECTBSBA OMpPEIEs-
HETO Ha MAaKCHUMAJHHUTE W MUHUMAJIHUTE CTOU-
HOCTH Ha BUCOYMHATA HA II0JIETa M Ha MallaOHUTE

dur. 2
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MHOKHTEIN 110 XOPU30HTalla U BepTUKana. AHa-
JIOTHYHA OTepanusi ce OChIIEeCTBIBA B Kiaca
“Flight Parameter” 3a BCHYKH 3alyCaHH aHAJO-
TOBU TapaMeTpH.

Knacst ,,Data Parcel” cpabpika cToiiHOCTHTE
Ha MeTTe napamMeTpH, U300pa3siBaHu BbPXY CHUH-
TE3UPAHUSI MUIOTAXKEH IPHOOpP.

VYnpaBieHHeTo Ha mpoleca Ha Bb3IPOU3BEXK-
JAHETO CTaBa C ITOMOINTAa Ha Kiaca ,,Playback
Control”, a B xoHTypa Ha kiaca “EFIS” ce och-
IIECTBSIBA JIMHENHHA alpOKCUMAIIUsl Ha CTOHHOC-
TUTE Ha TIApaMETPHUTE W TOCIIEJIOBATENHO B Ye-
TUPU CTBIIKM CUHTE3WPaHE Ha HM300paKEHUETO
BBPXY MNWIOTaXHUA mnpubop. C momomra Ha
knaca ,,Marker” ce u3uepraBa Mapkep BbpXY rpa-
¢$uKuTe Ha BEpTUKATHUA POQUII U Ha H30paHuUTe
YeTUPU MapaMeTpH B IMO3MLHUS, ChOTBETCTBAILA
Ha M30paHus MOMEHT OT IOJIETa.



Bceku enun ot MeTonuTe 3a M300pa3sBaHe B
Pa3INIHUTE KIACOBE HE TOKa3Ba N300PAKEHUETO
JMPEKTHO Ha €KpaHa, a To Ch3J]aBa B O0OCKT, ChX-
pansBaH B Oydep Ha omepaTHBHAaTa MameT Ha
KOMITIOTBpa. (Dwur. 4).
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Crex 3aBbpIIBaHE Ha KaJlbpa TOTOBOTO U300-
paXKeHHUe ce MPEXBBPIIS OT OIIEpaTHBHATA TAMET B
rpaduyHaTa KapTa u ce IoKas3Ba Ha ekpaHa. [Ipu
TOBa NBOMHO OydepupaHe ce MpeAcTaBs TOTO-
BOTO CHHTE3MpaHO wu300pakeHne, Oe3 ma ce
BIDKJIA TIPOLIECHT HA M3USPTaBaHE HAa BCCKU OTIIC-
neH eneMeHT. [1o To3u HauKH ce u30srBa TpenTe-
HETO Ha N300pak€HUETO BBPXY €KpaHa.
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[Ipu M3MBIHEHUETO HA OTIEIHUTE (QYHKIUU
(mpoMsiHa Ha MO3WIMS Ha ILTB3rad, MPOMsHA Ha
Mamad, u300p Ha mapamMeTbp, U300p Ha MOMEHT
OT TOJIETa U JIP.) C& PEaTU3UPAT ONPECIICHH Ch-
outus. TsaxHaTa MporpaMHa peanu3anus ¢ Ha Oa-
3ara Ha aNTOPUTMHU, IPEACTaBEHU IpadUaHO upes3
OJIOK-CXEeMHU.

Ot ¢ur. 5 Moxe @ ce BUAM KOU OOCKTH OT
BCEKH KJIaC Ce MHUIMAIM3MparT Npu pabora Ha
cHcTeMaTa M KakKBU ca BPB3KUTE MEKIY TAX, OCH-
TypsIBalll pean3aiusaTa Ha BCHYKU H300paxke-
HUSL.

PazpaboTeHUsT anropuTbM W TMPOTPaMHHUTE
NPUIOKEHUS JaBaT Bb3MOXKHOCT M 32 M300pa3si-
BaHE Ha IMOJIOKEHHETO Ha €JIeMEHTHTE Ha MeXa-
HHU3alMATa Ha YIpaBICHUETO Ha camojera. Ha
¢ur. 6 ca mokazaHW B yBenWuYeH Marnad Mpu-
MEpHU rpadUKy Ha MOJIOKCHUETO HA TPEAKPHII-
KHTE M 3aJKPUIKUTE 33 €TalHuTe Ha M3JIUTAHE U
KalaHe.
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Wznon3Baiiku Bb3MOXKHOCTHTE Ha pa3padoTe-
HUTE QITOPUTBM M IPOTPAMHHU IPHIOKEHUS
MOJKE J]a C€ BB3CTAaHOBH W MpPEICTaBU rpad)uaHO
TpPaeKTOpHsTA Ha IIeJINs MOJIeT OT U3JIUTAHETO 10
KallaHeTo. 3a LeNTa M3YUCICHUTE IIpe3 oIpee-
JIEH UHTEPBaJ OT BpeMe KOOPIMHATH Ha CaMoJIeTa
ce HaciarBaT BbPXY €JIEKTPOHHA HABUTALlMOHHA
kapta (¢wur. 7).
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4. 3axiaveHue

IIpemmaranuTe MOAXOM, AITOPUTBM M IIPOT-
paMHH TIPHJIOXKEHHUS IIEIAT TOBWINIAaBaHE HA 3a-
IBI00YEHOCTTa W €(EeKTHBHOCTTA Ha H3IOJI3Ba-
Heto Ha 3anucute ot PIIII. Cuntesupanoro au-
HaMUYHO M300paKeHUE Ha TeTTe 0a30BH Mapa-
METpPH Ha I0JIeTa CUMYJIUpa paboTaTa Ha eJICKT-
POHHATA CHCTEMa 3a MWIOTAXKHA MH(OPMAITUS 110
BpeMe Ha M3ClIeBaHus TojieT. ToBa mpearnosara
M0-aICKBAaTHO BBL3MPHEMaHe W aHAIW3WpaHE Ha
MIPOCTPAHCTBEHOTO TOJIOKECHHE U ABMKCHUETO HA
BC 3a usciienBanus MOMEHT OT ITOJICTA.

I'padmunoTO M300pa3siBaHe HA MOJICTHUTE T1a-
paMeTpH B rpyIia o YeTUPH OT CBOS CTpaHa J1aBa
BB3MOXKHOCT 32 CHOTHACSHETO UM €IUH CIIPSMO
JpYT BB BCEKH MOMEHT OT TI0JIETa, KOETO € Mpe/-
IOCTAaBKa 3a 3aJbII00YEH aHAllM3 Ha HU3CJeIBa-
HOTO aBHAITHOHHO CHOHTHE.

I'eBKaBOCTTa Ha Pa3pabOTEHOTO MPHUIIOKEHHE
MO3BOJISIBA HETOBUTE MOIYJIH Ja C€ H3IOI3BAT
NP peanu3alusara Ha Apyru mpoekTu. Hampumep
3a M300pa3siBaHe, Ype3 CHHTEC3UPAH MUIOTAKEH
prOop, Ha MApaMETPUTE HA IBUKCHUETO Ha 0e3-
MUJIOTEH JICTaTeNICH anapar.
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Abstract:

A methodology for preliminary sizing of unmanned aerial vehicles is developed. It is intended to be used at the
early stages of design and synthesis. Approximation equations are derived for the basic classes of unmanned
aerial vehicles — small, medium and large, using statistical information. Special care is taken for the unmanned
aerial vehicles with take-off mass less than 10 kilograms and aircraft with electric power plants.

Keywords: unmanned aerial vehicles, design, preliminary sizing.

1. Introduction

Unmanned systems and in particular Unmanned
Aerial Vehicles (UAVs) have become part of our
everyday life. We now observe an increasing role in
their civil use, but the main field of mission remains in
military operations. Unmanned systems continue to
deliver new and enhanced battlefield capabilities to the
warfighter. While the demand for unmanned systems
continues unabated today, a number of factors will
influence unmanned program development in the
future [1]. The most important missions for UAVS are
reconnaissance and surveillance. There are several
classes of UAVs that perform such missions and
according to some classifications they are micro, small,
medium and large, depending on their maximum take-
off weight (MTOW). Micro UAVs that weight no
more than a few kilograms (both fixed and rotary wing
aircraft) vary widely in their shapes and sizes and
overall designs. However small, medium and large
UAVs, which are mainly fixed-wing platforms have
more similarities. Hence the idea of statistical analysis
of those classes arise in order to obtain some adequate
approximations for rapid preliminary UAV sizing in
the initial design phases. In the beginning of conceptual
design phase there is some ambiguities that the
designer has to overcome [3]. The presented
methodology in this paper can be used as a first design
iteration for sizing or as a starting design point. The
most important parameters that have to be defined in
the design of a new aircraft are its take-off mass, wing
loading and power-to-weight (thrust-to-weight) ratio.
Thus the main scope of this paper aims at statistical
definition of those parameters.
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2. Unmanned aerial vehicles with take-off mass over 10
kilograms

To obtain correct information about desired
design parameters data sample containing 30 UAVs
is formed [4]. Statistical analysis and mainly
regression analysis or curve fitting is used to derive
the design equations. Firstly the correlation between
UAYV take-off mass and payload mass is examined.

Due to the limitation of the paper volume the
tables with statistical samples could be found in [4].

In the beginning of a new design often it is
necessary to know aircraft empty mass fraction that
is the relation between the empty mass and take-off
mass. Usually the empty mass fraction varies with
the take-off mass that is why first take-off mass has
to be determined. This can be done using the
payload mass as an input.

Payload
mass, kg
10000

Payload vs T-O mass

1000

100

T-0 mass, kg

10 100

Fig. 1. Payload vs Take-off mass

1000 10000



Empty mass-to-T-O mass ratio
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Fig. 2. Empty mass fraction
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Figure 1 depicts the correlation between payload
mass and take-off mass, whereas Fig. 2 shows the
empty mass fraction in terms of the take-off mass.
Thou these plots may seem linear one has to notice
that in some cases logarithmic scale is used.

The approximation equations are as
follows:

mg = 9.4274m 8378, (1)

Mme\ _ —-0.037

(m—o) = 0.7053mg %037, @)

where: m, is the take-off mass, kg;
m,, is the payload mass, kg;
m, is the empty mass, kg.

Another key design parameter in the early design
phase is the fuel mass fraction that is the relation of
mission fuel mass to take-off mass. This relation
could be derived from the Breguet range equation
[2]. It mainly depends on the power plant specific
fuel consumption (SFC), the range (or endurance)
and aircraft aerodynamic efficiency. Assuming that
the SFC and aerodynamic efficiency do not differ in
large scale it is possible to analyze the relation of
the fuel mass fraction vs flight endurance.

The plot of fuel mass fraction is shown in Fig. 3.
According to the Breguet range equation this
relation should be exponential. However the curve
in Fig. 3 has an obvious minimum. This is because
the statistical data does not exactly meat the
assumption that the SFC is a constant. It is rather
the UAVs with smaller endurance use two-stroke
engines with relatively high SFC. The UAVs with
medium endurance use four-stroke engines with
relatively smaller SFC. Thus a controversial
conclusion: statistically UAVs that have endurance
from 10 to 15 hours have minimal fuel mass
fraction!
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Finally for the complete initial sizing of a new
UAV concept the power-to-weight ratio and the
wing loading have to be defined. Again statistical
approach is used. An assumption is made that the
power of UAV’s engine depends mainly on its
cruise speed. The higher the cruise speed, the higher
the required power. It is much harder to calculate
the wing loading due to the lack of information
about the UAV’s wing area. However the wing span
is always given, so an additional assumption is
made that the wing aspect ratio is constant and
equals 10. The result approximation wing area is:

b2
Sapprox =R 3)
where: b is the wing span, m;

AR is the wing aspect ratio.

Figure 4 shows the data used to determine the
power-to-weight ratio plot for desired cruise

airspeed.
Power-to-Weight
ratio
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0
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Fig. 4. Power-to-Weight ratio
Wing loading is calculated using the

abovementioned approximation of UAV’s wing
area, and by definition it equals [3]

Mo

p= ,kg/m?. (4)

Sapprox
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Figure 5 depicts the relation between wing loading
and power-to-weight ratio. Since this is a statistical
relation it is not possible to fully define it, rather there
is some recommended areas. The two rectangles form
two design areas — the first one - UAVs with lower
cruise speeds and the second one with higher cruise
speeds. The wing loading has to be specified during
next design iterations.

3. Unmanned aerial vehicles with take-off mass less
than 10 kilograms

Two types of UAVs are analyzed, with:

- electric motor power plant;

- piston engine power plant.

More than 70 UAVs with take-off mass up to 10
kg are considered [5]. In this category few
parameters are given in the literature and Internet.
Also airframe structure and material may vary
widely — from Styrofoam and balsa to carbon-fiber
composites. Hence the dependence of the take-off
mass and UAV span b is determined:

m, = f(b), ()

Figures 6 and 7 plot these functions for UAVs
with electric and piston engines.

o 4
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Fig. 6. Take-off mass vs span (electric engine)
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Fig. 7. Take-off mass vs span (piston engine)
The regression functions are as follows:

electric engine:

my = 0,5647.b%3904 (6)
— piston engine:
my = 1,4976.b17476 (7

4. Sizing methodology

To make an initial assessment of the main
parameters of UAV such as the take-off mass, wing
loading and power-to-weight ratio usually statistical
input is used together with some initial calculations.

The take-off mass is calculated using the
formula:

mp
1_me_Mf?
mop mgo

m0=

(8)

where: my is the fuel mass;
m, is the empty mass.

The sizing methodology will be demonstrated
using an example. Given are: UAV’s payload - 30
kg; flight endurance — 10 h; cruise airspeed — 150
km/h. From Fig. 1 and Fig. 2 for 30 kg payload the
take-off mass is my ~110 kg and empty mass
fraction is m,/my =0.55. From Fig. 3 for 10 h
endurance the fuel mass fraction is ms/mg ~0.17.
Finally the design take-off mass can be calculated
using the formula:

= M = 30 =107.1k
Mo="m, My ~1-055-017 9
my My

The fuel fraction in Eq. (8) - ms/m, can be
calculated alternatively in terms of flight endurance
and loiter speed both for electric - Eq. (9) and piston
engine power plants — Eq. (10):



VECON.tmax-9

my/mo = (L/D)max-0,5.10%

©)

_tmax-VEcoN,-SFC
mf/mO =1—¢e 360.np.(L/D)max
(10)

where:

tmax- Maximum flight endurance,
Vecon- loiter speed, km/h;

SFC- specific fuel consumption,
kg/kWh;

np- propeller efficiency;

(%) max- maximum lift-to-drag
ratio.

The wing loading and power-to-weight ratio are
chosen using Fig. 4 and Fig. 5. For the above
example at given airspeed the power-to-weight ratio
is approximately 0.1 kW/kg (Fig. 4) and the wing
loading is about 30 kg/m? (Fig. 5).

For more precise calculations the wing loading
should be calculated for certain stall speeds Vs and
lift coefficients Cppax:

2
— Crmax'Vs kg.

17,86 ' m?’ (11)

Po

Additionally the wing area and wing span for
chosen aspect ratio A = b2 /S are:

mo

- Po
b=+5.A

For UAVs with take-off mass up to 10 kg it is
appropriate to make an extra iteration using revised Eq.
6and7:

S (12)

(13)

electric engine

1 (14)

mll = 1,15.K,.0,5647. %3904 — 1
° P (1-aGLy

- piston engine:
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1

mll = 1,15.K,,.1,4976.b17476, — 1
° P (1-aGy)

(15)

where;

C () = ()
Mo Mmo Mo/ 10/

(ﬂ) - fuel fraction for 10 min flight;
10/

my

Kp — high-lift devices coefficient.

4. Conclusion

A methodology for rapid UAV sizing, based on
statistical analysis of existing UAVSs is proposed. It
is intended to be used at early design phase to
determine common design parameters such as take-
off mass; empty mass fraction; fuel mass fraction;
power-to-weight ratio and wing loading.
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The CaBilAvi project started in January 2015 and over a 33-month period will work towards the
preparation of updated curricula to include GNSS training for IFR and VFR pilots. The first step is to accurately
define the optimal information required to train the pilots for the safe and efficient use of GNSS in flight and for
LPV approaches without significantly increasing the cost of the training. A dedicated workshop following an
innovative methodology was conducted in Czech Republic in March including brainstorm sessions with the
participation of all types of aviation stakeholders. After that the 83 defined statements were organized in a report
that was disseminated to the several other countries including Bulgaria for expert opinions and review. The
collected feedback was then summarized and assessed to serve as a basis for the future work of the project. It
was noted that there is a contradiction between Western and Eastern Europe on the reduction of VOR and NBD
teaching and its replacement with GNSS training due to the lack of published LPV procedures.

Keywords: European Geostationary Navigation Overlay Service (EGNOS), Localizer performance with
vertical guidance (LPV), Required navigation performance (RNP), Global navigation satellite system (GNSS).

1. Introduction

Project CaBilAvi consists of two high level
objectives, on which work will be carried out in
parallel, so that at the end of the project will be
achieved defined deliverables and goals to which the
consortium committed itself.

These high level objectives are:

- support emerging EGNOS countries inside and
outside the EU in a customized strengthening of their
capacity shortfalls for preparation of EGNOS adoption

- to prepare arguments and develop new curricula
for IFR and VFR pilot training to include flying RNP
operations, thus increase the awareness of EGNSS in
the aviation user community within the EU. [1]

The wide GNSS implementation in civil
aviation will undoubtedly bring benefits to the aviation
stakeholders inside and outside Europe but it requires
carefully defined standards for education and
exploitation in order to maintain the safety of flights.
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2. GNSS education workshop

The first workshop of CaBilAvi project was
conducted on the 12" and 13" of March 2015 at the
premises of the Czech Aviation Training Centre in
Prague, Czech Republic.

The main objective was to acquire entry
information in order to be able to define the civil pilot’s
total extent of knowledge, which is sufficient for the
optimal use of the GNSS during VFR and IFR flights
and which is needed to be covered in the curriculum.
Methodology was designed as a form of a cross-
functional teamwork at moderated workshop.
Participants of the workshop were expert
representatives of companies and Civil Aviation
Authorities, who represented 4 main stakeholders that
are concerned with the pilot’s training curriculum:
ATOs, Aircraft operators, Civil Aviation Authorities
and pilots. Number of participants: 21 (14 experts and
7 consortium members). Number of moderators: 4.

The workshop was managed in compliance with
“Design Thinking” and principals of the Human-
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Centered Design. Structured creative exercises and
effective moderation were used to support the
dynamics of the teams that led to team cooperation and
fulfilling the goal of the workshop. “Design Thinking”
methodology and Human-Centered Design principles.

[2]
3. Design Thinking and Human-centered design

Design thinking is one of the most productive
approaches to the development of human-centered
innovations of products and services. Created by the
industrial design company IDEO, it has been used
world-wide to solve both business innovations, as well
as provide innovative solutions to social problems,
especially in developing countries. This methodology
is now being taught at the Stanford School of Design,
several university business schools, as well as
undergraduate university programs and online courses.
It is also used by non-profit organizations to help solve
social problems. Design thinking is used to design
innovative products and services, as well as to design
customer experiences, online interfaces, or business
models.

Through its methods and approaches Design
Thinking has proven that it can deliver creativity to
organizations by providing qualitative value in
innovation. The process should be followed by final
prototype evaluation and implementation to ensure the
innovation process is complete.

Human-centered design (HCD) is a process in
which the needs, wants, and limitations of people who
are the potential users of a product, service or process
are given extensive attention at each stage of the design
process. Human-centered design can be characterized
as a multi-stage problem solving process that not only
requires designers to analyze and foresee how users are
likely to use a product, but also to test the validity of
their assumptions with regard to human behaviour in
real world tests with actual users. Such testing is
necessary as it is often very difficult to understand
intuitively what each user's interaction with the subject
of design may look like. [3]

4. Consolidated reviewers’ reports

Opponents

The processed output was distributed for
evaluation to other aviation stakeholders across
Europe (Spain, France, Poland, and Bulgaria).
Reviewers were pilots, aircraft operators and flight
schools, who meet with the issue every day. So far
eight reviews were collected — one from Spain, five
from Bulgaria, one from France and one from
Poland.

Opinions of experts

Reviewers confirm two high-level opinions,
that:
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- The use of the GNSS in the civil aviation is
perceived not only as another navigational system,
but more likely as a new philosophy of attitude to
flight control and air traffic in general.

- The GNSS increases safety of air traffic from
the point of view of navigation performance and
with its features it decreases the pilot’s workload
and also simplifies the navigation.

Generally, all experts and reviewers agree on
most of all 83 ideas, primarily on the facts that:

- GNSS pilots training must be systematic
across licenses

- GNSS is the future and more airports will
have GNSS procedures published

- Theoretical exam questions are stuck in
history and don’t reflect change of technology

Disagreements

1) Sufficient and systematic training for the use of
GNSS

Individual reviewers disagreed with statements
regarding imperfect teaching GNSS in pilot training.
This concerned two points:

4. Pilots are not systematically trained for the
safe use of the GNSS; current curriculum does not
support that. (87,5%)

63. The respondents stated that the PPL training
does not contain the GNSS problematics in the
curriculum, but proper ATOs teach their students
GNSS anyway. Problem is therefore the absence of a
standard that would demand knowledge of the
problematics and define its extent. The problem is the
deficiency of literature or source of learning materials.
PPL and LAPL pilots need to be provided with the
materials in local language. It is necessary to include
the GNSS problematics into the prescribed
examination. (87,5%)

Justification for disagreement in these cases can
be made due to different perspective about the issue,
which may vary from person to person, because
training in each flight school runs a little differently.

2) Number of Hours for GNSS training

Interesting is the view of reviewers to expand
the number of hours of PPL training, because the
addition of GNSS. Here can be traced two ways.
“West vs. East”, where Western nations would change
the NDB and VOR teaching for GNSS as soon as
possible and even decrease total training hours. Eastern
states, however, propose to increase / extend the
teaching, since systems NDB, VOR are still widely
used there.

32. Considering the theory, some recommended
restructuring the curriculum in order to broaden the
part that is dedicated to the GNSS at the expense of
other means of navigation. They did not want to extend
the training hours. (75%)

33. The training hours could be reduced by
appropriately chosen methodology for effective



connection of the theoretical training with parallel
practical training of using and controlling the GNSS
devices. (75%)
3) Number of Hours for GNSS training
Irregularity in pilots training was detected in
teaching ATPL, when one reviewer disagreed that
ATPL pilots are taught GNSS sufficiently.

30. The participants evaluated the IFR training,
especially ATPL, from the point of view of a
preparation for the use of the GNSS as relatively
sufficient. (75%)

4) Supplementary GNSS training

The possible proposal for the extension of
additional qualifications that would cover operation
and flying with GNSS was rejected by half of the
reviewers.

7. The possibility of the existing qualifications
addition was proposed. It should be named
Supplementary GNSS training, in which will be pilots
and instructors trained in the GNSS problematics. That
is also possible retrospectively, as an addition to their
present licenses and qualifications. (50%)

21. Qualifications don’t contain the GNSS
problematics. Discussed additional qualification that
will be focused on the GNSS won’t deal with the

complex incorporation of the GNSS into the
curriculum, but it would be easier to implement it.
(87,5%)

5)FI& FE

10. The participants expressed their opinion that
qualified instructors for the field of the GNSS are
needed. (87,5%)

13. There are no standards for qualifications of the
FI and FE. ATOs face problems with instructor’s
approval, therefore students get different education.
(87,5%)

24, There are significant differences in knowledge
and experience of FIs and FEs regarding GNSS, the
younger ones are usually more interested and familiar
with new technologies, the senior ones have more
experience (and also experience with critical situation
solution). (87,5%)

In the issues concerning flight instructors and
examiners was found always one positive answer. This
is most likely due to positive personal experience with
good FI/FE.

6) CAA Support

16. The respondents spoke well about the
cooperation with CAA during the solution finding and
consultancy in the field of a regulations application and
explanation. However, they mentioned insufficient
influence of the small EU countries on standards and
their modification at EU level. (71,4%)

29. The regulation requirements by the CAA on
ATOs are extensive, ATOs focus on the critical issues
that are necessary to be done from existential reasons
and sometimes cannot fund the appropriate extension
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of the GNSS training. (87,5%)

In the question of support of the national CAA
and EASA for ATO in training GNSS was found vast
leeway for improvement, but individual national ATO
have positive experiences with communication with
CAA.

7) GNSS tracking Support

40. A system of tracking the GNSS stations in
airplanes to be able to check the position of the
airplanes for instructors and aircraft operators. (87,5%)

62. Precise data simplifies the analysis of the
flight and they are feedback for instructors and their
students and make easier to learn from their own
mistakes that are related to the navigational and
airplane guidance on the flight’s trajectory. (87,5%)

One opinion appeared that there is no need to
introduce GNSS tracking system to track student pilot
flight for instructor. This is however very rare opinion
against which stands factor of increasing safety.

8) GNSS for New Phase of “Flight”

47. Nowadays pilots use the GNSS as an auxiliary
navigation during taxi at unknown aerodrome, when
the map of the aerodrome is available. (85,7%)

50. There exists a risk of the use of the GNSS for
aerodrome navigation when pilot’s attention is focused
on the device and is not looking out of the window —
this could be eliminated by appropriate training.
(87,5%)

76. The respondents confirmed that pilots use the
GNSS during VFR flights for en-route navigation as a
check; however, they pay attention to the device as a
primary way of navigation. They are usually not very
well trained; don’t know the device and its features.
Pilots often pay too much attention to the GNSS device
settings at the expense of attention to flight controls.
(87,5%)

The use of GNSS in situations for which has not
yet been used by pilots may cause some problems.
Some reviewers disagree with this and argue that good
training can prevent it.

9) Others

45. Pilots very often do not understand the
importance of the GNSS system integrity check and do
not do it during the briefing. (85,7%) The idea that
pilots underestimate GNSS integrity check was
dismissed by one reviewer. The reason is personal
experience with the flight school where this has been
properly stressed.

49. Obstacle for the pilots/air operators could be
the price of the database. (75%)

71. The disadvantages and problems are hidden in
the need of the database updates; it is expensive and
pilots are not trained to dot it regularly, furthermore
you cannot see activated airspaces on the GNSS device
and there is a risk of device/charging failure. (87,5%).

Reviewer noted that the database and its
updates are not a thing you should deal with as a



pilot, but it should be done by aircraft operator. In
some cases, this is one and the same person and
therefore the difference is not clearly identifiable.

64. GNSS equipment is a costly investment for
the ATOs. From the point of view of a good
preparation, pilots should train with the GNSS devices
that will be similar with the ones used in real operation.
(87,5%).

Reviewer found no need to have training on
similar GNSS equipment as the equipment with
which will the pilot fly after training, because the
devices are very similar, by which is determined
also the similarity of controls/commands.

66. The obstacle of the practical training of the
GNSS usage may be the lack of aerodromes with
GNSS approach. (87,5%)

In the evaluation by one reviewer, it was noted
that there are enough airports with GNSS approach
now. Since this situation will continue to improve,
the point 66 will not be true in near future (Thanks to
ICAO resolution A37-11). [2]

4. Conclusion

Reviewers in the vast majority confirmed the
findings of the workshop in a work package 2. Of the
83 findings were totally confirmed 61. In other sixteen
findings was only one disagreement. In five cases there

were two opinions, which disagreed. The biggest
contradictions raised the point concerning the
introduction of additional qualifications for flying and
operating the GNSS device. In this case, 50% of
reviewers were against it. This point has become quite
controversial. Next informal consultations with experts
in aviation confirm this disagreement with introduction
of new supplementary qualification. [2]
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Koncopimymbsr CaBilAvi ce ChCTOM OT €KHUII C JOMBJIBAIIK CE YMEHHS, KOMOMHHUPANKNA OMHMTEH MEPCOHAI C
J00pe monopaHu MapTHHOPH OT HOBOBB3HMKBaIM EGNOS crpanu, 3a ga yBennun ymnotpedata Ha EGNOS
Yype3 U3rpakIaHe Ha KanaruTeT. ACOIMUPaHH MAPTHBOPU CHJICHCTBAT IPHU MAaKCUMHU3HpaHe Ha BB3JIEHCTBHETO.
YueOHMAT IJIaH 3a MOJISTH MO MpHOOpH Ie ObIe OOHOBEH, Taka Ye Ja BKIIIOYBA HM3MOI3BaHeTO Ha LPV.
WsrpaxaaHeTo Ha KamarTeT I1e Ob/e OpraHu3UpaHo 4Ype3 cepust OT pabOTHH IPYIH, CIEABAHKKM METOIMKaTa
“Hayud ce oT npakTuka”. [lefiHocTTa o MHPOPMUPAHETO Ha MMIIOTHUTE, M3IBJIHSABALLH TTOJIETH 110 MpaBHaTa 3a
BU3YaJIHH TIOJIETH, c€ BOJW OT maptHeopure oT YUexust n CroBakusi ¢ akTHBHOTO y4acTHE Ha OCTAHAJINTE
MIAPTHBOPH, KOUTO 1II€ M3MOJI3BAaT CBOUTE BPB3KH C aBHALIMOHHATA 0OIIHOCT U MecTHata [ BA 3a ajanrarmsra,
IpeBola W Pa3lpOCTPaHCHHETO Ha Marepuana. Paspaborenmte Marepmamu B CaBilAvi me Opmar
TIOIYJIIPM3UPaHA  Ype3 WHTEPAKTHBEH OHJIAWH IOpTaNl, KaKTO M Te4aTHH HH(OPMAILMOHHHM OpOIIYpH,
TIpeIHa3HAuYeHH Jla OCBEJIOMSAT IO-MAJIKHMTE JIeTHIA 3a noisuTte or EBporelickara riiobanHa HaBHUTAllIOHHA
CITBTHHIKOBA CHCTEMA M KaK J1a MyOIMKYBAaT MPOIEypa.
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Pe3rome:

B cratusita e HanpaBeH 0030p Ha M3CJIENBAHUSTA MIPOBEXK/IAHN B MOCIIEIHUTE TOAMHH OT CHIIECCTBYBaHETO Ha
CCCP u npoamKeHH clie]] pasnajaHeTo My B YKpaliHa, NMaIlH 3a [[e1 IOBHIIIaBaHe Ha epeKTHBHOCTTa Ha 00y4eHHe Ha
IMUJIOTHUTE OT BOCHHATA aBUaAILlUsA. HpOBCHeHI/ITC CKCIICPUMEHTH MOKa3BaT Bb3MOKHOCTHU 3a 3HAYUTECITHO IMOBUIIIABAHE HA
Ka4ecTBOTO Ha OOydeHHe, NPH CHIIEBPEMEHHO CBKpalllaBaHe Ha HEOOXOAMMMTE IIONETHH 4acoBe. Pasrienanute
METOAUYECKH Pa3pabOTKU ca aKTyalHH Ha (pOHa Ha KPUTUYHOTO CHCTOSHHE HA CHUCTEMaTa 3a OOy4eHHe, KaKkTO Ha
BOCHHU, TaKa U Ha T'PaXITAHCKH MUJIOTU B E’I)J'IFapI/IH u HO-O6IJ_IO B CBETOBEH ILIaH. EnemMeHTH oT TIX Morar Ja ce
TpujiaraT 1 Ipu rnoAroToBKaTa Ha HEJICTATCIIHU aBUATMOHHN KaJIpU.

KiarouoBu AyMHU: obuenue Ha Jemyu-nuiomu, MemoOouKa Ha 1emameiHomo 06y'—l€Hu€.

1. ¥YBox
Ilpe3  mocmemuure rTommaM B bwarapus
CBIIECTBYBAT 3HAYNTETHU TPYTHOCTH npu

00yYEeHHETO U NOATOTOBKATa KAKTO HA IPaXKIAHCKH,
TaKa ¥ Ha BOEHHU JIETIM-TIIOTH. OCHOBHA NPUYMHA €
JWrncata Ha KakBUTO W Ja OWIO KOHLENIMH U
CTpaTerMd 10 TO3M  BBIPOC, ChUETaHa C
NPOABIDKABALIN HMKOHOMUYECKU poOJIEMH.
Hacrosimata cratust HAMa 3agaya Ja aHaM3Mpa
M30CHOBH TO3H BBIIPOC, HO MpeAjiara Kparbk 0030p Ha
CBCTOSIHMETO My B IJI00ajieH IulaH. 3a HaMHpaHe Ha
pellleHHe Ce W3UCKBAa IPOBEXIAHE Ha CHCTEMEH
AHAJIN3, OTYUTALI KAKTO IOCETAIIHHS OBJITapCKU OIUT
W ONWTA Ha BOJEIIUTE ABUALIMOHHU Ibp)KaBH, Taka U
OlMTa HAa JbpPKaBH CbhC CXOJHO Ha HAIIETO
ucropudecko pasputie. OT Tasuw IJegHa TOdYKa
Npe/ICTaBIsABAaT HMHTEpEC pa3padOTKUTE IPaBEHH B
ouBmms CCCP u TAXHOTO NpoABIDKEHUE B YKpaiiHa,
KOUTO OuxXa MOINIM J1a CTAaHAT €JIEMEHTH OT EIHO
OBJIEIIO0 pellleHne Ha TIOCOUEHUs IPOOIEM.

1.1. AKkTyaiHocT Ha npodJieMa 3a o0yyeHue Ha
MWIOTH B CBETOBHATA IPAXKIAHCKA ABUALMSI

HpO6J'IeMI/ITe 3a TMOAABPKAHEC Ha KadeCTBOTO,
OCUTYpsIBAHEC Ha JOCTAaTBhYCH KallalUTET 3acIHO C
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OTpaHMYaBaHE W CIIPABEeIUIMBO paslpesielicHne Ha
pasxojmTe 3a 0O0yUeHHE Ha aBUAIMOHHKS TIEPCOHAN ca
aKTyaJlHU B cBeTOBeH IuiaH [1]. B Tasu Bpr3ka MKAO
3anoyBa npe3 2009 r. peanu3zaiyara Ha THUUATUBATA
NGAP (Next Generation Aviation Professionals) [2].
OcnoBHa 1en Ha NGAP e MexIyHapomaHOTO
pasmpocTpaHeHue Ha A0OpH MPaKTHUKH B 00JacTTa Ha
00pa3oBaTeHUTE CPEICTBA U METOAM, a CHINO U MPH
orbopa ¥ HaeMaHETO HA ABHMAIMOHHUS IIEPCOHAIL.
CuileH aKIeHT € TIOCTaBeH Ha pa3BUTHETO H
pa3mpoCcTpaHEeHHETO Ha Taka HApPEYeHOTO OOydeHue
Oasupano Ha kommereniu (Competency Based
Training - CBT), Ha koero ce 3amararT TOJIEMH
HaIeKIX 32 TIIOCTHTAaHE HA BHCOKO KauecTBO W
CBIIEBPEMEHHO MHHUMHW3UpaHE Ha BpPEMETO H
CTOMHOCTTa Ha O0YYEHHETO.

[To-060co0eH0, HO M MO-OCTPO CTOM BBIPOCHT C
MOATOTOBKATA HA EKHUIIAKHUTE 3a MPEeJOTBpaTABaHe U
W3JIM3aHe OT M3BBHPEAHH MojieTHU cutyaunn (Upset
Prevention and Recovery Training - UPRT).
HeanexBatHocTTa Ha Ta3u MOATOTOBKA € MPUYMHA 32
rofsiMa 4YacT OT JIeTaTeJJHUTE MpPOM3IIECTBUS B
rpakIaHcKata aBuanus. B orroBop Ha mpoOiema
FAA e mnpuena mompaBKM B HOpMaTHBHaTa 0a3a,
KouTOo Ie wum3nckeBar 3ageipkureniHo UPRT  3a
eKHUNaXUTe Ha aBuokommaHuure ot 2019r. [3].
I'maBan akuentn mpu UPRT ca mo-3agbnboyeHo



TEOPETHYHO H3y4aBaHe Ha acpoJMHAMHUKATA Ha
KPUTHYHHUTE PSKAMH Ha TIOJNET U OTPabOTBAHETO UM
Ha TIOJIETHH CHMYJIATOPY UMAaIIY HEOOXOIIMOTO HUBO
Ha peaucTHYHOCT. [100100HY MpaBmiia ce HAMUPAT B
mporiec Ha  yTOYHSIBAaHE W TpHEMaHe W OT
eBpoIIeiickaTa arcHIMs 3a aBHAIMOHHA 0e30TMacHOCT
EASA.

1.2. AkTyasHoCcT Ha npodsiemMa 3a odyuyeHue Ha
NIJIOTH BbB BOEHHATA aBHALIUS

Iomxomssmy mpumep 3a mpobiemMuTe  TpH
00y4eHHEeTO Ha BOCHHM NHWIOTH M BB3MOXKHHUTE
IBTUIA 32 TAXHOTO pelaBaHe € BemmkoOpuraHws.
[Npe3 aBexmsiHATA TOMMHA TaM € ITyOIMKYBaH CHITHO
KPUTHYEH JIOKJIAJ] OTHOCHO OOYYEHHETO Ha HOBH
oty [4]. OCHOBHHTE KOHCTATHPAHW HEAOCTATHIIN
(KONTO B pa3IM4yHa CTEHEH ca XapaKTepHH U 3a
00y4eHHEeTO Ha BOGHHM NWIOTH B MHOTO JPYTH
CTpaHU,BKJIIFOYNTENTHO bbirapus) ca cneanure:
e 00y4eHHETO € TBBPJIE CKBIIO;
e  TBBp/IC OaBHO;
e HE ocurypsBa HEOOXOAMMOTO KOJIMYECTBO
HOBH ITHJIOTH;

® [WIOTHTE HA OOWHM CaMOJICTH TMOCTBIIBAaT B
OOMHHMTE YacTH HETrOTOBM 3a OOMHM 3a1a4H,
KOETO Hallara CKbII0 JJOOOydeHre Ha OOiHuTe
CaMOJIeTH.

B pesynrar Ha HanpaBeHHTE M3BOIM OPUTAHCKOTO
MHHHCTEPCTBO Ha OTOpaHaTa Ch3/1aBa KOHIICTIIMATA 32
BOCHHA cHcTeMa 3a JerarenHo oOydeHwe (Military
Flying Training System - MFTS) [5]. TIpe3 2008 r.
MHHHCTEPCTBOTO CKJIIOYBA JIOTOBOP C (pupmaTa Ascent
Flight Training, kaTo THapTHROp B cHUCTEMara 3a
oOyuenne. ®dupmara  TpsOBa 1@  OCUTYpH
TEOPETUYHOTO OOy4YEHHWE M HA3eMHHTE KOMIIOHEHTH
Ha cucremara. [IBIHOTO BBEBEXJaHE Ha HOBara
cHCTeMa ce 04aKBa Ja MpoAb/oKH 10 roauHu.

Cucremara BKJIIOYBA KJIACOBE 33 KOMITIOTBPHO

OasupaHo  OOydeHHE, TOJIETHH CHMYJaToOpud ¢
pasiMyHa CTENEH Ha pealMcTHYHOCT. KirrodyoB
eleMeHT ca HoBuTe HanpemaHamw” (advanced)

yaeOHO-TpeHnpoBbuHN camonetd Hawk T2. Baxkna
0COOEHOCT Ha TE3W CaMOJIETH €, Y€ Te Morag Ja
CHMYJIMpAT ToJsiMa 4acT OoT OOMHHTE 3aJaud, KOUTO
1I€ U3ITBJIHABAT HOBUTE IMJIOTH B CTPOEBUTE YACTH.
l'opausit mpumep naBa poOpa mpeacTaBa 3a
KOMIIJIEKCHOCTTA Ha 3a/1a4ata, HO OYEBHAHO € TPYIHO
OpuwIoXkuM 3a MHoro mo-manku BBC  karo
OBJrapckuTe. 3HAYUTENTHO MO-€(EKTHBHO, HMAaiKu
NpeBU U UCTOpUYECKaTa OOBBp3aHOCT OM Omio 1a
Cc aHaM3upa M TNPWIOKHU ONUTHT HA OCTaHAIIUTE
crpanu ot OuBLIKS cormanuctuaecku 6ok u CCCP.

2. M3ciie1BaHust HA MHCTUTYTA 32 ABHALMOHHA 1
KocMuuecka Mequuaa Ha BBC na CCCP

Cocrosnuero Ha BBC na CCCP, nmoseno 1o
HEOOXOAMMOCT  OT  TaKWBa  W3CIEIBAaHHUSI €
aHaM3UpaHo OT Muxaimok B [6]. B aBuammsTa Ha
CCCP 3a mpu3HaHa OCHOBHA JIETAaTEITHA ITOJITOTOBKA
Ce € CMSTaJI0 M3rPAKIAHETO Ha YCTONYMBHA HABUIIH
(aBTOMTH3MH) Ha MWIOTHpaHEe. MUCIOBHUST TIPOIIEC
Cce € pa3mIekgal eIWHCTBEHO B KOHTEKCTa Ha
mojoOpsiBaHeE HAa MOTOpWKAaTa W pelliaBaHe Ha
TaKTUYeCKW 33jaud. [lpm Ta3m MerojwKka aKieHTHT
[IpY aHaJIFM3a Ha JieTaTellHaTa JEHHOCT € TpeHeceH He
BBpPXY MpoIleca Ha B3WMaHE HA PEIIeHHS, a BBPXY
MOTOpDHaTa CBCTAaBISBAIlA HA  MMJIOTHPAHETO.
WzcnenBannsita B obOnacTra Ha  HMIKEHEpPHATa
MICUXOJIOTH 00ade ca TOKa3aid, 4e OCHOBaTa Ha
CIIO)KHATa OIEpaTopcKa NEWHOCT € OMNepaTHBHOTO
MHUCIICHE (mpodpecroHaTHO MUCJIOBHUTE
cniocobHocTr). Criopen Te3u MOAENTH NMHJIOTHT ITBPBO
OTpa3siBa B Ch3HAHMETO CH M MHCIICHO BB3IPOU3BEIK/IA
EIEMEHTUTE Ha TeKyllaTa CHTyalus, a IoCcie
3a7BIKBa OTPOKEHUSTA HA TE3W EIEMEHTH, 3a Ja
npeaBuan ObaemmTe Heooxomumu neiicteust. [lo Tasu
MIpUYMHA € HEeOOXOIMMO N1a Ce TPHIaBa IO-TOJSIMO
3HAYCHME Ha Pa3BUBAaHETO HA ONEPATHBHOTO MHUCIICHE,
a caMOTO OBII/IIBAHE Ha MFCIIOBHUTE OIEpalud Ia
CTaHe OCh3HAH U yIIPaBIIEM TPOIIEC.

WscrnenBannsiTa B WHCTUTYTa 32 aBUAIMOHHA H
KOCMHYECKa MEIWIFIHA Ca TIPOBENIEHH Ipe3 Ieproia
1988 - 1994 1. OT TONsIM MYITUIUCIUILIMHAPEH SKHII,
oJT PHKOBOACTBOTO Ha mpodecop B. IloHOMapeHko
[7,ctp.108].  OcHoBHMTE  3amaun ca  Owim
(hopMyIHpaHu TIO CIIETHUS HAUHH:

1. PaszpaborBane Ha KiacuuKkams Ha CHCTEMa OT
npodecronanHo Baxau kadectBa ([IBK) Ha
MAJIOTA W KOHKPETHH METOAM 3a OO0ydaBaiu
BB3/ICHCTBHS, OCHUTYpsSIBAIld  [IEJICHACOYEHO
pazsutre Ha otaenHute [IBK u Ha cucremara um
KaTo IPUI0 Ha  pa3liMyHMATE  eTalml  OT
IpoeCHOHAITHOTO M3PACTBHE HAa TIHJIOTA;

2. BuenpsiBane Ha TICUXO(H3UOTIOTUIECKH
MIPENOPHKH 33 Pa3BUBaHE Ha 00pa3HH MEXaHWU3MH
3a peryiupaHe Ha ISHCTBUATA Ha ITIIOTA B TTOJIET U
Ha KOMIUIEKC TEXHWYECKH CPEACTBa 3a oOydeHue,
3aeTHO C METOJOJIOTHS 32 TAXHOTO HM3IOJI3BaHE B
mpoueca Ha mpodecHoHaIHa MOATOTOBKA Ha
JIeTaTeJIHMUSI ChCTaB;

3. ExcniepumenTanHa mpoBepka Ha eeKTHBHOCTTA
Ha paspaboTeHaTa cHUCTEeMa OT IICUXOJIOrO
MeJarormieck MEpONpHATHS U Ha KOMILIEKCa OT
TEXHUUYECKH CPEJCTBa 3a (OpPMUpPAHE U Pa3BUBAHE
Ha 00paza Ha rofieta y muiora u Ha [IBK.

O6mo ca w3nemHeHn 9850 oOyuaBanM Ha3eMHH
excriepuMenTa u 239 B moner. Yyactue ca B3enu 266
YyoBeka. EKcHeprMEHTaTHUTE U3CIEBaHUs BbPXY



nerleHacoueHoTo  passupue Ha IIBK ca  Owm
M3IIBJIHEHU B JieTaTenHuTe yuunnia.CTo U JBagecer
KypcaHTa ca OMJIM Pa3ziesieHH 110 CIIy4JacH NPH3HAK Ha
konTponHa rpyna (KI'), o0y4aBana mo craHmapTHaTa
nporpama u excriepumenTtanHa rpyma (EI') B kosito ca
HpHUJIaraHy pa3paboTeHUTE METON.

Pesynratute oT EKCIICpPHMEHTUTE ca
M3KITIOYMTENIHO OKypakaBam [/, ctp.117]. Tlopamu
OrpaHMYeHHs1 00eM Ha CTaTHATA, TYK CE LIUTUPAT CaMo
HsKou wimtocTpauuu Ha ToBa. B EI' cripsimo KI' ca
PErUCTpUpaHu:

e JIBykpaTHO HaMaJeHME Ha MHTErpanHarTa

rpelika Ha MIOTUPaHe IPH KallaHe;
e TpukparHo HamamsiBane Ha Opos Ha
MOTPEIIHNUTE JEUCTBHS MPH CIOXKEH MHIOTaX
U KallaHe;

e HamamsBane Ha BpeMeTO 3a B3MMaHE Ha
pelieHre 3a OTCTpaHsABaHE HAa OTKJIOHEHHS -
1.5 mbTH.

e HamansBame Ha 00moTO  Bpeme
OTCTpaHsBaHe Ha OTKIOHEHHETO ¢ 16-18%.

Ilopamn 3aTBOpEHOCTTAa Ha BOGHHATAa CHUCTEMa IO
HACTOSIIEM JIMICBAT SCHM JAaHHU 3a CTENeHTa Ha
BHEAPSIBAHE Ha pe3yATaTuTe OT U3CJICABaHUATA B
cucreMara 3a oOydenne Ha pyckute BBC. Brnpexn
TOBa MOJXKE Ja C€ MPEIIOJIOKH, Ye TIOHE YACTHYHO T
ca OWH BB3MPUETH.

TpsidBa na ce n00aBH, Y€ MaIECHUTE HW3CIICABAHUS
MOTar Ja ce NPUJIOXKaT U B IIO-YHUBEPCAJICH IUIaH [IPU
o0y4yeHHeTo B Tpo()eCHH W3WCKBAIM TIO-TONsIMa
npo)eCHOHAIHA OTTOBOPHOCT, B TOBa YHCIIO HA
HA3eMHH aBUALMOHHH CIICIUAIUCTH.

3a

3. IlponbrsKeHne HA U3CICABAHUATA B YKPaifHa

Cnen pasnaganero Ha CCCP 4act OT yyacTHULIUTE

B W3CIIe/IBAHUATA, TopBeeH: oT mpod. IloHOMapeHKo
MpoJIbIKaBat paborara cu B Jbp)kaBHHS aBUAIIIOHEH
HAyYHOM3IUTATENICH IEHThD Ha BHOPHKEHHUTE CHUIH
Ha YkpaiiHa B rpan ®Pemocus. Tam ce cb3maBa u
anpoOupa MeToArKa 3a ,,[IOBUIIIEHa” TIOrOTOBKA Ha
JIeTaTeNHUS ChCTaB, 0a3upaHa /10 TOJsMa CTereH Ha
TE3W M3CIEABAHMS, a CHIIO M HA OIUTA HATPYIIAH TPH
MOArOTOBKAa  Ha  JeTuu-m3nuraread.  OcHOBHU
nyOnWKald TI0 BBOpPOCAa Ca HANpaBeHW Ha
CHeIMAIN3UPAaHd YKPauHCKA (OPYMHU U W3IaHUS,
npe3 riepuoza 2005 — 2007 r. [8,9,10]. Benpeku ue He
peanu3upa BCUUKU MPHUHLUINA HA MICUXOJOTMYECKU U
MIEJTATOTMYECKH  BB3JICUCTBUS  3aJIOKEHH OT IIPOd.
ITonomapeHKO MeTOoIMKaTa MPEACTABIIABA 3HAUYUTEIHA
Kpauka Hampen COpsAMO  cTapata ,,ChBETCKa”
MeToarka. OCHOBHUTE MPUHLIMIIY 3aJI0’KEHH B Hes ca:
1. MakcuMalHO WHAWBUIyAJIeH TIOAXOA KbM
BCEKH O00ydYaeM, BKIIIOYUTEIHO OICHKA U
OTYHMTaHE Ha:

®  HHBOTO

Ha 001000pa3zoBaTeHaTa
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MOJATOTOBKA; HHUBOTO  HA
(mpodhecronanHa)

TeopeTHYecKa
CIIeIMaTHATA
TeopeTHYecKa MOJIrOTOBKA;

®  ONUT OT MPAKTHIECKATA JICTATENTHA JICHHOCT.
2. llemeHacoueHO, OCB3HAHO  pa3BUTHE  HA
OTEPATHBHOTO MHUCIICHE Ype3:
e PemaBaHe Ha 3amaun OT Tpo)eCHOHATHATA
JEWHOCT C TPOTHBOPEYMBUA W KOH(IIUKTHH

CHUTYaIWH;

e TBHPCCHE Ha TPABWIHOTO CHOTHOIICHHE
MEXIy AaITOPUTMUYHUTE W EBPUCTUYHHUTE
3a1a4u;

e (Cucremaru3npaHe Ha 3HAHUATA.

OcurypsiBane Ha OOOCHOBKa 3a TpHeMaHe Ha
peleHre OT MHCTPYKTOpa 3a TEKYIIOTO HHBO
Ha  TpodecHoHATHO  MAaHCTOPCTBO  Ha
o0yJaemust:

e [lpuBmyyane KbM Iporleca Ha IOATOTOBKA
CaMO Ha TWIOTH-HHCTPYKTOPH C MHOTO
BHCOKO HHBO Ha ITOJIrOTOBKA;

e IBB3nomBane Ha COCOMATHA METONH H
CpeZIcTBa 3a OICHKA Ha M3ITBJIHEHUTE TIOJICTHH
3a1a4n.

4. lucKycusi U 3aKJII04YeHne

Ot HampaBeHHs1 0030p Ce BIK[A, Y€ BBHIIPOCHT 32
mojoOpsiBaHe Ha METOAWTE 3a OOy4YeHHE Ha JIeTIH
MAJIOTH € W3KIFOYMTENHO aKTyalleH KakKTo 3a
Bbarapust, Taka u B Tiio0aieH Mamad [ 1-5].

Wutepecen ot Ti1eHA TOYKA HA BH3CTAHOBSIBAHETO
Ha ObBJrapckara cucrteMa 3a oOy4eHHe Ha BOCHHH U
TPOKIAAHCKH THJIOTH € OIUTHT Ha JBPKABH ChC
CXOJHO pa3BUTHE T.e. HAa CTpPaHUTE OT OWBIIHA
colpanMcTuaeckn Onok. B crarmsita ca pasriienanu
no-koHkpetHo CCCP u Ykpaitna. Baxkxna ocobeHoct
TIpY TIOCTIETHUTE €, Ye TIPH O0YYEHHETO ce 3ajlara He
Ha BBBSXKIAHE HA HOBHM ‘‘CMHTETHYHH CHCTEMH 3a
CUMyJalisi Ha [OJETUTe WM ‘HalpeaHaid’
y4eOHOTPEHUPOBBUHA  caMmolleTH.  Bopemo e
pasBuBaneto Ha cnemuduunute [1BK ¢ m3monssane
Ha CpaBHUTEIHO TPOCTH TEXHUYECKH CpEICTBa H
METOJIUTE 3a aBTOr€HHA TPEHHPOBKA, ITO3HATH OT
ncuxojoruara [7]. TIo TakeB HAayMH MOXE Ia ce
OuUaKBa 3HAYUTEIIHO HAMAalIIBaHE HAa CTOMHOCTTA Ha
00Yy4EHHETO TPH BUCOKA e(heKTUBHOCT.

TpsidBa nma ce moaueprae, 4e Ta3d OCOOCHOCT HE
OTMEHS, a HaNpOTHB 3acWiiBA HEOOXOAMMOCTTa OT
HHTErpaJieH MOJXOJ MPU OpraHu3alysd Ha CUCTeMara
3a o0yueHHME U TPOPECHOHATHO pa3BUTHE Ha
aBWAIMOHHUS TiepcoHasl. ToBa e o0ma dvepra Ha
BCHYKHM, KaKTO ‘‘3amagHu’, Taka W “M3TOYHU
CBBpPEMEHHH cHcTeMH 3a oOydenue. OT Ta3u TieqHa
TOYKa OOYYEHHETO Ha TPAXKIAHCKU IMUIOTOM B
boarapus, npu koeto HAMa HHUKAKBa BPb3Ka MEXITY
TEOPETUYHUTE ¥ JICTATAIHUTE Y4eOHU IIEHTPOBE, U
ABUOKOMITAHUHTE € IO/l BCSIKAKBA KPUTHKA.



Bpbiaiiku ce KbM XapaKTEPUCTUKUTE Ha pasriiexk-
JTAHWUTE METOMKH 3a JIeTaTeTHO 00y4YeHHue, ce OTKpOs-
Ba M TOBa Ye METOIMKara pa3paboTeHa B YKpaiiHa
[6,8,9,10] mecrHo Moke ma ce amanThpa 3a oO0ydeHne
Ha MQJKH TPYNH TMWIOTH, IIPU CPABHUTEITHO MAJIKO
JIETaTeITHO BpeMe, KOETO € BayKHO 3a Hallla CTpaHa.

T'opecniomenarute pazpaboTkm TpssOBa ma OBmaT
BHUMATEIHO  aHAIM3WPaHM W  CpPaBHEHH C
MPEeAIIeCTBAIINS OBJITapCKU OIUT C TN T0JTydaBaHe
Ha e(exTHBHa cHCTeMa 3a IOATOTOBKA HA JIETIH
MWIOTH (M aBHUAIMOHEH IIEPCOHAN). Y CIemHara
peanmzanysi Ha IUIOCTHA CHCTEMa € BB3MOXKHA
€IMHCTBEHO TPH MYITUIUCUUILIMHAPEH TOIXON H
TICHO  CBTPYIHHYECTBO  MEXIYroisiM  Opoid
MAPTHROPH, KAaKTO B 00JIAaCTT Ha TpayKAaHCKATa Taka u
MY BOGHHATa aBuanysl. B ToBa oTHOIIEHHe TpsOBa 1a
Ce OTYMTA W W3MOJ3BA W HAMYHETO HA OBITrapcKd
OIMUT ¥ B 00JIaCTTa Ha MHXKEHEpHATa TICHXOJIOTHS, TI0
npobnemu Om3ku ¢ pasriexnanus [11,12]. Toa 6om
WUTpal0 BakHA pOJIA TPHU  CH3MABAHETO HA
CHeIaTn3UpaHd TEXHHYECKH CpPE/ICTBa 3a 00ydeHue
1 e(heKTUBHOTO UM UHTETPUpPAHE B yIeOHHS MPOIIEC.

Hacrosmata cratust He mpeTeHOMpa 3a H3depra-
TEITHOCT U TI0-CKOPO CaMO C€ JJOKOCBA JI0 TIPOOJIEMHTE
Y BE3MOXKHUTE PEIICHHS TIPH TTOATOTOBKA HA JIETITH 32
BOCHHATA W TpakIaHCcKara aBuanust. OCHOBHATA U TIE
€ MOBJMTaHe Ha MHTEpeca KbM Ch3/IaBAHETO Ha HOBA,
edeKTHBHA W aJeKBaTHa CHCTeMa 3a OOydeHHe Ha
JIETIH-TTAJIOTH U aBUAIOHEH TiepcoHan B beirapus.

Bbuaaromapaocru

ABTOpPBT M3Ka3Ba OJIATOJIAPHOCTTA CH KbM IHIIOTA
m3nmraren AnexkcaHabp (Onexcanap) Muxailimok ot
Hay4Howu3cnetoBaTenckusi HHCTUTYT TI0 TEXHOJIOTHH
3a  JICTATeJIHM  WU3IUTAHUS VYkpaiina 3a
MPEIOCTABEHUTE OT HEr0 MaTepHald W ChICHCTBHE
TIPY HAITMCBAHETO HA HACTOSIIATA CTATHSI.
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Abstract:

The article presents an overview of the research efforts started in the last years of the USSR and continued in
Ukraine with the aim of improving the methodologies for flight crew training in the airforce. The conducted experiments
showed possibilities for significant improvement of the training quality together with reduction of the required flight
time. The overviewed methodologies are of high interest in the light of the current crisis of the flight crew training
system (booth military and commercial) in Bulgaria and also worldwide. Some elements of the mentioned
methodologies could be used also for training of aviation ground personnel.

Keywords: pilot training, flight training methodology.
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N3CJIEABAHE HA I''TIOBAJIHATA YYBCTBUTEJIHOCT HA XAPAKTEPUCTUKUTE
HA YCTOMYHUBOCT U YIIPABJIIEMOCT HA BJIA ChC ChYWIEHEHU KPIJIA

IITAMEH POI'JVIEB
Karenpa ATT, Texuwmueckn yrusepcuter Codusi, druman [LioBrus
plroglev@mail.bg

Pe3rome:

I/ISB"pr.IeH € aHaM3 Ha riobaHara YYBCTBHUTCIIHOCT IO METOAA HA MOpI/IC Ha 3aBUCUMOCTHUTC Ha OCHOBHUTC
XAPAKTCPUCTHUKHU, OPCACIIAIIN HA/UThKHATA U CTPAHWUYHATA YCTOI\/’I‘H/IBOCT 1 yIpaBICMOCT Ha 0e3MUIOTEH CAMOJIET ChC
CBWICHCHO KPUJIO OT XapaKTCPHUTC 34 TUIIA ITCOMCTPUYIHHN NAPAMCTPU Ha KpuJiara. I_[I/I(I)pOBI/IﬂT aHaJIM3 CC U3BHPIIBA
o METOAAa HAa NTUCKPETHUTC BUXPH. I/ISBO,Z[I/ITC OT HU3CJICABAHMATA MOI'aT Jia C€ U3MO0JI3BAT 3a LCJIMTC HAa MOACIIMPAHETO
U ONITUMM3alMATA TP [IPOCKTUPAHCTO HA CAMOJICTH ChC CHYIICHCHO KPUJIO.

Ki11040BH IyMU: chuneneno Kpuio, YCmouuusocm u ynpaesiaemoc.

1. BbBenenue

besmunoTHuTe camoneTu ¢ u3NeTHa Maca oT 3 1o
10 Xr HaMHpaT BCE MO-TOSIMO TIPHIIO’KEHUE 32 BOCHHU
U TPaKIAaHCKH 1M, B TbpceHe Ha KOHKYPSHTHH
NPEUMYIIECTBA C€  CKCICPUMEHTHpPa C  HOBH
aepo/IMHAMUYHN M KOHCTPYKTHBHHM cxemu. llenta e
MOCTATAaHE Ha CHIIECTBEH HAMPEIBK 10 OTHOIICHHUE
Ha e()EKTUBHOCTTA HA yIOTpeOaTa 1M.

Enna ot oGemiaBaiiyTe KOHCTPYKTHBHH CXEMH €
CHUWICHEHOTO Kpui10. Ts mpejyiara npeIMMcTBa, KOUTO
MOraT Jia JIONpPUHECAT, KaKTO 3a yBEIMYaBaHE Ha
aepOJIMHAMUYHUTE M SIKOCTHUTE XapaKTePUCTHKH,
TaKa ¥ 3a I[OBUIIABAHE HA MAHEBPCHOCTTA Ha
CaMOJICTHTE.

3a pa3iuMka OT OWIDIaHWTE, TPH ChUWICHEHOTO
KPWJIO HOCEUUTE IUIOCKOCTH Ca Pa3HECEHH TI0
IIb/DKMHATA HA CaMoJieTa, KaTo 10 TO3W HAa4YMH Ce
MOCTUTa JIOITBJIHUTEITHO OCHUTypsIBaHE Ha
HeoOxoumara HaJUThKHA YCTOHYHBOCT u
VIIPaBJIIEMOCT Ha camojieTa, 0e3 Ja € HeoOXOIuM
XOPU3OHTAJIEH CTaOMIN3aTOP.

Ho omuThT OT ch3aBaHETO Ha €KCIICPUMEHTATHH
CaMoOJICTH I0OKa3Ba, Y€ CHWICHEHOTO KPWIO HMa
peauiia 0COOCHOCTH M OYaKBaHHUTE TPEIUMCTBA HE Ce
peanu3upar aBTOMAaTHYHO. XapaKTEepHM 3a CXemara
CHhUICHEHO KPWJIO ca TOJIEMHUST OpOH BapHaHTH 3a
HEWHOTO MpWJIaraHe — pa3JM4YHd KOMOWHAIMHA OT
HAYMH Ha CBBP3BaHE Ha KpHJaTa, TSIXHOTO B3aUMHO
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pasMoJoKeHHe, BITIM Ha CTPEJIOBUIHOCT M HAMpPEYHA
V-o0OpasHocr. Ilopagu ToBa, 4Ye B IIEHThpa Ha
BHUMAHHETO MPH MPOCKTHPAHETO MM OOMKHOBEHO Ca
aCpoIMHAMUYHUTE W  JIKOCTHUTC KadCCTBa, JIA
M3IOJI3BAIIN Ta3u cxema, 4ecTo uMar
HE3aIOBOJIUTEIHA XapaKTePUCTUKH Ha YCTOWYUBOCT
ynpasisiemoct[1].

N

Que. 1. Excnepumenmanen bBJIA cvc cvuneneno
Kpuio

Peai3upaneTo Ha MpeIrMMCTBaTa Ha ChYJICHEHOTO
KPWIO € BB3MOXKHO CaMO 4Ype3 MpHIIAaraHeTo Ha
MYJITHAUCHUIUIMHApHA OIITUMM3AIIUA Inpun
HPOEKTUPAHETO MM. MOJEIMPAHETO M aHAIM3BT Ha
3aBUCHMOCTUTE Ha OCHOBHUTE AaepOJAMHAMHUYHU
XapaTepUCTHKN C€ 3aTPydHSBa OT TOJEMUST Opoi
TEOMETPUYHH TTapaMeTPH, XapaKTePHH 3a Ta3h CXEMa.
ChblecTByBaT MHOXKECTBO H3clieqBanus [2, 3], HO
OCHOBHATa YacT OT TAX Ca IMOCBETCHH HAa OTICITHH



KOHKPETHH BapHaHTH Ha peanwzarus. Llenrta Ha Tazu
pabota ¢ gda ce W3BBPIIM aHATM3 Ha TIoOayHaTa
YyBCTBUTEIHOCT TIO0 MeToma Ha Mopuc Ha
3aBHCUMOCTUTE HA OCHOBHUTE  XapaKTEPHCTHKH,
OTIPEIEIISIIH HaJUTBXKHATA | CTpaHHYHATA
YCTOMYMBOCT W YIPABISIEMOCT Ha  OE3MMIOTEH
CaMOJIET ChC CHWICHEHO KPHJIO OT XapaKTepHHUTE 3a
THIIA TEOMETPUYHU MApaMeTpyd Ha KpWiara, Karto ce
OTIPENEIISIT TE3U, KOUTO MMAT CHIIIECTBEHO BIHSHUE.

2. OCHOBHM TeOMeTPUYHH APAMETPH HA CAMOJIET
CbC CHYJICHEHO KPUJI0

IIpuero e Kprjiata TIpH CaMOJIETHTE ChC
CHUJICHEHO KPIJIO J]a C€ O3HA4aBaT KaTo IMPEAHO H
3a7HO0. 3a O3HAYaBaHETO HA CHOTBETHUTE TApaMETPH
I1Ie U3M0JI3BaMe JI0JIeH uHeKe f 3a mpeaHoTo KprIto u
I' 32 32THOTO KPHJIO.

3a nenuTe Ha HAYaJIHWUTE eTalH Ha MPOSKTUPAHETO
TeOMEeTpHsiTa Ha CHWICHEHOTO KPWIO MOXE Ja ce
OITUIIIE ChC CTICTHUTE TTapaMeTpH:

S =St + S, - oy Ha KPUIIOTO B IUIAH;

Ao = O~ Qo - HAIUTEKHA V-00pa3HOCT — pa3irKa
MEXIy BIVIUTE Ha MOCTaBSHE HAa KOPEHHUTE XOP/IH Ha
HPEIHOTO M 33THOTO KPHIIO,

B
|

OTHOUICHUE Ha pPa3lNCepeHOCTUTE Ha
f

3aJJHOTO ¥ TIPETHOTO KPHJIO;

Sr
—— - OTHOHICHHMC Ha IUIOINMTC HA 3aaTHOTO U
f

|

HPEHOTO KPHIIO;
I 2
— _ocn.

S
(Iocuzmax(lfilr)) ;

Gpo = hy/l,, - OTHOIIIEHNE HAa BHCOYMHATA MEKITY
KOPEHHUTE XOPW Ha TIPEHOTO M 33HOTO KPHJIO KBM
pasnepenoctra. MiMa MmosioXKUTENHa CTOMHOCT KOraTto
NPEHOTO KPWIO € PpAasMo0KEHO TO-BHCOKO OT
3a{HOTO;

Gp. = hl,, - oTHOIIIEHHE Ha BUCOYMHATA MEKIY
KpaliHUTE XOp/AX Ha TPEIHOTO M 3aJHOTO KPHIO KBM
PpasIepeHoCTTa;

St = d/byg - OTHOIIGHWE HAa OTCTBIIA MEXIY
Hagaata Ha CI'X Ha IPEHOTO ¥ 33 THOTO KPHJIO KbM
exBuBanieHTHaTa CI'X Deg=5/1,0,;

Stp = do/beg - OTHOIIEHHME Ha OTCTBIIA MEXIY
HayajaTa Ha KOPEHHHWTE XOpAW Ha TPEJHOTO U
3aTHOTO KpWJI0 KbM ekBuBajieHTHaTa CI'X beq;

s - Harp.V-00pa3HOCT Ha TIPETHOTO KPHJIO;

¥ - CTPETIOBHAHOCT HA MPETHOTO KPHJIO;

¢ = by/bos - cTECHEHHE Ha TIPETHOTO KPHIIO;

Nr = bi/Dor - cTeCHEHME HA 33AHOTO KpHITO.

A

eq - EKBUBAJIECHTHO

YABIDKEHHAE
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3. 3agaua 1 MeToX HA U3CTIEBAHETO

3a menuTe Ha MOJETHPAHETO MPU ONTUMHU3AIHATA
€ BOXHO Ja Ce OMpEeAeiiT MapaMeTpuTe, WMaIlH
BJIMSTHHAE BBPXY M3XOMHHUTE XapakTepucTuk. C apyru
OyMH, J1a Ce€ ONpeIeNd ,,dyBCTBUTEIHOCTTA  KBbM
OT/ACNHUTE TPOEKTHH mapameTpu. llpm mnmmca nHa
IpeABapuTenHa WH(OPMAIIUST OTHOCHO 3HAYMMOCTTA
Ha OTACIHUTE TMapaMeTpy, € BB3MOXKHO J1a Ce
M3M0J3BaT MaTEMATHIECKH METOAM OTHACAIIIN CE KbM
METOIUTE 33  OmpeAeisHe Ha  riioOaiHaTa
gyBcTBUTENHOCT[4]. [llupoko  pasmpoctpaHeH ¢
MetonsT Ha Mopuc [5, 6]. Toit w3momsBa IwiaH Ha
excriepumenTa ot tuma “Egun mo emur”(One at a
Time), mpu KOMTO BCEKH IAPaMETBP C€ IPOMEHS
VHIUBHUIYaJTHO, TpH (UKCHPAaHH CTOHHOCTH Ha
octaHanute napamerpu. ChCTOU ce B AUCKPETH3NpPaHe
Ha MHTEPBAJIITE HA BApHUpaHe Ha BXOIHHUTE MTApaMeTPH
Ha onpefeneH 6poit HuBa. Crien ToBa ce ChCTaBs TUIaH
Ha eKCIIEpUMEHTa CBCTOSAIl ce OT I Ha Opoi
W3CIIeIBaHMST Ha BCEKW TapameThp. OOMKHOBEHO I =
4-10. MeTombT € MKOHOMIYEH TI0 OTHOIICHHE Ha Opost
Ha HEOOXOIMMHUTE EKCIIEpUMEHTH N, KOHUTO € paBeH
Ha:

n=r(k+1), €y
KbaeTo K e Opoii mapamerpu.
Merogsr ©Ha  Morris  mosBonsBa  ga  ce

KJIacu(uIMpar napaMeTpuTe Ha TPH TPYIIH:
-TapamMeTpH UMaIly MPEHEOPEKUM eeKT,;
-IIapaMeTpy MMAIlY JIMHEEH U aJIUTUBEH e(DeKT;
-Apyru.

[MnpuurHata na ce OOEIMHAT —TapaMeTpHTe,
WMAIM HEJIMHEeH e(eKT WM B3aHMMO3aBHCHMOCT C
JPYTH TIapaMeTpH €, Ye Te BbB BCHYKH CIIy4au ca OT
3HAYEHUE U U3KCKBAT I10-33TbI00YEHO M3CIICIBAHE.

Meroxbt Ha MOTrTiS ce 6a3upa Ha eleMeHTapHHUTE
edextn Ha ormenHWTe mMapamerpu. EnemeHTapHUAT
edexr di(x) Ha manen napamersp X (i =1,2......K), ce
oTpeieNist Kato:

di(x) = f (X Xoo Xi + A X) — F(X) |

A

(2)

Y

2(p-1)
KBJIETO P € Opoii HUBa (YETHO YMCIIO).
Karo wuHzmekcn 3a BIMSHHETO HA OTIEIHUTE
napameTpy Mopuc W3M0M13Ba CIEAHUTE BETMYMHU!

©)

i — CpeIHO apUTMETHYHO Ha eJIEMEHTapHUTE
edexTy;

0y — CTaHJAPTHO OTKJIOHCHWE Ha CJIEMEHTAPHHTE
edexTu.

Hue 1€ N310JI3BaMC YChbBbPIICHCTBAHWSA METOA HAa
MOpI/IC, apu KOWTO C€ H3MI0JI3Ba JOIIBJIHUTCIICH
HHICKC /,l*i — CpCAHO apUTMETHUYHO Ha a0COIOTHHUTE
CTOMHOCTH Ha CIICMCHTAPHUTC C(I)CKTI/I:



1 r
p*==>"1d; (%), 4)
ro=
,u*i — € MJpKa 3a BIMSIHUETO Ha i-AT  BXOJICH

napaMeThp BbPXY M3X0/IHATA XapaKTePUCTHUKA,

0, — € MspKa 3a HelIuHeHHWsT edekT wim
B3aMMO3aBUCUMOCTA C JIPYyId MapaMeTpu Ha I-AT
BXOJICH MapamMeTh).

3a menmTe Ha HAIETO M3ClIeaABaHe u3dupame I = 4
up=4

3a CHCTAaBSHETO Ha IUIAHA HA EKCIepUMEHTa €
m3nom3Bad nporpamHuAT maker SAFE Toolbox for
MatLab/Octave [7, 8].

Ilpn HacTOSAMIOTO W3CIEABAaHE aHAIM3BT €
m3BbpiieH ¢ mporpamara XFLR5[9], paboremia 1o
METOJIa Ha JTUCKPETHHUTE BUXPH, KOSTO MU3MOJ3BA KATO
BrpajieH Moy nporpamara XFOIL.

Due. 2. /lsa om uzcreosanume moodenu 6 XFLRS

Karo OCHOBHM  XapaKTepHCTHKH, ONpPEAEIISIIH
HaJUTbXKHATa U CTpaHWYHATa YCTOMYMBOCT, ca U30paHu
CJIeTHUTE [TPOU3BOIHH:
® [POM3BOAHA HAa KOe(QUIMEHTa Ha MOJEMHA CUila

T0 BI'bJI HA ATaKa;
®  POM3BOAHA HAa KOe(PUIIMEHTa Ha CTPaHUYHA CHJIa

T10 BI'bJI HA ITB3IAHE;
® poM3BOAHA Ha KOE(UIMEHTa Ha HaIpPEUHUS

MOMEHT 10 BI'bJI Ha ITB3IaHE;
® poM3BOAHA Ha KOE(UIMEHTa Ha IOIBTHUSI

MOMEHT 110 BI'bJI Ha ITB3rAHE;
® poM3BOAHA Ha KOe(pHLHMEHTAa Ha HaUTHXKHUS

MOMEHT TI0 BIbJI Ha OTKJIOHEHHE Ha

XOPU3OHTATHUTE KOPMUITHU IIIOCKOCTH.

OO0 ca u3cneaBany 52 ciydas ¢ HOCTOSHHA TIJIOIL
$=0,8 m?, nipu croitHocTH Ha Re =0,01 ..5.10°.

Tabauma 1. HaTtepBanm
MPOCKTHUTE MapaMeTpr

Ha H3MCHCHHC Ha

[TapameTsp | MunuManHa Makcumanna
CTOMHOCT CTOMHOCT
Aeq 6 10
B 0,7 1,4
Sr/Sf 0,7 1,4
Gpo -0,4 0,4
Gpe 0 0,4
St 15 3
Sty 15 3
Xf,deg 0 30
Wf, deg 0 6
nf 1 2
c 0,08 0,15
nr 1 2
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M3nomsBaH € MeToA 3a aHauM3, HpU  KOMTO
HOJISIPUTE C€ IMOCTPOSIBAT TPU IOCTOSHHA IIOJEMHA
cwia (TIpH MmoJieTHa Maca paBHa Ha 5 kg).

I/I3CH€ILB3HI/IT€ HWHTCPBAJIM Ha MW3MCHCHHC Ha
MPOEKTHHUTE TIapaMeTpH ca Moka3anu B Taom. 1.

4. PBSy.TlTaTI/I OT M3CJICABAHETO H 3aK/IIOYCHHE

Pesynratute oT m3cnenBaHuATa ca MOKa3aHH Ha
Owur. 3-7 ype3 cTaHAapTHUTE 3a MeToma Ha Mopuc
rpaduKy, MPU KOMTO 3a BCEKU IapaMeThp CE HaHACS

TOYKa C KOOpAMHATU Mo alrmcara - u* , a 1o
opayHartara - o;.
EnemeHTapHu echektn
MponzBoaHa Ha KoedUUNEeHTa Ha NoaeMHa o heq
cuna no brbfa Ha aTtaka =B
20 A Sr/sf
= x GpO
§ % 15 x Gpe
g2 10 * °so
e - + xf
e 2 <> A yf
©5 5 Mt o nf
0 -‘;'\d:' T T T T T T T gc*
.
0 5 10 15 20 25 30 35 40 ogtm
cpegHa cToMHOCT%

Due. 3. Brusinue Ha npoekmHume napamempu 6opxy
npou3800HAMA HA Koeghuyuenma Ha NOOeMHa CUId no
BB HA amaKda

EnemeHTapHu ecdektn
I'Ipow:zBo.qHa Ha KOeq)VILIVIeHTa Ha cTpaHuU4YHa cwuvuna
no brefa Ha Nab3raHe
15 & \eq
=B
A Sr/Sf
o x GpO
2 E 10 * Gpe
5 = ® St0
<2
g3 X
[ - x a yf
©5 5 ©nf
A a oc*
o0 o Onr
° < Stm
0 <% T T T
(o] 5 10 15 20
cpeaHa cTomHOCT%

@Due. 4. Bauanue Ha npoekmHume napamempu 6bpxy
NPoOU3BOOHAMA HA KoeuyueHma HA CMpaHuYHama
CUA NO bl HA NAb32aHE




EnemeHTapHu eektun
MponsBoaHa Ha KoedUUMEeHTa Ha Hanpe4YHUs MOMEHT

40 No blbfla HA Nb3raHe

* Aeq
35 M
°
2 %30 A Sr/Sf
E =
o I x GpO
@ 25
% 5 L * Gpe
s £20 ® st
o =
515 X
ayf
10 © nf
5 oc
+ onr
042 . . . . . . o Stm

o] 10 20 30 40 50 60 70 80
cpefgHa CToMHOCT%

@ue. 5. Biusnue Ha npoexmuume napamempu 8vpxy
NPOU3BOOHAMA HA KoeuyueHma HA HANpeyHUus
MOMEHM NO b2bll HA NIb32aHe

EnemeHTapHu ecdektn
FIponzBo.qHa Ha KOe(*)VILIVIeHTa Ha NONBTHUA MOMEHT
no brbfla Ha Nb3raHe

30 ® Aeq
=B
o2
2% 5 A Sr/Sf
5 320 * Gpo
= z . % x Gpe
s 515 ® sto
G5 + xf
10 ; aut
54 —a * e nf
<z "
+ oc
0 * . . . . . . g
0] 10 20 30 40 50 60 70 © Stm

cpeaHa CTOMHOCT%

Que. 6. Bausanue na npoexmuume napamempu 8bpxy
npou3goOHama Ha KoeuyueHma HA HONbMHUL
MOMEHM NO b2bll HA NIb32aAHe

EnemeHTapHu edektn
MNponsBoaHa Ha KoedULUEHTa Ha HAONMBXHUA

® Aeq
MOMEHT MO brbfla Ha OTK/IOHEeHMue Ha =B
XOPU3OHTaNHNTE KOPMWUJTHU MJIOCKOCTU A Sr/Sf
20 x GpO
o - x Gpe
2% 15 T > e sto
5 =
S o x = xf
g g 10 A d N
©
S5 5 o nf
& oc*
o onr
0 T T T T T T T n

< Stm

0O 10 20 30 40 50 60 70 80
cpegHa CToMHOCT%

Que. 1. Bausnue na npoexmuume napamempu 8vpxy
NPOU3BOOHaAmMa HA Koeuyuenma Ha HAOTbIHCHUSL
MOMEHm — HO  ®2bld HA  OMKIOHEHUe  Ha
XOPU3OHMATHUME KOPMUTHU NIOCKOCIU

3a mo-rolmAMa  TMPEryIeNHOCT — eIEeMEHTapHUTE
eekTH Ha OTJENHHTE MapaMeTpu ca TPeACTaBeHU
KaTo TpOLEHTH OT UHTepBaja Ha M3MEHEHHE Ha

CHOTBETHATA MIPOU3BOIHA ACi = Cil e - Cilin.

Ot mapameTpuTe XapakTepHH 3a CHUICHEHOTO
KPHJIO C HA-TOJISIMA 3HAYMMOCT 32 XapaKTEePUCTHKHTE
Ha YCTOHYMBOCT € OTHOCHTENTHATa BHUCOYMHA B Kpas
Gp,, cneaBaHa OT OTHOIICHHUETO HA Pa3NepPEHOCTHTE
MEXIY 3aJHOTO U TIpeTHOTO Kpwito B. 3a HamrexHaTA
YIPaBISIEMOCT HaW-TONMSIMO BIMSHHE WMa OTCTHIIA
Mexxay Hadarmata Ha CI'X Ha TpemaHOTO W 3aJHOTO
Kpwio St.  3a BCUUKH TSAX, BACOKA CTOMHOCTH UMa U
CTaHIAPTHOTO OTKJIOHEHHWE Ha  EJIEMEHTAPHUTE
epextn. ToBa TmOKa3Ba HEIWHEEH XapakTep Ha
3aBUCHMOCTTa Ha XapaKTEPUCTUKHUTE OT TSIX, KAaKTO H
HaJIMYHe Ha B3aMMHO BIMSTHUE MEXKIY TTapaMeTpHTe.
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GLOBAL SENSITIVITY STUDY OF STABILITY AND CONTROL CHARACTERISTICS
OF BOX WING/JOINED WING UAV
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Department of Aviation and Transport Technology, Technical University, Sofia, Branch Plovdiv, Bulgaria
plroglev@mail.bg
Abstract: A global sensitivity study by the Morris method of the dependency of the basic longitudinal and lateral
stability and control characteristics for box wing/joined wing unmanned aircraft from the geometric parameters
characteristic for the type is performed. The numerical analysis is carried out with a VLM code. The results of the
investigation might be used for the box wing/ joined-wing aircraft modeling and design optimization.
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MN3CJIEABAHE HA TMHAMMKATA HA MATEPUAJIN C IIEHECTO-IIOPECTA CTPYKTYPA
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* IHCTUTYT 1O MeXaHWKa U TMHaMuKa Ha Giaynmure, TY-Dpaitoepr,

Opaiidepr, I'epmanms
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B paborara ce muckyTupa ITMHaMuKata Ha mojuyperaHoBa (IIY) msaHa ¢ oTBopeHu nopu. M3mepBanus Ha
pEeaHH MIEHECTO-MOPECTH CTPYKTYPH €a MpoBe/eHH ¢ koMminoTbpeH Tomorpad (CT), kato pesyararure ca obpaboTeHu
CTaTHCTUYECKU Bb3 OCHOBA Ha TEOpHUsiTa Ha caydaiiHute mporecy. C MoMOINTa Ha Ch3aJeHUs JUHAMHYEH MOJIEN ca

MIpECMETHATH COOCTBEHUTE YECTOTH Ha CTPYKTypara.

Keywords: [lenecmo-nopecma cmpykmypa, cayyaiinu npoyecu, CoOCmeeHU YeCmomu.

1. BbBenenne

[MTonMypeTaHOBH IISIHM, KAaKTO M MaTepHaId C
MIEHECTO-TIOPECTa CTPYKTypa Ha apyra 6aza (Pwur. 1a)
Ce M3MON3BaT B JICKA KOHCTPYKLHMH (Harmpumep B
ABTOMOOMJIOCTPOCHETO), B  IPOHM3BOJACTBOTO  HA
¢untepan  cuctemu W gap.  Te3u  marepuanu
IIPUTEKABAT CIydaiiHa cTpykTypa. Ilopagu mmpokoro
UM TPWIOXKEHWE  BB3HUKBA  HHTEPEC  KbM
PasIeKIaHETO W aHAIM3UPAHETO MM, KOratro ca
BrpaJIcHd B pa3iMYHA MHAMHAYHU cucTeMHd. Upe3
CTaTHCTHUYECKA OICHKA M C MOMOIITA HA MEXaHHYCH
MOJICST € W3CJIE/ABAHO JWHAMHYHOTO IOBEJCHHE Ha

CTPYKTYpHTE.

2. i3mepBanus 4 00pad0TKA HA TAHHUTE

3a n3MepBaHe reoMeTpHsTa Ha IMPoOUTE OT IIsTHA Ce
n3nom3ea KommoTepen Tomorpad (CT). CT-uzobpa-
KEHHsITA Ce 3alncBaT CTHIKOBO. [IpumMep 3a emHO
MOJIO0OHO CTHIIKOBO M300pakeHHe € Toka3zaH Ha dur
16. benmsr 1BAT CHOTBETCTBA HA IUTHTHHS MaTepHall,
a TBMHUTE y4acThIM ChIbpXKaT Bh3myX. OOpaboTkaTa
Ha CT-m300pakeHMsTa Ce M3BBPIIBA C MOMOIITA HA
criermaiied copryep MAVI [1].

CraTucTHYECKHTEe OIICHKM HA  JIAaHHATE OT
W3MEpBaHUATA C€a OCBIIECTBEHH C TIOMOIITa Ha
codryepaute npoaykra Diadem [2] u Matlab [3].
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@ur. 1: [ToauypeTaHoBa NSIHA C 0OTBOPEHH KJIETKHU

ITo abmwkuHaTa (OC Z ) Ha W3ciieaBaHaTa mpoda ca
OTYCTCHU.

- [Tono)xeHune Ha IIEHThPa Ha TEKECT Ha HAIPEYHO-
TO cedyeHue (Xg,Ys);

- ITomr Ha HanpeuHoTo ceuenne A(Z) ;

Wscnenannre CTPYKTYpH ca OIHMCAHU
CTaTHCTHYECKH KaTo Ca WM3YUCIICHH (YHKIUSITA Ha
IUTBTHOCT Ha pPas3npe/elieHie U aBTOKOpEIalOHHATa
(YHKIHS Ha TUIONITA HA HATPEYHOTO CEUYCHHE.

3. Pe3yiTaTu OT M3MEpBAHUATA M OT 00padoTKaTa Ha
AaHHUTE

Our. 2 mnpencTaBs W3MEPEHUTE CTOMHOCTH 32
IUIONITA HAa HANPEYHOTO CEUeHHE Ha H3CIelBaHaTa
npoba (A, = cpeaHa CTOMHOCT Ha IUIOLITA).
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@ur. 2: Tliony Ha Hanpe4yHOTO ceyeHne A(z)

3a na ObAAT ONHMCAHU CTATHCTUYECKH PEe3yNTaTUTe
OT W3MEpBaHMATA, Ca IpecMETHATH (YHKIMHUTE Ha
IUTBTHOCT HA pa3lpelelieHNe M aBTOKOpEIAlMOHHNTE
¢ysakmmm. CemmTe ca mpencraBeHn Ha Owr. 3 3a
[UIOLI[TA HA HAamnpeyHoTto ceueHue. llpum Beuuku
OTYETCHH JAaHHM c€  Ha0IoJaBa  HOPMAIHO
pasmpenesneHue.
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@ur. 3: DyHKIUA HA ILTBTHOCT Ha pa3npenesneHue (a) U
aBTOKOpeJIallMOHHA yHKIus (0) HA IVIOLUTA HA HATIPEYHOTO
ceyeHne Ha A(2)

4. /IluHaMuveH MoJes1

I[Nenecro-nopecrara CTpyKTypa ¢ OTBOPEHH TOPH €
MOJeJIMpaHa KaTo TMpPBT C HAIPEYyHO CEYCHHE,
M3MEHSILO Ce 110 CITy4aeH 3aKOH, KOWTO € HaToBapeH
Ha 4KCT OITbH-/HaTHCK (Dwr. 4).
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2 u(z,t)

A(2)
ClIy4aiiHa

@ur. 4: lunamMudeH Moes

HamrexaoTO mpemectBaHe U(z,t) ce ommcBa ¢

4acTHOTO jJudepeHIManno ypaBHenue (1) Cbe
ChOTBETHUTE TpaHn4HH ycnous. B (1) p=const. e

IUIBTHOCTTa, 8 E =const. mMoxyrbT Ha FOHT.
pAu, —E(A,u), =0,

u(0,t)=0; u,(L,t)=0 @

B Mozena miomra Ha HAampeYHOTO CEUYEHUE CE
npueMa 3a Cyma OT KOHCTaHTHa 4dacT A, (cpeaHa

CTOMHOCT) W IpoOMeHnIuBa TakaBa A, (Z), KosTo ce
W3MEHS 110 CIy4YacH 3aKOH:

AlZ)=A, +A (D) @)

5. CoOcTBEHH 4ecTOoTH

ColcTBeHHTE YECTOTH HAa JMHAMUYHHS MOJIEI,
Morar Jga ObJaT MpecMeTHATH TOYHO CamMo 3a
A(z)=const. TIlpm A(z)=#const. cobcrBeHHTe

YECTOTH Ca MPECMETHATH MPHOIM3UTEITHO 10 METO/A
Ha Peneii [4] ¢ dopmyna (3), KaTo € B3€TO MPEIBUI

2):

L
IEA(Z)UZ(Z)Zdz
o <2

C 3)
j pA(2)U(z)%dz

B (3) 3a npobna ¢ysxims U(z) e msnons3sana
mbpBara coOcTBeHa opMa Ha TpenTeHe Ha MOJICITHHS

. mTZ
npseT SIN| —— | ¢ A(z) =const.
p (2 Lj (2

6. CroxacTiyeH mporec

Cratuctideckn  00paOOTEHWUTE  JaHHHU ~ OT
M3MEPBAHETO Ca MOJCIMPAHU Ype3 CTOXACTUYHUA
nporec A, B (4):

All' + 28(1)0A'1 + oA, = o)ct

)

3a cMyllleHre € M3Io3BaH BHHEPOB Mpoliec KaTo
Osu1 1yM 1o nipeMecTBane & (0C Z ) ¢ MHTEH3HTET G .

9 e xoduuueHTHT Ha 3aruxBaHe Ha Jlep, a o, €



BBJIHOBAaTa COOCTBEHA YecToTa. TO3M CIIydacH Iporiec
HMMa HOpMaJIHO pasmpenenenne (Pmr. 5).
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@ur. 5: Ilpouec A; (a) u HeropaTta GyHKIHUsSI HA ILTBTHOCT HA

pasnpenenenue (0)

ABTOKOpenalmonHaTa GyHKIMS Ha mpoueca A, e

(5) wm 3a wusbpamWTe TapamMeTpH Ha TMpoleca €
npejcTaBeHa Ha dur., 6.

2
w,0 _ .
RAl(T):Z—Se Soult | cos o7+ sinw,t | (5)

9
J1-92

B (5 o, =0)0\/1—82 € coOCTBeHaTa BBHIHOBA

YgecToTa HpI/I HAJIMYUC Ha 3aTUXBAHE, a T c
OTMECTBAHCTO.
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—~ 4000
I
<
& 2000 \

0 \/
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@ur. 6: ABTOKOpeIAlMOHHA (YHKIUSI HAa CTOXACTHYHUS
npouec A 3a uzdpanu napamerpu (Bux (6))
Upe3 HamacBaHe Ha ClIydailHHS IIPOLEC KbM
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pesyaTaThTe OT WM3MEpBaHUATa ca MpPEeNCTaBeHH
CTaTHCTHYECKHUTE MapaMeTPH Ha CTPYKTypaTa OT IIsHA.

7. M3unciieHue Ha COOCTBEHHUTE Y€CTOTH

Co0OcTBeHHTE YeCTOTH HA HAJUTHKHHU TPETITEHHS HA
MOJIeIMpaHaTa IIeHeCTO-TIopecTa CTPYKTypa Morar Ja
ObaT MpecMeTHATH 3a MPOU3BOJICH OpOl peanu3ayn
(manmpumep N =1000) (Bmwx Our. 7).

x10°

il mmm H_ H w
Il

200 400 600 800

@ur. 7: CodcTBeHH Y€CTOTH HA HAUTBKHHU TPENTEHHUs ChC CpeIHa
croiinoct p, 32 N =1000 Opoii peanuzanuu (2) H TAXHATA

¢yHKIUS HA IUTBTHOCT HA pa3npeseseHue (0)

CobOcTBeHnTe YCCTOTH, KAKTO W H3MCPCHUTC U

CUMyJIMpaHU [apaMeTpd Ha  CTPyKTypara ca
pe3MpeIerieH: o HOPMAJICH 3aKOH.
8. 3akmouenne

[osyuenuTe pe3ynrard 1€  MOCIYXaT 3a

OTIpeJieIIsIHEG TTAapaMEeTPUTE Ha W3CIICABAHUS MaTepHall
C TIEHECTO-TIOpeCcTa CTPYKTYpa, KaKTO M 332 CPAaBHEHHE
C MMOATOTBAHUTE CKCIICPUMCHTAIIHN U3CJICABAHNA.

apamerpu
p=1210°kg/m’], E=110°[N/m*], 9=0,4,

@ =100[L/m], 5=10 (6)



Jlureparypa [4] Yernankos, b., Teopus Ha tperrrenusita, usz. TY-Codus,
[1] MAVI - Modular Algorithms for Volume Image, User 1981

Manual, Fraunhofer-Institut ITWM [5] Heinrich, W., Hennig, K., Zufallsschwingungen

[2] NI DIADEM, User Manual, © 2015 Nationallnstruments mechanischer Systeme, Akademie-Verlag Berlin, 1977
Corporation

[3] MATLAB R2012b, User Manual, © 1994-2012 The
MathWorks, Inc.

INVESTIGATION OF THE DYNAMICS OF FOAM STRUCTURES
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Abstract: In this presentation the dynamics of open-cell polyurethane (PU) foam will be discussed.
Measurements of real foam structures were carried out with computed tomography (CT) and then they were analyzed
statistically. The statistics of the investigated samples is modeled by stochastic processes. Based on the created
dynamical model the eigenfrequencies will be calculated.

Keywords: Foam structures, stochastic processes, eigenfrequencies
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AHanM3MpaHU Ca M3YMCIUTEITHUTE METOIM IO TPAaHUYHHM CHCTOSHHUS M TI0 JIOIYCTUMH HAIPEKECHHS, KOUTO Ce
NpHIaraT npy opa3MepsiBaHe Ha MeTanHN KpaHoBH KoHcTpykimn /MKK/. Ha nprmepa Ha naeann3upad MOCTOB KpaH €
HalpaBeHa CBIIOCTaBKa MEXIy JiBaTa METO/a IPH Opa3MepsiBaHe Ha IVIaBHATA Tpefa Ha JBYIPElOB MOCTOB KpaH 3a

Ppa3IniHA TOBAPOIIOACMHOCTH U OTBOPH Ha KpaHa.

KiarouoBu JTYMHM MOCMOBU KPAHOBe, NPEeCMSMAHe Ha MemaiHama KpaHo8a KOHCMPYKYUsL.

1. BeBenenue

[Tpu mpoekTrpane HA MeTATHATA KOHCTPYKIMS Ha
MOCTOBH KPaHOBE, Opa3MEpSBaHETO HA HAMPEYHOTO
CCUeHWE Ha TJaBHATa Tpeda C€ W3BHPIIBA OT
YCIIOBUAITA 32 OCHUTYPEHH CTaTHYHA SIKOCT U CTaTHYHA
kopaBuHa [5], [8], [9], [10] m gp. CsriacHO
HOPMATHUBHHUTE W3WCKBAaHUS 3a 0E€30MacHOCT Ha
HoBUTEe eBporeiicku cramapta [2], [3] u [4]
HEOOXOJUMHUTE TEOMETPUYHHA XAPAKTEPUCTUKUA Ha
rpegara Morar Ja Ce€ OmNpeneiaT W 10 JBara
W3YHCITUTENTHA METO/IA: TI0 TPAHUYHU ChCTOSHUS U 110
JIOITYCTUMH HAIIPEKEHHUS.

Ienra Ha HacTosiiaTa pa3paboTka e jga ce
HaTpaBH CBHIIOCTABKA MEXKTYy JBaTa W3YUCIUTEITHU
MeTO/la TpH TpecMSATaHE Ha TJIaBHATa TIpeda Ha
JIBYTPEIOB MOCTOB KPaH.

2. I34ncanTeTHE MEeTOAU

3a npecmsarane Ha MKK ce u3nomsear mo oommsT
METOJI Ha TPaHWYHU CHCTOSHHS W METOIBT Ha
JomyctumuTe Hampeskenus [S], [6], [7], [9] u ap. 1
MPU JIBaTa METO/IA CE M3IIOJI3BA MOHATHUETO SPAHUYHO
CbCmosiHUe, KaTo TIOJ, HEero ce pa3dmpa TakoBa
CBHCTOSHHE Ha KOHCTPYKIHATA TPH, KOETO TS HE
YIIOBJIETBOPSIBA BEYE IIOCTABEHHWTE TMIpeA  Hed
eKCIIJIOaTallOHHN M3UCKBaHMA. B crenmanmsupanaTa
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JUTepaTypa 3a MpecMATaHEe Ha METATHH KpaHOBU
KOHCTPYKILIMHU ce Je()UHUPAT CIETHUTE BE TPAHUYHU
CHCTOSHHSI:

NBPEO SPAHUYHO CbCMOsHUe, TIPU KOETO Ce
u3ueprnBa  HOcelara  CIIOCOOHOCT — Ha
KOHCTPYKIMsATAa (M34YepliBaHE HA CTaTUYHATA
SIKOCT WJIM SIKOCTTa Ha yMOpa WM 3ary0OBaHe
Ha oO0Iara WiId MECTHa YCTOWYMBOCT), a B
€BpOIIEHCKUs CTaHAapT [2], ToBa CHCTOSIHUE €
HApEYeHO KpatiHo;,

6MOPO  2PAHUYHO CbLCMOAHUE, TPH  KOETO
KOHCTPYKIMATA CTaBa HEroJHa 3a HOpMajHa
eKcrioaTaysl (JOCTUraHe Ha HEIOMyCTUMHU
nedbopManuu WM BUOpalMK W Jp.), a B
cTaHmapTa [2], TOBa CHCTOSHHE € HapeueHO
EKCHA0AMAaYUOHHO.

2.1. MeToj Ha TPAHUYHY ChCTOSTHUS

IIpu npoexrtupane Ha nageH enemeHT or MKK,
OTACITHUTE XapPaKTCPUCTUYHU HATOBAPBAHHA fi ce
M3YUCIIABAT U KOPUTHPAT, KBICTO € HEOOXOIMMO C
KOe(hMIIMEHTH Ha JUMHAMHYIHOCT ¢, YMHOXAaBAT CE ChC
CBbOTBECTHUTEC YaCTHU KOG(bI/IIH/IeHTI/I Ha CUT'YPHOCT Vps
Clel KOEeTo Cce KOMOMHHpaT B CHOTBETHATa
n3uKcauTenHa komobunanus F;. Koraro e Heodxoamumo
Fj ce YMHO)KaBa C TIOJXOISIT KOSHUITUEHT HA PUCK Y.
C pesyanrara y,.Fj ce onpenens BbTpEIHOTO ycuiue Sy


mailto:nkotzev@tu-sofia.bg
mailto:llazov@tu-sofia.bg

B CIIEMEHT OT KOHCTPYKIMATA. 3a TpOBEpKa Ha
CTaTUYHA SIKOCT C€ V3YHCISBAT HOMHHAJHHUTE
Halpe)KeHUsT 01] OT JISHCTBUETO HA TOBapUTE OT
W3YHCIUTEITHATA KOMOWHAIIUS BBPXY JIAJICH CJIEMEHT.
Cren ToBa pe3ynTaThT ce KOMOWHHpA C KOE H J]a € OT
MECTHHUTE HATPEXKCHHUS 07|, ABIDKAIIN CC HA MECTHU
BB3JICHCTBHS, W3YUCICHH ChC CHOTBETHHS YaCTCH

KOC()HIMEHT Ha CHTYpPHOCT )b, M KOrarto e
HE00X0IMMO, C KOe(hUIMEHT Ha PHCK - )y,
[Momy4eHOTO  WMBYMCIMTENHO HATPEXKEHHE O

clieiBa J]a Ce€ CpaBHU C TpaHWYHATA CTOWHOCT Ha
W3YHCITUTENTHOTO Harpexenne lim o. To ce ompenerns
oT crenupuIHATa SKOCT WM XapaKTePUCTHIHOTO
CHIIpOTHBIICHNE Ry Ha MaTepnana, KaTto ce Imprema
Haii-Masiko 95% BepoATHOCT Ja He ce paspylld U ce
pazmenu Ha KoeduIMEHTa Ha CHUTYpHOCT Ha
Marepuana y, = 1,10.

Ha ¢ur. 1 e magen THITIMYHAS H3YUCITUTENEH TOTOK
Ha METOJ/Ia Ha TPaHWMYHUTE CHhCTOSHUS 32 MPOBEpPKa Ha
CTaTHYHA SKOCT.

&l
v R
_ Ry
Yn?’p—WnFj —>maxsk—>o—1| —0 Sllma—}/—
m

@ur. 1 M3uncnureneH NOTOK MO TPAHUYHU
CHCTOSHHMSL.

2.2. MeTto Ha J0ITyCTUMUTE HAIIPEKEHUSI

MeToabT Ha JOMYyCTUMHTE HANPEKECHHS € YacTeH
CITy4aif Ha MeToJla Ha TPaHUYHHUTE ChCTOSIHUSA, KOTaTo
BCHYKMA YaCTHH KOS(QHIIMEHTH Ha CHUTYPHOCT ca C
€/IHaKBa CTOMHOCT Y KOMOMHHpPaHH ¢ KoeUIMeHTa Ha
CUTYPHOCT Ha MaTepualia, JaBaT oOIIus KOeQUIMEHT
Ha curypHocT j. [lopamum ocoOeHaTa cH CBHIITHOCT
METOABT Ha JIOIyCTUMHTE HANPEIKCHUS € TIPUIIOKUM
CaMo B CIICTIUATHH CITyYau.

OtzienHuTe XapakTepPUCTUYHU HATOBapBaHUS i
TpsiOBa Ja Ce W3YUCIAT M YMHOXaT, KBJCTO €
HEOOXOIUMO ¢ KOS(hHIIMEHTH Ha JUHAMHYHOCT ¢,
clie]l KOETO Ja ce KOMOWHMpAT B M3YHCIHTEIHH
komOnHayuy. KomOWHMpaHWTe HaTOBapBaHms F,

TpH6Ba Jla C€ u3Noj3BaT 3a OIpPCIACIIHE Ha
PEIYITAHTHUTC BBTPCIIHU YCHUIINA Sk B CIICMCHTUTC

Ha KOHCTPYKLHATA. 3a MpoBepKa Ha 00IIaTa 1 MECTHa
YCTOMYMBOCT W CTaTWYHa SIKOCT TpsibBa na ce
M3YHMCIAT HOMUHAJIHUTE HAPeXEHUsl o, , AbIDKAIIN

Ce Ha HaTOBapBaHUA B JaJ€H €JIEMEHT WM Karo
CbCTaBHA dYacT B KOMOMHAUMs C MECTHHTE
HalpexeHus &, . PE3ylTaHTHOTO HalpeXeHue &, ce
CpaBHsBa C JOIyCTUMHTE Hampexenus adm o. To ce
ompenenst ~ OT  crnenuduyHata  SKOCT — WIH
XapaKTEPUCTUIHOTO CBIIPOTUBJICHUE Ry 3a
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MaTepuasa, Bpb3Kara WM elIeMeHTa ¢ Hai-Manko 95%
BEPOSTHOCT JIa HE Ce Pa3pyllv, pa3/ielicHa Ha OOIIHs
KOoe(pHUIWIEHT Ha CUTYPHOCT Y M KOT'aTo € HEOOXOIIMO
Ha Koe(hHIMeHTa Ha PUCK Y.

Ha ¢wur. 2 e mameH W3YNCITUTEITHUAT IOTOK Ha
METO/Ia Ha JIOMYCTUMHUTE HAITPEIKEHUS.

)
J
Sf>F —>S_k — &y —0 <admo=—Y—
i Y$7n

®ur. 2 M3uncnureneH NOTOK MO JOITyCTUMA
HAaIIPEKCHUSL.

3. Opa3mepsiBaHe Ha HAIIPEYHOTO CeYEHUE HA IVIABHA
rpeia Ha MOCTOB KPaH

Haii-yuecto HampedyHOTO CeYeHHME Ha KpaHOBaTa
rpefa € OBOMHO CHMETPUYHO KyTHEoOpasHO C perca
mo cpemara Ha mosica — ¢ur.3, Koero TpsOBa ma
YIIOBJICTBOPSIBA W3HCKBAHUATA 32 JOCTaThyHA SKOCT,
KOpaBuHA, OOmMla W MECTHa YCTOMYMBOCT U
CBIIEBPEMEHHO Ja Oblle KOJKOTO € BB3MOXKHO IIO-
HKOHOMUYHO OT TIJIeJHA TOYKAa Ha M3Pa3X0dBaH
MaTepHal.
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®wr. 3 JIBOHHO CUMETPUYHO CEUCHUE HA KpaHOBA
IJIaBHA I'pefia.

SIKOCTHOTO ~ OrpaHMuYeHHE  OOWMKHOBEHO  Ce
onpeaenss OT MakCUMaJlHMS OrbBalll MOMEHT BbB
BEpPTHUKAJIHAaTa paBHUHA U OT IOIIyCTUMOTO HOPMAaJIHO
HaNpeXeHUe, KOETO 3aBUCH OT Marepuaia OT KOWTO €



m3paborera rpemara. OrpBammaAT MOMEHT ce
ompenensi OT MacWTe Ha TpelaTa, KolWdkara |
MaHUITYJIMPaHUs TOBap M Ha €Tara Ha MPOCKTHPaHe Ha
MeTajHaTa KOHCTPYKIMS Ha MOCTOBH KPaHOBE,
MacHTe Ha TrpeJarta W KOIMYKAaTa MOrart Ja ce
y3uucaT 1o emmupuynu Gopmyiu [1], [8], [9] u ap.
i 1a ce msdepar or rpaduxu [5], [10] u ap. Ipu
W3MONI3BaHE HA ONPOCTEH W3YHCIHUTENICH —MOJEN
(cratyHO oOmpezeNcHA Tpeda HA JBE  OIOPH),
MaKCHUMAITHUST OT'bBAIll MOMEHT B CpejiaTa Ha OTBOpa
Ha KpaHa OT BEPTHKAIHWTC HATOBApBAHUS IIPU
BJIMTaHE Ha TOBAP Ce OIpPEJIeNisl T0:

30 Memood Ha SPaAHUYHU CoCMOSHUA Y. 1 ;

gL

= 7n?(7P1 '¢.I.'meﬂ.ep. + 7/P1 '¢l'mh'o,1. + 7P2 ¢2mQ) (1)

M/

max

KbJeTo L € oTBOpa Ha KpaHa B M;

g — 3eMHOTO ycKopeHue, g=9,81 m/s*;

Yp, — YaCTEH KOE(HIIMEHT Ha CUTYPHOCT 32 MACHUTE
Ha rpe/iaTa u KOIU4Kara, y, =122

¥p, — YACTEH KOE(DHUIMEHT HA CUTYPHOCT 32 Macara
Ha [OBJIMI'aHus TOBAP, yp, =134

¢ — Koe(HIMEeHT Ha JMHAMMYHOCT 32 METalHaTa
KOHCTPYKILIMST Ha KpaHa TIpu BIWraHe Ha TOBap,
¢ ~1,05;

¢ — KOe(UIIMEHT HA JMHAMHYHOCT 33 BIIUTAHUS
TOBAD, ¢ = in + oV -
(¢, min =1,05+1,20, 5, =017+0,68 - m3dupar ce or
Tabs1. 2 ot [3] 3a ChOTBETHUTE KJIaCOBE Ha mojeM, Vi —

CKOpOCTTa Ha BAUraHe B M/S );
m,, —Macara Ha IJIaBHaTa Irpe/ia, Olpe/esieHa 1o

an.ep.

eMITUPHYIHH POpMyIH, t ;

m,,, — MacaTa Ha KOJIMYKaTa — 10 E€MIIMPHUYHH
hopmyiy, t;
m, —MacaTa Ha MOBJIUTaHus TOBap,
HCO6XO,Z[I/IMI/I$[T CBIIPOTUBUTCIICH MOMCHT C€
OIpEJIEIIS OT YCIOBUETO:
WY/ Y > IYlmax (2)
o limo
R
imo=-d -7 @3)
’m 11
KBIETO o0y € TpaHWla Ha TPOBIAYBAaHE Ha

H310JI3BaHaTa CTOMaHa.

30 MEmooa Ha OONYCMUMU HANPEXHCEHUS.

L
M nax = % (¢1'mzﬂ.£p- + ¢l'ml€0fl. + ¢2mQ) (4)

max

HCO6XOJII/IMI/I$[T CBIIPOTUBUTCIICH MOMCEHT
Ompe/Iesisi OT YCIIOBUETO:

ce

M
n > max 5
" dme ®)
admo =25 (6)
YEVn

KbIETO yr =148 e 0000meH KoepUIMeHT Ha

CUIYPHOCT TIPH pErySipHM HATOBApBaHUS, ), -
KOE(HIIMEHT Ha PUCK, KOraTo € Heooxomumo [3];

CrarnyHata KOpaBHHA Ha TJIaBHATA Tpea M 3a JBara
M3YHCITUTEITHA METO/Ia Ce OCHTYPSIBA Upe3 OMpe/IeIIsIHE
Ha HEOOXOAMMHUST WHEPIMOHEH MOMEHT J, Ha

CEYEHHMETO Ha IVIABHATa Ipela OT YCIOBHUETO 3a
JIOMYCTHMO CTaTHYHO MpoBHCBaHe [8]:

¢ _(Q+m,).10%g.°
J) > :
2.48.E.[f ]

(7)

kpaero E ¢ MoayabT Ha JuHeiiHa nedopMaris Ha
Marepuana;

[fen] — IomycTHMOTO CTaTWYHO MPOBHCBaHE, KOETO
3aBHCH OT PeKMMa Ha paboTa 1 0TBOpa Ha KpaHa L — tabu.1.

Ta6n. 1 Jlomyctumo cratuuno mposucsate | f].
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Pexum Ha paboTa [f], m

ppuHo 3anBmkBaHe — K1 L/400

JIEK - K2+K3 L/500

cpefieH —-K4+K5 L/600

TEKBK - K6+K7 L/700

CBPBX TE&KBK —K8 L/800
MunumanHata  geOeldHa Ha  CT€HaTa  OT

TEXHOIIOTHYHN  CHOOpaXKEHUS Omnt C€ M30Hpa

CBIVIACHO M3MCKBAaHHMATA HA 3aBOJA-TIPOM3BOIMTEN M
yCIoBHsTa Ha excruioararws, [5], [8] u ap.

ToraBa onrTMMaiHarta BHCOYMHA Ha Ipejara OT
YCJIOBUETO 3a SAKOCTHOTO OrPAaHMYEHHE 3a JIBOWHO
CHMETPHYHO CEYEHHE TPH BB3NpHETa Je0eIrHa Ha
crenara mie on¢ [8], [9], [10] u ap.

®)

©)

[o Ta3m MeromuKa ca HanmpaBeHU NPECMATAHUS 32
[JIABHUTE TpeAu Ha  MOCTOBH  KpPaHOBE C
toBaponogeMHocT: Q= 8t; 12,5t; 16t; 20t; 32t u 50t,
OTBOp Ha KpaHa: L= 16,5m; 22,5m u 28,5m
pexxum Ha pabora AS u m3non3BaHa ctomana S235

OnTtuManHUTE BHCOYMHH C KOUTO ce OgopMs
CCUCHMETO Ha TIJIABHATa TpeAa, NPECMETHATH II0
¢dopmymu (8) - 3a nBata metona u (9) ca mokasaHu B




tabnmra 2.

PesynratuTe mokaszBar, 4Ye NpECMETHATUTE TIO
METOlla Ha TPaHWYHH CHCTOSHHS — ONTHMATHU
BUCOYMHH Ha Tpejiata Mo KosATo ce 0hopMs CEUCHHUETO
ca ¢ 1-3% mo-mankm pazMmepH, T.e. MOXe JOa ce
OYaKBa, e Macara Ha Te3H rpe/ e 0v1e ¢ 3+6% mo-
MajJKa B CpaBHEHHE C TPEAUTE MPECMETHATH TI0

METOlla Ha JOMyCTUMHTE HANpPEKCHUs, KOraTo
MEpOJIaBHO 33  Opa3MEpsSBaHETO €  SKOCTHOTO
OrpaHIYCHHE.

Tabun. 2. OnTrManHy BUCOYHMHM Ha IJIaBHATA IPea.

OnTmanHa BUCOYMHA Ha rpeaaTa, m

CratnyHa axkoct

CratnyHa
AebenvHa Ha

cTeHaTa, mm

JAonyctumn
HanpexeHnus

[paHWyHKn

TosaponogemHocT, t
Cocroanua

OTBOp, M KopasuHa

16.5 6 % 0734 3 0720 7 0747
8 225 6 3¢ 0889 3 0870 0919
285 6 3¢ 1048 3 1.024 ¥ 1076
16.5 6 " 0876 3 0.861 3¢ 0.860
12.5 225 6 " 1.056 2 1.036 " 1.057
28.5 6 1236 3 1211 7 1238
6 0973 3 0957 ¢ 0932
16.5 - -
0.901 % 0886 % 0885

LS

3

o
=
%
&

1170 1.148 1.450

16 225

1.083 3 1.063 1.088

~
vy
2
AEN

6 1366 4 1338 ¥ 1341
285
7 3¢ 1264 3 1239 W 1274
6 1073 3 1.056 3¢ 1.003
16.5
8 " 0.929 3 0915 3¢ 0911
6 ' 1.289 3 1267 € 1234
20 225
8 3¢ 1116 3¢ 1.097 /1121
6 #1501 3 1473 3 1444
285
8 3¢ 1300 3 1276 1312
16.5 8 1155 3 1139 3¢ 1.066
32 225 8 "  1.380 3¢ 1359 3¢ 1312
28.5 8 ¥ 1.602 3 1574 3¢ 1535
8 /1428 1.410 X 1241
16.5
10 W 1277 1.261 € 1152
8 " 1.704 1.679 3¢ 152
50 225
10 "  1.525 3 1502 3¢ 1416
8 #1972 3 1.940 3¢ 1786
285
10 1764 3% 1735 3¢ 1658

4. 3akirouenue.

Ilpn opa3mepsiBaHe Ha IVIaBHA Ipefa Ha MOCTOBH
KpaHOBe, padoTelIn B CPEeIeH PeKUM Ha padota — AS

u croMaHa S235, pesyiraTuTe MOJYYEHH IO METOIa
Ha TpPAHUYHUTE CBCTOSHUS M TI0 METOJa Ha
JIOTMYCTUMHTE HANPEKEHUsT CCe IMOJydaBaT MOYTH
CITHAKBH.

Korato e MepoIaBHO SIKOCTHOTO OTPaHHYICHHE TIPH
opasMepsiBaHe Ha Tpeara, o MeTOo/la Ha TPAHMIHHTE
CBHCTOSIHHSL MOYKE J1a C€ TOy4rd MKOHOMHSI Ha METa
ot 3% 1o 6%.
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Numerical methods for calculating steel crane structures, based on allowable stresses and limiting states are
analyzed. Comparison between these methods is done based on the sample of idealized bridge crane. Some special
feature of both methods proposed in Europeans standards for hoisting cranes are taken into accounts.

Keywords: hoisting cranes, calculations of crane’s steel girder.
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Pe3rome:

B Tasm cratms € ommcaHO Ch3MAaBaHETO HAa MKOHOMHYECKH H3TOJIEH CTEHH 3a na60paTopHn

yIpaKHEHHS TI0 TEMUTE ,,VI3MMTBaHe Ha MaTepuaiiTe u ,,UNCTO YCyKBaHE", KOUTO Ca 9acT OT O0YICHUETO
o ,,ChIpOTHBIICHHE Ha MaTepraauTe' . HampaBeH € 0030p Ha CHIECTBYBAIUTE PEIICHUS M M3UCKBAHHS
KbM TOBa W3MHWTBaHe, M30paHa € KOHIENIWsA W ca (OpMyNMpaHH TEXHWYECKH W3WCKBAHUWS, OMMCaHA €

KOHCTPYKITHSITA HA CH3TaZCHUS CTCHI.

KirouoBu IyMu: usnumeare na Mamepuanume, CmeHo, 4ucmo yCyKeaHe.

1. BLBenenne

OcHOBHa TeMa B JAWCHUIUTHHATA ,,CHIPOTUBICHNE
Ha MaTepHaInTe", KOATO Ce M3y4yaBa OT BCEKH ObeII
MallIMHEH WHXXEHeEp, € ,,/3nuTBaHe Ha MaTepuaiuTe’.
Tam ce mpoBexxaa 1ab0paTopHO YHPaKHEHHE, B KOETO
ce paszpylIaBaT METaJHU MPOOHM Tella Ha OITbH U Ha
HATHCK, 3aIlMCBa Ce KpHBaTa Ha JedopMupaHe U ce
OTIpe/ieNIAT BAKHU MAaTePHATHH  XapaKTEPHUCTHUKH.
CryneHTuTe C€ 3amo3HaBaT C IIOBEICHHETO Ha
MarepuajuTe MpU HANPEeXKEHHs, I[O-TOJIEMU OT
rpaHHIaTa Ha NponopuuoHanHocT. OHarnenssar ce
BOKHUTE  MOHATHS  INpOBJadaHe,  IUIACTUYHO
ysK4aBaHe, OOpa3yBaHe Ha IIWiKa, IUIACTUYHO U
KpPEeXKO paspylliaBaHe. YcellaT ce U HeyAoOcTBara,
CBHITHTCTBAIIM U3MMTBAHETO HA OITHH:

* pa3nuKa MeXIy ACHCTBHTENHATa M YCIIOBHATa
KpuBa Ha JAedopMupaHe Ha MaTepHaia, IOpaaH
HEOTYHTaHE Ha NPOMSHATA B HAIPEYHOTO CEYCHHE,
mipy m3nuTBane mo ISO 6892-1:2009 [1];

* pa3MHMHaBaHe MEXIy BHA Ha HAIIPErHaTOTO M Ha
neopMarmioHHOTO  CheTOstHUSA.  [Ipn  4mcT  ombH
(HaTHCK) HANPETHATOTO CHCTOSIHUE € €THOMEPHO, HO
ne(hopMaIFIOHHOTO € TPUMEpHO. TaHTeHIMaTHHUTEe
Halpe)XeHWs TIPpU OIbH BIMSASAT CBHIIECTBEHO Ha
IUIACTUYHOTO AeOpMHpaHe W Ha pa3pylIaBaHETo.
ToBa HECHOTBETCTBUE YECTO € TPYAHO 3a pa3OupaHe B
HayalHWsA €Tall OT U3y4aBaHe Ha AUCLUILUINHATA.
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Tesm HeymoOcTBa HE  CHINECTBYBAT  IpH
W3NUTBAHETO HA YHCTO YCYKBaHE Ha JIETallll C
KpPBrOBO HamlpeyHo cedeHre. ToBa e npyro ©6a3oBo
W3MMTBAaHE Ha Marepuaia, periiameHtupaHo B bJIC
1196-71 [2], oT KOeTO MOorar Jia ce ONpeAessIT peaulia
BOXHM MaTepHAHH XapakTepuctukd. [lpm umcro
YCYKBaHE HAIPErHATOTO CBCTOSHHUE € JBYMEPHO
(ancro TturR3rane). JlehopMalMOHHOTO CHCTOSIHUE
CBHIIO € JIByMEPHO M CHOTBETCTBA HA HANPETHATOTO.
OTCchCcTBHETO HAa  OMBH  3HAUMTENHO  3a0aBd
o0Opa3yBaHeTO ¥ HapacTBAaHETO Ha IyKHATHHHU.
JlurcBaTr M HecTaOWIHOCTH Ha (popMaTa, KakBaTo ¢
oOpa3yBaHeTo Ha INMKa TPU Tecra Ha OmbH. B
CIIE/ICTBHE TIPH TUIACTHYHUTE MaTEePUAITH CE TIOTydaBaT
MHOTO TOJIeMH aOCONIOTHH BITIOBH Ae(OpMAaIivu.
Hampumep, mokazanoro Ha ¢ur.l mpoOHO TsIO OT
Meka cromana S235/EN 10025 c¢ pabotHa abDKHHA
203 mm mpersprsiBa  BIVIOBa  Aedopmarms  OT
mopsmbka Ha 5600° (15,5 obopora) mpemu ma ce
pazpymm. [Ipu ToBa KakToO HallpeYHHUTE CEYEHMs, TaKa
M oceBara IBbDKAHA Ha MPOOHOTO TSIIO HE ce
npoMeHAT. Taka chC CPaBHUTEITHO MTPOCTH CPEJICTBA Ce
MoTy4JaBa JeHCTBUTENTHATA KprBa Ha AeopMupaHe Ha
Marepuaia, a CaMHAT EKCHEePUMEHT € HHTEPEeCeH |
MHOTO e()eKTeH Iopaj iy ToJIeMuTe ne(opMarim.



®wurypa 1. [Ipo6HO Ts1ITO.
a) popma u pa3mepuy; 0) gedpopmarst ot 12,8 obopora
TP yCYKBaml MOMEHT 23,5 Nm (cuMmyrnanms).

Ilpu  waroBapBaHe  MOJ  TIpaHHIlaTa  Ha
MMPOINOPHUOHAIIHOCT, TAHTCHIITUATHUTS HAIIPCKCHUA Ha
YCyKBaHE B paJWalHO HAlpaBJeHHE Ca JIMHEHHO
pasmnpeneriern. ToBa MpaBu MeXaHW3Ma Ha MIIACTHIHO
nedopMupaHe TpU MO-TOJISIMO HATOBapBaHE MHOTO
WHTEpPECEH, C TMOCTENEHHO IUacTH(HUIUpaHe Ha
Marepuaiia OT Tnepudepusita KbM [EHTBpa. I[lpu
WeaTHa IUIACTHYHOCT TEOPETHUHWTE 3aBUCHMOCTH,
OIMCBAIU HAIIPEKCHUATA U I[eq)OpMaI_[I/II/ITe Ca jACHH U
CPaBHHTEIHO TPOCTH W OOWKHOBEHO CE€ JIaBaT BbB
BojienMre y4eOHurm 1o ,,ChIOpPOTHUBJICHHE Ha
Marepuanmure” [3,4]. He ce nuckyrupar obade
pazIuMKUTE MEXKIy HIealu3alysiTa W PeaHoCTTa,
KOUTO TMPOU3THYAT OT IUIACTUYHOTO YAKYaBaHC M
BIMSIHUETO Ha CKOPOCTTa Ha JAeopMUpaHe, KOHTO
Hal-JIeCHO ce JEMOHCTpUpar M oOsCHABAT dpe3
eKcriepuMeHT. ToBa IpaBU M3MUTBAHETO HA YCYKBAHE
BOKHO W 32 CTYJICHTH, HM3y4YaBallld €JIEMEHTH OT
TEOpHs Ha IUIACTHYHOCTTA, KaKbBTO € CIy4asrT ¢
npenofaBaHara B Texaudecku yausepcuteT — Codust
JucuuIuiHa ,, KOHCTpYKIIMOHHA SIKOCT .

I[OKaTO B MHOXCECTBO TCXHHMYCCKU YHUBCPCUTCTU
MO CBeTa ce MpOBEXkIa J1abopaTOpHO YNpaKHEHHE C
W3MWTBAaHE HAa YCyKBaHe, B HallaTa CTpaHa TO
TPaIULIHMOHHO Ce IMpoITycka. B rossma creneH Tosa ce
AObJDKM Ha JMIICaTa Ha TEXHUYCCKO OCHUTypsIBaHC,
KakTO ¥ Ha HEIOCTAThYHOTO BHHMAaHHE, KOETO Ce
OTIIeTIsI Ha Ta3H MpoOJIeMaTHKa B X0Ja Ha 00y4YEeHHETO.
C HampeIBaHETO HA TEXHOJIOTHHUTE PEATH3UPAHETO HA
TIOAXOJISAI CTEH]T CTaBa BCE MO-IECHO M €BTHHO, KOETO
3a€[JHO C MOJBUTE 3a Y4eOHMS TPOIeC JOBeAe 10
HaCTOsIIaTa pa3padoTKa.

2. CTaHaapTH 3a MI3NUTBAHE HA YCYKBaHe

Heobxonuma cThIKa Tipenu a ce MpeMUHE KbM
Ch3/[aBaHe Ha CPEJICTBA 332 M3IUTBAHE U NPOBEKIAHE
Ha €KCHEPUMEHTH C TAX € Jia Ce MPOy4aT HATMYHUTE
CTaHIapTH B CHOTBeTHaTta oOnacT. ChIlecTByBarT
CIPAaBOYHHUIIHA, KOUTO MOTaT 3HAYUTEITHO Jia 00JieKJar
TO34 Tpouec. B [5] ca mocoueHn 4eTUpUTE OCHOBHU
cTanaapta [6-9], cBbp3aHU C U3MUTBAHE HA METATHU
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00pasiy Ha YHCTO YCyKBaHE:

¢ ASTME 143 [6] permamenTHpa CTaHZapTeH
METO/I 33 OINpEICNIiHE Ha MOIyJa Ha 'BITIOBUTE
nedopmaniu G Mpu CTaifHa TeMIleparypa;

e ctaHmaptute [7-9] ce otHacar 3a Temoe. ASTM
A 938 [7] m ISO 7800 [8] permamMeHTHpAT MPOCT TECT,
TIPU KOKMTO TAJIOTO Ce YCYKBA JI0 pa3pylaBaHe, KaTo ce
OpOST TBITHATE 000POTH MTPH HETOBOTO JAcopMupaHe.
Bpost obopotn 1o paspymiaBaHe ce CpaBHsSBa C
pedepeHTHa CTOHHOCT, OT KOETO C€ TIpaBH
3aKITI0YEHHe TN IPOOHOTO TSUIO MPEMHUHABA TECTA;

¢ [SO 9649 pernameHTHpa npoct TecT, pU KOWUTO
NpOOHOTO TSAJIO TOCIEOBATETIHO U E€IHOKPATHO Ce
YCyKBa B €IHATa M B Jpyrara IocoKa Ha OIpeIelieH
Opoit obopotu. Cmenm TecTa ce H3cieABa Ha OKO
MOBBPXHOCTTA HA IPOOHOTO TSJIO — aKO HAMA BUAUMHU
nedexTa, mMpoOHOTO TSIIO MPEMUHABA TECTA.

B [5] e mHampaBeHO 3aK/IIOYEHHETO, Y€ HE
CBIIIECTBYBa MEXIYyHApOJEH CTaHIAapT, KOHTO Ja
periaMeHTHpa TOJydYaBaHeTo M oOpaboTkara Ha
KpHBaTa Ha JeOopMHUpaHe Ha MaTepuaia MPH YUCTO
YCYKBaHE B IUIACTMYHATA 30HA. Ta3u KpuBa oOaye e
HeoOXOmMMa 3a TIONy4aBaHETO HAa HSAKOW BaXKHH
MaTepUaJHNu CBOMCTBA, HANpHMEp TpaHWIaTa Ha
NpOBJIaYaHe Ts W TPaHWIATa Ha pa3pyllaBaHe (SKOCT
Ha yCyKBaHe) 7. BEeposSTHO TOBa € e/THa OT MPUIMHHTE
CB3MaieHusl Tipenu 44 roguHu OBITapCKH IbPXKAaBEH
crangapt bJIC 1196-71 [2], kacaeml M3NUTBAaHETO Ha
YCYKBaHe, J1a € BCe OlIIe JISHCTBAIII.

BIC 1196-71 pernamenTupa:

® MCTOAUTEC 3a UBIMMTBAHC HA MCTAJTHHU HpO6HI/I TCJIa
IIPH YUCTO YCYKBaHE;

e onpe/ieNsHe Ha: MOJIyJla Ha BbroBHTE Jedopma-
i  G; TpaHMIaTa Ha TPOMOPIUOHATHOCT  17p;
yCJIOBHATA TpaHUIa HA TIPOBJIaYaHe MPH YCYKBaHE 7o3;
JIEACTBUTENIHATA FPAaHUIlA Ha SIKOCT NP YCYKBAHE Tp;

® OIIpeIEIsTHE ¥ Ha IPYTH BEITMYIHH.

OO030pbT HAa HAIMYHWTE CTAaHIAPTH IIOKa3Ba, e
BJAC 1196-71, ocBeH 4Ye ¢ pecWcTBall, € M HaW-
moApoOeH KaTo yKa3aHWd ©  KOJIWYECTBO Ha
ONPEIENITHUTE BEJIMYMHU. 3aToBa JIOTHYHO TOU €
m30paH 32 OCHOBHAa OTNpaBHA TOYKa TIPH
pa3paboTBaHe Ha METO/IM M CPEZCTBA 32 M3IUTBAaHE HA
YCYKBaHE ¥ TIPOBEXK/IAHE HAa EKCIEPHMEHTH C THX.
Crangaprute [6-9] cbimo 11e ObJaT W3MOI3BaHA KaTo
W3TOYHWK Ha YKa3aHWs, CTHra Ja He BIM3aT B
npotuBopeune ¢ bJC 1196-71.

3. Konuenmus

TIpoyuBaneTo nokasa, 4e npu U3MUTBAHE HA YCYKBaHE
3a y4eOHH LEMM Ce W3MOJI3BAaT KaKTO CTEH/IOBE C
aBTOMATUYHO 3a/IBIKBAaHE, Taka M TaKWBa C PHYHO
3aJIBUKBaHE.

ABTOMaTHYIHOTO 33]IBIDKBAHE € HEOOXOMMOCT TIPH
MPOBEKAAHE HA TOYHM M3NOMTBAHUA, TbU KaTo
IUTacTUYHaTa AedopMarys 3aBUCH OT CKOPOCTTa Ha



nedopmupane. B [9] ce crioMeHaBa, ue B pa3IUuHUTE
TabopaTopuu, MPU Cia3BaHEe Ha CHAKBH CTaHIAPTH,
3a ¢HU U CbIIKM MATCpUain MOrar Ja CC mojy4ar
CBbLICCTBCHU pa3IMiMvA B KPUBUTE 3apaJu pas3jiniHaTa
ckopoct Ha paedopmupane. B [10] e mokaszaHo, ye
PSKUMBT Ha HaTOBapBaHE (C MOCTOSHHA CKOPOCT Ha

3aXBaTUTE WIM C TOCTOSHHa  CKOPOCT  Ha
HATOBapBaHETO) ChHINO BiMse Ha (opmara Ha
Juarpamara.

[Ipu crenmoBere ¢ PHUHO 3aJBIKBAHE CKOPOCTTA
HE MOYKE Jla ce OoIbpika TOCTOsIHHA. Bhnpeku ToBa,
KOrato Ienta € JEeMOHCTpanus Ha (U3HYecKd
¢eHoMeHn W oOy4yeHHME Ha CTYAEHTH, TOBa
33/IBIDKBaHE MMa pelula MpeauMCTBA, KOHTO
00yCIaBsIT LIMPOKOTO My pa3lpoCTpaHEeHHeE, KaTo:

e [Ipocta n scHa KoHCTPYKIHs. CTYIEHTBT MOXE
JIECHO Ja Ce 3alo3Hae ChC CTeHAAa M CJel KpaThK
WHCTPYKTAX JIa IPUCTBITM KbM CaAMOCTOSITENTHA paboTa
0e3 11a ce MPUTECHSBA OT TPEIIKH;

o IHTEpakTUBHOCT M  HarIegHOCT. Bbpreiiku
PBKOXBaTKaTa, CTYyIEHThT MOXE Ja II0YyBCTBa
YBEJIMYABAIIOTO CE€ HATOBapBaHE, Karo B ChIIOTO
BpeMe HaOJoAaBa MpoTHYaIuTe aeopmartiun. Toi
UMa IBJICH KOHTPOJ BBPXY IIpolieca — MOXeE Ja
IPOMEHH CKOPOCTTa Ha HaroBapBaHe, [Ja CIIpe
HaTOBAapBaHETO 3a Ja pasriiea NpoOHOTO TSUIO WX A
3alyIle MEXIMHHMA pe3ylTaTd, AOPH JAa Pa3ToBapu
nmpobHOTO Ts0. B ImmacTwyrata o0nacT MoXke aa
yCeTH M Ja 3alOMHHM KakK IPOIBIDKUTEHO BpeMe
YOpaXHsBA YCHIME, KOETO IOYTH HE YBeIU4aBa
CBOSITA CTOWHOCT, IOKAaTO NPOOHOTO TSUIO THPIHU
roneMu aedopmanyu 6e3 1a ce paspyluasa.

e llkonomuyeckn moy3u. Te3nm creHmoBe ca
3HAYHUTETHO M0-€BTUHU oT ABTOMATHYHO
33/IBIDKBaHHUTE, KOETO MO3BOJISIBA €1HA J1abopaTopHs
JecHO Ja ce obopyaBa ¢ HIKOIKO Opos. Taka
CTYJEHTHUTE MOTaT 1a paboTAT CaMOCTOSITEITHO WIIM Ha
Manku rpynu. OcBeH ToBa MpocTaTta KOHCTPYKLMS €
CBBP3aHa C ToJIsIMa Ha/ISKIHOCT U JIECHA TOJUIPBKKA.

CrenzoBere 3a M3NMUTBAHE HAa yCYKBaHE MOTaT JAa
Obmar  ¢abpuuHM  WIM  PBUHO  HU3PAOOTEHH.
[IpoyuBanero Ha QabpuuHHUTE CTEHIIOBE IOKa3Ba, 4e
Te UMaT BHCOKa LIEHa, KaTo MPU TOBA HE ChIBPXKAT
CIO)KHM M cHnemu(UYHM KOMIIOHEHTH. Bcuuku
KOMIIOHEHTH MOTaT J1a 3aKyISIT OTACIHO WM JIECHO 1
ce m3paboTiT, KaTo CyMmMapHata MM IieHa € eaBa
HSKOJIKO MPOLEHTa OT Ma3apHaTa [ieHa Ha (paOpuiHus
crena. ToBa mpaBu wmzaesTa 3a pbuHa HU3padOTKA
0COOCHO TpUBJIEKATENIHA TPH OrpaHHYeH OIOKeT.
OcBeH TOBa CH3IAaBAHETO HA CTEHIOBE OTIMYHO CE
BIOMCBa B Y4eOHMS MpOLEC Ha JOUIUIOMaHTH U
JNOKTOpaHTH. B nureparypara ca ommcaHd HEMAaJIKoO
TakuBa pazpabortku. Hampumep B [11] e paspaboren
CTEHJ 32 W3IMTBAaHE HA YCYKBAaHE C EJEKTPUYECKO
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3a[BIKBaHE M € 00001eHo, ye ca Bioxenn $534,
JOKaTo THUNHWYHATA Ta3apHa LeHa Ha QabpudHHTe
maran € Mexay $10000 u $25000.

Teii kato 1enTa Ha HAcTosIaTa pPa3padoTKa e
BBBEK/IAHE H3IMUTBAHETO HA YCYKBaHEe B Yy4eOHHS
TPOIIEC, a OIOKETHT € CHITHO OTPaHUYEH, JIO-THIHO Ce
B3¢ pelleHWe Ja Cce TPUCTBIIM KbM COOCTBEHA
pa3paboTKa Ha CTEHJ] C PHYHO 3a/[BIKBAHE.

4. TexHn4ecK: M3NCKBAHUSI KbM CTEH/Ia

e Pabora ¢ necHu 3a u3paboOTBaHEe MPOOHU TeNa, C
YCIIOBCH TMaMEThP Ha HAMPEYHOTO CEUYSHHUE JI0 7 mm;

o JlecHO TIOCTaBsIHE 1 CBAJISTHE HA MIPOOHUTE TENa;

® MakcumasieH ycyksail MoMeHT: 30 Nm;

o EproHoMiYHOCT: ympakHsABaHE HAa MOMEHT 10
30 Nm upe3 jecHO 1 yI0OHO 33/IBMKBaHE Ha PHKa,

® BE3MOKHOCT 32 paboTa U B ABETE TIOCOKY;

e CaMozaibpkaHe Ha eNacTUYHHTE JAedopMariviu
P MIPEKPATSIBaHe MPHUIAraHeTO Ha BHHIIHO YCHIIHE;

e [loka3BaHe Ha YNPaXHEHUS IPU H3ITUTBAHETO
BBPTAII MOMEHT BBPXY OCBETEeH IU(POB AUCILIEH;

e [loka3zBaHe Ha cCymapHaTa BIJIOBa jAehopMarms
BBPXY OCBETEH IU(POB AUCILICH;

o Kilac Ha TOYHOCT TpW WU3MEpBaHE HA MOMEHT U
BINIOBO nojoxkenue: 0,1;

® BE3MOXKHOCT 32 JIECHO KajuuOpupaHe Ha
cHCTeMara 3a M3MEpPBaHe Ha BBPTSIIl MOMEHT;

¢ J100Bp BBHHIIICH BU;

e JlecHo w3paboTBaHE W  CINIOOSBaHE: MPU

BB3MOXXHOCT J1a C€ U3I10JI3BAT 'OTOBH KOMITIOHCHTH.

5. Omicanue Ha cTeHaa

Crnen yTouHsIBaHE KOHLIETIIIMATA W TEXHHIECKUTE
M3UCKBaHWs Oerrie pa3paboreH 1putocten CAD-momen,
mmokazad Ha ¢ur.2 a u 6. Jlo mokazaHata KOHCTPYKITHS
ce JOCTUTHA Clie]] aHaJ u3 Ha 6 pasludHA BapHaHTa.
[loBedyeTo opHUTHHAHM JETaiN Osxa M3PaOOTEHH OT
€KHITa TI0 HACTOSIIHS MPOEKT. [ 0TOBHTE KOMITOHEHTH
Osixa 3aKyTieHd ciel] oOCTOWHO Ta3apHO MpOyYBaHe.
CHuMKa Ha TOTOBHS CTCH]I € ITOKa3aHa Ha ¢ur.3.

3aBIKBaHETO Ha CTEH/IA CE OCHIIECTBSABA HA PhKa
4ype3 pbKOXBaTka-MaxoBUK 9 ¢ amamersp 200 mm.
PpKoxBaTkaTa € MOHTHpaHa KbM BXOMSIIMS Bajl Ha
yepBsiueH peaykrop 10, ¢ mpenaBaTenHo uucio 1:65.
[Ipu Te3n mapameTpw, ako PHKOXBATKaTa Ce BHPTH C
€/IHa pPbKa, 32 JJa ce MOCTUrHE BhPTSI MOMEHT 30 Nm
TpsiOBa ma ce Tpwiokd ycwme okomo 0,5 kg.
Beprsammusar ce 3axBar 13 e wm3paboTeH 3aemHO C
M3XOAALMS BaJl HA peAykTopa. To3u AeTaiin ot enHara
CTpaHa TpeJaBa yCHUIINETO Ha MPOOHOTO TsUio 14, a ot
Jipyrara 3a/IBIKBa POTOpa Ha HHKPEMEHTAITHUS
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Ourypa 2. CAD-Mozen Ha pa3paboTeHNs CTSH/T 3a M3TUTBAHE HA yCYKBaHE (M3TJICIH OTIIPEI U OT3a1)

1 - maneny; 2 - Oposid; 3 — TEeH30METPUYEH yCHiIBaTeT; 4 - OCHOBA; 5, 6 - OyTOHHM 3a HyJIMpaHe; 7 - onopa; § - TMHAMOMETh;
9 - peroxBartka; 10 - penykrop; 11 - npeanasuren; 12 - enkozep; 13 — BbpTAII ce 3axBart; 14 - mpoOHO TsLI0;
15 - HemoxBIOKeH 3axBart; 16 - kiroy; 17 — enn. mpemasured; 18 - 3axpanBaria Oykca; 19 - BEeHTHIAIIMOHHN OTBOPH.

eakonep 12. EnxonmepsT 12 renepupa Ha ONTHYECKH
npuHIMN | aBe ¢asu ot 1o 3600 umityca Ha 060poT,
nedasupaHy Ha 4eTBBPT Nepuoj. Taka BHPTEHETO HA
Baia ce orumrta c pesomonus oT 0,1°. CurHamet ce
rmo/IaBa KbM Opostd 2, HACTPOEH B PEXKUM 3a pabora ¢
CHKOJICPH. BpOSI‘I’LT yBEIIMYaBa IIOKa3aHUCTO IIpU
BBPTCHC B €4HATa ITOCOKa U I'0 HaMaJIABa IIPU BPTCHE
B Jpyrata mocoka. [loka3zaHuero ce u3BeXIa Ha
rosiM, O-paspsiicH JICIUICH ChC CBETEHIM YepBEHU
mrdpu. BposubT MOKe Jla ce HynHpa 1o BCSKO Bpeme
Ype3 HaTHCKaHe Ha OyTOH 5.

B npyrus cu kpaii mpoGHOTO Ts0 14 € 3aXBaHATO
OT HETIOJIBIDKEH 3axBaT 15, KOWTO mpenaBa BbPTSIIHA
MOMEHT KbM JHMHAMOMETHD 8, Ipom3BeneH (hadpruIHO.
Toit paboTi Ha TEH3OMETPHUYCH NPUHIWI W HMa
oboxBar +30 Nm. Jl[MHaMOMETBPBT ce€ 3axpaHBa C
Hanpexxerre SV DC oT TeH30oMeTpHudeH ycuiBaren 3,
¢ kiac Ha TogHocT 0,1 m 16-6mtoB ALIIL, m3Bexmar
Ha aucruies 10 80 moka3zaHus B CEKyHIIa C PE3OIFOITHS
0,01 Nm. bpostybT 2 ¥ MHAMKATOPBT 3 ca MpOW3Be-
nenu (haObpuvHO M UMAT €HAKHB TPE/IeH IaHew, KOeTO
€ KIIOY0BO 3a JIOOpWsI BBHILICH BWJI HA CTEHJA.
WNumukaropsT 3 MoXe Ja ce HylMpa 110 BCIKO BpeMe C
HATHCKaHETO Ha OyTOH 6.

JuHnamomeTspbT 8 € CBBp3aH HEMOJBIKHO C
0oJTOBE KBM BEpTHUKAIHATA ortopa 7. Omopara ChIIo €
CBBbp3aHa ¢ 0onroBe KbM ocHoBata 4. Jletaitnmure 4 u 7
ca m3pabOTeHW OT CTaHAAPTEH TOPEIIO BAaIIYBaH
mpopun UPN120, koifiTo WmMa HHCKAa ILIeHa, HO
IIpUTCIKaBa HCO6XOIII/IMI/ITC TCOMETPU 1 KOpaBHUHA.

EnmexTpryeckara 4acT Ha CTEHIa € IIOMECTEHa B
KyTHsl, ChcTaBeHa oT nanenu 1. [Tanenure ca m3psizanHn
C Jazep OT HepbXKaaeMa CTOMaHa, Clie]l KOeTo ca
OrpHaTH Ha alOkaHT. B cTpaHWuHMs maHen ca
TIPOpsI3aHU OTBOPY 3a BeHTHanus 19. Bepxy 3amaus
TMaHeJ ca MOHTHPAHH: CBETEIl eIIEKTPUYECKHU KITF0Y 32
BKIIIOYBAHE ¥ UW3KIIOYBAaHE HA CTCHNA, CTBHKICH
npe/iasures B THe310 17, Mo3BONSBAIIO MMPOBEpKa U
MOJMSTHA Ha TIpEATIa3uTessi 6e3 CBAITHE Ha TIaHEIHTe;
3axpanBamia Oykca 3a 220V AC, 3a cBBp3BaHE KbM
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eNIeKTpUYECcKaTa MpeXa upe3 CTaH/IapTHH 3aXpaHBaIlIN
kabemn. Peanmm3mpanarta enexTpuuecka cxema €
CPaBHHUTEIHO IPOCTa, Thil Karo ypeaute 2 u 3 ce
3axpanBar ¢ 220V AC, a camuTe Te OCHTypsBAaT Ha
BB3MpHUEMaTENNTe B30y namio Harnpexeane SV DC.

Ourypa 3. CHUMKa Ha HOBOCH3/IaICHUS CTEH]I.

4. IIpoOnu Tes1a, 3aXBATH U OCHOBA

CohliiecTBEHO 3HaYCHHE 3a AW3aiiHa Ha CTeH/Aa UMa
reomeTpusaTa Ha mpooHoto Tsuto. B BJIC 1196-71 [2] e
Jne(hMHUpaHO T.Hap. HOPMAIHO MPOOHO TSI0, HOMUHA-
neH muamersp 10 mm u pabotHa xpmxuHa 100 mm.
Kazano e, ye Morar ga ce M3Moi3BaT MPOOHM Tena,
MPONOPLMOHATIHA Ha HOPMAIHHTE, C HOMHHAJICH
IUaMeTbp He Mo-Manrbk OoT 5 mm. J[agenn ca
M3UCKBaHUS KbM TPAaBOCTTa WU OTKIOHEHHETO OT
HOMUHAIHMS JAUaMeThp. [naBute 3a 3axBamiaHe Ha
NPOOHOTO TS0 ce OOPMAT CIIOpeN U3MUTBAaTEIHATA
MalpHa. 3a CIa3BaHEeTO Ha Te3W HW3HMCKBAaHMS
npoOHHTE Tena TPsIOBa a ce u3padoTBaT HA CTPYT OT
3arOTOBKH C TOJISIM YCJIOBEH JIHaMEThp. 3a Jia ce
n30erHe (pe3oBaHeTO Ha TIJIABUTE 32 3axBallaHe,
3arOTOBKHTE TPsIOBa Ja Ca YCTHPUCTECHHH MM ILECTO-
CTEeHHH NPBHTH. BCHYKO TOBa 3HAYMTEIHO 3aTpyXHSBA
U OCKBIISIBA KakTO CHAOASBAHETO C MOIXOSAIIN
3arOTOBKH, Taka M HM3paboTKara Ha MPOOHHUTE Tela.
ITpn 0OyyeHuneTo Ha CTyJEHTH PEryJsipHO ca HeoOXo-
IVMH TOJIEMH KOJIMYeCTBa MpoOHU Tena. Baxkuo e
TSIXHATa IieHa Aa ObJe HUCKA, a IPOU3BOACTBOTO UM —



nmecHo. 3aroBa cma3BaneTro Ha BJIC 1196-71 mo
OTHOLICHHE Ha TEOMETpUSTa Ha TPOOHHTE Tenma B
ciyyast 6e IpHeTo 3a Helenecho0pasHo.

Crannmaptst ASTM A 938 [7] chabpxka ciaeqHutTe
MPETOPBKH 32 TEOMETPUsTAa Ha MPOOHUTE TeNTa MpU
M3NKUTBAHE HA TEJIOBE Ha ycykBaHe (dur.1):

* HOMMHAQJHUAT JUaMeThp Ha paOOTHaTa 4acT €
KOJIKOTO € IMaMeThpa Ha TeJlTa;

* TIpeNophUMTENHATA IBJDKHHA Ha paboTHATA YacT
e 203 mm;

* TIABHTE 32 3axBalllaHe C€ IIONydaBaT upe3
Or'bBaHE Ha KpauIlaTa MoJ NpaB bI'bJI, KATO IbKHHA-
Ta Ha OrbHATATA YacT TPAOBa Ja € MUHUMYM 13 mm.

KoMOuHammsita Mexmy JiecHa 3a HU3padOTBaHE
reoMeTpuss W H300WINEe OT TOIXOAAIIM METATHU
OpFTH HA Ta3apa C HUCKa [eHA CTaHa TMPUYMHA
CTEHIBT Ja Ce MPUTOAX 3a paboTa ¢ MMEHHO TaKhBa
npoOHu Tena. OcoOeHo MoaXoAsIa 38 YUeOHH LIeNH €
apmarypHata ctomaHa S235 ¢ amameTsp 6,5 mm.
OcBeH ue ce pazpymaBa npu okono 24 Nm, koero e
TOYHO B 00XBaTa Ha CTEHJA, TS CE& OTJIMYaBa C MacOBO
MPOU3BOJICTBO, HWCKAa I[IEHA, WMa IUIOMAJKa Ha
MpOBJIAYaHe W THPIHU TOJEMH IUIACTHYHH Jedopma-
mu. AKO TpoOHHTE Tena ca Oe3 JOMBIHUTENHA
o0paboTka TpsiOBa sma ce ordyere, ye Qopmara Ha
HAIIPEYHOTO CEYEHHE M TParaBOCTTa Ha apMaTypHUTE
MIPBTHU ca U3BBH npeanucanusaTa Ha bJIC 1196-71.

3a ;1a ce ompocTH KOHCTPYKUMSITA € PEJBUICHO 12
Ce MBIHUTBAT caMO MPOOHU Tela C TeoMeTpusita OT
¢ur.l, ¢ mmamersp Mexmy 5 mw 7 mm. He e
MpeBUACHO 3aXBaTHTE Ja MOTaT Ja CE MECTAT B OCEBO
HampapJieHHe, a JUHAMOMEThpa M peaykKTopa ca
opa3mepenu 3a HomuHasieH ToBap 30 Nm. B cammure
3axBaTH € Ppe30BaH IBIOOK MPOpe3, KOUTO:

* OCHTYpsIBa CBOCHOCT Ha MpPOOHOTO TSJIO C
W3XOAIIMS BaJl Ha PEAyKTOpa U JMHAMOMETHPA;

* OCHTYpsiBa TPEJABAHETO HA BBPTAIIMSA MOMEHT
Ype3 OrbHATHTE KPaMIlia Ha IMPOOHOTO TSUIO;

* ocHTYpsiBa OCeBa XJIaOWHA Ha MPOOHOTO THIIO, 32
Ja ce n30erHe BH3HMKBAHETO HA OCEBO YCHJIME MO
BpeMe Ha eKCIIepMEHTa, KaKTO Ce U3UCKBa B [2].

npuroJi€Ha 3a CBBbP3BAHE C JIOCTA, 4YPE3 KOMTO CTaBa
Kanu6pnpaHeT0 Ha CHUCTEMaTa 3a MU3MEpPBAHC Ha
BBPTAIIUA MOMCHT.

5. 3akiarouenue

Huckara nena, 1o0poTo KauecTBO U AOCTBITHOCTTA
Ha KOMIIOHEHTHTE HalpaBHXa Bb3MOXKHA YCIICIIHATa
coOCTBeHa pa3pabOTKa Ha CTEHI 3a HM3MUTBaHE HA
YCyKBaHE 3a y4eOHM ILIeJIM, C KpaiHa IeHa, KOATO €
elBa HSKOJKO MpOLEHTa OT Tasu Ha TOTOBUTE
CTEHJIOBE, IIpeJIaraHy Ha ra3apa.
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I CoOMETpuUATa Ha HECIIOABM>KHUA 3axBaT €
CREATION OF PURE TORSION TESTING MACHINE
INTENDED FOR LABORATORY WORKS
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nyky@tu-sofia.bg baborisov@tu-sofia.bg nkuzmanov(@tu-sofia.bg

Strength of materials department, Technical university - Sofia, Bulgaria

Abstract: This article describes the creation of economically viable stand for laboratory works on
topics "Materials testing" and "Pure torsion", which is part of the course "Strength of Materials". A review
of existing solutions and requirements for this test are made, a concept is selected and the technical
requirements are formulated, the construction of the created stand are described.
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Pe3rome:

B Ta3u craTtus e omucaHa MeToAMKara 3a paboTa ¢ HOBOCH3/IaJICH CTeH/I 33 M3ITUTBAHE HAa MaTepPHAITU
IIPY YMCTO YCYKBaHE, MPETHA3HAYUCH 32 00YUCHHE Ha CTyIeHTH. MeToMKaTa 1iie OCIyXHU Ja Ce J0pa3Bue
cera ChIIIECTBYBAIIIOTO JIAOOPATOPHO YIPaKHEHUE ,,/3MUTBaHe HA MaTepUaiTe , KAKTO ¥ Ja CE Ch3/aJIe
HOBO JIaA0OpaTOpHO yIpaskHEeHue, Ha Tema ,,Jucto ycyksaHe . 1 nBere Temu ca yacT OT 0O0y4YEHHETO MO

,»CBIIPOTUBJIEHUE Ha MaTepUanTe .

KirouoBu nymu: usnumeane na mamepuanume, Cmeno, YUCMo YCyKeane.

1. BbBenenue

WznurBaneTo Ha  MaTepuUaUTe TPU  YUCTO
YCYKBaHE € eKCIEepPUMEHTaJHa JEeWHOCT, OCOOEHO
MOAXOAAINA 32 OOyYeHHE Ha CTYISHTH, H3y4daBalld
,,CBIIPOTUBIICHNE Ha MaTepuanuTe’. ToBa M3NHUTBaHE
oborarsiBa 3HaHWATA W YMCHUSATA Ha OBJCHINUTE
WH)KCHEPH B TPU HATIPABJICHUS:

e ONpEeNeIAT Ce BaXHH MaTepHAIHM CBOMWCTBA,
HEOOXOANMH 32 SIKOCTHO-Ie(OPMAIIIOHHUS aHaJIN3 Ha
JIETallJI U KOHCTPYKLINY;

® ICMOHCTPUpAT CE ¥ Ce W3SCHIBAT BAKHU 3a
IpaKkTuKaTa (1)I/ISI/I‘IHI/I SIBJICHHUSA, KOUTO Ca 3aCTBIICHU H
B TEOPETHYHOTO 00YUEHHUE TI0 AUCIUILINHATA,

® pa3BUBAT Ce MPAKTUYECKH YMEHHS 3a IIPOBEXK-
JTaHEe Ha eKCIIEpUMEHTH 1 00padoTKa Ha pe3yITaTH.

C 1en BpBEXKIaHE HA W3NHWTBAHETO HA YCyKBaHE B
yaIeOHUS TIPOIIEC, ITEPBOHAYATHO 0€ Ch3IaAeH CTCH] C
IpocTa KOHCTPYKIMS W HUCKA I[eHa, OT KOWTO JIECHO
MoraT Ja ce N3pabdOTAT HAKOJIKO Oposi, ¢ KOUTO Ja Ce
o0opyBa moaxozsia Jadboparopus. Tasu pa3padboTka
e moapoOHO omwvcaHa B [1], a CTEHOBT € MOKa3aH Ha
¢ur. 3. CremBammsaT eTam ¢ Aa ce Ch3Aane METOANKa
3a pabora CbC cTeHAa W 00pabdOTKa HA IOMYUCHUTE
pesynraty, Ha Oa3ara Ha KOSTO Ja C€ TIOATOTBAT
T1a00paTOPHATE YIIPAKHEHHSL.
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2. U3nomBann TEOPETUIHH 3AaBUCUMOCTH

[lpy w3nMTBaHE Ha YCyKBaHE C€ M3MepBar
€THOBPEMEHHO JIBE BEJIMYMHH — BI'bJI HA YCYKBAaHE ¢ U
YCyKBaIll MOMEHT M, W ce TOoydYaBa 3aBHCHMOCTTA
M(p) — ¢ur. 1. Heobxomuma e obaye KpuBaTa Ha
nedopmupane Ha mMatepuaia 7(y) (7 — TaHT€HIMAIHO
HampeXeHue; 7, % — OTHOCHTENHO IUTB3raHe IIpu
yCyKBaHe), MoKa3aHa Ha (ur. 2, KosATo JaBa nHgpopma-
WSl 32 HSKOM BayKHM MaTepHayHu cBolicTBa. [lopamn
HEPaBHOMEPHOTO pasMpee/ieHUe Ha 7 0 HalpPEeYHOTO
CeyeHHe, IOTyYaBaHETO Ha 3aBHCHUMOCTTa 7()y) OT
eKCIIEPHIMEHTAJIHO ToiyueHata M(p) € 3HaYMTeITHO
HO-CJIOKHO OT aHAJIOTMYHOTO TpaHC(OpMUpaHE Ha
3aBucumoctTa F(AL) kbM KprBaTa Ha JeopMupaHe
Ha MarepHuana ox(¢) TpU HU3MUTBAHETO Ha OMBH (F —
cuia Ha obH; 4L — abcomoTHa HaThKHA iedopma-
WS, 0y — HOPMAJHO HAINPEeXEHUE; € — OTHOCUTEIHA
HamtekHa  gedopmarmst). Ilo-momy HakpaTko e
00SICHEHO KaK ce IoJTy4aBa KpuBara Ha JiehopMupaHe
IpH YCYyKBaHE M OCHOBHHTE MAaTEpHaIHU CBOWCTBA,
CBBP3aHH C Hesl.

Monyrer Ha briuoBute naedopmammun G ce
npecmMsita o ¢popmynara

G- 32M L,

_eML  p,
(¢, — )7 dy

(M



KbaeTO: M, Pa € CTOMHOCT OT JIMHEWHUS y4acTbK Ha
kpuBata M(p). CwrmacHo [2] G ce mpecmsTa 3a
HampexeHuss B wuHTepBaia or 10 mo 100% ot
TpaHHIaTa Ha MPOMOPLUHOHATHOCT; Lo, m — MepHa
IBJDKWHA Ha IPOOHOTO TSUIO; @1 M @2, rad — aOCOMIOTHH
BIJIM Ha YCyKBaHE Ha ceueHus | W 2, orpaHuvaBaliy
MepHaTa 4acT OT MPOOHOTO TSUIO; do, M — HOMUHAJICH
JUaMeThp Ha IPOOHOTO TSLIO.

OTHOCHTEITHOTO TUTB3raHe MpPH YCYKBaHE y ce
npecmsita 1o popMmynara

((02 _¢1)d0 100, %. (2)
2L,

Crmen mpecMmsiTaHe Ha Yy ce TIOCTPOsiBA KpHBara
M(y). Ot Hes ce onpenens Mp — cTrodHOCTTa HA M, Ipn
KOSITO TAHTEHCHT HA BI'bJa, KOMTO CKIIFOUBA JOMUpa-
TeJHaTa KbM Ta3d KpUBa C OpJMHATHATA OC, HApacTBa
¢ 50% crpsiMO CTOMHOCTTa CH B JIMHEWHHS Y4aCThK.

['panniaTa Ha MPOMOPIMOHATHOCT TIPU YCyKBaHE
Tp ce TpecMsTa 1o GopmMysaTa
16 M,

T
P
rd;

}/:

, Pa. 3

3a CTOWHOCTM Ha YCYKBAalllisl MOMEHT, IO-MaJK{
oT Mp kpuBara Ha aeopMHpaHe HA MaTepraia MOXKe
J1a ce ToCTpou 1o hopMyJIaTa 3a eacTHIHO yCyKBaHe:

16 M
()= 10M0) p, @
wd,
[Ipu cpmioto ycnoue (M < Mp) HampexeHHATa B
MPOU3BOJIHA TOYKA OT HAIIPEYHOTO CEYCHHUE ca

e(p) =22 5, Pa, )
wd,
KBJICTO p, M € Pa3CTOSHUETO OT MPOU3BOJIHATA TOYKA
JI0 IIEHThPa Ha CEUYCHHUETO.

YcnoBHaTa rpaHuIia HA TPOBJIAYaHE 73 CHIVIACHO
[2] e HampekeHHeTO, pecMeTHaTo 1o Qopmyina (4),
P KOETO O MOBBPXHOCTTa HAa MPOOHOTO TSIO CE
nomy4aBa 0,3% ocrtarbuHO ib3rane. IIpuema ce, ye
IUTH3TAaHETO TPU HANPESKCHUS HANl Tp € IUIACTUYHO.

25

M, Nm
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®urypa 1. 3aBucumoct M(p) 3a apMaTypHa CTOMaHa,
MOJTy4eHa EKCIIEPUMEHTAIHO.
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Taka 703 ce momydaBa, Kato BbB Qopmyna (4) ce
3aMecTH C ycyksaiy MoMeHT M(yp+0,3), KbaeTo yp €
IUIB3raHeTo, TpH Koero ce monydaBa Mp. Ilpm
MaTepraliy ¢ IIOMaKa Ha MPOBJIaYaHe MOXKE BMECTO
703 Ia C€ YCTaBU M M3IION3Ba JIEWCTBUTEHATA TPaHULA
Ha MPOBJIa4YaHe MPH YCYKBAHE Ts.

JleiicTBUTENIHATA TPaHULIA HA SIKOCT MPU YCyKBaHE
g ce IpecMsITa 1o gopmymara

4 am
Tp 2_3(3MB +9d—;), Pa, (6)

md;
KbAETO Mp € MaKCHMAITHISIT (pa3pyIlaBail) yCyKBarl
MOMEHT, a
9=L2"% _ 9 a4 7
Ly Ly
— crieruguyeH brbJl Ha YCYKBAHE.

B [2] ce npenoppuBa aa ce noctpon kpusara M(6),
crien koeto dMp/df na ce monydd KaTto TaHTEHC Ha
BI'bJIa, KOUTO JOMUpATeNIHATA KbM Ta3d KpHBa B TOU-
KaTa Ha pa3pyllaBaHe B CKITlouBa ¢ abcIucHara oc 6.

Twii xaro ceriacHo (6), (7) u (2) t=£0), =fp)n
y=fp), TO ¢ ToMoImTa Ha Te3n TpU (OPMYIH OT
OIMTHO TONy4YeHaTa kpuBa M(p) ce moctura 10
HeoOXoMMaTa KpuBa Ha JieopMupaHe Ha MaTepuana
7(y) 3a TImacTHIHATa 00J1acT, B KOATO hopMyna (4) He e
BaJIWIHA.

3. Meronuka 3a paGoTa che cTeHIa

3.1. Kambpupane na cucmemama 3a uzmepsane Ha
VCYKGAWUSL MOMEHM

KamubOpupaneto ce U3BBpIIBA  3aIBIDKUTEIHO
Nped BBBOXKAAHE Ha CTCHIA B EKCIUIOATAIMs |
MPENOPHUYUTEITHO — BETHBXK TOJUIITHO:

o Hemoppmwxuusar 3axsar 15 (¢ur.3 6,2) ce
MOHTHpPA B TOJIOKCHHUE, TPH KOETO IUIOILIAJKHTE IO
BBHIIIHATA MY TIOBBPXHOCT Ca XOPU30HTAIIHH;

o [Tocrapst ce momamnopa 20, kato ce m00aBs cMa3Ka
B KOHTAKTa MEXJTy Hesl U 3aXBara;
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®urypa 2. 3aBUCUMOCT 7(y) 3a apMaTypHa CTOMaHa,
npecMeTHaTa 1o JaHHUTeE oT ¢ur. 1.



o [Tocrass ce racuen kmou 21.

e [TocTaBs ce CTOMKA 3a TEKECTUTE;

o CTeHIBT ce CBBP3Ba KbM €JIEKTPUIECcKaTa MpeKa
U ce ITyCcKa 4pe3 Kinod 16;

¢ B mamerTa Ha ycuiBarens 3, 4pe3 KllaBuarypara
Ha TpeAHUS My TIIaHEd, Ce 3aJaBa KauuOpupaia
CTOMHOCT Ha YCYKBAaIl[Us MOMEHT, KOSITO TPsIOBa Jia €
Onm3Ka 0 HoMUHAIHATa cToHHOCT OT 30 Nmy;

e Harucka ce u ce 3amppxka OYTOH ,,HAIOMy",
JIOKaTO C€ HyJHMpa IIOKa3aHHUETO Ha JUCIUIes H
ABTOMATU4YHO CE BBBEJC CTOMHOCTTA HAa HYJICBOTO
[IOKa3aHKE B IaMETTa Ha ype/a;

¢ baBHO W BHUMATEHO ce JOOaBAT TeKecTUTe 22.
[omydaBa ce kanmOpwpar] yCyKBaml MOMEHT, Karo
MPOM3BEICHNE OT CHWlaTa Ha TEXecTra  II0
PA3CTOSIHAETO IO XOpPW3OHTaJla MEKITY TOdKaTa Ha
OKauYBaHE M HA/UTHKHATA OC HA TUHAMOMETHPA;

e Harncka ce m ce 3amppka OyTOH ,Harope™,
JOKaTo ce TOSBH TOTBBPXKIEHWE Ha MIWUCIUIeS 3a
M3BBpIIAHO KanuOpupane. Ilpu ToBa ypeasT aBTOMAa-
TUYHO V3YHCIIABA HEOOXOAMMHAT —IpeoOpaszyBar]
KoeuIeHT;

e BHnmarenHo ce cBamAT TexecTHre. JIpCIuiesT
TpsiOBa 1A MOKaXke cToiHOCT ,,0°;

e CBajis ce CTOMKATA M TAa€UHHUAT KIIIOY, KOUTO Ca
Tapa Npu KanuOpupaHeto. HMHIMKATOPHT MOKa3Ba
OTpUIIATEIHA CTOMHOCT, KOSITO Ce HyJmpa ¢ OyToH 6.

3.2. Ilocmassne Ha npobHOMO msio:

o HenoppmwxuusaT 3axBar 15 ce MOHTHpa ¢ KaHaida
Harope;

e Upe3 BBpPTEGHE Ha pHKOXBaTka 9 ce Hammpa
TMOJIO’KEHUE Ha 3axBaT 13, IMpu KOETO MPOOHOTO TAIIO
14 Bm3a cBOOOIHO B KaHAJMTE Ha JBATa 3aXBara;

e [loctaBs ce MpPoOHOTO TAIO, KaTO Ce MPOBEPsiBa
Jia € OIIPSUIO TUTBTHO B TBHOTO Ha KAHAIIUTE, C KOETO Ce
TapaHTHAPa OCEBOTO My TIOJIOKEHUE;

e B niBara 3axBara ce HaBUBaT (DACOHHU BHHTOBE,
KOWTO IIEHTPOBAT IPOOHOTO TSJIO M TPHIBPIKAT
YaCTHTE MY CJIe/l pa3pyIlliaBaHe;

o AKO ce M3NHTBA MaTepHall, IPU YHUETO paspyIia-
BaHE MMa OMAacHOCT OT OTXBPBbKBaHE Ha OTIOMKH, CE€
J00aBs peanazuTes OT Mpo3paydHa MIacTMaca.

3.3. Hynupare nokazaunusma Ha Oucnieume

o YcunBarensaT 3 ce Hyimpa ype3 OyToHa 6 mpeau
BBPXY IIPOOHOTO TS0 14 1a € ynpakKHEHO YCHITHE;

e PrroxBarkaTta 9 3amouBa 0aBHO Ja ce BBPTU B
n30paHara MOCOKa, JIOKAaTo ce obepe xyaOMHATAa B
HaTOBapBalllaTa CUCTEMa;

B MoMeHTa, B KOHTO JHUCIUIEIT 3 OTYETe
HaJIMYMETO Ha YCYKBaI] MOMEHT (cToiHOCT ,,0,01°), ce
HyJApa TIOKAa3aHWETO Ha JAWCIDIEH 2, OTYWTAall
BITI0BaTa IehopMalIis, Upe3 HaTHCKaHe Ha OyTOH 5.

11 \12 (13 14 15/ 16/ 17/ 18

(.

19

2

20 21 22

@urypa. 3. M300pakeHnst Ha pa3pabOTEHHUs CTEH]T 3a M3IUTBAHE HA YCyKBaHEe

a) obu1 m3rITen oTIpea (Mozem); 6) o0 M3TIIeNT 0T3a1 (MOJIEN); 6) CHUMKA; 2) KanOpHupaHe

1 - manemy; 2 - quctuIeit 3a BriIoBa AeopMaIst; 3 - TUCIUICH 3a BPTAIINSI MOMEHT; 4 - OCHOBA; 5, 6 - OyTOHM 3a HyJHpaHe;
7 - oniopa; 8 - IMHAMOMETED; 9 - ppKoxBatKa; 10 - peaykrop; 11 - mpeanasuter; 12 - eaxonep; 13 - moasmkeH 3axsar; 9 -
mpoOHO TsU10; 15 - Hemo BrKEeH 3axBaT; 16 - Kittoy; 17 - enekTpuyecku npenasurer; 18 - 3axpanparia Oykca; 19 -
BEHTIIALMOHHU 0TBOpPH; 20 - moanopa; 21 - raeueH kimtod; 22 - TEXKECTH.
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3.4. IIposesicoane Ha usnumeanemo

CTeHABT MO3BOIISIBA TPOBEXKIAHETO HA J[BA BHIA
W3MUTBAHUS:

e Unicta nemoHcTpauus. B To3u ciydail mokasa-
HUsITA HA JUCIUICUTE HE ce 3ammcBart. [lo apnkuHaTa
Ha MPOOHOTO TSUIO CE HAHACS IUTHTHA JIMHHSA 32 TIO-
no0pa Busyanusanus Ha jaedopmanmsara. B xoma Ha
M3NHUTBAHETO MOXKE TIPOU3BOJIHO JIa C€ MEHH CKOPOCT-
Ta Ha HATOBAapBaHE WM Ja CE MPEKhCBa BHPTEHETO HA
pPBKOXBATKaTa, C el HAONIOJCHHE M KOMEHTApH Ha
MPOTUYAIIUTE MPOLIECH.

e OnpeensgHe HA MaTePUATHU XapaKTEPUCTUKU. B
TO3U Cydail MOKa3aHUsATa Ha JMCIUIEUTE Ce 3arlicBaT
3a To-HaTaThIHA 00paboTka. Thi KaTo IIacTUYHATA
nedopmaiyis € 4YyBCTBUTEIHA KbM CKOPOCTTa Ha
nedopMmupane, a TpU HANPEKCHHS HaJBUIIABALIH
rpaHuIlaTa Ha MPOBJaYaHe ce MOoIyyaBa M ITbJI3EHE Ha
MarepHuaia, € KeJaTeJJHO pPhbKOXBaTKaTa Jja Ce BbPTH C
TIOCTOSIHHA CKOPOCT TI0 BpEME Ha IIe NS €KCIIEPUMEHT.

Cren pa3pyIraBane Ha IPOOHOTO TSUIO MOTAT Ja Ce
HAITPABST CJCHUTE OIIbJIHUTEIIHN HAOIOICHHUS:

e XapakTep Ha JIOMa — KPEXKO FJIHM IUIACTUYHO
paspylliaBaHe, HAIMYHWE HAa TMyKHAaTHHA B JOMa. 3a
CBIIOCTaBKa MOXE Jia ce M3IoM3Ba mpuioxenne C Ha
cTaHaapt [3], Kato ce 0OSCHI CMUCHIBT Ha OTICITHUTE
BHJIOBE pa3pylllaBaHe.

e PaBHOMEPHOCT HAa TUIACTHYHUTE JleOpMAIIUH.
UscnenBa ce gopmara Ha HaUTHKHATA JIMHUS, HaHe-
CeHa MO NWIMHJPUYHATA TIOBBPXHOCT HAa MPOOHOTO
Tsmo. [lmactuunnTe MaTtepuamy OOMKHOBEHO Ce
nedopMupaT CpaBHHTENTHO pPaBHOMEPHO, MPU KOETO
ITbpBOHAYAHATA TIpaBa JMHHUA ce aedopMupa B
paBHOMepHa BuHTOBa JWHWSA. lloHsAKora, Hampumep
MIPY CTYJEHO W3TETJIEHN CTOMaHEeHH NMPBTH, INIaCTHY-
HUTE nedopManmyl ca CHITHO HEPaBHOMEPHH II0
nemkrHaTa. OOpasyBar ce 30HH ¢ ronemu aedopma-
[UH, aHAJOTMYHM Ha INHWHKaTa NPy W3NHWTBAaHE Ha
orrbH. B TO3M ciy4ait popmynara (6) 3a mpecMsTaHe
Ha TaHTCHIMAIHUTE HANpPEeXKCHUs] B IUIACTUYHATA
00IIacT € HeMPHUIIOKUMA.

e lI3MepBaHe HAa HAUILKHHUTE W HAIPEYHHUTE
pa3Mepy Ha MPOOHOTO TSUIO. 3a MUIUHIPHYHU TTPOOHU
Tema Lo U dy ocTaBar TMpPaKTUYECKH HEMPOMCHCHU,
KOeTO ce OOsICHABAa C BHJA HA HANPETHATOTO H
ne(OPMAIIOHHOTO  CBhCTOSHUSL W €  Harlie[Ha
WIIOCTPAIUS Ha TEOPUSTA.

5. 3anucsane na pezynmamume

CTeHABT YMHIIJIEHO HE € CHAOJIEH C BE3MOXKHOCTH
3a ChXpaHeHne 1 00padOoTKa Ha IMOKa3BaHWTE Ha JiBaTa
JWCIUIes JTAHHW, HUTO C BB3MOXKHOCT 332 BpB3Ka C
KoMITioTEp. Unesra e ¢ y4eOHa men AaHHWTE Oa ce
00paboTBaT PHUYHO, C MAKCHMATHO OCMHCIITHE Ha
OTICITHHUTE eTanmm OT oOpaborkara. [IpermoppuBar ce
CIIe[THHTE JIBA MTOXOa:

® pBhUCH 3anuc Ha AaHHUTe. HeoOxoaumu ca mBaMa
JYIIW: €IMH 33/IBUKBA CTCH/IA U TUKTYBA TIOKa3aHUATA
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Ha JMCIUIeMTe, BTOpUAT 3amucBa. OTuereHuTe
HOKa3aHus ce mombiBar B Tabimna. CThIKara, mpes
KOATO CE 3alMCBaT JAaHHHTE, CIIENBA /1A € [O-MaJlka B
eNacTHYHaTa 00JIacT M B 00J1acTTa Ha MPOBJIAYAHETO, U
NO-ToJsiIMa — B OCTAHAJaTa YacT OT IUIACTUYHATA
obmacr;

e B0 3anuc. JlucruienTe 3a 3acHEMaT ¢ Kamepa
Ha MOOwIIEeH Tene(OH WK ¢ APYro yCTpoicTBo. Taka B
TIOCTICZICTBUE KpHMBaTa Ha Ae(OpMHUpaHEe MOXKE Ja ce
TIOCTPOM T10 TIPOU3BOJIEH Opoii ToukH. ExcniepuMeHThT
€ TIO-TOYEH 3apajyl IO-PaBHOMEPHOTO 3a/IBIKBAHE U
CBBCEM TOYHO OTYHMTAaHE Ha MOKazaHusATa. HemocTaThk
€ YBEIIMYEHOTO BpeMe 3a 00paboTKa Ha pe3ysTaTHre.
3.6. Obpabomka na pezyimamume

[TeHaTa 00pabOTKa HA ONMUTHHUTE JAHHU H3HCKBA
Te nma ce odopmar karo Tabmuua (tabmuma 1).
[IpemopruBa ce 1a ce M3MON3BAa KOMITIOTBD ChC
codTyep 3a eIEeKTPOHHH TAOIULIN.

Tabnuya 1
0,° M,Nm | v,% | tgf | e MPa |7, MPa
n3bpaHa | ekcrepu- | ¢-na ¢h-na ¢h-na
CTBIIKA MEHT 2) 4 (6)

3.6.1. IlpecMATa ce OTHOCUTEIHOTO ILTB3raHE IIpU
ycykBase Y, %, 1o gopmyna (2).
3.6.2. Onpenens ce rpaHULiaTa Ha MPONOPLMOHAIHOCT
Tp CIIOPEA TIPENUCaHMsTA B [2]:

o [IpecmsaTta ce tgff, KbACTO f§ € BIBIBT MEKIY
JlonvpaTeNHaTa KbM KpuBaTta M(y) U OpIMHATHATA OC;

e MzuepraBa ce rpadukara tgf(y) U OT Hes ce
OTIpeIIeNsl CTOMHOCTTA Ha tg [ 3a JIMHEWHUS YYacThK
(tg fo);

o [IpecmsTa ce croiiHocTTa 1,5 tg 6 U ce oTOems3-
Ba KAaTO XOPHM3OHTAIHA JIMHUS BBPXY TIpadukara
tg f(y). Otunra ce abcumcara Ha TpecedHara TOUYKa
MexIy XopuzoHTanara 1,5tg f¢ u rpadukara tg ().
Ta3u aOcuuca € yp — OTHOCUTENIHOTO ILTB3TaHe, MPU
KOETO C€ JIOCTUTra IPaHULATa Ha IIPONIOPLIHOHAIIHOCT;

e [I3uepraBa ce kpuBata M(y). Bbpxy Hes ce
HaHacsl BepTuKajiaTa yp. AOcupcara Ha TIpeceyHaTa
TOYKa MeXIy KpuBata M(y) u BepTukanara yp € Mp —
YCYKBAIIAT MOMEHT, IPU KOWTO CE JOCTUra TpaHu-
1ara Ha MpONOPLMOHATIHOCT;

e [IpecmsiTa ce rpaHuIaTa Ha MPOMOPLIMOHATTHOCT
p, KaTo BBB opmya (4) ce 3amectu M ¢ Mp.

3.6.3. IlpecmsiTa ce meicTBUTENHATA TPAHUIIA HA TIPO-
BJIa4aHe Ts WIN YCJIOBHATA IPaHHUIIa Ha TIPOBJIA4YaHe 7o3
criope; peAnvcanusTa B [2]:

e Pasrnexxna ce rpadukara M(y). Ako MaTepHarbT
UMa IUIOINAJIKa Ha IpoBjadaHe, ce ompenenst Ms —
MOMEHTBT, IIPU KOMTO 3aII04Ba IIPOBJIAYaHETO;

e AKO MaTepHaITbT HsIMa SICHO M3pa3eHa IUIOMIAKa



Ha TpoBiayaHe, ce ompepensi Mo. Bbpxy kpuBara
M(y) ce nanacs Beprukanara yp+0,3. AOciucara Ha
npeceyHaTa TOYKa MeXOy Kpueata M(y) W Ta3u
BepTUKaiia € Mos;

e [paHunata Ha MpOBJIAYaHE CE NPECMATA, KaTo
BB (opmyna (4) ce 3amectu M ¢ Ms i ¢ Mos.
Koraro ce n3znomsBa Ms ce nomyyasa JeHCTBUTEHATA
rpaHHIla Ha TIpOBJIaYaHe 7s, @ KOraro ce u3noyzBa Mo
ce MoJTyyaBa yCJIOBHATA TPaHuIIa Ha MIPOBJIAYaHe 7o3.
6.4. [locmposisa ce kpusama Ha Oegopmupane Ha
Mamepuana

eB menus 1uana3zoH Ha YCYKBAIlMs MOMEHT
TAHTCHIMATHOTO HAlPE)KEHHE Ce NpecMATa Mo
(opmynara 3a e1acTUYHO yCyKBaHe (4), el KOeTo ce
MOCTPOsIBa TpauKaTa Z.());

eB menus uana3zoH Ha YCYKBaIMs MOMEHT
TaHTCHIMATHOTO HANPEeKEHHE Ce TpecMATa Mo
(hopmyiata 3a IIACTHYHO YCYKBaHE (6), Cliell KOETO ce
MOCTPOsIBA rpaduKata T,.();

e Kpuata Ha nedopmupaHe Ha Marepuaga ce
II0JTy4aBa KaTo KOMOMHAIWS OT TOPHUTE JIBE KPUBU: 3
CTOMHOCTM Ha T MO-M&IKM OT T7s C€ U3IM0I3Ba
rpadHKaTta Te(y), a 32 OCTAHAIUTE CTOHHOCTH - Tya().
6.5. Onpedena ce epanuyama Ha AKOCH NPU YCYKGAHe
T3 — HaW-TosIMara CTOMHOCT Ha 7, OTYETEHa OT
KpuBaTa Ha AeopMHpaHe Ha MaTepuaa.

6.6. Onpedens ce MoOYIbm HA bel1OBUME OeopMmayuu
G. To3u creH JaBa 3aHMKEHU CTOMHOCTH Ha G, ThU
KaTo M3MepeHara cyMapHa Ae(opMais € Io-TolisiMa
or gaedopmamuATa B pPaOOTHUS YYaCTBK, YHATO
IbDKAHA ydacTBa BbB (hopmyna (1). HesaBucumo ot
TOBa, ¢ ydeOHa 1en G MOXe J1a ce OMNpenesu Io
CIIeJTHATa TIOCIIC/IOBATEITHOCT:

e OnpezienaT ce HAYaloTO W KpasT Ha JIMHEHHUS
y4acTbK OT KpuBara M(y), Karo ce H3IoI3Ba
rpadukara tgfS(y) or Touka 3.6.2. C momomra Ha
Tabimmma 1 ce ompemeNsT HAYaNHUAT BIBI @1 U

KpalHUAT bI'bll (0 HA TMHEHHUS Y4aCThK;

e MonynsT Ha BriioBUTEe nAedopmamuun G ce
npecmsra 1o popmyna (1). Iomyuenara croifHOCT ce
YMHOXKaBa TI0 KOPHTHpAIL KOE(QUIIMEHT, MO-TOJISM OT
enununa. CTOMHOCTTa Ha KOPUTHPAIIUS KOS(HIEHT
MOXKE JIa C€ OIpENeNH C OTAENECH EKCIEPUMEHT, WU
KaTo ce u3MNoi3BaT JaHHU OT JIMTeparypara 3a
peanHaTa cToHOCT Ha G 3a M3IUTBAHMS MaTepHall.

5. 3akiniouenue

PaszpaboreHa e 11s10CTHA METOIMKA 32 TIPOBEIKIAHE
Ha M3IUTBAaHE HAa YCYKBaHE C HOBOCH3/IAHECH CTCHJ| U
3a o0paOoTka Ha moONy4YeHHTe pe3ynTatd. Hsikou
eTanM Ha METOJMKara ca CBbp3aHH C paboTa c
Tabmuim W/ noctpoeHus. HeoOxonauma ¢ BHUMa-
TEMHa TMpeleHKa KakBa dYacT OT paborata Iio
oOpaboTka Ha pe3ynTaTute Aa ObJie BBH3IOKEHA Ha
CTYyJIEHTHUTE, 32 J1a He C€ YCIOXHHU YIPKHECHHETO.
[Mpoueckr Mo 00paboTKa HA PE3YNITATHUTE MOXKE
3HAUMTENHO Jia ce OOJIEKYHM, aKO MOMBJIHUTEIHO CE
CB3/IaJIC CIICIMAT3UPaH CO(TYEPEH MPOIYKT.
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Abstract: This article describes working methodology for newly created pure torsion testing
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Pesrome:

B Hacrosimata paboTa e HampaBEHO YHCIICHO MojenupaHe Ha kpwio ¢ npoguir NACA 0012. Monemmpaneto e
m3BBpIIEHO ¢ moMornra Ha codryepa ANSYS Workbench. Konerpykimsita Ha kxprioto € monenmpana upe3 Merona Ha
kpaiiaute erteMentr (MKE) nocteiie B cpenara Ha ANSY'S. Kprioto e ¢mkcupaHo B eauHust ¢ kpait. [lenra Ha HacTosmieTo
V3CIIC/IBAHE € /1A CE MPEIIOKK YUCIICH TIOXOM, KOMTO € CIIOCOOCH Jia OCHTYPH BE3MOXKHOCT 32 MOJICITPAHE HA KOH(UIyparpsTa
Ha KPWIOTO, CJIE/T KOETO /i CE MPECMETHAT HETOBUTE COOCTBEHHUTE YECTOTH U (DOPMHU HA TPEITTEHE.

Kaw4yoBu 1ymu: uucierno modenupane, mpenmene, camoiemno kpuio, ANSYS Workbench

|. BbBenenue

[IpoBeneH € MonajieH aHaIU3 Ha KPWIO C npoghui
NACA 0012 . Kpunoro e momemmpano B cpema ANSYS
Workbench. Mznomssan e MeTona Ha KpaiHUTE eleMeHTH
(MKE, FEM), upe3 KoiiTo € m3rpajgeHa KOHCTPYKIHSTa Ha
Kpuiioto. EnuHusAT Kpaii Ha KPHIOTO € (DHKCUPaH.

Kpunoro nma criemanTe reoMeTpidHY mapamerpH, [ 1]:

- b, xopnaHaxpwioto—b = I m;

- [, pastiepeHOCT Ha Kpiioto — [ = 5 m;

- ¢ nebemmna Ha Kpuiioto —c¢ = 0.01 m;

OOeKT Ha HACTOSINIETO W3CIEABAHE € JIa CE HAMEPAT
ITBPBHTE IIIECT COOCTBEHHU YeCTOTH ¥ (DOPMH Ha TpErTeHe Ha
KpUJI0TO, m3non3eaiiku codryepa ANSYS Workbench.

1. KoncTpykimsi Ha cCAMOJIETHOTO KPHJIO

KoncTpykiata Ha CaMOJETHOTO KpWJIO €
nokazana Ha ¢wur. 1. KpunoTo e u3rpajeHo ot Marepua
ATyMHHHI - Aluminum 6061-T6, [2].
AepoanHamuaHuAT nipodua Ha kpuioto € NACA 0012.
Monyna wa IOHr 3a amymuHueBata cmm@aB € FE =
6.894745x10" N/m? , xoemrmenta Ha Ioacon e i = 0.33
v rsTHOCTTA € p = 2700 kg/m?, [1].

< T

0,00 500,00

1000,00 (mm)
]

0,00 1500,00

3000,00 (mm)
]

750,00 2250,00

@ur. 1 CamoserHo kpwio B cpega ANSYS
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O3HayeHUsITa 32 TEOMETPUUYHUTE XAPAKTEPUCTUKH Ha
KPHJIOTO Ca ChITIACHO U3TOYHUK [3].

1. YucieH Moaea

Pa3paboTeHnst YnCieH MOl Ha CAaMOJIETHOTO KPIJIO
e 6aszupan Ha momgxoa passut ot Cornell University web
[1]. B wHacrosmero wW3cienBaHe TreoMeTpUsTa Ha
CaMOJIETHOTO KPWJIO € Mozesupana ¢ nomorura Ha CAD
co(TyepeH MakeT U Ciiell, KOETO ¢ BHECEHa B cpefiata Ha

ANSYS Workbench.
AulroprThMa Ha padoTa € CITeIHHUS:
1. ®opmymupoBka Ha 33/1a4aTa.

2. Hpez[BapI/ITeneH dHAJIM3 WM IIPCIIOArOTOBKA,
KOATO BKJIFOYBA:

- u300p Ha MOJIEN Ha TypOOJIEHTHOCT
= 3a/laBaHC Ha T'PaHUYHU YCJIOBUA

- mpoleaypa 3a YHCICHO pelIeHHe B cpena Ha
ANSYS

3. UzuepraBane Ha TeoMmeTpusita Ha OOEKTa —
CaMOJIETHO KPUJIO.

4. MrpaxmaHe Ha TOAXOMAIIA 3a IETUTE Ha
W3CIEBAHETO U3UUCIUTEIIHA MPEXKa.

CHGI_II/I(l)I/IKaI_[I/ISI Ha (1)I/IBI/IKaTa Ha U3CJIICABAHCTO.
Yucneno PCIICHUEC Ha 3a/1adaTta.
AHanm3 Ha YHCIICHUTE PE3YJTATA

o N o u

W3Bomu

EnHa OT OCHOBHHUTE CTBIIKM IpH pa3pabOTBaHE Ha
YHCIIEHHST MOZEN € W3TPAKIAHETO Ha IOJXOASINa
M3YHCIINTEIIHA MpeXa OKOJI0O OOEKTa Ha W3CJIEIBAHE
(caMomIeTHO KpHMIIO).


mailto:cvvelkova@tu.sofia.bg

B mppBOHauamHHMsA eTanm Ha W3CIEIBAHETO €
m3rpajeHa Mpexa ot uetupubreiad - (quadrilateral)
efieMeHTH, KosiTo ce cberon oT 2000 Ha Opoil KIIETKH,
¢ur. 2.

@ur. 2 YucneH Mojien Ha KPUIIOTO C U3rpajieHaTa
M3YHCIIUTEIIHA MPEXa.

Cren H3rpaXXaaHeTO Ha NOoAXOoAdlla H3YHCIMTEIIHA
MpEXa, HN3YMCTBAHETO Ha CfcTana C (1)1/13m<aTa Ha
H3CJIEABAHETO, € U3IBJIHCHO PCAJIM3UPAHE Ha YHMCJICHO
PCIICHUC Ha Hpo6neMa.

V. Pesynratn

[pn u3BBPIIBaHE HA MOCIIEAOBATEIHO U TPABUIHO
Ha BCUYKH CTBIIKH OT OIMCAHHS MMO-TOPE aJTOPHTHM Ha
pabora, ce 3amouBa mpouenypa 3a H3MBJIHCHHE Ha
pemennero.  [lpenpua  menta Ha  HACTOSIIETO
W3CTIe/IBaHe, 2 MIMEHHO M3YHCISIBAHE Ha ITBPBUTE LIECT
COOCTBEHHM YECTOTH M ()OPMHU HA TPENTEHE Ha CAMOJIETHO
KPWJIO, YMCJICHOTO PelleHHE Ha 33a4aTa € peaan3upaHo
aBTOMAaTH4HO. [Ipy MOJAXOIAIIO WM3rpajeH MOjeNl Ha
o0eKkTa, B Cllydasl CaMOJIETHO KPHJIO, BIOCJEACTBUE U
M3rPKAAHETO Ha TOAXOAAIIA W3YMCIMTENIHA MpPEXa,
HaMHUpaHETO Ha COOCTBEHHTE YeCcTOTH W (opMH Ha
TpeNnTeHe Ha KPUJIOTO € OTHOCHTEITHO JIECHO Pean3yeMo
B cpeza Ha ANSYS Workbench.

Pesynratute 3a CTOWHOCTUTE Ha COOCTBEHUTE YECTOTH
Ha TPEITeHe Ha KPUIIOTO, TipH IrhpBarta cuMyrarms (2000 sa
Opoii enemeHTH) 3a wiokeHu B Tabmuia 1. Pesynrarute 3a
coOcTBeHnTe (POpMH Ha TPENTEHE Ha CAMOJIETHOTO KPHJIOTO
ca ganenn mo-goy Ha @mr 3. IlpenBun wu3noxeHuTe
pesyaratu Ha Pwur. 3 3a orpBammTe nedopManmnTe Ha
CaMOJIETHOTO KPWJIO B 3aBUCHUMOCT OT CTOMHOCTHTE Ha
HEroBUTe COOCTBEHHM YECTOTH M (JOPMH Ha TPENTEHE, U
HaOmo/1aBakiku coocTBeHaTa coocTBeHa Gopma 6, (Brk.
dur. 3 e)) Ha TpenTeHe ce 3aKIouBa, Y€ TOpHATa
MOBBPXHOCT Ha KPUJIOTO CE€ M3MECTBA HAJONY, JOKAaTo
HEeroara JI0JIHa MOBBbPXHOCT C€ M3MECTBa Harope. Tbi
KaTo aMIUIMTyJaTa Ha TPENTeHEe € MPOW3BOJIHA, JBETE
MOBBPXHMHM Ha KPWJIOTO MOTaT Ja ce MpeceKar eaHa B
npyra. O4eBaiHO €, Ye TOBA € HEBB3MOXKHO.
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Eto 3amo BaXXHOTO, KOETO TpsidBa Ja ce moayeprac
TYK €, 4e pa3pabOTCHHUST YHCICH MOJe]T MOXE Jia Cce
npwiara camo 3a MaJKd BHOpalid M aMIUIUTYAU Ha
TpENTeHe Ha CAMOJICTHO KPUIIO, PA3IMYHHU OT PEaTHUTE.

CobOctBeHaTta (opMa Ha TpENTEeHE MpPEICTaBEeHa Ha
@uwr. 3 ¢) ce Hapuua ,,Breathing Mode*, [1].

a) Coocrena @opma 1, f =4.8318 Hz

0) CoocrBena @opma 2, f=25.321 Hz

B) Coo6crBena ®opma 3, f=32.168 Hz

@ur. 3 a), 6), B) OrpBama jedopmanust Ha CaMOJIETHOTO
KPWJIO ChC CTOWHOCTHTE HA HETOBUTE BBH3MOXKHM COOCTBEHH
yectotTd W (OpMH TIpU IbpBOHAYanHa cuMynanws, (2000
€JIEMEHTA).



JlocToBepHOCTTa Ha MONYYECHHTE pE3yNTaTh
MOJKE J1a Ce TIOTBBPI Upe3 NOoI00psiBaHe Ha Ka4eCTBOTO
Ha ITbPBOHAUYAJIHO M3rPajieHaTa M3YUCIUTENHA MpEXa,
[4]. Axo cmen mnonoOpsBaHe Ha KadecTBOTO Ha
M3YHCIMTEIHATA MpEXKa, HOBUTE PE3yTaTH ca OIM3KH
O TBPBOHAYATHWTE TAKMBA, 3HAYM MPOBEACHOTO
YUCJIEHO U3CIIE/IBAHE € YCIIEIHO.

r) CodcrBena ®opma 4, f=38.081 Hz

1) Co6erBena ®opma 5, f=48.304 Hz

¢) Co6cereena ®opma 6, f=53.528 Hz

®ur. 3 1), 1), ¢) OrpBama aehopMais Ha CAMOJIIETHOTO
KPWJIO ChC CTOWHOCTHTE Ha HErOBUTE BBH3MOXKHH COOCTBEHH
gectotd W (HOpMH TIpU TbpBOHauanHa cumynamesi, (2000
€JIEMEHTA).
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Ho, axko mnomydyeHWTe CTOMHOCTH 34 OIbBAILUTE
neopManiiTe HAa CaMOJICTHOTO KpPWIO, HETOBUTE
COOCTBEHH 4eCTOTH M ()OPMH Ha TPENTEHE CE MPOMEHST
JpacTUYHO, TOraBa W3UYHCIUTENIHATA MpPEKa OTHOBO
TpsOBa Ma ce MojoOpW Ype3 yBeIWJYaBaHE Ha HEHHATa
bCTOTa, M TO3M MPOLEC IPOABIDKAaBa, IOKATO Ce
JOCTHTHE 10 IPUEMIIMBO PELICHHE.

[MonoOpsiBaHe Ha Ka4eCcTBOTO Ha
W3YUCIIUTEIIHATa MpEXa OKOJIO O0EKTa Ha M3CIeIBaHe
BBB BTOPHSL €Tall OT HACTOSIIETO U3CIIEIBAHE € U3BBPILCH
Yype3 yBelIMYaBaHe JIMHEHHATa CTHIIKA T.€ yJBOsIBAHE Ha
Oposi Ha €JIEMEHTUTE II0 KOHTYPUTE Ha KPHJIHUST
npodui. Crex MOBTOPHOTO M3IPaKAaHE Ha MO-TCTa
Mpexa OKOJIO CaMOJIETHOTO KPUJIO B YHCIIEHHUS MOJE,
Opost Ha enemeHTHTE HA MpekaTa noctura 10 8000. Be
BTOpHS €Tall Ha W3CIIEABAHETO € U3rPaJeHa TPH ITbTH O-
I'bCTa W3YKUCIUTEIHA MPEXKa OKOJIO O0EKTa.

Pesynrarure 3a codcrBenuTe opMy Ha TperTeHe
Ha CaMOJIETHOTO KPWIOTO MNPH HM3BBPIIBAHE HA IMOBTOPHA
CUMYJIAIys CJIe]] CICTSABAHE HA M3UUCIUTENHATA MpeXa ca
JiafieHy To-10iTy Ha Our. 4.

V. H3Bomm

B Tabmmma 1 ca mageHu W pesynTature 3a
COOCTBCHHTE YECTOTH Ha TPENTECHE Ha KPWIOTO H ©
HAIPaBEeHO CpPAaBHEHHE MEXIY TSIX, T.€ pE3y/lTaThTe
MONyYeHH TpU TO-pexaBa m3umciaurenHa mpexa (2000
eleMEHTa) W pe3yiTaTute Cjel YyBelM4YaBaHE Ha
recToTata Ha Mpeskara (8000 enemenTa).

Ta6umua 1
CoocTBena Yecrora Coo0ctBena Yectora
[Hz], 1-Ba cumyJ1aunust [Hz], 2-pa cumysianust
esemenra: 2000 esiemenTa: 8000

1) 4.8318 4.8286

2) 25.321 25231

3) 32.168 32.148

4) 38.081 38.029

5) 48.304 48.052

6) 53.528 53.391

Hab6mronaBaiiky 1 aHaIM3UpaiKK pe3yiTaThTe H3I0KEHH
B Tabmuma 1, kakTo ce 3a0ensa3Ba MOyYeHUTE CTOHHOCTH
32 COOCTBEHHM YECTOTH HA TpPENTEHE Ha KPWIOTO HE ce
NPOMEHST MHOrO TIpH  W3BBPIIBAHE HAa BTOpaTa
CUMYyJallisl CJeJ] CrBbCTABAHETO Ha WM3UYKCIUTENHATa
Mpeka OKOJO OOeKTa, KOEeTO € MpenrocTaBka Ja ce
3aKIJII0YH, Y€ pa3pabdOTeHUsI YUCIIeH MOJIET Ha CAaMOJIETHO
kpwio B cpeaa ANSYS Workbench e npasnoronobeH u
JaBa 3aJI0BOJIMTEIIHO JOOpPU PE3YNITaTH 3a OrbBALLIUTE
nehopMari U COOCTBEHUTE YeCTOTH M (POPMH Ha TPEITTCHE
Ha KPHJIOTO.



) CoocrBena @opma 1, f=4.8286 Hz i) CoGcrBena ®@opma 4, f = 38.029 Hz

3) CobcrBena ®opma 2, f = 25.231 Hz k) Co6crBena @opma 5, f = 48.052 Hz

u) Cobereena @opma 3, f = 32.148 Hz a) Cobereena ®opma 6, f =53.391 Hz

@ur. 4 Orbaaina aedopMariis Ha CAMOJIETHOTO KPHJIO ChC CTOMHOCTHTE HA HETOBUTE BH3MOKHUTE COOCTBEHU YECTOTH U
dbopmu- ), 3), 1), i), K), JT) CJIe/] IOBTOPHA CHMYJIAIsl TIPH YBEIMYaBaHe Ha IBCTOTATA HA M3UHCIHUTENHATa Mpeska (8000
€JIEMEHTA).
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NUMERICAL DETERMINATION OF MODE OF
VIBRATIONS OF THE WING WITH AIRFOIL NACA
0012.

CVETELINA VELKOVA
Department of Mechanics, Technical University of Sofia, Bulgaria
cvvelkova@tu-sofia.bg

Abstract:
Numerical modelling of the wing with airfoil NACA 0012

is presented here. The numerical modeling was performed
using the software ANSYS Workbench. The wing structure is
designed using Finite Element Method (FEM) available in
ANSYS. The wing is fixed at one end, and the other end is free.
The purpose of this study is to provide a numerical approach,
which give the opportunity to model the wing configuration, after
to compute its own frequencies and mode shape of vibrations.

Key words: numerical modelling, vibrations, wing,
ANSYS Workbench
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BJIMAHHUE HA YECTOTATA HA CMYIIEHHUETO BbPXY PABOTHUA ITPOLIEC HA
HHEP®OPATOP
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Pe3rome:

Pabotara e HacodeHa KbM H3CIIEIBAHE HA yAAPHUS MPOLIEC MEXTY OyTaIOTO U IIMIIOTO Ha niepoparop. Y ApSIIHTE ce Tena ce
PpasIIIeKIaT KaTo CHCTEMH ¢ pasnpeencHu napamerpu. OnpenencHu ca N3MEHEHHETO Ha CHlaTa MEeX/Iy TejaTa 110 BpeMe Ha
yIapa IpH pa3IMdHE YECTOTH M 3aKOHWTE Ha JIBI)KCHHETO Ha OyTanoTo W IIIIOTO Ha mepdopaTopa. 3agadara € perieHa ¢

Matlab B cpema Simulink.

KirouoBu xymu: Y nap, cuctemu ¢ pasmnpenaeneau napametpu, MKE, Tpentenus.

1. YBox

W3cnenpanata MexaHMYHA CHCTEMa € MOKa3aHa Ha
¢wur. 1. byrano 3, Ha KOIIHO-MOTOBHIIKOB MEXaHH3bHM,
3a[BIKBAH OT EJIEKTPOJBUraTel, C€ [BWKH B
nHeBMaTHYeH WMHIBp 4. [lpu [BIKEHHETO CHU
Oyramoro 3 3amBwkBa OyTamo 1(ygapHHK), KOETO
CHIIO ce [BWKK B mwmHApa 4. Ymapsr ce
OCBIIIECTBsIBa My OyTanoro 1 u mmo 2. Bpp3kara
Mexny Oyramara 1 u 3 e duynasT B mmHIbpa 4,
YHETO NpeHa3HAuYCHHE € J1a CIyXKH KaTo

eJIaCTUYCH CJIEMEHT, 3a Jla He Ce MpenaBatr yJIapHUTe
MMITYJICH BBPXY MallIMHATA.

B paborata ce n3cnenBa yaapHHs IPOLEC MEXITY
Oyrano 1 u mmo 2. Tenara ce npremar 3a enacTUIHN
U yJapeT € MpaB M LeHTpajeH. M3cienBaHero e
HAaCOYCHO KbM H3CNC[BAHC HA BIHMSHHETO HA
YyecToTara Ha CMYILCHHETO BbPXY yaapHara ciia. B
MyOJIMKAIMSTA TOMBIHATEHO CE OMPENEIAT 3aKOHUTE
Ha JIBIDKCHHETO Ha TeJlaTa.

) 1 dur.1 5
Lt)=asinpt
-~
W A féﬁ&&’ e
c e X
E,A E,A E

W—P—._._%_. p’E’A7 __. .p_._._3 ___________________ p,E,A4 _________ %;_9

il S b

< I1><I’> l|3\< L >
®ur.2
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2. luHaMHU4eH MoJIeT

W3cnenBa ce dyacT OT MeXaHMYHATa CHCTEMa
nokazana Ha ¢ur. 1. HeliHuAT nuHaAMUYeH Monen e
nokazaH Ha ¢ur. 2. byramoro 3 Ha KoJsHO-
MOTOBWJIKOBHSI MEXaHHU3bM C€ TIpHUEMa, Y€ Ce JIBIKU
Mo XapMOHMYEH 3akoH &t)=asinpt u e Hanmie
uJeasieH U3TOYHNK Ha eHeprust. Tsutoro 1 ce cheron oT
nBe vactu ¢ abwkunu |, u |, Tanoro 2 ce cheron

CBIIO OT JBE YacTU C ABJDKHUHU I3 ul " [IpeneOperear

Ce TPHEHETO TpPU IUTh3raHe M HAKOH TCOMETPHUYHU
0COOCHOCTH Ha TefaTa, 3a Ja Ce akKICHTHpa BBPXY
yaapHaTa cuia Mexay Tenara 1 u 2. [Ipuema ce chiio
TaKa, 4e BBPXHT Ha MIMIOTO (TWI0 2) € IOIpSH 10
MaTepHuall ¢ MHOTO TMO-TOJISIMa TBBPIOCT OT HeroBaTa u
HETOBUSAT JICCCH Kpaii € HETIOJIBUKCH.

Onynasr Mexay Tenata 1 m 2 ce mpencrass
KaTo MpYXHHA ¢ KOSPUIMEHT HA €TaCTUYHOCT C U
koepuiment Ha gemndupane S (dur.  2).
EKBHBaJICHTHUST KOCPHIIHEHT Ha exacTudHocT [1]
ce C ompeers C:
o AF KA "

Az |,
KbJIeTo K- MOAyn Ha cBHBaeMOCT Ha Qmymma, A-
CeYCHHWEC Ha IWIMHABpPa, a ly e JawDkuHa Ha
WIHHIBPA.

Temara 1 m 2 ce mpumar Karo CHCTEMH C
pasmpe/iesieHd MapaMeTpu, KOUTO Ca XOMOI'CHHH,
M30TPONIHK U ce aedopMmupar egacTuyHo [2].
[lpuema ce, 4e TpH HAUTBXKHUTE Iedopmaruu,
HAlPEYHHUTE CEYCHUsI OCTAaBaT pPAaBHUHHU U CE
JIBIKAT TPAHCIAIMOHHO IO OCTa X Ha TSJIOTO.
[IpemecTBanusTa Ha ce4yeHHs OT Tenata 1 u 2
HaMHpaIld Ce Ha MPOU3BOJIIHO PA3CTOSHHE X, CE
omucBa ¢ pynkiuute Uy (X,t) u Up(X,t) 1 aBrKeHHEeTO
Ha TejlaTa ce OMKCBA C YacTHH JudepeHIraTHu
ypaBHEHHs OT BTopH pex [5]:

E %u(x.t)  d%ui(x.t)
P ox’ ot
KbJIeTO £ € MOyl Ha eaCTHUYHOCT, & p € TUIBTHOCT

Ha Tenara 1 u 2.

3a pemeHHeTo Ha ypaBHeHHS (2) ce W3MOJ3Ba
MKE, xato TenaTta ce pas3riexaar Mo OTACTHO U Ce
MpeacTaBAT ¢ N Ha Opoil KpaiHU eneMeHTH ((ur.
3a). Enementst | e nokaszan Ha ¢ur. 30 [4,6] Bes

=0, (i=1,2) )

Tsuto 1 ce Mozenupa ¢ OCeM €JEeMEHTa, KaTo
CTeNeHUTe My Ha cBO0OO/a ca JICBET U CE ONPEEIISAT
C BeKTOpa

qlz{ql}:[ul'UZ""ug]T' 3)

Tsut0 2 ce Mojenupa ChIIO C OCEM EIIEMEHTa U
KaTo ce B3eMe MPEIBHJ TPAHUYHOTO YCIOBHE Ha
JICCHUSI Kpall CTEIICHUTE My Ha CBOOOIa ca oceM U
Ce ONPENENAT C BEKTOpa

0, = {qz}: [Ulo,una---Un]T : (4)

Hdudepenuumanaure  ypaBHEHHS  ONHUCBAILU
JIBIDKEHHETO ce (hOpMynIHMpaT MOOTAETHO, 3aI0TO
Bpb3KaTa MEKAY TIX Ce pa3KbCBa HA MOMEHTH:

M3 Y+ e B+ K o) = R
[M;]{qz}‘*‘ [C;]{qz}+ [K;]{qz}z {Fz} ,

* *
KBJETO C [Mleg u [MZLX8 ca O3Ha4YeHU

(5)

CHOTBETHO MAaTPUIIUTE HA MACUTE Ha JIBETE Tela.
* *
C Kipo 1 [Kz Lxs ca O03Ha4Y€HU CHOTBETHO

MAaTPUIUTE HA €TaCTUYHOCTUTE Ha JIBETE Tela.
ci i s plki] w i ]=aolmi ]+ molic]
ca MarpuimTe Ha gemndupane Ha Rayleigh,
Koe(DUIMEHTUTE ¢ U fj TIOIUIeKAT HA OIPEICITHE 3a
ChOTBETHATA KOHCTPYKIWS [7].
{Fl}, {Fz} - BCKTOpU Ha BBHINHUTE cuiad. Ha

TAXHOTO H3JACHABAHEC LIC CE€ CIIpEM B Cli€ABallaTa
TOYKa.

3. MoneaupaHne Ha ynapa

IMpu MojenupaHeTo Ha B3aMMOJCHCTBHUETO HA
JIBETE TejJa C€ B3eMarT NPEABUJ  CJICIHUTE
MPEMOCTaBKH:
- yIapbT ce mpHeMa 3a eNacTUYeH - T.e. Cliel yaapa
Tenara ce Bh3CTAHOBSBAT HAMBIHO W JieOpMAIUKTE
M3UE3BaT;
- Tpy HATRKHUTE JedopMald Ha  TeNara,
HAIPEYHUTE UM CEUCHHSI OCTABAT PABHHUHHU.

[Tpu MoxenupaHeTo Ha yaapa ce B3eMa IpeABHI,

4e Koraro Ug =U;, + 17 (Bwk ¢ur. 3a) nsere Tena
KOHTAaKTYBAT Ca HAJUIE CICIHUTE BPB3KH:

* - o . .o "
BCEKH BB3€el TOM MMa I10 €IHa CTENEeH Ha cBoOOja, Ug=Uy +17; Uy =Uy; Uy =U. (6)
T.€. JIBUKEHHETO MY CE€ OINMCBA C JBE CTENEHU Ha
cBoOOIa.
1 '
—l - _._._.......‘._._ ..... ._._._)--._._.I ....... o - == p 1
g é Uy D u :'-.
u16 Tano 2 — (i) rp
: Jomé 1 3’0:‘1112
*— ==

Tsano 1

®ur. 3
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Mexny Tenara neiictBa cuna F u Bekropure
{F,}u {F,} ce onpenemar c
{F}=[P,0,0,0,0,0,0-F[ -
{F,}=[0,0,000,00,F]

B mporuBeH ciy4ail, T.e. KOraro TejaTa He

KOHTAKTYBAaT, BEKTOPUTEC CC OIPCACIIAT C

{F,}=[P.,0,0,0,0,0,0,0]

(8)
{F,}=[0,0,0,00,000]

Cunara P, npeiictBama Ha Tsuio 1 (dur. 4) ce
ompeness ¢

P =—c(u1—§)—ﬂ(ul_é)'

4. YncneHo pereHue

(9)

Bamauata e pemena c¢ Matlab[3], xato 3a
PELICHUETO ca U3IOI3BAHU CIEIHUTE CTOHHOCTH HA
napaMmeTpure:

I, =0,02m,1, =0,01m, I, =0,02m,1, =0,2m,1* =0,006m,
A =A=31410" A, =7,85.10"°, A, =0,0013m,

A, =153.10*m,E = 21.10" Pa, p = 7850 kg / m?,

m, = 0,0555kg, m, = 0,4388kg, K =1,01.10° Pa,

I, =0,04m, ¢ =317.10°N /m,a=0,015m, #=2N.s/m.
a,=a,=0,6 =10°Ns/m;3,=10"° N.s/m.

PesynratuTe OT YMCIEHOTO peIEHHE TIpH
Pa3IMYHA CTOMHOCTH HAa Y€CTOTaTa Ha CMYLLEHHETO P
ca nokazanu Ha ¢wur. 4 o ¢ur. 15. BuB durypure ce
W3M0JI3BAT CJIETHUTE O3HAYCHUSL:

F-cua mexxy Tenara;

U;-TIpeMecTBaHe Ha Bb3eN ChrilacHO (ur. 3a;

V1-CKOPOCT Ha Bb3€J ChITIAacHO (ur. 3a.

BaxxHo 3a m3cnenBaHeTo € mbpBara coOCTBEHATa
YeCcTOTa Ha CHCTeMara NpyxuHa (C KoeduireHTa Ha
emactudHocT C) W 1o 1 ¢ maca my. IIbpeara
COOCTBEHa YECTOTA Ha Ta3H CUCTEMA €:

k, =239rad /s (10)

Ta3u croitHOCT e CC M3IM0JI3B4, KaTO OTIIpaBHA

TOYKA 32 U3CIIEIBAHETO.
41. Pemenue ¢ dYecToTa Ha MPUHYACHHUTE

Tpentenus P=429rad/s.

FN]

025
t Il

®ur. 4
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FIN
L]
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®@ur. 5 Cuiia mo BpeMe Ha yaapa
A — nedopmupane;
F -Bb3cTaHoBsiBaHe.

ul [m]

vl [mis]

@
@ur. 7
4.2. PemeHue ¢ dYecrora Ha NPUHYICHUTE

tpenrrenuss P =300rad /s.

FIN

ul[m]

v1 [m/s]

&2?
®@wur. 9

4.3. Pemenue ¢ dYecrora Ha NPUHYICHUTE
Tpenrenus P =239rad/s.
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®@ur. 12
44. Pemenue ¢ 4YeCcToTa Ha IPUHYACHUTES
tpenrrenus P =200rad /s.

FIN

our.13
SO O T T
HUNANANAaninaauanananananima
el P
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ATV VA AV
(I)nr.ml4
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= W T U P TP T e e
AT UL PRI UL PO T U LT
y VA RY VIV VTV VTV RIAVARY
(I)nr”j15
5. 3axmouenne

Ot HanpaBeHHTE W3YHCIICHHS CE€ YCTAHOBH, 4e
n3MeHeHuero Ha cunara F (dur. 5) ce xapakrepusupa
¢ y4acTbii Ha jaedopmupane (A) U BB3CTAaHOBSIBAaHE
(B). Toa ce obsicHsiBa OT (pakTa, ye B MOMEHTA B
KOWTO Tenara ce YAPAT BB3HUKBAT TPENTEHUSI ChC
COOCTBEHH 4ECTOTH, HIKOU OT KOMTO Ca ChbU3MEPHMH C

BpEMETO TIpe3 KOETO TPOTHYA YAAPBT. 3a BCHYKH
YECTOTH OT M3CIICABAHETO, (hopMaTa Ha yaapHara cuiia
F ce u3MeHs mo mpezacTaBeHHs Ha (GUr. 5 HAYWH.
PaznuuaBa ce caMo HeliHaTa MaKCUMajIHa CTOMHOCT.
IMpu uwectora p=429rad /S paboTHHAT TpoIEeC

Ce OTIIMYaBa ¢ PaBHOMEPHO MPOTHYAHE Ha yIapuTe.
Ilpy  moHWKaBaHe  Ha  dYecTrorara O
p=300rad/s ce 3abens3Ba HaMalsiBaHEe Ha

MaKcUMallHaTa CTOMHOCT Ha YyJapHaTa Cuia.
Hombnautendo Ha ¢ur. 8 U 9 ce oTunTa MosBaTa Ha
HEepaBHOMEpHOCT B aABwkeHuero. Ckopocrra V; B
MHTEPBAIUTE CJIEM yAapa 3a MOMEHT HaMaJlsiBa M CIIe[
TOBa MAK CE yBEJIM4aBa JI0 MAaKCHMAalHa CTOMHOCT.
ToBa ecTeCTBEHO BO [0 HAMAJISIBAHE HA CKOPOCTTA B
Ipey yaapa 1 HaMaIsiBaHe Ha HeprusiTa Ha yapa.
[Ipu dyecrora ChBHAAallda C IbpBAaTa COOCTBEHA
yectora P=K, =239rad /s MakcumamHa CTOMHOCT

Ha cwiata F e mo-HucKa OT MpeaHWTe ABa CiIyvas
HEpaBHOMEPHOCTTA HA JABIKEHHETO € 1o-rojsiMa (¢ur.
11 u ¢ur. 12).

I[Ipu wecrora p=200rad /s ocBeH, ue HamassBa

MaKCHMaJIHaTa CTOMHOCT Ha CHJIaTa ce 3a0es3Bar U
JOIBJIHUTEIIHU YJIapH C I10- MAJIKU YJAapHU HMITYJICH.
JIBIDKEHHETO HE € paBHOMEPHO W e(EeKTHBHOCTTA €
HHCKA.
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STUDY THE WORKING PROCESS OF DRILL
HAMMER

Petko SINAPOV
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Technical University Sofia, Department of Mechanics

Abstract: This work examines the collision process between
the piston and chisel of drill hammer. The bodies which
collide one into the other are presented like a continuous
systems. A force variation between bodies during the
collision and the law of movement of the piston and chisel of
drill hammer are determined. The problem is solved using
Matlab Simulink.

Key words: friction vibrations, continuous systems, FEM.
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AHAJIMTUYHO MOIEJIUMPAHE HA MEXAHNYHOTO NOBEJAEHUE HA IEMII®EPHO
YCTPOMCTBO: ONIPEJIEJISTHE HA MEXAHUYHHUTE ITAPAMETPA

Tonor XKEJISI3OB
Texnmueckn YauBepcuret, Codust, beirapus
todor.zhelyazov@tu-sofia.bg

Pe3rome:

Pasrnexxna ce TNpHIOXKEHWE Ha AITOPUTBM 32 HIACHTH(HKAIMA Ha MEXaHWYHH TapamMeTpu NIpu u30paH
aHaymTHYeH Mozen. [IprioXkeHneTo Ha €NeMEHTH OT aNrophThMa € WIFOCTPUPAHO TIpY WACHTU(UKAIWS Ha
napamerpure B Mozena Ha byk-Ben. Monenst Ha bByk-BeH ce m3non3Ba TpaauIMOHHO NP BB3MPOU3BEKIAHE Ha
MEXaHIMYIHOTO TIOBENICHHE Ha nemrdepHn ycrpoiictBa. Ciex n30op Ha omnpeneneH Opoi ,M3XOMHHM KOMIUIEKTH OT
MOJIETTHA KOHCTaHTH U M300p Ha TecToBa (PyHKIWS, BBB BCSKAa MTEPAlHs HA AITOPUTHMA Pa3IMYHUTE KOMIUIEKTH CE
CpaBHSBAT C EMITMPUYHH JaHHH, TIPU HEOOXOAMMOCT CE€ KOPUTHpaT U ,,HACTPOMBAT , 32 J]a CE& JOCTUTHE JI0 BH3MOXKHO

Haﬁ-n06p0 CBOTBCTCTBHUC C PE3YJITATUTE OT CKCIICPUMCHTA.

KirouoBu xymu: demnghbepro ycmpoticmeo, ananumuier Mooes, UOSHMUDUKAYUsL HA MOOETHUMe

napamempu.

1. BbBenenue

[Mpenm3HOTO  MOneNMpaHe Ha  JUHAMHYHOTO
TIOBEJICHHE Ha KOHCTPYKTUBEH €JIEMEHT HJIM MallliHa,
OpH TpeABUJICHA JeMIUpIIa CHCTeMa, H3UCKBa
TOYHO MOJIENIPaHe Ha MEXaHWYHOTO TOBEJCHHE Ha
camus aemrupan eiemeHT. OrtuntaHe Ha eeKTUTe
OT HalW4uhe Ha JeMIrdupamo ycTpoHCTBO MOXE Jia
ObJIe TIOCTUTHATO, KaTO CHOTBETCTBAILATA MY MaKpo-
XapakTepucTika ObJie BIOXKEHAa B Mojeia Ha
JieMIiprpaHaTa eJIeMEHT.

Bp3MoxkHM ca JBa TOAXOA: MOJEIUpaHe Ha
MEXaHHYHOTO TOBE/ICHIE Ha pazIuYHATE
KOMIIOHEHTH, CHCTABSIIN JeMITIQEPHOTO YCTPOMCTBO,
C ompeJieNsiHe Ha CHOTBETHUTE 3aKOHU 3a TIOBEICHHE
Ha BCCKM KOMIIOHEHT U TMIOJy4aBaHE Ha MakKpo-
XapaKTepUCTHKa Ha YCTPOMCTBOTO Ha 0Oa3ara Ha
aHaJM3 10 METoJIa Ha KpaiiHUTe eleMeHTH; n300p Ha
NOAXOJN]  AaHAJIUTHYEH MOJel W HETrOBOTO
KaMOpUpaHe Bb3 OCHOBA Ha EKCIICPUMEHTATHU
JIAHHU.

B mepBHs OT ropHMTE Ciaydau ChIIO CE Hajgara
W3II0JI3BaHe Ha WJICHTU(HKAIIMOHHA TPOLenypa, HO
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NPy OmpeleNsiHe Ha 3aKOHUTE Ha MEXaHWYHO
TIOBCACHUC Ha Ppa3inIHUuTE KOMIIOHCHTH Ha
JeMII(EPHOTO YCTPOICTRO.

[penmer Ha wW3clieBaHe B HACTOAIIATA CTATHS €
BTOpMs ciaydail. Pasrmexkaga ce  anropursM  3a
KauOpypaHe Ha MAaTEepUATHUTE KOHCTAHTU B
AHAJIMTUYCH MOJCII, KOHWTO ONHMCBa MEXaHWYHOTO
MOBEJICHHE Ha JIEMII(PEPHO YCTPOICTRO.

2. AHAJIUTHYECH MOJET

Pasrnexna ce nemnd)epHO YCTPOWCTBO, KOETO Ce
CBCTOU OT €J1aCTOMEP U OJIOBHA ChpLEBHHA. V3BECTHO
€, 4e IMpH ,,aKTHUBAIMA ", B MMOJO0EH THIl YCTPOMCTBA
OJIOBHATa CHPIICBHHA ILIACTH(UIMPA CPABHUTEIHO
BP30 U MPH IUKIMYHO HATOBAapBaHE, MEXaHUYHOTO
IIOBEJICHNE HA YCTPOWCTBOTO CE OIMCBA € [IOMOLITA Ha
XHUCTEpe3UCHa KpuBa. PaOoraTta, W3BBpIICHA OT
YCTPOMCTBOTO B PAMKHTE Ha XHCTEPE3VCHUS MUK,
ce CBBbp3Ba C Kamaiurera My Ja OCBOOOXKIaBa
SHeprusl.

TpaauioHHo, npu MaTeMaTHIECKOTO
MOJIeNMpaHe Ha eJTaCTOMEPHH JieMIThepHH YCTPOiicTBa
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ce mM3Mmom3Ba T. Hap. mozen Ha byk- Bewm [1, 2, 3].
MexaHUYHOTO ~ TIOBEJCHHE  HA  JEMIIPEPHOTO
YCTPOMCTBO CE€  OIKCBA, Karo C€  ONpeIeNH
3aBUCHMOCTTa MEXIy MPEMECTBaHMsA W Cps3BaIla
cuma. Ta3d 3aBUCHMOCT MOXKE Jia Ce TONy4d MpH
PEIIEHNETO Ha CIIEIHATA CHCTEMA YPABHEHHSL:

Q

Q:ad—yu+(1—a)§—yyz 1)
dz du (7-1) du ., du
= 212" - p—|Z|" + A—
e A M B e

)

B ypaBHenue (1) u e Tekymara CTOWHOCT Ha
IpeMecTBaHeTo, a Z e Ge3pa3MepHa BEINYMHA, KOSATO
Ce oMpeness OT ypaBHEeHHE (2).

B ypaBmenue (1) ca BKIIOYEHM OIIE CIIEIHUTE
MaTepUalHA KOHCTaHTH: O € OTHOLICHHETO Ha
KOpaBHHAaTa Ha  OJOBHaTa  CBbPLEBHHA  CJEX
nposnavane (k;) Ha Marepmara KbM KOpaBHHATa
npemu 1wiactuduimpane (k;), dy e mpemectBaHero,
Ipun KOETO HaCTbhIIBa HJ'IaCTI/I(bI/IKa]_[I/Iﬂ Ha
CBpLEBUHATA,a Qy € YCHIIHETO, KOETO ChOTBETCTBA Ha
Ha4aJoTo Ha (azara Ha ractuduxarms (durypa 1).

ey

®urypa 1: Uneannzupan XUCTepe3UCEH LUKBI,
OMKCBAILl MEXaHUYHOTO ITOBEICHUE Ha JieMII(epHO
YCTPOUCTBO

B ypasuenne (2) P, vy u A ca Ge3pa3mMepHr
mapamMeTpy, a 1 KOHTpONHMpa Tpexoja Mpu
iacTH(UKaIys Ha OJIOBHATAa ChPIIEBHHA- TIPEX0Jia OT
HaKJIOH k; kbM HakJIoOH k, (Purypa 1).

Cucremara ypasuenus (2) u (2) ce pasperaBa
YUCIEHO M C€ OIperens 3aBHCHMOCTTa Cps3Balla
cwia- Jgedopmars 32 KOHKPETHO JeMmrihepHO
YCTpPOHCTBO. OueBugHO pazIIYHN Habopu
MaTepHallHi KOHCTaHTH B ypaBHeHUS (2) u (2) BOJST
JIO Pa3NYHU, OT KAYeCTBEHA U KOJIMYECTBEHA TIISTHU
TOYKH KpHUBH. 3a Ja ObAe KammOpHupaH aHATUTUYHHSA
MOJIEl Ha KOHKPETHO JIEMII(pEpPHO YCTPOWCTBO, €

HEOOXOMMUMO Ja ObIaT IMONyYCHHU EKCIEPHIMCEHTATHH
pe3yaTaTtd OT WACHTU(UKAIMOHEH TecT. MojemHuTe
KOHCTAQHTH C€ OCTOMHOCTSIBAT Ha 0Oasara Ha
MOTyYCHUTE CKCIIEPHUMEHTATTHN Pe3yJTaTd, Karo ce
TBPCH HaM-T00pO TNPHOMDKEHHE IO EMITUpHYHATA
KpHBa.
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®durypa 2: 3aBUCHMOCT IIpeMeCTBaHe-Cps3BaIia
CHJIa 32 KOHKPETHO JeMI(EPHO yCTPOUCTBO:
YHCIIEHO peIIeCHNe

Pe3ynTaThT OT YMCIEHOTO pellieHue Ha cucTeMara
oT ypaBHeHus (2) U (2) 32 KOHKpPETeH HaOOp MOJICITHH
KOHCTaHTH € TpejcTaBeH Ha ®urypa 2. 3a 4ucieHo
HHTErpHpaHe Ha Ju(EpeHIMATHOTO ypaBHEeHHE (2) e
M3MOJI3BaHA MOJAXOMAIA 4YHCIeHa mpoueaypa [4],
peamsupana B Python.

3. AIropuThM 32 UIeHTH(UKALIUS HA eXaHMYHHTE
napamMeTpu

I/IHTepec peacTaBsiBaT CTOXaCTUYHU AJITOPUTMU,
KOHTO TIO3BOJISIBAT JIa CE€ ONTUMH3UPA HTEePAIMOHHATA
mporieaypa 3a  HMIACHTH(UKAIMSA HA  MOJICITHHUTE
KOHCTAaHTH —TIPUMEPHO ,,FeHSTUYHH " aIrOpUT™MH [5].
Karto u3xoiHu &IaHHU ce 3ajaBaT ONpeiescH Opoii
»XPOMO30OMH ‘- KOMIUIEKTH OT MOJICITHM KOHCTaHTH.
Hedunupa ce TecToBa (YyHKIIHS, C TIOMOIITA HA KOATO
Jla ce OLICHH JIOKOJIKO PEIICHUETO, TIOJYUeHO ¢ JajieH
Habop KOHCTaHTH, ce Jo0mmKaBa JI0
eKCIIepIMEHTaIHATa KprBa. BBbB Besika utepanys, C
rmoMoInTa Ha TecroBata (GyHKIWsA, ce m30upa
ONTUMAJIHAS KOMIUIEKT OT KoHcTaHTh. OcraHainre
KOMIUIGKTH C€ TojjaraT Ha KpPbCTOCBaHE U
Mourkarmu (MyTanuu). 3aaBa ce U KPUTEpHd 3a
n3X0J OT UTCPALIMOHHUA aJITOPUTHM.

3a nma Obae ompeneneHa TecToBaTa (DYHKIIHS,
ITBPBOHAYAITHO CE N3YUCIIsABA CTOWHOCTTA

ti =ii Qimod_Qiexp
N = AQ

B ypasuenue (3) N e 6pos Ha Toukute (U,Q), B

3)




KOMTO C€ CpaBHsABaT CTOP'IHOCTTa, IIOJIy4c€Ha OT
mod

NpUaraHe Ha 4ucjeHata mpomeaypa  Q u
eKCIIepMMEHTaIHaTa CTOWHOCT Q% a
AQ=Q; P —Q;F. Ha Gazara na ypasuenue (3) e

ONpE/ICNiCHa TeCTOBAaTa (DYHKIMS CIEH TOIXOJsIIa
HopMasm3anus (criopen [6]).

B mpenBapuTenHO 3a1a7eHH MacHBH CE 3allMCBAT
CTOMHOCTHTE Ha TecToBaTa (YyHKIMS 3a BCsKa
cpaBHseMa Touka (U,Q) ¥ 3a Bcska urepanus. Bb3
OCHOBa Ha CTOWHOcTHTE Ha TectoBata (QyHKuus TF
(cnen Hopmasym3aiwmsi octaBa B uHtepBaia [0,1] ) B
CIIe/IBaIl[aTa MTEpalUs CE 3ara3BaT KOMIUICKTUTE OT

KOHCTAHTH, TIPETIOCTABSIIIN Haii-o0pa, 3a
ChOTBETHATA uTepams CHBMECTHUMOCT c
EKCTICPUMEHTAIIHUTE TAaHHU.

[lo-HaraTbk ce w30Mpar JBa TPOW3BOJIHU
KOMIUIEKTa C MOJEIHM KOHCTaHTH S u S

CboTBETHHTE TECTOBH (YHKIMM CE€ CpaBHSBAT U
KOMIUICKTHT MOACIIHM KOHCTAHTH, KOHNTO TOKa3Ba I10-
MaJIKO CHbOTBCTCTBHUC C CKCIICPUMCHTAIHUTEC OAHHU €
MOAU(UIMPAH KaKTO CIIeBa;

TR >TF, 4)

S| =fS+(@1-f)s,

] 1

()

xeaero f €[01].

B crnenmpamata wureparus KOMIUIEKTBT S ce
3arasBa, a KOMILUIGKTBT Sj C€ 3aMeCTBA C KOMILIEKTa
S;*. Heobxomumo €, B paMKHTE Ha BCSIKAa UTEpALMs,
BCCKU €/IMH OT KOMIUICKTUTE C MOJICITHU MapaMeTpu
Jia TIPEMHHE TPe3 FOPEONMCcaHaTa MpoueIypa.

3a nga Obje M30erHato pelieHHue, KOETO JaBa
JIOKaJieH BMECTO TJIOOATIEH ONTHMYM, Ce Mpeiara
cneHara nporeaypa [6]:

S*=S,+cn ako TF <c (6)
kpaero C €[0]].

Ilo ce oTHacs /0 BB3MOXKHOCTHTE 32 M3XOJ OT
WIEeHTU(HUKALMOHHATA TIPOLIEAYPa, BBH3MOKHM Ca

HSKOJIKO BapuaHta: (ukcupane Ha Opos Ha
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BB3MOXKHUTE HWTEPAIlH; ONpeNesiHe Ha KPUTEPHH,
CIIpsIMO KOKTO J1a ObJIe Ompe/ieNieHa UTepausTa, Cle/
KOSITO PA3NUKUTE MEXTY CTOHHOCTHTE Ha TECTOBHTE
(hyHKIMY CTaHAT TOCTATHYHO MAJTKH.

3. 3axiTrouenue

B mpencraBeHms wMarepuan €  pas3riiegaHo
MPWIOKECHUETO HA aHAIMTUYHUSA MoJell Ha byk- Ben
3a BB3MPOM3BEXKIaHE HA MEXAaHUMIHOTO ITOBEIICHUE Ha
nemriepHo YCTPOMICTBO. TIpakTryeckoTo
TIPWIOKECHNE HAa aHATUTHIHNS MOJIEN M3UCKBA TOYHO
OTIpeieIITHe Ha MOJCIHUTE IapaMeTpu. B To3um
KOHTEKCT € pas3rjielaH U aJlTOPUTHM 3a ONTHMHU3AITHS
Ha TIpolie/TypaTa 3a HACHTH(UKAINSI Ha MEXaHIYHNATE
TTapaMeTpH.
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ANALYTICAL MODELING OF THE MECHANICAL BEHAVIOR OF ADAMPING DEVICE:
IDENTIFICATION OF THE MECHANICAL PARAMETERS

ToboR ZHELYAZOV
Technical University, Sofia, Bulgaria
todor.zhelyazov@tu-sofia.bg

Abstract:

Algorithm for identification of the mechanical parameters taking part in a chosen analytical model is presented in
this paper. The implementation of some elements of the algorithm is illustrated through the identification of the
parameters of the Bouc- Wen model which is traditionally employed for reproducing the mechanical response of
damping devices. After defining a given number of initial sets of model constants and postulating a test function in each
iteration of the algorithm different sets are manipulated, compared to the empirical data and updated if needed in order
to find at the end of the procedure the best fit to the experimental results.

Keywords: damping device, analytical modeling, identification of the model parameters.
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OT YJIAPHU CWJIN
Marganena /lronreposa Juvutsp Pyce Iomua Munymiesa
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Pe3tome: Hanpasen e npezned Ha npuuurume, godeuiu 00 3a2ybu Ha Kopabu npu msaxHama eKCHioamayls.
Yoapuume  6v30eiicmeus  umam  ciyuaen  xapakmep U 600am 00  OMKA3Y,  HAPYUABAWYU

pabomocnocobnocmma Ha Kopaba. B Hakou cayuau moeam oa npedusguxam Kamacmpo@u 00 HbIHO
paspywasane. [Ipednodicen e onpocmeHa u30eanusayus, 6 KOAmo Kopabvm e MOOeIUpan Kamo cucmemd,
cocmoswa ce om noocucmemu, 00Xeawjauu OCHOGHUMe Hezogu enemenmu. l[loryuenu ca uspasu 3a
@YHKYUAMA Ha pasnpedeneHuemo Ha omxazume. IIpednosicenama mamemamuina Gopmynuposka modxce oa

ce U3NoI36d 3a onpeodesiHe Ha pabomocnocobHOCmma Ha Kopaba cieo yoap.

Kniouoeu dymu: pabomocnocobrnocm na kopaba, yoapHo 8b30eticmaue

1. BobBenenmue.

[Ipes mepuona Ha cBosATa eKCIUIOATALUS
KopabWuTe ca TMOUIOKeHH Ha peaulla BBHHIIHH
BL3I[CI710TBI/I$[, KOUTO MoOTaT Ja uMatT IIOCTOAHCH HJIN
ciydaeH xapaktep. [lpm mpoekTupaHeTo Ha
TBPrOBCKUTE KOpaOW 3aJBIDKUTEIHO C€ TMpHiaraTt
[IpaBwiaTta Ha KIaCU(PUKAIMOHHUTE OpraHH3AIMU
U MCKAYHAPOAHUTE MOPCKHU OpraHu3aluu, KOUTO
OCHOBHO TpETHUpPAT BBIIPOCA 3a IMOBEJCHHUETO Ha
HETNOBPEICHU KOpadu.

Bbnpeku MOCTOSIHHOTO pa3BUTHE HA METOAMTE,
croco0MTe ¥  TEXHHUYECKUTE  CpeAcTBa  3a
OCHUTYpsIBAaHE Ha Oe3omacHocTTa Ha
KOpaOoIlaBaHETO, B CBETOBEH Mamad BcsKa
ronuHa ce ciayyBarT moBede oT 200 3HauMTETHU
MoOpcku  Karactpodu. JlutepaTypHuUTEe JaHHH
IIOKa3BaT 33FY6I/I Ha MWJINOHM TOHOBE TOBAapH,
pa3nuBaHe HA MOPCKU TMPOAYKTH W JAPYTH BPEIH 32
OKOJIHATa cpeJia M 3ary0a Ha YOBEIIKH YKHBOT.

WHtepec  mpencraBnsiBa  BBIOPOCHT  3a
paboOTOCIIOCOOHOCTTa Ha KOpaOUTe Clie]] OTKAa3H Ha
HJAKOU HWJIM BCUYKH TEXHU CUCTEMHU N CIICMCHTH.
[Tox paboTOCIIOCOOHOCT ce preMa ChbCTOSIHHETO Ha
Kopaba, TIpM KOETO 3HAYCHHUETO Ha BCHYKH
napamMeTpH, XapakTepu3upanin crocoOHOCTTa Jia ce
U3IIbJIHABAT 3aJaJCHUTEC (byHKHI/II/I, CBhOTBETCTBAT
Ha NIPOCKTHUTE U3UCKBAHUA.

B nocnennute roguHM B JUTEpaTypara ce
OTACJII BHHMAHHE Ha HpO6HeMI/ITe, Bb3HUKBAIIN
IIpyU OLCHABAHCTO Ha 3JipaBUHATa Ha KOpa6HI/I$I
KOpIyC cJie]l HapyllaBaHe Ha HeroBara IsUIOCT
BCJIEJICBHE TIIOJlydyaBaHEe Ha yJapu, KOWTO ca

MOJIyYEHU CJie 3acsijiaHe, CObCKBAHE, SKCIUIO3HS
WM TIoNIaJIeHNe OT OOMHM paKeTH.

Cnen ymapa, OCBEH KOpaOHHMAT KOPIIYC,
moBpean IoJiydaBaT H HCTroBUTC MallWHU,
MEeXaHH3MH, 00Opy/aBaHe, 3aryba WU TpaBMHU Ha
exunaxa. [lopaxeHusra BOIAT 10 HaMajsBaHE Ha
paboTocrocoOHOCTTa Ha Kopala, a B HAKOHU CITy4au
U JI0 IIbJIHATA 3ary0a Ha TakaBa. 3ama3BaHETO Ha
OCHOBHUTC (byHKHI/H/I Ha IUI1aBaTCJIHUA CbAd U
M3MBJIHCHUETO Ha HETOBUTE 3a/layd CJIe] MOBPEIU
OT yJIapu € BaXXHO KaKTO 3a TIPaXIAHCKOTO
KopaOoIuIaBaHe, Taka U 32 BOCHHHUTE KOPaOH.

2. ABapuu Ha KOpadu cniope] NPUYHHATA.

Ot JokiaguTe Ha  KiIacH(HIIAIIMOHHUTE
OpraHu3allii, Ha 3acTpaxoBaTelIHM KoMmaHuu [4],
[6], [7] morar nma ce mony4ar JaHHHU 3a aBapUH Ha
KOpaOu B CBETOBEH Malao.

Taon. 1
Bpoii Ha aBapuu ¢ kopabu [6]
rojiuHa NPHMHHA
3aTOISIBAHS nioxap/
cOBCKBaHE |3acsiaHe apyru
/moTbBaHe EKCIUIO3Us
2007 55 304 197 91 115
2008 61 308 217 89 79
2009 28 292 177 67 62
2010 32 288 143 83 98
Obuwo 176 1192 734 330 354
% OT o0
Opoii 6,3% 428%|  26,3% 11,8% 12,7%

3aToIsIBaHETO Ha KOpa6HI/ITe CC IOBbJDKKW Ha
B’B3,I[el71CTBHCTO Ha BBHIIIHHU (baKTOpI/I, KOHUTO BOJAT
A0 HapyliaBaHC€ Ha BOJAOHCHIPOHUIIAEMOCTTA, Hal-
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YecTo B ycloBusATa Ha Oyps. ToraBa BB3HHKBAT
CUJIHH XUAPOAWHAMHYHH YIapH CIIEMUHI B
HOCOBATa 4acT.

B maén. 1 ca noxazann mannu Ha ISMA, ot
KOUTO C€ BIDKJA, Y€ ToJiiMa YacT OT aBapHUUTE
MOTaT Jla ce OMPEAeI ST KaTo MPUUYUHEHU OT YIapHU
BB3JICHCTBUS.

Ta6u. 2.
Bpoii karacTpodu ¢ kopadu [7]
roJIuHa IpHYUHA
3aTOIIBaHEe nioxap/
cOBCKBaHe [3acsmane TIpyTH
/moTbBaHe eKCIUIO3Ust
2010 64 10 22 11 13
2011 43 3 28 8 9
2012 55 5 25 13 20
2013 69 2 20 15 4
2014 49 2 13 4 7
Obwo 231 20 95 47 46
% OT o0
Opoi 52,6% 4,6% 21,6% 10,7% 10,5%

B mabn. 2 ca o6obmenu mamHM ot [7],
mokasBamy Opos Ha 3aryoute Ha Kopabu
BCIICICTBHE PAa3NM4YHU npuuuHA. OT TabimunaTa ce
BIK/Ia, U€ HAW-TONEMHUAT Opoi Ha KaracTpodute —

52,6% €  BCIIEACTBHE HapyllaBaHe  Ha
BOJIOHETIPOHUIIAEMOCTTA Ha KopaOHHTE
KOHCTPYKIIMH, 3aTOIsIBAHE HA TAHKOBUTE U
NOMEUICHUTa, HAW-4ecTo TOpaad  IOPMOBH

KIIMMaTU9HH ChCTOSHHUS.

JlaHHWTE TOKa3BaT, 4Ye €IHa OT BAXKHUTE
MIPUYUHH 32 OTKA3UTE U KaTacTpoduTe Ha Kopadute
ca yJapHHUTE Bb3/ICHCTBHSL.

3. Moaeaupane Ha kopada.

KopaObT npencrapiisiBa cI0kKHA CUCTEMA U
HeroBara (QopMmanau3alMs ce CBeXIa J0
CbCTaBsHE Ha HepapXW4yHa CTPYKTypa, KOSTO
TpsiOBa na jajge uHbopMalnus 3a BCHYKU
€JIEMEHTH U  BpPb3KH, HEOOXOoAUMH 32
pelaBaHara 3a/1a4a.

CrnoxxHoCTTa Ha MOAENa U KOJIMYECTBOTO
Ha CBbCTABJIABAILUTE I'O E€JIEMEHTH 3aBUCAT OT
BUJIa HA ONACHOCTTA, 3acTpallaBalia kopaba, u
OT HajJMyHaTa MpoeKkTHa uHpopmauusi. B
pasriieXJaHusd — ciaydall — OTKa3uTe, KOWTO
Nojy4aBa KOpaOBT MOraT Ja ce pasfensT Ha
JBa BHUJA OBPBUAT BHUJA C€ JABIDKM Ha
KOHCTPYKTUBHU M TEXHOJIOTMYHU HETOYHOCTH
M TakuMBa, IIPUCBHIIM  HAa  Heromara
eKcIIoaTanus, a BTOPHUAT BHUJA ca OTKAa3HWTE,
IPUYMHEHU OT YJAPHOTO BB3JIEHCTBUE.

KopabbT MoOXe na ce MpeacTaBH Karo
cucreMa, KosiTo ce 0azupa Ha Kiacudukanusara
[0 IIPEHA3HAYEHUE HA PA3JIUYHUTE E€IIEMEHTH

74

[1]. T2 uma crneaHUTE OCHOBHHU IMOJCHCTEMH —
KopaOeH KOpITyC, MPOMYJICHUBEH KOMILIEKC,
CHEPreTHYHU YCTaHOBKH, EKHMIIaX u
IIOMEIEHUsT  3a  €KWIa)ka, I[OJCHCTEMA
,,MaHEBPEHOCT", HABMTal[AOHHH WM CBBHP3BaIIA
cucrtemMu, creruanHn cuctemu (gue. 1). B
MoJicucTeMaTa ,,Kopmyc ce BKJIIoYBa UH(POP-
Malis 32 apXUTEKTYPHO-KOHCTPYKTHUBHHUS THII
Ha Kopaba, TJaBHU pPa3MEpH, EJIEMEHTH Ha
TEOPETUYHHUS YEPTESHK, TCOMETPUYHH U MACOBH
XapaKTePUCTHKH Ha €JIEMEHTUTE Ha KopIyca U
HafCTporkuTe. [IpOMyJICHBHHAT — KOMIUICKC
ChIbpka HWH(MOpPMANMs 3a  JIBUTATEIHUTE,
JBYKUTEIIUTE HAa Kopada W 3aJIBHOKBAHETO UM.
IToncucremara ,»MAHEBPEHOCT"* oOxBama
pyJieBUTE yCTpOiicTBa u MAaIllHHH.
CroenuajiHuTe CHCTEMH CE€  3aJaBaT B
3aBUCHMOCT OT KOHKPETHOTO IpeJIHa3HAuCHUE
Ha Kopaba.

Mponyackees

v.nnehl:

HEPTETHYHM
YCTEHOEKH

Cneuuany1
CHCTEMM

Haeuraumonsu
cpegcTea

@Due. 1. Hoeanusayusn na kopaoa.

IIpn wu3cnenBaHe Ha OMAacHOCTTa OT yAap
MOJISJTBT TPsIOBA Jla BKIIOUBa (hopMaTa Ha KopIryca,
pa3noJOKEHUETO Ha CHUCTEMHUTE, MEXaHHYHHUTE
XapaKTepUCTUKN Ha MaTepuainTe, AcOennHaTa Ha
OOIIMBKaTa, TEOMETPUYHUTE XapaKTEPUCTHKH Ha
ceueHusaTa Ha kopmyca. MHTepec mpencraBisBa u
BB3MOXKHOCTTa 3a ynmap c OoitHa pakera. Ilpm
W3YHCIISIBAHETO HA BEPOSITHOCTTA OT IOMAJICHUE €
HEOOXOJIMMO Jla Ce€ OMPENENAT XapaKTePUCTUKUTE
Ha JBIKEHHE Ha Kopaba Ha BBIHEHHE, KOETO Ou
YCIIOKHUIIO 3agayvara. BepositHOCTTa oT
MOMajeHue, KakTO W BHJIA Ha IMONy4YeHaTa OT
OpPBIKUETO MOBpe/la Ha KopIlyca WM OTKa3H Ha
KOpaOHHUTE TIOJICHCTEMH, I CE ONPEJAEIH OT THIa
Ha pakerara. Karo ce uma mnpeaBul TroJsIMOTO
pazHooOpasue OT OOWHM paKeTH, MOXKE Jla ce Kake,



4e Ha TO3W BBIpPOC OM TpsAOBano na ce OTAEIH
CIICI[HATHO BHUMAHUE.

W3crenBanero Ha pabOTOCIOCOOHOCTTa Ha
Kopaba cieq yzap € CBBP3aHO C IPHIaraHeTo Ha
HOPDMHUTE 3a pHCKa BCIEACTBHE KaracTpodalieH
¢ynkmonaneH orkas. Hopmure Ha puck R(T) ot

HACTBIIBAHE Ha TaKbB OTKa3 CE€ ONpPEAeNsT OT
CTETEeHTa Ha OTTOBOPHOCT Ha OTACTHHUTE KOPaOHH
MOJICHCTEMH U BPEMETO 32 pa3BUTHE HA BEpOsTHATA
katactpoda (mo 10 s, no 1 min, 1o 10 min, xo 30
min, o 1 h).

B [4] e moka3zaHo, ue Te3W HOPMH MOTaT Jia ce
JneQUHUpAT KaTo:

R()=10"7;10"%;10%:10"%;10°3, (1)

KbJIETO T - CPEIHO BPEME 3a OCHUYECTBSIBAHE Ha
CHOTBETHHS TIPOIIEC.

4. MatemaruuHa GpopMyJIHMpPOBKA.

HamansBanero Ha paOOTOCIOCOOHOCTTa Ha
Kopaba MOXe Ja Cce JObJDKA Ha OTKa3uTe,
BB3HUKHAIM B KOS J1a € OT H30pPOEHHUTE TO-TOpe
noacucremu. [lapameTputre Ha HaJICKHOCTTA Ha
IMOACHUCTEMUTE CC MPOMCHAT B TCUCHHUEC Ha BPEMETO
U MOXKe Ja Ce MPEANO0XKH, Y€ TEXHHUTE OTKa3H
BB3HUKBAT B CbOTHOILICHUE:

& :a,:85:a,:85:9;:ay,
KaTO € U3ITBJIHEHO:
n

4, =1. 2)
i=1
B ypaBHenume (2)
O3HAYCHHMSI:
a;- 4YacT Ha OTKasuTe Ha Koprmyca u

ca IpUETH CJICAHUTC

KOPITYCHUTE KOHCTPYKITUH;

d,- 4YacT Ha OTKAa3UT€ Ha MPOIyJICUBHMSA
KOMILIEKC;

a5 - YaCcT Ha OTKa3UTe€ Ha EHEepreTHYHHTE
CHCTEMU;

d, - YacT Ha OTKa3WTe Ha IMOJICUCTEMaTa
,,CKHUTTaX";

dg- dYacT Ha OTKasMTe Ha IoJcUcTeMara
,»MaHEBPEHOCT"

dg - 9acT Ha OTKa3WUTe HAa HABUTAIMOHHHTE
cpencTBa

a;- 4YacT Ha OTKAa3UTe Ha CIELUAIHUTE

CUCTCMHU.

ITetrTe NOoACUCTCMHUTC Ha Kopa6a Mmorar Jga
nojriy4aT OTKa3h BCJICACTBUC ydapa, KaTO TCXHHUTC
OTKa31 BB3HHUKBAT B CbOTHOILICHUE:!

by :by 1byib, iy g iy,

MIPH KOETO TPsIOBa Ja € U3IMIBJIHEHO:

n
2b, =1, ®)
i=1
KBJICTO MHJCKCHT | CHOTBETCTBA HA O3HAYCHHSATA,
npueT BbB Gopmyna (1).

KaTto ce mma mpeaBua JUCKPETHHS XapakTep
Ha CBHOUTHATA OOMKHOBCHO KAaTO CHUMYJAIMOHCH
METOJI ce U3Moyi3Ba MeToabT Ha MonTe-Kapmo [1].
Kopabuusatr xopmyc, KOpaOHHTE MAaIIMHH |
MEXaHU3MH W CIHCHUATHUTE CHCTEMU IO CBOSTA
CBIIHOCT Ca MEXaHWYHU U BBH3HUKHAIUTE OTKa3U
HE ca KOHCTaHTHM BEJIMYHMHH, a CE MPOMEHSIT BHB
Bpemero [3]. Eto 3amo 3a pasmpeneneHHETO Ha
MEXaHUYHUTE OTKa3M KaTto (YHKIHS Ha BPEMETO €
NOAXOJSIIIO Jla C€ H3MO0JI3Ba 3aKOHBT  Ha
pasnpexnenenre Ha BeiiOyn. 3akonbsr Ha BeiiOyn
MOXE Jia C€ H3MO0J3Ba U MPH CICKTPHUYCCKUTE
CHCTEMH, JIOKATO TNPH HABUTAI[MOHHUTE CHUCTEMH,
KOMTO OCHOBHO CE€ CBCTOAT OT EIICKTPOHHH
CNIEMEHTH, CE TpernopbyBa HOPMAJCH 3aKOH Ha
pasmpeiesieHue Ha OTKa3uTe.

[lpouechT Ha  BB3CTAHOBSIBAHUATA  HA
pa3IUYHHUTE EJIEMEHTH Ha KOpaOHHTE MOJCHCTEMHU
clienBa  CCHOHCHIMAICH WM  JIOTAPUTMHYCH
HOpMaJICH 3aKOH Ha pasmnpezencuue [2].

[T1pTHOCTTA HA BEPOATHOCTTA U (DYHKIMATA HA
pasmnpe/eneHue Ha OTKa3uTe MPU eKCIIOHCHIIMATHUS
3aKOH MOTaT JIa Ce 33/1a71aT BbB BH/IA:

f(t)=1e “, 2 =0, 4)
R(t)=e*, (5)

KbAETO t —Bpeme,
A — UHTEH3WBHOCT Ha ITOTOKA Ha OTKAa3UTe.

Ilpu 3axkona ©a BeitOyn mIbTHOCTTA Ha
BEpOSTHOCTTa M (QYHKUUATA Ha paslpeneeHue
nMar BUAa:

f(t)%%)“exp (é)" , (6)
t =0, t,,n=0,
R(t) = exp( (i)“), 7)

kbpaeTo Nu 1 ca mapamerpwu.

IIpu 10rapuTMHYHOTO HOPMAJIHO

pastnpeneneHue:
1 1 log(t) u
f(t)=——¢e = ===
® o2z 02 o (8)
t =0, oy o g? =0,



KBJIETO M W 6 Ca CPEJHOTO M CTAaHAapTHOTO
OTKJIOHEHHE Ha  HOPMAaJHO  pasMpeseseHara
ciyyaitna BenmnunHa log(t) .

AKO TIpHeMEM CIETHUTE MNPEANOI0KECHHUS:
OTKa3bT HA CHCTEMaTa € NPUYMHEH OT €JHa OT
JIBeTe TMPUYMHHU: HEHAACKHOCT WIH YAapHO
BB3JICHCTBHE; OTKa3 Ha CUCTEMAaTa CE€ PETUCTPUpA,
KOratTo IOHE €aHa OT CeAeMTe TIOJCHCTEMHU €
MOBPE/ICHA; OTKa3UTE Ca HE3aBHUCHUMH;, MOJICIBT €
MOJy4yWJI caMO €IWH yhap, TO (yHKOusATa Ha
pasnpeneneHueTo Ha OTKa3UuTe BB BPEMETO MOXKE
Jla ce TMpeICTaBd KaTo cyma OT (PyHKIMUTE Ha
pasnpenencHus Ha BeliOyn, T.e.

ft)=a,f(t)+a,f,(t) +a; f5(t) +

(9)
+a, f, (1) +a5 5 (1) +a, fo (1) +a; T, (1),
5
KaTo Zai =1
i=1
Onpenensoe 1a CreTestn 1 Cremamm
XApAKTEPHITHEHTE VYCTAHOEKH € HCTEDTH
Ha Ymapa
Orlpemejlmneua Onp ene e J
muymwron [ orsmers

3aC ETHATHTE
TOTIC HC TEMTH

[ 1

Onp emensoe 1a AHANHS Ha AKOCTTA

3ACETHATH 0T YHapa

¥Oap HATA CHTA H MOpeX0THHTE
KauecTHa Ha Kopaba
Ouenra a paboroc moGnocrra <

@ur. 2. Cxema Ha 0TKa3UTe HA Kopada cjiea yaap.

BvB ¢Qopmyna (9) ca mpueru cieaHuTe
O3HAYCHUSI:
f1(0), f2(1), f3(0), .., f2(t)
pasnpenereHneTo Ha  OTKa3uTe 3a
noxcuctemu ¢ mapamerpu (N, ty,),

(g, ty3) ..., (N5, ty7) cpOTBETHO.

- QyHknum Ha
celnemMre

(N2, t5) s

CroitHocTuTe Ha @; U b, Morar jaa ce momydJat

cien o0paboTKa Ha CTAaTUCTUYECKU JIAHHU HITU Ja
ce wuzbepaT OT MyONWKyBaHM B JIUTEPATypHH
W3TOYHUIIH.

Ha ¢hue. 2 e mokazana cxema Ha mporieca Ha
OIlCHSBaHE Ha paboToCImocOOHOCTTAa Ha Kopaba
clel yAApHO Bb3ICHCTBUE.

[IpennoxeHusIT MOJeNl MOXKE /1a C€ U3II0NI3Ba U
3a OIeHsIBaHEe Ha HAJIEKHOCTTa Ha Kopaba, KaTo ce
BKJIFOYaT ¥ BBH3MOKHOCTUTE 3a PEMOHT Ha
MIOBPECHUTE CHUCTEMH. PEeMOHTOIPHUTOMHOCTTA HA
CHUCTEMHTE C€ OIpeleisl OT THIa Ha TIOBPEAWUTE B
3aBHCHMOCT OT HaHeceHHUTe mopaxenus (¢purypa 1).

3akiarouyenmne.

[lpencraBeHn ca NPUYMHUTE 32 aBapud U
kactpodu Ha kKopabute. Pasrieman e BBIPOCHT 3a
OlleHsABaHE Ha paboTocrmocoOHOCTTa Ha Kopada
Cllel yIapHO BB3ICHCTBHE, Karo KOpaObBT €
pasriieflaH KaTo CHUCTEMa, ChCTOSIIA Ce OT CeIeM
noacucremu.  IlpemnoxkeHa e — MaTeMaTWdHa
(dhopMynupoBKa Ha ompeaelnsHe Ha (QyHKIuATA Ha
pasnpeneseHueT0 Ha OTKas3uTe, C KOATO Ja ce
OIICHH BEPOATHOCTTA 3a PabOTOCMOCOOHOCT clex

ynap.
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The reasons that cause losses of ships in sea operation are presented. It was established the impact forces are one
of the main causes disability. It is probable to be a reason for catastrophes of the ships, in some cases to complete
destruction. It is suggested simplified mathematical model in which the ship is modeled as a system consisting of
subsystems covering the main elements. Expressions have receive for distribution function of the failures. The
proposed mathematical formulation can be used to determine the availability of the vessel after the impacts.
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MULTI-OBJECTIVE SYNTHESIS OF VEHICLE SEMI-ACTIVE SUSPENSION
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In the study is discussed a model of a vehicle's semi-active suspension, represented in a vertical
plane (named in the literature - "half car model™). The main requirement for multi-criteria synthesis is
finding the optimum compromise between the ride comfort and the stability of the vehicle on the road
pavement. The aim is to determine the elastic characteristics of the suspension and the control law of
semi-active dampers, applying a controller of "linear quadratic regulator" type. There is proposed a hew
innovative approach based on identification of Pareto set of optimal solutions which provide optimal
compromise in terms of sustainable strategy according to the theory of the antagonistic games of John
Nash. Due to the large dimension of the optimization problem and the presence of constrains there is
used a combined genetic search algorithm, allowing a faster achieving to the global optimal solution.

Key words: half car model, semi-active suspension, multi-objective synthesis

1. Introduction

The approach of the multi-criteria synthesis
applied for determination of the parameters of the
semi-active suspension of a car and of its control,
aims to find the optimum compromise between the
requirements for the vehicle’s ride comfort and its
stability on the road pavement. They impose
conflicting requirements, as the comfort in principle
is related to a softer suspension, and the stability to
a stiffer one. This task requires the identification of
a set of optimal (noniferior) solutions defined by
Vilfredo Pareto and then finding in it this optimal
compromise solution which provides stationary in
the context of the game theory of John Nash.

Due to the nonlinear behaviour of the semi-
active damper the decision of this task is realized in
the time domain and the synthesis is also based on
the criteria for optimality formulated in the time
domain. For its effectiveness it is essential to be
done an adequate description of the disturbance
caused by the roughness of the road surface.

Through spectral analysis there could easily be
realized a transition to the synthesis in the
frequency domain.
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2. Dynamical model

The model consists of:

- a sprung part (coupe, chassis, engine,
transmission, etc.), considered as a rigid beam with
two degrees of freedom representing the vertical
displacement of the centre of gravity - z. and the
pitch angle about the transverse axis Cx - 6, and,

- an unsprung part of two concentrated masses

(for the front and the rear suspension) with one
degree of freedom each, representing displacements
in vertical directions z; and z,.

The model is shown on a Figure 1.

The characteristics of the model are:
m —mass of the sprung part;
Icx —mass moment of inertia of the sprung part about
the principal transverse axis Cx;

My, » Mys, — unsprung masses respectively of the
front and rear suspension;

¢, ¢,— horizontal distances between the centre of
gravity and the front and the rear suspensions;



Fig.1 ""Half Car™ dynamlc model - scheme of the suspension

k, .c, uk, c, stiffnress and  damping
coefficients of the front/rear tires respectively;
k. c, (i)nk, ,c (i,) — spring stiffness and

damping coefficients of front/rear suspensions
respectively;
- control signals;

E(t) u &(t) — kinematic excitations under front/rear
tire due to roughness of the road pavement;

{,— the distance between the centre of gravity and
the position of the driver's seat mounting.

I, mi,

The vectors of the generalized coordinates and
the kinematic disturbance respectively are:

q:[zusf Zus,r ZC er]T ERn'n:4
S ¢))
£=[&.6] eR",m=2

The used linearizations are:

- small displacements at the points of suspension
of the chassis A;, i=1,2 are regarded as:

Z, =2, +0y,, i=1,2; )

- for the coefficients of elasticity and damping of
the vehicle suspension, are used the linearizing
dependencies proposed in [1].

2.1 The presentation of the model in the state
space
The presentation has the form:

X =AX+B,A+B, Us, X(0)=X,

Y=CX+D, A+D U, 3)
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where:

X = [g} e R*™ - is vector of the state’s variables;

A= E} e R*™ - vector of the input disturbance;

— Ul
F U2

A={On,n In

} e R™, r =2- vector of the control;

A | |eR™*" - state matrix;
-mk -mwc

0
B,=| " |eR™"-matrix of the input disturbance;
m-d,
On r 2nxr H
B,=| ., |€R™" -matrix of the control;
md,
m =diag([m,,, ,m,, ,m;, 1, ]€R™" - mass-inertial
matrix;
diag([c, .c, ]).0,,
c= RTTEE | R™_ dissipation matrix;
02><n
k,+k, 0 *, «, I,
0k tk, K kI,
k: r r T T c Rnxn _
&k, Kk, ko vk, kLK I
f r f r f r
KLk kg Lk Lk Pk D
stiffness matrix;
ktf 0 C,, 0
d,=|0 Kk, 0 ¢, [€R™"-matrix of kinematic
0

2x4



disturbance;
_|2

dU = llxz
0,0,
the semi-active dampers;

YZO’Sﬁ[éﬁmﬁﬁj} oo N2 Foh

-
/x1
eR™,

~sustainability ~comfort  comfort  sustainability

e R - matrix of the forces in

£=T7 - vector of the output variables (the multipliers
equate the variables number affecting the comfort
and on the sustainability);

Z, ~Z.+10,0., - acceleration of the position of the
driver's seat mounting;

_Fld :ktf (Zusf _e‘f:f)-}—th (Zusf _é.:f ) - dynamical

_de = ktr (Zusr _ér)-i_c;tr (zusr _gr)
forces between the tires and the road pavement;

|4' 04x4
V2[A7)+LAEB,) ,
C=0,5\2 [ AG)] eR™,
ktf '01><3’Cxf '01x3
_0'kt, 'lea’ct, ’lez
i 04><2m ]
J2[B, (7,)+1.B (8,) ,
D,=0,5v2 (B (77448, )] e R,
'ktf ’les"ct, ’01x3
_O"kt, ’les"ct, 'lez |
0

axr

D,=05v2| v2[B,(7.)+2¢,B, 8.)] | € R**" - matrices
OZxr

of the output variables;

(*)(n’:) - designation for the n-th row of the matrix;

l,, 0,,m - identical and zero matrix with the
relevant dimensions.

2.2 Modelling of the kinematic disturbance

The function, which approximates the spectral
density of the road pavement's roughness, according
to 1ISO 8608 [2], is determined by the dependence:

*«

, m®/cycle

S(m=s(n,) -

0

= S(n)=27S(Q).(4)

-k

Q
S(Q)ZS(QO) Q_ , m’

0
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where:
n=\" cycle/m -
frequency);
A, m—wave length;
n, = 0,1, cycle/ m - reference spatial frequency;
Q= 2nn, rad/m— circular spatial frequency;
Q,=1, rad/m circular  reference  spatial
frequency;
S(n,), m*/cycle— spectral density of the etalon
space frequency;
E{k} ={1’36 TAns ,average k=2, E{} -
2,28-3an>n,
designation of the mathematical expectation;
S(Q,), m® — spectral density of the circular
reference spatial frequency,
$(9,)=0.1" (20 S(n,)

wave number (spatial

~
~

3a k=2

S(n, )/15,915.

The values of the reference spectral density for
the different classes of roads, according to the 1SO
2631-1 standard are given in a Table 1.

Tablel Reference spectral density according 1SO 8608

Boundaries of Average
Class of the road variation values
S(Q,)10°m? | s(Q,)10°m®
A (very good) 0+2) 1
B (good) 2+8 4
C (average) 8+32 16
D (pure) 32+128 64
E (very pure) 128+512 256

The spatial frequency is seen in the range
of n=[0,01+10] cycle/m or € e[0,0628+62,83]

rad/m — Figure 2, but the basic evaluation interval
according 1SO-8608 is ne[0,011+2,83] cycle/m or

Q <[0,063+17,78] rad/m.
In the further numerical simulations the used
reference spectral density is S(€,)=128.10"° m°.

Road roughnes Power Spectral Density

L i
20 60 70

Fig.2 Spectral density of the road pavement class A, B
and C according ISO-8608



For a more significant consideration of the
excitations with a short wavelength (for example,
the cracking of the pavement), the spectral density
of the high frequency wave provides by the means
of a correction with the following signum function:

sigmf (x,a,c) = [1+ g 20 T (5).

So for the spatial frequencies Q > 0,3 rad/m the
spectral density is calculated as the relationship (4)
is added to the correction:

S (Q)=[sigmf (<Y (2n), 1, 3)-sigmf (186, 1,4)]0,8.10* .(6)

The relationship of the spatial frequencies with
the frequencies in the time domain depends on the
law of the motion of the vehicle.

[4] is based on statistical processing of corporate
and experimental data is proposed the following
average dependence for the acceleration at the most
popular car brands:

a,,=2,908-0,0648V, m/s?,

from which are obtained after integrating the
kinematic characteristics in a mode of the vehicle’s
acceleration until reaching the maximal speed:

2 908 1_ -0,0648t
s(t)= | 2 v (t)
0,0648\ 0,0648

a(t)=2,908 g%

— 2,908 (1_6-0,054&)
0,0648 .(5)

For the purpose of the completely
adequacies of the disturbance are added poly-
harmonic components:

3 (t)=ZHieln(deC)(V/vw)ZSin(zns(t)/ki) , (6)
v jz
where the factor e Vo) hinds the amplitude of
the unevenness of the road pavement with the
driving regimes (a higher speed principally is
achieved on a better pavement)

Using the simulations harmonic components has
the characteristics shown in a Table 2:

In(dec)(

Table 2 Characteristics of the harmonic components
of the disturbance for i=4

A, M 0.15 | 2,42 12 20 dec
H, m 0,002 | 0,003 | 0,001 | 0,0035 | 0,4

(for the typical harmonic mode dec=1).

The generation of the road surface profile from
the spectral density passes through discretization of

the spectrum, obtaining a bilateral magnitude
response, generation of the phase response as a
random function with uniform distribution in [0, 27],
inverse Fourier transform and transition in a time
function by synchronizing with the driving regime
of based on (5) and (6) - Figure 3.

Road exitation
0.015

| |
MMM NEREY

= .

-0.015
o

5 10 15 20 25 30
ts

Fig.3 A time response of the kinematic disturbance
(s=670 m)

The derivative of the kinematics disturbance
determinates by the numerical expression:

E(t) = (E(t+At) —&())/ At, 7)

where At has a small value in range of 1 ms.

For the purpose of obtaining some more
smoothness in the results, it is used a first order
filter with transfer function (TF)::

W(s)=s/(ts+1). (8)

where t=1/f, f - cut-off frequency of the low-
pass filter in Hz.

Roat roughness exitation (in time) - Magnitude response

05 W

100 120

w /s

Fig.4 Spectre of the kinematic disturbance

2.3 Linearized model of a semi-active damper.

In the base fluid of the semi-active damper are
included magneto-rheological microparticles. They
form colonial structures under the influence of the
electromagnetic field created by a current control
signal flowing through coils located in its piston.



This significantly affects on the viscosity of the
fluid, and as a result increases the value of the
damping coefficient. In the part of the period of
oscillation when the damper directs energy to the
isolated object, the control signal i(t) becomes zero

and the coefficient of damping is minimal ¢’ .
When the damper dissipates energy, the control
signal increases to its maximal value ina, Which
correspond to the maximal expansion of domains
and the damping coefficient becomes maximumc *.
In case that the purpose of the semi-active

suspension is to reduce the dynamics only of the
sprung part, the control law is:

(1 (24-24)2, <0
i= .
0, (Zys—24)2,>0

It improves the comfort, but leads to redirect a
large part of the vibrational energy to the unsprung
parts and worsens the sustainability.

Respectively the control:

i — 1 '(zus_iA)ZusSO
0, -(Zys —2,)2ys >0’

us

improves the sustainability, but worsens the comfort.

The multi-criteria synthesis requires determining
under the constrains i(t) [0,1], such a control law

that the utmost satisfies both criteria.

In the linear model of the semi-active damper,
the damping coefficient is a linear function of the
control signal (electrical current or voltage) and its
description is:

f+(cs:__‘3;)i(t), i(t)ye[0,i.],

max

C.=C

S S

(9)

as the control signal, taking into account the
physical constraints is describes by the dependence:

cm(t) i, 3a0<c"(t) <1
i(t)=1i., ,3a c(t)=1 , (10)
0 ,3a ¢l (1) <0
where:
U
NN RO R
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as U, (t) is the control signal (the force),

generated by the controller.
The damper force is:

U(t)= {c +(c —cs”)ii(—t)}(zus ~2). (12)

max

3. Description of the approach for the multi-criteria
optimal synthesis

3.1 A formulation of the task for multi-criteria
optimal synthesis

¢ The optimizing parameters are the
coefficients of stiffness and damping of the front
and rear suspension and the elements of the weight
matrices, related to the synthesis of the controller,
which will be discussed further in the publication:

Q=diag ([ Qy,» Qu, Q.- Qp, - Qs,. Q1. Q:. ]),
R= diag([Rul,RUz ]),

i.e.:

X =k, .k, Q R]. (13)

The imposed constrains are of the type lower
and upper bounds type:

D={X'<X <X"}. (14)

¢ Obijective functions

In the time domain, they are root mean square
values of: the unsprung coordinates, the sprung
coordinates, the acceleration in the place of
mounting the driver seat and the dynamic
components of the normal forces between the tires
and the road surface.

In general, the first and fourth criteria are related
to the vehicle stability and the second and third to
the raid comfort, but do not overlap completely in
the requirements so that the inclusion of the first
two criteria, leading to a more effective reducing of
the overall level of the vibration field:

IX)=[310X), 35(X), 35(X), 3, (X) |, (15)

where:

1%
_JE!

1 b 2 1 b 2
5000 Jr [z, () dt+cJt— floc. () dt}

J1(X)=0,5

2 1%
2, (X)) dt+\/E£

2, (LX) dt}




1%
J;(X)z\/t_j”zdw (tX)|[ dt
k 0

The ,w” - index in the object function J,

denotes that according ISO 2631-1 [3] is done a
weighted-frequency modulation of the acceleration
using a set of filters with a common transfer
function:

W, (5)=10°(0,38765+45,735' +775,7°+9614s’ )
(s°+11015"+6002.10%5" +9895.10°s° +6843.10°".... (16)
+1805.10%" +3119.10°° +9948.10°5+1592.10° ).

¢ Algorithm for multi-objective synthesis

= Single objective optimization is performing
for each of criteria under the constraints (14) and
are obtained:

X0 = (X(i)):g]ig, i=1,.4;

= For defining the strategies in the context of
the theory of the cooperative games is formed a
functional space:

J(X)eE,, ={3(X)eRD

game

™ <I(X) <™ ,a7)
where:
M =[3,(X9),., (X™ ), n, =4

J

I =L, T I =max J, (X©), k=1,.n,

vedn .
XOlig(1,..n;)Aizk

and is applied a gaming-context transformation of
the object functions:

. X)) — min
J (X)=%e[0,l], k=1,.n,, (18)

k k

through which it passes to the task of minimizing
the criterion vector:

I (X)=[5(X).30 (%), 3, (X)] . (@19)

J;(X)=o,5Nti IR dt+Jti JIE: (x| dt]

The vector of the optimized parameters is
normalized in a unit hypercube in R"™:

X" =[x ] =(x-x")./ (X" -X")
x; €[0,1],i=1,..n,
(n, =6 further in the publication)

. (20)

= A weighted criterion is defined as follows:
S(X,¥)=v"I(X), (21)
where:

¥ =[n,.2,] eY:{‘I’e R

S, :1}, (22)

and whose minima form the set of Pareto for the
multi - objective task:

D, =X, (¥)<D|[s(x,¥) =min)((x, ) <E,...)| @3)

= The equilibrium solution according Nesh-
theory is searched in Pareto set, as the solution

which is minimizing a L’ — norm in the space of
transformed object functions:

i (5, () <min| 307, (o) | 29

k=1

= Thus the optimization is done on two levels:

-) on the upper level is minimizing (24) in a
relation to the weight vector ¥;

-) for the calculated on each step of the upper
level search procedure, vector ¥, on the lower level

is makes minimization of S(X,¥) (21) and the

value of the obtained Pareto-solution X (‘P) is

passes back to the search procedure on the upper
level.

The approach allows obtaining of the stationary
solution without identifying the complete set of
Pareto optimal solutions.

A graphical view of L° - norm in R for
different values of the power p=1,2 u o is given on
a Figure 5.

LP(I(X,)) = maxJ(X,). (25)

p=>o0 k=1,..n;



lIl,,

AL
YN

Fig.5 Graphical view of L”-normin R?for p=1,2,0

The multi-objective optimal solutions, obtained
for these values of p are shown on a Figure 6.

it J1*+ /\1ng =8,

Fig.6 Graphical presentation of the identification of
the set of Pareto optimal solutions via minimization of
a weighted criterion

3.2 Method for optimization

The large number of elements of the vector of
optimization parameters (13) significantly impedes
the search procedure and reaching the global
optimum. For this reason is using a combination of
several approaches:

= Starting points for the searching procedure
are obtained by Sobolev JIII, - quasi-random
sequences [5,6] generated in a unit hypercube in the
nx-dimension space (20);

= They are the starting population for the
subsequent searching of the global extremum using
a genetic algorithm [7, 8].

The genetic algorithm on each step realized in
three steps:

- selection, which evaluates on the basis of
comparison, the most appropriate solutions from
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already obtained, for a purpose of generation a
subsequent better solution;

- crossover the elements with maximum
matching with the given criteria;

- mutations in the local solutions, in order to
reach the global extremum;

= Finally, the obtained result is corrected and
refined through iterative quasi-Newton method for
nonlinear optimization - SQP (Sequential quadratic
programming). It is based on a quadratic
approximation of the objective function and
linearization of the constraints in vicinity to the
reached point [9, 10].
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The study presents a multi-criteria approach for the synthesis of a linear quadratic regulator (LQR).
The controller combines a state feedback with a compensator of the disturbance. It is proposed an
algorithm for a reconstruction of the state and the kinematic disturbance by a reduced-order vector of the
observation, formed of the signals from accelerometers mounted in the connection points of the dampers.
The obtained optimal control depends on the values of the weight matrices in the minimizing quadratic
object function and essentially represents some solution from the set of Pareto, but there is no guarantee
that this is the optimal compromise. In the presented study, the elements of these matrices are considered
as optimization parameters, which are determined by the proposed hierarchical approach for a multi-
objective optimization. Thus the obtained regulator realizes an optimal compromise control in relation to
the defined criteria. Crouching is an example of a MIMO LQR type control of a semi-active suspension
for a model of a vehicle that is considered in the vertical plane.

Key words: half car model, semi-active suspension, multi-objective synthesis, LQR

1. Introduction

The synthesis of linear quadratic regulator is
discussed in [1 + 4] and in many other studies. In
the context of its application in vibro-isolation
systems, it is discussed in [5 + 7] and other studies.
The semi-active damper has a nonlinear
characteristic. The use of quasi-linear model of the
damper (dependencies (9) + (13) of [8]) allows
designing a linear regulator - LQR. The differences
between the control signal from LQR and the
physically answer from the semi-active damper, due
to the nonlinear parts of the characteristics are not
dramatic. This also applies to the objective
function's values, calculated at each of them.

In essence, the synthesis of the linear quadratic
regulator has a multicriterial character as the control
minimization of the quadratic criterion weighting-
formed by the target variables and control action.
The determination of weights in various surveys, in
the most cases is intuitive or it is based on some
forecast for the average quadratic values of the
target variables and of the control impact. From the
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theoretical analysis [8] it is clear that by such an
approach, the result will correspond to a particular
solution of the set of Pareto and is difficult to assess
its compliance with the optimum compromise. In
the present study is done an adaptation of the
synthesis of the linear quadratic regulator to the
described in [8] hierarchical approach for a
multicriterial synthesis.

2. Synthesis of a mixed quadratic regulator with a
feedback by the system state and the input
disturbances compensator

The synthesis aims obtaining of a control law,
providing minimization of a quadratic functional of
the characteristics Y(t) e R"** defining the quality
of the suspension and the control action
U.(t) e R"™*" - which consists of the forces in the
semi-active dampers [8]:

J(U;)= XT(T,)FX(Tr)+j(YTQY+ U.RU, )t , (1)



where:

X e R*™*! - state vector:

FeR™® QeR"™" are positive semi-definite,
and ReR'™™" is positive definite weighting
matrices. In the study F=0 and Q u R are

diagonal;
T, is the time interval, for the control processing.

2nx 2n?

The system model presented in the state
space is:

X=AX+B, U, +B,A, X(0)=X,

_ . (2
Y =CX+D U +D,A

2mx1

where AeR is vector of the kinematic
disturbances, and the matrices: A e R*"*?"- of
the state, B, e R*"**™ - of the disturbances,
B, e R™' of the CeR"™™,
D,eR™*", D, eR™™ of the output

variables, for the discussed model, are describes
in [8, relationship (3)].

control,

After substituting (2)
transformations it is obtained:

in (1) and some

TY

8

o| +(2X Ny, A+2U, "N, A+ATR (A

(XTQuX+2X Ny U +U. "R U, )+ i G

NXA — CTQDA c RZn X 2m
NUA — DUTQDA c Rrx 2m
R — DATQDA c Rme 2m

where:

A

The Hamiltonian (normalized) and the co-state
system are:
(4)

H=(X"QX#2X"N,, U, +U,'R U, )+
+(2XN,, A+2U, "N AFATR (A )+PT (AX+B, U, 4B, A),

_H
oX
P(Tr) = FX(Tr) = Oan 1

P= :_(ZQXX+2NXUUF+ATP+2NXAA)

For the purpose of the simultaneous synthesis
of a feedback and a compensator, a solution of the
co-state system is proposed as:

P(t)=2(KMOXM-¥(L A1), )
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where ¥ (t,A(t)) is the part, representing function
of the input disturbance.

The time derivative of (5), with taking into
account the relation for X from (2), is:

P=2(KX+KAX+KB U, +KB,A-¥).

After substituting the upper relation in (4) and
some transformations, for the co-state system is
obtained:

[ (K+KA+ATKHQ, ) X+ (KB, +N,, ) U, |+ .
+[AP-ATWH (KB, N, ) A ]=0. ©)

According with the Pontryagin's maximum
principle [9] the optimal control is must to provide a
extremum of the Hamiltonian i.e.:

oH
— =0=
aUF U :U|e:X"
extr -1 T T -1 T
U =-R,* (N, +B,'K)X-R,*(N,,A-B,"¥).(7)

o*H
- =
r
sufficient condition and (7) it is the optimal control
assuring the minimum of the quadratic functional
(3).

After replacing (7) in (6) it is composed of two
groups constituting, respectively, comprising the
state vector and the input disturbance. Thus, (6) it is
divided into a system of two differential matrix

equations of the Riccati type:

As

2R, >0, it should be fulfilled and

K+KA+ATK+Q, - (KB, +N,, )R, * (N, +B,"K)=0
W[ AT-(KB, N, )R, B, |9+
+[(KBU+NXU)RUJNwV(KBA+NxAXLA:0

For these boundary conditions for K, T, = o

and constant values for the matricesA, B, C, D, Q, R
itis valid [10]:

lim K(t) = K = const
!

r—om

K =const = K

lim Y(t,A) =P (A) - ¥ =¥(A)

r—o

whereby the above system is transformed into an
algebraic:



KA+A'K-KB,R,"'B,’/K+Q, =0
F(A)=[AT—(KB, +N,, )R, "B, ] . (8)
[KB, +Ny, — (KB, + Ny, )Ry "Ny, A
A=A-B,R, "N,
where: _ )
Qx:QX quRu N

The decision of the first equation is obtained
by a numerical determining (via Q-R algorithm of
orthogonal rotations [12]) of the 2n stabile
eigenvalues of the Hamiltonian matrix (simplistic
matrix) defined by it [3, 11]:

:|: A :| c R4n X 4n
_Q><

and the solution of the second equation follows
directly from that of the first.
So for the optimal control (7) it is obtained:

BU R UilBUT
AT

UP=G,X-G,A

G,=R,"(N,,"+B,'K) 9)

GA :RU.1 {NUA -BUT I:AT 'GXTBUT ]-l [RBA +NX/\ 'GXTNUA J}

which is modulated by the semi-active damper
characteristics [8 relationships (9) + (12)].

linear
model of a

3. A multiobjective synthesis of a
quadratic regulator for "half car"
semi-active vehicle suspension.

The observation vector is:
Y, (0=[2, (D, 2, (1,2, (U, 2, (V] .(10)

The reconstructed vector of the system state is:

_la|_
X(t)—[q(t)}— (11)
| £ {s" Wy, () £{Y, (D}}
st 0 0 0 |
0 s 0 0
= 1 éz €1
‘ ety e [F6)
1 1
L (Zl+£2)s (€1+€2)
L qul(s) i
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where:

- £{ } m£*{ } are signage for the Laplace and

Inverse Laplace transforms, and s is Laplace
operator;

- Wiy, (s) is a matrix transfer function between

the vector of the observation and the vector of the
generalized velocity.

The reconstructed vector of the kinematic
disturbance is:

(12)
g )| STW, )
A== s Ops O =L ! LY (t ,
I:& [af ér é;f ér] VvéYl(s) { 1()}
where:
m“5f32+c‘fs+k‘f 0 (ICXJ’ms’zZ) s (ICx-msélpZ) s
¢, sz+kls (/1+/2)2 o St (4t ) o, %,
Wey | T
5N 2 5
M ® +c‘rs+k‘r (g, mify) s (I +ms/2) s
0’ " '
clfsz+ktfs (r1+;2)2 L (Y ) ¢, s,
The weighting matrices in (3) look like:
Q=1Q R=u:R, (13)

where:

Q=diag ([ Qe Qus, Q.. Qs+ R, Q¢ Q. |),

Mo = diag ([ Ky +Hus, s My, Hog o By o B oM, )

Hy, =1/RMS’ (2,0 (1)), 1, =1/ RMS? (2,4 (1)),
i, =1/RMS? (z,(1)), 1o =1/ RMS? (0, (1)),
K, =1/ RMS? (Z,(1)),

ue =1/RMS?(F' (1)), p., =1/RMS?(F} (1)),

R, ) e =g i, o, )

u,, =1/RMS* (U, (D), p, =1/RMS* (U, (1)),

R = diag([RUl,

as it is indicated by RMS the Root Mean Square
value of the variable.

Based on the obtained results and in order to
reduce the dimensionality of the task, it is assumed
that:

Hys, = Hus, = Hys

H, =0,04p, =p,
He = Hp, =M
Hy, =Hy, =Hy



Qus, = Qus, = Qus

st :Qer :Qs
QF1 ZQFZ :QF
RUl =RU2 =Ry

Q = diag ([ Que, Quer Qs Q. Qs Q1. Q)
R =diag([R,.R,])
Mg = diag ([ Ky, Hyss s 251, Ky s Mg M )
i = diag([py, 1, ])

. (14)

Respectively the vector of the optimization
parameters is:

XZI:Qus’Qs’QZd’QF’RU’ksf’ksr ’ (15)
as the optimum is searched within the boundaries:
X! |0 0 0 0 005 12000 12000
X" 15 15 1,5 15 15 28000 28000 |

The scaling vectors are:

rms | Zus: M| Zg.m| 2y, mis* | F, N UN |C
001 | 0,01 0,6 650 230
(VI | m My, He Hy |5

10° 10° 2,78 ]2,367.10°(18,9.10°

1)

The boundaries of variation for the damping
coefficient of the semi-active damper:

c,'=c,'= 800Ns/m,c " =c, " =2000Ns/m;

St Sy

Results from the optimization synthesis:

Values of the optimized Values of the

< parameters object functions:

%’; Qus Qs de QF RU Kst | Ker J; Jtz J; JZ
e

o Nm[Nm| m | m |m/is|N

J{ 1,460,144/ 0,097 1,04 |0,155[13906/27531|0,0095(0,0097|0,608|564

.]t 0,71)1,353|0,322| 0,65 |0,463[12937 14438|0,0097/0,0072/0,544|618

J3 0,01)0,022|0,005|0,013| 0,05 {12004 12000{0,0097/0,0103|0,505|651

J4 0,8| 0,8 [0,003]1,321|0,245|2690622531(0,0096 |0,0084|0,655(559

Game strategy by J; and J;

t

Jim Jom J;m/s2 4N

opt 0,00845 0,505 559

‘]:nax 0,0097 0,0103 0,655 651
Results from mutiobjective optimization:
Values of the optimized Values of the
parameters object functions:
ANEIND
Qus| Qs Qid Qr [Ry| ke | ke | g7 | I} 314
1 2 ] N
- - - [ N/m| N/m m m norm|norm
1,34|0,258|1,242| 1,04 {0,073|15250,20250{0,0096 [0,0089 822 %8;3
Paroto set
1%
.
naL & LZ-soilgion
a8 -. ; ! o Linl=oiution
o
1 *
0t - X
al L
E = b .
04|
*
Py
03t .
wal ’ hEF,
S S e
| - .
0 1 ] I 1 1 1 1 1 —e
0 o1 oz ] O 2K} 0.6 or og 13-] 1
Janarm

Fig.1 Pareto set and the optimal compromise solution

Matrices of the LQR and the Compensator in the
optimal compromise:

G, =
10° -6,05 4492 -108 3544 -0,74 0,37 1,69 589
39,44 -161,89 -4,92 -146,1 0,503 -2,08 3,015-15,82
G =10° 20,3 -45,04 0,009 -0,02
AT -39,7 176,58 -0,018 0,08 |
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Pe3rome:

B nybruxayusma ce uscneosa noayakmueHO OKAY6aHe HA MOOel HA A8mMOMOOUN, pazenedaHn 6ve
8epmMuKaIHama pasHuna (6 aumepamypama mooen na ‘“Ilonosun asmomobun”). Ocnognomo usuckeaue
KbM MHO20KPUMEPUATHUS CUHME3 e HAMUPAHEMO HA ONMUMATHUA KOMNPOMUC MelCOy Kompopma Ha
603eHe U YCMOUYUBOCMMA HA MPAHCNOPMHOMO CPeOCmseo 6wvpxXy Hvmuama Hacmuika. Llenma e
onpedensane HA eNACMUYHUME XAPAKMEPUCMUKU HA OKAUEAHEMO U 3AKOHbM 34 YApagieHue Hd
noayakmuenume demngpepu, upes konmpoiep om mun “Jluneen keadpamuuen pecynamop”. IIpeonaea ce
HO8 UHOBAMUBEH NOOX00 OCHO8ABAW Ce HA UOCHMUDUYUPAHEMO OM MHONCECIEOMO Om ONMUMATHU
pewenus no Ilapemo, Ha moea peuwieHue pearuzUPAWO ONMUMATHUSL KOMAPOMUC 8 CMUCHLIA HA
VCMOUNUeama cmpameust CvblacHo meopuama Ha aumazonucmuynume uepu Ha Jocon Hew. C oened na
PA3MEPHOCTNING HA ONMUMUZAYUOHHAMA 3A0a4a U HATUYUEMO HA OZPAHUYEHUs ce U3NON36a KOMOUHUPAH
2eHemuyer mupceuy anreopumvm, N0360156au NO-0bP30Mo 00Cmuane 00 2100ATHUS ONMUMYM.

Ynpasenseawus Jluneen xeaopamuuen pecyramop (LQR) xombunupa 6 cebe cu obpamua épwv3ka no
CLCMOAHUETNO U KOMNEHCAmop Nno 6X00HOomo ev3delicmeue. Ilpu Hezosus cummes ce U3NOA36A
anzopumvM 3a PEKOHCMPYKYUs HA CbCMOAHUEMO U 6XOOHOMO 6b30elicmaue, npu HenvieH 6eKmop Ha
HAOI0OeHUemo, BKII0UBALY CUSHATUME OM UMep8amenHume akceiepomMempu 8 mouKume Ha OKAY8aHe
Ha Oemngepume. I[lonyueHomo onmumanHo ynpaeieHue 3asuci om CMOUHOCHMumMe HA Me2l08HUme
mMampuyu 6 MUHUMUSUPAHUA KEAOpamuieH QYHKYUOHAL U NO Cbecmeo ce A6A68d peuienue om
MmHodicecmeomo Ha [lapemo. B paspabomrama enemenmume Ha me3u Mampuyu ce pazenencoam Kamo
ONMUMUZAYUOHHU NAPAMEmpPU, KOUMO ce Onpedeiam om NpeolodiCeHus Uepapxuyer nooxoo 3da
MHO2OKpumepuaina onmumusayus. Taxka noxyueHus pezyiamop peanusupa OnmuMAaiHO KOMIPOMUCHO
ynpaeieHue no omuowerue Ha depunupanume kpumepuu. Ilpugeden e npumep 3a MIMO LQR 3a mooen
HA NONYAKMUGHO OKAYEAHE HA A8MOMOOUIL, NPEOCMABEHO 66 6EPMUKAIHAMA PAGHUH.
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Pestome:

B cratusTa e H3CJICIBAHO HUBOTO Ha 3BYKOBOTO HAJIATAHC IIPH JABUYKCHUC HA XI/I6pI/I,Z[eH aBTOMO6I/IJ'I C pasjimIHu
CKOpOCTH TpH pexxuMu Ha pabota ¢ JIBI' u ¢ enexrponpuraren. llenta e na ce HampaBu CpaBHUTENICH aHAIM3 Ha
W3MEPEHOTO MAaKCUMAaJHO HHMBO Ha 3BYKOBOTO HaJlsiraHe Mpu pekuM Ha pabora ¢ JIBIT u pexxum Ha paboTa c
€JIEKTPOJIBUTATEN HA XMOPUJIEH aBTOMOOWII.

KitrouoBM IyMU: HUBOMO HA 36YKOBOMO HAsI2AHe, XUOPUOEH a8MOMOOUL, WYM.

BB3JIM, MEXaHU3MHU U arperatd. Jlpyra BUIOBE IIyM
1. BbBenenue ca: IIyMbT, NMPEOU3BUKaH OT B3aMMOJECHCTBUETO Ha
aBToMOOWIIa ¢ BB3AyXa — ACPONMHAMUYCH IIyM, U
LOIyMBbT [PEIU3BUKaH OT B3aUMOJCHCTBHETO HA
TYyMUTE C NIBTHOTO NOKputue. HuBoro Ha mryma Ha
OTHENHUSI AaBTOMOOWJI  TIPEACTaBisiBA CymMa OT
CHEPruUTe Ha LIYMOBETE, Ch3/IaBaHU OT OTIEIHHTE
u3Tounuy [3, 4].

Ilpn xubpuaHUTE aBTOMOOMJIM CHILECTBYBAT IBa
OCHOBHH perMa Ha pabora: pexkum ¢ BkiroueH JIBIT
n pexuMm c enekrpoasuraren. Koraro xuOpumHus
aBTOMOOMJI PabdOTH Ha PEKUM C EIEKTPOIBHIATEN
€IMHAT OT OCHOBHUTE U3TOYHHLIM HA IIIYM IPHU HUCKH
ckopoctu (/IBI') e emumunmpan. ToBa e Ge3cropHO
MPEIMMCTBO TPH JIBIKEHHE B TPAACKH YCIOBHS, HO U
MOTEHIMAJIEH NpPOoOJIeM NP CHIIUTE TE3U YCIOBUSL
Jluricata Ha XxapaktepHuss wym Ha JBI' mpasu
MPEBO3HOTO CPEACTBO OTKPHBAEMO HA I0-KbCH
Pa3CTOSIHUSA M TOBa MOXKE J]a CE€ OKake IpobieMm 3a
BB3PacCTHU XOpa, MAJKH JIENA, XOpa C yBPEXkIaHus,
XOpa HECBUKHAJIM C TPAJICKOTO JBHKECHUE.

lenta Ha HacTOAIIOTO U3CIEABAHE € Ja Ce
HalpaBU CPABHUTEIIEH AaHAIN3 HAa HM3MEPEHOTO
MakCHUMaJJHO HHBO Ha 3BYKOBOTO HaJlsITaHe IIpH
pexum Ha padora ¢ IBI' m pexxum Ha paborta c
eNIEKTPOJIBUTATEIl Ha XUOPHUJIEH aBTOMOOHII.

HlymMbT € emHa OT OCHOBHHTE NPHYMHH 32
BJIOIIABaHE Ha 3ApaBETO Ha XopaTa. Toil HamansBa
HPOHM3BOIUTEIHOCTTA Ha TPY/Ia, IPHYNHSBA TI0SBATA U
Pa3BHUTHETO HA HEPBHH, CHJIOBU M IPYTH 3200JIsIBAHYIS,
BIIHSIC BBPXY MPOABIDKUTEITHOCTTA HA )KUBOTA.

[Ipy CHBPEMEHHOTO TIOBHIIEHO H3IOJ3BAaHE HA
TpaHCIIOpTHATa TEXHHWKA, MpoOleMbT 3a Oopbara c
IIyMa € OT roJIsIMO 3Ha4eHNe. ABTOMOOWITBT € €/JMH OT
[JIaBHUTE W3TOYHHWIM Ha IOyM B  TpaJoBeTe.
YBenruaBaHETO HA MHTEH3UBHOCTTA Ha JIBIKCHHETO B
rpajioBeTe BOMM JIO 3HAYMTENHO YBEJIMYaBaHE Ha
HUBOTO Ha IyMa (3ByKa HIIM 3ByKOBOTO HAJISTaHE) B
HO-TOJIEMUTE OT THX.

HIymMbT OT aBTOMOOWMIIA, KATO HETATUBHO BIUSHHS
BBPXY XOpaTa MOXE Jia ce pasriiefia OT J[Be CTPaHH:
IIyM B aBTOMOOMJIA, KBIETO ca pabOTHOTO MSCTO Ha
modropa M Mecrtara Ha OBTHULUTE, W LIYM OT
aBTOMOOWMJIA — T. HAp. BBHILEH LIyM, OT KOMTO cTpajar
BCHYKH KHUTEJIN HA ChbBPEMEHHHUS TPa/l.

3a ;1a ce OrpaHUYM HEMPEKbCHATOTO yBEIMYAaBaHE
Ha HUBOTO Ha LIyMa M 3a 3ara3BaHe Ha 3paBeToO Ha
Xopara Mpe3 MOCJEeJHUTE TOIMHM B MHOTO CTPaHU ce
pa3paboTuxa W BBBEIOXa HOPMH 3a JOIyCTHMHTE
HMBA Ha LIyMa, IPH KOUTO MOXKE J1a ce paboTH, JK1Bee
u nounsa [2, 4]. bop6arta ¢ nryma TpsioBa 1a ce BoM B
HSKOJIKO HACOKH, HO €IHa OT Hai-epeKTUBHUTE € 2. MeTonuica Ha W3CI€IBAHETO H M3MOI3BaHA
HaMaJsIBAHETO HA HUBOTO MYy B M3TOUHHILIUTE, KOUTO anaparypa
'O NPEIM3BUKBAT. Uscnenpaneto e mpoBeaeHO C  XUOpHICH

W3TovyHMIM Ha IIyM B aBTOMOOWJIA Ca OTIEITHH asromoOun Toyota Yaris HYBRID (¢wur. 1) ¢ 06em Ha
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JIBT 1,5, ¢ mommoct Ha IBT” — 55kW 1 mormHocT Ha
enmexrpoasurarernst — 60kW.

Owur. 1. M3nuTBanu xubpuaeH aBTomoow Toyota
Yaris HYBRID

H3mepBaHeTo Ha BBHIIHUS [ITyM CE OCHINECTBSBA B
CBOOOJIHO 3BYKOBO TIOJIC Ha ONpPEACICHO 3a IenTa
MsICTO chIymacHo [2]. Ilmomankara 3a H3MUTBAHUATA €
ITBT C IPEOHO3BPHECTO ac(halITOBO MIOKPUTHE.

Pasnonoxennero Ha MUKPOGOHHUTE € TIOKa3aHO Ha
(hur. 2, KaTo Te ca Ha BUCOYMHA HAJI TBTS OT 1,2m:
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Dur. 2 CxeMa Ha OIMTHATA ITOCTAaHOBKA
W3mepBanusita  ce B  ClIeJHAaTa
MOCTIEZIOBATETHOCT:

1. B pexum ¢ [IBI' — aBTOMOOWITBT ce JBHKH
paBHOMEPHO ChC CKOpocTH TociemoBarenHo ot 30,
40, 50 u 60km\h 3a Bceku omut. Koraro mocturae 1o
TuHUSTa A — A pSA3KO Ce HaTHCKa MenambT 3a
yckopsisane. Cie Karo aBTOMOOWMIIBT —PEMHHE
muHusTa B — B ienanbT 3a yckopsiBaHE ce OTITyCKa.

2. B pexuM ¢ eNeKTpOIBUTaTel — ABTOMOOHITBT e
JIBWOKH PaBHOMEPHO ChC CKOPOCTH TIOCIICIOBATEITHO
ot 30, 40 u 50km\h 3a Bceku omut. IIpu ckopocT OT
60km\h pexxuMBT Ha paboTa caMo C EIEKTPOIBUIATE
€ HEBb3MOIKEH.

I/IBMepBaHI/ISITa Ha HUBOTO Ha IITyMa Ca N3BbPIICHU
¢ m3mepearenen ypen VI-410, npoussenen ot Quest
Technologies, Iomma (¢pur. 3).

W3BBPUIBAT
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@ur. 3. 06 Bug Ha u3meparenenus ypen VI-410
Quest Technologies

Toii e uudpoB, deTHpUM KaHAICH Yypen 3a
M3MEpBaHE HAa HUBOTO HA BUOpALMM M aHAJIU3ATOP Ha
3ByKa, W3MOM3BaKKH KaHal 4 ¢ MHKPOGOH U
npenycunBarell. YpeabT € CHaOJICH W ChC 3BYKOB
kaymoOparop ¢ uecrota 1000Hz u HuBO Ha 3ByKa
114dB (¢wur. 4) [1].

@ur. 4. 3BykoB kammbdpartop QC-10

YoBEIIKOTO yXO MOXE [Ja BB3IpPHUEMA 3BYLH C
pasaMYHM YEeCTOTM M HHMBA KAaTO EIHAKBO CHIIHM.
PasnukuTe BBB  BB3NpHEMAaHETO Ha 3ByKa B
3aBHCHMOCT OT 4YecToTaTa M HHBOTO BOAAT 10
HEOOXOMMOCTTa OT H3MOJ3BAHETO HAa YECTOTHO
KOPUTMPAaHd HMBa Ha  3BYKOBOTO  HaJlsraHe.
Kopekumsita mpencrasisiBa HaCTpOKa Ha HUBATa Ha
3BYKOBOTO HAJISITAHE M C€ MpUJIara 3a BCEKH YeCTOTEH
JIMAIIa30H.

HuBo Ha 3BYKOBOTO HaisiraHe MO KOPEKLMOHHA
KpuBa A, m3pazeno B dBA, otrosapsi Haii-moOpe Ha
CYOEKTMBHOTO BB3NPHEMaHE Ha 3BYLM IPU HHUCKA
HHBA Ha 3BYKOBOTO HaJisrane [4].

Hacrosimure n3mepBanust Ha HUBOTO Ha 3BYyKa ca
peaM3upaHd C M3MO0JI3BaHETO HA KOPEKLMOHEH
¢buntsp A.



3. Pe3y.11Tam OT U3CJICABAHETO

Crnen xpas Ha BCAKO H3MEpBaHE [AHHUTE Ce
3amasBar B IlameTTa Ha u3MepBareieHus ypen VI-410.
Cren ToBa Te ce MPEeXBBPIAT Ha KAMITIOTHD C TTOMOIIIA
Ha USB kaben u codryepa QuestSuite Profesional II.
Cremmammupanuar  copTyep ce W3MON3Ba 32
3amicBaHe, 00paboTBaHe W BU3yaI3HpaHE Ha
TIOJTyYeHUTE Pe3yITaTH.

Ha ¢wur. 5 e mokazaHo M3MeHEHHETO HA HUBOTO Ha
3ByKa IpW TPEMUHABAaHETO Ha aBTOMOOWIIA TIpe3

Logged Data Chart
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OITMTHATA IMOCTAaHOBKA CBC CKOpocT oT 50km\h mpu
PEKHM C CIISKTPOJIBATATEN.

3a BCEKM OT OITUTHTE Ca OTYCTCHH MAKCHMAITHUTE
CTOWHOCTH Ha HUBOTO Ha 3BYKa, KOUTO ChOTBETCTBAT
Ha HUBOTO INPY MPEMUHABAHETO HA aBTOMOOWIIA Ipe3
JIMHAATA HA MHUKpOQOHA HA Pa3CTOSHHE OT 7,5M oT
Hero (¢uwur. 2).

Ipu npoBeneHUTE M3MEpBaHWS HUBOTO HA 3BYKa
OT oKomHaTta cpefa ((OHOBHS IIyM) € IMO-HHUCHK OT
50dBA.
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MaKCHUMaJIHH CTOMHOCTH Ha HUBOTO Ha 3BYKa IPU
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@wr. 5. Vi3MeHeHre Ha HUBOTO HA 3BYKa P IIPEMUHABAHETO Ha aBTOMOOWIIA TIPe3 OMMTHATA MOCTAHOBKA ChC
ckopoct ot 50 Km\h mpu pexxum ¢ e1eKTpoIBUraTest
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Or ¢urypara ce BKaa, 4e TP PEXUM Ha padboTta
¢ /JIBI' u3meHeHMeTO Ha HHBOTO Ha 3ByKa IIpU
OTZEJTHUTE CKOPOCTH Ha JIBIKEHHE € HEe3HAYMTEITHO.
ToBa BeposiTHO ce NBDKM Ha (pakTa, 4e OCHOBHHSAT
M3TOYHHK HA IIIyM TIPH TO3W PEXUM Ha padota e [IBI,
a YECTOTHHUS My PEXHM CE W3MEHs B MAJIKU TPaHULIH,
MOpaJii aBTOMAaTHYHATA NPelaBaTeIHa KyTHsL.

Ilpy pabGoTeH peXUM C  €IeKTPOABUraTesn
W3MEHEHHETO Ha HUBOTO Ha 3BYKa MPHU DPA3IMYHUTE
CKOpPOCTH € IO-TOJISIMO, KOETO MOXe OH ce IbJDKU Ha
TOBa, Y€ OCHOBEH € ULIyMBbT MpHd OOTHYaHE Ha
aBTOMOOMJIa OT OKOJIHMSL BB3AYyX.. A TOH 3aBUCH
CHJIHO OT CKOpPOCTTa Ha JABM)KEHUE.

4, 3akrouenne

Bp3 ocHOBa Ha momydyeHWTE pe3ydTaTd U
W3BBPILEHNS aHATIM3 MOTaT /1a C€ HANpaBAT CIETHUTE
W3BOJIM:

1. Pasnukara B ronemMuHaTa Ha HUBOTO Ha 3BYKa
npu pexxumu Ha padora ¢ Bl u ¢ enexrpoaBuraren
npu ckopoct ot 30km\h e 9,7dBA.



2. Pa3nukara B rojeMyuHaTa Ha HHBOTO Ha 3BYKa
npy pexkuMu Ha padota ¢ JIBI' u ¢ enekrpomsuraren
rpu ckopoct ot 50kmi\h e 3,9dBA.

3. Pa3nukara Mexmy HUBOTO Ha (POHOBHS IIyM U
HMBOTO Ha 3ByKa @pU pESKAMH Ha pabora c
CNIEKTPOJIBUTATENl TP HHUCKHUTE CKOPOCTH € OKOJIO
10dBA.

IIpn Tpancku ycrmoBusi Ha pabora mpu paboTeH
PEXKUM C ENIEKTPOJIBUTATEN HA U3IUTBAHUS XUOPUIICH
ABTOMOOWII HUBOTO Ha 3BYKa € M0-HUCKO, OTKOJIKOTO C
IOBI' ¢ (3,9-9,7) dBA. Upe3s wusmom3BaHETO HA
XUOPHIHA M CICKTPHUCCKH aBTOMOOWIHM B TPAJCKH
yCIIOBUSI OM ce HAMAMIIO IIYMOBOTO 3aMbpCsIBaHE C
110 okoJ10 14% (Tipu IO-HUCKHUTE CKOPOCTH).

Ilpu muckure ckopoct Ha apmkenne (30kmih)
pasmukara or 10dBA mexmy HHBOTO Ha (DOHOBHS
IIyM W HABOTO HA 3ByKa MU PESKUMHU Ha padora c
CNEKTPOJIBUTATEI € JIOCTAThYUHA 32 Jia ObJic BB3MPHET
XUOPUTHHS aBTOMOOMIT OT Pa3CTOSHUE.
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ASTUDY OF THE NOISE LEVEL OF A HYBRIDE PASSENGER CAR

GEORGI KADIKYANOV
Department of Engines and transport engineering, Ruse University,
Bulgaria
gkadikyanov@uni-ruse.bg

Abstract:

The article has been studied the sound pressure level when driving a hybrid car of various speeds with internal
combustion engine and electric motor modes. The aim is to carry out a comparative analysis of the sound pressure levels

in operating mode with ICE or an electric motor of a hybrid car.

Keywords: sound pressure level, hybrid car, noise.
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Pe3rome:

B cratusira e m3cneBaHO BIMSHHUETO HAa TWMA Ha IMMHEBMATHYHWTE TYMH BBPXY HHBOTO Ha IyMa TIPH
JIBI)KCHHC HA JIGK aBTOMOOWI. I3Moi3BaHU ca TyMH C CHAKBH pPa3MepH, MPOW3BEIACHH OT CIWH M ChHIIU
MIPOU3BOUTEN U TIpeIHa3HaYeH! 3a U3IMOJI3BaHe ChOTBETHO B 3MMHHU M JIETHM ycioBus. llenta e na ce ycTaHOBU
pasnHKaTa B HUBOTO Ha IIlyMa IPH M3I0JI3BaHe Ha T'yMH, IPESIHA3HAUCHH 3a PadoTa MPH 3UMHH U JICTHH YCIIOBHSL.

KnrouoBu xymu: Hueo na wiyma, nneemamuuny 2ymu, 3UMHU U JEMHU YCTIOBUA.

1. BbBenenue

[Ipu CHBPEMEHHOTO PABHUILEC HA PA3BUTHE HA
ABTOMOOWIHUSL TPAHCIIOPT, Ha MPOOJIEMBbT 3a
OopbaTta ¢ myma ce IMpuaaBa TOISIMO 3HAYCHHE.
TpaHCHOPTET € eMUH OT TIIABHWUTE M3TOYHHUIN Ha
IIyM B TrIpagoBere. bBp30TO HapacTBaHe Ha
ABTOMOOWJIHMS ~ TapK,  YBEIIMYaBaHETO  HA
VWHTEH3WBHOCTTA HA [BIDKCHHETO TIO TPAJICKUTE
MarucTpain JTIOBEXKIAT bi (o) 3HAYUTEITHO
VBEJIMUaBaHE HA HHUBOTO HA IIlyMa B TOJIEMHUTE
rpajiose.

[loBumeHoTo HMBO Ha  IIymMa  BiHsie
OTPUIIATE]THO HAa BoJadya Ha aBTOMOOWIIA.
YcranoseHo e, ye npu Bogaun Ha MIIC ome npu
HUBO Ha mmymoBus (o or 60 dB HacreiBa
VBEJIMUCHUE Ha JIATCHTHHS TIEPHOJ HA 3PUTEITHO-
MOTOPHHTE PEaKIH, KOCTO 3a€IHO C YBEIIMUABAHE
Ha yMOpaTa MOXe J]a JIOBEJIe JI0 OTIACHU CHUTYaIluu
o BpeMe Ha JIBibKeHuWeTo. Ilpu yBenmmueHne Ha
3BYKOBOTO HaysiraHe Hampumep ot 70 Ha 90 dB,
paboTocmocobHOCTTa Ha Bojava criana ¢ 20%.

Lenra Ha HACTOSIIOTO W3CIENBAaHE € Ja CE
HamnpaBy CPaBHUTEJICH aHAM3 HA BIUSHUETO Ha
M3MEPEHOTO HMBO Ha IIyMa IPU M3IMOJ3BaHE Ha
JICTHY ¥ 3MMHH [THEBMATUYHH TYMHU.
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2. lllym BeieIcTBHE THPKAJISIHETO HA TyMUTe
(BMa HA HACTWJIKATA M TPO(H/IA HA TyMATA)

Ilpm nexkure aBTOMOOWIM TO3M IOYyM €
npeobnaasar mpu ckopoct Haa 60 km/h.

IIpn nBIKeHue Mo raagbK achanTt U Mo MaBax
paziMKata B HMBOTO HAa 3BYKOBOTO HaISITaHe
noctura 9 dB. U3MmeHsa ce U YeCcTOTHHUS CHCTAB -
MpU JBWKEHHE 1o acdant (Tiaaka MOBBPXHOCT)
UIyMBT € BHUCOKOYECTOTEH, a IMpU JBWKEHHUE II0
MaBaX - 3BYKOBaTa CHEPrUsi € B HUCKO H
CpeIHOYECTOTHATaA 00JIacT.

IlymMmbT 3aBUCH W OT mpoduiIa Ha rymara.
Pa3nukara B HEBaTa Ha 3BYKOBOTO HAJSITaHE TIPH
“mymMHM” W “HE TOJKOBAa IOYMHM TYMH €
3HAYUTEITHA.

IIprurHUTE 32 BE3HUKBAHE HA IIIyMa Ca:

- TpENTeHe Ha CTPAaHHIUTE HA TyMaTa BCIIE/ICTBHE
NEPUOJANYHO BB3HUKBALIUTE JedopManuy 1pH
THPKaJISHE;

- TEPUOJUYHOTO H3TIACKBAHE M BCMYKBAaHE Ha
Bb3[yXa B MPO(QUIHNTE KaHAJIHM MPH JBHKEHUETO
(air-pumping);

- TpenTeHe Ha 3B0UMTE HA TpoQwia TIpH
OT/ZIEJITHETO UM OT IUIATHOTO Ha mbTs. Te morat na
ce pasrekaaT KaTo 3arrbHaTa IUIACTHHA, KOSTO €
nedopmupana (orpHaTta) — TMPW KOHTakT Ha
3p0IUTE C TUIATHOTO — W CleJ TOoBa €
ocBoOomeHa. 3amoyBaT CBOOOIHM 3aTHUXBAIU
TPENTeHUsT Ha IUIaCTUHATA, PECHEKTHBHO


mailto:glstaneva@uni-ruse.bg

350e1a;

- Haifl-ro;msM [ Ha 3ByKOBaTra €HEprus Ha
W3TBYCHUS TIPU THPKAJSHETO LIYM ce Tajaa Ha
ynapute B 3p0uuTe (OokdeTara) Ha mpoduia
NP BIM3aHETO MM B KOHTAKT C IUIATHOTO HA ITBT
[1].

Bb3 ocHOBa Ha ropecriOMEHaTOTO MOXE Ja Ce
npreMe, 4e BUABT Ha Mpodiia Ha rymara MMa
OCHOBEH TIPMHOC 3a HHUBOTO Ha W3ITHYBAHUS
BB3IyIIeH iyM. [Ipu koHcTpyrpaHe Ha mpoduna
Ha TyMaTa M Ha camaTa ryma TpsioBa s1a ce cria3Bar
ONpeseNieHH W3UCKBAaHMA, 3a Ja ce Iomo0pH
KauecTBOTO Ha MapaMeThbpa - LIyM:

3. Meronuka Ha U3CJI€IBAHETO

IlocranoBkata Ha W3CJIEIBAHETO € CBHIJIACHO
BJC 12.948-96 ,,Tpancnoptau cpenctsa ¢ JBI.
JlonmycTiMy HYBa Ha BBHIIEH IIYM M METOAM 3a
H“3MepBaHe.

W3mepBanero Ha  BBHIIHMA  IOyM  C€
OCBIIIECTBsIBA B CBOOOJHO 3BYKOBO IIOJIE Ha
OIIPE/IENIEHO 3a LIENITa MACTO.

Pasnonoxkennero Ha MHUKPOQOHUTE € AAAEHO
Ha cXeMmara, KaTo ca Ha BHUCOYMHA HAJ BT, 110
KOWTO aBTOMOOWIBT CE JBIKH.
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@ur. 1. Cxema Ha OIUTHATA IIOCTAaHOBKA TPH
pascrosiHHe Ha MUKpodoHa 7,5 m
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@ur. 2. Cxema Ha ONIMTHATA IOCTAHOBKA NIPH
pascTosHHue Ha MUKpO(oHa 3 m

B npenasatennata kyTtus TpsOBa ga Obae
BKJTFOUCHA!
- BTOpA MpeiaBKa, ako OpOST UM € He MoBeve OT 4;
- TpeTa npeaBKa, ako OPOSIT UM € MO-TOJISIM OT 4;
B jombiHMTENHATA  MpeqaBaTeliHAa WM
pasmpeqiesIUTeNHa KyThsl Ce BKIIFOUBA TpejaBKata
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OCHUTYypsBaIlla Hali-BHCOKA CKOPOCT Ha JBMKECHHE.
JlObIIHUTENIHO BKJIFOUBAHUTE MOCTOBE TpsAOBa z1a
ObIaT U3KITIOYCHH.

ABTOMOOMIIMTE C MeXaHWYHa NpeaaBaTesHa
KyTusi TpsiOBa /1a ce TPHOJIKABAT JI0 JIMHUS C TI0-
MaJlKaTa OT CKOPOCTHTE:

- OCUTYpEeHa OT HOMHHAJIHATa YeCTOTa Ha BbPTCHE
Ha Basia Ha JIBI" o TexHuuecka XapakTepUCTHKA,;

- TIpY TIpecuJaHe Ha JTUHUATA A — A aBTOMOOWITET
ps3ko ce yckopsiBa. Ilpym mnpemuHaBaHe Ha
muHusiTa B — B psi3ko ce oTmycka mnepana Ha
aKceJeparopa.

OnuThT ce MOBTaps ABYKPATHO B IBETE IOCOKH.
Omnpezenst ce cpeiHO apUTMETHYHATa CTOHHOCT 3a
BCSIKa CTpaHa Ha aBTOMOOWIIA.

HuBo Ha 3ByKOBOTO HaJIAraHe MO KOPEKLMOHHA
KpuBa A, m3pazeno B dBA, orrosaps Haii-noOpe Ha
CyOEKTHBHOTO BB3MPHEMAHE Ha 3BYLM NPH HHUCKH
HMBA Ha 3BYKOBOTO HaJISITaHe.

HaCTOSIHlI/ITC N3MCPBAHMA Ha HMBOTO Ha 3BYKa
ca peaJn3upaHy C U3IMOI3BAHETO Ha KOPEKIIMOHEH
¢unTep A. V3MepBaHusTa Ce TIPABST 32 YECTOTHH
JICHTH.

ExcniepumenTaniuTe W3CIICIBAHUS ca
HampaBeHH C w3MepBarenmHust ypexn VI-410
npomsBenieH ot Quest Technologies, [Tomma (¢ur.
3). Toit e mudpoB, UeTHpw KaHATECH ypead 3a
M3MEpBaHEe Ha HUBOTO Ha BUOPALMU M aHAIHU3ATOP
Cc aHamm3 Ha 3Byka. Toil e wmmeaneH m300p 3a
W3MEpBaHe Ha BUOpaIMK Ha MAaIIMHH, PbKa — PaMO
WIN [UIOTO TS0, M3IOJI3BaMKY KaHamu 1, 2 u 3 ¢
MOAXOSIL Ypeq 3a M3MepBaHe Ha YCKOPEHHUE, U 3a
W3MEpBaHE Ha 3BYyKa, W3MOJ3Baiiku KaHan 4 ¢
MHKPO(OH H MpeTyCHIBaTell.

®ur. 3. OO0 By Ha M3MepBareneH ypen VI-410

I'omsmara BeTpenIHa namet Ha ypena VI-410 ot
32MB Moxe [a 3amaMerd HW3MEHEHHMETO Ha
rapaMeTpuTe 0 BpeMe 3a BCHYKHM KaHAIM TIpe3
uenusi  paboren  neH.  Pesynarature  oT
W3MEPBAHUSTA JIECHO CE€ IPEXBBPIIST HA KOMITFOTHD
¢ nomornra Ha USB kaben u codryepa QuestSuite
Profesional II. Upe3 To3u codryep Moxke ChIIO 1a



Ce M3MON3Ba 3a 3allCBaHE Ha MPOQHIN Ha
HACTPOMKM,  HAmpaBeHH OT  HOTpeOHTEINs.
WzmepBarennusar ypen VI-410, ¢ nomomra Ha
W3YUCIIMTENIHATA MOIIHOCT Ha BIPAJCHUSI My
IM(GPOBO — CHTHAIEH TMPOIECOpP, MOXKE Ja
u3BbpBa 1/1 wim 1/3 okraBen u FFT ananus B
peaiHo Bpeme [2].

Ilpn mpoBexgaHe HA EKCIICPUMEHTATHHTE
W3CIIEABAHUS € M3II0NI3BaH Jiek aBromoomn Ford —
Focus Turnierl — 1.6 1 16V.

4. Ananu3 Ha pe3yJITaTure

C ypen VI — 410 ca HarpaBeH! H3MepBaHUS Ha
HHBOTO Ha 3BYKOBOTO HAJISITaHE MPU ABWKEHHE HA
aBTomMoOua c:

a) nmernn Tymum — Hankook 195/65R15 ¢
HaJsTaHe Ha Bh3myxa B Tsx 0,25MPa;

0) sumau rymum — Hankook 195/65R15 ¢
Hassrane Ha B3ayxa 0,25MPa.

Cnopen [3] u3mepBaHusTa Ce U3BBPINBAT KATO
MHUKPOQOHBT ce MOCTaBs Ha 7,5M OT HaUTbXKHATa
JIMHUA TIPE3 KOATO IMMpEMUHABa aBTOMO6I/IJTLT U TOM
CE YCKOpsBAa, KOraTo NOCTHIHE JUHUATA A — A
(ur. 1). 3a ma ce Hamanu BIUSHUETO HA IIyMa OT
JBATATENId Ca U3BBPIIEHM W HU3MEpPBaHUA IIpU
paBHOMEpHO [BIKEHHE Ha aBToMOOMIa C
m3KIoueHa mnpermaBka u  JIBI, paOotemo ¢
MUHUMAJIHA YCCTOTa Ha BBPTCHC Ha KOJIAHOBHA
Bal. [3BBpHmIGHM ca W UW3MEpPBaHUs], KaTo
MHUKPO(QOHBT CE€ IMOCTaBs HA 3M OT HaTbXHATa
JIMHYS TIpe3 KOSATO MPEMHHABA aBTOMOOWITBT.

W3cnenpaneTo € M3BBPIICHO HA XOPU30HTAICH
ObT €  egpo3bpHecTa  acdaiToBO-OETOHHA
HACTHJIKA.

Hanaute ca o0paboTeHH ¢ TOMOIITa Ha
codryepen mpoxykt QuestSuite Professionalll.

"* QuestSuite Professional II

Fle Optins Tools st Help

16FEB3

(8 snome:

B 2DM%RT I 11:05
@ur. 4. i3mMepBaHe HUBOTO Ha LITyMa [PU
pazcrosinue Ha Mukpodona 3m u SOkm/h npu

#Start] | @ @ (4 ” |3 QuestSuite Pr...

M3KIIOYCHA IIPEIaBKa 1 MUHUMaJIHA Y€CTOTa Ha
BBPTCHC HAa KOJLIHOBHS BaJl 1 3SUMHU T'YMHA
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PesynratuTe OT MpOBENCHUTE M3CIICBAHUS Ca
nocoueHu B Ta0n.1. OT aHamM3a Ha MPUBEICHUTE
JIAHHHU CE BIDK/IA, Y MPH:

- HUBOTO Ha IIyMa, IpU pasCTosHHE 7,5 m OT
aBromobuna u ckopoct 50 km/h npum nHauaigHO
YCKOPEHHE CBhC 3MMHUTE TYMH, € TIO-BUCOKO
oTKOJKOTO ¢ JtetHute ¢ 0,5 dBA;

- HUBOTO Ha IOyMa, IpHU Pa3CTosHHE 7,9m OT
aBromobuna u ckopoct 50 km/h mpu m3kIrOUeHa
npe/aBka ¥ MUHHUMAJIHA YeCTOTa Ha BhPTCHE Ha
KOJISIHOBHISL Bl ChC 3UMHHTE TYMH, € TI0-BHCOKO
OTKOJIKOTO ¢ Jietnure ¢ 1,9 dBA;

- HMBOTO Ha IIyMa, NpPU pa3cTosHHE 3m OT
apToMoOmina u ckopoct 50 km/h mpm HawamHO
YCKOPEHHE CBhC 3UMHUTE TYMH € TI0-BHCOKO
otkonkoTo ¢ Jeraute ¢ 0,6 dBA;

- HHMBOTO Ha IllyMa, MpPU pa3CTOSHHE 3m OT
aBTomMoOmna u ckopoct 50 km/h npu uskmrodeHa
Ipe€aaBka U MUHHMMAJIHA Y€CTOTa Ha BBPTCHE Ha
KOJISHOBUSI BaJl ChC 3MMHHTE TYMH € TI0-BHCOKO
OTKOJIKOTO ¢ JieTHuTe ¢ 2,2 dBA.

Tab6n. 1. HuBo Ha myma mpH M3M0I3BaHe Ha 3UMHA
¥ JICTHY THEBMATHYHU TYMH

7,5m, 3m,
50km/h 50km/h
7,5m TpH 3m Tput
" |M3KIIFOYEeHa ! HU3KJIFOYEHA|
SOkm/h HpCHaBKa nu SOkm/h npe;[aBKa H
npu npu
MHUHHUMAJTHA| MHWHHUMAJIHA
Ha4YaJIHO Ha4YaJIHO
geCcToTa Ha YgeCcToTa Ha
[YCKOpEHUE YCKOpEHHUE
BLpTCHe Ha B’LpTeHe HAa|
KOJIITHOBUS KOJITHOBUS
Ball Ball
3uvEn | 20 1 4BA| 753 dBA | 80.2 dBA | 77,0 dBA
TYMHU
E;‘g‘ 77,6 dBA| 73,4 dBA | 79,6 dBA | 74,8 dBA
Pasmmkal 0,5 dBA | 1,9 dBA | 0,6 dBA | 2,2 dBA
5. I3Bomu

1. Pa3imkara B HUBOTO Ha ITyMa MEXTy 3UMHH
W JIETHU TyMH, 3a 7,5M u 3M mnpu JABWKEHHE C
50km/h mpu HavaHO YCKOpEHHE € He3HaYMTeTHA
(=0,5 dBA), xoeto ce 00sCHABA C TO-TOJISIMOTO
BJIMSHHE HA HUBOTO Ha IITyMa OT JIBHTATEJIS.

2. [IpoBeeHOTO M3CieBaHe MOKa3Ba, ye Haud-
roJisiMa pa3iivKa B HUBOTO Ha IIyM MEXK]Ty 3UMHH U
JIETHU TYMH € TIPH pa3CTOsHUE 3m OT aBTOMOOMIIa
u ckopoct 50 km/h mpu usKiIIOYEeHa TpeaBka U
MHUHHMAJTHA YeCTOTA HA BBPTEHE Ha KOJISTHOBUSI BAJ
-2,2dBA.



Jluteparypa [3] BAC 12.948-96 ,,TpaHcrnopTHH CpeiCTBa C
JIBT". JormycTrMy HMBA Ha BBHIIIEH IITyM U METOJIN

[1] bamoB Cr., UB. Kpamos. Ilym B 3a M3MepBaHe™.

TPAHCIIOPTHATA TEXHHKA.
[2] QusetTechnologies PrkoBozacTBO 32 paboTa
c ypen VI-410.

ASTUDY THE INFLUENCE OF THE TIRES TYPE ON THE NOISE LEVEL DURING CAR'S
MOTION

GERGANA STANEVA

Department of Engines and transport engineering, Ruse
University, Bulgaria
glstaneva@uni-ruse.bg

Abstract:
In the article has been considered the influence of the tires type on the level of noise during

car's motion. Used tires are the same size made by one producer and intended for use respectively
in winter and summer conditions. The aim of the article is to establish the difference in the noise
level using tires designed for winter and summer conditions.

Keywords: level of noise, tires, winter and summer conditions.
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This article presents a numerical and experimental study of the heat exchanger impact on the overall efficiency
of waste heat recovery system based on Rankine cycle. An 0D physical model of the heat exchanger was developed as
well as a simulation code in Python(x,y). For experimental study a heat exchanger prototype was constructed. The
working fluid circulates inside twenty three helical tubes situated along the length of the evaporator. The heat exchanger
is countercurrent with heat exchange surface about 1.8 m?. Both numerical and experimental results revealed that the
evaporator is one of the most important elements of Rankine cycle. The highest overall efficiency of Rankine cycle was
observed to be 5.14% and 4.81%. These values were obtained by numerical and experimental study, respectively. On
the bases of this study we can conclude that in order to increase the efficiency of the cycle it is needed to improve the
heat exchanger design as heat exchanger coefficient has to be increased.

Keywords: heat exchanger, waste heat recovery, Rankine cycle, numerical and experimental simulation.

1. Introduction

Waste heat recovery by means of Rankine Cycle is
a promising approach for achieving significant
reductions in fuel consumption and emissions CO, of
vehicles. This approach is already well established in
industrial applications such as gas and steam power
plants.

The overall efficiency of modern internal
combustion engines is less than 40% [1], only in
special engines such as a high boosted diesel engine for
stationary application the efficiency can reach 45%.

It means that at the most commonly used operating
points more than 60% of the fuel energy is lost. Some
part of this energy is rejected by exhaust gases, other
part is lost in the cooling system and the rest is lost to
drive the auxiliaries [2, 3]. The recovery of this lost
energy seems to be a good prospective for further
improvement of engine efficiency.
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Punov et al. [4] revealed in his study conducted on
a tractor engine that not more than 15% of fuel energy
can be converted into mechanical work by means of
closed loop thermodynamic cycle and the exergy is the
highest at high load and high speed and slightly
decreases with load and speed.

A number of studies [5-8] revealed that Rankine
cycle provides higher potential of waste heat recovery
from exhaust gases than cooling system.

Study of the effect of heat exchanger on the
Rankine cycle efficiency is the topic of a number of
research. Wang et al. [9] studied waste heat recovery
potential using Organic Rankine cycle with Multi-coil
helical heat exchanger. This study reported that the
total fuel saving could be up to 34%. In another study,
Zhang et al.[10] presented heat transfer analysis in a
finned-tube heat exchanger for engine waste heat
recovery. The study revealed that the overall heat
transfer rate in the evaporator increases as a function of
engine output power.
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On the base of these researches the aim of the
article is to study the heat exchanger impact on the
global efficiency of waste heat recovery system based
on Rankine cycle.

2. Description of numerical and experimental
approach

This study was conducted in two parts - numerical
and experimental. For the numerical study a simulation
code was developed in Python(x,y). In order to obtain
experimental results a Rankine cycle test equipment
was built as a countercurrent flow heat exchanger was
used.

2.1 Numerical model

Firstly, a OD physical model of the Rankine cycle
steady-state operation was developed assuming some
simplification on the pump and expander machines.
Then, the Rankine cycle model was transformed into
an simulation code in Python (x,y) [11]. Thermo-
physical properties of the working fluid were defined
by means of database CoolProp integrated to
Python(x,y). The Rankine cycle consists of following
elements: working fluid, pump, heat exchanger
(evaporator), expander and condenser - Figurel.

Expander

.
My

I

Heat exchanger
(evaporator)

Qe
-

Condenser

Pump 4

Figure 1. Model of the Rankine cycle

The pump increases the fluid pressure (process1-2)
at relatively constant temperature. Then, the pump
power consumption can be estimated as follows:

_ myyp.(hpis—hy)
By = T ®
where m,; —working fluid mass flow rate [kg/s]; hy,hzis
— working fluid enthalpies at point 1 and 2,
respectively [kJ/kg]; n, —pump isentropic efficiency.

The evaporation of the working fluid by exhaust
gases (process 2-3) occurs at constant pressure. The
heat transfer rate from the exhaust gases to working
fluid in heat exchanger is given by:

Qne = Myr. (hs — hy) 2
where h; — specific enthalpy of the working fluid at the
end of evaporation [kJ/kg].
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The power produced at the expansion machine
(process 3-4) is calculated as follows:
Pexp = Myy. (hs — hyis). Nexp ()
where hy;s — specific enthalpy of the working fluid after
an isentropic expansion [kJ/Kg]; 7exp- €Xpander
isentropic efficiency;

The process of condensation in the condenser same
as the evaporation occurs at constant pressure. Then,
the heat transfer rate can be calculated as:
Qc = My f (hy — hq) @)
Finally, the recovered power and the efficiency of

the Rankine cycle can be estimated by following
equations:

Pre = Pexp — Py (5)
P
NMrc = QLT (6)
he

For the purpose of this study the determination of
heat exchange efficiency in the evaporator is essential
for evaluation the heat exchanger impact on the overall
efficiency. In the heat exchanger the working fluid can
be in three different states, liquid, bi-phasic and vapor.
In this case the working fluid heat capacity is not
constant and we cannot use the classical heat
exchanger relation with the means logarithmic
temperature difference. We used a discrete heat
exchanger model composed by final number of cells.
At each cell we assumed that heat exchange occurs at
constant temperature difference. In order to determine
the evaporator efficiency heat flow rate was calculated
taking into account the temperature of fluids, heat
transfer surface and heat transfer coefficient as follows:
()

QhE[i] = A[l] K[l] (Tgas[,-] - TWf[i])

Qhe = Z?:l Qhe[i] 8
where A — heat transfer surface[m’]; K — total heat
transfer coefficientfW/(m?.K)]; Tgas, Tusr — temperature
of exhaust gas and working fluid[K], i- number of the
heat exchanger cell.

Overall heat transfer coefficient can be estimate
by means of following equation:

11 (dy—dq) 1
2.k

K

©)

aq ar

where @ - heat transfer coefficient of the working
fluid; a, - heat transfer coefficient of the exhaust gas; k
— thermal conductivity of the wall material; d,,d, -
internal and external diameter of the working fluid



flow tube[mm].

Heat transfer coefficient in respect to working fluid
was estimated using correlations for single and two-
phase flows. In case of single phase fluid Dittus et
Boelter equation [12] is used:

0,8 0,4
L= 0,023.ReD Pro%* A (10)
where A - thermal conductivity(W/(m.K)]; D -
characteristic distance for fluid flow (in our case D =
dy).
Within  two-phase zone the Kenning-Cooper
correlation [13] is used:

_ [1+1,8.X7087].0,023.Re*8Pr0%.2
1= D

(11)

where X is known as the Martinelli factor [12], as
given in the following equation:

= ()67 6"

where x - the vapor quality; p,, p;- the vapor and
liquid densities[kg/m®]; v, v; - the vapor and liquid
viscosities of the working fluid[Pa.s].

Heat transfer coefficient in respect to exhaust gases
can be estimated by means of single phase correlation
(9), but with the wvalues of thermal conductivity,
characteristic distance, Reynolds and Prandtl number
correspond to exhaust gases.

12

__0,023.Re%8pro% )

= S0k (13

2.2 Experimental setup

Figure 2. Rankine cycle test bench
1 —Burner; 2 — Heat exchanger (evaporator); 3 — Expander (turbine type);
4 — Cooler (condenser); 5 — Reservoir; 6 — Pump
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In order to conduct experimental research a test
bench of Rankine cycle waste heat recovery system
was constructed by means of following components:
Burner; Heat exchanger (evaporator); Expander
(turbine type); Cooler (condenser); Reservoir; Pump
(Figure 2).

All of the components are connected by means of
stainless steel tubes. The test equipment consists of two
fluid paths: the first is exhaust gases flow which comes
from the burner and passé though the heat exchanger
while the second is working fluid flow through the
pump, heat exchanger, expander, cooler and reservoir.
Water was used as working fluid in this cycle; however
the test equipment can work with different fluids such
as ethanol et al. The working fluid was cooling as cold
water with variable mass flow rate circulates through
the condenser.

The purpose of the burner is to produce exhaust
gases with the same parameters of that produced by a
common rail diesel engine for a tractor with maximum
output power of 110 kW. The burner operates with
diesel fuel while the fresh air comes from a
compressor. The enthalpy of exhaust gases can be
varied by adjustment of fuel and air mass flow in the
burner. In order to simulate various combination of
temperature and mass flow rate a part of fresh air
passes outside the burner. Fresh air mass flow is setting
by a vane, the main part of this flow goes to the burner
and a second part is mix with burned gas to set the
temperature. The fuel is injected in the burner by a
pump and an internal by-pass is used to set the fuel
mass flow.

The experimental setup is equipped with ten
thermo-couples type K for measuring the temperature
of the working fluid and exhaust gases, four pressure
sensors for acquiring the pressure drop in gas flow and
working fluid through the heat exchanger as well as the
pressure in the condenser, four mass flow sensors are
used for measuring the mass flow rate of working
fluid, cooling water as well as of the air and fuel
through the burner. In order to collect the experimental
data a National Instruments DAQ model 6218 and a
LabView based program were used.

For experimental setup a countercurrent flow heat
exchanger was produced. The design of the exchanger
is shown in the Figure 3.

o mie

Figure 3. Heat exchanger




The working fluid circulates inside the helical tubes
situated along the length of the evaporator. The number
of tubes is 23 which provides the heat exchange
surface approximately 1.8 m? In order to increase the
heat transfer efficiency countercurrent flow of fluids is
used.

3. Results and discussion

In order to study the heat exchanger efficiency as
well as the waste heat recovery overall efficiency of the
Rankine cycle numerical and experimental results were
obtained with exhaust gases parameters correspond to
seven different operating points of the internal
combustion engine. These operating points were
defined by combination of three different mass flow
rates and five different temperatures of exhaust gases.

The Rankine cycle was operated with steam
temperature around 220°C and pressure about 5 bars.
These values were provided by adjusting the pump
speed and the vane cross section area.

The overall waste heat recovery efficiency can be
explained with following equation:

ne = 22,100

Qgas

(14)
The heat exchanger efficiency can be explained
with following equation:

myr.hg

.100

(15)

Nye =
gas

where P, — output power of the cycle [KW];, Qgas —
thermal power of the gases at the inlet section of the
heat exchanger [kW]

The output power was calculated by means of
isentropic expander efficiency as it was assumed that
the working fluid is expanded to the atmospheric

Heat recovery efficiency (%) 2
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Figure 4. Simulated heat exchanger efficiency.
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Figure 5. Simulated overall waste heat recovery efficiency

exchanger efficiency is 41.82 % at mass flow rate and
temperature of the exhaust gases 80[g/s] and 500 °C,
respectively.

Overall Rankine cycle efficiency was estimated to
be 5.14 %.

The results from experimental study are presented

pressure. in table 2 and Figures 6 and 7.
The results obtained by numerical simulation are Table 2
presented in table 1 and Figures 4 and 5. Exhaust | Exhaustgas | Heatexchanger | WHR overall
Table 1 gas mass temperature efficiency efficiency
Exhaust | Exhaustgas | Heatexchanger | WHR overall flow [g/s] [°c] [%] [%]
gas mass temperature efficiency efficiency 60 350 34,69 3,13
flow [g/s] [°C] [%0] (%] 60 450 39,64 4,39
60 350 34,40 3,08 80 300 30,64 2,67
60 450 39,55 4,36 80 400 37,56 4,28
80 300 30,97 2,69 80 500 40,69 481
80 400 36,41 4,00 100 350 31,65 3,74
80 500 41,82 5,14 100 450 35,95 4,75
100 350 3247 3,90
100 450 36,38 481 Experimental results revealed mostly the same

Numerical results revealed that the heat exchanger
efficiency much highly depends on the temperature of
exhaust gases than mass flow rate. The maximum heat

100

distribution of the heat exchanger efficiency and
overall waste heat recovery efficiency. The maximum
values are 40.69 % and 4.81%, respectively. These
values were obtained at the same engine operating
point as simulation results.




The maximum deviation between numerical and
experimental data is 6.4% at the maximum overall
efficiency operating point.

These results reveal that the prototype of the heat
exchanger is not the best construction because the heat
exchanger efficiency is not too high. However, the
simulation model of the Rankine cycle is quite
accurate.

Heat recovery efficiency (%)
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Figure.6. Experimental heat exchanger efficiency.
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Figure 7. Experimental overall waste heat recovery efficiency.
4. Conclusions

Numerical and experimental analysis of the heat
exchanger impact on overall efficiency of a Rankine
cycle have been conducted by means of a simulation
code in Python(x,y) and Rankine cycle experimental
test bench.

Maximum heat exchanger efficiency was estimated
to be 41.82% while the experimental research revealed
a value of 40.69%. Both values are obtained at the
same engine operating point defined by exhaust gases
mass flow and temperature of 80 [g/s] and 500 °C,
respectively.

However, overall Rankine cycle efficiency is much
lower. The maximum value estimated by numerical
simulation is 5.14% while the experimental research
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revealed a value of 4.81%.

On the bases of comparison between numerical and
experimental results we can conclude that the
maximum deviation is 6.4% at the operating point
corresponds to maximum overall efficiency. This
deviation is relatively small and allows to us using that
0D simulation model for further analysis on the
Rankine cycle.

The results of this study reveal that the evaporator
is the milestone in the closed thermodynamic Rankine
cycle influencing directly the efficiency of the cycle.
On the bases of these results we can conclude that the
prototype of the heat exchanger is not optimal solution
because the heat exchanger efficiency is not high. In
order to increase its efficiency it is necessary to reduce
exhaust gas flow cross section area which will increase
the heat transfer coefficient from exhaust gas side.
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B crarusita e mpencTaBeHO YMCICHO M eKCHEPUMEHTANIHO HM3CIIS[BAHE Ha BIMSHUETO HA TOILIOOOMEHHHKA
BBPXY €()eKTHBHOCTTa Ha CHCTeMa 3a peKylepHpaHe Ha eHeprus Oa3upaHa Ha 1WKbia Ha PaHkuH. 3a 4nCIEHOTO
n3cnenBade € u3nonsBad 0D ¢u3uden Monen U Ha Heroeara 0asa € Ch3[ajieHa M3YKMCIIMTENHA Tporpama B cpenara
Python(x,y). 3a mpoBexnaHeTO Ha EKCIIEPMMEHTATHOTO M3CJE/IBaHE € KOHCTPYHPAH MPOTOTHI HA TOILIOOOMEHHUK.
PaGoTHusT (uynn ImMpKynHpa B JIBafecT W TPU TPHOONPOBOAA, OTbHATH CIMPAIOBHAHO W PA3IOIOKEHH IO
JIBIDKUHATa Ha TOIUIOOOMEHHMKa. TOIIOOOMEHHHMKAa € C IPOTHUBOINONOXKHO JBIKEHHE Ha (UIyHIuTe W oOlna
TomIooOGMeHHa TOBBpXHOCT oT 1.8 m’. UncneHuTe  eKCIEDHMEHTAIHHTE PE3Y/ITATH IOTBBPXKIABAT, He
TOIIOOOMEHHHKBT € €AWH OT Hal-BXKHWTE EJIEMEHTH B OT IMKbJIa Ha PankuH. Ilpn m3cnenBaHeTo Haii-BHCOKaTa
edexTBHOCTTa Ha IMKBIa HA Pankun e 5.14% u 4.81%. Te3u cToifHOCTH ca MOMy4eHH CHOTBETHO OT YHCIICHUTE U
eKCIepUMEHTaJIHITe n3cienBanus. Ha Gazara Ha moiydeHUTe pe3ysTaThTe MOXKe Ja Ce KaKe, ue 3a MOBHIlABaHe Ha
eheKTHBHOCTTA Ha IIMKbJIA € HEOOXOIMMO 4 Ce YChBBPIIEHCTBA KOHCTPYKIIMSTA HA TOTUIOOOMEHHHKA KaTo Ce TIOBHIIN
KoeuIeHTa Ha TOTI00OMEH OT CTpaHa Ha OTpabOTHIIMTE Ta30Be.

Keywords: monnoobmennuk, pexynepupare na enepausi, yukvi Ha Pankun, 4ucieno u excnepumenmanto

uscneosane.

102


mailto:nikolay.milkov@tu-sofia.bg
mailto:plamen_punov@tu-sofia.bg
mailto:christelle.perilhon@cnam.fr
mailto:quentin.danel@outlook.fr
mailto:tevtimov@tu-sofia.bg
mailto:pierre.podevin@cnam.fr

BulTrans-2015
Proceedings

16-18 September 2015
Sozopol

METOJUKA 3A EKCIIEPUMEHTAJIHO U3CJIEABAHE HA BJIIMAHUETO HA I'A30BU
I'OPUBA BBPXY IIOKA3ATEJIMTE HA IU3EJIOB JIBUT'ATEJL, PABOTEL 11O
I'A30IU3EJIOB IUK'bJI

METHODOLOGY FOR EXPERIMENTAL INVESTIGATION OF THE INFLUENCE OF
GASEOUS FUELS ON THE PERFORMANCE OF THE DIESEL ENGINE OPERATING ON
GAS-DIESEL CYCLE

EVGENIDIMITROV

Department of internal combustion engines,
automobiles and transport,
Technical University of Sofia
etzd@tu-sofia.bg

ATANASI TASHEV

Department of internal combustion engines,
automobiles and transport,
Technical University of Sofia
atanasi.tashev@tu-sofia.bg

SPAS PANTCHEV

Department of internal combustion engines,
automobiles and transport,
Technical University of Sofia
pantchev@tu-sofia.bg

Pestome: B cratusra e mpejcTaBeHa METOAMKA 3a M3CICABAHE HAa BIMSHUETO Ha Ta30BH I'OpPHUBAa BBPXY
HOKa3aTeIUTe Ha JU3EJI0B JBHraTe, paboTell 0 ra30-AU3eIoB IUKbI B CTEHIOBH ycnoBus. [Ipentoxenara
METO/IMKa TI03BOJIsIBA OIPEJICIIIHE U CPAaBHABAHE Ha MOKA3aTeIUTe Ha JBUTATeNs IPU MOCTOSHHO MPOLEHTHO
Ch/IbpYKaHUe Ha ra30BO FOPHBO B OOIIOTO KOJIMYECTBO TOPUBO, IIOCTHITIIIO B JABUTATEIIS.

Abstract: The article presents a methodology for conducting the experimental study in bench testing condition
of diesel engine operating on gas-diesel cycle. The proposed methodology allows determining and comparing
the effective performance of a diesel engine operating at constant ration between gas and diesel fuel at different

load and speed modes.

KiouoBu 1ymMu: memoouxa 3a excnepumenmanto u3ciedéane, OU3enosu 08ueamen ¢ 6bmpeuno 2opene,

2asosu copuea, 2a30-0U3enos pa60meH YUK, ecazosu copuea,

Keywords: experimental technique, compression ignition engines, gaseous fuels, dual-fuel working cycle

1. YBon

[TonacrosiieM ra30BUTE rOpHUBa HAMUPAT BCE
IMO-rOJIAMO NPHUIIOKCHUC B AWU3CIIOBUTC IBUIa-
TEJIU C BBTPEIIHO TOpeHe, KOeTo ce 00yciaBs OT
HOILO6p$IBaHeTO TEXHUTE C€KOJIOTUYHUTE ITOKa3a-
TEJIM W HaMaJlsiBaHEe Ha EKCIUIOATAllHOHHHUTE UM
pa3xoju, ThI KaTo 1IeHaTa Ha Ta30BUTE TOPUBA €
IMO-HUCKa B CpaBHCHUEC C Ta3u Ha TCYHUTEC
ropusa. OpraHu3upaHeTo Ha ra3oJu3esIoB pabo-
TEH IUKBJ MOXKE JIa Ce OCHIIECTBU C Ta30BU I'0-
pUBa, KOUTO CC€ CbXpaHABAT KAKTO BbB BTCUHCHO
(cmec oT mpomaH u OyTaH), Taka U B CT'BCTEHO
(meran, Bojtopon) cherosiaue. [Ipu opranusupa-
HETO Ha ra3o/u3eloB pabOTeH LUKBJ I'a30BOTO
TOpHUBO MOXKE Oa CC IoJaBa WM B IIbJIHUTCIIHUA
KOJICKTOP, WJIHW OJUPEKTHO B HOWIHHAPWUTE Ha
JABUT'aTCIIA. H’prI/IHT Ha4YnMH € 3HAYUTCIIHO IIO
JiecCeH 3a MPHJIOXKEHHE, ThH KaTo HE W3UCKBA
IIPOMEHM B KOHCTPYKLMSTA Ha JBHUrarens. Bbs-
IIaMCHABAHETO Ha IMOCTBIMIOTO B IMUWJIMHABLPA
Ha JIBUTATEJIS Fa30BO TOPUBO CE€ OCHINECTBSIBA OT
CaMOBB3IUIAMEHUIIOTO CE JU3EI0BO TOPHUBO, I10-
JaaeHo (MUIOoTHA 703a) B TOPUBHOTO TIPOCT-
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PaHCTBO, KOETO OMPEAENs CHIIHOCTTA HA TOPHB-
HUS TIPOIIEC KATO AU3EIIOB.

Ipu u3crenBaHe Ha BIMSHHETO HA Ta30BH TO-
puBa BBPXY TOKa3aTEIUTE Ha JM3ENIOB JIBHraTel,
paboTelr 1O Ta30AW3eI0B LHUKBJI, CE TMpHiarar
pasIMYHE KPUTEPUH 3a KOJIMYECTBEHA OIEHKA Ha
MPOIEHTHOTO CHABPKAHWE HA Ta30BO TOPHBO,
MOCTBITWIO B IWJIMHIbPA Ha JBHUTATENA. B HAKOM
oT m3ceBanusTa [6, 8] rasoBoTo roprBO Ce 03K-
pa Karo MPOLEHT OT MOCTHIWINS B JBHraTesIs
BB3yX. Jpyrn aBropu [5] u3mon3Bar OTHOIIE-
HHETO Ha Pa3Xxojia Ha JIU3eI0BO TOPHBO MpH paboTa
Ha JBHUTATEITS 110 Ta30/[M3€I0B IIMKBI U Pa3xoja Ha
TOPHMBO TP paboTara My CaMo C JIU3€JI0BO TOPHBO.
IpumaraHeTo Ha TaKWBa KPUTEPHH € HEIee-
ChOOPA3HO Thif KATO OTHOIIIEHHETO Ha pa3xoja Ha
ra30BO M JWM3EIIOBO IIPU Pa3IMIHUTE PabOTHH pe-
JKMMHY Ha JIBUTATEIS € Pa3IndHO, KOETO 3aTPY/AHIBA
HMHTEPIIPETAIMATA Ha TIOJYUSHUTE PE3YIITATH.

Haii-rouna orleHKa Ha BIMSHHETO Ha Ta30BH
TOpPHMBA BHPXY MOKA3ATENTE Ha ANU3EIIOB IBUTATE,
paboTel 1O Ta30[uM3elIOB IMKBI, MOXE a Ce
MOJTy4H, KOTaTo CPaBHEHWETO Ha HETOBUTE IMOKa-



3aTeNl Ce OCBHIIECTBSIBA MPU €IHO U CHIIO ITPO-
IEHTHO ChABbpP)KaHHME Ha Ta30BO TOPHUBO B OOIIOTO
KOJIMYECTBO TOPHBO, TONA/ICHO B JBUTATEN, IIPU
pasIHYHNTE My peXMMH Ha pabota. Pazbmpa ce,
CBINECTBYBAT EKCIICPUMEHTATHH H3cienBanus [1,
4], B KOUTO Pe3yJTaTHTE Ca MPEACTABEHH HWMEHHO
TI0 TO3U HAYHWH, T.€. B 3aBHCUMOCT OT ITPOIIEHTHOTO
CHIbP)KaHWE Ha Ta30BO TOPHUBO B OOIIOTO KOJH-
YEeCTBO TOPHBO, ITOJAJICHO B JBHUTATEINS, HO HE €
OlMMCaHa METONMKATa, MO KOATO ca IOJIyYeHU
eKCTIEpUMEHTATHUTE JTAaHHH.

2. len

BbB BpB3Ka ¢ M3MOXKEHOTO TO-TOpE, IIeNTa Ha
HACTOSIIATa MyOIMKays € TPeICTaBsiHE HA METO-
JIMKa 3a OMNpeneNsTHe M CpaBHsIBaHE Ha IOKazaTe-
JWTe HA JTU3EJIOB JIBUTATEN, PabOTeml MO Ta30/u-
3€JI0B IIUKBJI B CTCHIOBH YCIIOBHS C PA3IMIHH ITOC-
TOSHHYA TIPOIIEHTHW CBHIbP)KaHWS HA Ta30BO B
o0ImaTa Maca Ha IoJIaISHOTO My TOPHBO.

3. Onucanue HA METOTUKATA

Kaxkro 6Oe otOens3aHo B yBo/a, ipu paborara Ha
JT3€JI0B IBATATEIT ITO TA30IM3ENI0B IIMKBJI B IMIIHH-
JIPUTE My Ce ITO[aBaT JIBa BHUIA TOPUBA — IU3EIIOBO
W Ta30BO, KOWUTO ca B OMNpPEIeNICeHO MpPOLEHTHO
OTHOIIIEHHWE chpsMo obOmara uMm Maca. Cremosa-
TEITHO, 32 BCSIKO OT TOpPHUBAaTa MOTAT Jia Ce BhBEaT
CHOTBETHUTE KOC(PHIIMEHTH, KOWUTO XapaKTe-
pH3HpAT TOBA MPOIIEHTHO OTHOIIEHHE. 3a Ta30BOTO
W JIM3EI0BOTO TOPHBO TE€3H KOES(PUIMEHTH, CHOT-
BeTHO — K 1 K3, ca paBHU Ha:

Q) K =[S 100 0,
G?
) K, = (é(’z 100 , %

KbJeT0 G.. € 4aCOBUST pa3Xoj Ha Ta30BO IOPHBO,
kg/h; Gy, — 9acoBHST pasxojl Ha JU3EIOBO TOPHBO
G. — oOmuAT 9acoB pazxox Ha ropuso, kg/h.

OOmusIT YacoB pa3xo Ha TOPHUBO CE M3UMCIISIBA
ot opmynara:

3 G, =G,+G,,,

Haii-yecto, ekcriepuMeHTaIHUTE H3CIIeIBAHMS
Ha BJIMSHUETO HAa TA30BH rOpUBa BBPXY padorara
Ha JIM3EIOB JIBUraTell ce OCBILECTBSBA YpPE3 CpaB-
HEHHE Ha HETOBUTE IIOKa3aTelUTe IO TOBAPHU
XapaKTEePUCTHKH, T.€. TPU MOCTOSHHA 4YeCTOoTa Ha
BBPTEHE — N U MPOMSHA Ha HaTOBapBaHETO (TIpo-
MsIHa Ha CPEIHOTO €(DEeKTUBHO HASITAHE — Pe), IIPU
KOETO BBB BCSIKA TOYKA OT CHOTBETHATA Xapak-
TEPHUCTHKA CE TIOAABPIKAT €IHH U CHLIH CTOMHOCTH
Ha koeduumenture K u Ki. B crennoBu ycnosust
YacOBHSAT Pa3xoj Ha ra3oBO WM JIH3EI0BO TOPUBO
ce ompernesnsi Mo HAKOW OT METOIHTE, ONMCAaHH B
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[2], xouTo ce cBeXmaT 0 M3MEPBaHE Ha BPEMETO,
3a KOETO IBUTATENSAT N3Pa3X0/iBa Ompe/esieHa Maca
WM ompenieNieH 00eM TopuBo. M3MepeHoTo Bpeme
He TpsOBa ma e mo-manko ot 30 cexynmu. Crueno-
BaTEJTHO, CHEMaHETO Ha XapaKTePHUCTHUKH IO HaTo-
BapBaHe (IIPH TIOCTOSHHH CTOHMHOCTH Ha Koedwu-
muerTtuTe K n Ki) 4pe3 BapHpaHe Ha IMKIIOBHTE
KOJIMYECTBA Ha Ta30BOTO U JM3EII0BOTO TOPHBO (32
BCSIKA TOYKA OT XapaKTEePUCTUKATAa) IO TIOCTUTAHE
Ha OIpe/IeNeH0 BpeMe, 3a KOETO B JIBUTATENA
MIOCTHIIBA OMpeJiefieHa Maca OT ChOTBETHUTE TOPH-
Ba (WM 0OPaTHOTO), € HEIEeTIeChOOPa3HO U TPYAHO
OCBIIIECTBIMO.

B Tta3m Bpb3Kka, HHE MpeaaraMe cieqHaTa Me-
TOJMKA 32 TIPOBEXKIAHE HA EKCIIEPUMEHTAIHU W3-
CIIEIBAHMS Ha BIMSIHUETO HA Ta30BH FOPUBA BBEPXY
MOKa3aTenTe Ha JIM3eJI0B JBHUTATEN, padoTem] o
ra30/IM3eJI0B IUKBJI B CTEHIOBH YCIIOBHS:

1. CHeMaHe Ha ITbJIHA CEPHS OT XapaKTEPUCTUKHU,
YCJIOBHO HAape4yeHH PeryJupoOBbYHHM XapakKTe-
PUCTHKH MO CHAbpP:KAHME HA Ta30BO TOPHBO,
IIPY KOWTO C€ TIOAAbpXKa IOCTOSHHA YecTOoTa Ha
BBPTEHE — N = const M MOCTOSHHO CPemHO edek-
THUBHO HAJISITaHE — p. = const (TIOCTOSIHHA CITMpaYHa
cmma P., = const), a ce MPOMEHST IHMKIOBUTE
KOJIMYECTBA Ha Ta30BOTO U JM3EII0BOTO TOPHUBO, T.€.
YacOBUAT pazxon Ha ra3oBo — G.. u mu3enoBo Gy, a
cremoBatennHo u koepummenture K m Ki. 3a
POKUMHTE Ha TIIBIHO HATOBApBAHE CPEIHOTO
e(eKTUBHO HAIITaHe MOXe Ha € pasnuuHo. [lpu
CHEMAaHETO Ha Te3W XapaKTEPUCTHKH CE pPEeruc-
TpUpaT UKOHOMUYHHTE (YacoB — G, u crierupudeH
— Qe pa3xojl HA TOPWUBO) U TOKCUYHUTE (CHIBP-
XKaHue Ha: BbriaepoleH okuc — CO; BbITIEpOICH
nByokuc — CQO»; BeraeBogopoau — CH v a30THU
okrc — NOy B oTpaboTnimTe ra3oBe Ha JIBUTa-
TeNs, ¥ JAUMHOCTTa MM — R) TioKa3arenu Ha JBU-
ratens, ¥ TapaMeTpuTe, XapaKTepHU3Upalld TIo-
pHUBHHUS My Tipoliec (MakCHMAaJlHO HaJsraHe B IH-
JUHABpPa — P, MakCHMMalHa CKOpPOCT Ha Ha-
pactBaHe Ha HaysIraHeTo — (dp/dQ)max 1 1IP.);

2. OmpenensiHe Ha W3MEHEHUETO HAa HWKOHO-
MUYHHTE, TOKCHYHUTE U JIPYTH TIOKA3aTeNN Ha JBHU-
rateis B 3aBUCUMOCT OT IPOLIEHTHOTO ChAbPiKa-
HHE Ha ra30BO B OOIIOTO KOJIMYECTBO TOPHUBO IPU
CHOTBETHUTE YECTOTH HA BBPTEHE U CpeIHU edeK-
THUBHHM HaJAraHWs, T.€. IOJyyaBaHe Ha (YHKIH-
OHAJIHUTE 3aBUCHMOCTH:

@ G, g,COCH, NO,R,. =f(K);

3. N30upane Ha yectoTa Ha BBpTEHE U Koedu-
nueHT K

4. TlocTposiBaHe Ha TOBapHATa XapaKTEPUCTHKA
pH 130paHaTa 4YecToTa Ha BbPTEHE U KOS(UIIEHT
K 4pe3 onpenensiHe Ha CTOWHOCTATE HA HKOHOMUY-
HHUTE, TOKCUYHWATE U JPYTW MOKa3aTesll Ha JIBUTa-



TeJsl OT ChOTBETHUTE PETYJIMPOBBYHN XapaKTEPHC-
THKH I10 ChIBPYKaHUE Ha Ta30BO TOPUBO.

4. U3nb1HeHHe HA METOAMKATA

4.1, O0eKT U TeXHHYECKH CpeIcTBa 3a W3-
NbJHEHHe HA MEeTOANKATA

3a 00eKT Ha FRITBIHEHHE Ha MPeIoykeHaTa Me-
TOAWKA € W30paH YETUPUTAKTOB, YCTUPHIIUIIHH-
npos musenoB meuraren Volkswagen 1,9, xoiito e
ChC CJICIHHUTE MO-BAKHHU TApaMETPH 1 TIOKA3aTeNu:
JMaMeThp Ha muHabpa — D = 79 mm; xox Ha Oy-
TanoTo — S = 95,5 mm; XxomoB 00eM Ha JBUTATEII —
iVh = 1,896 dm3; crenen Ha crecTsaBade — € = 22,5;
BUXPOKaAMEpHO  cMecooOpa3yBaHe; HOMHHAIHA
morHocT — Ne = 48 KW mipu yectoTta Ha BBpPTEHE —
n = 4400 min. JIpurarensr ¢ MOHTUPaH B M3IIUT-
BarenHa Jaboparopus 50 KW nHa karenpa “JIBu-
raTen, aBTOMOOMITHA TEXHUKA M TPAHCIOPT TIPH
TV — Codus, xosiTo € 000pyIBaHa C TOCTOSIHHOTO-
KOBa enexTprdecka crimpadka SAK 50 u pasmonara
C HeOOXOIMMHUTE TEXHUIECKH CPEJICTBA 3a OTpeie-
JSTHE Ha MOIHOCTHUTE, UKOHOMUYHUTE W TOKCHY-
HWTE TMOKAa3aTelM Ha JBUTATeNs. J[BUraTensT ao-
ITBJTHUTEITHO € KOMIUICKTOBAH C €IEMEHTH OT TO-
puBHa ypenba 3a BTeYHEH Tra3 (IpomaH-OyTaH),
npousBexaaHu ot Gupmarta “Bardolini” (Mramms),
Ype3 KOUTO CE OCHIIECTBSBA MMOJJABAHETO HA TA30BO
TOpUBO B Hero. MYHKIMOHATHATA CXeMa Ha M3ITHT-
BaTeNHaTa ypenoa e rmokasaHa Ha ¢wur. 1.

I'a30BOTO TOpUBO ce TOJAaBa B ITHIHUTCITHUTE
TPHOOMPOBOIN HA CHOTBETHUTE IUIMHAPU Ha JBH-
rateis 4pe3 Obp307eHCTBAIIM €JIeKTPOMArHUTHU
KJaraay 3 (TMO3UIMUTE B TEKCTA ca cropen ¢ur. 1).
JlosupaHeTo Ha Ta30BOTO TOPHBO CE H3BBPIIBA
Yype3 MPOMsIHA Ha BPEMETO Ha OTBOPEHO CHhCTOSIHHE
Ha EJICKTPOMArHUTHUTE KJIaMaHH, YIPaBJICHUETO
Ha KOUTO C€ OCBIIECTBABA OT CHCIUATU3UPAH
enektponen Omok “Megasquirt 11” [9], xoiito
MO3BOJIABA ~ HACTPOMBAHE HAa TOBa  BpEME.
MOMEHTHT Ha MOJaBaHE HAa Ta30BO TOPHUBO CE
ompenesisi OT CHUTHAJT, TONYyYeH OT ChBMECTHATa
paboTa Ha UHIYKIMOHEH Bb3mpuemaren 14 u 360-
HOTO KoJieno ¢ 36 350a, e/IMH OT KOUTO € MpeMax-
HaT. 350HOTO KOJIEJI0 ¢ MOHTHUPAHO TaKa, 4e Tpe-
MaxHAaTHAT 360 MPEMHUHABA MTOKAH BB3IIPUEMATEIIs],
KOraTto OyTanaTta Ha ITbPBU M YETBBPTH IHIUHIBD
Ha JIBUTATENS Ca B TOPHO MBPTBO TOJIOXKEHUE.

WsmepBanero Ha oOeMHHs pa3Xxol Ha Ta30BO
TOPUBO CE€ OCBIIECTBSIBA C Ta30B Pa3XxoJIOMEp THII
G4-6, BKIIOUEH MeXIy Obp30IelCTBALINTE EJIeK-
TPOMATrHUTHY KJIallaHUu U PEAYyKTOp-U3napurens 7
Ha TaszoBaTa ropuBHa ypeaba. OmpenensHero Ha
YacOBHS pa3Xxol Ha JIM3EI0BO TOPHBO CE U3BHPIIBA
C MIOMOIITa HAa 00EMEH pa3Xxo0Mep Ha TEYHO FOpH-
BO 15. TOKCHYHUTE KOMIIOHEHTH M JTUMHOCTTa Ha
OTpa0OTUIINTE Ta30BE€ C€ W3MEpBa CHOTBETHO C
razoanaimsarop “Tecnotest”, monen 473 (Mramms)

u qumomep “Bosch” (I'epmanms).
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. 1. H XeMa Hi JIHAT: Il
D 1 OHAJIHA CXEMa Ha M3IIMTBATe/Hara ypenoa

HansiraneTo BBB BHXpoBaTa KaMepa Ha YeTBBP-
TH IWUIMHABD HA JBUIATENs CE PETHCTPHpA C TI0-
MOIITa Ha MMHE30€JIeKTPUYUCH BB3IPUEMATEN, MOH-
THpPaH Ha MSCTOTO Ha HarpeBaTeNlHaTa CBEI M CHC-
TEMa 32 WHAWIMPAHE Ha JBHTATENIM C BBHTPEIIHO
ropexe “Indiset 620” Ha ¢pupmara AVL (ABctpus).
PesynratuTe OT M3MEpBaHETO CE BU3YaIM3HpaT HA
eKpaHa Ha MEepPCOHAICH KOMITIOTHD, KaKTO € MOoKa-
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Owur: 2. BrHiteH By Ha pabOTEH IMPO30peI Ha IIporpamara
IndiWin Ha crcremara 3a MHIMIMpaHE HA JBUTATEITN C BETPEIIHO

ropese Indiset 620

4.2. IlocienoBaTeqTHOCT Ha padoTa NMpU H3-
bJHEeHHe HA MEeTOANKATA

B cpoTBercTBHE C M3I0KEHOTO B TOYKA 3, W3-
ITBJIHEHUETO Ha NpeyioKeHaTa METOJHKA IMPEeMH-
HaBa Ipe3 HIKOJIKO eTara.

[IbpBuUSAT eramn BKIIIOYBA CHEMAHETO Ha IThJIHA
cepusi OT PEryJHpPOBBUHM XaPaKTEPHUCTHKH T10
ChABbp)KAaHHE Ha Ta30BO FOPHUBO IIPU PA3INYHH Yec-
TOTHH ¥ TOBapHH PEKUMH Ha paboTa Ha ABUraTelIsl.
Camure XapakTepUCTHKU c€ CHeMaT B cjeaHara



TIOCJIEI0OBATETHOCT:

¢ 3a m30paHaTa 4YecToTa Ha BBPTEHE M CPETHO
eeKTHBHO Haisirane, n3dpaHa cnMpayHa cuia —
P."®, ce ompenenaTr NoKasaTeluTe Ha JIBMTaTEls
npu paboTara My camo C AW3ENIOBO TOPHBO, T.C.
TIPH MIPEeKpaTeHo MMo/IaBaHe Ha Ta30BO TOPHBO;

* 1130Kpa ce CThIIKAa Ha HaMallsiBaHEe Ha CIIUpady-
Hata cuia — AP, Tipy paboTa Ha ABHUTATEIIS CaMO C
JIM3EJI0BO TOPHBO HA M30paHaTa 4ecToTa Ha Bbp-
TEHE;

e Ipu paboTa Ha JBUTATENs ChC 3a/aJieHaTa yec-
TOTa Ha BBPTEHE CaMO C JW3ENI0BO TOPUBO CE Ha-
MaJjisgBa IMKJIOBOTO MY KOJMYECTBO JIO MOCTUTaHE
Ha CTIIUpavHa chia — P,
®) Ped™ — (i.APe), i=1,2 ..N,
kpaeTo N ¢ OposST Ha TOYKHTE OT XapaKTepriC-
THKaTa, B KOUTO JBUTATENAT pabOTH 1O ra3ojm3e-
JIOB [TUKBJT;

® 1Ipr paboTa Ha JBHTATENS CAMO C JAU3ETIOBO TO-
PHBO ¥ crupauHa cuwia Pe,' ce BKIIIOUBA MO/laBaHe-
TO Ha ra3oBO I'OpUBO U HUKIIOBOTO MY KOJIMYECTBO
Cce yBen4aBa JI0 TOTaBa, IOKATo ce IIOCTUTHE 3a/1a-
JieHaTa CIypayvHa CUJIa MpH 3aajieHaTa 4ecToTa Ha
BBpTEHE, CIIE KOETO CE ONMPEACIAT MOKA3aTenTe
Ha ABUTATCIII U CE€ H3YUCIIIBA KOG(bI/IHI/IeHTbT Ha
TIPOLIEHTHO ChIbPKaHUE Ha Fa30B0 Topuso K';

® [IOCTPOSIBAT C€ CHOTBETHHUTE 3aBUCHMOCTH OT
PETyIMpOBbYHA XapaKTEPUCTHKA TI0 ChABbpPIKAHHE
Ha ra30BO TOPHBO, KaKTO € MOKa3aHo Ha ¢ur. 3.
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@ur. 3. BivsiHuEe Ha IPOLIEHTHOTO ChABPYKaHUE Ha Ia30BO
TOPUBO (TPOTaH-OyTaH) BbpXy MKOHOMITYHUTE U TOKCUYHHTE

niokazarenu Ha aeuraren Volkswagen 1,9 npu paborara My 1o

Tra30[U3e7I0B IUMKKII ¢ YECTOTa Ha BEpTeHe — N = 2000 min™u
cpenHo edektrBHO Haysirade — Pe = 0,32 MPa: a— (G, Q) =
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f(K); 6— (CO, CH) =f(K); B— (NOx, Ry, Tor) = f(K)

[py cHEMAHETO Ha PEryJIUPOBBYHUTE XapaKTe-
PHCTHKH, B KQY€CTBOTO Ha KPUTEPHUIA 3a MPEIETHO
JIOMYCTHMO YBEJIMYaBaHe Ha TPOLEHTHOTO ChIbpP-
’KaHHE HAa Ta30BO TOPHBO B OOIIOTO KOJIHMYECTBO
TOPHUBO, MOMAJICHO B JBUIaTENs, € IENeChoOpasHO
Jla ce W3I0J3Ba MAaKCHMaJHATa CKOPOCT Ha Ha-
pacTBaHe Ha HAIATAaHETO B LWIMHABpA
(dp/d®)max, OT KOATO 3aBHCH TBBPAOCTTA Ha paboTa
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TperusaT eram ce ChCTOM B MOCTPOSBAHETO HA
CaMHTe CPABHHUTEITHU XapaKTEPUCTHUKH TI0 HATOBAP-
BaHe, KaKTO € TI0Ka3aHo Ha ¢ur. 5.
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5. 3akirouenne

ABTOpHTE Ha HACTOSIIATA ITyONMKAITS ca Ha
MHCHHUE, 4€ MNPECAIOKEHATa OT TAX METOAMKA I103-
BOJIsIBa HE CaMO KOPEKTHO CPaBHECHHEC HA IIPOMCHU-
T€ B IIOKa3aTCJIMTE Ha OWU3CJIOB JABUIaTCil IIPU
paboTarta My IO Ta30IU3€JIOB IWKBI C Pa3IHIHO
MNPOLEHTHO CHABPKAHME HA ra30BO FOPUBO, HO U
OnpeACIAHE Ha OINTHUMAIHHUTC CTOMHOCTH Ha TOBa
MIPOIIEHTHO CHIBbP)KAaHe, OCUTypsIBallld Haif-Oa-
TOIIPUATHO CHUECTAHUE MEXKAY MOIIHOCTHUTE, NKO-
HOMHWYHHUTEC W TOKCHUYHHUTEC IIOKA3aTC/IM HA ABHUIA-
TeJsl Ha PA3UIHUTE My paOOTHH PEKUMHU.
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The study of the vehicle drag reduction is a new milestone for the advances in both fuel consumption and
pollutant emission reduction. The effect of passive control of the vehicle drag cannot be negligible to reach new
standards in the automotive pollution domain. One technique to act on the drag reduction is the optimization of the side-
view mirrors. This study presents results obtained in the DynFluid Laboratory wind tunnel. The side-view mirror is
assimilated to a half-sphere. A passive control method using porous medium is tested. Results for two porous half-
sphere configurations are compared to a reference half-sphere. Melamine foam is placed in the equator of half-spheres
with different thickness (2.5% and 10% of the diameter). For speeds ranging from 25 km/h to 115 km/h
(Rep = 55,000 to Rep = 252,000 with D = 12 cm), a porous half-sphere is able to reduce the drag coefficient. This
work aims to find the best conditions to maximize the drag reduction. Particle Image Velocimetry (P1V) measurements
are presented to analyze the effect of the porous medium on the wake and on the boundary layer.

Keywords: Drag reduction, Passive control, Side-view mirror, Bluff-body flow, Porous media, half-sphere,

Particle Image Velocimetry.

1. Introduction

According to environmental considerations, it is
essential to reduce fuel consumption of individual cars
as well as trucks for freight. Vehicle drag reduction is
an efficient way to reach new standards of pollutant
and greenhouse gas emissions. Even if the
aerodynamic drag of side-view mirrors only represents
about 2% to 7% of the total drag of a vehicle [1],
improvements of this drag are not negligible for
pollutant emissions and fuel consumption reduction.
The study presented in [2] shows that the improvement
of side mirrors drag could save 938 L per year of fuel
for a truck tractor over 130,000 km at cruise speed.
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Note that even if it is possible to reduce the drag of
side-view mirror, each improved design must satisfy
rules imposed by strict safety standards [3].

Many works have been conducted to improve this
drag reduction using passive control methods [4, 5]. In
this paper, an innovative passive control method is
experimentally investigated. Porous media are used in
vehicles design to reduce vibrations, noise or weight
but could also be an efficient tool for drag reduction
when applied to side-view mirrors [6].

In the first part of this paper, the effect of porous
media is evaluated by studying the variations of drag
coefficient. Then, Particle Image Velocimetry (PIV)
measurements are presented to explain these results.
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2. Experimental set-up

In order to analyze the effect of the porous material
on the drag, three half spheres, with a diameter
D =12cm, have been produced by additive
manufacturing. The first half sphere taken as reference
is made of resin completely. The two other half spheres
present a porous part placed in the equator using
melamine foam. This particular foam is employed due
to its interesting characteristics. Its porosity € which is
expressed as the ratio between the vacuum volume of
pores and the total volume of the material is around
0.98. This type of foam is widely used for acoustic
properties [7] because of its microstructure (Figure 1).
This material presents opened cells which permit the
fluid to flow easily inside the foam. Two thicknesses T
of porous layer have been tested (Figure 2) according
to numerical results obtained in previous works [6]. T
is expressed in percentage of the half sphere diameter
(Error! Reference source not found.).

These three configurations have been tested in the
DynFluid laboratory closed-circuit wind tunnel. This
tunnel has a nozzle between the settling chamber and
the test section which presents a contraction ratio of
12.5 in order to obtain a uniform velocity profile
upstream the tested body. The turbulence ratio is less
than 0.25 %. The semi-guided test section is
1.35 m x 1.5 mand 2 m long.

Figure 1. Melamine foam microstructure visualized by Scanning
Electron Microscopy (SEM).
Source: Matelys [7]

Figure 2. Photographies of the two porous half-spheres HS1 and
HS2 with ()T = 2.5 % and T = 10 % and (b) a back view of
the half sphere HS2
Table 1: Description of the studied half spheres

HSO HS1 HS2

Half sphere

T (%) 0 25 10
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Figure 3. Half-sphere HS2 placed in the test section in the DynFluid
laboratory wind tunnel to measure the drag coefficient

A three-blade axial fan with a 3 m diameter rotor,
driven by a frequency-controlled asynchronous motor
allows to reach 40 m/s in the test section. The static
pressure in this test section is equal to atmospheric
pressure. The velocity of the upstream flow is
determined with the measurement of the stagnation
pressure in the settling chamber using a Furness
Control FC20 pressure transducer.

Half-spheres are placed in the middle of the test
section, held in its centers by a support protected from
the flow to prevent perturbations of the drag force
measurements. The slant angle of the studied system is
o = 0 (the flow comes in the front of the half sphere as
shown in Figure 3).

3. Drag coefficient measurements

In order to measure the drag coefficient, the test
section is equipped with a six-component balance
which can measure up to 1500 N with a precision of 2-
3%. This balance can measure separately the
components of force and moment wvectors. The
acquisition system is made of high quality strain
gauges amplifiers and analog to digital converters.
Figure 4 shows drag coefficient C, measurements
obtained for each half-sphere (HSO, HS1 and HS2) for
a large range of velocity: from approximately 25 km/h
to 115 km/h. The corresponding Reynolds numbers (1)
are calculated using the diameter D of half-spheres, the
velocity 1 of the air flow and the air density p and
dynamic viscosity g , according to the temperature and
the pressure of the flow upstream the test section.

Rep = vDp/u (@))
Then half-spheres are studied for values of Rey, in the
range 55,000 — 252,000 (temperature is about 22°C
and pressure is about 101,191 Pa for all
measurements).
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Figure 4. Drag coefficient Cx according to the flow velocity for
half-spheres HSO (reference case without porous layer), HS1 (with
T = 2.5 U) and HS2 (with T = 100g)

For the reference case, without porous layer, the half-

sphere presents a . equal to about 0.50. There is only
a few experiments in literature to compare this value.

For about Rep = 10,000 we can find a value of

.. = 042 for a half-sphere [8]. We can also see on
Figure 4 that the thin layer of porous melamine foam

(case HS1 with 7= 2.5%)

coefficient until about ., = 0.62 (22% of increase).
This configuration is then not appropriate for our
passive control. On the other hand, when selecting a
thick layer of melamine foam (case HS2 with

increases the drag

T = 10%,), the drag coefficient can decrease for the
lower velocities, from 30 km/h to about 80 km/h. In
this case, we can obtain for the lowest velocity a drag

reduction of 22% (with €. = 0.40) and for 80 km/h, a

drag decrease of 2% (with £, = 0.49). We can also
notice that the flow is quite different for HS2 because
of the drag coefficient change according to velocity on
this range, unlike HSO and HS1 which present a drag
coefficient which not vary on this range of velocity. In
order to better understand this change in the drag
coefficient for HS2 and the effect of the melamine
foam on the flow, Particle Image Velocimetry
measurements have been conducted.

4. Particle Image Velocimetry measurements

The Particle Image Velocimetry (PIV) system
used to analyze the wake and the boundary layer of
half-spheres is managed by the Dantec software
DynamicsStudio 2.30. A Nd-Yag laser 532 nm
(Litron Nano-L 200-15) can deliver an impulse
power of 2 x 200 mJ. Two cameras Dantec
FlowSens 4M are synchronized. The resolution of
both cameras is 2048 x 2048 pixels and they are
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equipped with a Micro-Nikkor AF 60 mm f/2.8D
lens. The flow is seeded with micro droplets of
olive oil created by a mist generator (10F03
Dantec).

The droplets present a diameter in the range 2-5
um. The frequency of cameras determines the
frequency of the acquisition f = 4.76Hz. The time
between the two images of a pair is from 60us to
240 us. Velocity fields are calculated with a cross-
correlation method with adaptation applied to
interrogation windows of 16x16 pixels and a 50%
overlap. In order to illuminate the entire
surrounding zone of the bluff-body, a mirror has
been used to reflect the laser sheet.

As previous results have shown a different behavior
of the flow at low speed for using melamine foam, we
will show in the next PIV measurements acquired for
this range of speed: from 1.8 m/s corresponding to
Rep = 14,180 until 88 m/s, corresponding to
Rep = 69,350.

V/IVO
1.2

1

Figure 5. Average velocity calculated with N=500 instantaneous
velocity fields for (a) the reference half-sphere HSO and (b) the
porous half-sphere HS2 with a upstream speed V0= 8.8 m/s in both
cases (R is the half-sphere radius equal to 60 mm).

Figure 5 shows average velocity fields of the wake
of half-spheres HSO and HS2, using an upstream speed
vy = 8.8 m/s, calculated from N =500
instantaneous velocity fields. We can see that the wake
is a little longer for the porous case HS2 (Figure 5 (b))
because the zone of lower velocity (green and yellow
zones) extends beyond 7R in this case while this zone
extends below 7R in the HSO case (Figure 5 (a)). We
can also note that there are differences close to the half-
spheres contour. In order to determine the effect of the




porous medium on the wake and then on the drag
coefficient, we have improved measurements to
analyze the boundary layer as shown on Figure 6.
Velocities are increased in the boundary layer close to
the porous medium in the HS2 case (with T = 10%),
from about y/R=0.5.

Porous medium allows the air to enter into the
obstacle in this zone but the flow is increase around the
beginning of this medium. We think that this increase
is due to a non uniform surface on our model because
of the change of surfaces between the half-sphere and
the porous medium. In this hypothesis, the porous
medium has the effect of a turbulator, which changes
the boundary layer, but not the effect of the melamine

foam surface.
V/IVO

1.2

x/R

iR
Figure 6. Average velocity calculated with N=500 instantaneous
velocity fields on the boundary layer for (a) the half-sphere HSO
and (b) the porous half-sphere HS2 with a upstream speed V0= 8.8
m/s in both cases (R is the half-sphere radius equal to 60 mm).

Conclusions

In order to measure the effects of a passive control
method using porous medium to reduce the drag
coefficient of a side-view mirror, we have acquired
PIV measurements of the wake and the boundary layer
of different half-spheres. These first measurements are
not sufficient to conclude about this efficiency of this
passive method but we can already see a benefit effect
of a porous half-sphere, with a large thickness
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(tr = 10%) on the drag coefficient. With low speed
(until about 80 km/h), we can obtain a reduction of the
drag coefficient (from 2% to 22% of reduction).

The first step of this study is to apply this method on a
real side-view mirror to test this effect in the DynFluid
laboratory wind-tunnel.
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Pesrome:

HW3crenBae HaMaIABaHETO HA CHOPOTHBICHHETO MPU JBIKCHHEC HA ABTOMOOWIHTE € KIFOYOB MOMEHT
CIHOBPEMEHHO 33 HAMAISIBAHE HA pa3Xofia Ha TOPHUBO M EMHCHHTE BPEOHH KOMIIOHEHTH B OTPabOTUIIMTE Ta30Be.
EekThT OT MacHBHHUS KOHTPOJ Ha CHIIPOTHBICHUETO MPH JIBIKCHUE HE MOXE Ja Objie MpeHeOpersan mpr cTpemMeska
3a MOCTHUraHe HAa CHBPEMCHHHTE CKOJOTHYHHA HOpMH. ONTHMH3MPAHETO HA CTPAHHYHHTE OrJiefanara 3a 0OpaTHO
BIDKIAHE € €Ha OT BE3MOXKHOCTUTE 32 HAMAJIIBAHE Ha aePOAMHAMUYHOTO CHIIPOTUBICHHE. HacTosmeTo n3cnensaxe
NPEZICTABS PE3yITaTH MOJIYYESH! B aepOAMHAMUYHHSAT TyHeN Ha Jlabopatopusita DynFluid. CrpanidauTe ornenana ca ¢
¢dopma Ha monychepa. M3cneBaH e macHMBeH METOJ 32 HAMAISIBAHE HA acpOAMHAMUYHOTO CHIIPOTUBICHHE Ype3
M3II0JI3BAaHETO Ha MOpECT MaTepral. Pesynrarute, nosrydeHu ¢ [Be KOHGHUTypalyH norychepH, n3padoTeHH OT MOPECT
MaTepHal ca CBIIOCTaBeHHW chc OazoBa moiycdepa. [IsHa ot melamine e mocraBeHa BBpXy mepudepusita Ha
nonycgepure ¢ paznmdHa aebdemmHa (2.5% n 10% ot auamerspa). 3a CKOPOCTHUS AMama3oH oT 25km/4 1o 115km/a
(Rep = 55,000 no Rep = 252,000 u D = 12 cml), mopecrara nomycgepa Mo3BoNsBa HaMaNsIBaHe Ha KOE(UIMEHTa
Ha aepOJMHAMHYHO CHIPOTHBIICHHE. ToBa M3CNEABaHE MMa 3a IEN Ja ce OTKPHUAT YCIOBHSATA IPH KOHTO UMame
MaKCUMAJIHO HaMalsBaHe Ha BBE3AYIIHOTO chnportueienue. Particle Image Velocimetry (PIV) usmepsanus ca
MPEZICTABEHU C 11eJ1 JIa Ce aHaIM3Mpa eeKTa OT MOPeCTUs MaTeprall BbpXY clieiaTa U TPaHHYHHUS CIIOH.

Keywords: Hamausgane na conpomusiernuemo om osudicerue, [lacusen konmpon, Cmpanuunu o2neoand,
Topecm mamepuan, nonycghepa, Particle Image Velocimetry

112


mailto:amelie.danlos@cnam.fr
mailto:renaud.zampatti@outlook.fr
mailto:ivan.dobrev@ensam.eu
mailto:vincedjaff@gmail.com
mailto:fawaz.massouh@ensam.eu

BulTrans-2015
Proceedings

16-18 September 2015
Sozopol

AHAJIMTUYHO U3CJIEIBAHE BJIMSAHUETO HA HAJIATAHETO HA BB3/IYXA B
T'YMATA BbPXY U3BHOCBAHETO 1

Kpacumvur 'EOPI'MEB
Karenpa ,,MammHHO MHXXEHEPCTBO®,
®dakynrer ,,TexHuka u TexHoioruu*, SImoon, bearapus
krasimir_georgiev_2@abv.bg

I'eorru KAIJUKSHOB
Karenpa ,,JIBurateny u TpaHCIIOPTHA TEXHUKA,
Pycencku ynusepcurer, Pyce, bbarapus
gkadikyanov@uni-ruse.bg

Pe3rome:

POCEH UBAHOB
Karenpa ,,JIBurateny u TpaHCTIOpTHA TEXHUKA,
Pycencku ynusepcurer, Pyce, bbarapus
rossen@uni-ruse.bg

I'EprAHA CTAHEBA
Karenpa ,,JIBurateny u TpaHCTIOpTHA TEXHUKA,
Pycencku ynusepcurer, Pyce, bbarapus
glstaneva@uni-ruse.bg

HpeZ[CTaBeHI/ITe PE3yiaTaTn Ca NOJIYyYCHHU, YPC3 U3MOJJI3BAHCTO Ha AHAJIMTUYICH MOJCIT 3a U3CJICABAHC BIIMAHHUCTO
Ha pa3jIn4yHu (I)aKTOpI/I BbpXY U3HOCBAHCTO HAa IMMHCBMATUYHU I'yMHU. OH@HGHO € BJIIMAHHUCTO HA HAJKTraHCTO Ha
Bb3yXa B I'yMaTa 3a KOHKPCTHUA MOJCI I'ymMa 34 TOBAPCH aBTOMOOHIL. HOJ'Iy‘IeHI/ITe pe3yiTratd Morat aa
MOCITY?KaT 3a HAaMAJKIBAHC HAa U3HOCBAHCTO Ha U3CJIC/IBAHATA I'yMa.

KarouoBu AYMU: U3HOCE6AHe Ha cyMamd, NHeeMamuiHu cymu, Hajsieane Ha 6'b3dyxa 6 cymama

1. BbBenenue

[Ipu H3CIEBaHE HAa  TpailHOCTTa  Ha
MHEBMAaTUYHHUTE aBTOMOOMJIHU I'YMH CJIE/[Ba /1A CE UMa
B TIIpeABHI, Y€ TyMHTe Hal-4ecTO H3IU3aT OT
eKCIUIoaTalsl B pe3ydaTrarl Ha W3HOCBaHE Ha
NpPOTEKTOpa W pa3pylleHHe WM pas3cioeHHe Ha
ckenera uM. M3HOCBaHETO Ha MPOTEKTOpa ce SBsSBa
OCHOBHUAT BHJ pa3pylleHHE Ha TyMHTE W 3aBHUCH OT
MHOT'O KOHCTPYKTMBHH U €KCIUIOATALIOHHHU (haKTOpH
[2,4,5].

ToBa u3cnenBaHe mMMa 3a 1I€M, Ja CE ONPEACIH
AQHAJIUTHYHO CTETIEHTAa Ha BIMSHHE HA HAITAHETO Ha
BB3/lyXa B I'yMaTa BbpXY OTHOCHTEITHOTO M U3HOCBAHE
Opy JBWKEHHE ¢ W 0e3 HampeyHo YBIMYaHE |
Pa3iIMYHM CTETIeH! Ha OJIOKHpaHe Ha KOJIENIOTO.

2. N3noxkenne

OOeKkT Ha u3CIEABaHETO € IMHEBMaTH4HAa I'yMa
DNEPROSHINA 11.00R20. 3a ompenensHe Ha
OTHOCHUTEITHOTO M3HOCBAHE Ha TyMaTa IPH N3MEHEHHE
Ha HATaHeTO Ha Bb3yXa P, € U3M0JI3BaH U3BECTHUST
teopetnueH  mozxen  [3,4,5], mpeacraBeH  CbC
3aBUCUMOCTTA
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. Asks16%) 2

Io: Aaso"'L = (1)
Z(py Sk

KBIETO A; u A(; ca KoepUIMEHTH Ha

HPOTMOPIHOHATHOCT, S, — MPETUTH3BAHETO 110 ABDKUHA
Ha KOHTAKTHOTO METHO; Z - HOpMaJlHaTa peakius; | u
Sk — CBOTBETHO [BIDKMHATA W KOHTYpHATa IUIOLI
KOHTAKTHOTO METHO; K; — KOS(HIMEHTHT Ha HALIPEUHO
yBINYAHE; @, KOCQUIMEHTHT Ha HAIMPEYHO
CLCTUICHHE; 0 — BI'bJI HA HATIPEYHO YBIIMYAHE.

CroliHOCTUTE Ha BEJIMYMHHTE, HEOOXOIMMHU 32
mnomBaHeto Ha Mozgena (1) ca  momydeHu
eKCIIEPUMEHTAITHO, B ITBTHH YCJIOBHS, C H3IIOJI3BAaHETO
Ha yHHMBepcaJHa MOOWJIHA ypenda 3a M3NHMTBaHE Ha
NHEeBMATHYHH TYMH, CB3lajJieHa B  PyceHckus
yHuBepcureT ,,A. Kpruen” [1,2].

AHaNMTHYHO Ca M3CJIEABaHHU HAKOJIKO CITydas Tpu
pa3IMYHU CTOWHOCTM Ha HOPMAHOTO HATOBapBaHE
Gy, HAJIATAHETO HA BB3yXa B I'yMara P, U CTPAaHUUHUS
HAKJIOH Ha KOJIEJIOTO 0,

NPAaBOJIMHEHHO JIBWKCHHE O€3  HarpedHo
YBJIMYaHE U OCTOSIHHO OJIOKMPaHEe Ha KOJIEIIOTO;
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- JIBWKCHHWE C TIOCTOSHHO OJokupaHe, 0e3 U C
HAIpeyHo yBiu4yaHe 2,8°;

- IBIDKEHUE C TIOCTOSIHHO HalpeyHo yBim4aHe 2,8°
¥ pa3iIMYHO OJIOKMpaHe Ha KOJIEIOTO.

Pesynratute, mnomydenn c¢ wmomema (1) 3a
OTHOCHTEITHOTO W3HOCBAaHE HAa M3MHMTBAHATa TyMa BbB
(GYHKIMS OT HAJIATAHETO HA BB3AyXa B Hes, IPH
pa3NYHE HOPMaJHU HaTtoBapBaHWs Gy , CTpaHUYHU
HAaKJIIOHW Ha TyMaTa 0, W C TOCTOSIHHO OJIOKMpaHe

4,95% ca npencraBenu Ha dur.1...3.

los
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. |
0 ‘
0 0.2 0,4 06  Ps MPa
®wr. 1. OTHOCUTEITHO U3HOCBAHE HAa TYMaTa TIpH
Gk = 12 kN, crpannuen HakitoH a, =0 U @, =2 BbB
(GYHKIHUS OT HASITAHETO Ha BB3/IyXa B rymMata ),
los
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®ur. 2. OTHOCUTEITHO U3HOCBAHE HAa TyMaTa TpH
Gy = 8 kN, crpannuen HakiioH @, =0 u o, =2 BbB
(GYHKIHUS OT HAITAHETO Ha BB3/IyXa B rymMata ,
ly
mg/km ’
25 —
[
20 /
—0°
15 .
e 2
10
5
0
0 0,2 0,4 0,6 ps, MPa

®ur. 3. OTHOCUTEITHO U3HOCBAHE HAa TyMaTa MpH
Gy = 6 kN, ctpanvyen HakioH o, =0 u a, =2 BBB
(YHKIMS OT HAJIATAHETO HA BB3/yXa B TyMara [,
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Pesynratute  npu  pasiMuHUTE  HOPMAJIHU
HaTOBapBaHMs IT0Ka3BaT HAKOU ocobeHocTy. BunHo e,
4Ye NpH TPUTE CTOMHOCTH Ha HAJATaHETO B IyMaTa,
CTPaHWYHMAT HAKJIOH HE OKa3Ba 3HAYMMO BIIMSHHE
BBPXY U3HOCBAHETO Ha U3CJIeJBaHATA I'yMa.

ITpu HOpManHO HatoBapBaHe Ha rymara 12 KN,
CTpaHUYeH HAKIOH o, = 0° u 0, = 2°, 6e3 yBnu4aHe u
onokupane 4,95% npn W3MEHeHHE Ha HAJSTAaHETO Ha
BB31yxa B rymara ot 0,2 Ha 0,4 MPa, n3HocBanero
HapactBa ¢ 18%, mpu M3MeHeHWe Ha HaJSITaHeTO Ha
BB3Myxa B rymara ot 0,4 ma 0,6 MPa, n3HocBanero
HapacTtBa ¢ 1+8%, a mpu yBeIMYeHVe Ha HaIATAHETO
Ha BB3myxa B rymara 3 meta oT 0,2 ma 0,6 MPa,
W3HOCBAHETO ce yBenuuasa ¢ 18+26%.

ITpu HOpManHO HaToBapBaHe Ha rymarta 8 KN
CTpaHWYeH HAKIOH a, = 0° u 0, = 2°, 6e3 yBIu4aHe u
6noxupane 4,95% npu n3MeHEeHHe Ha HAJAraHETO Ha
BB3yxa B rymara ot 0,2 Ha 0,4 MPa, n3HocBaHeTO
HapactBa ¢ 31+40%, npu U3MEHEeHHe Ha HAIATaHETO
Ha BB3/yxa B rymara ot 0,4 Ha 0,6 MPa, n3HocBaHeTO
HapacTBa ¢ 2+3%, a Ipu yBeIMYECHHE Ha HATIATAHETO
Ha BB3myxa B rymara 3 meta oT 0,2 ma 0,6 MPa,
W3HOCBAHETO ce yBenuuasa ¢ 35+43%.

ITpu HOpManHO HaToBapBaHe Ha rymarta 6 KN |
CTpaHUYeH HAKIOH o, = 0° 1 0, = 2°, 6e3 yBIu4aHe u
Onoxupane 4,95% npu n3MEeHEeHHe Ha HaJAraHETO Ha
BB31yxa B rymara ot 0,2 Ha 0,4 MPa, n3HocBaHeTO
HapactBa ¢ 21+29%, npu u3MeHeHHe Ha HAIATaHETO
Ha BB3/yxa B rymata ot 0,4 Ha 0,6 MPa, n3HocBaHeTO
HapactBa ¢ 3+12%, a mpu yBenuueHUE Ha HATIATAHETO
Ha BB3myxa B rymara 3 metd or 0,2 Ha 0,6 MPa,
M3HOCBAHETO ce yBennuasa ¢ 33+35%.

Ha ¢wur. 4 ca npeacraBeHu nomydeHu ¢ Mozeia
pe3yaTatd 32 OTHOCHTEJIHOTO  M3HOCBAaHE  Ha
W3MMTBAaHATa rymara Oe3 yBIMYaHE M C HAIPEYHO
yBIMYaHe 0=2,8°, NMpH eIHa W Chla CTEleH Ha
Onokupane Ha konenoto 4,95% u pa3nmuuHM HHUBA Ha
thaxTopure Gy, P, 1 o,

Ha ¢ur. 5 e mnpencraBeHO OTHOCHTEIHOTO
W3HOCBAaHE HA M3IIMTBAHATA T'yMa, IIOITy4EeHO C MOZENa
BbB (YHKIMS OT CTeleHTa Ha OJIOKMpaHe Ha
KOJIEJIOTO, MPH Pa3INyHu HUBa Ha Gy, P, U 0.

Ipu HOpMasTHO HatoBapBaHe Ha rymara 12 KN 6e3
CTpaHUYEH HAKIIOH 0, =(0°, BI'b]l HA YBIMYaHE 02,81
pa3iIMYHM CTETICHM Ha OJIOKMpaHe NpHU M3MEHEHHE Ha
HaJSIraHEeTo Ha Bb3Ayxa B rymara ot 0,2 Ha 0,4 MPa,
M3HOCBaHETO HapacTsa ¢ 20+25%, npu n3MeHeHne Ha
HaJSIraHEeTo Ha Bb3Ayxa B rymara ot 0,4 Ha 0,6 MPa,
n3HOCBaHETO HapacTea ¢ 10+14%, a npu yBenmmueHue
Ha HaJIATaHETO Ha Bb31yXa B rymara 3 mbTu oT 0,2 Ha
0,6 MPa, usnocBaneto ce yBennuasa ¢ 32+42%. Ilo-
roJieMUTE TIPOLIEHTH B H3HOCBAaHETO ca IpU
Onokupane Ha konenoto ¢ 10%, a mo-Maikute mpu
6noxupane ¢ 60%.



m6=0" m5=2,8°
®wr. 4. OTHOCUTEITHO N3HOCBAHE HAa TYMaTa pH

MPABOJIMHEWHO JBWOKEHUE O3 U C HANIPEYHO YBITHYAHE
0 =2,8 , nmpu Gnokupane Ha kKoienoTo 4,95%

B 6n0KkupaHe 60%

M 6nokmpaHe 40% 6n0kupaHe 20%

@ur. 5. OTHOCHUTEITHO U3HOCBAaHE HAa T'yMaTta IpH
Pa3IMYHY CTETIeHH Ha OJIOKMpaHe Ha KOJIEJIOTO U
MIPaBOJIMHEWHO JIBIDKEHUE, Tpu 0 = 2,8

Ipu HOpManHO HatoBapBaHe Ha rymara 6 KN Ge3
CTpPaHUYEH HAKIIOH 0, =0°, BI'bJI Ha yBIMYaHE 0=2,8°H
Pa3INYHM CTETIeHH Ha OJOKHMpaHe MpU M3MEHEHHE Ha
HaJISITaHeToO Ha BB3Ayxa B rymara ot 0,2 Ha 0,4 MPa
W3HOCBaHETO HapacTBa ¢ 23+27%, pu N3MEHEHUE Ha
HaJIAraHeTo Ha Bb3ayxa B rymara ot 0,4 Ha 0,6 MPa
W3HOCBaHETO HapactBa ¢ 14+17%, a npu yBennueHue
Ha HAJISTaHETO Ha Bb3/yXxa B ryMara 3 nbtu oT 0,2 Ha
0,6 MPa u3HocBanero ce yBenuuasa ¢ 41+49%. Ilo-
roJIeMUTE TIPOLIEHTH B H3HOCBAaHETO ca IpU
Onokupane Ha kosienoto ¢ 10%, a mo-mankure mpu
6nokupane ¢ 60%.

[lpn HOpMmanHO HatoBapBaHe Ha rymara 12 kN,
CTPaHUYEH HAKIIOH 0, =2°, BI'bJI HA YBIMYaHE 0=2,8°H
pa3IMYHK CTETIeHW Ha OJIOKMpaHe NpH M3MEHEHUE Ha
HaJIAraHeTo Ha Bb3ayxa B rymara ot 0,2 Ha 0,4 MPa

B 6nokupaHe 10%
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M3HOCBAHETO HapacTa ¢ 22+27%, npu n3MeHeHne Ha
HaJIIraHeTO Ha Bb3ayxa B rymara ot 0,4 na 0,6 MPa
M3HOCBAaHETO HapacTBa ¢ 1+4%, a mpu yBenuieHne Ha
HaJISTaHETO Ha BB3Ayxa B rymara 3 mete oT 0,2 Ha
0,6 MPa u3nocBaneTo ce yBenmmuaa ¢ 23+32%. Ilo-
TOJIEMUTE TIPOIICHTH B  W3HOCBAHETO ca MpHU
onmokupane Ha konenoto ¢ 10%, a mo-mankute mpu
omoxupane ¢ 60%.

Ilpu HOpManHO HaToBapBaHe Ha rymara 6 KN,
CTpaHUYEH HAKIIOH 0, =2°, BI'bJI HA YBINYaHE 0=2,8"H
pa3IMYHM CTETICHN Ha OJIOKMpaHe TPU M3MCHEHUE Ha
HaJIsTaHeTO Ha Bb3ayxa B rymara ot 0,2 ma 0,4 MPa
M3HOCBAaHETO HapacTBa ¢ 32+36%, nmpu n3MeHeHne Ha
HaJIsTaHeTO Ha Bb3ayxa B rymara ot 0,4 ma 0,6 MPa
M3HOCBAaHETO HapacTBa ¢ 5+8%, a mpu yBennieHne Ha
HaJISTaHEeTO Ha BB3Ayxa B rymara 3 mete oT 0,2 Ha
0,6 MPa u3HocBaHeTo ce yBenmm4aBa ¢ 39+47%. Ilo-
TOICMUTE TIPOIICHTH B W3HOCBAHETO ca MpHU
Onokupane Ha konenoro 10%, a mo-mMayikuTe mpu
6moxupane ¢ 60%.

3. 3aki0ueHue

OT mpoBeneHOTO AHATUTUYHO H3CJIEIBAaHE Ha
HW3HOCBAaHETO Ha ryMaTa MOXKE Ja C€ HamlpaBsT
CJICIHUTE U3BOJU:

1. Ilpm nBwkeHne Oe3 HAIMPEYHO YBIMYAHE,
BIMSIHUETO Ha HAJSITAHETO BBPXY OTHOCHTEIHOTO
W3HOCBaHe, KakTO ce€ Bmwkaa or ¢ur.l...3 He e
YUCTO JUHEIHO, IOpaay HETMHEHHOTO MY BIUSIHUE
BBbpXY AbDKHHATA | 1M ruromra Sy Ha KOHTaKTHOTO
[ETHO HA TyMaTa C IbTS.

2. Ilpu Hamuuume Ha HaNpeYHO YBIUYAHE
BIMSHUETO Ha HAJISTaHETO Ha Bb3AyXa BBPXY
W3HOCBAHETO HA TyMaTa CTaBa I10- 3HAYMMO.

3. Hansranero Ha BB3AyXa B Tymara BIUse
MO-CHJIHO NIPU MAJIKWUTE CTENCHHM Ha OJOKHpaHe Ha
KOJIEJIOTO, & MPH FOJIEMHUTE CTETIEHU Ha OJIOKHpaHE,
BIIMSIHUETO MY OTCJIa0Ba, 3al0TO P TE€3U YCIOBUS
OCHOBHATa 4acCT OT MU3HOCBAHETO C€ ABJKU UMEHHO
Ha TPUEHETO B PE3yJITaT Ha 3HAYMTENIHATA CTEIECH
Ha OJIOKMpaHe Ha KOJIENOTO.
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ANALITICAL STUDY ON INFLUENCE OF INFLATION PRESSURE ON THE TIRE WEAR
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Trakia University of Stara Zagora, Faculty of Technics and Department ,,Engines and Vehicles”,
Technologies, Yambol, Bulgaria University of Ruse, Ruse, Bulgaria
krasimir_georgiev_2@abv.bg rossen@uni-ruse.bg
GEORGI KADIKYANOV GERGANA STANEVA
Department ,,Engines and Vehicles”, Department ,,Engines and Vehicles”,
University of Ruse, Ruse, Bulgaria University of Ruse, Ruse, Bulgaria
gkadikyanov@uni-ruse.bg glstaneva@uni-ruse.bg

Abstract:
This paper presents the results obtained with the theoretical model oriented to study the influence of different

factors on tire wear. An evaluation the influence of inflation pressure on the wear of a model tire for truck was
done. The obtained data may be used to reduce the wear of the investigated tire.
Keywords: tire wear, pneumatic tire, inflation pressure
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B pa60TaTa Cca MNPCACTAaBCHU PpE3yJTaTh, MNOJIYYCHU C aHAJIMTUYCH MOJCI 3a HM3CJICABAHC BJIMAHUCTO Ha
HaIlIpeYHOTO YBJIMYAHC W CTCIICHTA Ha 6J'IOKI/IpaH€ Ha KOJICJIOTO BBPXY HM3HOCBAHCTO Ha KOHKPETCH MOJCII
MMHCBMATH4YHA I'yMa 3a TOBAPCH aBTOMOOWIL. OueHeHa € CTCIICHTA Ha BJIMSHUC Ha 6J'IOKI/IpaHe Ha KOJICJIOTO U
HaIlIpEYHOTO YBJIWYAHC IIPU PA3JIMIHM HMBA HA OCHOBHHUTC CKCIIJIOATAllMOHHU q)aI(TOpI/I. I[aHHI/ITe MOXKE Ia CC

H3IM0JI3BAT 34 HAMAJIAABAHC N3HOCBAHCTO HA KOHKPCTHUA MOACII T'yMa.
KarouoBu AYMU: U3HOCEBAHEe HA NHeeMamu4Hu 2ymu, 6ﬂ0KupaH€ HA KoJiejo, Hanpe4Ho yeaudane

1. BbBenenue

[lpaBuiHuAT 1M300p HAa  KOHCTPYKTUBHHUTE
mapaMeTpyd Ha KoliejlaTa C IIHEeBMarMYHU T'yMH
obe3rieyaBa peanu3alyATa HAa EKCIUIOATALMOHHO-
TEXHUUECKUTE XApaKTEPUCTUKH HA MAIIMHUTE, KaTo
TpaiiHOCT,  OE30MacHOCT, MPOM3BOJAMTEIHOCT U
MKOHOMHUYHOCT.

IlozHatn ca Tpu BHIa H3HOCBaHE Ha
MHEBMaTHYHUTE Tymu: aOpasUBHO H3HOCBAaHE,
W3HOCBAaHE IIpU THPKAISAHE M HW3HOCBAaHE OT
cTapeeHe Ha rymara. /[enbpT Ha BCSKO €JHO OT Te3U
W3HOCBAaHMS 3aBUCH OT YCIOBHATA Ha JBM)KEHUE
[3,5,6,7].

Mexagy 60 - 90 % or rymure u3NMM3aT OT
eKCIIIoaTalysl Mopagu M3HOCBaHE Ha IMPOTEKTOpa.
CrnenoBaTtelHO M3HOCBAaHETO HA TYMHTE OKas3Ba
TOJIIMO BIIMSHUE BBPXY €KCIUIOATALIMOHHUTE PasXoiu
B TPaHCIOpPTa W TOBMIIABAHETO Ha TpaifHOCTTa Ha
TYMHTE C€ sIBsIBa BaXKHA 33/]a4a.

IlenTa Ha TOBa M3clieBaHE € AaHATUTUYHO Ja Ce
ONpEAEAT CTENEHTa U XapaKTepa Ha BIUSHHE Ha
HaIPeYyHOTO YBJIMYAaHE W CTENEHTAa Ha OJIOKHpaHEe
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Ha KOJIEJIOTO BBPXY OTHOCHTEIHOTO M3HOCBaHE Ha
KOHKPETeH MOJie]l MMHEBMATHYHA T'yMa 3a TOBapeH
aBTOMOOWIL.

2. M3noxkenue

OoexT Ha mcneapanero € ryma DNEPROSHINA
11.00R20. 3a onpenensHe cTereHTa HA U3HOCBAaHE Ha
rymMara W3IMOJ3BaH H3BECTHHUAT TEOPETUUCH MOJIEN
[5,6,7], npezcTaBeH Che 3aBHCHMOCTTA

o Asks1S®
Iy =| AySy + =2 — z (1)
Z(Dy Sk
kpreto A, wm A; ca KoebulmeHTHTE Ha

MPOMOPIIHOHATHOCT, So— MPEIUTH3BAHETO TI0 JBJDKUHA
Ha KOHTAKTHOTO TEeTHO; Z - HopMaJiHaTa peakims, | u
Sk — CBOTBETHO IB/DKMHATA M KOHTYpHATa ILIOII
KOHTaKTHOTO TeTHO; K5 — KOeUITMEHTHT Ha HAIPEYHO
YBIMYaHE, ¢ KOe(DUIIMEHTHT HAa HAIPEYHO
CLICTUICHHE; 0 — BI'BJIBT Ha HAMPEYHO yBIMYAHE.

3a msmomsBanero Ha momena (1) ca HeoOXommmu

croiiHocTute HAa A, U A;.
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3a Ta3W 1ed € W3MOJI3BaHa ChINECTBYBAIaTa B
karenpa JTT ma PY ,,A. KpHueB” yHHBepcaiaHa
MOOMITHA ypenda 3a M3ITUTBAHE Ha TTHEBMATHIHN TYMH
C BB3MOXHOCT 3a OC3CTECNEHHO W3MCHEHHE Ha
BEPTUKAJTHOTO HATOBapBaHE, CTPAHWUYHUS HAKJIOH,
BI'bJIA HA HATIPEYHO YBJIIMYAHE U OJIOKMpaHe Ha Kojena
C IIHEBMATHUYHU I'yMH Ha KOJICCHH Manmuu [1].

CroliHocTTa Ha KoeuUMeHTa A, € MOIydYeHa,

9pe3 IPOBEIECHN OIUTH TIPU MPABOJIMHEWHO JIBUKEHHE
0e3 HanpeuHo yBimyane [4].

3a ompenendHe Ha koeduuuenta A;  ca

M3MOJ3BaHA  PE3YJITATUTE 32 OTHOCHTEITHO U3HOCBAaHE
Ha TyMmara, IONy4Ye€HH OT IIGTHHUTE W3IHTaHUSI C
HAIPEYHO YBIIMYaHE, TIPU CHIIUTE HUBA HA (P)aAKTOPHTE
HaToBapBaHe Ha KonenoTo Gk, HANsraHe Ha Bh3/IyXa B
rymara [y , CTpaHHYEH HAKIOH Ha KOIIEIOTO O, H
CBIIOTO TIpeIUTh3BaHe, KAaKTO TIpH OIUTa 32

onpezensHe Ha A, . M3nonasBaHu ca B aHAIUTUYHUS

MOZIEN ONWTHH PE3yNTaTH 3a JBJDKAHATa Ha
KOHTAaKTHOTO METHO | ¥ KOHTYpHATa KOHTAKTHA ILIOLI
Sk , KaKTO W TIONyYeHH B JIPYro m3ciensaHe [2] 3a
ChbllaTa TyMa  EKCIIEPUMEHTAJIHH JaHHH 32
KOe(HLIMEHTUTE HAa HANpPeYHO CLEIUICHHE @ U
HaIpevHo yBImIaHe Ks.

Wscnenpanu ca ciry4an Ha JBIKEHHE C TIOCTOSITHHO
omokupane ot 10, 20, 40, 60%, pazmmaau HEBa Ha G,
P, 0 M PA3IMYHM BIVIM Ha HApe4yHO yBnuyase. Ha
¢ur.1...6 e mpencraBeHO OTHOCHTETHOTO M3HOCBaHE
Ha M3IMTBaHATA TyMma, IONTYYEHO C AHAIUTUYHUS
mozen (1), mpu onpenenenn HuBa Ha Gk, Po, G0 H
OJIOKMpaHETO Ha KOJEJIOTO BBbB (PYHKIMS OT Br'bia HA
HaIpeyHo YBIIMYAaHE O.

Ha ¢ur. 7 m 8 ca mpencraBeHH NpOILEHTHHUTE
pasIMKM B OTHOCHMTEIHOTO HM3HOCBaHE Ha TIymara,
cpsamo cirydasi 0=0°, ABJDKAIIM C€ Ha HANPEYHOTO
YBJIIMYaHE, IPU JIBE CTENEHW Ha OJOKMpaHETO Ha
KOJIEJIOTO M pa3in4Hu HuBa Ha Gk, Pe, to.
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®ur.7. Paznrka B OTHOCUTETHOTO M3HOCBAHE Ha
rymara CpsiMo M3HOCBaHETO ¥ npu =0,
onoxupane 10% u pa3snuyHU BITIM HA YBIMYAHE
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@ur.8. Paznrka B OTHOCUTENHOTO M3HOCBAaHE Ha
rymara ChpsiMO M3HOCBaHETO ¥ Iipu 0=0°, 610KupaHe
60% W pa3IMYHU BIVIM HA YBIMYAHE

Or HampaBeHWTE W3CICIBAHUA C MOJENa MpU
HaJIM4IMC Ha pa3IMYHU BIJIM Ha HAIIPCUHO YBJIMYAHC U
npencrapeHute pesynrata (¢ur.l...6) e BumHO, ue
BIIMIHUETO HA  HANPEYHOTO  YBJIMYAHE  BBPXY
OTHOCHUTEITHOTO M3HOCBAaHE Ha TrymMaTa € HEJIWHEHHO.
ToBa ce apoku Ha (pakTa, Ye BrBJIBT HA YBIHYAHE O
ydacTBa Ha BTOpa CTEHNEH KaTo MHOXHUTEI B
YHUCIUTETISIT HA BTOPOTO CHOMpaeMo B CKOOWTE Ha
monena (1).

IIpy envH M ChU] BIBJI HAa HAIPEYHO YBJIMYAHE
OTHOCHUTEITHOTO H3HOCBAHE HAPacTBA MPAKTHUECKH
JMWHEWHO TIpH yBeNWYaBaHe Ha  OJIOKHUpPaAHETO.
TMomydyennte KpuBM ca eKBHAWCTAHTHH (¢wur.l...6),
TBI KaTo OJOKMPAaHETO Ha Kojenoto ydactsa B (1)
4pe3 MbPBOTO CHOUpaeMo S .

Ot HanpaBeHWTE W3CIENBAHUS C MOJENA IPU
HaJIMIMC Ha pa3/IMYHU BIJIM HAa HAIIPCUHO YBJIIMYAHE U
MPU pa3iMyHa CTEleH Ha OJIOKMpaHe Ha KOJIEIOTO ce
HaOJTI0/1aBa CIIEAHOTO:

- ipu O67IoKupaHe Ha Kouenoto 10% u n3MeHeHwe
Ha 0=0+5" mpu paszmmunu HuBa Ha Gy, Ps U 0o,
OTHOCHUTEITHOTO M3HOCBAHE e yBenmmdaBa ot 22+766%
(comr. 7);

- ipu OnokmpaHe Ha konenoto 60% U n3MeHeHne
Ha 0=0+5" mpu paszmmunu HuBa Ha Gy, Ps U 0o,
OTHOCHUTEITHOTO M3HOCBAaHE ce yBenmdara oT 4+128%
(¢wr. 8).

T"omemure MPOLCHTHU PAa3JIMKK B OTHOCUTEIITHOTO
W3HOCBaHE M NP YETHPUTE CTETICHU Ha OJIOKMpaHe ca
NP 6=5°, @ MaJIKKTe Ipu 0=1°.



3. 3akiarouenue

OT HampaBeHHUTE aHATUTUYHU W3CIICABAHUS C
MOJIeNIa MOXKE JIa Ce HAIPABSAT CICTHUTE U3BOIH:

1. 3aBucumoctTa Ha OTHOCHUTEITHOTO
WU3HOCBaHE OT HAMPEYHOTO YBIMYAHE ¢ HEJIMHEHHA,
KaKTO € TI0JTy4aBaHa U B IPYTU H3CIICIBAHMSI.

2.1lpy emuH ¥ CBII BI'BI HA HAMNPEYHO
VBIIMYaHE, OTHOCHTEIIHOTO HW3HOCBAaHE HapacTBa
NPakTUYEeCKH JHHEHHO TIpH yBelMYaBaHe Ha
OJIOKMpAHETO Ha KOJICTIOTO.

3. HampeyHoTo yBIWYaHe BIHsE IO-CHITHO
BBPXY OTHOCHTEIHOTO HW3HOCBaHE MPH MAIKUTE
CTelleHH Ha OJIOKWpaHe Ha KojeroTo (mo 766%
HapactBaHe npu 10% OmoxupaHe Ha KOJENOTO u 5°
BI'BJ Ha HampeyHo yBindane). C yBenmduaBaHe Ha
CTeTIEHTa Ha  OJIOKMpaHe,  BIUSHUETO  Ha
HAMPEYHOTO YBJIMYAHE BBPXY OTHOCHTEIHOTO
u3HOcBaHe orciabBa (mo 128% HapacTBaHe mpu
60% OnokupaHe Ha KOJIENOTO WU 5° BIrbJ Ha
HamnpeyHo yBiu4vaHe). [IpuuuHaTa 32 TOBa € TO-
TOJSIMOTO U3HOCBAHE, JIBIDKAIIO C€ HA HAJIBKHOTO
NpeIuTh3BaHe HAa TyMmMara C TBTA MPH TOJICMHUTE
CTEMeHH Ha OJIOKMpPaHE Ha KOJENIOTO.
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Pe3rome:

B paborara ca wu3cienBaHM CHEPTUHHHUTE XapaKTEPUCTHKM HAa KOHBEPTHPAH JIEK aBTOMOOMI

Citroen Berlingo B enexTpomoOuiL.

Pesynrature ca mnonydeHM BB3 OCHOBA Ha IBTHHU

CKCIICPUMCHTAJIHU HU3CJICABAHUSA. Ilocouenu ca PEKUMUTE Ha JABUKXCHUC Ha eJ'IeKTpOMO6I/IJ'Ia npu

Hail-MabK pa3XxoJl Ha eNeKTpUYecka eHeprus.

KarouoBu gymu: enexTpoMoOmi, MOIIHOCTHA XapaKTePUCTHKA, CHEPTUiTHA XapaKTePHCTHKA.

1. BLBenenune

Enna antepHaTHBa 3a YCKOPEHO pPa3BHUTHE Ha
CKOJIOTMYHUTE  TPAHCIIOPTHH  CpEeJICTBA €
KOHBEPTHpaHE Ha KOHBEHIIMOHAIHUTE aBTOMOOMIH
B eNeKTpoMOoOWIM. 3acera KOHBEPTUPAHETO Ha
aBTOMOOWIIM € peajHa Ia3apHa ajlTepHATHBA, Thii
KaTO CEpHIHO IPOM3BEXJAHUTE EIECKTPOMOOHIH
ca ChC 3HAYMTEITHO BUCOKH LIEHH. [|OIBIHUTEIHO
MIPEANMCTBO CE ABSBA M300PHT HA 0OOPYIBAHETO,
KOETO 3aBHCH OT peanna (GakTopH, BKIFOUUTEITHO 1
¢uHaHCOBHTE BB3MOKHOCTH. Crenuaau3upaHu B
TOBa OTHOIICHHE (GHUPMHU TpeIaraT pasindyHu
BapHaHTH, B 3aBUCHMOCT OT o0JiacTra Ha
NPUIIOKEHUE Ha KOHBEPTHPAHUS aBTOMOOUII.

Llenta Ha Tazu pabora € Ja ce H3CIeABaT
CHEPrUUHHUTE XapaKTePUCTUKN HA KOHBEPTHPAH OT
¢upma ,, TpancroptHa enexkrponunka — 91 OO/,
rp. [InoBnus, nex aBromobun Citroen Berlingo B
CJIIEKTPOMOOHMJI.
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OOexT Ha W3CIEBAaHETO € BapHAaHTHT Ha
KOHBEPCHSITA, MPU KOSATO EJICKTPOJABUTATEIAT € C
momHocT 25 KW u  cobcrtBeHa Maca Ha
enexkrpomobuna 1 360 kg.

2. Mznoxenne

Astomobun  Citroen Berlingo e cewmeiino
OPUCHTUPAH BaH C KavyecTBa Ha JIGK aBTOMOOWI.
OCHOBHM TEXHHUYECKHU JIAHHH 3a MOjela ca JaJicHu
B Tabm.l. C Hero enHOMMEHHaTa (¢uUpMa CHU
3acIIy’)KH 4ecTTa Jia Obje ompejesicHa 3a elHa OT
OCHOBOTIOJIO)KHUIIUTE HA JIOCTHITHUTE KOMOH —
aBTOMOOMJIM ¢  BHUCOK 1OKpuB. Dupmara
,, I paacnopTHa enekTponuka — 91 OOl mpennara
KOHBEpPTHpaHE Ha aBTOMOOWIA C pa3lu4HU
MOIHOCTA HAa TATOBUS EJIEKTPOJBHUTATEN U
pa3jvyHU MapaMeTpy Ha TAroBara aKymyJiaTopHa
batepusi. KomnaHoBkara Ha elleKTpoMoOuIa €
nmokasaHa Ha ¢ur. 1., a OCHOBHHTE My TEXHHUYECKH
JTAaHHU ca gaaeHu B Ta0u. 1.



Tabnuma 1
Kparka TexHnyecka xapakTepucTuka Ha
aBromoOw Citroen Berlingo

['aGaputHU pazmepu, mm:
- IBJDKAHA; 4137
- IIUPHHA; 1724
- BUCOYHHA. 1819
Hannpxaa 6a3a, mm 2693
JBurare:
- EMHCHU CTaHJIAPT; Evro 3
- Opoii NUIUHIPY; 4
- paboTeH obeM, cm®; 1361
- MmakcuMaiaHa morraoct, KW(PS); 55(75)
- MaKCHMaJIeH BbPTSI MOMEHT, Nm 120
CobcTBeHa maca, kg 1129
KoedunueHnt Ha od6TekaemMocT 0,37
Tpancmucus MEXaHUYHA
Bpoii mpenaBku 5
[TpenaBatenHy yKciia Ha KyTHATA:
I 3,636
I 1,95
Il 1,281
v 0,975
V 0,767
R 3,583
IenTpanna npegaBka 4,54
I'ymu 175/70R 14T

@ @ 10) 12

@ur. 1. KommaHOBKa Ha M3MUTBAHUS €IEKTPOMOOWIT:

1 — poserka 3a 3apsa Ha TiAroBata Oartepus; 2 — Taroa Oatepusi; 3 — DC/DC 370/14V mpeoGpasysaren,
4 — pasmmMpHUTeNIeH ChJ Ha CHCTEMaTa 3a OXJaXJaHe, 5 — ChJ 3a TEYHOCT 3a YHCTAuyKHUTe; 6 — KOHTPOJIEp 3a
yOpaBJI€HHE HA TATOBUS JABHTaTel; 7 — TITOB EJIEKTPOJBUTATEN; 8§ — CHJIOBO pPas3NpeNeluTeNHO Tabdio;
9 — paamarop ¢ BEeHTHJIATOp 3a OXJIAXKJaHe Ha TACOBHS ABHUraTesl U KOHTposep; 10 — 3apsjaHO yCTpOHCTBO 3a
TsiroBara Oatepusi; 11 — akymynatop 12V; 12 — pesepBoap 3a BakyyM Ha ciiupadHa cucrema; 13 — xuapaBinaHa
TIOMIIa Ha KOPMMJIHATa cucTeMa; 14 — KyTus 3a pesieTa u npennasureny; 15 — KyTus 3a npeanasurend; 16 — cba
3a crnupadHa TeyHocT; 17 — BakyyM nomma; 18 — moarpsBamia marpuia Ha cHCTeMara 3a OTOIUICHHE,
19 — pasmmpuTeneH Cha Ha CHCTEMaTa 32 OTOIUICHHE
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Enepruiinure XapaKTepUCTUKU ca
IIOCTPOCHN BB3 OCHOBAa Ha EKCIIEPUMEHTATHH
M3CIIC/IBAHUS HA TMPABOJIMHEEH Yy4YacThK OT

XOPU30HTaJIEH acantupan BT c
KOMIIIOTbPHA HW3MepBaTeIHa CUCTEMa 3a
CIIEKTPUYECKUTE  MapaMeTpu Ha  (upma

» I paHcnopTHa enekTpoHuka - 91 OO/", rp.
[ImoBaus.

[MogroroBkata Ha enekTpoMoOWIa 3a
MIPOBEXKIaHE Ha CKCIICPUMEHTAITHUTE
M3CIICBAaHNS M YCIIOBHSATA, MPH KOUTO TE Ca
NPOBEJACHN OTTOBapsAT Ha HW3UCKBAHUATA,
omucanu B B/IC EN 1986-1:2003 u BJIC EN
1821-1:2003 [1,2]. Macara Ha enekTpomMoOuIa
mo BpeMe Ha onuTute € Omma 1620Kkg.

MomHOCTHA XapaKTepHCTHKA

MoIHoOCTHATA XapaKTePUCTHUKA
MIpEICTaBISIBA 3aBHCHMOCTTa Ha
HeoOXoauMaTa MOINHOCT P Ha TAroBUS
€JIEKTPOIBUTATE 3a JBIDKEHHE Ha

SNEKTPOMOOMIIa OT CKOpOCTa Ha JIBIKeHUE V
(pur. 2). Ot xapakTeprcTHKaTa c€ BHK/Ia, Y€
HEoOXo/MMara MOIIHOCT, KOSTO TpsiOBa Ja
OCUTYpH €NICKTPOJBHUIATeNsl 33 JABWKECHHE B
rpancku ycimoBusi (ot 40 mo 60 km/h) e B
rpanuimre ot 4 g0 6 kKW. 3a ckopoctu Ha
newxkenue or 80 mo 100 km/h e HeoOxomuma
morHocT ot 10 1o 18 kW.

Enepruiina xapakrepucTuka

Enepruiinara HKOHOMHUYHOCT Ha
eNIeKTPOMOOMIIA ce XapaKTepu3upa C paszxona
Ha CHEprus TpH JBIWKEHHE B OMNPEICICHH
yCIOBHs. 32  OCHOBEH  IIOKa3aTel  Ha
eHepruiiHaTa UKOHOMHYHOCT Ha
eNIEKTPOMOOMIIA € TIPUET Pa3XOAbT Ha CHEPIUs
B kWh 3a 100 Km wu3MuHAT 0BT, TpH
pPaBHOMEPHO JIBIKEHHE C OIpeieieHa CKOPOCT
M0 XOpU30HTaNEH acanTUpaH IbT.

M3mepBanusita 3a pa3xoia Ha CHEprus ca
NpPOBEJCHN Ha BCSAKA TMpeAaBKa, IMPHU TPH
pexrMa Ha paboTa Ha €JIEeKTPOIBHraTess -
1400, 2400 1 4200 min™.

B3 OCHOBa Ha MOJTYYCHUTE
CKCIIEPUMEHTAJIHH  JIJaHHH €  [OCTpPOeHA
SHepruiiHaTa XapKTepHCTHKA [0 MPeIaBKU
(pur. 3) w® ocpegHeHaTa  eHepruiiHa
xapakrepuctuka (dur. 4).

Ot ¢ur. 3 ce BIWKAA, Y€ MPU ONpPECICHH
CKOPOCTH Ha JIBW)KEHHE, B uana3ona ot 40 10
65 km/h, pasxoabT Ha eHeprusi € Hai-HHUCBHK.
TakuBa CKOPOCTH Ha JIBIKEHHE Ca XapaKTePHH

3a TpajCKHW YCJIOBHS Ha JABIKEHHE. Te3u
CKOpPOCTH HAa JIBIDKCHME MoraT Ja ce
peammzupaT OT 2 A0 S5  TpemaBKu

BKJIFOUHUTCIIHO, KATO Ha BCAKA OT NPCAABKUTC
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pa3xoIbT Ha eHeprud € pazinueH. Haill-manbk
pa3xoJl Ha EHeprust Cce MojiydaBa MpHU
JIBIDKEHHE HA  Tpera  mpejaBKa -
npubnusutento 8 kKWh/100 km mpu ckopocTu
Ha apmwxkenue 50 — 55 km/h.

Ocpennenara eHepruiiHara
xapakrtepuctuka (pur. 4) mokazBa, ue
eNeKTPOMOOMIIBT ~ M3pa3XoJBa  Haii-MaJIko

enmektpudecka emeprus 9,5 kWh/100 km
(mmm 95 Wh/km) npubIM3UTETHO OKOJIO
ckopoct 55 km/h. TIpu ckopocTH Ha OBIKEHHE
or 80 mo 100 km/h, pasxombT Ha eHeprust ce
m3mens ot 12,5 no 18 kWh/100 km.

3. 3akiTrouenne

Bs3 OCHOBa Ha [IOJTYYCHUTE
EKCHEePUMEHTATHN HM3CIEABAHUS MOrar lia ce
HampasAT CJICIHUTE U3BOJU:

1. EnektpoMoOMIBPT C MOIIHOCT Ha
enektpoaBuratesst 25 KW e MHOTo 1moaxo s
3a JBIDKEHHE B TpaJCKd YCIOBHA, MOpagu
peTUCTpUpaHHus MHHHAMAlEH  pa3xol  Ha
€HEeprus Mpu CKOPOCTH Ha ABMKEHUE OKOJIO 55
km/h.

2. MUHUMAaTHHAT pa3xoj Ha SHeprus ce
[oJTy4aBa IpH ABMKCHHE HA TpeTa IpelaBKa,
Koiito ¢ mpubimsuteano 8 KWh/100 km.

3. [Tlomyuenute pesynraTu 3a pa3xoja Ha
CHEeprusi Ha H3CJIEIBaHMS EJIEKTPOMOOMI ca
CBIIOCTaBUMM C IIpe[UlaraHUTe Ha [as3apa
CEepUIHN  EJEKTPOMOOWIM C JIUTUUA-HOHHH
aKyMyJIaTOpHU OaTepHH.

4. banarogapHocTu

IIpencraBenure pe3yaTaTu ca
MOJIy4YEHU NPU M3II'BIHEHUETO Ha JJOTOBOP
3a ycnyra BG 161 PO003-1.1.06-0069-
C0001-Se002 MEX]TY Pycenckn
yHuBepcurer ,,A. KpHueB® u  ¢dupma
TpancnoptHa enekrponuka - 91 OO/, rp.
[InoBnuB, 3a HYXIHTE Ha IPOEKT
~A3CJIIEJIBAHE KOHBEPCUSTA HA
ABTOMOBUJIN 3A MHAYCTPUAJIHU
HEJIN®, ¢buHaHCHpaH oT OIl
~-PASBUTUE HA  KOHKVYPEHTO-
CIIOCOBHOCTTA HA BBJI'APCKATA
NKOHOMMKA” 2007-2013.

ABTOpUTE W3Ka3zBaT  OiarogapHOCT
¢upma , Tpancrmoptaa enekTponuka — 91
OO, rp. lnoBaus, ¢ YHETO (PMHAHCHUPAHE
0€e IPOBE/IEHO TOBA U3CIIEBAHE.
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JIuteparypa 2. BIC EN 1821-1:2003. [IbTHH npeBO3HU

1. BAC EN 1986-1:2003. IIsTHU npeBO3HU CPCACTBA, 3alBIKBAHM  C  CICKTPHHYCCTBO.

CPEICTBa, 3aJBM)KBAHH C EIIEKTPHYECTBO.
M3MepBaHe Ha eHEpTrUitHUTE MoKa3zarenu. Yact

) IIPEBO3HU CPEICTBA.
1: Enextprdecku NpeBO3HU CPENICTBA.

UsmepBane Ha eKCIUIOATAIIHOHHAUTE
xapaktepuctuku. Yact 1: Enexrpuuecku
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MOIEJ 3A U3CJIEABAHE HA TPEIITEHUSATA HA ABTOMOBUWJIHA ITPEJJIABATE/THA
KYTUs
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AHoOTAUMSA:

B pabotara e pa3paboTeH MOzeN ¢ 1el OIpeesiHe Ha JMHAMUYHNTE HATOBAapBaHMS B 3bOHOTO 3aIleNBaHe, KO-
UTO Jia ObJaT M3MOJ3BaHH 3a M3CIICABAHE Ha TPENTCHUATA B CHCTEMATA, 3a 1 CE OCUTYPH H3APHAKINBOCT HA 360HTE O€3
TMOBUIIIABAHE HAa MacaTa M rabapUTHUTE pa3Mepu Ha IperaBKaTa. UHCIEHOTO peliaBaHe Ha 3a[a4ara 3a HaMHpaHe Ha
COOCTBEHMTE YECTOTH Ha TPENTEHE U Ha BIVIUTE U CKOPOCTUTE HA MPEMECTBAHE IPH NPUHYAUTEITHN TPENTECHNS Ha 3b-
OwnTe ce U3BBPILBA C TIOMOIITa Ha coTyepHIs mpoaykr ,, MATLAB”.

KnrodoBu nymm: mpenmenus, 3501y Konena, ,0uHamuyer mooen

1. YBox

Hepazgenna cwecraBHa dYacT Ha aBTOMOOWIIA €
TPaHCMUCHSTA, BKIFOUYBAIIA B ce0e CH €/JHA WIH HS-
KOJIKO 3bOHHU TpENaBKU. 3bOHUTE MPEAaBKU ca €IUH
OT Hai-pa3NpOCTpaHEHUTE BUIOBE MEXaHWYHHU IIpe-
JTABKH ¥ TIPEJIOTIPENIENIAT B MHOTO CITy4au rabapuTHHU-
Te pa3MepH, TerJoTo, MpeaBaHaTa MOIIHOCT, a Taka
CBIIO U peauiia APYTH MOKA3aTeld, OT KOUTO 3aBUCST
eKCIIJIOaTallMOHHUTE CBOICTBA M HWKOHOMHMYECKaTa
edexkTBHOCT Ha aBTOMOOMNA. ChBpEMEHHHTE aBTO-
MOOWITHH TIpeJIaBaTeIHA KyTHU ChC 3bOHW TPEIaBKU
paboTAT NP MMOBHUILIEHH CKOPOCTH U JTMHAMUYHU Ha-
TOBapBaHUs, TOJEMHUHATa U XapaKTEPHT HAa KOWUTO Ce
OTIpeZieN He caMo OT TpeJiaBaHaTa MOIIHOCT, HO U OT
penmiia npyru Gaktopu. Benenctere Ha mapamerpute
Ha €BOJIBEHTHOTO 3allelBaHe, Mpy paboTa Ha IHIUHI-
pHYHUTE 350HU KOJIeJla C €BOJIBEHTHO 3allETBaHE Bh3-
HUKBAT TpenTeHus. [IpuumHuTEe 3a BH3OYXKIAHE HA
TpenTeHnsATa ca OWIM ¥ MPOABIDKABAT /1a ca OOEKT Ha
n3cnenBanus. ThpPCEHETO HA METOIM 332 HaMaslsBaHEe
Ha BHOpPOAKyCTHYHATA aKTHBHOCT B TIPEAABKHUTE OT
VIMHAPHYHN 360HH KOJIENIa C €BOJIBEHTHOTO 3allell-
BaHe ce Oa3zupa Ha OOIIMTE 3aKOHM Ha TEOpHATa Ha
TPEeNTeHHATa U [IENN J1a CE HaMepSAT OCHOBHHTE IIPHU-
YHMHH, ONPENEISIIN XapaKTepa ¥ MHTEH3UBHOCTTA Ha
BUOpaINTe BH3HUKBAIIM B 3aIIETIBAHETO.

IlenTa Ha HacrosmaTta padota € ja ce pazpadoTu
MOJIENl Ha JIBOMKA IWJIMHAPHYHK 3BOHM KOllela OT
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aBTOMOOMIIHA Npe/iaBaTeiIHa KyTUs C IIeJ1 U3CIIeABaHe
Ha TPETNTeHHsTa B 350HOTO 3alleTIBaHe.

2. PazpaboTrBaHe Ha Moe/1 HA ABOWKA IIIMHIPUYHH
360HH KoJ1e1a 0T ABTOMOOUJTHA NTPeaBaTeTHA KyTHsI

Oco0eHO BakeH 3a MOJTyyaBaHe Ha aJICKBaTHU pe-
3yJTaTH € 00OCHOBAHUAT M300p HA MOJIENA U TOYHOTO
OIIpe/IC/IsIHE Ha TMapaMeTPUTe Ha 3hOHUTE MPEHIaBKH.
ChcTaBsiHETO Ha MOJIEN Ha 3bOHA MpejlaBKa B 3HAYH-
TEJTHA CTETICH 3aBUCH OT IIEJITa Ha U3BBPIIBAHOTO JTH-
HAMHWYHO H3CJICIBAaHE. Bunaru CTPEMEIKBT € MOJACITBT
Jla € TaKbB, Ye C HEroBa MOMOIIL J]a MOXKE J1a Ce€ TIOy-
YM OTTOBOP HA IOCTABCHUS BBHIPOC C HEOOXOIMMATa
TOYHOCT. MOJENBT Ce OTHACS 3a €IHA JBOHMKA 3HOHU
KoJIeJla C €BOJIBEHTHO 3allerBaHe, padoTela B aBTO-
MOOWJIHA TIpeJaBaTeliHa KyTus, ¢ OTINTaHE Ha KOpa-
BHHATA Ha 3’I)6HOTO 3al€lBaHE U bIJIOBAaTa KOpaBUHA
Ha BajioBere. basupaiiku ce Ha ocoOeHOCTHTE Ha pa-
Oortara Ha 3p0HaTa TpeaaBKa, MoXe Ja Obje MpeIIo-
JKEH CIICABAIIMAT Pell Ha ChCTaBsSHE HAa MOJET 3a H3C-
JieIBaHE Ha TPENTEHWSITa B 3HOHOTO 3allelBaHE Ha
JTBOMKA ITMITMHIPWIHA 350HN KOJIENIa OT aBTOMOOMITHA
TpeaaBaTeTHa KyTus:

- pa3paboTBaHe HA TUHAMUYEH MOJET Ha TIpeaaB-
Kara;

- CbCTaBJAHC HAa YpaBHCHUATA Ha ABMXKCHHUC HA JTU-
HAMHYHHS MOJET,

- OIIpeIeTITHE Ha MAaCOBUTE MHEPITMOHHA MOMEHTH


mailto:evg%1f-sok@tu-sofia.bg

W KOpaBHHHTE Ha CJIEMEHTHTE Ha IMpEelIaBKaTa OT JTU-
HAMUYHUS MOJICT,

- OmpeJieNisiHe HA MOMCHTUTE Ha JIBHTATENS U U3-
ITBJTHUTEITHUS] MEXaHU3bM;

- HAMHpaHe Ha COOCTBEHHUTE YECTOTH Ha TPETITCHE;

- HAMHUpaHEe Ha BIIIUTE M CKOPOCTUTE HA TIPEMECT-
BaHE NPY NPUHYTUTEITHN TPETITCHHUSI.

B mnwnnenne Ha pena, Ha ¢ur.] e mokazaHo Or-
POCTEHO TpeNCTaBsHE HAa MeEXaHHMYHATa CHCTeMa
,»JIBUTaTe] — 350Ha Tpe/iaBka — M3ITBIHUTENICH MeXa-
HU3bM™ BbB BHJ] HA CKBUBAJICHTCH YCTHPH MAcOB JTU-
HaMIYeH MOJIEl,

@ur. 1. Yemupu macos ounamuyuen mooen Ha
npeoaskama

KbACTO [1 € MaCOB MHEPIHMOHCH MOMCHT Ha 4aCTUTE,
CBbp3aHU C IbPBUYHMA Bajl Ha Ip€aaBarcjiHaTa Ky-
THA, [4 — MacCOB MHCPHMOHCH MOMCHT Ha MU3IIBJIHU-
TCJIHUA MCXaHW3bM, MNPUBCIACH KbM BTOPUYHUA Bajl
Ha IpenaBarenHata Kytus, [ v I3 — MacoBU UHEPLIU-
OHHM MOMEHTH CBHOTBETHO Ha 3aJIBIKBAILIOTO U 3a1-
BIDKBAHOTO 3H0HO KOJIENO Ha mpeaaBkara; R u Rz —
paaMycuTe ChOTBETHO HA 33/IBHKBAIIIOTO M 3aIBIIK-
BaHOTO 3bOHO KoJeno Ha npenaBkara, C1 u Cs — BI-
JIOBHTE KOpaBUHM Ha BasioBere; (3 — KOpaBHHA B 3a-
HenBaHeTo. B mpencraBeHust TUHAMHYEH MOJET Ce
npeHeOpersar MpPeMECTBaHUITA B XOPU3OHTAIHA H
BEPTUKAJHA TIOCOKA, JEMII(HUpPAIIUNTE CBOWCTBA Ha
JIar€pHUTE OIIOpHU U TPUCHETO MCEXKAY CICMCHTUTE.
3p0HUTE KOJleNa Cce pasriIekaaT KaTo TBBPAU Tena,
MIOCTaBEHN BBPXY BAJIOBE, KATO CE OTUMTA KOpABHHA-
Ta B 350HOTO 3allenBaHe, OTHECEHA KbM JIMHHATA HA
zareniBane. OT HaIlpaBeHUTE JOMYCKaHUs 3a CHUC-
TeMara W aHajn3a Ha JABIKCHHETO CIe/Ba, Y€ TO3H
JUHAMUYEH MOJIeNl ce OmpeleNss 4Ype3 UYeTHPH
0000IIIeHN KOOPJIMHATH: P| U (P4 — BI'BJ HA 3aBBP-
TaHE€ CBbOTBCTHO Ha 3aJBHKBalllaTa U 3aBHUXBaHa-
Ta IPUCBCAUHCHU MaCH; (P2 U (3 — BI'bJI HA 3aBbP-
TaHE ChbOTBETHO Ha 3aIBHXBAIIOTO U 3aBHKBAHO-
TO 3B0HO Koseno. JudepeHnuaranTe ypaBHECHUS
Ha JABWI)XCHUC Ha IMPUCTUA JTUHAMHWYCH MOACIT CC
CBhCTaBAT C IOMOLITA HA ypaBHEHMsTA Ha Jlarpanx

d oT oT oIl
— . 1)
dtog.  oq; Q

—+ =
aq;
KbJIeTO 1 € KUHEeTU4YHAaTa EHEPIrusl Ha CUCTEMATa;
1] — moTeH1MaiHaTa EHeprusl Ha CUCTEMATa;

ot Il pon
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Qi — 0006mena cuia, CHOTBETCTBAIA HAa
000011IeHa KOOPIMHATA;
gi — iI”" 06001IEHa KOOPIUHATA,;
qi — CKOpOCT Ha "™

Karo ce 3amectar 3nauenusara Ha 7, I/ u Q B ypas-
HeHusTa Ha Jlarpamk OT BTOPH POJ, CE MOJMydaBatr
T epeHIMATHATE YPABHEHHS Ha JIBIKCHHUE

1161 +Cie1 — 02) =—My

126 —C1(p1 — 92)+ C3Ro(02R, —93R3) =

I35 — C3R3(p2Ry — @3R3 )+ Cylps —4) =

1444 —Calp3 —04)=+My4

[Momy4yenara cucrema qubepeHIMATHA YpaBHEHHS
OT BTOPH PO/ OTIMCBA MPUHYJICHUTE TPESITEHUSI, Pasr-
JIEJAHA B €KBUBAJICHTHHS NUHAMHYEH MOIEN Ha 350-
Hata rpenaBka. Toi 1Mo3BoJisiBa J1a ce M3CieBa BIus-
HHETO Ha MpoIleca Ha TPSNTCHHUATA HA OCHOBHHTE Te-
OMETPUYHHM, KUHEMATUYHU U JTUHAMUYHH MapamMeTpu
B JTMHEWHUS MOJIET.

3a ompenensHe Ha CTOWHOCTUTE Ha CBOOOIHHUTE
TPENTEeHHsI Ce M3MONI3Ba chcTeMara JudepeHIMATHA
YpaBHCHUS

131 +Cy (1 —92) =0

122 = Cip1 — 92)+ C3Ra(@2Ry —93R3) =

13633 — C3Ra(@2R — @3R3)+Cyl3 — 04) =

1434 —Cyqlp3 —94)=0

imama

0000111eHa KOOpIUHATA.

° ©
0

e
0

3. OnpeneisiHe CTOHHOCTHTE HA TIApaMeTpUTe 0T MO-
aena

OnpeniensiHe CTOWHOCTUTE HA MAaCOBHTE HWHEPITH-
OHHU MOMeHTH ly, I2, I3 11 |4

MacoBHSIT WHEPIIMOHEH MOMEHT |1 ce pasriexia
KaTo CHCTaBEH OT ABE YACTU:

li=1+ 1, (4)
KBJIETO |5 € MacoB MHEPIIMOHEH MOMEHT Ha JIBUTATEIS
U 33JIBIKBAIUTE YAaCTH HA CHEIAUHUTENS, TPUBCICH
KbM ITBPBUYHUS BT Ha MpelaBaTeHaTa KyThs,
lc — MacoB MHEpIMOHEH MOMCHT Ha 3aJIBHYKBAHUTE
YacTH HAa CHEAWHUTEINS, TPUBEICH KbM ITHPBUYHHS
Bai Ha mpenasatenHata Kytus. [lo manaum I, = 0,14
kgm?, 1. = 0,0044 kgm? u
li=1,+1.=0,4 +0,0044 = 0,1444 kgm?.

MacoBHSIT MHEPIIMOHEH MOMEHT Ha 3aJBHIKBAIIO-
TO 350HO KOJIEJIO €
I, =m,RZ =0110.0,0225% = 0,000056 kgm?, (5)
KBJIETO My € Macara Ha 3aJBIKBAIIIOTO 30HO KOJIEIO
B KHJIOTpaMu; Ry — painychT Ha 3aIBHXKBAIIIOTO 350HO
KOJIEJIO B METPH.

MacoBHST HHEPIIUOHEH MOMEHT Ha 3a][BH)KBAHOTO
3B0HO KOJIETIO €

I3 =mgR$ =0,680.0,045% =0,0013 kgm?  (6)
MaCOBI/ISIT I/IHepI_[I/IOHeH MOMECHT Ha U3IIBJIHUTCII-
HHUsI MCEXaHH3bBM, HpI/IBe)IeH KbM BTOpI/I‘IHI/DI BaJI Ha



npenaBaTesiHaTa KyTHs, €
la=1,+ |y, )
KkpAeTo |, € MacaTa Ha aBTOMOOWIIA, TIPUBEACHA KBM
BTOPHYHUS BaJ Ha MpeaBaTeinHara Kytus; |, — Maco-
BUSIT MHEPIIMOHCH MOMEHT Ha 3a/IBIKBAIIIUTE XOIOBH
KoOJIe/ia, TPUBEACH KbM BTOPUYHHS Ball Ha MpeaaBa-
Tennara Kytus. Ilo mamnm I, = 5,38 kgm?, Ix = 0,091
kgm?, xato
l4=1,+ 1,=538+0,091 = 5,47 kgm?. (8)
OmnpeensiHe CTOMHOCTUTE Ha BIVIOBUTE KOPABUHU
npu ycykBaHe Ha BajioBete C1 u Cy .
o onpenenenne, kKopaBUHATA HA BaJl TIPH YCYKBaHe €

C::GxJp’{hmq, ©)
| rad

kbeTo G € Moy Ha ‘BIIIOBa JieopMantus;

G =81x10° Pa; | — nbimkuna Ha Bana, [m]; Jp — nons-
PCH HWHEPIMOHEH MOMEHT, KOMTO CE€ HW3UHUC/IsIBA IO
3aBHCHMOCTTA

4
_1r><D

32 [

B mocnennara 3aBucumoct D e mmamersphT Ha
Bata, [M]. Tlo maHHM, TBPBHUAT BaJ € C MMapaMeTpH
l; = 0,145 m, D: = 0,03 m u brioBara My KOpaBUHA
TIPH YCYKBaHe €
- GaD{  81.10%314.0,03*

1732 0145.32
ITo manuum, BTOpUSAT Bat € ¢ mapamerpd ls = 0,15 m,
D4 = 0,03 m u prioBaTa My KOpaBHUHA TIPH YCYKBaHE €
4 9 4
_ GaDy :81.10 .314.0,03 42400 m

1432 015.32 rad
CroitHOcTTa Ha KOpaBWHATa B 30HOTO 3arenBaHe C;
Ce OIpeerts M0 3aBUCUMOCTTA

J (10)

p

4353 N g
rad

4 (12)

C3: Kc3><b1 [ﬂ:| )
m

kbpaeTo C; e KopaBUHA B 350HOTO 3allenBaHe, TpHBe-
JieHa KbM JIMHUSATA Ha 3alleNIBaHe; Kc; — KOSUIMEHT 32
BBHIIIHO 3alleNBaHe, Ke; = 0,145 % 10 Pa;

b — mmpuna Ha 360HUs Bewetr, [M]; b=0,017 m.
[pu Te3u mapamerpu, KOpaBHHATa B 350HOTO 3aIlell-
Bane C; e

(13)

N
Cs = k3b=0,145.10'1.0,017 = 246,5.10°— (14)
m

CroitHOCTTa HA MOMEHTa M1 ce ompesiens 1Mo 3aBH-
cnvmocrra M, =M, . x B xI, [Nm], (15)
KBJICTO Memax € MAKCHUMATHHS BBPTSI MOMEHT Ha
mBurarens; Memsx = 87,3 Nm; B — koedurmeHt Ha
3arac Ha ChEAMHUTEIS; 3a JISKH aBTOMOOWIH [3 mprie-
Ma CTOMHOCTH OT PBmin = 1,2 10 Pmex = 1,7 ;
| — MpeaBaTeNHO YKCIIO Ha TPAHCMUCHSTA OT KOJISTHO-

BHsI BAJT HA JIBUTATEIIS JI0 Pa3IekaaHaTa 360Ha TBO-
Ka; i=1,7.
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B®3 ocHOBa Ha Te3u JaHHM, MUHAMAJHATA, CPEIHATA
1 MaKCHMaJlHaTa CTOMHOCTH Ha BBPTAILIUS MOMEHT M1
ca CbOTBETHO

M, . =87,3x12x17=1781 Nm; (16)
M, ., =87,3x14x17 =207,7 Nm; 17)
M, . =87,3x17x17=252,3 Nm. (18)

CroifHOCTTa HA MOMEHTA Ha CHIIPOTUBIICHUE M4 ce
OIIPEIEeIS 110 3aBICUMOCTTa

G, xwyxr
My =278 2131 Nm, (19)
lo %770
kprero G € IBJIHOTO Tero Ha aBTOMOOWIIA;

Ga= mxg = 1345%9,81 = 13194 N; v — koeduipeH-
THT Ha ChIpoTHBIeHUE Ha mhTs; ¥ = 0,025; r, — au-
HAMUYHUST PaJIyC Ha 3a]IBIKBAIIUTE XOJJOBH KOJIeNa
B MeTpu; I = 0,272 M; io — IpeaBaTesiHO YUCIIO Ha
[JIaBHOTO MpeaBane; lo = 4,3; Mo — K.I1.J. Ha TJIABHOTO
npenasane; Mo = 0,98.

4. HamupaHe yecToTUTE HA CBOOOJHM TPENTeHUs1 Ha
cHcTeMAaTAa U onpeesisiHe HAa bIVIMTE H CKOPOCTHTE Ha
npeMecTBaHe NPU MPUHY/IEHH TPerTeHus!

3a HamMHpaHe YECTOTHTE Ha CBOOOIHHTE TpEITe-
HUSI, cHcTeMara Iu()epeHIiiaiiy YpaBHEHHS 32 TAX Ce
pelaBa, KaTo C€ CHCTaBAT WHEPIHOHHATA (MacoBa)
marpuia [I] u marpuiiata Ha kopasuuute [C]. Mart-
pHULIMTE Ca CHMETPUYHH CHPSIMO TIIABHUS FarOHAN 1
ca ¢ pa3MepHOCT, paBHa Ha Oposi Ha 00OOIIEHUTE KO-
opaurard. C wusnomsBane Ha Marpuimte [I] u [C],
cucreMara Au()epeHIINaIHA YPaBHEHUsI Ce 3alliCBa B

marpuuet Bun [1][@]+[C][@] =0, xprero [¢] e
BEKTOPBT Ha 0000IIeHUTe KoopauHath, a [¢] — na

BTOPHTE UM IIPOU3BOJHU. 3a pelIaBaHe Ha CHCTEMATa,
€ ChCTaBEHA MporpaMa 3a NEepPCOHAIEH KOMITIOTHD Ha
e3uKa ,,M“ Ha copryeprus npoaykr ,,MATLAB” u ¢
HeliHa MOMOIIl ca OIpesesieH COOCTBEHHTE YeCTOTH
Ha cucTeMara, KaTo ca M3MOJI3BaHH CTOMHOCTU Ha Ia-
pamerpure.
CobcTBeHHTE YECTOTH Ha cUcTeMara ca:
—0,0000 + 0,0394i *10°Hz
—0,0000 - 0,0394i %10° Hz

0,0000 + 9,1505i x 10° Hz
0,0000 —9,1505i x10° Hz

0,0000 + 1,7498i x 10° Hz
0,0000 — 1,7498i x 10°Hz

0,0000 + 0,0000i % 10° Hz
0,0000 - 0,0000i < 10°Hz

3a OonpeAciiAiHe Ha BIIIMTC U CKOPOCTUTC HA IIPC-
MCECTBAHC IIpU NPUHYACHU TPCUTCHUA, CUCTEMATA NU-
(bepCHL[I/IaJ'IHI/I YPaBHCHUA 3a TAX, CC 3allMCBA B MaTpu-



[1[¢]+[Clle] =[M],

kbaero [M] e martpuiia Ha HATOBApPBAIIUTE BHPTAIIN
MoMeHTH. ChCcTaBeHa € Mporpama 3a I[epCOHaIeH
KOMIOIOTBD Ha e3uKa ,/MN“ Ha COTyepHUS MPOAYKT
»~MATLAB” u ¢ HelfHa OMOII] ca ONpeeTIeHN BIITH-
T€ M CKOPOCTUTE Ha TMPEMECTBaHE NPH TMPHUHYICHU
TPENTEHUs ChC CTOMHOCTH Ha apamerpute. CTolHOC-
TUTE Ha BITIUTE M CKOPOCTUTE Ha MPEMECTBAHE IPU
MPUHYJCHA TPENTCHUS, MOMYYCHU CJEJ YHCICHUS
EKCIIEPUMEHT ca NPEJICTaBeHH B Tabmiy 1 u 2.

4eH BUJ

Tabmuma 1
B npu npu npu
Q Bmin Bmid Bmax
o1, [rad] 0,14 0,16 0,2
@2, [rad] 0,12 0,14 0,16
o3, [rad] 0,06 0,065 0,08
4, [rad] 0,03 0,036 0,042
Tabmuua 2
B npu npu npu
(O] Bmin Bmid Bmax
w;, [rad/s ] 23 25 30
w2, [ rad/s ] 18 21 26
w3, [ rad/s ] 8 9 12
w4, [rad/s | 1 1,1 1,4

5. 3axrouenue

OT Ka3aHOTO JIOTYK MOTaT Jja C€ HaIpaBAT CIEIHU-
T€ U3BOAM:

1. Pazpaboten e Mozen, TO3BOJISIBAIL H3CIIE/BA-
HE Ha TpEeNTeHHATa B 3LOHOTO 3aIlelIBaHE HA JTBOMKA
IWJIMHPUYHN 360HM KOJIeNa OT aBTOMOOWITHA Tpe/ia-
BaTeNHa KyTHSL.

2. Ha 0a3a Ha MoJiena e chCTaBeHa mporpama
3a MepcoHajeH KOMIIOTHP Ha e3HKa ,,m" Ha coTy-
epausa npoaykt ,,MATLAB”, ¢ uusto nmomour Mo-
rar Ja ce ONpeaensiT cOOCTBEHHUTE YECTOTH Ha
TpenTeHe Ha CUcTeMara.

3. Ha 0a3a Ha Mojena e cbcTaBeHa M porpa-
Ma 3a TEpPCOHAJIEH KOMIIOThP Ha €3WKa ,,m* Ha
coryeprus npoaykr ,,MATLAB”, ¢ kosiTo Morar
Jla ce OTIPENENAT bIIINTE U CKOPOCTHTE Ha IPEMECT-
BaHE MPU MPUHYACHU TPENTEeHUSI B 3b0HOTO 3ariell-
BaHE HA JBOWKAa HWIMHAPWUYHH 3BOHH Kojena OT
aBTOMOOWITHA MpeAaBaTeIHa KyTHS.
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MODEL FOR THE STUDY OF THE VIBRATIONS
OF AUTOMOTIVE GEARBOX

Evgeni SOKOLOV
Abstract:

In the paper is developed an analytical method to evaluate
the dynamic load in a gear engagement, which is used to
study the vibrations in the system to provide durability of
teeth without increasing the mass and dimensions of the
drive. The numerical solution of the problem finding out
natural frequencies and angles and velocities of displacement
with forced vibrations of teeth is done using MATLAB
software.

Keywords: vibrations, gears wheels, dynamic model
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B myGmikanusTa ca npeAcTaBeHd METOAMKa U arapaTypa 3a M3Cie/IBaHe, KaKTO Ha OCHOBHHTE IOKa3aTeu Ha
cripavHa e(h)eKTHBHOCT, PErJIAMEHTUPAaHN B HOPMaTUBHHTE JIOKYMEHTH, Taka U Ha JOIBJIHUTEIHH TTOKa3aTelH,
BIIMSICLIM TIPSIKO MIJIM KOCBEHO BBPXY CIIMPAavyHWTE CBOKMCTBAa Ha aBToMoOwWia. [IpencraBeHaTa MeToauKa raBa
BB3MOXKHOCT, KaKTO 32 KOMIUICKCHA OLIGHKA Ha CHCTOSIHMETO M e()EKTUBHOCTTA HA ITHEBMATHUYHATA CIIMPAyHA
cHCTeMa, Taka ¥ 3a JieTalJIHa OlIEHKAa OTHOCHO pa0oTaTa Ha HefIHWTe KOMIIOHEHTH. TS MOXe Ja ce M3IO03Ba
IPH HAy4YHOHM3CIIEIOBATEIICKH, MMPOTOTUIIHU M €KCIUIOATAallMOHHM M3NMTBAHMS HAa CIMPAuyHHUTE CHUCTEMH U Ha
TPaAHCIOPTHUTE CPEACTBA B KOUTO TE Ca BrPpajicHH. MeToAuKaTa MOXKe Ja Ce M3MO0J3Ba ChILO IPU OIpEAeisIHe
Ha TEeXHMYECKaTa M3MPaBHOCT U e()eKTHBHOCT Ha CIIMpayHaTa CUCTEMa Ha TOBAPHHM aBTOMOOMIIM M aBTOOYyCH

yuactBai B IITIL, npu Be3cranoBka Ha IITII u np.

KaouoBn OYMM: CHUpa4Hu ceoﬁcmsa, cnupadrna cucmema, moeapen a3m0M06wz, NBNIHU USNUMBAHUSL.

1. BLBenenue

CrupayHuTe CBOWCTBA €€ OTHACAT KbM Haii-
BaKHHTE €KCIUIOATAIIMOHHM CBOMCTBA HA aBTOMOOMIIA,
THI KaToO OMpENeNT aKTUBHATA My O€30ITaCHOCTTa M
KaTo IUI0 OE30IIacHOCTTa Ha JBIDKeHHETO [5].
Ilopamu ToBa Te ca 00EKT Ha CTPOTO peTJIaMEHTHUPaHEe
OT MEXIyHApOIHH HOPMATHUBHM JOKyMeHTH [13, 14],
Ha 0azaTa Ha KOHWTO ce pa3pabOTBAT CHOTBETHUTE
HAIMOHAJIHN CTaHIApTH. BBIIPEKH CHIECTBYBAIIUSIT
rojsiMm Opodl  W3ClieNBaHUS BBPXY CIUPAYHHTE
CBOHCTBA Ha AaBTOMOOW/IHTE, TPaBEHH KaKTO B
yy)kOuHa, Taka u y Hac [1, 2, 3, 8, 11 u nmp], B
CTpeMeka HENpPeKbhCHATO Ja CE€ YCHBBPIICHCTBAT,
KaKkTO CITMPAaYyHHUTE CHCTEMH, Taka M METOJHTE 3a
TAXHOTO W3CJIE/[BAHE, TeMara U JHEC € aKTyallHa H
JIOKA3aTeJICTBO 32 TOBAa Ca MHOXKECTBOTO HAyYHH
MyONMKAIK OT MOCICHUTE HAKOIKO ToauHu — [6, 7,
9,10,12, 15 u 1p.].

Haii-BaxxauTe CBOMCTBA Ha aBTOMOOWMIIA IO BpeMe
Ha CIUMpaHe, OT IJIeJlHA TOYKa HAa BOjaya, ca
CIHUpAaYHUSAT THT W CWiaTa HeoOXomuma 3a
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3ajieiicTBale Ha crimpaynus rexai [12]. B npasmia Ne
13 u Ne 13H na UKE xbpm OOH [13, 14], ykazanute
OCHOBHH TIOKa3aTelll 3a OIEHKA Ha CHHPAYHUTE
CBOICTBa TIPH CHMpaHe ¢ padOTHA CIMPaYHA CHCTEMa
ca pa3[elieHd Ha [IBe TPyNH MoKa3aTelmd  3a
crniipavHa e()eKTUBHOCT ¥ TIOKA3aTeI! 332 YCTOWIUBOCT
TIPY CITHPAHE.

OcHoOBHHUTE
e(eKTUBHOCT ca:

— e(heKTHBEH criMpadeH IbT — Lo, M;

— YCTaHOBEHO CITMPAYHO 3aKbCHEHHUE — Ay, m/s’;

— 001110 BpeMe 3a cripaHe — ., S.

OCHOBHUTE TOKA3aTENUTE 32 YCTOMYMBOCT MPHU
CIMpaHe ce U3MEPBAT B Kpasi Ha CIIUPAHETO U ca:

—BI'BJI HAa 3aBbPTaHE HA AaBTOMOOWJIA OKOJIO
BEepTHKAJHATA OC MHHABalla Tpe3 MAacOBHS My
LEHTHpP, COPSAMO HaYaHATa IOCOKA Ha JIBIDKCHUETO
My MpH criupane — ¢, < 8 °;

— IONyCTUMa IHPOYMHA HA IIbTHATA JICHTA
3aeMaHa OT aBTomMoOmuna — B <3,5m.

OcHOBHUTE TIOKa3aTelld JaBaT BB3MOXKHOCT 3a
OllCHKa Ha e()eKTHBHOCTTA Ha CIMpayHATa CUCTEMA

TIOKa3aTcin Ha ClimpavHa



KaTo 115710, HO HE ca JIOCTaThUHU 3a JIOKAJIM3UPAHE Ha
[PUYMHUTE BOJELIM JIO HaMaJeHa CIUpayHa
e(KTHBHOCT W yCTOINYMBOCT TIPH CITUpaHe. 3a Jia ce
OTKPUSIT Te3U MPUYMHH, € HEOOXOIUMO J1a Ce 3aIHIIaT
MHOXKECTBO ~ ApaMeTpy, Kacaelly CIHpPayHuTe
CBOMCTBa Ha aBTOMOOWIA. TakwBa Hampumep, MpH
aBTOMOOMIIUTE c ITHEBMAaTUYHH CTMpavyHu
3aJBIKBAHMA Ca HaLIFAaHUATa HA Bb3AyXa B
CIMpayHUTE LWJIMHIPU Ha OTIEJHUTE KOoJiesa, CHIIa,
XOZl M CKOPOCT Ha 3aJelCTBaHe Ha CIMpPAYHUs Ieaal,
BIJIOBA CKOPOCT Ha KOJIeaTa B IPOLieca Ha CIIUpaHe U
ap.

B Ta3u Bpb3ka wesTa Ha HacTosaTa padoTa € aa
Cce MPEICTaBAT METOMKA U arnaparypa 3a IPOBEXIaHe
Ha KOMIUIEKCHM IBTHU HM3IUTBAHUA HA CIHpayHaTa
e(pEeKTMBHOCT M  CBCTOSIHUETO HA  OTIEIHUTE
KOMITOHEHTH Ha CIMpayHaTa CHCTEMa Ha aBTOMOOWIN
C MHEBMATUYHO CIIUPAYHO 3a[BHKBAHE.

2. MznosBana anaparypa

3a W3MepBaHE HA OCHOBHUTE IIOKa3aTeId Ha
crimpayHa e(EeKTUBHOCT C€ M3IO0JI3Ba HM3MEpPHUTEIHA
amaparypa OT THMa ,,JIETO KOJIENO™ ChCTOSIA €€ OT
CNEeKTpOHHa W MexaHmuHa dact  (dur. 1).
Br3npuemarensiT oT onToeIeKTPOHEH THII, HAMHPAILL
ce B IJIABUHATA Ha KOJIEJIOTO, TEHEpHpa HMILYJICH
yuuTo OpOW € MPONMOPLHOHAICH HAa U3MHUHATUS IIBT.
WmrityncHOTO Halpe)KeHHE ce MO/aBa Ha eNEKTPOHEH
mpeoOpazyBares, KbAETO ce AudepeHInpa BEIHbXK 3a
MOJTy4aBaHE Ha CUTHAJI 38 CKOPOCTTa ¥ BTOPH ITBT — 32
YCKOpeHHETO 4].

P A

o

e o

@ur. 1. U3mepuTenHa anapaTypa THI
,,1IETO KOJIeJIO .

Bppxy cmmpaunus <~ meman € MOHTHpaH
BB3NpHEMATENl 32 CHla. 3a OTYMTAaHE HA XOAa Ha
refjajla € MOHTMPAaH HMHAYKTUBEH BB3IpPHEMATEN 3a
nmpemectBaHe. Upes audepeHnmpaHe Ha CHTHaJa My
ce IojdydyaBaT pe3yNTaTH 3a CKOpocTTa Ha
MIPEMECTBAHE Ha Ieana.

3a peructpupaHe M3MEHEHHUSTA HA HAIATAHUSTA B
CIMpayHUTE IWIMHAPH WM KaMepu Ha OTICIHUTE
KOJIeNla ce M3IO0NI3BaT BB3IIPHUEMATEN Ha HASTAHE C

n3MepuTerieH auanazod 0+10 bar. TakbB € U3Mon3BaH
W 3a ClejcHe Ha HATaHeTO BHB BB3AYIIHUSL
pesepBoap Ha cucTemara. Bw3mpuemarenure 3a
HaITaHE  Cc€  MOHTHpAaT  Ha  CBHOTBETHHUTE
NPUCHEIMHAUTEIHA KOHTPOJIHN HAKpaiHUIM C KOWUTO
pasmosnara cripayHaTa cucTeMa Ha aBTomobmia (¢ur.

2).

._(u

@ur. 2. Be3npuemate 3a HaJIAraHe HA COMPAYHATA
KaMepa Ha NPeAHOTOo KoJeio (1) u Bb3npuemared 3a
NpeMecTBaHe HA KOJIeJIOTO CIPSAMO paMata (2).

‘brnoeara ckopocr Ha Konmenara ce OTYMTA
HOCPEJICTBOM  BB3IPHEMATEl, KOWTO € CIELHAIHO
pa3paboTeH 3a HyXIWTE HA EKCIIEPUMEHTa M Ce
MOHTHpa Ha KOJICCHUTE IVIABUHH Ha aBTOMOOWIIA.
Bb3npuemaresnsT ce CbCTOM OT JIAr€PHO TSUIO B KOETO
e jarepyBaH Bal. OT e;gHara cTpaHa Ha Baja e
MOHTHUPaH €JIEMEHTHT 3a 3aXBalllaHe KbM IJIaBUHATA, &
oT apyrata umiysiceH npbcreH (dur. 3). Tsuoro Ha
BB3IpHEMATeNis, BbPXY KOETO €  MOHTHpaH
npeoOpazyBaren paboTel Ha MpUHIMIA Ha XOJ, ce
OCHTYpsiBA ~ NPOTHUB  MNPEBBPTAHE  MOCPEICTBOM
NPY)KHMHA, 3aKaueHa B €IUHHs CH Kpall 3a Hero, a B
JIpYTHs 32 KapocepHsTa Ha ABTOMOOHIIA.

-

@ur. 3. Beanpuemare/u 3a bIJI0BaTa CKOPOCT HA
3aIHOTO K0.J1eJ10TO (1) 1 32 MpeMecTBaHe HA KOJIEJIOTO
CIpsiMO KapocepusTa (2).



MoHTHpaHy ca BB3MPHEMATEH 32 OTHOCHTEITHOTO
IpeMecTBaHe Ha Kojenara u kapocepusrta ((ur. 2 u
3). TsxHara men € Ja ce ONpeleid BIBbIbT Ha
HAJUTHXKCH HAKJIOH Ha KapocepHsiTa MpU CIHpaHe, U

TPEJICTOSIIIIHSI OTTHT.

5. Tponenypara ce moBTapst (Touku ot 1 10 4) pu
Jpyra HadalHa CKOPOCT, JIOKaTO W3IUTBAHETO
TPHKITFOYH.

JIAJTIA Ce W3YepIiBa XOIBT HA MPEIHOTO OKa4BaHEe TPH
ekctpeMHo crmpaHe. llo gaHHWTE OT TE3W
BB3MPHEMATENT MOXKE J1a Ce ChIM 32 ChCTOSIHUETO Ha
OKa4YBaHETO HAa aBTOMOOWJIA W BIHMSHHETO MY BBPXY
CITUPAaYHUTE CBOWCTRA.

B xabmnara ma aBromoOmma (¢pur. 4) ca
Pa3IoNOKEHN €IeKTPOHHATA YacT Ha W3MepHTeTHaTa
CUCTeMa THUI ,JETO KOJIENO*, TEH30METPUYEH
ycuiBaTen 3a BB3MpHEMaTeNsl 3a CHiata  Ha
CTIIMPaYHUs TIE/IAJI, YCTPOMCTBO 3a ChOMpaHe Ha JaHHH )
(DAQ), MOOWIEH KOMITIOTBD U aKyMYJIATOPHH
Oareprn 3a 3aXpaHBaHE Ha araparypara.

4. Pesyararu

YacT OT MoyYeHUTE PE3yNITATH ca TOKa3aHu Ha (HT.
5 no ¢wr. 8, kato Ha ¢ur. 5 1 6 ca MoKa3aH! OCHOBHH
MOKa3aTesIM Ha CIUpaYHa e(peKTHBHOCT.

va km/h _
a;, m/s! 1
20 4

[ Fp kN

La

LA
L

Le=6,6m
— Vg, km/h
[T m/s?

Fn, EN

[*3
L

\J

@ur. 5. CkopocT Ha aBTOMOOMJIA V,, CIMPAYHO
3aKbCHEHMeE 3, U CHJIAa BbpPXY Nefana F, npu ciimpane ot
Vo=21 km/h.

Ve km/h -
ag, m/s?

Fn, KN

Lce= 210

1 e Va Em/h

®ur. 4. U3rien B ka0MHaTa HAa aBTOMOOMJIA.

— A, mst

Fn, BN

3. Meronuka

Meromukarta Ha eKCIepUMeHTa, choOpa3eHa ¢
MpeAnicaHnaTa 3a W3IUTBAHE THUI HyJa (CTyAeHH
cripadynu Mexann3Mi) B nipaBuiia Ne 13 na UKE kM
OOH e cnennara:

1.Tlpeqn BcsKO chMpaHe IO  BpeMe Ha
W3IUTBAHETO, TOCPEICTBOM OC3KOHTAKTEH JIa3epeH
TEPMOMETBP, C€ KOHTPONMpa TeMIeparypara Ha
CIIMpayHUTE MEXaHM3MH, KOATO He TpsbBa Ja
npeswuiasa 100 °C.

2. ABTOMOOWITBT CE€ YCKOpsIBa JI0 CKOPOCT ¢ 3 110 5
km/h mo-Bucoka OT TpenBHICHATa HAYAIHA CKOPOCT
32 CHOTBETHHs ONHWT, JIOCTHT 33 TPEBKIIOYBAHE HA
NpeJIaBKUTE CE TIOCTaBsl B HEYTPATHO IOJIOKEHUE U
Clle] JIOCTUTaHE Ha OIpEIENICHaTa CKOPOCT BOJIAYBT
HaThCKa OBP30 M PSI3KO CIMPAYHMS MEan J0 IThITHO
CTMpaHe Ha aBTOMOOWIIA.

3.Bemnara cnenm MBIHOTO —CIMpaHe BOJAYBT
0CBOOOYXIaBa CITMPAYHUS TIENAll, TIOTErS U IDIaBHO
yCKOpsiBa aBTOMOOWJIA JIO CKOPOCT OCHTYpsBaIliad
OXJIAX]IAHE HA CTIMPAYHUTE MEXaHU3MU.

4.Crenpa TUIaBHO CIHpaHe 3a TpOBepKa Ha
TeMIICpaTypaTa Ha CIIMPAYHUTE MCEXaHHM3MH IIpEaAn
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@ur. 6. CkopocT Ha aBTOMOOHJIA V,, CIUPAYHO
3aKbCHEHHE 3, H CHJIa BbPXY nefajia Fu, mpu cnupane
ot V=50 km/h.

Ha ¢ur. 7 ca moka3anum W3MeHEHUsTa Ha
HAJSITaHUATA B CHUPAYHHUTE IWIMHAPH MPU CIHpPaHE
OT HavaiHa ckopocT Vo=50 km/h. 3abenszBar ce
roJIeMH KoJieOaHMsl B HAATaHETO Ha 3aJHUS CIIMpadeH
UWIMHIBD P, CBIOBTCTBAaHM C KojeOaHWs Ha
CIIMPaYHOTO 3aKbcHEeHHE. ToBa MoKasBa, ue 10 BpeMe
Ha M3BBPIIBAHE HA CIMPAHETO AaHTHUOJIOKHpallaTa
CHCTEMa ce ¢ 3ajeicTBaia camMO Ha Kosenara oOT
33JHUS MOCT, KOETO € HOPMAJIHO NpH TOBapHU
aBTOMOOMITH O€3 TOBap.

Ha ¢ur. 8 ca mnokasanum pedopmaumuTte Ha
MPEITHOTO M 33HOTO OKAYBAaHE MPH CHILOTO CIHpPaHEe
or V=50 km/h. OcBen, ue Moxe Ja ce Chbau O
HSIKaKBa CTEMNEH 3a ChCTOSHHUETO Ha OKAuBaHETO, TO
TEe3W JaHHW MOTaT /a ObJaT M3MOJI3BAHU U 3a LIEIUTEe



Ha MaTeMaTHYHOTO M KOMITFOTBPHOTO MOJICIIUPAHE HA
mporieca Ha CIUpaHe Ha aBTOMOOWIIA, C OTYHTAHE
BIMSIHUETO HA  OKAauBAaHETO M HAITBKHOTO
HaKJIOHSIBAHE Ha KAPOCEPUSAITA.
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@ur. 7. U3MeHeHUe HA HATATAHUATA B IPeieH P, U
3ajieH P, ciipavyeH HWINHIBP U CIIMPAYHOTO
3aKbCHeHHe 3, BbB (PyHKLHUs OT BpeMeTo,

npu cnupase ot V=50 km/h.
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@ur. 8. [lehopmanusi Ha MPETHOTO S, U 32THOTO S,
OKa4BaHe U CIIMPAYHOTO 3aKbCHEHHE 8, BB
(ynkuust or Bpemero, npu cnupaHe
ot Vo=50 km/h.

5. 3akrouenne

Hpe,HCTaBeHI/ITe METOJMKAa W anaparypa JaBaT
BB3MOXHOCT 3a OICHKAa, KaKTO Ha OCHOBHHTC
IMOKa3aTciIn Ha CIiMpavyHa GCI)GKTI/IBHOCT,
perilaMCHTHpPAaHN B HOPMATHBHUTC JOKYMCHTH, TaKa U
Ha JOI'BJIHUTCIIHU IOKA3aTCIIM, BJIMACIIN IPAKO WIIN
KOCBCHO BBbpPXY CITUPAYHUTE CBOICTBa Ha aBTOMOOHIIA.
MznomsBanara alfapartypa JaBa Bb3MOXXHOCT, KaKTO 3a
KOMIIJICKCHA OIICHKA Ha CbCTOAHHUETO U e(i)eKTI/IBHOC’ITa
Ha IHEBMATU4HATa CIIMpayHa CUCTEMaA, TaKa H 3a
,Z[eTaﬁJ'IHa OI€HKa OTHOCHO pa60TaTa Ha HCUHUTE

KOMIIOHEHTH. TS MoOxke Ja CC WU3IMO0J3Ba IIpU
HAay4YHOU3CJIICAOBATCIICKH, MPOTOTHUITHN n
CKCIUI0aTalMOHHHA HU3INTBAHUA Ha CIIMPAYHUTC

CHCTEMH M Ha TPAHCIIOPTHUTE CPE/ICTBA B KOUTO TE ca
BrpajicHu. MeToaukata MOXKE Jla c€ M3IO0J3Ba ChIIO
NpY  ONpeNeNiTHE Ha TEXHWYECKaTa M3MPaBHOCT U
eeKTMBHOCT Ha CHMpayHaTa CHCTEMa Ha TOBApHH
aBromoOmi yyactBay B IITII, mpu Bb3cTaHOBKA Ha
IITII u gp.
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BRAKING PERFORMANCE OF COMMERCIAL VEHICLE WITH PNEUMATIC ACTUATED BRAKING SYSTEM — A
METHOD AND EQUIPMENT FOR ROAD TESTS
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Abstract:

In this article are presented test method and test equipment for main braking performance characteristics which is
defined in UN Regulations and additional characteristics that influence directly or indirectly on the braking
performance of the vehicle. The presented method enables a comprehensive estimation of the condition and
performance of the pneumatic brake system and a detailed estimation on the work of its components. It can be
used in research, prototype and operational testing of braking systems and the vehicles in which they are
embedded. The method can also be used in determining the technical condition and efficiency of the brake
system of commercial vehicles involved in road accidents, in reconstruction of accidents etc.

Keywords: braking performance, braking system, commercial vehicle, road tests.
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N3CJIEABAHE HA CTIIMPAYHOTO 3AKbCHEHUE HA ABTOMOBWI C I'YMU 3A 3UMHHU
N JIETHU YCJII0OBUA

I'eorrn KAJUKSHOB
Karenpa /Ipurarenu 1 TpaHCIIOpTHA TeXHUKA, TpaHCIOpTeH
(akynret, Pycencku yausepcuter ,,Anren KeHues”
gkadikyanov@uni-ruse.bg
I'EPrAHA CTAHEBA
Karenpa JIurarenu v TpaHCOpTHA TEXHUKA, TpaHCIOpTEH
(haxynrer, Pycencku yausepcureT ,,Anren KeHues”
glstaneva@uni-ruse.bg

Pe3rome:
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Karenpa Tpancnoprt, TparncniopteH daxysrer, Pycenckn
YHHUBEpCHTET ,,AHren KbHuep”
dliubenov@uni-ruse.bg
CBWIEH KOCTAIMHOB
Karenpa Tpancniopt, Tpancrniopten ¢dakynret, Pycencku
YHHBEPCHTET ,,AHTeN1 KbHUeB”
skostadinov@uni-ruse.bg

B cratmara e H3CJICABAHO BJIMAHUCTO HA THIIA Ha T'yMUTC BBPXY IOJICMHMHATA Ha CHUPAYHOTO 3aKbCHCHUC.
M3nomsBanu ca T'ymMrd € CHAaKBH DPasMCpH, NPOU3BCACHU OT CAWUH U CbIIM IPOU3BOAWTCII U NPCAHA3HAYCHHU 3a
H3I0JI3BAHE CHhOTBETHO B 3UMHH W JICTHU YCJIOBHAL. I_IGJ'ITa € a €€ YCTAHOBH pa3J/IMKaTa B rOJICMHUHATA Ha CIMPAYHOTO
3aKbCHCHHC TIPU M3IIO0JI3BAHE HA I'YMU, MIPEAHA3HAYCHU 3a 3MMHU U JICTHU YyCJIOBUS.

KarouoBu OYMM. CNUPAYHO 3aKbCHEHUe, 2yMU, 3SUMHU U JeMHU YCIIOBUSL.

1. BbBenenue

TumeT Ha rymMuTe BiMsie 10 IOsIMa CTENEH BBPXY
eKCIUIOATAIIMOHHUTE CBOWCTBA HAa aBTOMOOMJIUTE.
[poTtekTopbT TpsiOBa @ OCHIYpU HEOOXOAUMHUTE
CHJIM Ha CICIUICHHE MKy TYMHUTE M MOBBPXHOCTTA
II0 KOATO C€ JIBHXXHU aBTOMO6I/IJ'IT)T WiIn JIBHXXEHIaTa
cwia, KOeT0 € HeoOXOaMMO 3a  ONTHMATHOTO
yIpaBJieHHe Ha aBTOMOOMIIA MPH BCUYKH PEKUMHU HA
paborara My (TMOTErJIsIHE, CIIMpaHe M JBWKCHHE B
3aBow) [1]. TIpOTEKTOPET € CreruaiHo pa3paboTeH, 3a
Ja ocurypu OajaHC MEXIy H3HOCBaHE, CIICIICHHE,
00paboTKa 1 CHIIPOTUBIEHUETO NP ThPKAJISTHE.

Cropen [2, 4] omTumanHuTe CBOMCTBA HAa
HPOTEKTOpA Ca 3aJI0)KEH! TIPH HETOBOTO pa3paboTBaHe
U Ce peanu3upar npH n3pabOTBAHETO HA T'yMmarta, 110
BpeMe Ha ByJkaHm3amusita #W. OCBeH ToOBa
OPOTEKTOPBT €  MpelHa3HaueH Jila  OCUTYPH
pPaBHOMEPHO HW3HOCBaHE [0 BpeMe Ha Ipuiara
eKCIUIoaTaIsl Ha TyMaTa, Jla Haco4Ba BOJaTa M3BHH
30HaTa Ha KOHTAKT Ha ryMara ¢ IbTS U Jia CBesIe JI0
MUHMMYM IIyMa IIPU JBW)KEHUE BBPXY pa3IN4HU
II'bTHU HACTUJIKH.

[pousBoaUTEINTE HA TYMH ca pa3pabOTHIIH JBa
OCHOBHH THIIA TYMH, KOHTO CE Pa3IM4aBaT 10 CBOHMTE
xapaktepuctiukd. OCHOBHUTE Pa3iiMyusi ca B TOBA, 3a
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KOM KIMMaTHYeH CE30H Ca MpeJHa3HAueHH 1a Ce
eKcruroatupar. J[Bara Trma rymu ca 3a JICTHH YCJIOBHS
U CHOTBETHO 3a 3MMHH YCJIOBHSL.

Ilpy W3MON3BAHETO HA THI I'yMH, KOWTO HE Ca
Npe/IHa3HAYCHN 3a CHOTBETHHS CE30H CE MOJydaBaT
HEONTUMAJIHN CTOMHOCTH Ha TEXHHUTE IapaMeTPH.
Emun ot onpenernsiure dakropu 3a 6e30MacHOCTTA
Ha JIBIKEHHUE € CITUPAYHOTO 3aKbeHerue [3, 5].

Llenra Ha Hacrosiata paboTa € Ja Ce YCTaHOBH
pasjMKaTa B rOJIEMMHATA Ha CITMPAYHOTO 3aKbCHEHHE
[PH U3II0JI3BaHE Ha TYMH, IPEIHA3HAYEHH 33 3UMHH 1
JIETHH YCJIOBHSI IIPH JIETHU YCIIOBHS.

2. MeToaunka Ha U3CJIE/IBAHETO U U3MOI3BAHA
anaparypa

H3cenBaHeTo € poBeIEHo ¢ Jiek aBToMoowm Ford
Focus Turnier | ¢ nBama ObTHUIM W BOjaya.
IInomankata 3a  W3NMTBaHUSITA € OBT €
npeOHO3bpHECTO  acaiToBO  MOKpUTHE,  0€3
MMOOWTOCTH W HEPABHOCTH TI0 TMOBBPXHOCTTA MY ((Hr.
1). MerepHONOrHYHUTE YCIOBUSI TI0 BpeMeM Ha
MPOBEXK/IAHE Ha OIUTHTE ca TIPH JIETHU YCJoBUs Oe3
BaJieku: armocdepHoro Hawsrane e 1016hPa;
BJIQKHOCTTa Ha BB3Ayxa — 45%; Temreparypara Ha
Bb31yxa — 27°C; Temiieparypara Ha MOBBPXHOCTTA Ha
acganrooro nokpurue — 23°C;



Ouwr. 1. M3nuTBaH aBTOMOOWIT ¥ CIIMPAYHH CIISTH

WscnenBaneto € MpOBENEHO € H3MEpBaTeliHa
amapatypa Vbox 3i Data Logger u IMUO2 (¢ur. 2),
npomsBeneHa ot ¢pupmara Racelogic Ltd [9]. Vbox 3i
€ ypen 3a Oe3KOHTAKTHO M3MEpBaHE M ChOMpaHE Ha
JTAHHY 32 CKOPOCT U pa3cTosiHue. Tol € CHaO/IeH C JBe
GPS aHTeHH, KOMTO ce 3aKpemBaT IO KYyNeTo Ha
aBToMOOMJIa, C KOETO C€ TapaHTHpa TOYHOTO
MO3ULMOHMPAHE Ha aBTOMOOHIIA.

YpenbT € ¢ MHOrO MOLIEH IPOLECOP, KOETO

rapaHTHpa BUCOKOCKOPOCTHH M TOYHU M3MEPBAaHUS Ha
MO3UIWS M yCKOPEHHUE, CKOpocTTa Ha n3mepBane e 100
BTH B CEKyHAA. BcHYKM NaHHM ce 3ammcBar Ha
KOMITaKkTHa (hriar Kkapra.

@ur. 2. V3mepBarenna anaparypa:
1-1MU02 / YAWO3; 2 - Vbox 3i

IMUO2 e cenzop, KoifTo m3MepBa yCKOpeHusaTa mo
ocure Z, Y u X. CeH30pbT c€ MOHTHpPA BBH3MOXKHO
HapW-0IM30 1O MAacoBHA LEHTbP Ha MPEBO3HOTO
CPEICTBO U KOJIKOTO MO>KE MO-HHCKO.

Hanaute ot kxanama Ha IMUO2 / YAWO3 mmie ce
3aMlKCBaT 3ae€AHO Cbe chliecTByBanmrTe GPS nanHu B
Vbox 31 100Hz GPS Data Logger na SD kaprara.
TouHocT Ha  W3MepBaHE Ha  YCKOPEHHETO
(3axbcHenueTo) e 0,5% [6].
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®ur. 3. 3MeHeHre Ha CIIMPavHOTO 3aKbCHEHHE W CKOPOCTTA Ha JIBYDKEHHE Ha aBTOMOOUIIA B 3aBHCHMOCT OT
BpPEMETO TPH €IMH OT OTUTHTE

[lo BpemMe Ha BCEKH OIHT aBTOMOOWIBT Ce
yckopsiBa 110 ckopoct ot okono 40km/h. Criest ToBa ce
HAaTUCKa TeJalbT Ha CIOHpavyHata CHCTeMa C
MaKCUMaJlHa MHTEH3WBHOCT. Konenara 3amouBar na
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MPETDTH3BAT, KATO aHTHONOKMpAIATa CUCTEMa HE MM
03BOJISIBA Jia OJIOKMPAT HAITBJIHO. Taka aBTOMOOUIIBT
Ce JIBMDKH JIO ITHIIHOTO CH CITUPAHE.

Cnen ToBa JaHHUTE C€

obOpaboTBar u



BU3yaJIM3MpaT C IIOMOIITAa Ha CICHHAIn3UpaH
codpryep Racelogic VBox Tools. M3menenunero Ha
CKOPOCTTa U YCKOPEHHETO B 3aBUCHMOCT OT BPEMETO
3a eIMH OT ONMTHTE ca MmokaszaHu Ha ¢ur. 3. Ha
¢urypata ce BIKIAT THIOHYHUTE 30HH TIPU
YCKOpPSIBaHE U CIUpPaHe Ha aBTOMOOHIIA:

-30Ha Ha YCKOpsiBaHE C TPEBKIIOYBAHE Ha
IPEIABKUTE;

-30HA Ha MOBUIIIABAHE HA CIIUPAYHOTO 3aKbCHEHHC,

-30Ha HA MAKCHMAJIHO CIIMPAYHO 3aKbCHEHHE.

OTueTeHUTe IIapaMeTPH Ha Ipolieca Ha CIIMPaHe 3a
€IIMH OT OIMTHTE Ca IT0Ka3aHHu B Ta0. 1.

Tabm. 1.

OrueTeHn mapamMeTpu npu €AUH OT OITUTUTE

2_letniGumi_filter.vbo
| Endvalue | Dpifference |
158,590 1,090

2190 -30.550
575,155 5241

0757 0111

Start
157,500
32,740
563,914
-0.868

Channel |

(Max-b) | (Min-b) | Average
Time [Time)
Speed (kmn/h)
Distance [meties]
Langaee [g)

32,740 2130 17.969

0,738 0872 0795

3a  W3CIeABAaHETO C€  Ompeneis  CPeaHO
APUTMETHYHOTO CIHPAYHO 3aKBCHEHHWE B 30HATa Ha
MaKCHMAaJIHOTO CIIMPAYHO 3aKbCHEHHE, TOIy4EeHO B
nporieca Ha CIupaHe.

CepusATa OT ONUTH ca TIPOBSICHH C TYMH C
€IHAKBH pa3MepH, MPOW3BEACHHU OT C€IUH M CHIIU
TIPOM3BOIMTEN MW TPETHA3HAYCHH 3a W3IOJI3BAHE
CHOTBETHO B 3WMHH W JIeTHH ycioBws. [lapamerpute
HAa M3ITUTBAHUTE TYMH Ca JIaJICHH B Ta0M. 2.

Tabn. 2.
[apameTtpu Ha M3NUTBAHUTE TYMH
Pasmep Ha
FymuTe DOT | Tun Ha rymMuTe | IPOM3BOUTET
195/65 R15 | 4113 JICTHH Hankook
195/65 R15 | 4012 3UMHHU Hankook

3. Pe3y/IraTu OT U3CJIeIBAHETO

IIpoBenenu ca mo et onuTa ¢ ABaTa TUMA TYMU .
OtruereHH ca CpEOHO APUTMETHYHUTE CIIUPAYHU
3aKbCHEHMSI B 30HaTa HA MAKCHMAJIHOTO CIHMPAYHO
3aKbCHEHHME W Ca TMpPEACTaBeHH Ha ¢ur. 4. 3a BCEKU
OIIHT.

;i N § N "X = 7,80
7.4 —§ \ § \ _

;2 :§ § § § """ \§_§\\ X, =7,28
TANNNNN NNNDN

JIETHUN rymMun

3UMHU TYMU

@ur. 4. 3menenune Ha CIIMPAYHOTO 3aKbCHEHHUE 3a OTACITHUTE OIIMTH B 3aBUCUMOCT OT THIIa HA TYMHUTC

3a ;a ce OIeHu pa3ceBaHETO HAa CTOMHOCTUTE 3a
MaKCUMAJIHOTO CIIMPAYHO 3aKbCHCHHE Ha BCAKa CEPUsL
OT OIIMTHU CE€ H3II0JI3Ba KO€(1)I/IHI/I€HTBT Ha Bapuanus.
Toti ce m3umCIsIBA IO ClleTHATa (hopMyIIa:

v =>100
X

% @
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)

Wmaiiky nipeasun, ue KOSQUIMEHTHT Ha BapHAITUI
3a BCHUKH cepud OT onutu ¢ B rpanunure ot (0,35-
0,44)%, To pasceiiBaHETO Ha MOJTYYECHUTE PE3yJITaTH
HE € 3HAYUTEITHO.

Ot rpadukara ce BmWKIA, Y€ MAKCHMATHUTE
CIMPaYHU 3aKbCHEHUS, IOJYYECHH B Mpolieca Ha




CTMpaHe Ha aBTOMOOMIIA MPU W3MONI3BAHETO HA TYMH,
MpefHa3HAa4YeHW 3a JIETHH YCJIOBHSI Ca MO-BHCOKH,
OTKOJIKOTO TIPW W3MOJ3BAaHETO Ha 3WUMHHU. 1oBa
BEPOATHO C€ IBDKM HA TIO-TOIIEMHTE CHIIM Ha
CIIeTUIeHNE, BB3HHUKBAIIM B MSCTOTO HAa KOHTakT Ha
TYMHTE C ITBTS, IPH KOHKPETHUTE YCIIOBHSL.

4, N3Boau

Crien W3BBpIICHHS aHAM3 HA PE3YNTATUTE OT
W3CICIBAHMATA MOIaT Ja C€ HampaBAT CJCIHUTE
H3BOJIN:

1. MakcuMalHUTe  CIHpPAYHH  3aKbCHEHHMS
TIOJTy4eHN B TIpolrieca Ha CITHpaHe Ha aBTOMOOMIA C
nerHu rymu ca c 0,52 m/s’ TTO-BHCOKH, OTKOJIKOTO TIPH
CIIMPaHE ChC 3UMHU.

2. PasceiiBaHeTO Ha TONyYCHHUTE PE3YJTaTH HE €
3HAUMTEIIHO, TIOPaJAM HUCKHA KOCPHIIMCHT Ha
Bapwuarus B rpanunure ot (0,35-0,44)%.

3. 3a mnomoOpsBane Ha 0€30MacHOCTTa Ha
JIBIDKEHHE € HeoOXOAUMO TMIpW YIIpaBICHHE Ha
ABTOMOOWJIA TPH JICTHU YCIIOBHS [Ia HE CE M3IOJI3BAT
3MMHU I'yMH.
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In the article has been considered the influence of the type of tirec on chosen parameter of braking process -
braking deceleration. Used tires are the same size produced by one producer and intended for use respectively in winter
and summer conditions. The aim of the article is to establish a difference in the braking deceleration by using tires
designed for winter and summer conditions.

Keywords: braking deceleration, tires, winter and summer conditions.
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B pa60TaTa CC pasricikaa Bb3MOXHOCTTA 34 Cb3JdBAaHC Ha y()TpOfICTBO, C IOMOIITa Ha KOCTO Aa CC€ OIpeacin
KO@(I)I/II_II/IGHTEI Ha CHCIUICHHUC MCKAY MHCBMATHYHATA I'YMa W ITbTHATA HACTUJIKA. Hpe;mara’r CC KOHCTPYKTHBHHU PCHICHUA U

MCTOAMKA 3a IO0JIy4aBaHC HA JaHHU OT U3MCPBAHC.

KunrouoBu qymMu: agmomobun, MOmMOpHO npeso3Ho cpedcmeo, Koeuyuenm Ha cyenienue

1. BbBenenne

MakcrmaHaTa [ABWDKEIIA CHiIa TONMydeHa TIpH
JIOCTUTaHE Ha MAaKCUMAJTHO Bb3MOXKHU TaHI€HIMAIHU
HaIpeXeHUs B KOHTaKTHATa 30HA, Ce Hapyu4ia CHiia Ha
cueruienre  [1].  OrtHomieHneTo Ha cwiara Ha
cuervienue Fy, KbM HOPMAIHATA peakuus Ha bt F,
ce Hapuya KOe(HIMEHT Ha CIICIUICHHE B HAITHKHO
HarpasJeHHE.

_ B

Hx Fz’ (1)
KBETO:

Uy © KoeuieHThT Ha crerieHue 1o oc Ox;

Fy, € MaKcUMaJIHaTa CHJlaTa Ha CLETUICHUE Ha TyMHTe
C IIBTS;

F, e cunara, KOSITO NPUTHCKA TyMaTa KbM ITbTS HIIA
T.H. BEPTUKAIHA PEAKIIHSL.

OCHOBHHUST MOKa3aTell, XapaKTePU3HPAIIL] CIICTTHATE
CBOMCTBa MEKIy TyMara W ITbTHOTO IIOKPUTHE €
KOS(UIIMEHTHT Ha CLeTUIeHHE [2].

daxTopuTe OKa3BaIllM BIMSHUE HA KOS(HIMEHTA
Ha CIICIUICHHUE ca:

® CBHCTOSHMETO U BHJA HAa THEBMaTHYHATA
ryma;
BEPTHKAJIHOTO  HATOBApBaHE BBPXY
[MHEBMATHYHATA TYMa;
BIJI0BaTa CKOPOCT HA BHPTEHE HA KOJIe-
JI0TO;
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TeOMETPUYHHTE pa3MepH Ha MTHEBMa-
TUYHATA TyMa;

BHJIa U ChCTOSIHMETO Ha ITETHATA Hac-
THIIKA.

ClLenHuTe CBOWCTBA HA ITBTHOTO IIOKPUTHE,
3aBHCAT W OT TPANaBHHUTE HA IMTTHOTO TOKPHUTHE U
BH/IA HM.

I'panaBuHUTE MOTaT Ja Ce pa3/eisaT Ha JIBE TPYIH
[2]:

®  MakporpamnaBUHU;
MUKPOTPANaBUHH.

KbM MakporpanaBUHHUTE, CE OTHACST HEPABHOCTH C
IBIDKMHA Ha BHJIHATA MO-TOJIIMA OT 2—-3 MM M BHCO-
YMHA Ha HepaBHOCTUTE MM To-TojsiMa oT 0,2-0,3 mm.
OOMKHOBEHO TOBA € KaMEHHA HACTWIIKA, M3ITOJI3BaHa
NPH CTPOMTEJICTBO HA MBTHINA. MUKpPOrpanaBHHUTE,
XapaKTepU3NUPaT HEPABHOCTUTE C IbJDKUHA HA BhJTHATA
MO-MaJIKa OT 2-3 MM ¥ BHCOYMHA HA HEPABHOCTHTE T10-
Mmajka ot 0,2-0,3mm.

MHUKpOrpanaBuHHUTE, KaTo MPABHIO CE ONPEICIIST
OT COOCTBEHATA rPalaBoOCT Ha MaTepHaa.

Ha ¢wur. 1 e mokasan mpumepeH MOJET Ha YCT-
POMCTBO 3a M3MEpPBAHE HA TPATIABUHHU.

KonnuecTBeHa olleHKa Ha ChCTOSIHUETO Ha Iparia-
BUHUTE, MOXKE JIa CE MONYYH Upe3 OTYNTAHE HA TIXHA-
Ta BUCOYMHA HA HEPABHOCTHTE U JBIDKAHATA HA BhI-
Hata uM [2]. JIb/okrHaTa Ha BBJIHATA CE OTYHUTA MEXKITY
JIBa TIOCJIC/IOBATEITHA TEXHU BbpXa Ha IPariaBUHUTE.



Que. 1. Ilpumeper memoo 3a usmepeare Ha MUKPOSPANaeu-
HU

Jpyru mapameTp ¢ KOUTO CE OLCHSBAT IparaBu-
HHTE ca: CPEAHOTO MATEMaTUUEeCKO OTKIOHEHHe (Ma-
TEMaTHYECKO OYaKBaHE) HA BHCOYMHATA HA TpallaBu-
HHUTE, MaKCUMallHaTa CTOMHOCT Ha BHUCOYHMHATA HA
rpanaBUHUTE, MATEMAaTUUECKO OYaKBaHE Ha ABIDKUHA-
Ta Ha BBJIHATA HAa TpanaBUHUTE. JIOMBIHHUTENHH Xa-
PaKTepPUCTUKH, OLICHSBAIM TpAallaBUHUTE MOTaT Ja
OBbIaT — CpeAHUAT paJlyc Ha 3aKpBIJICHHE HA BbpXa
Ha rparaBUHUTE U CPEIHMAT BI'bJI HA BbpXa HA rparna-
BUHUTE.

OT cBOs CTpaHa MEXaHWYHOTO B3aMMOJIEHCTBHETO
MEXIy TyMara M IBTS MOXe Ja Ce PasIiiekaa BbB
BUJIA:

®  cJacTHYHA BPB3Ka MEXY T'yMaTa U IbTH;
TUTACTHYHA BPB3Ka MEX/y TyMaTa U IbTH,
MUKPOCPsI3BaHE.

[TepBUTE /BE, CE OTHACSIT KbM KIACHYECKHSI MO
XOJ1 32 pa3mIIeKIaHe Ha eeKTa Ha (PU3NIECKOTO sIBJIC-
HHE — TPHEHE MY JIBE TeIa.

TpeTHaT BapuaHT HA MUKPOCPSI3BaHE CE OTHACS JIO
MPOHUKBAHETO HAa BBHPXOBETE Ha TPalaBHHHUTE B IPO-
TEKTOpa Ha MHeBMaTnyHara ryma (¢ur.2)

IIponukBane Ha
rpamaBUHaTa B
MpOTEKTOpa

wq/\wﬂw;vﬂm/m\

Due. 2. Cxema Ha POHUKBAHE HA 2PANABUHAING 8 NPOMEK-
mopa Ha zymama

BzaumozeiicTBueTo Ha MOJEKYJISIPHO HUBO CE OT-
Hacd 70 B3aUMOJICHCTBHETO Ha MOJIEKYJHTE Ha JIBa
esacToMepa. B ciyuas ToBa € kayuyka Ha IIpOTeKTopa
Ha rymara u acanro0eToHHaTa HoBbpxHOCT. Heroso-
TO BIUSHHUE CE€ TPOSBSBA MPU HUCKA CKOPOCTH Ha
JIBIDKEHHE Ha aBTOMOOWIIA, HE3aMbPCEHO ITBTHO TOK-
pHUTHE U TIPU HUCKM CTOMHOCTH Ha €IaCTHYHOCTTA Ha
MPOTEKTOpA.

Ilen Ha HacTosiuaTa paboTa € Ch3JaBaHE Ha yCT-
POICTBO 3a M3MepBaHe Ha Koe(HULIMEHTa Ha CLCTUICHUE
MEXIly TyMmara U IIbTsl B peallH{ YCIIOBHSL.
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2. Ch31aBaHe Ha YCTPOICTBO 32 M3MEpPBaHe HA CIeN-
HHTE CBOWCTBA MEKTy T'yMaTa H MbTHATA HACTHJIKA

B Hacrosimata paboTa ce mpeiara KOHCTPYKLIHS
Ha JIMHAMOMETPHUYHA KOJIMYKA, KOSTO IIe ObJIe U3IIOJ-
3BaHa 3a W3CJICBAaHE HA CIICTIHUTE CBOMCTBA MEXIY
rymara  bTHaTa HacTuika [3].

[NpuHIMITHA CXeMa Ha BUJIa Ha W3MEPHUTEITHATA KO-
JIMYKa € IMoKa3aHa Ha ¢ur. 3

@ue. 3. [punyunna cxema Ha 1abOPamopust 3a usMepsane
Ha koepuyuenma na cyenienue: |-wsacmo na éodaua, -
MACMO 3a omyumane Ha danHume om usmepearuama, 11-
pabomua yacm, \NV-ounamomempuuna konuuxa, 1-pabommo
MsICmo; 2-uzMepeamenta anapamypa, 3-pabomuu mecma
06a bpos,; 4-yucmepHa ¢ 600a,; 5-0onviHUMmMeNeH pe3epsoap

[4].

Konmukata e cHabjeHa ¢ W3MepuTen 3a cuia B
HaJUTHKHO U BepTUKAITHO Harpasienue (mo ocute Ox,
Oz) ¥ criMpaveH MeXaHH3bM, BIPAJICH B OCTa Ha KOJie-
noto. OCBEH TOBa, TS MOXKE J]a C€ MOHTHpA TIOJ pas-
JIMYHY ‘BIIM CIIPSIMO HAJUTHKHATA OC HA aBTOMOOMIIA.
ToBa gaBa BB3MOXKHOCT JIa CE€ OMNPEIENT CIEITHHUTE
CBOMCTBa HA MTHEBMATHYHATA TyMa W B YCIIOBUSTA HA
3aBOH.

BbB Biekaua € MOHTHPaHO YCTPOMCTBO, JaBaIlO
BB3MOXKHOCT JIa C€ Ch3/IaJIaT YCIOBHS 32 aKBAIUIAHH-
paHe Ha rymara, KaTo c€ OCHUTYpHY BOJeH (JUIIM B KOH-
TaKTa MEX/y TyMaTa M IIbTS Ype3 pasnpbckBaHe Ha 60
JIMTpa BOJIa B MUHYTA .

BbB BepTHKaHO HanpaBiieHUE KOJIMYKAaTa MOXE Jla
Ce HATOBapBa CHIJIACHO M3MCKBaHATA HOMHHAJIHATA
CHJIa 32 KOHKPETHHS BUJI T'yMa upe3 TeKECTH.

Brekaya e HEOOXOAMMO J1a OCHTYpH MaKCHMallHa
CKOPOCT He 10 MaJika oT 80 KM/4 3a JIeK aBTOMOOKIIH.
B mpenHara gact, KoJMYKaTa € OKayeHa KbM BIIeKada
4pe3 MIapHUPEH MEXaHW3bM, JaBalll Bh3MOXKHOCT TS
Jla Ce JIBVDKY 10 HEPABHOCTH U J1a TH O0THhPKAJIBA.

Ha ¢wr. 4 a, 6, B, T ca noka3aHu KOHCTPYKTHBHUTE
€JIIEMEHTH Ha TMHAMOMETPHYHATA KOJIMYKA, a Ha (DUT.
4e, e MOKa3aHa IIapHUpPHATA BPH3KA, C MOMOIITA HA
KOSITO C€ OCBILECTBSIBA OTKJIOHEHHETO Ha KOJMYKaTa
10 HaJUTEKHATA ¥ BEPTHUKAIHATA OC.
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Que. 4. Enemenmu om pamama Ha OUHAMOMEMPUYHAMA
KOMUUKA

Konmukata e cHabneHa ¢ XuapaBiniHa CHCTEMa 3a
aBTOMAaTHU3UPAHO YIPaBJIEHHE Ha CIMpadyHaTa CHUCTe-

Ma.
PXD600-24V

APOK-06 AB

MPE-D6-10MPa

BJIOK

i
-

Due. 5. [punyunua cxema Ha XuopaemuuHama cucmema 3a
3a08UICBAHE HA CRUPAYHAMA CUCTEMA 8
OUHAMOMEMPUYHAMA KOTUYKA

/

‘
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Ipu mogaBaHe curHam ,,Ha4yaIo™, 3arouBa padoTa-
Ta Ha 3bOHATa IOMIIA, KOSITO 3aXpaHBa M 3allbjiBa C
paboten ¢uyun cucremara. B, HeyTpagHO monoXe-
Hue paboTHHs (UIyun ce OBIKU CBOOOAHO Oe3 aa
OKa3Ba BB3/ICHCTBUE BBPXY CIMpayHaTa CHUCTEMA -
nonoxkenue ,,0°. ToBa ce OCBINECTBSBA OT pasmpere-
TIUTENSA, KOWTO B CIy4asl € C HOPMaJHO OTBOPEH LICH-
TBp W OCHUTYpsiBa CBOOOHA IUPKYJIAIis Ha (hIyna B
cuctemarta. [Ipy npeBKiIIOYBaHE Ha pa3NpenenuTels B
TIOJIOKEHHUE ,,2°, XUIIpaBJIMYHATa CUCTEMA Bb3/ICHCTBA
BBPXY CIIMpavyHaTa CHCTEMa JI0 ITBIHO OJIOKMpaHe Ha
KOJIeNI0TO. Bh3aeicTBrueTo, upe3 KOeTo XuapaBinyHa-
Ta CHCTEMa OCUT'YpHJIa HATHCK C€ paBH:;IBA Ha HAaTHCKa
KOWTO OW OCUTYpHII 75 KT. YOBEK, BBPXY CIUPAYHHUST
nienan. Cien OJI0KMpaHe Ha KOJETIOTO OT TONy9YeHHTE
JAaHHW B ITU(POB WK TpadudeH BU ce M30Upa Mak-
CMMyMa Ha HaJIbKHAaTa CUjia UMCHHO TA € MaKCUMaJl-
HaTa cuemHa cwia. V3MepBaHETO ce OCBIIECTBsIBA
ype3 MOHTHpaHa B OCTa Ha KOJIEJIOTO /1032 33 CHIA.
[Mpu npeBkIIOYBaHE Ha pa3NpPEETUTENS B IIOJOXKECHIE
,»1“ ce 0cBOOOXK/1aBa HATHCKA BHPXY CIHPAYHUSIT Me-
XaHU3BM U TOU ce Pa30IoKupa.

CTpyKTypHO, XUAPABIMYHUAT MEXaHU3bM CE€ ChC-
TOH OT CHOTBETHUTE (PYHKIIHOHATHU OJIOKOBE:
Bbrok Nel- ,Pasnpenenuten xuapapaudeH
PX0600-24V ¢ HOpMaTHO OTBOPEH IICHTHD;
bmox Ne2 -, Jlpocen perymarop ¢ oOpaTeH
knanan® JJPOK-06 — 10MPa ¢ Bb3MOKHOCT
3a peryJiupaHe Ha JIeOuTa;
Bbriok Ne3 - MonyneH MOHTax";
brok Ne4 - ,Ilomna c¢ ¢unrbp Bpbam
OB -25um;
CrimpayHa mmomIia 3a OCHTypsiBAHE Ha CITH-
pPadHOTO yCHIIHE.

3. U3mepuTenHO YCTPOIiCTBO

3a noJryyaBaHe Ha MaKCUMaIHATA HaUTHKHATA CH-
Jia B yCJIOBHE Ha OJIOKHPAJIO KOJIENO, € HE0OXOUMO T
Jia Ob/ie m3MepeHa. 3a 1ienTa e Ch3/IaJieHa u u3padoTe-
Ha TEH30METPHYHA 71033, BIPajieHa B OCTA HA KOJIENO-
TO.

Jlo3ara J1aBa B3MOKHOCT 32 M3MEpBaHE KaKToO Ha
BepTHKAJIHATA TaKa M Ha Ha/UTkKHaTa ciia. Chliara e
M3rpaJicHa Ha OCHOBATa HA TEH30METPHYHU HOIyMOC-
ToBH cxeMH. [TomymMocTOBHTE CXEeMH Ca MOHTHPaHH B
JiBata Kpasi Ha octa Ha kosenoto. Ha dur. 6 e nokaza-
Ha TIPUHIMITHA OJIOK cXeMa 3a MOJIyYaBaHe W PErwcT-
pHpaHe Ha CHTHAIUTE.

BC — A4 —) PY

@ue. 6. Broxosa cxema

BC — Bw3npuemaren Ha cuna
YV — ycunBaren Ha IbPBUYHMAT CUTHAIT
PV — Peructpupariio yctpoicTso
Ha ¢ur. 7 e moka3ana cxemara Ha CBbp3BaHE Ha



HOJIyMOCTOBA TEH30METPHYHA 1032 B €JUHMS Kpall Ha
ocTa.

@ue. 10. Monmaoicho uznvineHue Ha meH30 MempuyHama
Que. 1. a) cxema Ha usnvinenue 6) MOHMANCHO

dosa
U3NBJIIHEeHUe
Ha ¢ur. 11 e mokazana octa Ha KOSITO C€ MOHTH-
3a U3rpaXaaHe Ha [03aTa Ca M3IMO0J3BAHM TEH30- paT TEH30METPUYHUTE 031

MeTpHYHHM Bb3mpremarean ot Buaa- LG11-6/350
HBM.

3a ycuiBaTen U aHAJoro-I(ppoB mpeodpasyBaTel
¢ mnon3BanHa cuctemara DQ — 430 na HBM, mokasa-
HU Ha ¢ur. 8.

@ue. 11. lpakxmuuno usnviHeHue Ha MeH30MempuiHu
Bb3NPUEMAMENU 30 OMYUMAHE HA HAMOBAPEAHUAMA NO
oseme ocu OX u Oz.

Due. 8. Cucmemama DQ — 430

CBBP3BAHETO HA TEH3OMCTPUYHHTE Bh3NpHeMarei > KOHCTPYKTMBHO M3Ib/IHeHHEe HA TeLTMTEeIHOTO
kbM Bxofioete DQ — 430 e mokazaHa Ha ¢ur: 9 YCTPOUCTBO

TernmurenHOTO yCTPOMCTBO JaBa BB3MOXHOCT 3a
IpoMsHa Ha HAJJIbXHUA BI'bJI HAa Pa3IIOJIOKCHUEC Ha
TerIeHaTa TMHaMOMETpHYHa Koiruka. ChIIoTo € pea-
JM3UpaHo Ha ¢ur. 12.

Bxoauu curuami B DQ
W -430

ﬂ wh
L
1

|

ve
|

|
"

an

|
e

Q@ue. 12. Teenumenro ycmpoucmeo

6. OuakBaHu pe3yaTaTH

Due. 9. Tlpurmygunna cxema Ha meHzoMempusHa 003a Cnen O10KMpaHe Ha U3MEPHUTETHOTO KOJIEIIO CUJIa-

Ta 1o ocra OX HapacTBa 10 ONpEAEieHa CTOMHOCT.

4. ®uznYecKa pean3alys Ha TEH30MeTPUYHATA 1032 IMpumepra rpaduka Ha HapacTBaHE HAa HaUTH)KHATA
cHJia € ToKas3aHa Ha ¢ur. 13.
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DEVICE FOR MEASURING GRIP COEFFICIENT BETWEEN THE TIRE AND THE ROAD

SURFACE
YULIYAN PETROV LiLo KUNCHEV
Department of Combustion Engines, Automobile Engineering and Department of Combustion Engines, Automobile Engineering and
Transport, Techmical University, Sofia, Bulgaria Transport, Techmical University, Sofia, Bulgaria
yulipetrov@tu-sofia.bg Ikunchev@tu-sofia.bg

Abstract: The work considers the possibility to create a device which to determine the grip coefficient be-
tween tire and road surface. There are constructive solutions and methods for obtaining measurement data.
Keywords: automobile, vechicle, grip coefficient
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Abstract:

PLAMEN PUNOV
Department of Combustion Engines,
Automobiles and Transport,
Faculty of Transport, Technical University
of Sofia, Sofia, Bulgaria
plamen_punov@tu-sofia.bg

The air conditioning of vehicle cabins is now standard equipment for vehicles. Increasing the consumption
of fuel, the air conditioning also raises difficulties and costs with its integration in the electric and hybrid
vehicles, because of the continuous or punctual absence of hot source as is the internal combustion engine. In this
paper, we study the interest of the techniques of adiabatic cooling to cooling down a cabin of an agricultural
machine. Recordings of the activity of a tractor in real situation are used for studying the temperatures inside the
cabin along a typical working day. From these observations, we adapted a model to estimate the thermal
exchanges of the cabin with the environment. The solar incomes are estimated under various countries in France
and the ventilation rate is taken into account. We substitute then the air conditioning by a system that mists water
droplets on the air admission for the cabin. The efficiency of this cooling system depends mainly of the
atmospheric conditions and we establish, for various weather situations, the cooling capacity of this process. So
the temperatures inside the cabin are assessed, as well as the water consumption. These results add to efficiency
assessment about adiabatic cooling systems for industrial vehicles.

Keywords: adiabatic cooling, vehicle compartment, thermal balance, fuel savings

1.

Since years, attention is paid to the air conditioning
systems used in automotive application because of
their costs in fuel [1-4]. With the development of
hybrid and electric vehicles PEV (Plug-in Electric
Vehicles), the power costs related to air conditioning
are more building: indeed, the energy required to
provide cabin cooling for thermal comfort can reduce
the range of PEVs from 35% to 50% depending on
outside weather conditions [5]. New cooling systems
are studied in order to reduce the energy needs for
thermal comfort [6, 7].

Introduction

This paper aims to study an alternative cooling
system based on the adiabatic cooling: water droplets
are sprayed in air and refresh it along their
evaporation. The principle has been studied elsewhere
for air conditioning in buildings [8, 9]. For transposing
the system to vehicles, it is necessary firstly to
describe it efficiency and pay attention to the
autonomy regarding water. As the power consumption
of HVAC (Heating, Ventilation and Air-Conditioning)
systems directly depends on the thermal load of the
vehicle cabin, the temperatures is of first importance.
Field measurements of cabin temperature have been
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made in a tractor during one year. A specific
behaviour is observed for this highly powered and low
speed automotive application. From the analysis, we
adapt a model to estimate the thermal exchanges of the
cabin with its environment. Based on the model in
[10], modifications have been proposed to account for
the ventilation rate in the cabin. Our static model can
then be used to assess the solar incomes in the cabin
and resolve the dissipation of the thermal load inside.
A sub model is added to describe the evaporative
cooler and its effective cooling power.

2. Typical daily thermal load of the cabin of an
agricultural vehicle

A tractor (Massey Ferguson 6480) was equipped
with embedded sensors monitoring temperatures at
different locations: three measurements are used in
this analysis: a temperature sensor is located behind
the driver seat to check for the tractor cabin
temperature T, Another one is based in the
admission pipe just after the air filter and gives an idea
about the air temperature Tar. A shell temperature Tyen
is also monitored: the corresponding sensor is put in a
thermo gum bath and fixes under the engine
compartment.



This Ta value was compared with some
meteorological data gathered at a meteorological
station in the vicinity: a good agreement was found
when the engine speed is high and air flows around the
thermocouple. More discrepancies are observed on
idling and starting periods, when the sensor undergoes
the influence of high engine’s temperature. The
experiment ran one year, so it is possible to extract the
thermal data over various weather conditions
encountered in rather temperate region near Paris.

Field data - axes 12

1.0

T_(cab-air)

0.4

Dim? (17.84%)
0.0

-0.8

-1.0

0.0

Dirn 1 (38.98%)

Figure 1. Principal component analysis results for temperature data
of air, cabin and shell

A principal components analysis was made for 46
operations and Figure 1 shows the 2 first principal axis
explaining 56% of data variance. The first axis is
linked with a seasonal effect: the temperature of air
increases, at the initial start as well as in average, when
the season is hot. Both engine and cabin temperature
undergoes the influence of the engine and tend to be
higher when engine power is high or when operation
duration is long. This trend is underlined when looking
at the gradient between cabin and air temperature,
which is highly correlated with operation duration. Hot
starts ((Tven-Tair) > 12.5 °C) are often linked with
transport operation with high speeds. These latest
seem uncorrelated with high average of temperature
for engine and cabin. Low gradient between inside and
outside is also found when the idling ratio (idling time
/ total time) is elevated. The explanation is found when
we look at the temperature evolution, reported in
Figure 2. Black (ploughing) and red (sowing) curves
correspond to winter operations and air temperature is
around 15°C for both days. During ploughing, the
cabin temperature increases slowly but continuously
along the work. When sowing, temperature growing is
often interrupted and then, the cabin is sharply cooled
down: this is because the driver needs to get outside
for operating manually: each temperature drop is
linked with a period of idling. In blue, the air
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temperature is sweet (25°C) when the rollers were
crossed. Although it is a sunny day, solar incomes are
limited because work was done early in March. The
temperature inside remains quite steady at 28°C and
temperature drop on opening exists, but it is smoothed
and very hard to detected. On the green curves, the air
temperature is under 20°C but the day is in June, so
that the cabin temperature increases above 30°C,
showing the important effect of solar incomes.
Temperature drops on this day are related to windows
opening and not door.

From these measurements, it comes out that, as for
cars, the high glass surface, needed to operate with
tractors, results in high solar income in sunny days. A
positive correlation is found between the power
delivered by the engine and temperatures in both cabin
and engine compartment.

High solar incomes - traction tests

Low solar incomes - rollers

Air temperature

| Winter, heating on -ploughing

Winter heating
off - sowing

Temperature ("C)

Air temperature
Stop door opening

50 200 250 300 380 400
Time (minuts after start )

100

0 50

450

Figure 2. Measured temperatures versus time use in various and
contrasted weather situations (winter w/o heating: red, winter
heated: black, summer cloudy: green, summer sunny: blue, thin
lines for air temperatures, thick lines for cabin temperatures)

But power has less effect than the impact of
ventilation in the cabin. The ventilation rate is affected
by windows and doors opening and sudden drops of
the temperature cabin show that the thermal inertia of
the cabin might be of less importance than the
ventilation rate. Therefore, to study air conditioning in
the cabin, we have first to adapt a static thermal model
for cabin temperature and then modelling the cooling
system, what is done in the next section.

3. Cooling effect of the adiabatic system on the
cabin temperature

Air conditioning aims to offer driver good
conditions for operation, by dehumidifying the air,
heating in cold weather and cooling in hot climate.
Cooling is the unique function that can achieve an
adiabatic cooling system. This latest is indeed
proposed, mainly for used vehicles, and recommended
by the French Agency for Energy. As this system is



poorly documented, we aim to study its beneficial
impact and its water and energy consumption. That’s
why our attention is focused on cabin temperature
control in hot climate. The assessment of temperature
inside the cabin is based on the thermal balance of
driver compartment between convection losses at
walls and solar incomes through windows.

3.1 Thermal exchange between tractor cabin and
ambient air

The thermal balance is inspired from the Marcos’s
work [10] but adaptations have to be made for dealing
with agricultural vehicles. Changes are concerning the
following items:

- Thermal equilibrium is supposed at each time step
and the thermal inertia of the cabin base is
neglected.

- Cabin ventilation is taken into account by
introducing a ventilation flux that acts on the
convection exchange coefficients.

- Thermal conduction within thin walls (windows) is
neglected

- We distinguish the radiative contribution according
to its wavelength. The long wave radiation (LWR)
fluxes are neglected with regard of the solar
contribution (short wave length (SWR). The total
solar income is then equally distributed over
surfaces according to their area.

Rex
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F | &
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) T

Base level

HVAC cooling: 90 m*/h
TCBD < 5DC Tairamb

Adiabatic cooling: 30 m%h T
Hr, = 100%

Figure 3. Thermal balance for the air flowing through the cabin

The radiative balance is simplified, so that the
surface temperatures are not explicitly computed.
These assumptions are made to provide a better fit
with our field observations that underlines the role of
ventilation. For SWR, the approximation is suitable
for summer case where solar incomes are high, i.e.,
where air conditioning has to cool the cabin. It is also
related to the high amount of glasses of cabin walls,
that traps solar fluxes inside like a sunroom. The
schema in Figure 3 describes both assumptions and
notations used to assess the thermal balance inside the
cabin. Radiation incomes are balanced with the
convection on the entering air flow rate Qca, What
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increases the air temperature along its travel inside the
cabin.

Each of the exchange surfaces (internal, external) is
supposed to be at the equilibrium, so that no heat is
stored. The base level is adiabatic. Thermal
equilibrium is written respectively for the external
surface, internal surface, base level and also air, that is
heated along its cabin travel through the convective
transfer on solid surface. Conduction in solid walls is
neglected and internal surface are equal to external
surface due to the small thickness of both metal and
glass. The cabin temperature is the average between
air inlet and outlet temperatures. Rearranging terms
leads to the following equation for the cabin
temperature:

T

(hi'At - heAaase)
(hi + he )Ah

(At - Auase)hi 'he
(hh)A
(Ait — A)ase)hi 'he
(h +h ) A, 1)

Windows transmit the whole incoming radiation
directly to the internal surfaces. We assumed that
opaque external surfaces also transmit the absorbed
radiative fluxes to the internal surface: this
contribution should be in fact in conductive/convective
form rather than radiative. But by this way, the total
incoming heat is transferred into the cabin and this
avoids making the radiative balance for the shortwave
radiation. This expression means that all the radiative
flux is converted into convective heat evacuated by the
air flow.

2'tqcabc p,airTcab,i + Tair

2'qcabCp,air +

The radiative incoming flux at each wall is the sum
of the direct solar flux (Idn), solar flux diffused by the
atmosphere (Rpr) and solar diffused flux on the
agricultural soil for vertical surfaces (Dpf, albedo=0.2)
[11]. These fluxes are computed for each cabin side,
considering the tractor works around on main direction
Swork With respect to South. The standard methodology
used to assess the solar income is detailed in [11] and
gives the incoming fluxes one each faces according to
their orientation:

Rface = Rdirect(eface’ ﬁ) + RRpr + def (ﬁ)
Rt = aglass z Rface'Aface + aRoofSroof'Rroof Aroof

vertixcal

@

The transmission coefficient for glass is assumed at
0.86, what is a typical solar gain for simple windows.
For the opaque wall, the absorbed flux (Rim) is
completely re-emitted, by one part inside and one
complementary outside. The part trapped inside is
estimated using the solar gain of an opaque wall (see



[11]), with the description of roof layers in [10]. The
total transmittance factor oyoofis then about 0.19:

} 1)

Side surfaces are represented on the Figure 4,
which shows that the geometry is somewnhat
simplified: the metallic structure is not included and
the base level is smoothed and treated as a completely
plane surface made of 2 panels. The tractor cabin is
nearly cubic with 1.5 m width, 1.4 m high and 1.5 m
long. Its volume is about 3.74 m® and its surface of
11.85 m? is made of glass for 55%. The base surface is
multiplied by 2 to account for the cabin equipment.

1/{1/hi+1/he+ Dl A

layers

o (24

roof m

U
:am—:
h, h

€

Figure 4. Schematic design of the tractor cabin and dimensions (m
2): Afront:]..70, Arear:1.46, Alat=1.73, Ar00f=2.1, Abase=2.86

The air inflow qe IS assessed from the directive
2009/144/CE (or EN 15695-1:2009), that imposes a
minimal rate of 30 m?h of fresh air in order to protect
drivers from pesticide emissions during crop
treatments. The additional air flow related to door
opening is not taken into account for comparison of
cooling systems. When the tractor is parked, there is
no airflow inside the cabin.

The convective exchange coefficient drives the air
temperature in the cabin: when there is no ventilation,
the h; (internal side) is a low reference value taken for
fixed walls in building: 10 W/m?K. For the external
side, the he is set at 25 W/m?K: this takes into account
that the tractor speed exists, even if it is rather low (5-8
km/h when working), and wind in open land also has
an additional beneficial effect so that the external
transfer coefficient is higher than inside. When the
ventilation is switched on, air speed significantly raises
due to the high air renewal rate imposed by tractor
legislation. In this case, turbulent flows are
encountered outside as well as inside the cabin. Then,
the h; is then increased up to the external value he, At
the end, when cold air is provided inside the cabin,
large temperature gradients are observed. The
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correlation provided in [1], for free convection, shows
that the exchange coefficient rises up to 35 W/mK.

3.2 Adiabatic cooling system

Cooling systems are acting on the air temperature
at cabin entry Tepi. Without any air-conditioning
equipment, Tewi is set at Ta. Adiabatic cooling
consists in spraying water in the admission air: Fine
water droplets are evaporated in the air generally
within few ten centimeters after spray emissions [8]
and air temperature decreases to reach the ideal value
of the adiabatic saturation temperature:

T =0.2831 hr, **"* T, +0.0003018 .hr,, *
+0.01289 hr,,, —4.0962

@

In this relation, T is the air temperature, expressed
in °C and hry is the relative humidity of air, expressed
in %. Assuming that the adiabatic saturation
temperature is reached without any water losses, the
required water flow rate is deduced from:

M eau — {p'sat(m - yair}qcab

pref
The equilibrium vapor pressure is assessed using
the Nadeau and Puiggali formula, where T is in

S

The cooling power introduced with this fresh air is
given by:

©)

3802.7 [ 472.68

T

air

Poat = exp£23.3265 -

air

F’clim = qcabcpair(Tair _Tsat,in) (5)

3.3 Conventional cooling system

HVAC is used both to cool and dehumidify the air
inside the cabin. That’s why is switched on very often,
even if the air and/or cabin temperature is low. The
dehumidification function of HVAC is out of interest
here, because the adiabatic cooling works on contrary
to the HVAC and introduces huge amount of water
vapor inside the cabin. Instead usual strategy of
HVAC control, a simplify approach was used to
approach cooling power.

The conventional system offers the advantage to
keep the cabin cool even in case of high temperature
outside. Therefore, the cooling system is supposed to



work here only when the outside temperature is above
30°C. Then, the equation (1) is inverted in order to
assess Tai, SO that it maintains Tca five degrees under
Tar. This is a simplified way to estimate the thermal
comfort linked with HVAC. It is not exactly a comfort
temperature as it doesn’t take into account for
humidity and air speed.

But the resulting temperature at the inlet Tea; Was
found very often under zero what is still unrealistic.
This means that it is impossible to maintain the cabin
five degrees above ambiance with a conventional air
conditioner because inside the cabin, convection with
the imposed flow of fresh air is not enough to
overcome radiative heat. Therefore, an additional
constraint on the air flow rate gen Was introduced to
ensure that the inlet air temperature is above usual
evaporator temperature (3°C). That’s why the qcan IS Set
at 90 m/h with HVAC.

Then, the cooling power is assessed using the same
formula than for the adiabatic system. Extra fuel
consumption related to HVAC for cars are detailed in
[1]. The global performance of the air conditioning
system is the ratio between the cooling power and
power for the HVAC compressor. But on contrary to
cars, the HVAC condensers for agricultural equipment
are often supplied by electricity and not by the engine
shaft. Therefore, conversion efficiency is introduced to
reflect losses for converting fuel into electricity for the
compressor supply. Extra fuel consumption is then
written:

P, 1 1
Cfuel = (P\/entil + clim \J ' (6)
COI:)HVAC ﬂconv I-HVfueI

Following [6, 7] , COP is about 2 and nconv iS Set at
0.33 and Pyt = 50 W corresponds to the power
needed for fans [4].

4. Results

The static model is used to compute cabin
temperature under various weather conditions:
meteorological data (Tar, Yar, Idn and Rpr) are taken
from [11] for 8 French countries identified by the
name of their biggest cities. The time step of input data
is one hour and the whole year (8760 h) of the typical
climate is available for each country. Temperature
cabin is computed under 4 conditions:

Tmax IS the value obtained without any ventilation
(9eap = 0 m¥h and hg, he are minimal). The Tmax
value represent the temperature that can be
achieved when the tractor is parked outdoors.

Twenil iS the cabin temperature when air flows
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without any cooling system: this is the normal
temperature in operating mode. (Qeca» = 30 m¥h
and hy, he are intermediate)

Taim is the cabin temperature when air is cooled
with the adiabatic cooler before going inside (Qeab
=30 m3h and hy, he are high)

Taimz is the cabin temperature when air is cooled
by an HVAC system so that Teiimz = Tair -5 (Cean =
90 m*h and hy, he are high)

As the input data were also given during night, we
had to select only the most interesting results with
regard for air cooling. Therefore, in the following,
results are selected using 2 criteria:

hot diurnal situations (HDS): this criteria is
proposed to exclude night and select the
situations where cooling might be required

Tyentit > 25 °C and (Idn+Rpr) > 100 W

Critical situations (CS): for this following
criteria, no ventilation could achieve satisfactory
conditions

Tair > 30 °C and (Idn+Rpr) > 100 W

First, the radiative solar incomes are computed. As
they depend upon the main orientation, a specific
analysis is made to check for the directional impact.
Then, cabin temperatures are studied in HDS. Inlet air
temperature and water consumption corresponding to
the adiabatic cooler are examined. At least, both
adiabatic and conventional cooling systems are
compared for the critical situations.

4.1 Radiative solar incomes

The solar contribution is made of 2 components:
direct and diffused flux, that sum varies from 0 up to
1200 W/m?. Near zero flux is mainly for nights.

For a given direction of the tractor front, the solar
incident flux on walls get inside the cabin and the
global transmitted flux are reported on the Figure 5 as
a function of the solar incident fluxes. The more
elevated the solar specific flux is, the more incomes
get inside. Solar incomes start at 500 W and can reach
more than 2500 W (in South of France). Under hot
diurnal situations, its average is about 1700 W.

For sunny days in North of France, the transmitted
irradiance is about 2100 W, three times more what is
measured in [10] for a car. The window area is also
three times higher, what justifies such an elevated flux.
The incoming radiative heat comes essentially from
the windows, which contribute for 80% to the global
income.
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Figure 5. Solar income entering the cabin (W) versus solar incident
radiation (W/m?)

The Figure 6 shows average and maximal value of
the solar income according to the position of the
tractor with respect to the South: the most sensitive
variable is the maximal flux that varies of less than 4%
according to the tractor position. The average
fluctuates less than 2% with the tractor main direction.
As windows areas are quite equally distributed over
each face, the solar income is rather independent of the
tractor position.
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Figure 6. Solar incomes according to the vehicle front position with
regards to the sun (square: maximal annual value, triangle: average
value of percentile75)

4.2 Cabin temperatures

The solar incomes in tractor cabin are somewhat
elevated and the temperature inside are therefore more
elevated than air temperature. That is shown on the
Figure 7 where the temperatures are averaged on each
day for all countries and HDS: these conditions
represent about 18% of the annual time. Even if
summer’s temperatures are higher, conditions for
cooling needs exist all year round. Looking at Trmax, the
parking temperature is the highest: it can reach 55°C
but its average stays near 38°C.

Hot cabin temperatures are found even with low
ambient temperatures (15°C). As soon as the
ventilation starts, the cabin temperature decreases and
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stays half of the time under 30°C. In the middle of the
year, cabin temperature increases more frequently
above 30°C.

The ventilation is not enough to dissipate the solar
heat. With the adiabatic cooling, a significant decrease
of the temperature is observed in the cabin: in average,
the temperature falls of 3 °C compared to the case
“ventilation only”, but it is always higher than 20°C
and the median is even above 28°C.

We didn’t find any situation where the temperature
cabin is below the air temperature, although the inlet
temperature always is. This means that the cooling
power introduced with air is insufficient and higher air
flow rates should be used to increase the cooling
capacity of the system.

The inlet temperature is represented in Figure 8,
part a. In average, the air flowing out of the adiabatic
system is 5°C less than ambient air: if the ambient
humidity is high, the ambient temperature is near the
adiabatic  saturation temperature. Hence, the
temperature gradient between air and inlet fluctuates
accordingly with the humidity of more than 5 degrees.
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Figure 7. Cabin temperature averages in hot diurnal situations for
each day under various climates and related average of air
temperature

Tmax,cabine > 25 °C — Rsolaire > 100 W/m2
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Figure 8. In the upper part, a) - air inlet temperature and b) water
consumption of the adiabatic system according to ambient air
temperature for common situations — In the lower part, c) cooling
power of the conventional HVAC versus adiabatic system in critical
situations, d) cabin temperature with HVAC versus adiabatic system
in critical situations



In the part b of the Figure 8, is reported the water
flow rate needed by the cooling system: water needs
increase with the air temperature and can reach 1.2 I/h
for 30 m3/h of air flow. Ambient humidity also
explains the fluctuations of water rate for a given
ambient temperature. Minimal flow rate are found at
low ambient temperature (0.1 — 0.4 I/h). As standard
human, working light, produces 60 g of water / h and
50 W of sensible heat it is shown that the adiabatic
cooling introduce much more water in the cabin than
the driver does.

The lower part of the Figure 8 is dedicated to
extreme conditions, when air is above 30°C outside. In
these conditions, outside air is very dry and the water
flow rate need by the adiabatic cooler is high and
above 0.75 I/h. The cooling power of the adiabatic
system is generally about 130 W and levels out 200
W. The cabin temperature rises up to 36-40°C and the
adiabatic system is overwhelmed; 900 W would be
needed by a conventional HYAC to maintain the cabin
five degrees below the ambiance. This value is rather
constant and is corroborated by measurements in [5].
The corresponding extra fuel consumption is about
0.14 I/h. This is one third less than the estimated for
diesel cars in [1]: a finer assessment of the COP in
high ambient temperature should be required for a
better estimate extra fuel consumption.

Table 1. Hours per year of hot common situations (HCS) and
critical situations (CS) in different cities of France and average
functioning of adiabatic cooling — AT = Tcim1 — Tventiiand HVAC in
CS only (— AT’ =Tair-Tclim = 5°C])

HC
Hours

Potn
Evapor.
Sys
(W)

HCS
Hours
Per year
year
1286
1328
1396
1520
1601
1706
2172
2174

Humidity
Air
(%)

AT(°C)
Evapor.
Sys.

P-\' Ta\r
()

79
40
99
120
68
120
356
20

Rennes
Trappes
Nancy
Macon

La Rochelle

0,68
0,67
0,72
0,76
0,64
0,72
0,88
0,65

223
21,6
22,7
23,4
22,1
22,9
24,7
22,9

0,57
0,53
0,53
0,54
0,61
0,55
045
0,63

Agen
Carpentras
Nice

Wwhdbbdbo

oG

In Table 1 are summarized the average cooling
power developed by the adiabatic system and
compared to the cooling power of conventional
HVAC. These, as well as the temperature drop with
the adiabatic system, depend weakly of the local
climate. The variable that is the most sensitive to the
climate is the water consumption, increasing of 30% in
arid region. The most significant change with climate
is not the way of functioning of the system, but the
probability to find hot or critical situations.

5. Conclusion

Field measurements of the temperature inside a
tractor are analysed and suggest that conduction could
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also enhance the temperature near the driver.
Observations also stress that the driving in tractor is
often interrupted: opening and other constraints for
implement monitoring disrupt the thermal comfort and
temperature drops suggest that the thermal inertia of
the cabin seems weak. Further, the temperature inside
is mathematically described by the thermal balance
between convection losses at walls and solar incomes
through windows.

An idealised system of adiabatic cooling is added
and equations are given for estimating the air
temperature after the cooler, as well as the water flow
rate needed to cool in function of ambient condition.
An additional equation is proposed for assessing the
equivalent fuel cost of HVAC, so that fuel gains can
be established.

Solar incomes are higher in the tractor cab than in
cars because of the biggest window area. Radiative
incident fluxes are 1.6 kW in average and it is
independent of tractor front direction. Roof
contribution represents 20% of the incoming energy.
The maximal temperature in the cabin is achieved
when the tractor is parked outside under the sun. Its
average is reached 30° and 55°C is observed on
adverse conditions. The ventilation, used alone, is
sufficient to drop temperature of 10°C in winter and
5°C in summer. In hot diurnal situation, adiabatic
cooling removes 3°C more, by introducing an inlet air
being 5°C under the ambiance. The system is
sufficient to maintain cabin temperature above 30°C in
average, but with an high humidity. Such a system
doesn't provide an effective cooling in critical
situations. Under high ambient temperature, both
significant air cooling and high ventilation rate are
required to maintain the cabin above the ambiance.

Producing a cooling power 7 time higher, HYAC
can lower the temperature inside the cabin under
critical ambient temperatures and the estimated for
extra fuel consumption are found very low compared
to the hourly consumption of these heavy diesel
engine. On the annual basis, the probability of critical
situation is mainly dependant on the climate and it
gives more contrast on gains that functioning
assessment.

The water consumption is about 0.3 I/h and jump
up to 1.2 I/h in adverse conditions. A higher efficiency
of this system could be found by increasing the air
flow rate inside the cabin, but water need would
increase in proportion with the air flow rate. It would
also lead to elevated air velocity inside the cabin that
could also modify comfort acceptance, making cooling
need of less importance.
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Nomenclature

Symbol

o: tranmission coefficient

f3: wall slope (degree)

d: tractor orientation with respect to South (degree)
n: efficiency

0 wall orientation with respect to South (degree)

Letters

A: aera (M2)

Cp: specific heat capacity (J/kgK)

COP: coefficient of performance

h: convective exchange coefficient (W/m?K)

hr: relative humidity (%)

Idn: directionnal solar incident flux (W/m?)

Rpf: diffused by atmosphere solar incident flux (W/m?)
Dpf: diffused by soil solar incident flux (W/m?)
LHV: low heating value (J/kg)

M: water flow rate (I/h)

p: pressure (Pa)

P: power (W)

q: air flow rate (m/h)

R: incoming short wave irradiance

T: Temperature (K or °C)

U: overall heat transfer coefficient (W/m?K)

y: absolute humidity (kg water vapor /kg dry air)

Subscript

- air: ambiant air

- cab: cabin

- conv: conversion
- e: external

- HVAC: conventionnal air conditionner
- iz inlet or internal
- it: total internal

- m: metal

- 0: outlet

- ref: reference

- sat: saturation

- 1: total
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Pe3lome:

KinmatnaauTe cucteMu ca cTaHIAapTHO 000pyIBaHE 3a TPAHCIIOPTHUTE CPEACTBA B HAIIHM AHU. Te BOIST
JI0 YBEIMYaBaHE Ha pa3xo/a Ha TOPUBO, a HHTETPHPAHETO UM TPH €ICKTPHUSCKUTE W XUOPHIHATE aBTOMOOWIN
Ch3/1aBa IOMBJIHUTEIHN TMPOOJIEMH C JIMIICAaTa Ha aBTOHOMEH HM3TOYHHK Ha CHeprus. B Ta3um myOnmkanus e
M3CIIe[IBaHa BH3MOJKHOCTTA 3a M3II0JI3BaHE Ha aanabaTHA KIMMAaTHYHA CHCTEMa 3a OXJaXkKJAaHe Ha KaOuWHATa Ha
TpakTop. 3a M3CIIeBaHE HAa TeMIlepaTypaTa B KaOMHATa ca W3IMOJN3BAaHHM SKCIICPUMEHTANHHU JAaHHU TI0 BpeMe Ha
peatHa eKCIUToaTalMsI Ha TPaKTopa B TUIHYCH paboTeH neH. C moMoITa Ha Te3H JaHHU € aJalTHPaH MOZECT 3a
W3YHCIsIBAHE HA TOIDIOOOMEHAa MEXAy KaOWHata W OKONHaTta cpena. llocThIBamaTa CIbHYCBA CHEPTHS €
W3YHCIICHA 32 PAa3INIHU PETHOHU BHB DpaHIs, KaTO CTEICHTa Ha BEHTHJIANWS HA KaOMHATA CHIO € B3ETa II0J
BHUMaHHUE. [Ipn cUMyNarMOHHAUTE U3CIICIBAHUS € 3aMEHEHa KOHBEHIIMOHATHATA KIIMMAaTHYHA CHCTEMa C TaKaBa,
KOSITO Pa3lpbCcKBa BOJA Ha MaJIKU KaIlK{ Ha BXOJa HA BEHTWIALMOHHATA CHCTeMa Ha KabwHaTa. EdexTnBHOCTTA
Ha W3CJICIBaHATA CHCTEMa 3aBHCH OCHOBHO OT aTMOC(EpHUTE YCIOBHS, KAaTO € HalpaBeHa OIICHKAa Ha
BB3MOKHOCTTA 33 OXJIaXKIIaHE MPU Pa3iIMYHU KIMMAaTHIHU ycioBms. OmpeenieHa e TeMIiepaTypara B KaOnHaTta
KakTO M pa3xoja Ha BOJa OT CHCTeMaTa. [e3W pe3yiTaTH IOKa3BaT BB3MOXKHOCT 3a IMOAOOpsBaHE Ha
eHepruifHaTa eQeKTHBHOCT Ha WHAYCTPHAIHA TPAHCIIOPTHH CpEACTBA IPH HW3ION3BaHE Ha anuabaTHa
KJIIMIMaTHYHA CUCTEMA.

KrowoBu qymu: aduabammo oxnaxcoane, asmomoounno 063agexcoare, moniuHeH 6aianc, pasxoo Ha
20puso
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Abstract:

In this study a solenoid common-rail injector was investigated in order to achieve the fuel injection
characteristics. This injector is designed by Delphi to be used in 2.0liters diesel engine for light-duty vehicle application.
Firstly, an injector simulation model was developed in advanced simulation code AVL BOOST Hydsim. The
geometrical parameters were taken from technical documentation while the mass parameters were measured. Secondly,
an experimental study of the injector was conducted on the injector’s test bench according Delphi test procedure at three
injection pressures. The injector model was validated as simulated and measured injected delivery was compared at
different injection duration. Finally, the rate of injection was estimated as a function of crank angle at different engine
operating points as well as the influence of some geometric parameters on the injection process.

Keywords: solenoid injector, common-rail, simulation, experimental test, rate of injection

1. Introduction

Modeling the working process in the cylinder of
internal combustion engines is a key point on the
engines development phase. The combustion process
in modern diesel engines is important in order to
achieve compliance with emissions and CO, regulation
demanded by EU. A number of combustion models
have been presented over the years [1-3].

Over the last decades the phenomenological models
are most commonly used in modern 0D programs for
prediction the rate of heat release in combustion
chamber. The calculations are based on the real
injection  process including injection pressure,
geometrical parameters of the nozzle and combustion
chamber as well as fuel jet atomization and
evaporation are taken into account. Typical
phenomenological diesel combustion models are
mixing controlled model [4-6], stationary gas jet
model, packet models, and time scale models [5]. All
of these models are based on the rate of injection
(ROI). Although in modern diesel engines a common-
rail fuel system with constant injection pressure is most
commonly used the prediction of rate of injection is not
a simple task.

The aim of this study is development of a simulation
model of solenoid injector from direct injection diesel
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fuel system which is proven by means of experimental
values of the injected quantity.

2. Injector characteristics
2.1. Design of injector under study

The injector which is objects of this study is a solenoid
controlled, developed by Delphi. It belongs to an
injector’s generation DFI 1.3. This injector is used in
PSA 2.0 HDI engines with a maximum power of
100kW at 4000rpm. The maximum injection pressure
of the system is 1600 bar. The design of the injector is
presented in Figure 1.

1\/a Solenoid
T —
|' 1 ]‘:‘1 "J & Spring
l T Control valve
i\t -_ Adapter Plate e
| ..\i 3 = [
Hnﬂisp::hmm.
. £
N
Figure 1. Design of common rail injector Delphi DFI 1.3
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In order to develop an accurate simulation model it was
necessary to obtain geometrical and mass parameters
of the injector elements. Due to the fact that there was
no comprehensive technical documentation from the
manufacturer it was difficult to find out all information
needed. In this case it was used an approach that some
of parameters such as needle diameter, needle mass,
etc. were measured. The other parameters such as
number of injection holes, diameter of injection holes
and the size of control chamber orifices were taken
from technical documentation. However, some of
parameters especially the volumes were unknown
because there was not a possibility to be measured
correctly. For that reason they were optimized at model
calibration step in order to achieve minimum injected
fuel deviation in comparison with experimental data.
The main injector parameters used in the study are
listed in Table 1.

Table 1. Injector main parameters

Needle diameter

1.7mm

0.2mm
Nozzle holes 6
Nozzle hole diameter 0.15mm
Spring stiffness 35000N/m
Spring damping 20N.s/m
Nozzle volume 200mm?®
Control volume 25mm?®
Valve volume 15mm?
Nozzle path orifice Imm
Inlet orifice 0.25mm
Outlet orifice 0.2mm

2.2. Principle of operation

The solenoid injectors are controlled electro-
hydraulically in order to provide minimum response
time and precise control of the start of injection and
injection duration. In order to reduce the response time
high voltage is applied to the solenoid valve for a short
period. It increases the current rapidly up to 22 Amps
for these injectors. Respectively, the electromagnetic
force is sufficient to open the control valve. After that
period much lower force is needed to keep the valve
open. Due to that the voltage applied varies in order to
provide the current around 6 Amps.

However, the injection process does not start
immediately after opening the control valve. Time is
needed to pressure reduction in the control chamber
which causes increasing hydraulic force for needle
opening. It is observed by the manufacture that
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Figure 2. Injection process overview

injection delivery is delayed by 0.310 ms than
beginning of electrical pulse at 1600 bar injection
pressure and injection pulse of 1 ms. The injection
process is presented in Figure 2. Although that fact,
injection duration is approximately the same as
electrical pulse. Usually, this delay has to be
programed in ECU of the engine.

3. Simulation model

The injector model was built in the advanced
simulation code AVL Boost Hydsim using the
available elements (Figure 3). The main elements used
were the volumes, orifices, needle, nozzle, spring,
valve, boundaries, and tubes.

In this model the solenoid valve was replaced by
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L Qutlet Throttle @ 1 s Spill Volume
]r Injector Tube
Iniet Throttle
i ¥
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r L ﬁ Sump Throttle
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B 1/ Fuel Tank
Needle Spring s E
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=
v \ozzle Volume
s TP.. =
i =
Volume Orifice L
18
Nozzle Orifice
_I’
LEol Cylinder Pressure

Figure 3. Simulation model in AVL BOOST Hydsim



mechanical valve which opens and closes the cross
section area in a way typical for solenoid valves. It was
considered that cylinder pressure is equal to
atmospheric pressure. It corresponds to experimental
test condition where the injector is placed into the
holder and the injected fuel goes to the flow meter at
atmospheric pressure. Also, it was assumed that the
injection pressure in the rail is a constant during the
injection. Leakage through the needle was neglected in
this study.

4. Experimental setup

An injector taken from a brand new diesel engine was
tested following the standard test procedure for CRI
injectors. A test stand Hardrige CRI-PC which is
recommended by Delphi for control of CRI injectors
was used. The experimental test equipment is shown in
Figure 4.

Delphi CRI test procedure includes measurement of
injected quantity at constant injection pressure as a
function of injection pulse. This test repeats several
times at different pressure. Finally, the result is a
family of measured curves which are compared with
the curves of calibrated injector. Then, the variation in
injected quantity in comparison with calibration values
is written as an individual code of the injector. Usually,
for correct operation of engines this code should be
input to the engine ECU.

In this study it was not needed to evaluate the injector
with a calibratied one due to the fact that the injector
that was tested was new. The experimental research
was needed to obtain the injected quantity as a function
of injection pressure and pulse duration. It was
assumed that the injected fuel is similar to calibration
values.

Figure 2 CRI-PC

Control Box

Figure 3 Inside
of the CRi-PC

Figure 1 CRI-PC Test Stand

Figure 4. Experimental test equipment

The experimental results were obtained with three
injection pressure values — 400, 800 and 1600 bar. In
order to calibrate the simulation model several
geometric parameters such as control volume, needle
volume and nozzle orifice were varied. Finally, the
minimum deviation was observed with the values
listed at Table 1. The results are presented in Figure 5.

At injection pressure value of 400 bar the maximum
deviation was calculated to be 3.28 mm?%st for
injection pulse of 800us. The absolute value of
deviation at 800 bar is approximately the same — 3.49
mm?/st. This deviation was observed at pulse duration

Injected fuel
[mm3/st]
100

e 800bar

e ] 600bar
1600*

90
80
70

Experimental test

Simulation

60
50

40

30
20

10
0

800
Pulse duration [ps]

1200 1600

Figure 5. Injector model validation
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equal to 400us. The highest deviation was found
atl600 bar injection pressure. The value was 7.17
mm?/st. The dispersion of injected quantity is typical
for common-rail injector due to the fact that the
injection process is very sensible of geometrical and
mechanical parameters of the components. Usually, the
mass production technology cannot provide more
precise control of these components. That fact as well
as the small deviation shown in Figure 5 allowed using
the injector simulation model to determine the rate of
injection (ROI).

5. Numerical results
5.1. Rate of injection simulation

The main purpose of simulation model was
determination the ROI in different operating condition
of the engine. Thus, the combustion process can be
studied by means of phenomenological combustion
model. In this study ROl was estimated at several
operating points of the injector. The operating
condition was set up by combination of two values of
injection duration and three values of injection
pressure. The results are presented in Figure 6 and 7.
ROI is estimated as a function of crank angle at
constant speed.

ROI [mm*3/s]
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Figure 6. ROI and needle lift at pulse duration 400us

It was observed that at low pulse duration typical for
low engine load the needle lift can not reach the
maximum value even at injection pressure of 1600 bar.
The maximum lift was estimated to be 0.11 mm.
Although equal pulse duration the hydrodynamic
processes into the injector causes different injection
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duration. The highest injection duration was observed
at 1600 bar.

ROI [mm~3/s|

400 bar
800bar
—— 16800bar

——t————7——
1 40

] 10 20
Crank angle [deg]
Needle lift [mm]

A

/
/N
-

400bar
800bar
1600bar

O\

L

T T T
10 20
I

o
Crank angle [deg

0 ] T
-10

Figure 7. ROI and needle lift at pulse duration 1000us

As is shown in Figure 7, the maximum needle lift of
0.2 mm is reached at injection pressure higher than 400
bar. This research was conducted with pulse duration
of 1000pus. These operating conditions are typical for
medium and high engine load. It was also observed
that injection pressure causes different injection
duration. However, the maximum injection duration
was not estimated at 1600 bar. Here, the highest value
was at 800 bar.

Estimated ROI curves revealed that a plateau interval
increases as a function of pulse duration and injection
pressure. At that operating condition where maximum
needle lift is not reached the ROI shape is triangular.

5.2 Parametric study on injected delivery

The injector simulation model was used to study
influence of several geometric parameters on injected
quantity and ROI. Results are presented in Figure 8, 9
and 10. The influence of needle diameter on injection
process is presented in Figure 8. Increasing the
diameter slightly increases the injected quantity due to
the fact that injection duration rises. In this study the
diameter was varied from 3.6 mm to 5.3 mm. As a
function of increasing diameter the injection duration
rises within the range from 16 deg to 24 deg. It causes
injected delivery of 72 mm/st at needle diameter value
of 5.3 mm. Also, it was observed variation in the start
of injection. Higher diameter causes earlier start of
injection. This variation is within the range of 2 deg.
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Figure 8. Influence of needle diameter on injected
delivery and ROI
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Figure 9. Influence of inlet orifice on injected delivery
and ROI

Inlet and outlet orifices of control volume are the most
important parameters for injection control of solenoid
injectors. This fact was confirmed by results presented
here. The injected delivery highly depends of inlet
orifice as shown in Figure 9. The orifice was varied
within the range from 0.19 mm to 0.31 mm. It was
observed that higher values decrease rapidly injected
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Figure 10. Influence of outlet orifice on injected
delivery and ROI

fuel as well as the injection duration. In fact, increasing
the size by 0.06 mm than basic diameter (Table 1)
causes zero injected delivery.

The influence of outlet orifice is also significant but the
function is different. The injected delivery was studied
as the orifice diameter was varied within the range of
0.16 mm to 0.32 mm. The value which was used in
injector calibration was 0.2 mm. Increasing that value
causes small rise of injected fuel which reaches 70
mm?/st. However, decreasing the basic values (Table
1) causes significant reduction of injected delivery. It
was observed that at diameter value of 0.16 mm the
injected fuel is zero.

6. Conclusions

A simulation model of solenoid injector of common
rail diesel fuel system was proposed. The model was
developed by means of advanced simulation code
AVL BOOST Hydsim. A validation of the model was
carried out as simulated fuel quantity per injection was
compared with the value measured on a Hartrige test
stand. The comparison was conducted at three injection
pressure: 400 bar, 800 bar and 1600 bar, and pulse
duration within the range of 0 ps to 1600 ps. A small
deviation was observed at injection pressure of 400 bar
and 800 bar. Higher differences between measured and
simulated values were observed at 1600 bar. The
maximum deviation of 7.17 mm?®/st was found at low
pulse duration. The model calibration was carried out
by variation of several geometric parameters such as
control volume, needle volume and nozzle orifice.



By means of numerical simulation ROI was estimated
as a function of pulse duration and injection pressure. It
was observed that at low injection pulse (400ps) the
ROI shape is triangular due to the fact that the needle
has not reached the maximum lift. The results also
revealed that the injection duration is not a constant
value at constant pulse duration and different injection
pressure.

A parametric study of various geometric parameters on
injection process was finally presented. Three
parameters were chosen: needle diameter, inlet orifice
and outlet orifice of the control chamber. The results
revealed significant influence of both inlet and outlet
orifices. The most important is the fact that small
variation than base values of the diameters cause
injected delivery to be zero.
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MN3CJIEABAHE HA XAPAKTEPUCTUKUTE HA TIOJABAHE HA 'OPUBO HA BITPBCKBAY
C EJIEKTPOMATHUTHO YITPABJIEHUE OT COMMON-RAILTOPUBHA CUCTEMA

IL1AMEH ITYHOB
Karenpa /Ipuraremny, aBToMOOHIHA TEXHUKA M TPAHCIIOPT
Texumnuecku ynuBepeutert - Cobust
plamen_punov@tu-sofia.bg

Pesrome:

B myOnukarmsita € TpoBeleHO H3CIIeBaHE HA BIPBCKBAY C €JIEKTPOMArHUTHO YIPaBJEHWE OT JIHM3E/I0BAa TOPHBHA
cHcTeMa THII COMMON-rail ¢ wen omnpenensHe XapaKTePHCTHKUTE Ha TOPHBOIOAABAHETO. M3cie[BaHMAT BIOPBCKBAY € HA
¢upmara Delphi, kato e npeaHaszHayeH 3a MOHTHpAHE B TU3EJI0BUTE JBUraTeNH ¢ X0/0B obeM 2.0 nutpa Ha pupmara PSA. 3a
M3CIIEIBAHETO € Pa3pabOTeH CHUMYIAILMOHEH MOJel Ha BIPBCKBaua ¢ momomura Ha mporpamara AVL BOOST Hydsim.
I'eomerpuyHUTE NapaMeTpy Ha €NEMEHTUTE Ha BIPHCKBaya OsXa B3ETH OT TEXHWUYECKA JOKyMEHTAllMsl, JOKaTO MachTe Ha
JIBIOKELIUTE ce JieTaili Osixa M3MepeHu. 3a KaauOpHpaHe Ha Mojena Oellle MPOBEIEHO eKCIIEPHMMEHTAIHO M3CIIEJBaHe Ha
BIPBCKBaya CJICABANKU Mpouemyparta 3a mnmrBane Ha ¢upmara Delphi. Tounoctra Ha Moxemsr Oelne OLEHEHa Hpe3
CBIIOCTABSHHE HA EKCHICPHMEHTAIHUTE U M3YHCIICHUTE CTOMHOCTH Ha IIMKJIOBOTO KOJMYECTBO BIPBCHATO ropuBo. C momornra
Ha Mojena Oellle W3CNeABaH 3aKOHA 3a MOJaBaHE HAa TOPHBO M BIMSHUETO HA HIKOM T'€OMETPHYHH IIApaMETpH BBPXY

KOJIMYECTBOTO HA BIIPHCHATOTO TOPHUBO.

Keywords: erexmpomacnumen enpwckeau, common-rail, cumynayust, excnepumenmanto usciedsamne, 3akou

3a 6npvCKeane

158



BulTrans-2015
Proceedings

16-18 September 2015
Sozopol
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JIOKOMOTHUBA C KOPEKIIUS1I HA MACATA HA BJIAKA B PEAJIHO BPEME
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Pe3iome: I/ISB’LpH.IeHO € MATCMATHYCCKO MOJCIMPAHC Ha ABMKCHUCTO HA BJIAK C IMPEABAPUTCIIHO
3a4aIcHA IMapaMeTpH, CbOTBCTCTBAIIN HA PCATHU CKCIUIOATAIMOHHU YCJIOBUSL. C rnomMouiTa Ha CMMYJIalIHOHHA
porpamMa € Mu3CjicABaHa IMPOMAHATA HA aJITOPUTbMaA 3a YIIPABJICHUC CJICA KOPCKOMUA Ha Macara Ha BildKa IIO
BpEMC Ha [ABHUKCHUC. Benuxn CKCIICPUMCHTHU Ca IPOBCACHU IPU [ABHKCHHUC HA BJIdKa 1O ONTHMAJIHA
eHepFOG(beKTI/IBHa TPAaCKTOPHA U € AHAIIU3UPAHO U3MCHCHUCTO Ha pa3dXoda Ha CHEPropecypc.

KnroduoBu xymm: arcopumuvm, ynpasnenue, maca, 81ax, napamempu

1. YBoxn

W3zBecTHO €, 4e MBIMKEHHETO Ha TPAHCIIOPTHHTE
CpeIncTBa, TMPH €IHA W CHIIM EKCIUIOATAIOHHH
YCTIOBUSI € CBBP3aHO C M3Pa3XO/BaHE Ha Pa3IUUHO
KOJIMYECTBO €HEPrHsl, KOETO 3aBUCH OT U3IOI3BAHUS
AITOPHUTHM 32 yTpaBIIeHNE Ha TSTOBHUS ChCTaB. EnBa
B MOCIEIHUTE TPUICCET TOMUHM 3arovyHaxa Ja ce
MpaBAT TpPOy4YBaHMS © Ja Cce pabdoTH B
HAaIpaBJIEHUETO 32 MUHUMH3HUPaHE HA TO3W Pa3XOl.
B >xene3ombTHUSI TPaHCIIOPT €CTECTBEHUS PE3yaTaT
OT TO3U CTPEMEX € HApaCTBAHETO HA M3CJICABAHMITA
B 00JIacTTa HA EHEPTUIHO-e(DEKTUBHOTO YIIPABICHHE
Ha BnakoBere. OT emHa CTpaHa, 4acT OT TsAX Bede
MMaT pealTHO M3paKeHHe. eBpOIelicKkaTa cucTeMa 3a
VOpaBlIEHHEe  HA  JKEJIE30MMBTHOTO  JIBMDKCHUE
(ERTMS) BBB BCHUKHTE M HHBA € Ha ITT Ja CE
HAJIOXKHU B IO-ToJisiMara 4yacT oT ceera. OT mpyra e
W3BECTHO, Y€ HaAMAISIBAHETO HA Pa3XOAWTe Ha
€Hepropecypc Ha TSATOBUS MOABIKEH CHCTaB MOXKE
Jla CTaHe C TMpWIAraHeTo Ha AJTOPUTMH 34
CHEPrUiHO-e(PEKTUBHOTO yTIpaBicHUE Ha
JokoMoTHBa.[1]

Ot miienHa TOYKa Ha CHIDKaBaHE Ha pas3xoja 3a
MIPOBEXKIAHETO HA CaMUTE W3CIICABAaHUS HANH-4eCTO
CE U3M0JI3Ba MOJICIMPAHE Ha IBIDKEHUETO Ha 00EKTa
¢ momomra Ha EVM. WM3nom3BaHuTe 3a IeiITa
CHMYJIAITUOHHU Mporpamu H3CIIeBaT
e(peKTUBHOCTTA HA YIPaBJCHUE Ha JIOKOMOTHBA IIPH
pa3MYHMA aNrOPUTMH Ha TOBA YIPABIICHUE Ype3
MaTeMaTHYEeCKO MOJICIMpPAHE Ha JIBIDKCHUETO TPH
TIPEBAPUTEITHO 3a/1a/ICHU TTapaMeTpH, MaKCHUMAITHO

OJIM3KH JI0 pealHU eKCILIOATallMOHHH YCIOBUSL[2]

2. Ynpas/ieHHe Ha BJIAKa ¢ KOPEKLHUs 32 [PeLlKa
NIpM omnperesisiHe HA HeroBaTa Maca.

B Hacrosmoro wuscnenBaHe € aHaIU3UpaH
pasxona Ha EHepropecypc IIOCPEACTBOM
cumynaironHa nporpama SIMOL mpu cnennure
YCIJIOBUSL:

e [Ipenmonara ce, 4e B CUMyJAlMOHHATA
Iporpama € BbBEJICHa HETOUHA Maca Ha BJIaKa —
TOBA MOYTH BUHAIW € Taka, nmopaau ¢akra, ye
CTOMHOCTHTE  IIOCOYEHH B  IIPEBO3HHTE
JOKYMEHTH MaJIKO WJIM TIOBEYE Ce pa3indyaBaT
OT pEaJIHUTE, a MPU ITbTHUYECKUTE BIAKOBE TE
Cce NPOMEHAT M Ha BCSKAa CIMpKa WM Tapa.
ABTOMAaTH3UPaHOTO YIpaBJIeHUE Ha TAKbB BIIaK
OT TJIe/IHA TOYKa HA eHepruiHaTa e(eKTUBHOCT
HaJiara KOpeKLys Ha HeroaTa Maca.

e Ciienl NIOTENIsIHE Ha BJIaKa, ype3 OTYUTAHE Ha!
peanHuTe pabOTHU MapamMeTpy Ha CHIIOBHS
KOMIIJICKC Ha TAroBusa CbCTaB, IIBTHUTC
yCIOBUSI M Ha JPYTd  EKCIUIOATallMOHHH
(dakTopu, ce ompemens To4YHata Mmaca Ha
CbCTaBA M C€ BBBE&XJa OTHOBO B
[IbPBOHAYAIHUS AJITOPUTHM 32 YIIPaBJICHUE

ellpy BCcHMUKM cCHUMyJTaUMM = Cce  TpHiara
AITOPUTBM HA  YNPaBJIECHHWE, pPEATU3HpAILl
MHUHUMAJIEH pPa3XxoJ Ha EHepropecypc —
,»OIITUMAJIHA TPACKTOPHS .

Kopekmus Ha anropurbMa Ha yIpaBIEHUE MOXKE

Jla ce OCBIIECTBU B PEAHH YCIOBUS HOCPEICTBOM
CBH3/IaBaHETO Ha CUCTEMA 3a YIIPaBJICHHUE BKIIIOYBALIA
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CbBpEMEHHa  amapaTrypa 3a H3MepBaHe Ha
(U3MKOMEXaHNYHM BEJIMUMHU U Ha NapaMeTpuTe Ha
npkenre. Tyk ce BKIIOYBAT: pasfiyHa amaparypa
3a cjefeHe pa0oTaTa HA CHIOBHS KOMIUIGKC Ha
TATOBUSA CBHCTaB (TOK, HAIPEXKECHHE, IO3ULMS Ha
KOHTpOJIepa Ha MammHnCTa U Ap.) 1 GPS nmpremank
3a TOYHO OIIpEe/eNITHE Ha MecTomonoXkeHuero. Ot
HallpaBEHUTE [OCEra M3CJIEABaHUS Ca W3BECTHU
BB3MOXXHOCTUTE 3a M3IOJN3BAHE HA CaTEIUTHA
HaBUT ALV 3a OTIpe/ieIIsiHE TOYHOTO
MECTOIOJIOXKEHHE Ha JIOKOMOTHBA. [3].

Cucrtemara 3a ympaBieHHE dUpe3 OOPIOBHA
KOMITIOTBP KOpErupa ajaropuTbMa 3a YIpaBJeHHE,
KaTo BB3ZIEHCTBA BbpPXY YIPABIECHUETO Ha TSATOBUTE
arperaTd X  IOCPEACTBOM IIOCTOSIHHa oOOparHa
BPb3Ka, HENPEKbCHATO KOHTPOJIMpa pabOTHHUTE
rmapaMeTpure ¥ TpU HOBH  OTKJIOHEHUS OT
HOPDMAJHUTE CTOMHOCTH, W3BBpIIBA IIOBTOpHA
KOPEKLIHS.

3abDKUTENTHO KOPEKIMATa Ha MacaTa Ha Bllaka
CC M3BLpIUIBA B HAYAJIHUTC €TAIlld HA IIbTYBAHETO —
(haza ,,yckopeHne” — Ipy MOTETIITHE OT BCSIKa rapa.

[IpomsnaTta Ha CKOpOCTTa Tpe3 TO3M eTam €
OlpesieNslia 3a U3ITBJIHEHHETO Ha IIoCTaBeHaTa
3agada. Ot GPS npueMHanka nocteiiBa HHGOPMAIIHST
3a YCKOPEHHETO Ha JIokoMoTuBa. [Ipu Maca Ha Bnaka
CbOTBETHA Ha Ta3u OT IMPCEBO3HUTC JOKYMCHTH,
CBHIIPOTUBUTEHATA CHJIa JIeHCTBAIlA HA JIOKOMOTHBA
MMa oIpesieJieHa CTOWHOCT T.€., Bb3MOXKHO € J1a ce
W3YUCIIAT OYaKBaHUTE yCKopeHus. CpaBHIBaHETO Ha
MOJIyYEHUTE  CTOMHOCTM  C  JICWCTBUTEIHUTE
CUTHAJIM3Upa 3a EBEHTyaIHa pasilKa B HAYATHHUTE
ycnoBusl Ha 3afgadata. [lo oOparen mbT MoXke fa ce
TIpECMETHE peajTHaTa Maca Ha BJaka U CJIe/ TOBa Jia
ce 3aJaJe B aIrOpUTbMa 3a yIpaBjeHHE 32
ITBTYBAHETO IIPE3 OCTAHAJIATa YacT OT yYacThKa.

3. YuciieH ekcriepuMeHT

WscnenBaHeTo 3aBHCHMMOCTTa Ha pa3xojia Ha
SHEpropecypc Ce¢ U3BBpIIBA C IOMOINTA Ha
cumyJarmonHata nporpama SIMOL [2].

BxojHuTte nqaHHM 32 CUMYJIalysTA Ca CCHUTE:

e Yuactein ¢ aemxuad: 5000 m; 10000 m,

15000 m 1 20000 m.

o Haxsronure: 0 %o, 5 %o, 10 %o 11 15 %o.

e Macu Ha Biaka B rpanuiure. 370 +~ 470 t. 3a
»HOMUHaTHA Maca” e m3bpana 420 t (Bmakos
CbCTaB C OCEM IIbTHUYCCKH BaroHa). Tos3u
n300p € HampaBeH CJeJ] CTATUCTUYECKH aHAITH3
Ha CTOMHOCTH 3allMCBaHUM B PEAJHU IPEBO3HU
JIOKyMeHTH. Bapuanuure Ha wMacata ca B
JIOCTAaThYHO INHUPOKU TPAHMIIH 33 YCTAHOBSIBAHE
Ha 3aBHCHUMOCTTA Ha Pa3Xxojia Ha €Hepropecypc
npu M3MEHEHHE Ha YIIPaBJIABAILIUTE
AJITOPUTMH.

o jokomotuB cepus 07-000;
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® THIT HA ChCTaBa - TETHUYECKH;
¢ KOe(DUIIMEHT Ha W3IIOJ3BaHE Ha CIHpayHaTa
Mmaca — 0,55;

e cripayeH poreHt — 90;

e MakcuMaiHa ckopoct: 100 km/h.

Beekn ywacTek € pa3meneH Ha 4YacTH W ca
M3BBPIINCHU 10 TPU CUMYJIAIUH, KaTO PE3YJITATUTE
ca OTOesI3aH C UHACKCH:

eH — Bapuanr ,HOpManeH — Mojenupa ce

JIBIDKEHUETO TI0 IIUIaTa Ih/DKUHA Ha Y9acThKa
0e3 KOpeKLys Ha Macara;
¢ 1200 — BapuaHT Ha 4YacT OT YydacTbKa C
neipkuHa 1200 m oT HayajgHaTa TOdYKa Ha
nBIokeHue (rmorerisae) mo 1200 m;

eU — BapuaHT ,uYacTMyeH — MoOJeIupa ce
JBIDKEHHETO o ydacthka cien 1200 m, mpu
KOpHTHMpaHa Maca Ha CbhCTaBa W HavYalIHH
rmapaMeTpu Te3W, TONy4eHH B Kpas Ha
cuMynanusita mno sapuant 1200;

e C — cOOpeH y4acTbK - cyMa OT CUMYJIAIMSTa M0
Bapuant 1200 u BapuaHT ,,yacTHUCH".

I[lpy anamm3a ca W3NON3BAHM  CJICAHUTE
O3HAYCHHS 32 TTApaMeTPUTE Ha JBIDKEHHE: T S[M],
BpemernbTyBane T[S], u pasxox Ha ropuso G[Kg] .

Crien poBexIaHe Ha YHUCIICHHST EKCTICPUMEHT Ca
OITpe/ICIIeHH:

e 3a Bcexkn SH — TH n GH;

¢ 3a Bcexn 51200 — T1200 u G1200;

e 3a Bcekn SY = SH -1200 — TY=TH -T1200 u

GY;
e3a Bceku SC=S1200+SU - (SC=SH),
TC=T1200+TY (TC=TH ) u GC= G1200+GY.

4. Tlomy4yeHu pe3yJITaTu

[lonmyuennte pesynratm ca 0000OmIeHH U
rnokazanu B TaOmuiia 1, a BUJa Ha TOJIYyYCHUTE
(a30BU TPacKTOPMM HA Y4YacCThIM C Pa3IMYHU
IIBDKMHA MOXKe J1a ce Buau Ha ¢ur. 1 u ¢ur. 2.
CumynupaHe Ha JIBWOKEHHETO Ha ChCTaBU C
pa3IMYHM CTOMHOCTM Ha Macara Ha BIaKa JaBa
aHaJIOTUYHA TpadUuHH WM3pOKEHUS W Topaau
WICHTUYHUS M XapaKTep Te He ca MOKa3aHH.

CpaBHsIBaHETO Ha TMOMYYCHUTE pE3YyITaTH 3a
pa3xona Ha ropuBo GH u GC no3BosisiBa OLECHABAHE
Ha  IIeNecChOOpa3HOCTTa  HAa  PasIJIekKIaHUSA
OINTHMH3AIUOHEH METO/I.

W3BecTHO €, a ¥ JOrMKara IOJCKa3Ba, 4Ye MpH
yBeIMYaBaHE HAa MacaTa Ha ChCTaBa HapacTBa M
pa3xona Ha eHepropecypc. Ha ¢ur. 3 e mokazaHo
M3MEHEHUETO Ha pa3xola Ha TOPHBO TPH BJIAK C
maca 470 t. IloBumieHust pa3xon Ha TOpPHUBO B
YCJIOBHO TPUETUS Yy4YaThK ,,cOOpeH” O3HavaBa, ue
KOPEKIMATA 32 MacaTa Ha BJIaKa € MOJIOKUTEIHA, T.€.
ITBPBOHAYAIHO 3aJI0KEHAaTa Maca € Owna Mmo-HHucKa
OT JICHCTBUTEIIHATA.



Ta6auna 1. Pa3xoa Ha ropuBo OT HOPMAaJIHUS U COOPHUS YYACTHIH

Jb1KkuHA HA yyacTbKa [m]
B“:I]:f; ‘;f] 5000 10000 15000 20000
Gulkg] Gclkg] Gnlkg] Gclkg] Gulkg] Gclkg] Gulkg] Gclkal

370 12,21 12,75 28,53 27,39 43,78 44,74 59,79 61,58
380 12,40 13,03 28,93 27,25 44,56 46,35 63,44 64,75
390 12,78 13,17 29,66 28,54 46,34 47,70 64,13 64,65
400 12,87 13,58 30,27 29,70 47,54 47,68 64,74 64,93
410 13,13 13,76 30,87 29,17 45,51 49,26 66,39 67,24
420 13,55 14,12 31,11 31,29 47,00 49,65 67,91 68,69
430 13,63 14,22 31,76 31,81 50,30 51,66 69,27 70,39
440 13,77 14,73 32,69 32,36 50,81 52,81 70,07 71,80
450 14,13 14,66 33,51 33,27 52,31 53,39 72,14 72,54
460 14,30 14,34 33,81 33,72 53,16 53,58 73,44 75,34
470 14,75 14,68 34,32 34,57 53,49 55,36 74,23 75,66
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@ur. 1. ®a30Bu TpaeKTOPHH HA BJAK ¢ Maca 470 t Ha yyacTbK ¢ AbJxuHA S000 m 1 HakI0H 0%o.
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@ur. 2. ®a30BU TPAEKTOPHH HA BJIAK ¢ Maca 470 t, yqacTbk ¢ AbxuHA 20000 m u Haka0H 0%o.
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@ur. 3. Pa3xoa Ha TOPHBO Ha JJOKOMOTHBA Ha BJaK ¢ Maca 470 t, 7bJKMHE HA ydacThaouTte 5000,
10000, 15000 1 20000 m u HakaoH 0%o.
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B netictBUTEIIHOCT M3MEHEHMETO HA MacaTa Ha
ITPTHAYCCKUTE BJIAKOBE €  pa3HOMOCOYHO B
3aBHUCHUMOCT OT IBTHUKOIIOTOKA.

5. U3Bonu:

1. IlporemeHoro W3CIe/IBaHE JIOKa3Ba
NPWIOKEHUETO Ha aJropuUThMa 3a YIpaBlIeHHE
Ha BJaKa, C BB3MOKHOCT 3a aBTOMAaTHYHA
KOpEeKIMS Ha Macara B HA4yaJOTO HAa BCEKH
YYacTBK.

2. BnomsHMeTO Ha TpEIIKHMTE 3a MapaMeThpa Maca
BBPXY Pa3zxoJla Ha TOPHBO 32 EIWH JJOKOMOTHB €
HE3HAYUTEITHO.

3. 3HAUMTEIHU UKOHOMHHU Ha €HEPropecypc MOXKe
Jla Cce OYakBaT INPH BHEAPSBAHETO HA TO3M
ITOPUTHM 32 YIIPaBIECHHWE TPH HATWYMETO Ha
BJIaKOBH MapIIpyTH C JOCTaThueH Opoit
y4acThIIN.

Baaronapuocti

Astopure Omaromapst sHa HUC mpu TY-Codus
3a OKazaHaTa TIIOMOII, IpU MOATOTOBKaTa M
HOMYJAPU3UPAHETO  Ha  IyOuiuKamumsta, — 4pes
Horosop HOMY 15000.
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Summary: Mathematical modeling of train movement with preset parameters corresponding to the real operating
conditions has been performed. The change of the control algorithm after adjustment of the mass with train movement has been
examined using simulation software. All experiments have been carried out with train running on an optimal energy-efficient
trajectory and the change of energy resource consumption has been analyzed.

Keywords: algorithm, control, mass, train, parameters.

162


mailto:okrastev@tu-sofia.bg
mailto:ves@vtu.bg

BulTrans-2015
Proceedings

16-18 September 2015
Sozopol

N3YNCJIMTEJIHN MOJEJIN HA BAT'OH CEPUA Falns 176

CBETOCJIAB CJIABUEB

Kartenpa ,,KenesonbrHa TexHuka”, TeXHUUECKH YHUBEPCUTET,
Coous, bearapus
slavchev_s_s@tu-sofia.bg
CAHEJ ITYPTNY

Kartenpa ,,KenesonbrHa TexHuka”, TeXHUUECKH YHUBEPCUTET,
Coous, bearapus
s _purgic@tu-sofia.bg

Pe3rome:

BaJiEPn CTOUJIOB
Karenpa ,,KenesonbsrHa TexHuka”, TeXHUUECKH YHUBEPCUTET,
Cooust, Beirapust
vms123@tu-sofia.bg
Bopucaas JAMSAHOB
Karenpa ,,KenesonsrHa TexHuka”, TeXHUUECKH YHUBEPCUTET,
Cooust, Beirapust
bdamian@tu-sofia.bg

I[OK.]'IaI['I)T CbhbAbpiKa PE3YJITATUTEC OT CTATUYHUTE SIKOCTHU U3UYHCICHUA HA CHCHUAIIM3UPAH BArOH CEpHUs Falns

176. TeoperndnuTe W3CICABAHWSA Ca HANpPABEHH MO METONa HAa KpalHWTE €JIeMEHTH. AHAIMB3HUPAHH Ca BCHUYKH
peraMeHTHpaHH PEXXUMH Ha HaToBapBaHe. Pa3paboTeHH ca CIIOXKHHM HPOCTPAHCTBEHH W3YHCIUTEIHH MOMIEIH,
OMNMCBAIllY MHOTO TOYHO reoMeTpusita. B mpolieca Ha cb3naBaHe Ha MOJENMTE € M3CIEABaHA CXOOUMOCTTa Ha
pemeHuero. ToBa MO3BOJIABA Ja C€ MPEIOKAT BB3MOXKHO HAH-TIOAXOAIMTE CXEMU IO OTHOLIEHHWE Ha:
T€OMETPUYHOTO Tpe/ICTaBsiHE Ha 00EKTa, BbBEXKIAHETO HA JACHCTBAIINTE HATOBAPBAHMS M PEAKIMH U MONTyJYaBaHe Ha

JIOCTaTBYHO TOYHH PE3YIITATH 32 paslpesieleHne Ha Ae(opMalinTe, IPEMECTBAHUATA U HATIPEKEHHUATA.

KiI1040BY IYMU: 8a20H, AIKOCMEH AHAU3, MEMOO HA KPAHUMe eleMeHni.

1. BLBenenne

[IpoBepodHHTE SIKOCTHU U3YKCIICHUS Ca HallPaBEeHN
mo 3asBka Ha TPAHCBAI'OH A/l rp. Byprac. B
NPEANPUATHETO € pa3paboTeHa KOHCTPYKTHBHATa
JNOKYMEHTallisl Ha YeTHPUOCEH  CIEIHaIM3UpaH
TOBapeH BaroH cepust Falns 176 (pur.1).

O@ur. 1.

BarowsT € ¢ oceBo HatoBapBaHe 22,5 t/oc U nMma
ToBapoHocuMocT 64,5 t. IIpeaHazHayeH e 3a npeBo3 Ha
HacumHU ToBapHu. OTroBaps Ha BCUYKH M3UCKBAHUS 32
MEXIyHAPOTHH TTPEBO3H.

2. PesxuMu Ha HATOBapBaHe

B crotBercTBHE C MCEXKXOYHAPOIHUTE HN3UCKBAHUS,
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BCEKH HOBOCTPOSI] Ce€ BaroH ce TMojjara Ha
TEOPETUYHH Y ONIUTHH M3CIIEIBAHMS 32 ONpEIeIsTHe Ha
Halpe)XeHWsATa ¥ TPOBUCBaHMATAa. Bujoere
yCIIOBHATA 32 HATOBApBaHE ca pErIaMEHTHPaHH B
Espocrannapt BJIC EN 12663-2:2010, TCOC u ¢uru
577 na MexnyHapoauus xene3onbre cbto3z  (UIC).
ChIIacHO TMTHPaHWTE JOKYMEHTH HATOBapBaHMATA
ca paszieNieH! B CIICTHUTE YETUPHU TPYITH:
2.1. Xopu3oHTaIHU:

2.1.1. HLC1- Hatuck no ocra Ha Oydepa cbe cria
2000 kN (Tabm. 2 ot [4]).

2.1.2. HLC2- Hatuck 50 mm niox octa Ha Oydepa
cbe cuna 1500 kN (Tabmn. 3 ot [4]).

2.1.3. HLC3- [luaroHajeH HAaTUCK MO OCTa Ha
oydepa cre cuma 400 kN (Tabm. 4 ot [4]).

2.1.4. HLC4- OnbH 1o octa Ha TEIIMYHUS arapar
cbe cunma 1500 kN (Tabm. 5 ot [4]).
2.2. BeprukanHu:

2.2.1. VLCI1- BeprukanHa cuna OT HOJIE3HHS TOBAp
1,3*g*(m;+m3) (Tabm. 6 ot [4]).
2.3. ABapwiinu:

2.3.1. LLCI- TIloBaurane OT eaUHMAT Kpaill Ha
BaroHa oz 6ydepure 1,0*g*(m;+my+ms) (Tabn. 7 ot

[4])



2.3.2. LLC2- lloBourane Ha BaroHa Ha 4 omnopu
1,0*g*(m;+2my+m3) (Tabm. 8 or [4])

2.3.3. LLC3- IloBaurane Ha BaroHa Ha 4 omnopu c
n3MecTBaHe Ha eiHara Ha 10 mm 1,0%g*(m;+2my+ms)
(Tabm. 8 ot [4])

2.4. KomOuHupaHw:

2.4.1. CHLCI1- Haruck no ocra Ha Oydepa che
cwia 2000 kN u BeprukanHa cuma 1,0%g*(m;+ms)
(Tabm. 9 or [4])

24.2. CHLC2- Hatuck 50 mm mnox ocra Ha
Oydpepa cvc cuma 1500 kN u BeprukamHa cuia
1,0*g*(m;+m;3) (Tabmn. 9 ot [4])

2.4.3. CHLC3- Hartuck mo ocra Ha Oydepa cbe
cwia 2000 kN u Beprukanna cuna 1,0*g*m;(Tabm. 9
ot [4])

24.4. CHLC4- OnpH mo ocra Ha TErIUYHUA
amapar cec cwiaa 1500 kN u BeprukamHa cuma
1,0*g*(m;+m;3) (Tabmn. 9 ot [4])

24.5. CHLCS5- OnpH mo ocra Ha TErIUYHUA
amapar cec cwiaa 1500 kN wu BeprukanHa cuna
1,0*g*m; (Tabm. 9 ot [4])

2.5. FLC- CratnuHu pexuMH 3a HM3CIIeIBaHE Ha
yMopa.

2.6. FR- CoOcTBeHr 4ecTOoTH Ha KOIla Ha BaroHa
[12, 13].

3. M3uncimTe;THA MOJEeIH

To4HOCTTa Ha PEIIEHUETO B TOJISIMA CTETIEH 3aBUCH
OT YMEJIOTO pa3padOTBaHEe HAa W3YUCIHUTEIHUS MOJIEL.
[TpuunnaTta e, ye npu ChCTABIHETO MYy HE € BB3MOXKHO
Ja ce M3MOJ3Ba MOJEN, OTpa3siBalll M Hail-MalKuTe
noJipoOHOCTH Ha peanHus oOekt. ToBa Hamara
KOHCTPYKIMSITA J1a CE€ aHaIM3Upa, J1a CE YCTAHOBST
OCHOBHHUTE HOCEIIM CIIEMEHTH U J]a CE B3EME pEIlICHHE
32 IIeJIeChOOpasHOTO WM MPEACTaBsSHE  upes3
MONXOMSAIM KpaHH eleMeHTH. To3u Tmporec €
CyOCKTHBEH W 3aBHCH OT ONUTA W YMEHHATA Ha
CHELUATUCTUTE, TPOBESKAIIN N3UMCIICHHUATA.

3.1. AHanu3 Ha KOHCTPYKTHBHAaTa JOKYMEHTAIIUs

AHamM3bpT HA KOHCTPYKTHBHATA JOKyMEHTALUS €
OBPBUAT €Tal OT Tpoleca Ha pa3paboTBaHe Ha
M3YHCIIUTEIHUS MoAell. Toi € M3KIIOYMTEIIHO BayKeH,
3alI0TO TPH HEMpaBWIHA OIICHKA Ha HOCEIIUTE
CIIEMEHTH € BB3MOXKHO Ja ce pa3paboTd MHOTO
CIIOKEH, HO TPaKTHUECKH HEaJAeKBaTeH MOJIC,
pa3iuMdaBamy  ce€  CBIIECTBEHO  OT  peajHaTa
KOHCTpYKITHs. BB3 OcHOBa Ha TOBa, € HalpaBeH
noapobeH aHaIN3 Ha KOHCTPYKTHBHATa
nokyMmeHTtanus, npemocraBera ot TPAHCBAI'OH
AJl. KoHCTaTnpanu ca CJIeIHUTe TO-BaKHY (DaKTH:

3.1.1. KomreT Ha BaroHa € mM3rpajeH oT 2 TpynH
cromaHu: 3a moma - cromaHa HARDOX 450 c
xapaktepuctuki: Rp=1200 N/mm?*, Rm=1400 N/mm®
u A>10%; 3a ocTtaHajmaTa 4yacT OT KOIa - CTOMaHa
S355J2 mo EN DIN 10025 ¢ xapaktepuctuku: Rp=355
N/mm’, Rm=520 N/mm’ n A>10%.

164

3.1.2. M3non3Banu ca KOHCTPYKTUBHH SJICMEHTH OT
TUMNA “Tpeau” U “JIMCTOBa CTOMaHa™ .

3.1.3. Hamume ca mHoro Ha Opod TpemoBu
€JIEMEHTH, KOUTO Ca Pa3IOIOKEHHU MPABHITHO C OIJIE]
Ha HATOBAapBaHWATA, JCUCTBAIM BBPXY KOIIA Ha
BaroHa.

3.1.4. ]Jlebenunara Ha JHUCTOBaTa CTOMaHa € oT 4
1o 20 mm, KOeTo Mo3BOJIsBA Jla C€ W3MOJI3BAT KpalHH
€JIEMEHTH OT THIa “‘comuy’.

3.1.5. B KOHCTpyKmusTa ca  W3MOI3BaHU
MHOXKECTBO peOpa, IUIAHKH U JIPYTH, KOUTO HMar
JIOKAJTHH YCHJIBAIIN (YHKIUH.

3.1.6. Crpann4HuTe KJIaIm ca c
Hectanaaptmsupana ot UIC KOHCTpYKIHS U TOIEKAT
Ha JIOITBJIHUTETHO U3YUC/ISIBAHE.

3.2. Pa3paboTBaHe HA M3YUCIUTEITHUTE MOJICITA

OcobenoctrTe Ha BaroHa OT T. 3.1 ca oTueTeHH
TIPY U3TPaKIaHe HA CTPATETHsITa 3a pa3padoTBaHE HA
ONTUMAJICH  MW3UMCIMTENeH  Mogen. Tod  ce
XapaKTepH3HUpa ChC CIAESTHUTE OCOOSHOCTH:

3.2.1. PearHuAT 00EKT € MOJEIHpaH KaTo CIIOKHA
MEXaHWYHAa CHCTeMa, NPH KOETO € OTYETeHO
BIMSHUETO HAa BCHUYKM HOCEIM eJIEMEHTH: Tpeu,
YCHIIBAIIH TPOGIITH, pedpa, KOH30JIH, OOIITUBKY U T.H.

3.2.2. I'penute ce npencTaBsaT KaTo ChbBKYMHOCT OT
MHO)KECTBO HEJIMHEWHW KpaliHW €IeMEHTH OT THhIa
“comun”. IlpueToTo pelieHue Mmo3BoJisiBa JOCTAThYHO
TOYHO MOJIEJIMpaHe Ha 3aKpbIVICHUATa M 30HUTE, B
KOWTO Ca HaJINIIE Pe3KH MPOMEHH Ha T€OMETPUYHHTE

XapaKTepUCTHKH HAa  TPEAUTe WIH  CepPUO3HU
KOHLICHTPATOPH Ha HAIIPES)KEHUATA.
3.23. MeramHata oOmmBKa, pebpata u

YCUJIBAILIMTE IUIAHKK Ca MOJENMPAaHH C IOMOIITa Ha
KpaiiHu eneMeHTd oT Tuma “‘comun’. IlpuumnHara 3a
TOBa €, ue Ae0eNMHaTa UM € OTHOCUTEIIHO TojsMa U
Npy HajJW4yde Ha CpPaBHUTEJIHO TI'bCTa MpeXka €
BB3MOKHO Ja ce m3nomsBar 3D-kpailHu enemMeHTH.
TakbB Hoxo/, He MpoTHBOpeuH Ha Teopusita Ha MKE
Y TIO3BOJISIBA /1A CE€ OTYETe HOCEeIIaTa CIIOCOOHOCT Ha
JIMCTOBaTa CTOMaHA NPH BB3MPUEMAHETO HA BCHYKU
BBTPEIIHM YCWJIMSA, XapakTepHH 3a BaroHHUTE
KOHCTPYKLIIH.

3.2.4. 3a mpecMsATaHe Ha CTPaHWYHUTE KJamM ca
pa3pabOTeHN  CaMOCTOSITEIHM ~ MOJICNIH,  KOETO
OIPOCTSIBA M3YHCIICHHSATA.

3.2.5. Cunara oT coOcTBeHaTa Maca Ha BaroHa ce
BBBEXK/IA KAaTO PAaBHOMEPHO pasMpeAesieH ToBap IO
TUIOIITA HA TPEANTE, KOUTO U3rPaKAaT paMara.

3.2.6. Cunata OT MOJIe3HUsI TOBAp CE BBBEXK/A KaTo
paBHOMEpHO pasMpesieNieH ToBap 10 IUIOIITa Ha MoAa
Ha BaroHa.

3.2.7. KoHIEHTpupaHUTE CHIIM C€ BBBEXKIAT C
MOMOIITa  HA  JIONBJIHUTENIHM  KOHCTPYKTHBHH
€JIEMEHTH — TUI0YH, OJIOKOBE U T.H., TOOJFDKABAIIH Ce
MaKCHMaJIHO JI0 peajJHHs HAayMH Ha TIpeJaBaHe Ha
CHJINTE KbM paMara Ha BaroHa.

3a onTHMH3AIMS HA W3YMCIUTEIHUS MOJICH, €



H3CIIeBaHA CXOAUMOCTTA Ha PEIICHHUETO.

Ha ¢ur. 2 e mokazaH  ONTHMHU3MPAHUS
M3YHCIUTENICH MOJEN 3a HM3CIC/BAHEe HA SKOCTTa Ha
pamara mpu pexkKUMHTe OT T. 2.

Dur. 2.

3a 5ma ce W3rpagM IBUIOCTHA MpeicTaBa
W3YUCIUTENTHNSL MOJEN € IlenechoOpasHo Jia
npenocTaBd  HeoOXoaumara — MHGOpMaLHs
MOJAEIMPAHETO  HA  CWIHTE,  JACWCTBAIlX
KOHCTPpYKLHMATA W 32  OrpaHHYeHWsTa  HA
npeMectBaHusTa. [lopany orpannueHusTa B obeMa Ha
JOKJIaa BBIPOCHT e OB WIIOCTPHpaH camo 3a
peXuMa ,,IOBUTaHe Ha BaroHa Ha YETHPHU OINOpH
KOWTO Ce XapaKkTepu3npa ChC CICTHUTE OCOOCHOCTH:
Cuure OT TeXecTTa Ha JBEeTe TaJIUTH
JIEHCTBAIlM BBpPXY IIOBJWTHATHsSI BaroH ca
Mozenupanu (¢ur. 3) karo ca W3MOI3BaHU 2
JOITBJIHUTCIIHM  KOHCTPYKTHMBHU BB3€JIa B
30HUTE Ha IICHTPATHUTE JIArepH, KOUTO HE ca

YacT OT U3CJI€ABaHaTa paMa Ha BaroHa.

@ur. 3.

Cunata or coOCTBeHaTa Maca Ha BaroHa €
MOJICIIMpaHa KaTo PaBHOMEPHO pasnpeliesicH
TOBap (HAIATAHE) TO IUIOMITA HA TPEIWTE,
KOWTO M3rPaKIaT pamara.

Cunata OT TIOJIS3HHSI TOBAp € BbBEICHA KaTo
PaBHOMEPHO Pa3MpeNe/ieH TOBap IO ILIOIITA
Ha 1014 ¥ CTCHUTE Ha BaroHa.

OrpanndeHusaTa Ha NIpEMECTBAHUATA ca
MOJICITUPAaHH B 30HWTE IMPEIBHUICHA 32 MMOBIWTAHE HA
BaroHa C MOJIEMHUITH TI0 ciIeTHus HauvH (ur. 3):

a. [o HauTRKHATA OC HA paMaTa MPEeMEeCTBAHUATA
ca OrpaHUYCHH B JIBE ONIOPH B €IMHUS Kpail Ha BaroHa.
ToBa  mo3BONsIBA  CBOOOJHOTO ~ OrbBaHe  HA
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KOHCTPYKIMATA W  HaMajisiBa  Ipelkara
MOJICJIUPAHETO HA [PAHUYHKTE YCIIOBHUS.

0. Ilo BepTMkalHaTa OC OrpaHUYECHHUATA Ha
MPEMECTBaHUATA Ca BBBEACHH BBHB BCUYKU YCTHPH
TOYKH 000COOEHH 3a ITOBUTaHE.

B. [lo HanpeyHata OC OrpaHHYCHUATA Ha
MPEMECTBAaHMUATa Ca BBBEACHH B JBE 30HA Ha
nopurade. OcoOSHOTO TYK € TOBA, Ue TE3H JIBE OTIOPH
Ce HaAMHpar OT eIHaTa CTPaHa Ha BaroHa.

OrpaHnyeHusTa Ha MPEMECTBAHHUATA Ca 3aJaICHU
[0 MHOTO MaJIKa IUTOII, C IeJ Ja He Ce OrpaHHJaBatr
3aBBbPTAHMATA HA paMara.

AHAJIOTUYHO Cca  MOJCIUPAaHKM H  JPYTUTe
perilaMeHTUPaHd XOPM30HTAIHA U BEPTUKAIHU CHIIH,
HATOBAPBAIIM HOCEIaTa KOHCTPYKIIMS Ha BaroHa.

Ilpn pexUMHUTE C XOPU3OHTAHO HATOBapBaHE,
CWJINTE HAa HATHCK W OITbH Ca MOJICJIMPAHU KaTO ca
M3II0JI3BAHN TOIBIHUTEIHNA €JIEMEHTH, KOUTO HE ca
yacT OT H3CIEABaHMA KOII HAa BaroHa, a
OrpaHMYCHUATA HA MPEMECTBAHKATA M0 BEPTUKATHATA
W 10 HampeyHata OCH Ca BBHBEACHM B 30HATA HA
neHTpamHuTe Jarepu. OcoOeHOTO TYK € TOBa, Ye KbM
(anena (He € 4acT OT U3cjeBaHaTa paMa) € J0OaBeH
NOIBITHUTENICH,  HECBIIECTBYBAIll  €JIEMEHT  C
JOCTaThuHa JIcOeIMHA.

[lpy mpaBUIHO W3rpajieH TEOMETPUYEH MOJEN U
TOYHO BBBEKIAHE HA HATOBAPBAHETO, OIOPHUTE
peaKiyy B XOPU30HTATHATA PaBHUHA TPSIOBa 1a ObaaT
paBHU Ha CWJIMTE HA HaToBapBaHe. B ciyuyaii, ue ToBa
HE € W3IBIHEHO, TO € HaIWIe TIpeliKa IpH
MOJICIIUPAHETO.

pu

4. Pe3yJraTu OT U34MCIEHUSATA

SIKoCTHUTE M3YMCIICHHSI Ha KOIIA Ca HApaBeHH C
nporpamuaust npoaykt SolidWorks Simulation [3].
W3cnenBanu ca cieaHUTE BEJIWYMHU: EKBUBAJICHTHU
HalpeKeHHsl B KpaiHUTE €IEMEHTH; HAIPEKCHHUsI BbB
BB3JIMTE; AeOopMaLii U IPEMECTBAHMSI.

Ouenkara Ha sIKOCTTa Ha KOIIa HA BaroHa €
HampaseHa 1o [4-6] nomyctumu mpemectBanus (1) u
JIOIYCTUMH HaIlpe)KE€HHUsI B CHOTBETCTBHE C YCIIOBUE

(2):

Opax = 3%0.21, (1)
Kkbaero 2/ e 0azara Ha BaroHa.

Tabmuma 1
3o0Ha Ha XapaKkTepHCTHKH Ha JonmycTumu
H3CJIE/IB. MeTaja HaIPeKeHUst
cevyeHue

OcHOBeH Rp < 0,8.Rm Odon™ Rp
metan u3BbH | Rp> 0,8.Rn uA>10% Goon= Ry
3aBapbyeH IEB | R, > 0,8.Rm 1 A<10% Ovon=Rn/1,25
OcHOBEH Ry < 0,8.Rn o= Ry/1,1
MeTall B Rp > O,S.Rm I/IA>[0% Ooon= Rp/],]
Gmasoct 710 [ R, > 0,8 Rn uA<10% | Gon=Rn/1,375
3aBaphyeH e




Rp - epanuya na nposnausane; Rm - axocm na onvh; A -

OMHOCUMENHO — YOWIDICEeHUe — Cled  paspyuasane 8
npoyexHmu.
O-MS O-don (2)
Homyctumute Hampexenus (Tabm.2) oy, ce
ompenensT cropen [8, 10]radm. 1.
Tabmmma.2.
30Ha Ha M3cJenB. I[onycmm;y 2
ceenme Hanpexenusi, N/mm
HARDOX 450 S355
OcHOBeH  Meral 1200 355
M3BBH 3aBAPBHUCH LICB
OcHOBeH MeTtan B
6M30CT 710 3aBapbucH 1090/323 323
IICB
WscnenBanero 3a yMopa Ha Marepuaia €

HalpaBeHo ChITIACHO MpeAIokeHaTa B [9] meTonuka.

5. 3ak1ouenue

O0001maBaiiky sUT0CTHATA paboTa M0 HACTOSIIOTO
M3CIIeIBAHE MOTaT J1a CE€ HAMPABAT CICTHUTE OCHOBHH
H3BOJIHU:

5.1. Pa3zpaboreHn ca W3YHCIUTEIHH Mojeia 3a
SIKOCTEH aHaJM3 Ha HOCelara METalHa KOHCTPYKIHA
Ha CTeIMAIM3UpaHy TOBApHH BaroHH, cepus Falns.

5.2. W3cnenpana € CXOAMMOCTTa Ha PEIICHUETO
KaTo € YCTAaHOBEHO II0 TEOPETUYEH IIbT, Y€
MIPEUIOKEHUTE MOZETH Ca TOIXO/IAIIN 32 U3CIIC/IBAHE
Ha paMH Ha BaroHu OT Ta3u cepus. [locturnato e enHo
ONITUMAJTHO CHOTHOIIICHUE MEXKTy OTHOCUTEITHO MAITBK
Opoli KpaliHM €JIeMEHTH W TOYHOCT Ha MOIYyYCHUTE
pe3yaTaTH 3a W3CICABAaHE PA3NpPEICNICHUETO Ha
HaNPEKEHUATA U MPEMECTBAHUITA B KOHCTPYKITHATA.

5.3. CpaBHUTENHMAT aHATU3 HA JaHHUTE OT
TCOPETUYHUTE W3CIEABAHUS U TE3H OT PEATHUTE
W3NUTBaHUs Ha BaroHa [7, 11] mOTBBp)KIaBaT MHOTO
JOOpOTO  CBBIAACHWE  HA  pe3ydTaThre  3a
HAMPE)KEHUATA U TPEMECTBAHUSATA.

B 3akmoueHue cienBa da ce  OTOENICHKH, Ue
pa3paboTeHUTE N3YUCITUTEITHN MOJICIU Ca TIPHIIOKEHH
Ipu  TPOSKTHpaHe HAa  HOBA  BUIOM3MCHEHA
KOHCTPYKITHSI HA BarOH OT chinara cepust. [locmenaust

€ BBBCJICH B CKCIIJIOATallsd OT HEMCKAaTa »KEJIC30ITbTHA
aIMUHHUCTpanusaA BB3 OCHOBA CaMO Ha TCOPCTHYHHTC
H3CIICABAHUAA, 0e3 MMPOBCIKIAHC HC U3ITUTBAHUS.
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STATIC STRENGTH ANALYSIS OF THE BODY OF A WAGON, SERIES Falns 176

Svetoslav SLAVCHEV

Sanel PURGIC

Valeri STOILOV
Borislav DAMIANOV

The report contains the results of the static strength analysis of the body of a wagon, series Falns 176. The theoretical research
has been done using the Finite Elements method. The software product SolidWorks Simulation has been used. Sophisticated
three-dimensional calculation models have been developed describing precisely the body geometry. In the process of creating
the models the similarity of the results has been analyzed. This allows the development of the most suitable schemes with
regard to visualization of the object geometry, input of the applied pressures and reactions and obtaining precise enough results
concerning the distribution of deformations, displacement and stress.
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Pe3rome:

Wznom3pana e MeTOﬂI/IKaTa 3a MpujlaraHc Ha CpPaBHUTCIIHUA IMOAXO[ 3a JOKAa3BAHC Ha AKOCTTa HAa BArOHHU

KOIIOBE. 3a IeNTa € HalpaBeH CPaBHUTEICH aHAINM3 Ha PE3YNTATHTEC 32 HANPEKCHUATA, MPEMECTBAHMATA U
JedopmalmnTe, MoJy4eHH 10 TEOPETHYEH U eKCTIePUMEHTAJICH BT 3a BaroH cepust Falns 176, 4UTO KOHCTPYKIIMS €
TIOCITY’KHUJIa 33 TIPOTOTHIT Ha HOBOIIPOCKTUPaHUsI BaroH Falns 274. Jloka3aHo ¢ MHOTO J00pO ChBIAJICHHUE HA TAHHHUTE
3a npototunia Falns 176. C w3uucinTeNleH MOJieN, MOA00EH Ha TO3M Ha MPOTOTHIIA € HAIPaBEHO H3CIICIBaHE Ha
Moauupanus BaroH Falns 274. HanipaBeH € CpaBHUTEIICH aHATN3 Ha PE3yJITaTUTE OT TEOPSTUIHUTE M3CIICABAHUS
Ha JIBeTe KOHCTPYKIMH, KaTo € IPENopBhUaHo BaroHsT Falns 274 na ObIe BeBEICH B eKcIuioaTanys 0e3 IpoBeKIaHe

Ha p€aJilH U3IMNTBAHMA.

KiaouoBu AYMM: 6A20H, SIKOCMEH AHAIU3, Memoo Ha Kpaﬁnume enemernmu.

1. BbBenenue

Uscnenanero € HampaBeHO IO 3asBKa Ha
TPAHCBAI'OH AJl rp. Byprac. Karo nporotun na
HOBOIIPOCKTUpaHus BaroH Falns 274 € MOCITyXuil
BaroHwT Falns 176 (ur.l), yuaATO KOHCTPYKTUBHATA
JOKYMEHTalusl € pa3paboTeHa B MPEANpHATHETO Mpe3
2007 r., mnutan ¢ B HUUT u e BbBeueH B
ekcrutoatanusTa mpe3 2008 r.  oT  HeMmckara
YKeJIe30MTbTHA aIMUHUCTPALISL.

Dur.1.

B crotBercTBHE C [11] M3cenBaneTo € MPOBEICHO
B Cle[JHATa TOCJICAOBATEIIHOCT: pa3paboTeH ¢
M3YMCIMTENIEH Mojael Ha BaroH Falns 176;
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MOJTyYCHNUTE TEOPETHUHU pE3YyJITaTd Ca CPaBHEHU C
eKCHepI/IMeHTa.HHI/ITe HpI/I HN3IIMTBAHC Ha BaroHa,
HAIpPaBeH € aHAJIU3 Ha PE3yJTAaTUTE OT CPABHUTEITHHS
aHajn3; pa3padoTeH € U3YMCIIUTEICH MOJIENT Ha HOBHS
BarodH Falns 274, KOWTO € JOCTAaTBhYHO OJM3BK 10
Mojiejla Ha MPOTOTHIIA; IPOBEACHU Ca W3YUCIICHHAITA,
CpaBHEHH Ca TCOPETUYHHUTE PE3YJTAaTH OT U3CJICABAHE
Ha JBeTe MOIU(HKAIMK HAa KOHCTPYKIMATA U €
HAlpPaBeHO  MpPEJIOKEHHE  3a  BBBEXKIAHE B
eKCIIoaTaIys.

2. CpaBHUTe/IEeH aHAJIM3 HA TEOPEeTHYHUTE U
eKcrepuMEeHTAIHHM AaHHU 3a BaroH Falns 176

WMzuncimurennuar woxen Ha Falns 176 e
pa3paboTeH B CHOTBETCTBUE C [7]. AHanm3upaHu ca
BCHUKHM pexumu, npeasuaeHn B TSI u EN 12663-
2:2010, B pe3ynTaT Ha KOETO ca MOJY4YEeHH JTaHHH 3a
MPEMECTBaHUATA, JIePOPMAIIMUTE U HAIPESIKCHUSITA B
KOHCTPYKIIHSATA 10 TEOPETUYCH ITBT.

M3nutBanero Ha BaroHa € mpoBeaeHo B HUNT
mpe3 2007 r. [8]. Cxemara Ha pa3MOJIOKECHUE HA
JIATYUIMTE € TIOKa3aHa Ha (ur. 2.



3a 1enmTe Ha CPABHUTEITHUS Ca:
M3M0JI3BaHA  CIAMHCTBCHO  JIATUHUIIMTE,
CTOWHOCTH Ha HampeyxeHusTa ca Haja 100 MPa;
OTYETCHU T. Hap. ,,JUCTH PSKUMH, T. €. PEKUMHUTE,
IIPY KOMTO CE€ TIpHJjIara caMo erH BUJ HaTOBapBaHE Ha
KOHCTPYKIIHATA, C 1€ Ja He Ce JIOMyCHE CYyOEKTHBHA
rpelka.

UYacT ot pe3ysiratuTe OT CPaBHUTEIHHS aHAIHN3 ca
TIpencTaBeHy B Tabmmra 1.

HYUUTO

OTIPOCTSIBAHUATA, IPUETU ITPU MOJETMPAHETO;
HaulMHa Ha 3aJenBaHe W  paslojaraHe Ha
BB3IPUEMATEINTE;
TpEeLIKUTE Ha N3MEpUTENIHATA arapaTypa;
HETOYHOCTHTE TIpu W3pabOTBaHE Ha HOCelaTa
KOHCTPYKLIMSL;
TEXHOJIOTHYHUTE OTKJIOHEHHS Ha MaTepraa;
HaJIMYMEeTO Ha CEpHO3HM  KOHIIEHTpaTopu Ha
HarpeXeHHATa;
HEBB3MOXKHOCTTAa /12 CE€  BB3MPOU3BEIE
HAaTOBapBaHETO I10 BPEME Ha W3NHUTAHUATA U JIP.
OCHOBHUST M3BOJI OT paboTaTa, U3BHPIIEHA B T. 2
€, Ue U3UUCIMTETHUAT MOJIEN € pa3padoTeH KOPEKTHO
1 MOXe 1a ObJie U3IOJI3BaH 32 H3Clie/JBaHe Ha SIKOCTTa
Ha HOBONpOoeKTUpaHus BaroH Falns 274.

TOYHO

3. CpaBHuUTeJleH aHAJIU3 Ha TeOPeTUYHUTE
pe3yatartu 3a BaroH Falns 176 v Baron Falns 274

KOHCTpYKTHBHUTE pa3iMKi MEXKIy JBaTa BaroHa
Ce CBEeXIAT OCHOBHO [0 MapaMeTpuTe: ThIDKAHA HA
Kollla, 0a3a ¥ JB/DKMHA HA CTPaHUYHUTE Kianu. [Ipu
HOBOKOHCTpyWpanusi BaroH (Falns 274) nwibkunata
Ha Korma 1 6aszara ca no-maiaku ¢ 750 mm, a Bcgka ot
CTpaHHUYHMTE KJamu € mo-kbca ¢ 220 mm cropsmo
npororuna. Jlonbaautenno Falns 274 ¢ ¢ rabaput G2,
nokato Falns 176 € W3NBIHEH B CHOTBETCTBHE C
rabaputr Gl. Hamuie ca u HAKOM HECHUICCTBEHH
M3MEHEHHUSI Ha KOHCTPYKTHBHH €JIEMEHTH Kato pedpa,
paarycu Ha 3aKpbIVICHUE, PEXOAU. BPb3KU H JPYIH,
KOWTO Ca MPEANPUETH Hali-Be4e OT TEXHOJOTHYHH
CHOOpaKEHHSL.

3a 1enmMTe Ha U3CIIEABAHETO € pa3paboTeH CIIOKEH
MPOCTPAHCTBEH M3YMCIMTEICH MOJEI, ONHMCBAIIH
MHOTO TOYHO TeoMeTpusaTa Ha BaroHa ¢wur. 4. Ilpu
HETO Ca OTpa3eHH BCHYKH IIOCOYEHH II0-TOpE
M3MEHEHUS B KOHCTPYKITHATA Ha BaroH Falns 274 n ca
W3MOJI3BAaHN TIOXBATUTE W TPHHIMUITUTE, TPHIOKEHH
TIpY M3CIIeIBAaHEeTO Ha Tiporotuna Falns 176 ¢wr. 3.
[o-BaxxHUTE OT TAX Ca 1a/ieHN B TabIMIA 2.

Tabnumma 1.
Omax FEM/
Pexa | Gmax FEM U3nurtBane TANe U3nutBane

HLC 1 -267,6 -290,9 057 92%
HLC?2 -234.8 -256,4 068 92%
HLC 3 -117,9 -109,5 070 108%
HLC 4 1923 188,7 024 102%
VLC 1 138,7 125,0 077 111%
LLC la* 155,7 155,3 086 100%
LLC 1b* 171,2 165,5 071 103%
LLC 2% 199.5 207,4 001 96%
CHLC 1 -237.9 -258.,9 057 92%
CHLC 2 -298.6 -256,4 068 116%
CHLC 4 189,1 208,7 057 91%

AHanM3bT Ha TaHHUTe OT Tabnmia 1 mokassa, ue €
HAJIMIIE OTHOCUTEIHO JIOOpO  CBHBIAJCHUE Ha
pe3ysTaTUTE 3a HANPEXKEHHATa, MOAYYEeHH 10
TCOPETUYUCH U CKCIICPUMCHTAJICH IIBT. MakcumMannara
pa3nmka He mpeBumanBa 16%, KoeTo € rapanius, 4e
M3YUCITUTCIIHUAT ~ MOJAEN  MPaBUIHO  OTpassiBa
reoMeTpHsATa Ha KOIIAa Ha BaroHa, IeOMETPHYHUTE
XapaKTEepUCTUKH Ha  W3MOJ3BaHUTE  MAaTepHAIH,
HAYMHBT Ha MOJICTUPaHE Ha TPAHIMYHUTE YCIIOBHIS.

KoHcratupanute pa3niky Morar Jia ce OOsICHST C:

TaGsma 2.

Ilokazamen Falns 176 Falns 274
ITporpaMen IPOAyKT SolidWorks SolidWorks
Tun Ha kpaitHure D iD
CJICMCHTH
Bpoii enementu 698 295 716 086
Bpoii B3 359 584 369310
Pexxumu Ha EN 12663- EN 12663-
HaTOBapBaHe 2:2010 2:2010
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Dur. 3.




Crien mpoBeX/JaHe HAa W3UKCIICHUATA € HalpaBeH
CPaBHHTEJICH aHAM3 Ha TIONYYCHUTE PE3yJTaTH o
TEOpPETHYCH BT 3a IBaTa BArOHa OTHOCHO:

- MacOBHUTE WHEPIMOHHA MOMEHTH — TalI. 3;

- KOpaBWHATA Cpelly yCyKBaHe — Taou. 4;

- MaKCHMAaJIHOTO TPOBHUCBaHE Ha HAH-HHUCKO

pasmoNoxkeHaTa TouKa B cpejiaTa Ha BaroHa —
TaoI. 5;

- CTOMHOCTUTE Ha MAaKCHMAJHUTE HAMPENKECHUSI

ca ToKa3aHu B Tabu. 6 u ¢ur.5 no ¢ur.8;

- CTOMHOCTHTE Ha KOC(bI/ILII/IeHTI/ITC Ha
CUTYPHOCT HpU H3CJICABAHC Ha 30HUTC Ha
Sl 3aBapPBUHUTE IIEBOBEC u 30HUTEC C
l KOHICHTPATOPU Ha HAIIPEIKCHUATA — Tabm1. 7.
Tabnuma 3.
i Macosu unepyuonnu Falns 176 Falns 274
; Momenmu
l.. Ixx, kg.m? 17157,93 19768,30
Jyy, kg.m? 153600,92 143324,50
Jzz, kg.m? 154235,82 142064,49
@uwr. 5.
Tabmura 4.
Kopasuna Falns 176 Falns 274
c*t, KNmm?*/rad 7,27044025 8,60119047
Tabmmra 5.
Ilposuceane Falns 176 Falns 274
Ah, mm 5,8 5,1
Tabmmma 6.
Pexum Ha MaxkcuMaIHU HANIpesKeHU s,
HATOBapBaHe MPa
crop e;:;%\llol 2663- Falns 176 Falns 274
HLCI 342,0 271,3
HLC2 306,3 2143
HLC3 229,7 227.8
HLC4 2132 202,5
VLC 1 341,0 179,2
LLC1 211,6 172,1
LLC2 281,3 2152
LLC3 305,6 337,0
CHLC 1 318,0 309,6
CHLC 2 275,6 2459
CHLC 3 272,6 274,8
CHLC 4 266,3 255,1
CHLC 5 213,1 211,9
Tabmmma 7.
Koeguyuenm na cucypnocm S no
Koncmpyrmugen ERRI BI2/RP 17 anexc L1 gepcusn A
eremenm Falns 176 Falns 274
HeHTpaHO- 3,20 3,58
OontoBa rpena ’ ’
CTpaHWYHa rpena 2,15 2,04
rppOHaYHa rpesa 2,31 2,63
MEK/IMHHA CTEHA 1,28 1,81
CTpaHWYHH CTEHU 3,86 5,78
OMOpHU Ha TIOAa 1,51 1,89
I0JI0BA JIAMapHHA 1,33 3,12
BEPTHKAIHA
dur. 8. JlaMapuHa HaJ 3,93 8,00
moja
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AHAIU3BT HA TAHHUTE OT TAOIUIM 3 — 7 ITO3BOJISBA
Jla Ce HATIPaBAT CIICTHATE U3BOJIH:
M3YMCIUTEIHUTE MOIEIM 3a H3CIeABaHe Ha
nBata BaroHa Falns 176 w Falns 274 ca
ONMU3KM MO TMapaMeTpd, TPHHUUIHA Ha
pa3paboTBaHe M HAYMHU Ha BBHBEXKIAHE Ha
OFpaHI/I‘-II/ITC.HHI/ITe YCJIOBI/ISI;
MAaCOBUTEC I/IHepHI/IOHHI/I MOMCHTH Ca CXOJHH,
KOpaBHHATa Cpelly YCYKBaHE Ha BaroH
Falns 274 e mo-romsma oOT Ta3W Ha
IIPOTOTHIIA,;
MPOBUCBAHETO B CpelHATa YacT Ha BaroH
Falns 274 e mno-majlko OT ToOBa Ha
IIPOTOTHIIA,;
MAaKCUMAJIHUTC HaHpe)KeHI/ISI HpI/I HOBaTa
KOHCprKHI/IH ca 6JII/13KI/I HJIN I10-MaJIKu OT
CBbOTBCTHHUTC CTOP‘IHOCTI/I Ha HaHpe)KeHI/ISITa
pu IIPOTOTHIIA. N3kmrouenus ca
KOHCTaTI/IpaHI/I CANHCTBCHO HpI/I pe)KI/IMI/ITe
HLC1 u LLC 3, kxouro ce AB/DKaT Ha
HaIlpaBEHUTE KOHCTPYKTUBHHA N3MCHCHIIS,;
Koe(HUIMeHTHnTe Ha CUTYPHOCT 110
OTHOIIIEHWE Ha yMopaTa Ha MaTepuaiga B
30HaTa Ha 3aBapBHYHUTE IICBOBE MPH HOBHUS
BaroH ca Io-TOJIEMH OT TE€3HW Ha MPOTOTHUIIA.

4. 3axumouenue

0O00011aBaliKy [SUIOCTHATA PabOTa M0 HACTOSILIOTO
M3CJIe/IBAHE MOTAT Jla CE HANpPAaBAT CJCTHUTE OCHOBHH
W3BOIM:

1. Pa3paboTeH € CIOKEH H3YMCIUTEICH MOIET
3a m3cieaBaHe Ha BaroH Falns 176. KoHcTaTHpaHo €
MHOTO J00pO CBOTBETCTBHE HA pe3yJNTaTHTe 3a
HaIPEKEHUATa M NPEMECTBAHUATA, IIOJYYEHH IIO
W3YUCIIUTENICH ITBT U TE3M OT M3MUTBAHETO HA BaroHa.
ToBa mo3BONMsIBA MOJENBT Ja cC€ M3MON3Ba 3a
W3CIEABAHE W ONTHMM3AIMSA Ha Jpyrd MoAo0HH
00€KTH ChC CXOAHA KOHCTPYKLHSA, KAKBBTO € BaroH
Falns 274.

2. HampaBeH e cpaBHUTENEH aHAIM3 Ha
TEOPETHYHHUTE pe3yNTaTu 3a BaroH Falns 176 v Baron
Falns 274, ipu KoeTo € yCTaHOBEHO, Y€ NpHU JIBETE

PasHOBUAHOCTA Ha BaroHa MACOBHUTC HWHEPHHUOHHU

MOMEHTH, KOpaBHHUTE cperry YCyKBaHe,
MPOBHUCBAHETO HAa KOIIA, HANpeXEHUATa IpH
CTaTMYHUTE  pPEKUMH  HA  HATOBapBaHe WU

KOC(DUIIMEHTUTE Ha CUTYPHOCT IPHU W3CIC/BAHE Ha
yMopara Ha Marephaia B 30HUTE Ha 3aBapbUuHHTE
[IEBOBE Ca OJIM3KH TIOMEKAY CH, Karo B IOBEYETO
ClTy4a ca B I10J13a Ha HOBOIIPOCKTHPAHHSI BaroH.

ToBa JpaBa OcCHOBaHME J]a c€  HalpaBu
NpeJIOKEHUE 32 BEBEXK/IAHE B EKCILIOATAIINS Ha BarOH
Falns 274 6e3 na ce MpoOBEXIAT 3aTbDKATCITHUATE
H3NUTBAHWA HAa KOHCTPYKIUATA.
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STRENGTH ANALYSIS OF A WAGON SERIES Falns 274 WITH PURPOSE TO COMMISSIONING WITHOUT
TESTING

Sanel PURGIC

Svetoslav SLAVCHEV

Valeri STOILOV

The methodology for the application of the comparative approach to demonstrate the strength of the wagon body is used. For
this purpose, a comparative analysis of results for stress, displacements and deformations obtained theoretically and
experimentally for wagon series Falns 176, whose structure has served as a prototype of the newly wagon Falns 274, was
made. It has been shown, that very good match data for the prototype Falns 176 is present. With computing model similar to
that of the prototype, the study was also conducted on the modified wagon Falns 274. A comparative analysis of the results of
the theoretical studies of two structures was made, and it is recommended wagon Falns 274 to be put into operation without

testing.
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ABSTRACT

Communication-based train control systems are state of the art train control technology,
which controls metro operation for all grads of automation - from semi-automated driving
until fully automated metro operation. Siemens has developed for its CBTC system an
automatic train operation algorithm that allows intelligent management of train runs so
that only minimal traction energy is consumed and the timetable targets are met. This
energy saving algorithm is applied automatically to each train without the need for driver
or operator actions. Tests have shown that traction energy reduction of 15% can be
achieved in average resulting in huge savings of operational costs.

INTRODUCTION

The energy consumption of a mass transit system is defined by a wide range of factors.
Energy-saving potentials can be explored at all levels of the transportation system. This
includes the shift in transport volume from private to public transportation, which is
commonly referred as modal shift. It can lead to better utilization of the existing
transportation infrastructure and, ultimately, to the direct reduction of emissions caused
by motor vehicles, which is a key factor as well.

Especially in large cities with dense populations, underground systems — or metros — are
instrumental for city planners and authorities when it comes to providing an
environmentally friendly mode of transportation. However, metro trains are energy-
intensive because of their inherent operational requirements for starting, fast
acceleration, driving at maximum speed and stopping at every station within a headway
of about two minutes. Hence, the traction power of the trains accounts for most of the
electrical energy consumed by a metro system. Modern metro trains are equipped with
train control systems, which work automatically and relieve the driver of most of the
routine tasks such as speed control and precise target braking at the station platform. At
a higher automation level, a fully automated metro runs without any driver on board and
is controlled solely from the operations control center.

The control system which performs all these automation functions and ensures safe
train operation is known as a Communication-based Train Control (CBTC) system and is
being used in most of the newly built metro lines around the world. A CBTC system
includes an Automatic Train Operating (ATO) component, which is responsible for the
automatic train operation and driver assistance functions. Together with the automatic
train regulation function and the timetable management system of the Automatic Train
Supervision (ATS) system, the ATO is the key element for ensuring energy optimization
of the train runs.

This paper deals with an automatic train operation algorithm that allows intelligent
management of train runs so that the timetable targets are met and only minimal traction
energy is consumed.
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ENERGY-SAVING PRINCIPLE

A mathematical optimization method from the optimal control theory can be applied in
order to explore the energy-saving potential related to an individual train run. The
mathematical problem is to find a way to drive the train from station A to station B in
such a manner that minimizes its energy consumption, while not exceeding the limit set
by the timetable.

Based on this principle, Siemens has developed an intelligent algorithm that makes it
possible to forecast the train running curve between two stations by calculating the
speed-distance trajectory in real time.

It can be shown that the coasting/cruising principle provides the energy-optimal driving
trajectory with only four operating modes:

full acceleration, cruising, coasting and full braking.

The task of the coasting/cruising algorithm is to find the switching points between the
modes and to determine the trajectory, which represents the train run between two
stations with the lowest energy consumption (see Figure 1).

Full =

acceleration Cruising Full braking Coasting

Time-optimal train run Energy-efficient train run

Figure 1: Coasting/cruising algorithm

Most of the energy can be saved if the coasting phase is extended as much as possible,
which means that the propulsion system is shut down and the train only moves because
of its kinetic energy. However, the coasting phase may extend the travel time. Therefore,
determination of the switching point becomes essential for meeting the timetable
constraints.

APPLICATION IN THE SIEMENS CBTC SYSTEM

The optimization principle must on one hand find the trajectory with the lowest energy
consumption and on the other hand meet the timetable constraints. Consequently, the
timetable management system and the automatic train regulation component from the
ATS system have to interact with the onboard ATO.
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Wayside Communication Network (Ethemet)

Tralnguard MT Airlink
WCU TTS Central System Router

Radio Bus (Ethernot)

Figure 2: Configuration of a CBTC system with energy-optimization function

Figure 2 shows the configuration of the subsystems which are necessary to achieve the
desired running behavior of train without any intervention by the operator or train driver.

The first step involves the download of the energy-optimized timetable from the
schedule compiler to the automatic train regulation (ATR) module of the ATS system (1).
Typically, all trains are regulated by the ATR according to the actual loaded timetable.
When a train arrives in station number 1, the onboard system sends a stop event signal
to the wayside system via the CBTC radio channel (2). The signal is transmitted further
to the ATR module and the actual arrival time is compared with the scheduled value (3).

In a second step, the ATR calculates the difference between the actual and scheduled
values and sends a travel time and departure time in seconds to the onboard ATO (4).
Based on these values, the onboard ATO calculates the energy-optimal driving
trajectory.

Finally, the ATO drives the train automatically to the station number 2 according to the
coasting/cruising principle. On arrival, the onboard ATO sends the arrival event signal to
the wayside (5).

This procedure is automatically applied to all trains on the line. By using a specially
designed timetable, major energy savings can be gained especially in non-peak hours
when run time reserves can be included in the timetable.
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CASE STUDIES

Saving energy with the coasting/cruising principle

The Guangzhou-Foshan metro line in China is a newly built double-track underground
line with a length of 32 km and 21 stations. The line was equipped with the Siemens
Traingaurd MT system and it is a typical practical application of the energy-efficient
driving method. Onsite tests were conducted during the system commissioning phase in
order to validate the energy-saving capability of the CBTC system.

Project: Guangzhou-Foshan
Date: 2011-03-16
Station: 23> 22
Distance: 972 m
Time optimal drive: 82s
Time slack for EED:; 10 %
Energy consumption

time optimal: 10 2 kWh
Energy consumption EED: 57 kWh
Energy saving: 44 %
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Figure 3: Speed-time diagram for time

Figure 3 shows the speed-time curves for a train run with an optimal time (black line)
and a curve for a train run of an energy-efficient train run (green line). The rise of the
green line stops at a travel time of about 35 seconds due to shutdown of the propulsion
system, which is automatically triggered by the onboard ATO. The train continues in the
coasting mode, which does not require traction energy until the trains starts with the
braking phase at about 75 seconds. The traction energy saved in this case was
measured at 44% compared to the speed-time optimal running curve. The energy
consumption data were obtained directly from the TMS-interface of the train. The
accumulated energy consumption is shown as dotted lines in the diagram.

In order to test different scenarios, five travel times ranging from 101.9 seconds to 117.2
seconds were used. These travel times correspond to a run time reserve of 5%, 7%,
10% and 15%, which are typical settings for the timetable. The traction energy
consumption was measured as described above and compared with the optimal time
run consumption.
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Figure 4. Relation between energy-saving potential and runtime reserve

Figure 4 illustrates the relation between the runtime reserve and the reduction in traction
energy. The energy-saving potential can be unlocked by designing appropriate
timetables for peak and non-peak hours. According to field data acquired from various
projects using CBTC technology from Siemens, an average traction energy reduction of
15% is achieved with the aid of the coasting/cruising algorithm compared to systems
without this algorithm. It has to be mentioned that the energy-saving potential depends
also to a large extent on the track topography, especially on the gradients of the
particular line.

CONCLUSION

It can be concluded that the coasting/cruising function contributes to a significant
reduction in operational costs of the metro system. The coasting/cruising algorithm also
ensures that the timetable targets are met. Furthermore, it helps to reduce the wear and
tear on the mechanical brake system and reduces the noise due to reduction of the train
speed. In view of the fact that the coasting/cruising function is part of the ATO
subsystem, this energy saving is applied automatically to each train without the need for
operator actions. This ensures that all potentials given by the real-time train operation
and timetable are explored. A traction energy reduction of 15% can be achieved on
average for a typical metro system. The estimation of the reduction in operational costs
was based on a 26-km-long underground line with 24 stations. It was further assumed
that the line would be in operation 18 hours a day with three minutes headway. On the
basis of these assumptions, the energy-saving potential lies between 0.5 to 1 million
euros per year, depending on the applicable price of energy.
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Abstract:

This paper presents a holistic view of energy consumption of railway vehicles in city public transport by taking
into account the material flow und energy flow during an entire life-cycle of railway vehicles. Special attention was
brought to energy-conversion in the vehicle and improvment of energy efficiency of air conditioning units.

Keywords: Energy Optimization, Railway Vehicles.

1. Introduction

City public transport has never been more important.
Increasing urbanisation and increasing population
growth on the one side, diminishing energy resources
and growing ecological awareness on the other, have
combined to focus attention on low cost, energy
efficient, urban transport. The aim of the work is the
analysis of energy consumption of the railway vehicles
in city public transport.

2. Holistic view to optimizing the energy consumption
of railway vehicles

In the most rudimental description a train would be
considered an input-output product with a close relation
(and influence) to enviroment.

According to the standards ISO 14040 and I1ISO / TR
14062, there are 5 stages in the life cycle of a product [3]
[4] raw materials, manufacturing, distribution, product
use and the end of life. Energy, however, is required and
both lost in each stage. Every stage of life could be
optimized so that loss of energy and environmental
pollution could be significantly reduced.

In general there are two kinds of primary energy:
renewable energy: water, wind, solar energy and non-
renewable energy (fossil-based energy): coal, gas, oil.
We have losses und environmental pollution on each
station of the energy flow from primary energy to the
rail vehicle. As shown in Figure 1 these stations are:
power plant, transformer station, transmission system
und catenery. Currently existing, promising potentials
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for the reduction of emissions and consumption of
energy remain unused. We have the possibility to
improve efficiency on each stage of energy und material
flow. The final stage of development has not been
reached.

We can get a complete picture of energy optimization of
railway vehicles through a simultaneous look on the
energy flow from the primary energy, energy conversion
on the vehicle and the flow of material from the mining
of natural resources, to the end of life of the railway
vehicles, as shown in figure 1.
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Figure 1Complete picture about energy consumption
of railway vehicles for urban transport



3. Main causes for energy consumption of railway
vehicles for urban transport

The maximum power consumption and the largest
environmental pollution in life cycles occur in use of the
railway vehicles. The main causes of energy
consumption of railway wvehicles are: forces acting
against the rolling-resistance and energy for the
acceleration of the train’s mass. The second one is
energy for covering the losses of power in the
components of the propulsion system. The third most
important causes of energy consumption are: energy
consumption of the air conditioning systems and
auxiliaries.

Energy for overcoming
forces acting against the
rolling-resistance & energy
for the acceleration of the
train’s mass

Energy consumption
by auxiliary, heating
ventilation and air
conditioning systems

Energy for covering
the losses in the
components of the
propulsion system

Figure 2. The most important causes of energy
consumption of railway vehicles for urban transport

4. Influencing factors of energy consumption

The energy consumption of a railway vehicle is
dependent on many factors. The most important
influencing factors can be divided in three areas:

the vehicle itself, infrastructure und operating.

The influencing factors depending on the vehicle are
train’s mass and rotating masses, rolling resistance, loss
of power by components of the propulsion system and
(if existing) energy storage systems. Other groups of
influencing factors are depending on infrastructure and
climate. Those are: topology, gradients and curvature,
tunnels, distance between stations, outside temperature,
wind and sun radiation. Another very important
influencing factor is operation, which implies: load of
vehicle, speed schedule, behavior of train driver und
requirements for comfort.
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Due to variety of considerations and influencal factors, it
is very difficult to clarify which measures for improving
efficiency are preferable.

5. Electrical losses in the propulsion system
components

Electrical losses in the components of the propulsion
system have a large impact on energy consumption of
railway vehicles. An overview of the electrical losses
regarding the propulsion system is shown in Figure 3.
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Figure 3Electrical losses in the components of the
propulsion system

In addition to the losses come energy required for
transporting the vehicles own weight and energy
needed for cooling. These additional costs are
nowadays not taken sufficiently into account during the
purchase of new vehicles.

6. Energy consumption by auxiliary, heating
ventilation and air conditioning systems

The heating ventilation and air conditioning units on
railway vehicles for urban transport have a very large
impact on the energy consumption. We have been
working on a project on collaboration with our partners
to investigate this topic. The aim was to increase
energy efficiency of heating ventilation and air
conditioning systems on the tram ULF in Vienna. We
have taken into account own ideas as well as various
measurements from the building- and the car industry
as a guideline, and then analyzed how we can
implement these results in a tram. The two most



important issues were development of a new control
system for air conditioning and the development of a
new air conditioner with a heat pump. Figure 2 shows
the result of this project. An improvement in energy
efficiency was achieved in regard to high thermal
requirements. The red colored curve shows the
measured power before the implementation of energy
saving measures. The lower green curve illustrates the
final result after the implementation of the innovation.

Power consumption of HVAC units as a
function of the {}ltuoor temperature

-20%
/ /

Power consumption (kW]

14
,—/"’{\

)

Outdoor temperature [*C]

Figure 2 Energy consumption of HVAC units before
and after implementation of the innovations [5].

It can be seen that the power consumption of air
conditioning units has been reduced by 20 % by
optimizing measures.

7. Conclusion

Energy consumption of railway vehicles in city public
transport is a very complex issue and its depends on a lot
of influencing factors which make it difficult to clarify
which measures for improving efficiency are preferable
and significant.

179

The energy consumption of railway vehicles for urban
transport consist of: energy required for overcoming
the propulsion resistance and accelerating the train’s
mass, energy for covering the losses in the propulsion
system und energy for the power supply of HYAC
units and auxiliaries. These are important factors that
are not sufficiently taken into account in the process of
purchasing a vehicle.

Several mentioned potentials for the reduction of
emissions and energy consumption are not recognized
enough, but needed to create a sustainable and cost-
effective urban transport.
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Pe3rome:

JloknagsT chabpika pe3yiITaTd OT IIPOBEICHUTE TEOPETHYHH H3UHCIICHNS Ha COOCTBEHUTE YECTOTH Ha KOIIa Ha
BAroH 3a [IPeBO3 Ha KOHTEHHEPH U MolypeMapKeTa cepust Sdggmrss 3a oceBo HatoBapBane 22,5 t/oc. Paspaborenu ca
TIPOCTPAHCTBEHN N3YHCIIUTETHH MOJIEIH, ONIMCBAII MHOTO TOYHO T€OMETPHSITA Ha BarOHA C TIOMOIITA Ha POTPaMHHs
mpoaykT SolidWorks. CoOCTBeHHTE 4ecTOTH Ha KOIlla Ha BarOHA ca OMpEIeICHH ¢ TIOMOIITa Ha METO/Ia Ha KpaifHuTe
eNIEMEHTH, KaTo € W3IO0M3BaH MOAyIbT “‘frequency” Ha mporpamMHHs NOPOAYKT. 3a Oa ObIe JOmycHara
HOBOIIPOEKTHPaHaTa BArOHHA KOHCTPYKIMS JI0 MIPOBEX/JaHe Ha PEalHH [TBTHH M3IUTBAaHKs1, COOCTBEHHTE YECTOTH HA

KOIIIa Ha BaroHa TpSI6Ba Ja CC OTJIM4aBaT OT TC3U Ha LCJIMS BaroH.

KirouoBu xymu: 6aeon, cobcmeenu uecmomu, Memoo Ha KpatHume eieMeHmu.

1. BbBenenue

JIOKIIagbT ChIABpIKA PE3YJITaTH OT TPOBEACHHUTE
TEOPETUYHU M3YMCIICHHSI Ha COOCTBEHHTE YECTOTH HA
KOIIA HAa BaroHa 3a IPEeBO3 HAa KOHTCHHEPU W
noiypeMapkera  cepust  Sdggmrss 32 OCEBO
HaToBapBaHe 22,5 t/oc mpoekTHpaH OT ¢upMa
BATOHOPEMOHTEH  3ABO/-99 AJl, rp.
CenTeMBpH ¥ aHaJIM3 Ha MOJYYCHHTE PE3yJITaTH C
OIJiell Ha 4YeCTOTUTE Ha PECOPHOTO OKayBaHE Ha
BaroHa. TeopeTnuHuTe U3CIIeIBaHMS Ca HANIPABEHH 110
MeTola Ha KpaiHuTe eneMeHTH. M3monsBaH e
nporpaMHusIT  npoaykt  SolidWorks — Simulation.
Pazpaborenn  ca  CIOXHM  IPOCTPAHCTBEHH
W3YKMCIIMTEIHA MOJIENH, OIKCBAIld MHOTO TOYHO
reoMeTpusiTa Ha BaroHa. B mporeca Ha cb3naBaHe Ha
MOJIEJIUTE € M3CJIe/[BaHa CXOAMMOCTTA HA PELICHHETO.
ToBa mnosBomsiBa fa ce pa3paboOTAT BB3MOXKHO Haid-
MNOIXOMSIIMTE  CXEMH [0  OTHOIICHHE  Ha:
TEOMETPUYHOTO TpeJICTaBsSIHE Ha o0ekTa,
BBBOXKIAHETO Ha JICHCTBAIIMTE HATOBApBaHUS U
peakiMi W TOJydaBaHe Ha JOCTaTh4HO TOYHH
pe3yJITaTH 3a U3CIICIBAaHU BEJIMYMHH.

180

2. O0eKT Ha U3cJIeIBAHETO

OOeKTHT Ha H3CIIe/JBAHETO € BaroH 3a IPEBO3 Ha
MPEBO3 Ha KOHTEHHEPU H MOIypeMapKeTa Cepus
Sdggmrss ¢wur. 1 3a oceBo HaToBapBaHe 22,5 t/oc:

Ouwr. 1. Baron Sdggmrss

OCHOBHM TMapaMeTpd Ha BaroHa ca JaJcHH B
Tabmmnal:



Tabmuna 1. OcHOBHM TapamMeTpH Ha H3CICIBaHUSI
BaroH

Iabapur G2
Bpoii Ha ocute 6
Toaponocumocr, t 101
Tapa, t 34
HaroBapBane Ha oc, t 22,5
baza Ha Barona, mm 28 400
KoHcTpyKTHBHA npaseH 120
ckopoct, km/h HATOBapCH 100

3a U3BBPIIBAHE Ha SIKOCTHUSI M YECTOTHHS aHAIIU3 €
pa3paboTeH MpPOCTPaHCTBEH M3YMCIUTETICH MOJIET,
u3rpazieH or kpaiHu enementd tum 3D (solids).
MopenbT € ONnTHMH3MpaH KaTo € H3CJeABaHa
CXOIUMOCTTA Ha PEIICHUETO.

ONTUMH3HPAHUAT MOAEN € M3rpaieH oT 561 722
Bp3ena u 289 763 xpaiinu ememeHta — ¢wur.2.
MaxkcuManHusAT pa3Mep Ha KpaiHUTE EIEMEHTH €
80mm. CriazeHu ca BCUYKH TEOPETUYHO M3MCKBAIIIY C&
CHOTHOIICHUSI MEXIy IapaMeTpuTe Ha KpaiHUTe

eJIEMEHTH, TIO3BOJISIBAIIIN MoJIeNTpaHe Ha
KOHCTPYKIIMATA Ha KOIIIa C TOMOIITa Ha solids.

(ur.2 Onrumeupad Mozes Ha KOIIIa Ha BaroHa
3. Meroauka Ha U3CJIeABAHETO

3a W3MBIHEHWE HAa TIOCTaBeHara 3ajada €
M3MONI3BAaH  TIPOTpaMHUAT  TpoAyKT  SolidWorks

Simulation, nUHAMWYEH MOMYJ, TpeAHA3HAYCH 32
OITPE/ICIITHE HA YECTOTHTE Ha COOCTBEHUTE TPEIITCHUS
Ha aHAJIM3UpaHus 00EKT. M3crenBaHeTo € HalpaBeHO
KaTo € M3IoI3BaHa paboTHaTa JOKyMeHTarus ot [3].
BrBenenu ca HEOOXOMMMHTE TPAHWUIHH YCIIOBHSI U ca
MOJTyYCHHU JaHHHU 32 COOCTBEHHUTE YSCTOTH Ha ITBPBUTE
5 dopmu Ha TpenTEHE.

M3cnenpanu ca crieqHuTe 2 ciryyast:

»  IlpaseH Baros;

* IIpmeH BaroH 1m0 [IOCTUTAHE HA OCEBO
HaToBapBaHe 22,5 t/oc.

B criermammsupanara immuTepaTypa OOMKHOBEHO Ce
n3cineaBar mepBHTe 2 (opMH Ha TpenTeHe. B
KOHKpPETHHSI CIydall aHaM3bT € pa3lIupeH [0
mepBHTe 5 popmu Ha TpenTeHe. [IprarHnTe 32 TOBa ca
TpaJWIMUTE TPU  W3CIEBaHE HA  BarOHHH
KOHCTPYKIIMHA W HACTOSBAHETO Ha IPOHM3BOIUTEINS Ha
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BaroHa. 3a Hy)KIWTE Ha H3CIIEBAHUSITA € W3MOJI3BaH
0a30B M3UMCIHTETIEH MOJIEJ, HAITBIHO WACHTUYEH C
TO3M OT T. 2, pa3paboTeH 3a TMPOBEXIAaHE Ha
CTaTUYHUS  SKOCTHO-NIE(OPMAITMOHEH aHAIM3. 3a
CHUMyJlallisl Ha HATOBAapBaHETO JIOMBJIHUTEIHO Ca
CH3/IaJICHU €JIEMEHTH C TIOJIXOJIIH XapaKTePHCTHKH,
MOJIEJTAPAIIH TTOJTE3HIS TOBap.

B cwotBercTBHE C [3], B U3UUCIUTEIHUTE MOJIENN
ca 33/1a/IeHN peaHUTE MapaMeTpH Ha M3IION3BaHATa OT
KoHcTpyKkTopute cromana S355J2, EN 10025, yuuto
OCHOBHH TIOKa3aTeJH ca JIaJIeHn B Tabiua 2:

Ta6muma 2. [TapameTpy Ha U3MION3BAHUS MaTepHa

Cromana S355J2
JleGenrHa Ha TaMaprHATA B mm 8 1032
MuH. rpanuiia Ha ipoBiadade Re - MPa 355
MuH. axocT Ha orbH Rm - MPa 470

MarepuansTt

€JIaCTU4YEH W H30TPOIICH.

napameTpuTe:

e MozenupaH
XapakTtepuzupa ce ¢

KaTo JIMHEHHO-

- monyn Ha FOnr — E=210 000 MPa;
- koedwunuent Ha [Toacon — p=0,3.

rpaHI/I‘IHI/ITe ycCi1oBUA Ca BBBCACHU B 30HUTE Ha
TPUTC LCHTPAJIHU JIarepa KakKTo CJIeABa:

B emuans narep — cnopen rabmnmia 3:

Tabmuma 3. ['paHn4HY YCITOBUS 3a TBPBUA JIarep

I'moGanna IIpemecTBane 3aBbpTaHe

KOOPJMHATHA OC

X Ux=R ¢x=R

y Uy=R oy=F
Uz=R ¢oz=F

BB BTOpUS Narep — criopen Tabmnmia 4

Tabmuna 4. ['paHr4HYN yCIIOBHS 32 BTOPHS JIarep

I'moGanmna [IpemecTBane 3aBbpTaHe

KOOp/AMHATHA OC

X Ux=F ¢ox=R
Uy=R oy=F

z Uz=R ¢z=F

B tperus narep — cniopen Tabnmma 5:

Tabnuna 5. ['paHiyHM yCIIOBUS 3a TPETHUS J1arep

I'oGamxa [pemecTBane 3aBbpTane
KOOpAMHATHA OC

X Ux=F ¢ox=R

y Uy=R oy=F

z Uz=R ¢z=F




B tabmmmu 3, 4 U 5 ca M3NON3BAaHU CIEIHHUTE
O3HAUYEHUS:

* R - mpeMecTBaHETO/3aBBPTAHETO € OTPAHUYUCHO;
F NpeMeCTBaHETO/3aBbPTAHETO  HE
OrpaHHYEHO.

€

HpI/I MOJAJIHMA aHAJIN3 HATOBAPBAHCTO BKJIKOYBA!

* 3a CBhCTOSHHMETO ,,lIPa3eH BaroH ’— COOCTBEHATa
Maca Ha KOIIIa;

* 3a CBHCTOSIHMETO ,,ITBJIEH Baron” — coOCTBEHATa
Maca 1 Macara Ha IOJIC3HUS TOBap.

4. Onpe;lemme HA YeCTOTHTE HA COOCTBEHO TpENnTeHe
HAa OKAQYBAaHETO HA BaroHa

Uecroture Ha COOCTBEHHTEC TPENTCHHS Ha
PECOPHOTO OKAa4YBaHE Ha ITPa3HMsS U ITBJIHHUSA BaroH ce
orpenensT o ¢popmyinarta [1, 5]:

B 1 c,
2z \m

fo (M

a
KBIETO:

* C, € eaCTHYHA KOHCTaHTA Ha OKaYBaHETO 32 ¢Ha
OyKkca (Komeno);

* m, — oOpecopeHa Maca Ha elHa OyKca (KOJIeo).

Karo ce uma mpeaBun, ue BaroHbT Sdggmiss €
o0opyBaH ¢ 1Ba Opost Tanmru Y25 Ls(s)i u emun Opoit
taymra Y25 Ls(s)il(f) cbe cranpaptan UIC npyxuHu
W TmapameTpH, TO IpH COOCTBEHAa Maca Ha BaroHa
T=34000 kg BrOopaTa mpyXHHa LIe 3allO4HE Aa Ce
HaToBapBa NpH Maca Ha mosie3nust ToBap 944.8 kg,
KOSTO € HE3HauuTellHa CIpAMO MakKCHMallHaTa
toBaponocumMoct — 101 000 kg. Tosa e npuuunara aa
ObIaT wW3CNeIBaHW [IBETE OCHOBHHU CBCTOSHHS —
MIpa3eH U IbJIEH.

JlaHHWTe 32 UW3YMCICHUATA W PE3yNTaTUTE 3a
COOCTBEHHTE YECTOTH Ha TPENTCHUE ca IajecHU B
Tabmuua 6.

Tabnuna 6. Pegynratute 3a cOOCTBEHHUTE YECTOTH

= :
) = «
= ) o} S
o) 2 — E'g —_
< < = < t‘m) >
5 S| g2 g8 | =
= Q
: 2 2% s8]
S o g = = g 3
5 2 & ) 5 = =p
S 8| O g ©
S 5
[Ipazen
BArOH 5,667 | 22183 | 1015228 | 3,4065
HaroBapen
BArOH 22,5 10635 | 2664033 | 2,52
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5. Pe3yJaraTu OT MOJAIHUS (Y€CTOTHHUS) AHAJIU3 HA
KOIIIA U TAXHATA OIIEHKA

Komrbr ce wmogenupa c 151479 xpaiinu
eJIeMeHTa M CTETIICHUTE My Ha cBoOoma ca n=866538
Y Ce OTPEIEIIAT C BEKTOpa

~ s
q = [ul,uz,...un] . (2)

JudepeHnnanauTe ypaBHEHMS, ONpPEAEIANIN
COOCTBEHHTE YECTOTH Ca JIMHEHHH, XOMOT€HHH U OT
BTOpH peal. Te ca najieHu BbB BUJA

(M i }+ (& Jlg } =0,

KBIETO C [M *]

3)

- MaTpulla Ha MaCUTE Ha KolIa.

nxn
*
K -MaTpHIla Ha KOpaBHUHA.
nxn

Pesynratute OT mpoBeneHWs C Iporpamara
MoOJTaJIcH (YECTOTEeH) aHaIM3 ca aJeHH B Tabiuia 7 u
Ha ¢urypure 3, 4, 5 U 6 W KOpPECHOHIUpAT C
pe3ynTaTiTe MyOnuKyBaHH B [2, 6 11 7).

¢wur.3 IIepBa cobctBeHa (popma Ha TpenTeHe Ha
KOIIIa 32 Ipa3eH BaroH

¢ur.4 ITepBa coOctBeHa (hopMa Ha TpenTeHEe Ha
KOIIIa 32 HATOBapeH BaroH

¢wur.5 Bropa coOctBeHa ¢opMa Ha TpenTeHe Ha
KOIIIa 32 Tpa3eH BaroH



¢ur.6 Bropa coOctBeHa ¢dopMa Ha TpenTeHe Ha
KOIIIa 32 HATOBapEH BaroH

Ouenkara Ha pe3yiTaTUTE OT IIPOBEACHUS
MOJIaJIeH aHAJIM3 € HalpaBeHa ¢ MOMOIITA Ha JTaHHUTE
or Tabmuia 7. B Hes ca 00oOImIeHN pe3ynTaTHTe 3a
IbpBUTE TeT (GOpPMH Ha TpENTeHe HA IIBIHUA M
NpasHHS BaroHEH KOII W Ca CBIIOCTABEHH ChC
COOCTBEHMTE YECTOTM Ha TPENTEHe Ha PECOPHOTO
OKa4BaHe.

Tabmura 7. CpaBHHTENCH aHAIN3 HA TIONyYCHHUTE
COOCTBEHH YECTOTH

< [ 3 =
g s 5 & =
o o] Q
g2 o FEE S
gz = SES © x g
2 g = 5 & 8 s 2
==t =® = E‘ N o K E
S o e s 9 T < O
T 222
EE S g5 32 £ 2837
Q o = < E o E’ =
O T o9 I o
3 E ] O 3
O = 8 ox
[TepBa npazeH 5.93450
Bropa mpaszeH 6.03180
Tpera pa3eH 6.38460 3,41
UYersbpra | IpaseH 6.38550
[lera pazeH 6.50870
[TepBa ITBJICH 3.18550
Bropa ITBJICH 3.23770
Tpera ITBJICH 3.42710 2,52
UYerBbpra | IBJICH 3.42750
Ileta ITbJICH 3.49370

Ananmm3beT Ha JAHHUTC OT Ta6m/1ua "7 O3BOJISIBA Ja
CC HaIpaBAT CIICAHUTES OCHOBHU U3BOU:

1.  CoOcTBeHHTE YECTOTH Ha TpENTeHe Ha KOIla,
KakTO B HATOBapEHO, Taka M B HEHATOBapEHO
CBCTOSIHME Ca ChIlleCTBeHO mo-royiemu (ot 1,26 3a 110
1,91 mbTH) OT COOCTBEHUTE YECTOTM Ha BaroHa C
OTYMTaHEe Ha PECOPHOTO OKauBaHe. ToBa mpeBuWIaBa

CYMTaHaTa 3a KPUTHYHA CTOHHOCT + \/5 .

2. /3memHEHO €  YCIOBHETO  COOCTBEHHUTE
YeCTOTH Ha TPENTeHe Ha Kolla (B HATOBapeHO U B
HEHATOBapEHO CBCTOSHME) Ja Ce pa3iudaBaT OT
COOCTBEHHTE YECTOTH Ha BaroHa C OTYUTaHe Ha
pecopHoTo okauBaHe ¢ roseye ot 0,5 Hz.

5. 3akimoueHue

O06001IaBaliki TOPHOTO CJIEBA, Y€ € W3ITBHITHEHO
m3uckBanero Ha TSI-WAG ,JSIkocTt Ha ocHOBHAra
KOHCTPYKIIMI Ha TIPEBO3HOTO CPEJCTBO — BHIOBE
Tpenrerns:  Ilo BpeMe Ha  IIPOEKTHPAHETO
/KOHCTpyHpaHeTo/ TpsOBa Ja ce B3eME NPENBUI, Ue
YecTOTaTa Ha COOCTBEHWTE TpPENTEHHs Ha KoIla Ha
BaroHa TpsOBa Ja ce pasrpaHH4aBaT JOCTATHYHO
JI00pe OT Te3U Ha OKAYBAHETO.

CrienoBarenso B HOBOITPOCKTHpaHATa
KOHCTPYKIMSI HE CE€ OYaKBa JIa HACTBHIST PE30HAHCHU
SBJICHUSI W BaroHBT MOXeE Ja Obje IOIyCHAT [0
IMPOBCKAAaHE Ha pCaJIHU ITbTHU U3ITUTBAHUA.
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ANALYSIS OF EIGENFREQUENCIES OF WAGON BODY OF SPECIALIZED WAGON FOR
CARRIAGE OF CONTAINERS AND TRAILERS SERIES Sdggmrss

Svetoslav SLAVCHEV

This paper contains results from the conducted theoretical calculations of eigenfrequencies of the wagon body for transporting
containers and trailers, series Sdggmrss, for axle load 22,5 t/axle. Using the software SolidWorks, three-dimensional
computational models were developed describing precisely the geometry of the wagon. Eigenfrequencies of the wagon body
are determined using the finite element method, with the module "frequency" of the software. In order the newly wagon design
to be admitted to conducting real tests, the eigenfrequencies of the wagon body must differ from those of the entire vehicle, so

that resonance phenomena not occurs.
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Pestome: Paspaborenu n 000CHOBaHM ca OCHOBHH TIPUHIMIN U TOAXOM NP MOJIEIIMPaHe U M3rPaKIaHe Ha
cucreMa 3a MOHMTOpMHT M KoHTponm Ha IDKIIC B aBiKeHne 3a HyXIWT€ Ha HAlMOHAIHATA OK.II.
uHppacTpykTypa B beirapus. M3cnenBan v aHaanM3upaH € ONMUTHT Ha BOJICIIH JKEJIE30ITBTHH aIMUHUCTPALIIH
U € TIPEUIOKEH MOJIENl Ha M3rpakliaHe Ha cucremara, obesnevasai: uaeHruukanus Ha [DKIIC no Homep,
KOHTPOJI Ha HAaTOBAapBaHETO B KOJeJaTa, YCTAHOBSIBAHE Ha OTKIOHEHHS OT Qopmara Ha OaHIaxuTe,
HEZIOIyCTIMO HarpsiBaHe Ha Kojiella, OyKCH M eJIeMeHTH OT CIMpadyHaTa CHCTeMa Ha BJIAKOBETE M Jp.
®DopmynmrpaHn ca 00K TPHHIMIK 332 W300p Ha Opos M MECTONOJIOKEHHETO Ha KOHTPOJHUTE TOYKH U
TEXHOJIOTUATA 32 YIIPABIICHHE Ha IUIOCTHATA CUCTEMA.

KurouoBu qymMu: mMonumopune Ha e1axose, bezonachocm na ogudicenue, konmponnu mouku (Check Point).

1. BbBenenne

Hacrosmoro w3cmenBaHe € mocienoBaTelnHa H
JIOTUYHO OOOCHOBAHA CTHIIKA HA aBTOPCKHS KOJIEKTHB,
MO-TOJSIMAa YacT OT KOWTO IOCBEIIABAa YCHIMS MO
Temara B mocaenuute ceaem rogunu [1], [2], [3], [4] n
np. Ilpenver Ha pasmiexxagaHe B HM3CIENBAaHETO ca
OCHOBHHUTE NMPHUHLWIN U MOAXOAU NPH MOJCIHUPAHE U
M3rpaKIaHe Ha CHCTEMa 32 KOHTPOJI HA TMOABHKEH
xene3ombTeH  chcraB  (IDKIIC) B nmBmkeHue B
HaIMOHAJIHATA KEJIe30ITbTHA Mpexa Ha P. Benrapust.
OT miegHa Touka Ha ACUCTBAIMTE EBPONEUCKU U
HAallMOHAJTHM HOPMAaTHWBHH aKTOBE B CTpaHara e
HeoOXomMMoO cucTemara Jja ObAe u3rpajeHa W
excruoatupana ot JII , HKXKU®“. Kem MomeHrta
CBIIECTBYBA M3BECTEH ONMT OT W3MOJI3BAaHE Ha
€/IMHUYHY KOHTPOJHH TOYKH HA rapute 3WMHHIA U
HparomMaH, a B mporec Ha U3rpakJaHe ca TaKWUBa TI0
OneparuBHa mporpama ,,I'pancnopt 2007-2013% karo
HampuMep MOJEpHM3AIMATa Ha  JKEJIEe30IbTHHUA
yuacTbk CenrremBpu - [110BIUB.

B mpexnxomHu myOnmMKaiM Ha KONEKTHBA IIO
TeMara ca apryMEHTHpaHd U OOOCHOBaHHM, KaKTO
W3KITIOYUTENIHATA aKTyalHOCT Ha MpoOjema, Taka u
BO)KHOCTTA W 3HAYMMOCTTA HA OYaKBaHUTE €(eKTH OT
HEWHOTO pa3pabOTBaHE W BHEAPsSBAaHE IO IlsIaTa
JKeJIe30ITbTHA Mpeka Ha cTpaHarta (ompezenieH Opoi
JIOKATHM KOHTPOITHM TOYKW, CBBP3aHH B €IWHHA
[EHTpalM3ipaHa cucremMa). B MOTBBpKIeHWE Ha
Ba)KHOCTTa M aKTyaJHOCTTa, MOXKE J1a C€ TIOCOYH, ue
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TOJIMIITHUAT UKOHOMHYECKH e€(PEeKT OT BHEIPSBAHETO

Ha cuctemara ,,QuUo Vadis® e okomo 2 mitH. eBpo [5].
Karo mneormemuma wuact ot EBpomeiickata

JKeJIe30ITbTHA CHCTeMa, ObJIrapcKara € He0OX0aUMO Jia

yJIOBJIETBOpSIBA ~ MEXIYHAapOJHUTE  HOPMH U
M3UCKBaHMA 3a MPEBO3 Ha ITBTHULM U ToBapu. Togpa e
NPOABIDKUTENICH IPOLEC Ha  HMHTErpUpaHe Ha

HAIMOHAJTHUTE KEJIE30IbTHH TpaBUJia B EIUHHH
EBPOIICHCKY TPaBUia BbB BPh3KA C M3MCKBAHUATA Ha
Tpetus xene3onbTeH naket Ha EC ot 2013 r. U He Ha
MOCIIETHO MSICTO, M3TPXKTAHETO M BHBSKIAHETO B
eKcIUToaTanysi Ha TakaBa cUCTeMa MOXe Ja Objae
pPa3MIISKAAHO KAaTO ChINECTBCHA AHTHKPH3UCHA U
O3/IpaBHUTENTHA MSPKA TI0 OTHOIIIEHNE HA HAITMOHAITHUS
JKEJIE30ITbTEH CEKTOP.
2. CpaBHHTeJIEH aHAJIN3 HA BHEJAPEHH CHCTEMU 32
MOHHUTOPUHT U KOHTPOJ

Ha Oasara Ha mpoBemeHO 3agbI00YCHO U
00XBaTHO IIPOYYBaHE Ha BOJCIINS CBETOBCH OIIHT,
PE3YNTATUTE OT KOETO Ca TPEJICTaBeHU B 0000IIICH BH]T
B Tabnwma 1, ¢ HampaBeH CpaBHUTEICH aHATM3 Ha
pa3IUYHKATE CHCTEMH 3a KoHTpos. KoHcratupanu ca
pa3muuuMs MEXIy OTACIHHUTE CHUCTEMH, KaKTO TIO
OTHOIIICHHE Ha 00XBaTra M OCHOBHHTE UM (YHKIIUH,
TaKa U B TEXHUUYCCKUTE PEIICHMS, MPUHIIUMIINTE Ha
M3MEpBaHe, BUIOBETE CEH30PU M TEXHUTE MTApaMETPH,
BUALT HAa M3IOJ3BaHMS KOMYHHUKAIIMOHEH KaHAJI,
TEXHOJIOTHSATa HAa paboTa Ha ISUIOCTHUTE CHUCTEMUTE,
YIIPaBJICHUETO HA JABW)KCHHUETO Ha BIIAKOBETE U JIP.




Tabuuua 1 CpaBHeHHe HA M3M0JI3BaHH cucreMu ,,Check Point mo ocHoBHM (pyHKIMH

LASCA& Zugkontrollei
® ® ® A ® ®
HaumeHoBaHue GOTCHA MATTILD® MULTIRAIL™ |ARGOS nrichtungen RailBAM MERIDIAN
CbeanHeHn
Mpousxop XoHnaHaus Fepmanus epmanus ABCTpUS LWBeiiuapust  |watn, ABcTpanus
ABcTpanus
ogvHa 2000r. 2001r. 2001r. 2004r. 2005r. 2001r. 2004r.
Pa6. ckopocTu Ha aswxk.: MXKMC / (nakosa or 10 .o 40 |oT 5 po 300 R o7 30 go 180 |oT 0 o 80
KoMnoanuus) ot 15 a0 350 km/h ot 1 #o 350kmh|, - km/h km/h km/h
5 8 -12 onTuyHo- 126p. nasephn |8 - 14 26p. Q-30HK ; WCM: TBOGI: 16 coTo-
CeHsopu (6poit, Bug) BMakHeCTU cenzopa cem3opa 146p. 4 Temn. WheelSpec: | STeKTPUHI
(OPUS44) P P ceH3opa pec: ceH3opa
K UIC54; UIC60; 6e3
Bb3MOXHOCT 32 MOHTaX Ha perncu Tun: A - - - -
BV50; orpaHuyeHne
MamepBanu abmkunun: MXKIC / (Bnakosa 10 1600m R R min 700mm R 6e3
KOMNO3WLMSI) orpaHuyeHe
WamepsaHu 6poit ocu: MXKIMC / (Bnakosa R 323aotpento |
komnosuuvs) 0 5006p. na DKMAC no 15006p. Ao 5006p.
TpaHUYHO Pa3cTosHWUE MeXAay ocuTe: j j j j
MXKIC / (BnakoBa KOMNO3WLUS) o107 A0 24m Aa
[lnameTbp Ha Konenarta ot 330 Ao - - ot 300 Ao - a
P 1600mm 2000mm A
" " o1 -50 go ~ | TponuyeH
TemnepaTypa Ha okonHaTa cpeaa ot -40 go +50*C  |mo -45*C +70°C ot -30 go +75*C AT
TOUHOCT Ha U3MepBaHOTO Termno 8%(30-70km/h), |2 - 3%(min 0.5% ot 1-2% ot - - ot 110 5%
P (5%70-350km/h)  [100N) 06LoTo Terno |o6LoTo Terno A °
TOYHOCT Ha U3MepBaHaTa CKopoCT 0.5km/h - - 0.5km/h - -
ZLV-Bus ; AEI- )
CucTema 3a pasnosHasaHe Ha MXKMNC / AVI Tags Tagreader; na RFID na RFID } AEI - tags: na RFID
(BnakoBa KOMMO3nLMs) R AVI - tags;
SOFIS;
Bpeme 3a cbCTaBsiHe Ha roToBus NpoTokon |1min 2min - 5sec - 5-15 min
XML/
XML / Network FTP; XML, . . : .
Bua Ha rotoBus NpoToKon TCP(IP) GSV: SAP/ISI: HTML,; text; XML - Network HTML,; text;
TCP(IP)
Bua Ha TenekoMyHMKaLoHHa Bpb3aka CSM-(R)-GPRS, ::::23 ISDN LAN/ LAN direkt, Internet wireless /
A yHmKaL P Ethernet, Dual-up B_pbska" kabenta GSM/UMTS kabenHa
230V AC 50Hz; 9-40V AC; 230V
3axpaHBalLlo HanpexeHue 24V (110V)DC 230V AC 50Hz AC DC/AC
HaumeHoBaHue GOTCHA® LASCA& MULTIRAIL® [ARGOS® zugkontrollel| o ipav®  [MERIDIAN®
MATTILD® nrichtungen &
CTeneH Ha 3aliuTa CpeLly BpeaHuTe P65 j P68 P67 j P67 P67
BIVSIHUS Ha OKONHATa cpeaa
HesaBucymocT Ha U3mepBaHeTo cnpsamo a a a a a a a
NocoKa Ha [IBIKEHNe A A A A A A A
OTYnNTaHE HEPaBHOMEPHOCT Ha a a a a a a }
HaToBapBaHETO Mexay kornenara A A A A A a
OTunTaHe NpeBULIaBaHe AOrOBOPEHOTO
HaTOBapBaHe Ha OTAENHUTe eanHULM na na na na na - -
MKNC
OTunTaHe NpeBMLIaBaHe HaTOBapBaHETO Ha
oc na na na na na na -
Bb3MOXHOCT 3a onpefernsHe Ha Q u Y a a a a a a R
CTaTU4HK cUnu A A s A A A
Bb3MOXHOCT 3a onpegensHe Ha Q u Y a a a a a a R
AMHAMUYHM CUnu A A A A A s
M3uncnenmne Ha Q/Y - koedh.npotus
N - na na na - -
nepaitnvpate
OTkpuBaHe Ha HebanaHcupanu MKMC na na na na na -
MpecmsiTaHe Gposi ocu 3a oTAENHa a a a } a }
eauHuua MKIC (BnakoBa KOMNO3nLms) A A A A
[eTekunsi nepannupade - - na na - -
[MuHuManHa YyBCTBUTENHOCT - OTKMOHEHWE 0.1mm ) 0.3 mm 0.1mm )
OT KPBIMOCT MOBLPXH. Ha ThpKansHe
[leTekums NepuoanyHIU OTKITOHEHUS! OT
na na na na na -
KPBITOCT M0 NOBbPXHWHATA Ha ThpKansHe
[leTekums HannacTaBaHe, okonasaHe na na na na na -
[leTekums NpeBuLL. rpaH. Temneparypa - } }
GyKCOB Bb3en Aa A2 A2 Aa
[leTekums NPeBULL. rpaH. Temneparypa - } na na na ; }
Tpela NoBbPXH. CMMp. cucTema
[leTeKkuus NpeBWLL. rpaH. Temneparypa - . . }
NOBbLPXHWHA Ha GaHaaxeH npodun Al na na
[lnarHocTuka HanpeyHust Npocun Ha } a : : : .
KOnenoTo A
[leTekums HapyLLeHWe Ha KUHeMaTUYHUS j N i i i
rabaput A
Onuus 3a MOBWUITHO U3MbITHEHUE na na - - - -
3. OcHOBHM TIPpMHIUIOM ¥ TOAXOAH MNPH b) Bmaxoobpasysariu/PasmnpenenureHu rapu

MojieTupaHe Ha cucremMara B bobarapus
B mpomeca Ha MozpenupaHe W HM3rpakIaHe Ha
cucremara B bbarapus OT KIIOYOBO 3HAYEHUE €
pellIaBaHeTO Ha CICJHUTE MO-BaXXKHM KOHLENTYATHH
BBIIPOCH (Ompe/esiHe/n300p Ha):
1. OcHoBHU (hyHKIM Ha CHCTEMAaTa
2. MsicTo Ha pasnoiaraHe Ha KOHTPOITHUTE TOUYKH
a) 'pannunM rapu (BXOISIIM 32 HAI[MOHAIHATA

XK.T. HHPPacTpyKTypa)
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c)
d)

e)

Bw3nosu rapu

[po¢unau rapu

Bxomun TOYKM B HalMOHANHATA  IK.IL
MH(PACTPYKTypa IPH FOJIEMH TOBAPOAATENN
MexanHHN Tapy 10 OCHOBHU M HAaTOBapeHU
K.TI. y9acCThIU

lapu, pasnonoxkeHn NO HK.II. Mpexkara B
0JIM30CT 10 BarOHO-PEBU30PCKHU YHACTBLH

9)



3. Cucrema 3a paslo3HaBaHE Ha BCsIKA CJMHHIIA
IDKTIC no somep (12-mudpeH 3a BaroHute u 6-
midpeH 3a JOKOMOTMBHUTE) — ONTWUYHA WX
paarovYecToTHa

4. BumoBe ceH30pH (NIPUHIMITA Ha W3MEpBaHE) H
TEXHA OCHOBHHM IapaMeTpud — OOXBAT, TOYHOCT,
qyBCTBUTEIIHOCT, OBbP30JIEHCTBHE U P.

a) CeH3opu 3a cuiia OT PEJICOB THUIT (BapHAHTH 32
penca S 49 wm UIC 60). Baxxen € BoIpoChT
3a Oposi Ha CEH30pUTE B HUILKA 3a Ja Ce
peructpupa Lsifia pasrbBKa Ha IbTA 3a |
obopor Ha kojienoro. OrmpenensHe Ha
CTaTUYHOTO W IUHAMWUYHOTO HAaTOBApBaHE —
00paboTBaHe Ha M3MEPEHUTE CTOMHOCTH
Cemzop 3a yckopenune (3 — MepeH) 3a
ACTCKOUA Ha IMCPUOANYHH OTKIIOHCHUA OT
KPBIJIOCT MO MOBbPXHUHATA HA THPKAIIHE HA
KoJenara (IpUMepeH Ipar Ha TeHephpaHe Ha
amapma ot =0,1mm g0 £0,3mm, pecrieKTHBHO
OMPENIeTICHH CTOWHOCTH HA BEPTHKATHOTO
YCKOpEeHHe)

CeHzopu 3a W3MEpBaHE HA TEMIlEparypa —

HarpuMep nHQpadepBeH TepMorpad

Bewukm cenzopu jga ObIaT CBBpP3aHH C

JIOKaJTHUSI KOMITIOTHD Ha BcekH ,,Check Point*
¢ jgoctaThuHO OBp3 uHTEp(eiic (Hampumep
LAN-mperkara e OaBHa, a ipeIaBaHUTE JTAHHH
ca 3HAUUTEIHH 110 00eM)

O0paboTtkaTa Ha pe3yaTaTure ot

W3MEPBAaHETO Jida C€ W3BBpIIBA  CleJ

NMpeMUHABAHE HA BJlAKa W Jia CE TeHepupa

panopt/mpotokon a0 LIJIP-kommoTspa. [a ce
apxuBupa 1 u3npaina 1o LI/IP.

5. TexHoMorMs, ANTOPUTMH | TIPOIEAYPH 3a paboTa
Ha Bcska JiokanHa Ttouka Ha ,,Check Point* —
cHcTeMara, BKJIIOUUTEITHO n300p Ha
TPaHUYHW/TIPAroBH HABA Ha TEHEPUPaHE Ha ajlapMu
(TIpexyTIpeUTETHN WA aBApHIHO OTIACHN)

. TexHomorus Ha B3eMaHe Ha pemenus ot LIJIP u 3a
TIXHOTO  H3ITBJIHECHVE OTCTpaHsIBaHE HA
HEW3MPAaBHH BO3WIIA U T.H.

. ObpaboTka Ha cTaTUCTHYecKaTa MHPOpMALHS T10
BUJIOBE OTKJIOHEHWS M TMOBpeAd (ajiapMu) U
TeHEepUpaHe Ha TIEPUOJUYHH OTYETH (CEIMHYHH,
MECEYHH, TT0 TPUMECEUHS, TONHUIIHH U T.H.)

b)

d)

8. duHaHCOB MoOmyn — TMpecMsTaHe pasMepa Ha
MHPPACTPYKTYPHUTE TaKCH  (OIMIMOHATHO Ha
NPEBO3HUTE  TAKCH) W W3MpallaHe  KbM
(rHaHCOBUTE 3BEHA

9. UaTepakTrBHa WHGOpPMAIIOHHAa CHCTeMa 32

OTIpeNieIITHE Ha MECTOIOJIOKEHHUETO B PEATTHO
BpeMe Ha Bcska otaenHa eaununa  [DKIIC,
PECIICKTUBHO HAa BCEKHM TOBap (BB3MOXKHOCT
TOBApOATENS A2 CIEAN TBIDKEHUETO M0 MpeXkara
Ha BCEKH CBOM TOBAp)  T.H.

10. Ilepuoauyna  TpoBepKa,  KaIuOpHpaHe H
cepTUdUIIMpaHe HA CEH30PUTE U W3MEPBATCITHUTE
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CHUCTEMH BBB BCAKA e1Ha Touka Ha ,,Check Point* —
cuctemara (HalpuMep: MecedHo, Ha 6 Mecela Win
BE/THBXK TOJTUIITHO)

11. TeneKOMyHHKAIIIOHHA BpPb3Ka 3a MpelaBaHe Ha
JAHHA OT KOHTPOJHUTE TOYKH KBbM IICHTpAJlCH
JICTICYEPCKU MYHKT — HAIpUMep 10 ONTHYHATA
mpexka Ha A1, HKKU* i no GSMR wunu ap.

Or cpoOpaxkeHHWs 32 WKOHOMHYHOCT U
e()eKTHBHOCT MOTaT Jia ObJAT NPEIIOKEHU CIICTHUTE
OCHOBHM (YHKIIMM Ha CHCTeMa C  YCJIOBHO

nanmMenosanue ,,Check Point BG*:
1. Paznoznapane Ha [DKTIC o nHmuBHIyaneH HoMep.
2. 3mepBane HAaTOBapBaHETO Ha BCSKO KOJIEIO:
v/ OTYHMTAHE TPEBUILIABAHE HATOBAPBAHETO HA OC;
v OTYMTAHE TpPEBHIIABAHE HA JIOrOBOPEHOTO
HaTtoBapBaHe Ha oTaenauTe exuauiy [DKTIC;
v/ OTYUTAaHE HEPaBHOMEPHOCT HA HATOBAPBAHETO
MEXTy KoJieJaTa U OCHUTE;
v otkpuBane Ha Hebanancupanu [DKIIC.
3. [erexiys Ha IEPUOANYHM OTKIOHEHUS OT KPBIJIOCT
MO TOBBPXHMHATA HA THPKASIHE HAa KoJjenara
(HammacTsiBaHe, OKOIaBaHe).
4. Jlerekuusi 3a  TPEBUIICHUE
TEMITEpaTypH B:

v/ OYKCOB JlarepeH Bb3el;

v/ Tpuela TOBBPXHOCT HA CIMpayHa CUCTEMA

(KaJtoIKOBa WITH JFICKOBA);

v/ IOBBPXHKMHA Ha OAHIaKEeH MPOQIII.

5. TenexkoMyHMKallMOHHAa Bpb3Ka 3a TIpeAaBaHe Ha
JAHHA OT KOHTPOJHUTE TOYKHA KbM pETHOHAIEH M
[IEHTpaJICH TUCTICYSPCKHU ITyHKT.

Crnenpaiiky, KakTO OIpEAENEHH JIOTUYECKU
NPUHIIMIN, HA KOUTO CE€ OCHOBaBa BJakoBara pabora,
Taka v Ha 0a3a Ha M30pPOCHUTE BUIOBE Tapy B T.2, 1 HA
0aza uHpopmaIus 3a TOBaPOIIOTOIMTE, MOXKE Jia ObJIe
NpeUIOKEHO pasmofiaraHe Ha JIOKaJHUTE KOHTPOIHU
TOYKH Ha CHCTEMaTa, MoKa3aHo Ha ¢ur. 1.

Or cpoOpaxeHnus 3a WHPOPMATUBHOCT U
OpEryiecNHOCT TOYKHTE ca HW300pa3eHd B KBITO
OLBETEHH TPAaBOBIBIHUIM C YEPBEHW OYKBH, a
CTpETIKHTE COYaT MECTOTO 3a pasmomarade. Criopen
MOKa3aHOTO Ha (UrypaTa 3a HyXXIUTE Ha CHCTEMATa B
Brirapuss ca HeoOxommmu 22 Ha Opoil JOKaTHH
KOHTPOJIHU TOYKH (7 TPAaHUYHH U 15 BETpEITHN).

OmnpezensiHe Ha MecTaTa 3a HO3HMIHOHUpAaHE Ha
TOYKUTE 32 KOHTPOJ HA HAI[MOHAJHATA KEeJIC30ITbTHA
HH)PACTPYKTYpa € MPOAUKTYBAHO OT TEXHOJIOTHIHATA
Heo0XomMMMOCT 3a TipeBaHTHBEH KoHTpo Ha [DKIIC B
npwkeHre. HartoBapeHocTra Ha  JKene30bTHATA
uHQpaCTpyKTypa T0 JAeWcTBamms Tpaduk 3a
nmekenne Ha BiakoBere (I'JIB) B 3HaunTeNmHa CTETICH
Ce OMpezeNsl OT pealn3upaHuTe TPAH3UTHH MPEBO3H,
OCBIIIECTBSIBAHU OT JKEJIC30IIbTHUTE MPEBO3BAYM HA
MEKIyHAPOTHH TOBapHH TIPEBO3H. Hsikon
JKEJIE30ITbTHU TIPEBO3BAYM W3BBPIIBAT W BBHTPEIIHH
MPEeBO3H, CBBP3aHM C paboTara Ha HaLMOHATHATA
MPOMHUIIIEHOCT. ['eHepupar ce eXeJHeBHU TOBApH OT

Ha  TI'paHAYHU



BJIAKOOOpA3yBaIUTe Tapy KAaKTO KbM IPUCTAHUIIHU
TepMUHAIIY, TaKa U 10 JpYyTH ompeneneHu rapu. Yacr
OT TOUYKUTE 3a KOHTPOJ Ca TMO3WULMOHHPAHU TIPEn
TPaHUYHUTE MPEXOAM C HHTEH3UWBEH rpaduk Ha
TOBAapHU M IIBTHUYECKM IIPEBO3H, C LEI Obp30
YCTaHOBSIBaHE HA TEXHUYECKU HEU3IPaBEH IpecHdalll
rpanunata IDKIIC, nanpumep, rapute Pyce, Buaum,
Hparoman, Kymata n Ceunenrpan. [pyra wact ot
TOYKHUTE Ca PA3MONIOKEHH OKOJIO TOJIEMHUTE BH3EIHU
rapy ¢ IOBEYE OT €JHO HAIpaBICHUE, HAIPUMEp
l'opaa OpsixoBuma, Camymn, Mesnpa, Codus,
Jymavna, [Inomus, Crapa 3aropa, Kapioso, Cumrnen
n KomyHnapu. KoHTpoJTHM TOYKH ca MO3UITMOHUPAHU U
B mpouiHM  y4yacThIM Ha  JKENe30IIbTHATA
HHQpacTpyKTypa M HAIMYHOCTTA HA TapH, B KOHTO
“Ma TIepCOHAJ  OTTOBapsll 3a  TEXHUYECKOTO
cectosiHne Ha [DKIIC, Hanpumep B Mexmyrapusra
Hparoman — Kanotmna 3aman, Uckesp — Kasudene,
HsxoBo — Jlymauria, Ckyrape — benozem, 3melioBo —
Crapa 3aropa, 3umanna — Crpanmka, KomyHapn —
Acnapyxoso, Cungen pasmnpenemurenHa — IOHak,
Camymn — Bucoka nonsina u Mesnpa — Pomas.

B MomeHTa TOBapHHTE MOTOLM Ca OPUEHTUPAHH
OpeaquMHO MO Hampaeienuero Pyce — Cungen —
Kapnobat — 3umnniia — Hoea 3aropa — CuieHrpa —

MAKEOOHWA

.

rbPUKSA

-
TTrgyeta g

Kamekyne. B ToBa HampaBiieHHE IKENE30MBTHH
NpPEBO3M M3BBPIIBAT IET KM MpeBo3Bada. Jlpyro
HampapjeHWe, [0 KOeTO TpPWU OKI MpeBo3Bayua
u3BBpLIBAT MpeBo3u € [lupnon — Tynoo - 3umHMLA —
byprac — Iluppon. B nanpasnenuero IDlioBmus —
Crapa 3aropa — 3umnuiia — byprac — IlnoBmus
TTOCTOSTHHU TIPEBO3M M3BBPIIBAT J[BA KM IPEBO3BAYA.
B nanpasnenne Bumun — Kymara — Ilpomaxon wu
00paTHO ce WM3BBPUIBAT TPAH3UTHU KII MPEBO3M HA
Oomok BiakoBe Ao mnpuctanwmmie ComyH. Yact ot
KOHTPOJTHATE TOYKM Cca  TO3WIMOHHPAHW  TIO
npoTexeHne Ha EBponelicku kopuaopy npeMrHaBaliy
npe3 cTpaHara Hu: kopuaop IV u kopumop X.

CnenBa na ce OTOENEKH, Y€ B M3IIBIHEHHE Ha
uHQpacTpykTypHH Km mpoekTd 1o OnepaTHBHA
nporpama ,, Ipancropt 2007-2013“ ce wusrpaxnar
koHTposHK ToukH 2.10, 2.11 1 2.12, cbC 3a5105KEeHH 110~
orpaHrdeH! GpyHKIMH (HAIpUMep KOHTPOJI Ha 3arpsiTi
Oykcn).

[IpenBua MOMYNMHUST TMPUHIOWI Ha WM3rPaKAaHe
HAa CHCTEMAaTa, Tp0Ba Jia Ob/Ie 3am0KeHa Bh3MOXKHOCT,
Py HEOOXOAMMOCT Ja MOraT Aa ce A00aBAT HOBU
JIOKAJTHA KOHTPOJIHH TOUKH.
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(l)I/IF.l Pa3nosiarane Ha JIOKAJIHHTE KOHTPOJTHA TOYKHA HA CUCTEeMAaTa M0 HANMOHAJTHATA JKeJI€30ITbTHA MPeEKa.
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['eHepupanuTe OT cHcTeMaTa ajapMeHH CHOUTHS
me Obmar obOpaboTBanu 10 omoOperu ot MI1
,,HKOKW* onepatnBHM npaBuiia U MpoLETypH.
Anapmute MoraT 1a ObIaT pa3eieHu B TPU IPYIIH:

1. Mnnukanms — He ca He0OXOAUMH IEHCTBUS
2. Tlpenynpex/ieHue — NBWKEHUE C OrpaHHYaBaHE Ha
CKOpOCTTa

3. Kpurmuna amapma — WU3HCKBa He3a0aBHO
CTHMpaHe ¥ OTCTPaH;IBaHE OT ChCTaBa Ha HEM3IPABHHUS
TDKIIC.

HeoOxomumo e Bcika amapma jJa  ChIbpxka
CIICJTHUTE JIAHHU:

v/ nartawuudac;

v/ WMe Ha KOHTPOJIHHS TOCT (JIOKATHA TOYKA OT

CHUCTEMATa);

HaITpaBJICHUC HA JIBUKCHUEC,

MOCOKA Ha JBWKCHHE;

Opoii anapmu BB BIIaKa;

OKOITHa TeMIIepaTypa;

CKOPOCT Ha JIBKEHHUE (PEMHHABAHE);
JTbJDKVHA HA BIIAKA;

Opoii Ha OcHUTE B ChCTaBa HA BIIAKa;
OITMCAHUE W THIT Ha ajlapMara.

Hait-obmo  TexHonormsita ©Ha pabota TpH
perucTpupaHa KpHTHYHA ajlapMa ce H3passiBa B
CJIEHUTE NCUCTBUS:

v JIeXypHHST PBKOBOIUTEN

YBEIOMSIBA BIIAKOBUSI TUCTICUED;

v/ JIOKOMOTHBHUSIT ~MANIMHUCT TPOBEPSiBA  Ha
MSICTO TeXHHYECKOTO cherosinue Ha IDKIIC;

v" Ako TDKIIC Moske 1a MPOIBIDKH 1A Ce JBHKA
ce MpPUIBIKBA IO ITbpBaTa rapa, Ha KOSTO €
OCHTI'YPEHO TEXHUUECKO JIUIIE 38 M3BBPILBAHE HA
TEXHUYECKH TPETIe/,

Ha 6a3a peanna pa3paboTku M BHeIpSBaHHS Ha
KOJICKTWBa, Ha ciensamure ¢urypu (ot ¢ur.2 mo
¢ur9) ca moOKazaHW BB3MOXKHH PEIICHHUSI TI0
OTHOIIICHHWE Ha W300p HA CEH30pPH, OCHOBHHU
napaMeTpH 1 pe3yaTaTd OT MPOBEICHH eKCIIEPUMEHTH.

AN NN N N N NN

JIBIDKEHUE

®@ur.2 CeH3op 3a U3MepBaHe HA BEPTHKAIHOTO
HATOBapBaHe B KOJIeJIaTa

1,23%
——summarized signal

N
—\

A\

\

——leftbridge signal

——right bridge signal 0,93%

—err

<
\

0,6 0,64%

0,34%

S~

T~

0,05%

-0,25%
400 mm

@ur.3 Curuajmm oT u3MepBaHe Ha BePTHKAJIHOTO
HATOBapBaHe NIPH NPEMUHABAHE HA KOJIEJIO

mm  -400 -300 -200 -100 0 100 200 300
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¢ur.4 Cenzop 3a u3MepBaHe Ha
KPBIVIOCT MO0  MNOBbPXHMHATA
(HamuIacTsiBaHe M/MJIM OKOMABAaHeE)

OTKJIOHEHHS OT
HAa  THpPKaJsHe

30
0
100 e ‘ ‘
: .
100 4 /
20
30

¢ur.5 Curaan or npeMHUHABAIIATA KOMTIO3UIIUS —
JIOKOMOTHB € MeT BaroHa

t, sec.

¢ur.7 Curaan ot npeMHHABAIIO0 OKONIAHO KOJIETI0



Spot111

DB, e~ 200 < =068 J-

CHHMKa Ha TOBapeH BaroH cepust Sgg 4953 Temneparypa, n3MepeH;1 ¢ HH()paYepBeHa TepMoOKamMepa

(ur.8 U3smepBanusi, IpoBeIeHH HA MPUCTUIALIM BJIaKoBe B rapa Mckbp (ToBapen BaroH cepust Sgg 4953)

Spot76.7 ~  °C

$FLIR
Dist = 1.0 Trefl = 20.0 £ = 0.98

¢ Py
A 2

CHHMKA Ha MbTHUYECKHU BaroH ot Biak Ne 8613 Temmneparypa, u3MepeHna ¢ nH(ppayepBeHa TepMOKaMepa

¢ur.9 U3mepBaHusi, NPOBE/IEHH HA MPUCTUTALIM BIaKoBe B rapa Mckbp (WbTHHYECKH BaroH ot Bjak Ne 8613)
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USING QUANTITATIVE AND QUALITATIVE INDICATORS
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Abstract:

RADINA NIKOLOVA
Faculty of Transport,
Technical University, Sofia, Bulgaria
r.nikolova@tu-sofia.bg

This study proposes a multi-criteria decision model for optimization of railway passenger intercity
transportation. The method of Analytic Hierarchy Process (AHP), Linear optimization model and Cost/Benefits
Analysis have been applied to made decision of optimal scheme of intercity transportation by different categories fast
train. In the research is applied computer tools “Super Decisions” for creating a hierarchical model in AHP decision
making, For criteria of AHP method is chosen the transport satisfaction, average number of train stops, average distance
travelled, average speed, reliability, availability of service with direct transport, transport capacity, direct operational
costs. In the paper have been investigated nine alternatives for train service. The model was applied to the railway
direction Sofia - Plovdiv - Burgas and was proposed an organization of railway passenger transport.

Keywords: AHP method, linear optimization, trains, passenger flows, intercity, railway transport, expert,

Super Decision, Cost/Benefits

1. Introduction

The quality of the transport service for rail
passenger transport is an important factor in attracting
passengers. The important factors for passengers are
the speed, the straightforward journey, the frequency
of service, the price of the ticket. For railway
operators, it is important to determine the optimal
parameters of the organization of passenger trains
taking into account of operating costs. To satisfy the
requirements of passengers and capabilities of rail
operator for the organization of inter-city rail transport
is necessary to explore different variant schemes
carriage which to assess by quantitative and
qualitative criteria. A suitable method for examination
in this case is a Multi-criteria analysis. The Multi-
criteria analysis methods allow different alternatives
to be evaluated on both quantitative and qualitative
indicators. It is needed to choose between two or more
alternative possibilities. To make decision it is
necessary to set criteria. They must characterize
certain alternative and show clearly what makes it
different from other alternatives. For each criterion is
assigned weight. The alternatives are classified
according to the weights of the criteria and their
evaluation for each alternative. The AHP approach is
one of the more extensively used multi-criteria
decision-making methods. The AHP method is
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applied in many areas of scientific researches. In
transport this method is used for example to determine
the mode of transportation, to estimate the passenger
satisfaction, to evaluate the transport projects and for
other purposes.

In [10] AHP method is used for the optimal
decision of mode of transportation and five factors as
the cost, speed, security, punctuality and
transportation capacity are compared.

The urban mass rail transit network in Ningbo
with six preliminary schemes is investigated in [2]
applying AHP model. There are used twenty criteria.
In [8] is made research of passenger’s transportation
quality with a number of criterion groups A (criteria
related to the train elements and the technical state of
rails), B (criteria related to railway trip planning and
technology), C (criteria related to the price of a trip
ticket), D (criteria related to the safety of railway trip)
matching the structure and numbers of the questions
included in the questionnaires to survey respondents
(passengers) and experts (service and administration
staff of the train). The AHP methodology is used to
determine their weights considering the data obtained
from the respondents and experts of each of three
categories. The experiment is made for passengers
from the train running on the international route
Vilnius—Moscow. The needs of passengers of railway



transportation are investigated in [3] by using AHP
method.

In [9] is applied the indicators safety, rapidity, time
and comfort to analyze the qualitative factors which
impact the operation efficiency of the highway
passenger transport enterprises.

In [4] is analyzed the possibilities of applying
AHP method in making decisions regarding planning
and implementation of plans in traffic and ensuring
the qualitative business logistics.

There have not been made research to choose a
scheme of transportation with different categories of
passenger trains using AHP method.

The objective of this research is to optimize the
scheme of intercity railway passenger transport by
applying the quantitative and qualitative indicators.

To achieve this objective it is necessary to solve
the following tasks:

e To identify quantitative and qualitative indicators
to assess transport schemes;

e To apply the AHP method for classifying the
schemes;

e To apply Cost/Benefits Analysis for selecting the
optimal scheme.

In this research has been investigated the railway
line Sofia - Plovdiv — Burgas. This railway direction
of the railway network in Bulgaria is a part of an
international railway corridor and it is characterized
by significant passenger flows.

2. Quantitative and qualitative indicators to
assess the variant schemes

In this research is applied the following
quantitative and qualitative indicators:

o K, — Transport satisfaction. It is the number of
trains per day for variant scheme.
K, = Y-, N;, trains/day (1)

where: N; is the number of trains of assignments i
per day, i = 1, ...,n; n is the number of assignments
for variant scheme.

The transport satisfaction shows the number of the
trains for the variant scheme and is a measure of
frequency of services.

e K> — Average number of train stops

This factor indicates the frequency of service to

the settlements for the variant scheme.
K, = Y1 N; .ng;, number 2)
where: ng; is the number of stops for train of
assignments i per day.
e Kj; — Average distance traveled

This factor indicates the average length of routes
for the variant scheme.

— z:?:1 Ni.L;
K5 = SEoN , km

where: L; is the light of route for train i, km

o K4 — Average block speed

)
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where: T; is the time during for train i, h.

This factor indicates the speed of transport services
for the variant scheme.
o Ks— Reliability

In the study the reliability is given by the average
delay of trains.

Ks = Y N; . ks, coeff. 5)

where: kg is the relative share of delays of fast
trains.
o K¢ — Availability of service with direct transport

The direct transport means direct service by train
(without intermediate stops) between large cities (over
100 thousand inhabitants). If the variant scheme offers
such service: Ky = 1, otherwise: Kg = 0.
e K57— Transport capacity

The transport capacity indicates the number of
places offered by the variant scheme.

K; = Y N;.b;, number of places

where: b; is the number of places in train i.
e Kjs— Direct operating costs.

The direct operating costs include costs which
depend directly on the volume of transportation.

Ke=12% =1+ 1) + rif , BGN/day 7

where: rl-o’d is the direct operating costs for train of
assignments i, BGN/day; /™ is the operating costs
for movement of train (cost for electricity or diesel),
BGN/day; 1 is the costs for salaries, allowances and
social security of locomotive and wvehicle crew,
BGN/day; rif is the costs of infrastructure charges,

BGN/day.

K, “)

©)

3. Linear optimization model
In the first phase of methodology to determine
the optimal organization of transportation is
necessary to develop variant schemes for
organization by categories trains which to be
compare by criterion minimum direct operational
transport costs. To determine the number of trains
for each wvariant scheme is applied linear
optimization model. For each variant scheme is
applied individually linear optimization model to
minimize the total direct operational costs.
The objective function is:
Iy Iy
R, = i]Z:lri:""'” 1xT + iz}ﬁl ri;”d”*FT.Iiz X+ ©

3 ro¢oFT | x> BGN /day — min

i3=ly+ B

where: FT is fast train, AFT is accelerate fast train,
DFT is direct fast train; i; =1,...,1; is the number of
assignments of fast trains; i, =1, +1,...,1, is the
number of assignments of accelerate fast trains;
i3 =1, +1,...,15 is the number of assignments of



o,d,AFT 0,d,DFT
r , I

I I3

direct fast trains; > -dFT are the

i B
direct operational costs for trains of destinations
respectively 1, I, Iy, BGN/kmy; A

.. are the
3

lengths of destination of trains respectively il, i2, I,
km; X, » X, » X, are the numbers of trains of

destinations respectively il, iz, i3; g are the numbers
=1L..,G .

The objective function (3) defines the optimal plan
that provides the realization of the necessary

of variant schemes, ¢

passenger transportation with minimal direct
operational costs.
The restn'ctive conditions are:
W FT FT
ZLI Jka X, =Py ©))
i=1
1,

AFT D AFT o AFT o AFT AFT
Zija a T x> Py (10)
ih=1+1
|3

DFT ,DFT _DFT ,DFT DFT
DN Al T e T X 2 PR (11)

FT DFT . -
where: @; *, &, & is the number of seats in a

train by assignment respectively I, I, b o'

[
AFT DFT
a; , Q.

i is the coefficient of utilization of seats
in a train assignment respectively I, 1, I, (ai'l:T <1,
T<1); j=L..,J is the number of

station where the passenger flows start; k =1,...,K is
the number of station where the passenger flows
finish. In the general case | =K, it is assumed when

AFT

a;

i) la

K > j - even direction; when k <j - odd direction; PjET ,

AFT DFT
P, P

are the passenger flows from station j to
station k respectively with FT, AFT, DFT, pass. per
day; LI ik LCTKT , LEJ-FKT are the coefficients that takes
into account the possibility of passenger train
respectively 1, 1, ; to serve the assignments of

AFT DFT
PAET, PR

b

passenger flows respectively ij ,
LI k=1 L,ATkT =1, LPJFkT =1, where it is possible;
LI]Jk =0, L,ATJ =0, LPJFkT =0, otherwise.

The number of trains must be positive and integer:

X 20: X 205 x0T 20 (12)
Xi'l:T ; Xi/;\FT ;XEFT - integer (13)

The number of trains must not exceed the maximum
capacity of the railway line:

Xill:T +Xi/;\FT +XiI33FT < Nmax

(14)

where: N™%is the maximum capacity of the railway line
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which is being examined.

4. AHP method

The decision approach in second phase of
methodology involves multi-criteria analysis. The
Analytic hierarchy process (AHP), developed by
Saaty, is one of the multiple criteria decision
making methods. The AHP method made it
possible to weigh both qualitative and quantitative
data. It addresses the issue how to determine the
relative importance of a set of activities. The AHP
method is based on the following principles:
structure of the model; development of the ratings
for each decision alternative for each criterion;
synthesis of the priorities.

The first step is to make pairwise comparisons
between each criterion using Saaty’s scale, table 1.

Table 1. Comparison Scale

Intensely of | Definition

importance

1 Equal importance

3 Moderate importance of one factor
over another

5 Strong or essential importance

7 Very strong importance

9 Extreme importance

2,4,6,8 Values for intermediate
comparison

The result of the pairwise comparison on n

criteria can be summarized in an (n, n) evaluation
L...,Nn)

is the quotient of weights of the criteria. The
elements are assigned from Table 1.

matrix in which every element ajj (i,j=

The matrix elements have the following
relationships:
ij

The second step in the AHP procedure is to
normalize the matrix. The relative weights are given

by the normalized right eigenvector (W = {Wl, W, }T )
) of the

square matrix A providing the weighting Values for
all decision elements. The largest eigenvalue (1 )

associated with the largest eigenvalue (2

can be calculated by using the following equation:
AW =4 W (16)

n
- z[( Lo, } (a7
=1 \j
The third step calculates the consistency ratio and
checks its value.
The consistency ratio is found with the following
formula:



Cl

CR==-x<0,1 18
=<0, (18)

where: Clis the consistency index; Rl is a random
index. The random matrix is given by Saaty, [7]. Its
values are shown in table 2.

Tabl.2. Random Consistency Index (RI)

n |1 2 3 4 5
RI | 0O 0 0,58 1 09 | 1,12
n |6 7 8 9 10
RI| 124|132 | 141 | 1,45 | 1,49
n |11 12 13 14 15
RI'| 1,51 | 1,48 | 1,56 | 1,57 | 1,59
The consistency index is:
Cl = 2o (19)
n-1

Amax i the maximum eigenvalue of the priority

matrix, N is the number of elements in the matrix.

Generally, if the CRis less than 0.10, the
consistency of the decision-maker is considered
satisfactory. But if CRexceeds 0.10, some revisions
of judgements may be required. In order to control the
results of the methods, the consistency ratio (CR) is
used to estimate directly the consistency of pairwise
comparisons.

5. Building an AHP model in Super Decisions

software

Several computer programs are developed as a
support for analytic hierarchy process. One of them,
the Super-Decision, is developed in 2003 by William
J. Adams from Embry Riddle Aeronautic University,
Daytona Beach from Florida and Rosanne W. Saaty
from Creative Decisions Foundation from Pittsburgh,
(1, 11].

The software helps to structure and organize the
comparisons, as well as obtaining and analyzing the
results. The software also calculates the consistency
index (CI) of the judgments and Graphical Sensitivity
Analysis.

A hierarchical decision model has a goal, criteria
that are evaluated for their importance to the goal and
alternatives that are evaluated for the level of
preferences in respect to the each criterion.

A Super-Decisions model consists of clusters of
elements (or nodes), rather than elements (or nodes)
arranged in levels. The simplest hierarchical model
has a goal cluster containing the goal element, a
criteria cluster containing the criteria elements and an
alternatives cluster containing the alternative.

The highest level of the hierarchy is the overall
goal: to determine the best scheme with weights
corresponding to criteria. Under the overall goal, the
second level represents seven criteria affecting
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scheme selection. The alternative for railway line
Sofia — Plovdiv — Burgas is shown in table 3.

Table 3. Alternatives

Train Category
Tram FT,AFT,DFT | FT.DFT | FT,AFT
Composition
3 wagons Scheme 1 Scheme 4 | Scheme 7
4 wagons Scheme 2 Scheme 5 | Scheme 8
3 u 4 wagons Scheme 3 Scheme 6 | Scheme 9

In part of the variant schemes was introduced a
new category of trains - direct fast trains (DFT). These
trains for assignment from Sofia to Plovdiv are direct,
1.e. do not stop at intermediate stations on the route,
and for assignment from Sofia to Bourgas the trains
stop at stations in Plovdiv and Stara Zagora.

Figure 1 presents the hierarchy model in Super
Decision.

Pair wise comparison is the process of comparing
the relative importance of two criteria with respect to
another element (for example, the goal) in the level
above to establish priorities for the elements being
compared. In this research is used a group of experts
which gave an overall score on the scale of Saaty. In
table 4 is shown the prioritization matrix.

Table 4. Prioritization matrix

Prioritization
Matrix Kl | K2 | K3 |[K4|K5| K6 | K7

K1:Transport
satisfaction

[
—_
(o))
[
—_
[
—_

K2:Average
number of train
stops

—
—_—
[\
—

K3:Average
distance traveled

N[ N =

ul| =

NN =
N (W N =
N U R | N =
NN =

K4:Average
speed

[\
—

K5:Reliability 1 2 3

—_
[\
W

K6:Availability
of service with 1 2 5
direct transport

K7:Transport
capacity

N[ = N = N =
Wl = N =

The overall weights impress the final rate of
alternatives. In this method, the relative importance
weight is calculated by rating method instead of
paired comparison matrix. Saaty [5, 6] proposed a five
intensity categorized table used in Super Decision
software. Table 5 presents the importance lingual
concepts. They are leveled from excellent, good,
above average, average and below average by level of
influence of strategic criteria.




Table 5. Five intensity levels
and their corresponding values

Super - In Table 6 is presented the values for the
Decisions | 5 o S S g quantitative and qualitative indicators for the variant
Ratings 2 2 z & & E £ g schemes using formulas from 1 to 11.
S8 |22 2 |83 3 Figure 2 presents the results of Super Decision
Fxcellent I 2 3 ) 5 042 rating. .Tc.)t.als show the scores Wlthqut normgh;mg.
Good 3 T > 3 ) 0.26 The priorities show the scores normalized by dividing
90 2 by the total of all the alternatives’ scores in a column
Above 13 | 12 1 2 3 0.16 of totals scores.
Average ’
Average 1/4 | 173 | 172 1 2 0,10
Below s Vs | 13 [ 12| 1| 006
Average
Table 6. Value of the quantitative and qualitative indicators for the variant schemes
K1 K2 K3 K4 K5 K6 K7 K8
Average Average Avallabﬂlty Direct
Transport . . Average L of service | Transport .
: . number of train | distance Reliability | ... .. | Operating
Scheme | satisfaction speed with direct | capacity
stops traveled costs
transport
trains/day number km km/h coeft. - I\;l;;rcﬂzsr BGN/day
SCH 1 16 146 285 61,29 0,80 1 3360 10721
SCH 2 13 126 314 62,18 0,65 1 3640 10229
SCH 3 14 136 303 61,63 0,70 1 3430 10456
SCH 4 16 162 285 60,85 0,80 1 3360 10843
SCH 5 12 118 303 61,84 0,60 1 3360 9331
SCH 6 13 142 314 61,57 0,65 1 3220 10024
SCH7 16 230 303 59,03 0,80 0 3360 11572
SCH 8 12 172 303 59,03 0,60 0 3360 9774
SCH9 13 182 292 58,79 0,65 0 3150 10022
BEST SCHEMEII )
. i ' m
a CRITETION o=

K1: TRANSPORT s.msmcnoxl K2: AVERAGE NUMBER OF TRAIN STDPSI K3: AVERAGE DISTANCE IRA\-'ELEDI K4: AVERAGE SPEEDI K5 REUAEILHYI

K6: AVAILABILITY OF SERVICE WITH DIRECT TM\'SPORTI K7: TRANSPORT CAPACHYI

ALTERNATIVA

SCHI: FAST TRAIN, ACCELERATE FAST TRAIN, DIRECT FAST TRAIN -3 wagons SCHT: FAST TRAIN. ACCELERATE FAST TRAIN- 3 wagons

SCH2: FAST TRAIN, ACCELERATE FAST TRAIN, DIRECT FAST TRAIN -4 wagons SCH4: FAST TRAIN, DIRECT FAST TRAIN - 3 wagons I

SCH3: FAST TRAIN, ACCELERATE FAST TRAIN, DIRECT FAST TRAIN -3 and 4 wagons SCH5: FAST TRAIN DIRECT FAST TRAIN -4 wagons |} SCHS: FAST TRAIN, ACCELERATE FAST TRAIN -4 wagons

SCH6: FAST TRAIN, DIRECT FAST TRAIN -3 and 4 wagons

SCH9: FAST TRAIN, ACCELERATE FAST TRAIN -3 and 4 wagons

1 n +

Fig.1. AHP Model for railway intercity scheme selection created in Super — Decision Software
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Super Decisions Ratings
il e T T T

SCH1 [.124851 (1652660 EXCELLENT good ahove average gaod average excellent gaod
SCHZ 0152716 [.798324 gaod good gand gaod excellent excellent excelent
SCH3 0.130696 0683216 gaod good gand gaod good excellent gaod
SCH4 0.119570 0627145 EXCELLENT | above average | above average good average excellent gaod
SCHA 0118108 0B17413 ahove average | above average good good good encellent good
SCHE 0118108 0617413 ahove average | above average good good good excellent good
SCHY (.081550 0426305 EXCELLENT average good ahove average | below average | below average good
SCHE (1.085435 0446613 ahove average | below average good ahove average good above average good
SCHY 1063566 0303428 ahove average average average ahove average | above average | above average | above average

Fig.2. Ratings and Priorities in Super — Decision Software

The criterion average speed has the greatest
weight. Second in weight is the criterion reliability of
transport. The weights to transport satisfaction and
availability of direct services have comparable values.
The criteria average number of stops and transport
capacity also has a similar meaning. The lowest
weight has a criterion average distance.

6. Inconsistency Analysis

The analysis of inconsistency (Consistency Ratio
CR) allows measuring how consistent the judgments
have been relative. If the CR is much in excess of 0.1
the judgments are untrustworthy and the evaluation
must be repeated Consistency applies only to the
pairwise comparison matrices. The consistency is
desirable to be less than 0.10. Table 7 shows the
consistency measurements CR for the priorities. It can
be seen that all the factors condition is satisfied, i.e.
they are smaller than 0.1.

Table 7. The consistency measurements CR

for the priorities
All K1 K2 K3 | K4 |[K5 | K6 |K7
criteria
0,049 0,01 10,02 |0 0 0,04 | 0 0

7. Analysis of Sensitivity

The Super Decision tools allow making decision
about the sensitivity of results. Graphical Sensitivity
Analysis enables the researcher to adjust priorities to
see the effect of changes in judgments on the overall
ranking of decision alternatives. The priority ranges
from 0.0 to 1.0 on the x-axis. The assessment is
carried out as by increasing and decreasing one of the
seven criteria keeping the others proportionally the
same. Moving the dotted line and dragging can give
different scenarios of projection changes for the
alternatives. In Figure 3 is shown an example for
criterion K1 of graphical sensitivity analysis.

The sensitive analysis is made for all indicators.
The results showed that the scheme 2 largely retains
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its position as the best scheme. For factors K1 at
values above 0.402 the perfect scheme is scheme 1.
Schemes 1 and 4 have similar results for the values of
K1 above 0.94 but scheme 1 retains his position. In
amending the values of the factor K2 over 0.82
competitive schemes are 1, 2 and 3. When amending
the values of K3 over 0.7 competitive schemes are 2
and 3. In values up to 0.006 of factor K5 the best
scheme is 1 but above this value again scheme 2
retains substitution with an optimal scheme. For K7 at
values above 0.6 the schemes from 1 to 6 have similar
values. For K7 scheme 2 has a clear first position for
all values. Table 8 presents the results of sensitive
analysis for stability intervals for the best scheme.

Node for sensitvity: K1 —

Plot | Barchart | Piechart| Horz Barchart

Parameter
0.290

Fig.3. An example of Graphical Sensitivity Analysis



Table 8. Stability Intervals

Stability Intervals,%
Indicator | from to
K1 0 39,6
K2 0 100
K3 0 100
K4 0 100
K5 0,6 100
K6 0 100
K7 0 100

8. Cost/Benefits Analysis

The cost/benefit analysis method is a technique
that is used to determine options that provide the best
alternative. It serves to determine the optimal variant
of transportation. The final phase of the methodology
includes a scheme selection by means of Cost/Benefit
ratio where the cost of each scheme is established
through the optimization of the direct operating costs
by linear optimization model and the benefits is
determined by the AHP method. The best alternative
is selected by using a cost/benefits ratio.

Cg .
fy =-— —>min (20)
g
where: Cy is the normalized costs for scheme g;

bg is the AHP score for scheme g; g=1,...,G is the

number of alternative schemes.

The minimal cost/benefit ratio presents the
optimal scheme. The normalized costs present the
proportion of direct operational costs for each of
the variants schemes.

¢y = @1)

where: Rg is the total direct operating costs for

scheme g, BGN/day;

In table 9 is presented the results of Cost/Benefits
Method. Figure 4 show a comparison of schemes by
normalized costs, AHP score and Cost/Benefits ratio.

Table 9. Cost/Benefits Analysis results

Direct Normalized | Benefit | Cost/
. Costs (AHP | Benefit
Operating Score) | Ratio
Scheme Costs/ per day ¢ b, 7

1 10721 0,115 0,125 0,92
2 10229 0,110 0,153 0,72
3 10456 0,112 0,131 0,86
4 10843 0,117 0,119 0,98
5 9331 0,100 0,118 0,85
6 10024 0,108 0,118 091
7 11572 0,124 0,081 1,54
8 9774 0,105 0,085 1,24
9 10022 0,108 0,068 1,59

0,18 18
s Normalized Costs AHP Score

0,16 - 16
v = Cost/Benefits ratio
5 0,14 L1g
o
wi
(-9
T 0,12 + 1.2
T “ 2
g &
§ 01 L1 g
v b7
2 [
2
& 0,08 - - 08 g
3 7
3 =]
5 0,06 - 06V
"
£
S | | |
2 00 0,4

0,02 - L 02

1 2 3 4 ] 6 7 8 9

Scheme

Fig.4. Comparison of schemes

The scheme with minimal direct operational costs
is scheme 5. The optimal in terms of Cost/Benefits
Analysis is scheme 2. This scheme is also the best
according to AHP method prioritization.

The transport service by scheme 2 is by three
categories trains: fast trains, accelerate fast trains and
direct fast trains. The number of trains per day by this
scheme are: Sofia-Plovdiv: 3 fast trains, 1 accelerate
fast trains, 2 direct fast trains; Sofia — Burgas: 3 fast
trains, 1 accelerate fast trains, 3 direct fast trains.;

The proposed organization is characterized by an
increased frequency of service, offering direct fast
trains and rapid transportation.

Conclusions

The conducted research allows us to make the
following conclusions:

e [n this research have been developed an original
complex methodology for the selection of the optimal
scheme of organization of intercity passenger
transport which consists of a linear optimization
model to minimize direct operating cost, method of
analytic hierarchy process and method of cost/ benefit
analysis.

o In the study have been proposed quantitative and
qualitative indicators to assess the variant schemes for
railway transport.

e The variant schemes of transportation with
railway transport are proposed.

o [t is applied the method of Analytic hierarchy
process (AHP) to prioritize the variant schemes.

o [t is applied the method of cost/benefit for chose
an optimal scheme for transport by intercity trains,
where the costs are determined wusing linear
optimization model and the benefits of schemes are
determined by the weight obtained by AHP method.

o The optimal scheme of organization of transport



has been determined by using both quantitative and
qualitative indicators.

o In the research is examined an organization of
transportation by a new category of long-distance
passenger trains — direct fast trains. The calculations
by methodology prove the effectiveness of movement
of three categories intercity trains: direct, accelerate
and fast trains.

e The complex methodology for selecting the
optimal scheme for organization of railway intercity
passenger trains can be applied to determine the
organization of others categories passengers trains as
suburban trains, as well as a complex an organization
of all categories of passenger trains on the railway line
or railway network.
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MOIEJIMPAHE U AHAJIN3 HA BbP3U 1
EKCIIPECHU TBTHUYECKHA
KEJIE3OITBTHU ITPEBO3U C U3I1OJI3BAHE
HA KO/IMYECTBEHU U KAMECTBEHU

NOKA3ATEJ/IX
B  wu3chmegBaHero € MpEeMIOKEH — MHOIO-
KpUTEpHaJICH  MOZAEN  3a  ONTHMM3auMsi  Ha

ITBTHUYECKH JKENIe30IbTHU TpeBo3u. [lpunoxenu ca
METOJla Ha JIMHEWHOTO ONTUMHpaHE C KPUTEPHil
MHHAMYM TIpEKH  €KCIUIOATallMOHHU  Pa3XxO.H,
MeToJia Ha aHamuTuiHara depapxust (AHP) u merona
Pa3XOAW/TION3H 33 OMpeAeNsiHe Ha ONTHMAHA
OTraHM3aIys Ha Pa3INIHA KaTerOpHH MEXITYTPaaCcKu
BJaKkoBe. B u3cienBaneTo e u3mon3eaH coTyephT 3a
Moznermupane "Super Decision" 3a ck3gaBane Ha
HepapxudHa MOZENT Ha B3eMaHE Ha pEIICHWs IO
Merona AHP. 3a komudecTBeHM M KadeCTBEHH
MOKa3aTelld B M3CIICABAHETO ca W30paHH CICTHUTE
KPHUTEPHHU: TPAHCTIOPTHA 3aJI0BOJIEHOCT, CPeJieH Opoit
HAa CHOUpaHWATa Ha BIAK, CPEOHO IIPEBO3HO
pa3cTosiHAE, ~ CpelHa  Y4YacThbKOBa  CKOpOCT,
HAJIOKIHOCT, HAIMYME Ha YCIOyra C JIUPEKTeH
TPaHCIIOPT,  TPAHCIIOPTEH  Kalal|TeT,  IpeKH
eKCIUTOATAllMOHHN  pa3xogd. B cratmara ca
W3CIIE/IBAHN  JIEBET aITEpHATHBA Ha  BIIAKOBO
obcirykBade. Pa3zpaboTeHUST Moen € TPUIIOKEH 3a
skene3onbTeH nonmuron Codus - IlnoBaus - Byprac u
¢ TIpemIoKeHa cxeMa 3a  opraHm3aims Ha
MEXKTyTPAJICKUTE BIAKOBE.
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MN3CJIEABAHE HA TPAHCIIOPTHATA 3ATOBOJIEHOCT HA TPAHCO®EPHUTE BPB3KU B
HUHTEPMOJAJTHUTE KOHTAKTHHA Bbh3/IA HA CO®UMCKAS METPOIIOJIMTEH
N PEJICOBUSA I'PAICKH TPAHCITIOPT

BECEJMH CTOEB
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Pe3iome:

CBETJIA CTOMIOBA
DakynTer 1o TPAHCIOoPT,
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B uscnenBaneto e pazpaboTeHa METOMKA 3a ONTHMH3ALMS HA TPaHC(EPHUTE BPB3KU B KOHTAaKTHUTE ITYHKTOBE
Ha METPOMOJIMTEHA U IPAACKUS PEJICOB TPAHCIOPT C OTYMTAHE HAa MHTEpBaJla HA JBUKCHE HA MPEBOZHUTE CPEICTBA.
W3cnenBann ca Opost M MPOXBIDKUTEIHOCTTA Ha TpaHc(epHaTa BpB3Ka MEXIy MeTpoBiakoBere Ha Codmiickus
METPOIIONUTEH U PEJICOB TPAJICKH TpaHCHOpT B MeTpoctanmmmTe Cepmuka, Coduiickn YamBepcurer “CB. KimmmeHt
Oxpuncku™ u Craguon “Bacuin JleBcku". B T€31 METpOCTaHLIMM BCEKMIHEBHO B CYTPEIHUTE U BEYEPHUTE NMHKOBHU
MIEPUOM TIPEMHHABAT T'OJEMU IO 00eM IBTHHKOIOTOIM, KOWTO OCBLIECTBSBAT TPAaHC(EPHH BPB3KH C PEIICOBHS
TPAZICKN TPAHCIOPT, C e JOCTUTAaHETO A0 PA3IMYHO MECTOHA3HAUCHHE, KOETO HE MOXE Jia Ob/e 0OCITyXKEHO OT
MeTpoMpeskata. PaspaboTeHaTa MeToAMKa MOXKe J1a ObJie MPUIIOAKEHA 33 Pa3IUYHU KOHTAKTHU ITyHKTOBE HE3aBUCHUMO
OT MH(PACTPYKTYPHUTE UM OCOOCHOCTH M MHTEPBAJIM Ha JIBIKEHHE HAa BHAOBETE TPAJICKU PEJICOB TPAHCIOPT, C LI

HOILO6pHBaHC Ha TpaHCTIOpTHAaTa 3a10BOJICHOCT.

KnrouoBu xymu: mempononumen, mpancgepnu 6pu3Ki, peicos epadcKku Mpancnopm, npoowbidiCUmMeTHOCm Ha

mpancgheprhama epv3sKa, bpotl mpancgepuu 6pwb3KiL.

1. BbBenenue

[TnaHupaHeT0 HAa WHTEPMOIAIHH TPAHCIIOPTHH
CBOPBKEHUSI € KOMIUIEKCEH MHOTO(YHKIHOHATICH
nporec. V3rpakqaHeTo W eKCIUIOATUPAHETO KM
BJIMSIC 3HAYMTEIHO HA TPAHCIIOPTHOTO OOCITY)KBAaHE.
HM3creBAHETO HAa MHTEPMOJIATHUTE BPB3KH € OOEKT
Ha aHan3 OT pa3nuuiu aBTopu. B [4] ce pasrmexmar
BB3/ICHCTBUATA HAa  WHTEPMOJATHOCTTA  BBPXY
HACHTEHOCTTa,  HMKOHOMHYECKOTO  PasBUTHE |
edeKTUBHOCTTa Ha TpaHCropTHATa crctema. B [3] e
M3IOJI3BAH TEHETHYHMAT TOJIXOJ 38 CHHXPOHHU3AIIUS
Ha TpaduIUTe Ha IBIKCHUE HA PA3IMIHHUTE BHUIOBE
IPajCKu TpaHCHOpT. B3auMoneHcTBHETO MEXIy
aBTOOYC M METpPO € H3CIIe[IBAHO C KOpEIaIlMOHEH
anamm3 B [8]. TIpemtoxKeHUST airopuThbM  JaBa
vHpOpMaLMsl 32 OIEHSABaHE W H3TPaXIaHe Ha
rpajacka HHMOPMAIMOHHA CHCTEMA, TIPH KOSITO Jia Ce
OTYHTAT B peaHO BpeMe  MYJITUMOIATHUTE
bTyBaHMs, TNPUCTHTAHUATA,  OTKJIOHEHHSATA OT
rpauka 3a JIBUKEHHE, JIOKAIH3AIMs Ha TIPEBO3HUTE
cpenctBa u jip. CriesioBaTeNHO, MPOIBIDKUTEITHOCTTA
3a U34aKBaHE U BPEMEITBTYBAHETO CE U3UYNCIISABAT Bb3

OCHOBa Ha uH(pOpMaLMATa B pPEaJHO BpeEMeE
[51.[6].[71,[11].[12].
OnTUManmHOTO  B3aUMONEHMCTBHE HA  METpO-

NOJUTCHA W TIPaACKUA TPAaHCHOPT B KOHTAKTHHUTC
IIYHKTOBE HMa BaKHO 3HAUCHUC 3a 06u1aTa
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MPOIBDKUTETHOCT HA TPEIBIKBAHETO Ha MBTHHUIIUTE
OT HAYyaJHUS 10 KpalHWS MyHKT Ha MbTyBaHe. OCBEeH
TOBa IMPAaBHITHOTO B3aMMOJIEHCTBHE MEXIY BHUIOBETE
TPaACKi TPAHCIOPT BIUsE€ BBPXY IAIOCTHATA
OpraHM3aIys Ha PEBO3UTE.

OO1IecTBeHUTE TPAJICKU MPEBO3H €A KOMIUIEKC OT

aBTOOyCEH ¥ PpENICOB TPaHCIOPT. ABTOOYCHHSAT
TPAHCIIOPT CE OTJIMYaBa C BUCOKA MAHEBPEHOCT, KOETO

MO3BOJISIBA TO-JIECHO WHTETpUpaHe Ha
B3aMMOJICHICTBUETO B  TpaHC(EpHHTE BB3IM HA
METPOTIONIUTeHa. TpamMBalHUSAT W  TPOJIEHOYCHUST

TPAHCIIOPT MMAaT OTPaHMYEHHS B IBW)KEHUETO CH OT
KOHTakTHa Mpexa ¢ peich (32 TpaMBailHUA
TpaHctopt). [loBedero MapuIpyTH UMaT MHTEPBAIN Ha
JIBIDKEHUE To-TosieMr oT 10 MUHYTH B IIMKOB NEPHOL,
JIOKaTO MHTEpBaJa Ha JABWKEHHE Ha METPOIIOJIMTEHA 32
chIms nepro] € 3-4 MUHYTH. 3a TOBa € Ba)KHO Ja Ce
ONTHMHU3Mpa  CHHXPOHM3AIMATa  HAa  PEJICOBUS
TPAHCIIOPT C METPOIOIUTEHA.

llenta Ha w3cnenBaHETO € Ja ce pa3padoTh
METOJIMKA 3a ONTHUMH3ALMS Ha B3aUMOJICHCTBUETO HA
METPOTIONIUTEHA M PEJNICOBUSl TPAJICKH TPAHCIOPT, C
OTYMTAHE HAa UHTEPBAINTE HA JIBWOKEHHUE HA METPOTO H
BUJIOBETE PEJICOB TPAJCKU TPAHCIOPT. 3a/adara € Ja
ce MHUHUMHM3HMpa CymaTa Ha BPEMETO 3a 4YakaHe Ha
MBTHUIIATE 32 OCHIIECTBIBAHE HAa Bpb3Ka Ha
METPOBIIAKOBETE C TIOJIBMKHHS CHCTaB Ha PEJICOBUS



TPaJICKHS TPAHCTIOPT B KOHTAKTHHUTE MyHKTOBE. [lof
TIOHATHETO ,,BPH3Ka” B M3CICOBAHETO C€ pazdmpa
WHTEpBAJIA OT BpEME MEXKIy MPUCTUTAHETO Ha
METpPOBJIAKa OT JafieHO HalpaBlIeHUE 0 MOMEHTa Ha
3aMHUHABaHE HA PEJICOBOTO NMPEBO3HO CPEICTBO OT

CHIIMS  KOHTAKTEH MYHKT 32  CHOTBETHOTO
HarpapJcHHE.
2. Meroauka  3a ONTHMHU3ALUSA Ha

HHTEPMOJATHHATEe BPb3KH 3a TpaHcdep Ha
IIbTHALIATE MEKIYy METPOINOJINTeHA M PeICOBMSI
IPAICKH TPAHCIIOPT B KOHTAKTHHUTE IIyHKTOBE

B ronemure rpagoBe B3aUMOACHCTBUETO MEXITY
METPOIIOJIIUTEHA U PEJICOBHSA I'PAACKH TPAHCIIOPT UMa
BOKHO 3HAYEHHE 32 MKOHOMUYECKOTO UM pa3BUTHE.
OnTUMajaHOTO B3aMMOJCHCTBHE Ha MPEBO3HHUTE
CpeicTBa B KOHTaKTHHUTE BbB3IM CE OHpenens OT
MUHUMAJIHATa MPOAB/DKUTCIIHOCT HAa 4YaKaHC Ha
ITETHUIINTE 33 pean3UpaHeTo Ha TpaHcdepHa BPb3Ka
MEXIy TpaHCHOpPTHHUTE cpencTa. TpaHcropTHata
CHCTEMa € TMpPEACTaBeHa KAaTo CBbp3aHa BB3JIOBA
CTpYKTypa. 3a BCEKM Y4YaCTbK MEXIy JIBa
TpaHcepHH BB3eNla Ce 3a7aBa OOCITY)KBAaHETO OT
MPEBO3HHU CPEZICTBA, 32 KOETO TpsAOBa 1a ce onpenenu
MHHYTaTa Ha 3amMuHaBane X MuHyTara Ha
npucturane Xj B cleapainus TpaHchepeH Bb3eNl ce
olpeness B 3aBUCUMOCT OT MUHYTaTa Ha TPBI'BaHE OT
NPeIXOAHUS M BPEMENBTYBAaHETO MEXIy IBaTa
BB3ena b, T.e. Xj = Xi + ti, min.

OntumuzanivoHHaTa (QYHKOMS HMMa  CIICTHUS
BUJI:

M K vy k-1
Lim=1Zx=0 Li=M+1{Xm + Lk=o Tieses1 +

K
Yi=oTer + 1) = (X +tip +tp 0 + 1 +

V .

Tsi)} + Xy=1+1 Xy = min,
1)
KBJIETO:
- K e Oposar Ha MeTpoctaHmuute k=1,......K;
- X,, €TepuoJbT HA 3aMUHaBaHe Ha METPOBJIAKa OT
HavyaiHa (KpaiiHa) CMpKa Ha MaplIpyTa Ha METpOTO;
m=1,....M;
- X; e MUHyTaTa Ha 3aMUHaBaHE Ha PEJICOBOTO
TIPEBO3HO CPEJICTBO OT HavayHata (KpaifHaTa) CIiMpKa
Ha PEJICOBUSl TPAJICKU TPaHCIOPT(TpamBail MK
TPOJICHOYC) 10 MHTEPMOJAIHHS BB3EI C METPOTO,
min;
- i=M+1,...,| e opeHUAT HOMEP HA MapIIPYTHTE
Ha TPAJICKUS PEJICOB TPAHCIIOPT;
- YT\ k41 € BPEMENBTYBAHETO HA METPOBIAKA
MEXTy JIBE ChbCEIHH METPOCTAHIIMHI, MIN;
- t;, © BPEeMENbTYBaHE OT HayanHarta (KpalHara)
CIIMpKa Ha PpENCOBUSl TPAACKH TPAaHCHOPT JI0
TpaHchepHHs Bb3el ¢ METpoTo, Min;

- tpik € TIPOIBIDKUTENIHOCTTA HA JBWKECHHETO HA
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ITETHUIIUTE OT KOHTAKTHHUS ITyHKT HA TPAJICKHS PEJICOB
TPAHCIIOPT JI0 BXo/a Ha ,,K-Ta” MeTpocTaHips, Min;

- Ii e MHTEPBAITBT Ha JBIDKEHME Ha METPOBIIAKa, Min;

- Ij e vHTepBaIbT Ha JBWKEHHE Ha TpamBas WA
Tposieiidyca, min;

- Tci € TPOABIKMTENHOCTTA Ha  TPECTOs
METpOBJIaKa Ha MEPOHA B ,,K-Ta’ METpOCTaHIHsL, MiN;

Ha

- Xv ca JONBJIHUTEIHA HEW3BECTHH C IIEJ Ja Ce
OrpaHMYaT  HEMOJXOSIINTE  CTOWHOCTH,  KOWTO
HaJIBUIIIABAT OINpejeeHara CToMHocT Ha  Xj, V =
I+1,....V ¢ OposT Ha BpB3KUTE MEKy MapIIPYTHTE HA
TPAJICKUS PEIICOB TPAHCIIOPT U METPOTO, MIN;

- Tsp =k kg ky.B.Ty, £ T, , MiN, npesacrapisiBa
NPOIBDKUTEITHOCTTA HA B)KCHHE HA MMBTHUIIUTE OT
BXOJa 10 TepoHa Ha ,,K-Ta” MeTpocTaHuus, Min; K; -

KOC(DUIIMEHTBT, KOWTO B3eMa [0 BHHUMAHHUE
MPOABILKUTEITHOCTTA Ha XOPHU30HTAIHUS u
BEepTHKATHUS ~ Tpancpep Ha mhTHHKA, K, -
KOC(DUIIMEHTBT, KOWTO OTYMTAa MPOMCHUTC B

pasmnpeaeHHeT0 Ha MBTHUKOMOTOKA C abOHAMETHH
NPEBO3HU JOKyMEHTH; Kc - KOC(HIMEHTHT, KOWUTO
B3€Ma B IIPpEABH/J IIPpOMAHATA HA O6HII/I§I IITbTHHUKOITIOTOK
B METPOCTaHLMATA; B - OTUMTA IPOLIEHTHOTO pasmpe-
JleTieHre MEeXTy OmeTHa Kaca M OMJIETeH aBTOMAaT Ha
IBTHUKOIIOTOKA B 3aBHCHMOCT OT YCTPOMCTBOTO 3a
3aKyIyBaHe Ha €IHOKPATeH MPEBO3CH TOKYMEHT, %0; T
e ofmara MUHAMAIHA [POJABDKH-TETHOCT B
cucremara, min; Ty = 0.51 min. T e mosy4eHo upes
CHMYJIAIIMOHHO ~MOJIETUPaHe Ha TEXHOJOTHYHHTE
MpOIECH 3a BCAKA METPOCTAHIMS, ydyacTBalla B
mcnenBarero. OnpenersiieTro Ha Tg € HU3IOKEHO OT
asropwure B [10].

CroiHOCTUTE HA HEW3BECTHUTE Y4YacTBAIU B
m3cnenBanero ca or 0 go 59 muHyTH. 3a MO-TONsAMA
SICHOTA HA W3CJIE/IBAHETO, MUHYTHTE CE MPEBPBIIAT B
YacOBHU CTOTHH.

3a BCHYKM OCHOBHM HEHM3BECTHH Ca B CHIa
CIICTHUTE yCIIOBUSL:

0< X, <1; 0<X;<1 )

IIpoaw/pxkuTenHOCTTa HAa Bpb3KaTa ce H3passisa
Yype3 OCHOBHMTE HEHM3BECTHHM, NPeICTaBISIBAILN
JUHEHHa KOMOMHAIMS MEXIy NPUCTUIAaHEeTO Ha
MapmpyT Xi B K-TUS TYHKT U 3aMHHABaHETO Ha
MapuIpyTa Ha MeTpoTO Xy OT CHIIHA ITyHKT.

trink<(Xm + 2k=0 Tip+1 + Loeo Tk + 1 —
(Xi + ti,k + tp,l',k + I] + TSk) + Xv Stmax,k (3)
Kplero: tmin, k; tmax,k - MuHUManHaTa #

MaKkCHMajlHaTa MpPOIABIDKUTENTHOCT Ha IepHojia 3a
BpB3Ka.

MuHMMaHaTa MPOABDKUTETHOCT Ha TIeproa 3a
Bpb3Ka ,tmin, k" ce ompemens B 3aBUCUMOCT OT
MPOABIDKUTEIHOCTTA Ha TMEpHoja, HeoOXoaWMa Ha
MTBTHHUIINTE 32 CMsIHA Ha BUJIA HA TIPEBO3HOTO CPEICTBO.
MakcuMarHaTta MPOIBDKUTEIHOCT HAa TMEpUoja 3a



Bpb3Ka ,tmax,k" ce 3amaBa CbC CTOMHOCT 110 6
MHHYTH W 3aBUCH OT CTOMHOCTTA Ha ITBTHUKOITOTOKA,
OCBIIIECTRSIBAII] BPh3Ka.

YcioBusTa, OMPENEANId TOPHUTE W JIOJHUTE
TpaHULId 33  CIOOMAaraTelHuTe,  LETOYUCICHU
MPOMEHIMBY. 3a MpoMeHMBUTe Xy ce JehHHUpaT
TOPHH | JIOJTHU TPAHUITH:

xv,max > xv > xv,min (4)

MakcuMaHaTa CTOMHOCT Ha MPOIbIKUTEITHOCTTA Ha
neproJia 3a Bpbh 3Ka MMa CTOMHOCT 1 B clieHUTE

CITyJaii:

X + 228 Tioperr + 2heo Tep + =1 )
Xi + ti,k + tp,i,k + I] + TSk:O
Munnmannara CTOMHOCT Ha

NPOABIDKUTEIHOCTTA HA IEpHoJa 3a BpPb3KAa HMa
CTOMHOCT -1 B clieTHUTE Ciy4ail:

Xon + 2520 Tipsr + Zzo Tex + 1;=0
Xi + ti,k + tp,i,k + I] + TSk =1
M3nons3Banute B W3CICABAHETO MAaKCHMAIHA M
MHUHHMAJIHA CTOWHOCT ca B rpanurmre: M =1, m = -1
B wmscnemsaneTo pa3paboTeHHUTe  YpaBHEHUS,
M3passBaly OTPaHHYUTEITHUTE yCIIOBUS,

XapaKTepU3UpaIIy BPb3KUTE, TPAOBA J1a YAOJIECTBOPST
BCHUKN cTorHOCTM Ha M m m. Karto ce 3amecTar

(6)

MUHUMAJIHUTE W  MakKCUMaJIHUTE TpaHUld CE€
MoJTy4aBa:
tmin,k -M > Xv > tmax,k -M (7)
tmin,k -m >Xy> tmax,k -m

3a Ja HC CC M3JIKIIOYM HHMKAKBO  BB3MOXKHO

pemieHue OT (HOPMYNHTE IO-TOPE, CE OIPEICIIAT:
Xv,min nu Xv,max,k , T.C.

Xv,minS tmink - M = tmink +1
Xv,Max,kz Tmaxk - M= Tmaxk -1

®)

3. Anpobanus Ha MeTOANKATA

IpencraBeHara, MeETONWKA  W3MON3BaHA B
M3CIIEZIBAHETO € U3IIOJI3BaHa U B JIPYTH TPOYYBAHUSI
[1].[2].[9], HO B TOBa W3cnenBaHe TS € MogOOpeHa
4pe3 OTYMTAHETO Ha WHTEPBAIUTE HA JIBIKCHHE HA

METPOIIOJIMTEHA W  Ha3eMHHUA  PCJICOB  T'paJiICKU
TpaHCHIOPT, a CbhHIO U HNPOABJDKUTCIHOCTTA Ha
JABYOKCHHETO Ha IObTHUIIHUTEC oT BXOaa Ha

METPOCTAHLIMATA JIO TEPOHA 3a KauBaHE BbB BIIAKa.
OrunraneTo Ha Te3n (akropu nogo0OpsiBa
IbBKAaBOCTTA HA METOJMKaTa KbM IIPOMEHHTE 3a
MoJ00psiBaHe Ha ChIJIACYBAHETO B TpaHC(EPHUTE
BB3JIM.B3anmoneiictBueTo Ha WHTEPBAIMTE HA
JIBIDKCHHE HA METPOBJIAKOBETE U IMOJBMKHUSI CHCTaB
Ha pEICOBUA TIPAJACKA TPAHCIOPT croomara 3a
HaMaJIsIBaHE Ha TPOJIBJDKUTETHOCTTa Ha Bpb3Kara U
MoJI00pSIBaHETO Ha TPAHCIIOPTHATA 33JJOBOJICHOCT Ha
nbTHUIMTE.  OnTUManHata  ChIVIACYBAaHOCT — HA
METPOBJIAKOBETE W HA3eMHUTE PEJICOBU IPEBO3HU
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CpEJICTBA MMa BIIMSIHUE BbPXY €(PEKTHHOTO M3II0/I3BaHe
Ha BPEMETO Ha IIbTHULIUTE, KOWUTO ITbTYyBaT C
O0IIEeCTBEeHUS TPaJCKu TpaHcmopT. HeoOxoaumoctTa
3a TpaHchepu € pe3ylIrar OT HMKOHOMHYECKH
CbOOpaXXeHHS, IIOpagy HEBB3MOXKHOCTTa Ja  ce
00XBaHAT BCHUYUKM W3MCKBAHMSA Ha ITbTHHULMTE 32
JUPEKTHH BPB3KH. 3aToBa TpaH3WUTHATA Mpeka HMa
OIlpeieNieHa IUTBTHOCT Ha TAKUBA BPB3KU B 3aBUCHMOCT
OT [JaJeHa CIPYKTypa Ha TBPCEHETO. Upes
TpaHcdepuTe ce yBelInuaBa Oposi Ha BB3MOXKHUTE
KOPECTIOH/ICHIINY, ~ TOJ00psiBa Ce  OlepaTUBHATa
IbBKAaBOCT M €(EKTUBHOCTTA HA TPaHCIOPTHATA
Mpeka. TpaHcdepure UMar u cBoWTEe HEymOOCTBA -
NpUYMHEH AUCKOMGOPT MpH CMSHATa Ha TPEBO3HOTO
cpenctBo ( HEOOXOAMMOCT OT ITETHHYECKA OPHUCHTAITHS
U XOJIEHE MEXIy MPEBO3HUTE CPEACTBA), M3BECTHO
yIbIDKaBaHe Ha BpeMembTyBaHeTo. [IpemaxBaHeTo Ha
HeynoOcTBara, IPUIMHEHN OT HECMHXPOHHU3ALMATA HA
rpaunuTe Ha pa3IMyHUTE BUIOBE TPAHCIIOPT, Ch3/1aBa
JI0Opo HHMBO Ha 00OCITy)KBaHe. Bucokute momoOpeHus
Ha KaueCTBOTO Ha TPAHCIIOPTHATA YCIIyTa ce MoyJaBaT
OT CUXpOHM3alMfATa Ha TrpadUUUTe Ha BHIOBETE
TPaJCKi TPAHCHOPT M JIONBJIHUTEIHH €()EKTUBHH
JICHCTBYSI 32 KOHTPOJI HA HABUTHPAHE.

[lonobpenara Meronuka € ampoOHpaHa 3a TPH OT
OCHOBHUTE METPOCTAHLHH Ha Codwuiickus
METPOIIOJIUTEH (Coduiicku YHuBeTCHUTET
,,CB.Kimment Oxponcku®, Craguon ,,Bacun JleBcku™
u Cepauka). B Te3u MeTpocTaHInm ca pas3rookeH: B
neHTpanHara dacT Ha rpag Codpust. B nmBe or Tx ce
W3BBPILIBAT  3HAYMTEICH  OpoOll  WHTEPMOJAITHH
Tpancdepu, a B Tperara Merpoctaniums (Cepauka) ce
OCBLIECTBSIBAT TpaHCepH MEXIy IBETe JIMHUM Ha
MeTporioniTeHa. M3cienBaHa € IMPOJbIDKUTEIHOCTT
Ha BPB3KUTE U TEXHUAT OPOA.

3.1 Onpenensine HA OCHOBHUTE HEU3BECTHH

OCHOBHHTE HEW3BECTHH B H3CIIE/IBAHETO IO
METOAMKAaTa Ca MHHYTUTE HAa 3aMHHaBaHE OT
HavyanHa(kpaiiHa) crmpkd. B Tabn.l w Ttabm2 ca
MpEJ/ICTABEHN OCHOBHUTE HE3UBECTHH ChC CUMBOJIHUTE
CH IMCHA.

Tabm.l. OCHOBHM HEW3BECTHU W3IOJI3BAHU B
W3CIEABAHETO CbC CUMBOJIHUTE CU MMEHA.

HewusBectHo | Bug u Homep Ha ITocoka Ha
Ne TpaHCIopTa JIBIOKEHUE

X1 METPO JIMHUA 1 | MCO0-MC 13
X2 METPO JIMHUA 1 | MC 13-MCO0
X3 METPO JIMHUA 2 | MC 0 -MC 208
X4 METPO JIMHUA 2 | MC 208 -MC 0
X5 TPOJIEMBEYC 1 | CIT1-MCS8
X6 TPOJIEMBYC 1 | TIC -MC 8
X7 TPOJIEMBYC?2 | CII1-MC 8




Heussectno | Bun u HOMep Ha ITocoka Ha
Ne TpaHCIopTa JIBIKEHUE
X8 TPOJIEMBYC 2 | IIC -MC 8
X9 TPOJIEMIBYC 4 | CII1-MC 8
X10 TPOJIEMBYC 4 | IIC -MC 8
X11 TPAMBAI 10 | CIT1-MC9
X12 TPAMBAI 10 | IIC-MC 9
X13 TPAMBAI 12 | CIT1-MC9
X14 TPAMBAI 12 | IIC -MC 9
X15 TPAMBAI 18 | CII1-MC?9
X16 TPAMBAI 18 | IIC -MC 9

Tab6:1.2. OcHOBHM O3HAUCHHSI HA METPOCTAHUHTE U

CIMPKUTE Ha pEJICOBUS IPACKM  TPaHCHOPT
M3110JI3BaHU B U3CJICABAHCTO.
T10COKA HA JBUAEHHE T0COKA HA JBUAERHE
MCO-MC13 Merpocrannus "Crnsrnua” -Merpocranuns "Maagoer 1"
MC13-MCO Merpocranmus "Maagoct 1" -Merpocranuns "Conprnua"
MC0-MC 208 Merpocrantus "Cansunua" -Metpocranmus "Cepaga 2"
MC208-MC0 Merpoeranus "[xeiive Baysep" -Merpocrantus "Cepyua 2"
CI1-MC8 Crnpra " k. Jesckn I'" - Mepoeranuns "Codumifexn yunsepeuter”
TIC-MC8 mipka "leta rpancka Goamnia” - Merpocranmus "Coduiiexn yrusepenter
C1-MC8§ Crpica "ok, Xaman Jvanrnp” - Merpocrannst "Comiickn yrmsepenrer”
TIC-MC8§ Cnupka "bokeron" - Merpocranmms "Codmifcxn yrngepenter” |
(I1-MC8 Crupica "k, Xagam Jvnrnp” - Merpoctanuns "Codmiickn ynmsepener”
TIC-MC8 Crpxa "4k, Jpyafa 2" - Merpocranuns "Codmiickn yaupepenrer"
CI1-MCY Crpxa "y, Kopa6 [lnamia” - Metpocranmus "Bacun Jesexn"
TIC-MCY Cnnpka "#x. 3anazen mapk" - Metpocrantns "Bacua Jesexn"
CI1-MCY Cnnpka "xs. Mg - Metpoctanmns "Bacia Jeckn"
TIC-MCY Cunpa "n. Kypramer" - Merpoctanuns "Backa Jescxn"
C1-MCY Cnmpka "ks.Opaangosun” - Merpocrammus "Bacun Jesckn"
TIC-MCY Cnnpra "nnKypramicr” - Mepoeranuns "Bacna Jesexn"

3.2 YpaBHeHus Ha TpaHc(epHUTE BPb3KH

Ha ¢wr.1 ca nmoka3zanu KOHTaKTHHUTE ITyHKTOBE, B
KOHUTO CE OCBILECTBABAT TpaHC(epHHUTEe BPH3KU OT
ITBTHULIUTE.

3a BcekH Bb3eNn ce AeUHUpAT ypaBHEHMATA HA
BPB3KUTE, MIPECTABIABAIM MaTeMaTHIECKH M3pa3 Ha
pasiuka Mexay cOopoBeTre Ha mepuoja  Ha
3aMHMHAaBaHE W MHTEpBAIA HA JIBW)KCHUE HA EIUHUA
BUJI TPAHCTIOPT M cOOpa Ha Mepro/ia Ha MPUCTUTaHE U
VHTEpBaJia HA JBIKEHWE HA NPYTUS BUJA TPajCKu
TPaHCIIOPT B KOHTaKTHUTE BB3IIU 3a
OCBIIECHIIECTBSIBAHE HA TPAHCHED.
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®ur.1 I'paduyHo pencTaBsHe HA BPH3KHUTE B
KOHTAKTHHUTE Bb3IM OOEKT HA U3CIICABAHETO

VYpaBHEHUATa, U3pa3IBaLId BPH3KHUTE Ca ChCTABEHU
110 mocoku. OCHOBHHUTE HEU3BECTHH Ca O3HAUCHH OT X1
10 X1, @ IOMBIHUTEIHUTE HEN3BECTHH Ca O3HAYEHHU OT
Xi17 10 Xss. C |2 € 03HAUCH MHTEPBATLT HA JBHKCHUC
Ha METPOBIIAKOBETE 33 U3CIEIBAHMS IMKOB MEPHO], a C
l1 e moKa3aH HMHTEPBAIBT HA ABWXKCHHE 32 CBLINSI
TIepHO/l Ha W3CIEABAHMS BHUJ TPaJCKA TpaHCHopT. B
ypaBHeHHATa |1 3aemMa pa3MM4HU CTOWHOCTH, B
3aBUCUMOCT OT CBHOTBETHATa MapIIpyTHA JIMHUS Ha
TpaMBalHUS WM TPOJICHOYCHUS TPAHCTIOPT.

METPOCTAHIMSA ,,CEPJINKA” IIOCOKA
HA JBUKEHHUE ,,MC 0 -MC 13”
(X1 + 11+1p) - (X3 +24+11) + X17>3
(X1 + 11+1) - (X3 +24+11) + X1756
(X1 + 11+12) - (Xa +7+l1) + X18>3
(X1 + 11+12) - (Xg +7+1) + X18<6

METPOCTAHIMSA ,,CEPJINKA” IIOCOKA
HA JIBUSKEHHE ,,MC 13 -MC 0”
(X2 + 13+12) - (Xg +7+11) + X19>3
(X2 + 13+1p) - (Xa +7+l1) + X19<6
(X2 + 13+l2) - (X3 +24+11) + X20>3
(KXo + 13+1,) - (X3 +24+11) + X0 <6

METPOCTAHIUA CODPUIICKH
YHUBEPCUTET ,,CB. KIMMEHT
OXPUIACKH* ITOCOKA HA JIBUKEHUE

»MC 0-MC 13”
(X1 + 13+|2) - (X5 +25+|1) + X1 >3
(X1 + 13+1,) - (X5 +25+1;) + X1 <6



(X1 + 13+1p) - (Xe +22+11) + X2 >3
(X1 + 13+1p) - (Xe +22+11) + X< 6
(X1 + 13+lp) - (X7 +13+1;) + X3> 3
(X1 + 13+1p) - (X7 +13+11) + X23< 6
(X1 + 13+1p) - (Xg +32+11) + Xp4> 3
(X1 + 13+1p) - (Xg +32+11) + X240 <6
(X1 + 13+1p) - (Xg +13+11) + Xp5> 3
(X1 + 13+1p) - (Xo +13+11) + X5 < 6
(X1 + 13+1p) - (K10 +31+11) + X26>3
(X1 + 13+|2) - (Xlo +31+|1) + X%x<6

METPOCTAHIIUS COPUINCKN
YHUBEPCHUTET ,,CB. KIMUMEHT
OXPUJICKHU* ITOCOKA HA IBUKEHUE

»MC 13 -MC 0”
(Xz + 10+|2) - (Xlo +31+|1) + X7>3
(X2 + 10+15) - (K10 +31+11) + X7 <6
(Xz + 10+|2)- (Xg +13+|1) +X>3
(Xz + 10+|2)- (Xg +13+|1) + X8<6
(X2 + 10+lp)- (Xg +32+l1) + X29>3
(X2 + 10+lp)- (Xg +32+1) + X29<6
(X2 + 10+lp)- (X7 +13+l1) + X5>3
(X2 + 10+1)- (X7 +13+l1) + X30< 6
(X2 + 10+lp)- (X6 +22+11) + X51>3
(Xz + 10+|2)- (Xe +22+|1) +X31<6
(X2 + 10+lp)- (X5 +25+I;) + X5, >3
(X2 + 10+1)- (X5 +25+1) + X32<6

METPOCTAHIUA CTAIUOH ,,BACHJI
JIEBCKHN” IOCOKA HA IBUKEHUE

MC 0-MC 13
(Xl + 15+|2) - (X11 + 35+|1) +X3>3
(X1 + 15+1p) - (X1 + 35+];) + X33<6
(X1 +15+1p) - (X12 + 12+11) + X3 >3
(Xl + 15+|2) - (X12 + 12+|1) + Xu<6
(X1 + 15+1p) - (X13 + 3+l1) + X35> 3
(X1 + 15+1p) - (Xuz + 3+l1) + X35 <6
(X1 + 15+12) - (Xua + 41+11) + X36>3
(Xl + 15+|2) - (X14 + 41+|1) + X3<6
(X1 + 15+1p) - (Xis + 27+l1) + X37>3
(X1 + 15+D) - (Xas+ 27+ + X37<6
(X1 + 15+12) - (X16 + 3+11) + X35> 3
(X1 + 15+12) - (X16 + 3+11) + Xz < 6

METPOCTAHLUA CTAIUOH ,,BACHUJI
JIEBCKHN” IIOCOKA HA JIBUKEHUE

»~MC 13-MC 0”
(X2 + 9+l2) - (Xa6 + 3+l1) + X40>3
(X2 +9+12) - (X1s + 3+11) + X0 <6
(X2 + 9+|2) - (X15 + 27+|1) +Xu>3
(X2 + 9+|2) - (X15 + 27+|1) +Xn<6
(Xz + 9+|2) - (X14 + 41+|1) + X >3
(Xz + 9+|2) - (X14 + 41+|1) +Xp<6
(X2 + 9+l2) - (X3 + 3+l1) + X43>3
(X2 + 9+l2) - (X3 + 3+11) + Xa3<6
(Xz + 9+|2) - (Xlz + 12+|1) + Xu>3
(X2 + 9+|2) - (Xlz + 12+|1) + Xu<6
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(Xz + 9+|2) - (X11 + 35+|1) + Xa5>3
(Xz + 9+|2) - (X11 + 35+|1) + X5<6

4. Pesyararu

B Tabm3 ca mokazaHu ~pe3yATaTtHTe  OT
OINITUMH3AIMOHHUS MOJIEN - MHUHYTHTE Ha 3aMHHABaHE
Ha TPEBO3HUTE CPEICTBA HA METPOINOJUTEHA U
PeJICOBUSI TPAJICKU TpaHcHopT. [lo Te3u pemieHust ce
MPABSAT KOPEKIIMH B PA3HUCAHKUATA HA METPOIMOINTEHA
W Ha PEJICOBHS TPAJICKU TpaHCTopT. ToBa mo3BoisBa
3arma3BaHeT0 Ha Oposi Ha TPEBO3HUTE CPEICTBA B
CYTPEIIIHNS U BEUCPHHUSI TIUKOB TIEPHOI.

Tabn.3. OCHOBHM HEW3BECTHU W3IOJI3BAHU B
W3CITCJBAHETO €  MONYyYCHWTE  CTOMHOCTH  HA
3aMUHABAHE OT U3CIEIBAHETO.

Munyra Ha
3aMHHaBaHE  OT
HemsBectHo | HawamHa(kpaiiHa) ITocoka Ha
Ne crmpKa, min JIBIDKEHIE

X1 29 MCO0-MC 13
X2 33 MC 13-MCO0
X3 59 MC 0 -MC 208
X4 59 MC 211 -MC 208
X5 4 CIT1-MCS8
X6 7 IIC-MC 8
X7 16 CII1-MCS8
X8 19 IC-MC 8
X9 4 CII1-MCS8
X10 7 IC-MC 8
X11 4 CIT1-MC9
X12 27 IC-MC9
X13 59 CIT1-MC9
X14 59 IC-MC9
X15 34 CII1-MC9
X16 35 I[C -MC 9

Ha ¢ur.l m ¢ur.2 ca npencraBeHn rpaduaHn
pe3yaTaTH OT CpaBHUTENHHUS aHaIW3 Ha Opos Ha
TpaHcQepHHUTe BPB3KU 3a PpasmIeXIaHuTe
Mmetpoctaniuu - Cepnuka, CoduiicKu yHHBEPCHTET
,CBKmmvent Oxpunckn™ u  Cragwon ,,Bacun
JleBcku”. B cyTpemrHus M BeUepHUS ITHKOB IMEPUOJ]
Oposit Ha TpaHcepHUTE BPB3KH, IMOIYYEHH II0
METOJIMKaTa, M3MO3BaHa B M3CJIEABAHETO, ca TIOBEYE
OT Te3W TpPH CHIIECTBYBAIIOTO CHIVIACyBaHE Ha
METPOTO M BUAOBETE TPAJCKH PEICOB TPAHCIOPT B
KOHTaKTHHUTE ITyHKTOBE.




TpaHcdepen nyHkT
meTpocTaHuma ‘Bacun Nesckn’

. I
meTpoctaHya Codmiickn |
yHMBepcuTeT'

TpaHcdepeH nyHkT -

meTpocTaiya “Cepauka” |

1} 50 100 150
Bpoii epb3ky

B CHXPOHN3aLMA C MeToAMKaTa ChbLUecTBYBALLA CHHXPOHU3ALMA

®wur. 1. CpaBHeHHE Ha OpOst BPB3KH 32
CYTpEIIICH IMMKOB MEPHOJ

Ha ¢ur.3 u ¢ur.d ca npencraBenn rpaduyHu
pe3ynTaTd  OT  CpaBHHTCNIHMS ~ aHaIU3  Ha
HPOIB/DKUTENIHOCTTA HAa TpaHC(epHaTa BpbB3Ka B
m3cnensadero. Ot Bere rpaduky 3a CyTpenHus U
BCUCPHMS THMKOB MEPHUOJ MOXE [a C€ HampaBu
W3BOJIA, Y€ MPOABDKHTEIHOCTTA Ha BPB3KHUTE HA
CBIICCTBYBAILIOTO ~CHIVIACYBaHE HA METPOTO H
BUIOBETE  TIPAajCKM  PEJICOB  TPAHCIOPT B
MHTEPMOJIATHUTE TPAHC(EPHU BB3IH € C MO-MayKa
CTOMHOCT B CpaBHEHHE C MPOIBIDKHTEIHOCTTA Ha
BpPB3KaTa, MONYYCHH [0 METO/IHKATA.

Tpauchepen nynkr
METPOCTaHUMA Bacun Nlesckn

TpaHcdepeH nyHKT

meTpoctanuys “Codmitckn _

YHHUBEPCHTET

Tpancdepen nyHET
meTpocTatum Cepgika

0 10 40 60 80 100
Bpoi Bpbakn

W CHHXPOHH3ALA ¢ METOANKATA CHUecTBYBALYA CHHXPOHN3ALNA

®ur.2. CpaBHeHHE Ha OpOst BPB3KH 32
BEUEPEH ITMKOB MIEPHO]T

TpaHcdepeH nyHKT
MeTpocTaHuma "Bacun —
Nesckn
TpatcdepeH nyHKT
meTpocTauma “Codmiickn —
YHUBEpCUTET

anctepennyr |

MeTpocTauya ' Cepanka ‘

00:00 01:26 02:53 04:19 05:46
MpoAbAKUTENHOCT Ha Bpb3KaTa, Min.

| ] (HHX})OHHS(]LUDI CMeToanKaTa CHHE‘(TBYBRI.LM CHHXPOHM3aUMA

®ur.3. CpaBHEHHE Ha NPOABIKUTEITHOCTTA Ha
BpB3KaTa 3a CyTPEIICH ITUKOB TIEPHO.T
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TpaHcdepen nyHkT

Wamxme ay 0| |

Nesckn [ 1 ‘

TpaHcdeper nyHKT

wemocranyn " Copuicor TR

VHHBE])CMTE’I" ‘

| v ! |
00:00 01:26 02:53 04:19 05:46 07:12

MpoAbMAKUTENHOCT Ha Bpb3KaTa, Min.

TpaHcdepeH nyHkT
MeTpocTaHua " Cepanka’

B CHHXPOHM3ALMA C MEeToANKATa ChbLuecTByBaLLA CUHXPOHM3ALMA

®wur.4. CpaBHeHHE Ha TIPOIBIDKUTEITHOCTTA Ha
BPB3KaTa 32 BEUCPEH [TUKOB MEPHOJT

5. U3Bomu
HampaBeHOTO H3cneqiBaHe JaBa OCHOBaHHE Jia Ce

HampaBAT CIICAHUTE U3BOAU:

- MogensT 3a CHHXPOHM3MpPAHE HAa BPB3KUTE Ha
BUJIOBETE TPAJACKM TPAHCIOPT B KOHTAKTHUTE
MYHKTOBE € YCHBBPIICHCTBAH, Karo IBPBO - B
OpPraHWYMTEIIHUTE  YCIOBUS ~ ca  J100aBeHH
WHTEPBAIUTE HA JBWKCHHE HA METPOIIOJIMTEHA U HA
PEJICOBHSI TPAHCIIOPT, ¥ BTOPO - TIpH (hOpMUpaHe Ha
MUHHUMAJIHAaTa TMPOABL/DKUTCIIHOCT 3a BpPb3Ka €
OTYCTCH IMNEPHUOABLT OT BJIM3aHC Ha IMbTHULIUTEC B
METPOCTAHIUATA JI0 TPUCTUTAHETO UM Ha TEPOHa,

KOWTO € OmpeneieH 4Ype3  CHUMYJIAIMOHHO
MoJIeJIMpaHe.
- TlpunoxkeHneTo HAa  METOJUKATA  IIO3BOJISBA

M3BBPIIBAHE HA €IHOBPEMEHHA CHHXPOHH3AIMS Ha
NPOABIDKUTENTHOCTTA Ha BPB3KUTE Ha BHIOBETE
IPaJICKU TPAHCIIOPT B KOHTAKTHUTE ITyHKTOBE.

- IIpemokenara MeToMKa MOXKe Jja Ce TPUJIOXKH 32
PazJINYHM IEPHOJI HA JCHOHOIINETO.

- VHTepBanuTe Ha JBIKEHHE Ha TPAJCKUS PEIICOB
TPaHCIIOPT M HAa METPOIIOJIMTEHa HE ca KpaTHU
NoOMeXIy cu. [lpy HamMumero Ha KpaTHOCT Ha
WHTEPBAINTE HA JBWKCHHE HA KOHTAKTYBAIIWTE
BHJIOBE TPAHCIIOPT CE€ pealiM3ipa MaKCHMAJICH MU
ONMM3BK 710 HEro Opoii BPB3KH.

- Tlopaau pasmMYHUTE WHTEPBATM HA JBIKCHUC HA
pencoBusi rpajacku TpaHcnopT u Ha CoduiicKust
METpOTIONIUTEH, HE CE€ OCHIIETBIBA ITOCTOSHHA
JIBYCTpaHHA BPB3Ka.

- IlpunoxeHnero Ha MeTOAWKATa 33 ONTUMH3AINS
Ha B3aUMOJICHCTBHETO Ha IMOJBWXHHUSA CBCTaB B
KOHTaKTHUTE IIYHKTOBE BOOM 10 MoAo0peHa
CHHXPOHM3AIMl Ha JBIKEHHETO Ha PEJICOBHA
rpaackus TpancropT U CopuiicKusi METPOIIONUTEH.
[IpenumcTBOTO Ce M3pa3siBa B IOBHILABAHE HA
TpacmopTHaTa 3aJ0BOJICHOCT Ha  ITbTHHUIIUTE,
MOpazy 3HAYUTEHOTO YBeNM4YaBaHe Ha Opos Ha
BPB3KMTE W  HaMalsiBaHe Ha  CpeaHara
MPOIBDKUTENTHOCT HA €HAa Bph3Ka. [IporeHTHOTO
yBeIMYeHHe Ha Oposi BPB3KU CJie]l M3BbPIIBaHE Ha



ONTUMM3AITMATA 33 TPUTE H3CIICABAHN METPO-
CTaHIIVH € KaKTO CJIE/IBA;

e Cepmmka — 3a CyTpelleH THKOB TEPUOJ
yBenm4IeHneTo Ha Opos Bpw3ku e 50%, a 3a
BeYepHHS MUKOB Tieproy e 7,14%.

o Codmiicku  YuuBepcurer ~’CB.KimmmeHT
Oxpuacku — 3a cyTpelieH MHKOB TEPHOT
yBenm4eHneTo Ha O6post Bpe3ku e 51,52%, a 3a
BeuepHus ukoB ¢ 38,46%.

e Cramuon ,,.Bcun JleBcku” — 3a cyTperieH
MTHKOB TIEPUOJT YBETMUCHUETO Ha OpOsi BPB3KU
e 21,67%, a 3a BeuepHUS IMKOB TICPUO]T
yBenmueHueTo ¢ 12,2%.

- Cnen mpwiarane Ha ONTUMH3AIMOHHMSA MOJEIN
cpeqHaTta MpPOOBDKUTENTHOCT Ha Bpb3KaTa 3a
CYTpEILEH U 33 BEUEPEH IUKOB NEPHOJ 32 BCEKU
OT HU3CJICABAHHUTC KOHTAKTHU ITYHKTOBE CC
HamamsiBa ¢ 24,6 % copsMO ChIleCTByBaIlaTa
OpraHu3alysl.
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STUDY OF THE TRANSPORT SATISFACTION
OF TRANSFER CONNECTIONS AT
INTERMODAL CONNECTING KNOTS OF
SOFIA METROPOLITAN AND URBAN
RAILWAY SYSTEM

A methodology for optimization of transport
connections with taking into account movement
intervals of Urban Railway System at connecting knots
for transfer has been developed in the study. The
research focuses on the number and the duration of a
transfer connection between Sofia Metropolitan and
Urban Railways System at Serdika, Sofia University,
Vasil Levski metro stations exclusively. A Large
number of passenger flows goes through these metro
stations at morning and evening peak periods daily in
order to make transport connections with Urban
Railway System aiming locations which could not be
accessed by using Sofia Metropolitan. The developed
methodology could be applied for different connecting
knots no matter of their infrastructural characteristics
and movement intervals of Urban Railway System both
coordinated to increase transport satisfaction.
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JloknangsT onmcBa BE3MOXKHOCTUTE U OCOOEHOCTUTE IIPH OPraHM3HMPaHE U OCBHIIECTBABAHE Ha peasicH
TECT 3a [IPEBO3 HAa MHTEPMOJAJIHU TOBAPHU €MHULIU MeX 1y bbarapus u beirusa no mapipyra Ha EBponeiicku
TpancnopTeH kopumop Ne4. IlpencraBeHH ca OCHOBHH pE3YNITaTH, CBBP3aHU C TEXHOJOTMYHUTE U
MKOHOMHYECKUTE TTapaMETPH MO OCHIIECTBSIBaHE HA TECTa, KaTO Ca M3BBPIICHH CPAaBHEHUS C alTEPHATHBHU

BAPUAHTH 32 TPAHCIIOPTHPAHE.

KurouoBu 1yMu: unmepmooanta moeapna eOuruya, 60K 61aK, UHMepmMooaner mepmMuHa

1. BnBenenue

ITaneBporneiickusaT TpaHcopTeH kopumop Ned e
Hal-IBJITUST TI0  HAlpaBJIEHUETO ,,CEBEpO3amaj
FOTOM3TOK"". MapmpyTbT Ha KOpuzopa
(dpe3nen/Hropubepr — Ilpara — Buena — bpatucnasa
— Bynanema — Apan/Bykypenr — Koncrania/Kpaiiosa
Kanagar/Bunun Codust Kynara
Conyn/ITnoBous CauneHrpas HUcrtanOy:mn)
IIpeMHMHaBa Ipe3 TEePUTOpHUSTa HA JIEBET JbpIKaBH:
I'epmanus, Yexus, CrnoBakus, ABCTpusi, YHrapus,
PymbHus, bwarapus, I'spums u  Typuus. Ilpes
TepuTopusaTa Ha beirapus, kopunop Ned4 npemuHaBa ¢
HEroBOTO pa3KJIOHEHHE B ydacTbLuTe ,BumuH —
Co¢us - Kynara/IlnoBnus — CuneHrpasn .

Crnex oTKpuBaHE Ha JKEIE30MBTHO-IIOCEHHUS
npexop Mexxny Pymbaus u bearapus npu Bugun —
Kanadar, ce paskprxa Bp3MOKHOCTH 3a HajlaraHe Ha
[TaneBporneiicku TpaHcropteH Kkopuaop Ne4, karo
MapIIpyT 3a OCBILECTBSBAHE HA WHTCPMOAAIHU
npeBo3u. M3cnensane Ha BB3MOKHOCTHTE 3a pa3BUTHE
Ha Kopugop Ne4 kaTto 3emeH TOBapeH TpaHCIOPTEH
KOPHIOp € 3aJI0KEHO KaTo €AHa OT 3ajadure Mo
npoekt GIFT (Green Intermodal Freight Transport).
Ilopamn TOBa € mpeABHIOCHO, la c€ M3BBPLIAT
cumynanuoHHu aeckron (desktop) m peamHu rpayHn
(ground)  TecroBe MO  HAmMpaBICHHETO  HA
[TaneBpomneiicku TpancnopreH kopunop Ned. Ilenra na
TECTOBETE € Ja C€ H3CIeNBAaT PasIMYHU 3€JICHU
BapHaHTH 3a Pa3BUTHE Ha TOBApHUTE NPEBO3U U J1a Ce
Habepe W aHamM3upa WHGOpManMs, CBbp3aHa C
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BpEMEIbTYBaHUATa, CEOECTOMHOCTTa U OCOOCHOCTUTE
TIPY OPTaHU3UPAHE U OCBILECTBIBAHE HA PEBO3UTE.
JloknageT TpencTaBs OCHOBHM IapaMeTpH u
pe3yNTaTH, MOJyYeHH B XOJa Ha TPOBESKIAHETO Ha
pearieH TpayHJI TeCT 3a NPEBO3 HAa WHTEPMOIATHU
TOBapHHU EIUHUIM MeXny bwmrapus m benrws mo
MapipyTa Ha [laHeBpomelicKi TpaHCTIOPTEH KOPHIIOP
Ned. Jlannute 3a BpeMeNbTyBaHUSTA U JCUHOCTHTE,
W3BBPIIBAHU TP TPEMHHABAHE Ha TPAHUYHHTE
npexoqu W 00padOTBaHETO HAa WHTEPMOJAITHHTE
TOBapHHU €MHUIM B TEPMHUHAINTE Ca CHETH TIPH
W3BBPIIBAHETO HA TpayHA Tecta. MHpopmarmsra 3a
pazxoaure, CBBp3aHU c TIPOIIECHTE Ha
TpaHcnopTupane W Manunyiaupane Ha WTE or
HavyajHaTa 10 KpaiiHaTa TOYKa ca MPEIOCTaBEHH OT
MapTHROPUTE IO TpoekTa. Pe3ynrature OT rpayHA
TecTa ca CPaBHEHHU C PE3YNTaTH OT JIECKTOI TECTOBE,
MPOBEICHH B CBHOTBETCTBHE C W3WMCKBAaHMATA Ha
MeTtomonorus 3a MPOBEXKIAHE Ha JAeckTor TecT [1] u

JIAHHWTE 3@ OCHOBHHTE IIOKA3aTeld, CHhOpaHH |
ananmmupanu o mpoekt GIFT [3].
2. Onucande HA  TeCTOBHTE  CIHEHAPDUM W

HHTEPMOJATHUTE TOBAPHU CAMHUIUA

W3cnenBanero € U3BBPLIEHO NP pas3rieKAaHe Ha
TPU TECTOBU CLEHApUs 3a TPAHCIOPTHPAaHE Ha TPH
Opost MHTEPMOAAIHM TOBapHM enuHuLM. JIBe oT
uaTepMonanaute ToBapuu emunumu  (UTE) ca
MOJTypeMapKeTa, a TpeTaTta € CMEHseMa HaJCTpOHKa.
Tpure UTE ca ¢ BB3MOXKHOCT 3a BEPTHUKAIHO
MPETOBApPBaHE U MPEBO3 C JKEJE30IBTEH TPAHCIOPT.



UTE ca HatoBapenu ¢ mebenu ¢ o0ia Maca Ha ToBapa
BBB Besika equHuna o 22 VUTE u ca ¢ Ha3HaueHue
3a ckiaag UKEA no rp. I'enk (Benrus). 3ambiaBaneTo
Ha UTE c ToBap B benrapus ce ussbpiusa B TposH u
UepBeH bpar 3a cmeHsemara HAJACTpOMKA U B
Hoiiperin  u  CeBnmmeBo 3a MOMypeMapKeTara.
BbpyTHara Maca Ha cMeHsieMara HajcTpoiika e 9247 kg,
a OpyTHHTE MacH Ha JABETe MOJypeMapkeTa ca
cboTBeTHO 21862 u 11621 Kg. JIpKuHaTa HA BCHUKH
UTE e 13,6 m. Mapuipytst Ha UTE npu npeBo3a um
Mexny benrapus (BG) u benrus (BE) npemunasa
npe3 Teputopuata Ha Pymbhus (RO), Yarapus (HU),

Agcrpus (AT) u T'epmanust (DE).
[lpy TOArOTOBKAaTa 3a W3BBPIIBAHE HA TPAyHI
TeCTa, MBbPBOHAYAIHO OOCHKIAHHMS BapHAHT €

tpancnioprupane Ha UTE ¢ aBromoOwieH TpaHCTIOPT
OT TOYKHUTE Ha 3aITbJIBAHETO UM C ToBap B bbirapus no
TepmuHan B rapa Co¢us — ToBapHa, KbAETO Aa Obar
IIPETOBApPEHH HA JKEJIE30MIbTEeH TpaHCIopT. B mponeca
Ha W3IBJIHEHHE HA TeCTa, TO3M BAPUAaHT HE Ce
OCBIIIECTBH IOPAAX TEXHOJOTMYHU U HOPMATUBHU
HECBOTBETCTBMS, CBBP3aHM C  HESICHOTH IO
BBb3MOKHOCTTa 332 IIPEMUHAaBaHE Ha TOBapHU
JKEJE30IbTHY BarOHU Ipe3 IpaHu4eH npexon Bumux —
Tl'onentm (PyMBbHIS), KaKTO W HESICHOTH B IIpaBHATa
paMKa CBBbp3aHa C @pHEMaHE M IIpeaBaHe Ha
BaroHWUTE MEXIy JKeJIe30bTHUTE oniepaTopu. Ilopaau
TOBA, TO3M BapUaHT € W3CICJABaH W OIUCAaH B
paspaboTKara KaTo JECKTOII TEeCT (TECTOB CIIEHApHH 2).

Omnncanne Ha MapUIPYTUTE 33 TECTOBHTE CLICHAPHU
Y BHZIa HA TPAHCIIOPTAa € IOCOYeHO B Talu. 1.

TpancniopTHpaHeTo ¢ XKeIe300bTEH TPAHCIIOPT Ha
HUTE 3a TtectoB cueHapuii 1 ce wu3BwpiIBa C
MHTEpPMOJalieH OJIOK BJIAK, a 332 TECTOB CLEHApUH 2 ¢
KOMOMHAIMS OT BJaK M MHTEPMOAAICH OJIOK BIIaK.
Nndopmanus 3a mapmpyra Ha UTE, npencrasen no
yuyacTely, Tpu TectoB cueHapuii 1| (I'payHm Tecr),
TecToB cueHapuid 2 (Jlecktom Tect) M TECTOB
crieHapuii 3 ([leckTon Tect) € mocoueHa B TabnuIM 2,
3ud.

Tabmn. 2. Mapmpyt va UTE (tectos cueHapHH 1)

Homep Ha yuacTbk/ Vre Hauano — Kpai
TepMUHan Ha yyacThka TpchnopT
YuacTex 1 Tpo““é;?)[gg)epgeH aBToOMOBUNEH
YepeeH bpsar (BG) -

YuacTek 2 Peinnopt Apap Kyptuun | asTomobuneH

(RO)
TNoitpexuy (BG) —

YuacTek 3 Peinnopt Apap Kyptuun | asTomobuneH

(RO)
Ceenueso (BG)—

YuacTek 4 Peinnopt Apap Kyptuun | asTomobuneH

(RO)
Pewnnopt Apap,
TepmuHan 1 Kypriam (RO) -
Peinnopt Apap, Kyptuun
YuacTek b (RO) — EBpo TepMuHan | senesombTeH
etk (BE)
Espo TepmuHan
TepMuHan 2 T—BHK?BE) -
EBpo TepmuHan MeHk

YuacTek 6 (BE) — Cknap va MKEA, | asTomobuneH

etk

ITpobIKUTETTHOCTTA HA OTAEIHUTE MPOLECH TIPU
TECTOB CLEHapuii 1 € CBOTBETHO: HAaTOBapBaHE
(3amreniBane ¢ toBap) Ha UTE B TposH (BG): 2 h;
TpaHcnioptupane Mexay TposH (BG) u Yepsen bpsar
(BG): 3 h; naroapsane na UITE B Yepsen bpsr (BG):
1,5 h; naroBapeane na UTE B [oiiperim (BG): 1 h;

Tab6m. 1. Onmcanne Ha TECTOBUTE CIICHAPUI narosapsae na UTE B Cesmieso (BG): 1,5 h;
TectoB Tun Ha M Bup, E I BE
cucrapwi | Tecta apwpyT +pancnopr TpaHcnoptupane Mexay EBpo tepmunan I'enk (BE) u
Tporn  Yepeen Bpar / cxnan UKEA (Ienk): 1 h/aBromo0wi; pasroBapBaHe
Hoitperum / Ceenueso (BG) — .
Ha UTE B UKEA (I'enk): 2 h/UTE.
Bunmn (BG) / Kanadpar (RO) — ( ¢ )
Peiinnopt Apag, Kypmuum (RO)
/ Nokowasa (HU) — Ta6un. 3. Mapuipyt na UTE (Tecto CLleHapI/II/I 2)
M X HU)/ 6 !
1 payHa ereuxanom (HU) ABTOMODUIEH Homep Ha yuacTek " Hauano — Kpan
TECT Hukancoopd (AT) — MNacay WENE30MBTEH TepMuHan e Ha yuacTLKa Tpchnop‘r
(DE) — AaxeH (DE) / MomTyen VaacTox 1 Tpomn (BG) —Hepsen Bprr | e
(BE) — EBpo Tepmunan leHk (B6)
YepeeH bpar (BG) —
{BE) —Touka na YuacTek 2 MHTepmoaaneH TepMuHan | aeTomobineH
pastoeapeaHe WKEA bnvao _Codpur" (BG)
oo lenk (BE) Noiperuy (BG) —
TpOHH ] '-|E,'pEIeH Epﬂl’;" YuacTer 3 Mmepn&ip&)aner(ég)mwan aBToMobMNEH
K A
Hoiperum | Ceenveso (BG) — Cesnueso (BG) -
Cl}(bml [BG) - BugwH (BG)f YuacTek 4 WHTepMmoganeH TepMuHan | aeTomobuneH
Kanadhat (RO) — Peiinnopt e -Codu” (BG)
Apap Kyptian (RO) / Tepuunan 1 TepMnHanP.Cotfgmﬂ“(BG} ) )
Nokowaza [HU) - MHTepMoaaneH TepMuHan
2 Hi‘::;on Xerewxanom (HU) / GHT;I?I:::HT'I?!HH# YuacTer 5 .Cotpua® (BG) - PeitinnopT | enesomsTeH
Hukencoopd (AT) - MNacay = v Apaa Kypriran (RO)
(DE) — Aaxen (DE) / MokTues Tepnmran 2 e““”""'(’;”oaf ypTan - -
(BE) — EBpo Tepmunan leHk Peinnopt Apag Kyprium
{BE) —Touka Ha YuacTer 6 (RQ) - Eepo TepMuHan HENe3omsTeH
pazToeapeaHe cknag MKEA — enx (BE)
Bnuao oo Menk (BE) Tepnunan 3 P F[’BE} - -
YuacTee T Bepo repuuian e (BE) asTomobuneH
1 Tposax | Yepeen Bpar / — Crnap MKEA (Tenk)
3 iZTTDn Hoiperum | Ceenveso (BG) — | aBTomMobunex
cknan MKEA, Menk (BE)
HpOZ[’bJ'DKI/ITeJ'IHOCTTa Ha OTACIHUTC IPOLICCU MPU
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TECTOB CILCHapuii 2 € CBhOTBETHO: HATOBApPBAHE
(3amreiBane ¢ toBap) Ha UTE B Tposn (BG): 2 h;



TpaHcnoptipane Mexay TposH (BG) u Uepsen Bpsr
(BG): 3 h; naroapsane na UTE B Uepaen bpsr (BG):
1,5 h; naroBaprane nHa UTE B [oiiperuu (BG): 1 h;
Haropapeane Ha WTE B Cemmueo (BG): 1,5 h.
[poawsmxuTenHoCTTa 32 TPAHCHOPTHUPAHE B YYACTBK 5
MEXIy HHTepMojaieH TepmuHal ,,Codpus* (BG) n
Peiinmopt Apax Kypruun (RO) e ompenenena upes
JaHHUTE 32 OCHOBHHUTE IOKa3aTelu (MHOWKATOPH) U
Merononorusta 3a IPOBEKIAHE Ha JICCKTOII TECT.

Tab6mn. 4. Mapupyt va UTE (Tectros cueHapuii 3)

Homep Ha yuacTek /
TEpMHHan

Hauano — Kpai Bug,
Ha yyacTbka TpaHcnopT
TposaH (BG) —Yepeex bpar
(BG)

YepeeH bpar (BG) - Crnap
WKEA, lenk (BE)
Jodperuy (BG) — Crnap,
WKEA, lenk (BE)
Ceenwero (BG) — Cxnag
WKEA, lenk (BE)

Wme

YyacTek 1 asTomobuned

YyacTek 2 asTomobuneH

YyacTek 3 asTomobuneH

YuacTek 4 asToMoGMNeH

nperoBapsane Ha U'TE u TakcuTe 3a MaHUITYJIMPAHETO
UM B HHTEPMOJATHUTE TEPMUHAIM 110 MapLIpyTa IpU
TECTOB CLIEHapHH 1.

Tabn. 7. Manunynupane Ha UTE (tectoB cuenapwmii 1)

0 Pasxoau 33 Tun Ha
Homep Ha TepmuHan i‘zi:ﬂ”?;eg:z:&)m NpeToEapBaHe | MaHWMYNUPaHeTo
Y (EUR)" Ha UTE
Tepmunan 1 2 90 IupexTHO
Tepmusan 2 2 180 WHouperTHO
Obwa 4 R
npogbmMTenHocT (h)
OB pasxonm (EUR) - 270
*bea AOC

OO000IIeH pe3yaTaTd OT MPOBEICHHS TECT 3a
BPEMEMBTYBAHETO M PA3XOIUTE 33 TECTOB CIICHAPUH 2
(deckror Tect) ca mocoueHu B Tadmiw 8 u 9.

Tabn. 8. Pegynraru (TecToB crieHapuii 2)

[TpoxbmKUTENTHOCTTAa HA OTIEIHUTE NPOLECH TPH
TECTOB CIeHapuii 3 € CHOTBETHO: HATOBApBaHE
(3amrbiiBane ¢ ToBap) Ha UTE B Tpos (BG): 2 h;
Tparcnoptapane mexay Tposu (BG) u Yepsen bpsar
(BG): 3 h; naroapsane va UTE B Uepsen bpsr (BG):
1,5 h; naroBapsane va UTE B [loiiperim (BG): 1 h;
natoBapsade Ha ITE B Cesmuero (BG): 1,5 h.

3. Pesyratn

O000111eHN pe3yNITaTH OT MPOBEACHUSI PeaicH TeCT
[2] 3a BpemembTyBaHeTO W pPa3sxXOmMTEe 3a TECTOB
crenapuii 1 (I'payHn Tect) ca mocoueHu B Tabiuim 5 u

OrmsmHa | BpemenwtTyeane | Paaxogw
Homep Ha yuacTbKa (km) (h) (EURy™
YyacTor 1 91 6,5*
YyacTek 2 123 26 310.00
YuacTek 3 167 45 240,00
YyacTer 4 17 52* 250,00
YuacTer 5 781 1w 3843,00
YuacTek 6 1607 44 2860,00
YuacTek 7 15 g 375,00
0owa npogsmsmTenHocT (h) - 895 -

Obuwwm pasxogm (EUR) - - 7878,00

* BrniouBa Nepuoaa 3a HAToBapeaHs (3ameneade) Ha MITE ¢ Toeap

** Brkniousa nepuoda 3a pastosapsane Ha UTE

“** LlenaTa He Brmousa [1C

**** MpecmatHaTi no MeToaonomAaTa 3a npoBesaare Ha [eckTon TecT W
[3HHUTE 33 OCHOBHUTE NOKA3ATENW (MHGWKATOPH)

Taon. 9. ITpoAbKUTENHOCT (TECTOB CLICHAPHiA 2)

6. ;ng—ﬁ,(:a; Mpogbm#MTENHOCT Bpoit va UTE MpogbmkMTENHOCT
remnana (06uo) (1) (cpearo)* (WUTE)
Tabm. 5. Pegynratu (TectoB cueHapwmii 1) i”am'"; 9.1 1
UACTBK
6,3
Howep Ha yuacToka [emwmHa | BpementTyBane Paaxo&h: r— i5 T
. (km) [h}* (EURY YuacTek 4 52 1
YuacTek 1 91 6,5 1275.00 VyacTeE B 17,7 3 7.7
YuacTek 2 570 245 ' YuacTek 6 44 3 44
YyacTek 3 645 275* 1245,00 YuacTek 7 E] 3 3
YuyacTek 4 668 275" 1250,00 TepMuHan 1 2 3 0,7
YuacTek & 1607 44 2660,00 TepMuHan 2 2 3 0,7
YuacTek § 15 g~ 375,00 Tepmunan 3 2 3 07
O6uwa npogemsmtenHocT (h) - 139 - Obuyo 95,5 - 73
OB pasxaogu (EUR) N N 704500 * He BrmiouBa nepyofuTe 3a U34aKBaHe M NPECTOMTE MPU CMAHA HA BMAA
* BrntouBa Nepvofa 3a HaToeapeaHe (3ambneaHe) Ha MTE ¢ Tosap H3 TPAHCMIOPTA B TepMMHAnMTe M e[HOBpeMeHHo  (napaneno)
* Bimiousa NepHoaa 3a pasToeapeate Ha UTE TpaHcnopTUpade Ha WTE ¢ aeToMmoBunen TpaHcnopt
“** LlenaTa ve exmousa [A0C

Tab. 6. [IpogpmkuTenHOCT (TECTOB cLieHapuid 1)

;‘E‘gf_&:} MpogtmsuTenHocT Bpoii Ha ﬂpO,ﬂ,‘bj‘lMﬂ:TeJ‘lHDﬁT
TephuHana (o6wo) (h) WTE (cpeaHo)* (WWUTE)

YuacTek 1 31 |

YuacTek 2 29

YuacTek 3 215 1

YuacTek 4 215 1

YuacTek 5 44 3 44

YuacTek 6 9 3 3
Tepmunan 1 2 3 07
Tepmuxan 2 2 3 07

Obwpo 143 - [

* He BKmiouBa NepuoguTe 33 MIYAKBaHE M MPECTOMTE NPM CMAHA Ha BUOA
Ha TpaHCMoOpTa B TepMUHaNMTe W SOHOBPEMEHHO  (napanenHo)
TpaHcnopTupaHe Ha MTE ¢ aeTomobunex TpaHcnopt

B T1abn. 7 ca mocoyeHuM MaHHM 3a Ha4yMHA HA

207

Pasxomute 3a *ene3ombTeH MPEBO3 B YYAaCTBK 5
(Tabn. 8) mMexxay MHTepMOAalieH TepMuHal ,,Codus‘
(BG) u Peitmmopr Apan Kypruun (RO) BrimtouBar:
1365 EUR 3a TpancnoptupaHe c »ene30IbTEH
tpancniopt oT Codust (BG) no Bumun (BG) na UTE; 6
EUR/Baron (mmardopmeH) — Takca 3a MOAABaHE U
M3BaKIaHE HA €IMH BaroH Ha M OT HHTEPMOJAJICH
tepmunan ,,Copus“ (BG) m 820 EUR/MTE 3a
TPAHCTIOPTUPAHE C KEJIC30IIBTEH TPAHCHOPT MEXIY
Il'onenm (RO) u Kyptram (RO).

B T1a6n. 10 ca mocoyeHM MaHHM 34 HAYMHA HA
nperoBapBane Ha UTE u Takcute 3a MaHUITyIHMPaHETO
UM B MHTEPMOJAJHUTE TEPMHUHAIA MPH TECTOB
cLeHapuii 2.



Ta6un. 10. Manunynupane Ha UTE (tect. cuenapuii 2)

Paaxoau 3a Tun Ha

TMPOOEMHUTENHOCT HA
NPeTOBEAPEaHE | MaHWMYNUpaHeTo

Homep Ha TepMuHan warunynvparie (h)

(EUR)* Ha UTE
Tepmunan 1 2 480,00 WHavpexTHo
Tepmunan 2 2 90,00 upeiTHo
Tepmusan 3 2 180,00 MHampexTHo
OBwa 5 B

npogtmxuTenHocT (h)
O6uwm pazxogu (EUR)

750,00

*hes O0OC

OO000IIIeH! pe3yNiTaTd OT MPOBEJCHHS TECT 3a
BPEMENbTYBaHETO M Pa3XOJIUTE 32 TECTOB ClieHapHil 3
(deckromn TecT) ca mocoueHu B Tadm. 11.

Ta6. 11. Pesynratu (TecToB crieHapuii 3)

[Oremwwmna | Bpemenmetysare | Paaxogun
Homep Ha yyacTeka (km) () (EUR)*
YuacTek 1 91 6.5 1895,00
YuacTek 2 -
YuacTue 3 - - 1795,00
YuacTok 4 - - 1795,00
0fwa npogemsmTenHocT (h) - - -
06wy paaxogm (EUR) - - 5485,00
*bea IC
** BHMIOUBA NEpWoa 3a HaToeapeaHe Ha MTE ¢ Toeap

[Ipu dopmupane Ha pazxomurte 3a H3CIECIBAHUTE
CLIEHApHH Ca OTPa3eHU BCUUKH TaKCH 33 IPEMHHABAHE

Ha TOBapHUTE AaBTOMOOWJIM TIpe3 CHOTBETHHTE
YYacThIIN.

I'padpmuno cpaBHeHWEe Ha  pe3yiTaTture OT
MIPOBEACHUTE EKCIIEpUMEHTH W W3CJICABaHHUSA €

TIpe/IcTaBeHo Ha Gurypu 1 u 2.

MpoALMKMTENHOCT HA TECTOBMUTE CLeHapuK (cpeaHa)

200

180
160
1 (Mpayna tect)™ 1 (MTpayHa tect)™ 2 (AeckTon TecT)”

140
120

TecTor cueHapui

* He BINIOUBA NEPUOOMTE 33 WIYAKBAHE W MPecTOMTE MPW CMAHA Ha
EMOA HA TPaHCNOPTa B TEPMWHANMTE M eJHOBPEMEHHO (NapanenHo)
TpaHcnopTupawe Ha MTE ¢ aeTomobuneH TpaHcnopt

** 0DLYa NPOOBIMKMTENHOCT Ha [payHa TecTa

Ouwr. 1. [IpoabmKUTEIHOCT Ha Mporieca (CpeaHa)

O6iM pasxonu

1(Mpaynatect) 2 (JeckronTecT) 3 ([eckTonTecT)

10000
5000
8000
7000
6000
5000
4000
3000
2000
1000

0

EUR

TecToB clueHapui

@ur. 2. O0mmH pa3xoau Mo CLeHapUH
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4. OCHOBHH W3BOIU

[TbpBOHAYANHUAT 3aMUCHII, TPAyHA TECTBHT AA CE
ocnhiectBy pu npepo3Bane Ha UTE c xxenezombreH
Tpa”cnopt o mapipyTta Codus — Buann/Kanagar —
Peitnmopr  Apan Kyprtuum He Oemie OCBIIECTBEH.
IlpyunHa 3a TOBa € HAIMYMETO HAa HOPMATUBHU
HECHOTBETCTBUS IIPU BB3MOXKHOCTTA 32 IPEMHHABAHE
Ha TOBApHU JKEJE30IbTHH BaroHM IIp€3 TIPaHUYEH
npexol BumuH — T'oneHIM, KakTO W HESACHOTH B
IpaBHaTa paMKa CBbp3aHa C IPHEMaHe U IpellaBaHe
Ha BarOHUTE MEXIY KEJIC30IIbTHUTE OIIEPaTOpu.

Ilpn moAroroBka Ha M3IBIHEHHETO HA TecTa U
HaOupane  Ha  HeoOXoauMarta  WHQOpMAIS,
BIIEYATJICHUE IIPaBU CHILECTBEHATAa PA3/IMKa B LIEHATa
3a nperoBapHu onepaiun Ha WUTE, npeanoxeHa 3a
TepmuHaia B rapa Codwust — ToBapHa. [Ipenmoxenara
IIeHa € HaJl /IBa ITHTH TT0-BHUCOKA OT I[eHaTa Mpe/jiaraHa
3a mojiobHa yciyra B TepMuUHaIUTe B Peiimmopt Apan
(Pymbaust) 1 EBpo tepmunan I'enk (Benrus).

Lenute, mpemmarann OT  ABTOMOOWJIHUTE
npeBo3BauM 3a TpaHcnoprupaHe Ha HWTE cse
CHenUaTM3NpaHn ToypemMapkera ca okoio 30% rmo-
BHCOKH OT IIGHHTE 3a MPEBO3 Ha TOBapu ¢ OOpIIOBO
noiypemapke. ToBa ce IbKM Ha HEIOCTATHYHOTO
npemiaraHe Ha Ta3apa Ha  CIENUaTH3UpaHH
TPaHCIIOPTHU CPEACTBA C KOUTO Ja Ce€ H3BBPIIBAT
no00Hu TpeBo3u. Crelyalu3upaHusIT aBTOMapK ce
M3M0JI3BA OCHOBHO 3a IPEBO3 HA TOJMSIMOTOHAKHH
KOHTEHHEPH OT U 10 NpUCTaHUIIaTa Ha bearapus u e
3aTpyJHEHO Ja ce ocurypu npeBo3 Ha UTE mexnay
CYXOITbTHU TOBApHO-Pa3TOBAPHU TOUKH.

H3znon3Bana mreparypa
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Effective Design and Delivery of Megaprojects in the European Union’ problems are main topic in
MEGAPROJECT COST Action (TU1003). The article presents main conclusions form the project and proposes
approaches for future research and analysis of air transport impact on regional development based on previously used

methodology and achieved results.
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1.

Structural and Investment funds are main EU
instrument for boosting economic and social cohesion
including research and innovation.

COST

The goal of current article is to analyze the
methodology used during the implementation of
research  project COST  Action (TU1003)
MEGAPROJECT and to propose approaches for
future research structure of project COST Action
TU1408 Air Transport and Regional Development
(ATARD).

The tasks of the article are to clarify how does the
COST program works, to summarize the objectives
and results obtained during MEGAPROJECT COST
Action (TU1003) implementation, with special
attention to Stakeholder Analysis® application and to
suggest transition of good practices for further
implementation of COST Action TU1408 Air
Transport and Regional Development (ATARD) for
measuring of regional impacts in COST actions.

2. COST programme - peculiarities and
benefits

COST — European Cooperation in Science and
Technology is an intergovernmental framework aimed
at facilitating the collaboration and networking of
scientists and researchers at European level. It was
established in 1971 by 19 member countries and
currently includes 36 member countries across Europe,
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and Israel as a cooperating state [6].

COST funds international networks of scientists,
researchers and stakeholders across all science and
technology fields. These networks, called “COST
Actions”, promote international coordination of
nationally-funded research [3]. By fostering research
work in network at European and international level
COST encourages development of scientific
knowledge and practical solutions contributing to
achievement of Europe 2020 goals of EU.

Networking tools, used by researchers during the
implementation of COST funded projects include
workshops, conferences, training schools, short-term
scientific missions (STSMs) and dissemination
activities. [6]

Fig. 1 COST actions - networking tools

‘ ~ - ’
-~ »
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The main advantages result of COST actions
implementation are creation of new networks where
all participants obtain new knowledge, resulting in
theory  improvement, increased number of
publications, development of young researchers and
attraction of attention of policymakers.

3. COST Action TU1003 MEGAPROJECT: the
effective design and delivery of megaprojects in the
European Union

The project was implemented within May 2011
and May 2015. The main objective of this Action is
to:“understand how megaprojects can be designed and
delivered more effectively to ensure their effective
commissioning within Europe. Effective design and
delivery means not only insuring that the megaproject
is delivered on-time and to budget but that it satisfies
the societal and commercial needs that motivated its
creation and that it continues to do so throughout its
entire life-cycle” [4]. Secondary Objectives of the
action included: a) to conduct a ‘meta’ cross-case
analysis of groups of megaprojects delivered within
Europe and to identify common thematic issues
relating to megaproject design and delivery from
across the disciplinary spectrum; b) to categorise those
thematic issues into those issues for which sufficient
evidence exists to make immediate policy and practice
recommendations and those issues which require
further research; c) to produce a ‘state of the art’ series
of guidelines for key issues surrounding the effective
design and delivery of megaprojects and d) to produce
a research agenda that is made accessible to key
stakeholders. [4]

For the purpose of the research the following
definitions were adopted: Megaprojects (sometimes
known as ‘major projects’ or ‘complex projects and
services’) are extremely large-scale investment
projects typically costing more than EUR 0.5 billion.
Megaprojects include powerplant (conventional,
nuclear or renewable), oil and gas extraction and
processing projects and infrastructural projects such as
highways and tunnels, bridges, railways, seaports and
even cultural events such as the Olympics.
Megaprojects are all the product of an engineering
construction  endeavor, they have significant
implications for society and they fail to respond to the
original societal or commercial need that instigated
them and provide functionality that does not meet their
stakeholders’ requirements. Megaprojects are united
by their extreme complexity (both in technical and
human terms) and are associated with extremely poor
design and delivery performance.

MEGAPROIJECT began it’s work by researching
case studies in Working Groups according to sector,
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namely Energy, Transport, and Cross Sectoral
(miscellaneous) [2]. As a result Megaproject Portfolio
with 30 case studies was published containing only
European projects.

Working groups had all fulfilled their purpose by
the end of 2013 and have been replaced with four new
working groups: RFE (Risk at the Front End), SPE
(Special Project Entities), INNOMET (Innovation and
Methodology) and MES (Managing External
Stakeholders). [7]

The analytical approach [1] for further analysis
covers the following steps: a) ,.Basic information”
about the project was captured which formed the
statement of the megaproject system’s scope.
Furthermore MEGAPROJECT  constrained the
activities mapped within the megaproject systems as
those pertaining to activities that could be considered
as managing the megaproject; b) Actors within the
megaproject system were identified as ,,external” and
»internal” stakeholders using Winch’s definition of
these and his ,,template” as a way of categorising these
actors.  (Interestingly, the act of identifying
stakeholders became a way of discerning the
boundaries of the megaproject in consideration.); c)
The relationships between the actors were mapped
using a simple graphical representation of their social
network; d) The tasks and processes were captured
within the megaproject system that pertained to its
project management. Use of PMI’s PMBOK’s
delineation of the 9 aspects of project management
knowledge to stimulate the capture of these activities
and processes; €) Any substantive changes in the legal
and regulatory, economic and political environment
that resulted in a change in the megaproject system’s
configuration were noted; f) MEGAPROJECT
attempted to ascertain how far the transformation
processes that existed within the megaproject system
had resulted in outcomes that were in-line with actors
expectations; @) Actors, processes, outcomes and
environmental changes were linked temporally in a
,time-line” for the megaproject’s development.

4. Use of Stakeholder Analysis in MEGAPROJECT
COST Action (TU1003)

Stakeholder analysis played important role during
the both parts of the project implementation. In the 1st
phase of TU1003 MEGAPROJECT COST Action a
case study protocol* was applied. The Case question
was: “What causal relationships can be established
between megaproject actors (human and non-human),
activities and the performance of the megaproject?” A
suitable groups of cases were selected based on their
exemplar nature, completeness of Data, amenability to

' proposed by Naomi Brooks, chair of the Action



analysis and project life-cycle position. In this stage
the stakeholder analysis provided information about
predictability and power of stakeholders and about
relationships between them.

The Management of external stakeholders working
group (MES WG) proposed a methodological
approach for further stakeholders analysis based on
influence of the project context and culture on
stakeholder behaviour, interaction between
stakeholders and what is their impact on the project.
Fig 2

Fig 2. The methodological approach used in
research of MES WG

How project context &
Cluster of megaprojects with consistent

| | ntextual: I
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Stakeholder networks ers interact?

How the stake-
holders impact
the project?

Project performance and impact

MES WG proposed the following conclusions:

1. Delineation of relationship between stakeholders
and a megaproject’s sustainability through the ,,5Ps”
model whereby external stakeholders can affect both
the governance process of a megaproject and its
encapsulation in project form and, through these
mechanisms, the sustainability of the megaproject
from the perspective of the people involved, the
ecological perspective and through its profitable
longevity. (Fig.3)

Fig. 3 How stakeholders influence the project? -
“SPs” model
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2. Most existing work on assessing stakeholder
impact only uses two dimension so the inclusion of an
additional dimension to move from a stakeholder
impact ,,matrix” to a stakeholder impact ,,cube“ is
highly novel. The dimensions captured in the cube
were ,project management success”’, ,,project

Culture and context

= ]

External Stakeholders

culture influence stake-

211

execution” and ,,3P sustainability.” (Fig. 4)

Fig. 4 Characterization the impact of
stakeholders on a triad of aspects of a megaproject.

PROJECT EXECUTION
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T

Stakeholders that occupied the bottom left hand
corner of the cube were judged as having little impact
and those stakeholders that occupied the top right
corner of the cube were judged as most impactful.

PROJECTMANAGEMENT SUCCESS

3. Empirical investigation to identify which of the
types of stakeholders within megaprojects can be
judged as having the greatest impact on the
megaproject.

This indicates that some ,,internal stakeholders*
(such as principle contractors and local governments)
can influence megaprojects both positively and
negatively whereas the impact of ,external
stakeholders® is almost entirely inimical to the
megaproject. This is a novel finding in megaproject
research and has profound implications also for
practitioners. (Fig. 5)

Fig. 5 Stakeholder groupings effect on
Megaprojects
« principal contractors « principal contractors
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5. Measuring of regional impacts in COST
actions

Application of good practices can be done during
the implementation of next COST actions. During
May 2015 started COST Action TU1408 Air
Transport and Regional Development (ATARD). It’s
aim is to promote a better understanding on how the
air transport related problems of core regions and
remote regions should be addressed in order to
enhance both economic competitiveness and social
cohesion in Europe [5].

For methodology design of future research some of
the MEGAPROJECT approaches and findings can be
apllied:

1. The categories external and internal stakeholders
are appropriate and can be applied to the research.

2. For the purpose of future research the categories
primary and secondary stakeholders are applicable.

Primary (Internal) stakeholders are those persons
or groups who have contractual or legal obligation and
who benefit financially from their contributions to air
transport — airline operators, terminal operators
(PPPs), investors, customers travelers and
companies, using cargo services, airport management,
suppliers, subcontractors, etc.)

Secondary (external) stakeholders are person or
groups who are not engaged in legal or contractual
way with air transport but are affected by or can affect
to air transport — local, regional, national EU
authorities, local citizens, environmentalists, local
business, NGOs, competitors, etc.

3. Methodology that can be applied includes
literature review and secondary information can be
obtained from already developed case studies. Results
from two COST actions TU 1003 MEGAPROJECT
and TU1001 Public Private Partnerships in Transport:
Trends and Theory are very appropriate for
development of further methodological approach and
for use of already collected information in
correspondence with ATARD research topic.

In addition some other ideas for future research
structure can be identified&
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4. Choice (definition if necessary) of indicators for
sustainable regional development measuring the
impact of air transport. These indicators can describe
current status, changes or influence and shall cover the
general indicator’s requirements — to be statistically
reliable and accurate, comparable in time, cheap,
available and measuring progress.

Indicators can be spread also to economical,
ecological, social and institutional for the purpose of
measuring different types of impact.

5. An analysis of the relationships between
stakeholders, their interactions and cause — effects
relations based on the previous project experience can
be useful for definition of differences between core
and remote regions.

6. An analysis of which factors boost and which
factors are obstacles for air transport development can
provide additional information for demarcation
between core and remote regions and can be base for
proposal for future policy development.
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