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PREFACE

The Faculty of Mechanical Engineering Kraljevo has been traditionally organizing the international scientific
conference devoted to heavy machinery every three years. The VI International Scientific Conference HM
2008 is considering modern methods and new technologies in the fields of design in machinery, production
technologies, urban engineering and QMS through thematic sessions for the purpose of sustainable
competitiveness of economic systems. Modern technologies are exposed to fast changes at the global world
level so that their timely application both in large industrial systems and in medium and small enterprisesis
of considerable importance for the entire development and technological progress of economy as awhole.

The VI International Scientific Conference Heavy Machinery HM 2008 is a place for exchange of
experiences and results accomplished in domestic and foreign science and practice, with the goal to indicate
directions of further development of our industry on its way toward integration in European economic trends.
Exchange of experiences between our and foreign scientific workers should contribute to extension of
international scientific-technical collaboration, initiation of new international scientific-research projects and
broader international collaboration among universities.

The papers which will be presented at this Conference have been classified into three thematic fields. In the
first thematic field: Machine Building Design, the scientific-research issues refer to:

Automatic Control and Fluid Technique

Earth-Moving and Transportation Mechanisation

Railway Engineering

Termotechnique, Environment Protection and Urban Engineering

Mechanical Design and Mechanics

Production Technologies, Material Application and Enterpreneurial Engineering and Management
Computer-Integrated Processes and Designing of Machining Processes

OTmMoO >

Within this Conference, a round table with the topic “Energy Efficiency in Heavy Machinery” will be held.
The aim isto open a scientific discussion on this actual problem in industry.

The sponsorship by the Ministry of Science of the Republic of Serbiais the proper way to promote science
and technology in the area of mechanical engineering in Serbia.

On behalf of the organizer, | would like to express our thanks to all organizations and institutions that have
supported this Conference. | would also like to extend our thanks to all authors and participants from abroad
and from our country for their contribution to the Conference. And last but not the least, dear guests and
participants in the Conference, | wish you a good time in Kraljevo — Mataruska Banja and see you again at
the Seventh Conference, in three years.

Kraljevo, 19 June 2008 Conference Chairman,

Prof. Dr Novak Nedié, mech eng.
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DESIGN METHODOLOGY FOR TECHNOLOGICAL PLATFORMS

V. Mil&i¢, M. Milagi¢

Abstract: In last quarter of 20th century we had dramatic changes in America and Euro-Asia technological map
through generating knowledge as new ingredient of the nation’s wealth. Presently, knowledge and technology are

driving force in economy and industry.

Key words: design, methodology, development, supply managment, technological platforms, AUTOSAR, MFC

1. INTRODUCTION

Today, technological development is more and more
based on established technological platforms as
conglomerate  of  economic-cultural-technological-
management modules generating complex functional
enterprises which consist of one or more establishments.
The establishment, in general, is physical location where
business or industrial operations are conducted or where
services are provided, like factory, mill, store, hotel,
theater, mine, farm, airport, office, to mention few. Our
technological platforms are infrastructures which
emerge with new products or services in certain
environments.
In this paper we cover following topics:
|. Strategy on the edge of chaos
I1. Multi-business technological platforms as synergy
of human, technological and financial resources

I11. Flexible structure of technological platforms

IV. Technological platform supply managements

V. Technological platform and value innovation

V1. Sustainability along the lifecycle of technological

2. STRATEGY ON EDGE OF CHAOS

Competing on the edge is one among five models of
strategy. Along a historical development of models of
strategy we start with strategy based on five forces, as
stable industry structure, defensive position, industry
structure, pick an industry, and profit. The next
developments bring us to strategy based on core
competence and game theory. Nowadays, more and
more world is approaching a strategy which recognizes
competition on the edge. It means gaining the edge of
time pace and shape semi coherent strategic direction. In
the new model of strategy it is assumed that industry is
in rapid and unpredictable change which has to gain
continuous flow of advantage through performance
driver which provides ability to change in order to
continually reinvent itself.

Competing on the edge means that enterprise has to
understand where it wants to go. In addition, the
enterprise has to have plan how to get there and be
capable to change through self-reinventing process.

Five building blocks construct the strategy for

platform competing on the edge. In the base is edge of chaos
VII. Some examples of developed technological supporting level of edge of time and time pacing, shown

platforms[1] inFigure1[2].

Time Pacing Setting the pace

Establish the pace of »

change -Transition
- Rhythm
Edge of time Gaining advantages of Winning tomorrow,
the past today
Evolveto ‘R i Experimentati
tomorrow’ s business egeneration - EXpenmentation
Edge of chaos Playing the Capturing cross business

Competein

today’s business - Improvization

improvisational edge

synergies
- Coadaptation

Figure 1: Competing on the edge [2]

Vladimir Milagi¢, Professor emeritus, University of Belgrade, Belgrade, Serbia

Milo$ Milagi¢, Ford Motor Company, Dearborn, Michigan, USA
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3. MULTI-BUSINESS TECHNOLOGICAL
PLATFORM

Key aspects of the economic structure, understanding of
that structure and functions of the economy could be
analyzed using economical information which are
categorized and presented. In the NAICSY [3] structure
offer “business establishments producing the same or
similar products by similar production methods as
placed in the same industry. Related industries are
grouped together in the higher levels of classification
building up to 20 major economical sectors.”

Two more features for understanding economical
structure are vertical integration and joint production of
goods and services. “Vertica integration involves
consecutive stages of fabrication of production
processes in which the output of the one step is input to
the next step. In general, establishments will be
classified based on the final process on vertically
integrated production environment, unless specifically
identified as classified in another industry.” The second
type of combined activities is joint production of goods
and services. A good example is relationship between
automotive OEMs and their suppliers.

Different technological platforms are built using content
of any combination of 20 industries. One of the results
of industrial achievements in building is a nuclear
aircraft carrier. It is “the most dangerous four and one
half acres in the word” which is filled with up to eighty
jet arcraft armed with most sophisticated weapons
systems. Six thousand people are crammed into this
floating city which is 360 meters long and displaces 95
thousand tons of water. To assure highest level of
performance the utmost importance is placed on
achieving synergy among people, technology and
financial resources. Personnel on the carrier add value
(to its country) by achieving the military objectives. In
the factory the basic task isto move products or services
out the front door and bring raw materialsin the back.

4. FLEXIBLE STRUCTURE OF
TECHNOLOGICAL PLATFORMS

Flexibility of the technological platform is its ability to
foresight a new horizon in life cycle by performance
enhancement or incarnation.

For example, Boeing Company made their first global
plane model 747 model with more than 400 seats.
However, the most successful model commercialy is
small 737, which presently is in its eight cycle (737-
800).

New technological platform was 777 model based on
digital design and digital production approach. Project
lead, Phil Condit insisted on cultural base of the
platform. His explanation was that “in our culture we
gain quantities like respect to competitor and offer better
product that competitor. Simply listen carefully and
meet customer’ s needs.”

Y North American Industry classification system

Presently Boeing is working on “Dreamliner” — Boeing
787 introducing lean production technology and
outsourcing concept, similar to automotive OEMSs.
Given example can offer new way of thinking about
flexibility which isingrained in every step of alifecycle
of the particular product or service.

5. TECHNOLOGICAL PLATFORM
SUPPLY MANAGEMENTS

Previously mentioned technological platforms of Boeing
company face very strong competition in EADS' Airbus.
The ferocity of the fight for this market is summarized
inTable 1.

Dreamliner Airbus 350
(Boeing 787)

Passenger 210-250 270

capacity

Range (nautical | 8200 8300

miles)

Fuel consumption | 20% less than | 25% less than
767-300 767-300

List price (M$) 157-167 199.3

Orders & (tota | 525 (82.4) 109 (21.7)

vaue B$)

Materials 50% composites | 52% composites
20% auminum | 20% aluminum
10% steel 14% titanium
5% other 7% steel

7% other

Table 1: Boeing 787 vs. Airbus 350

Performance and structure of both products is very
similar. However, preliminary market hype is on Boeing
side. Boeing is shifting the emphasis on production line
speed using lean manufacturing concept. In the same
time, Boeing has restructured its partner base by
outsourcing 70% of the aircraft manufacturing. Global
efforts involve 17 companies form 10 countries to build
adreamliner[5].

Dr. Deming in early fifties developed statistical methods
for quality control in manufacturing, which later got
launched by Motorola as 600 methodology. These
methods have become true quality control platform used
word wide.

Evident success in manufacturing environment was
transferred to banking, insurance and other financia
sectors. Further development in this area was focused
on reducing sensitivity of the process rather than
reducing variability of the outcome which became
known as DFSS — Design For Six Sigma.
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6. TECHNOLOGICAL PLATFORM AND
VALUE INNOVATION

Value innovation is more than simple innovation — it is
strategy that embraces the entire system of company's
activities. Vaue innovation is not the same as
technological innovation. There are structural views or
environmental determinism as existing strategies for the
competition. It shal be emphasized that "value
innovation is based in the view that market boundaries
and industry structure are not given and can be
constructed by the actions and beliefs of industry
players'[6]. It means that we have two builders of
technological platform in order to define domain of
value innovation, as shown in Figure 3.

l Cost

__----Vadue
Inovation

Figure 3: Value Innovation

Value innovation is achieved only when the whole
system, comprising of company's utility, price and cost
activities, is perfectly aligned. We shall mention again,
an earlier mentioned example of Boeing 777 when the
functional requirements were defined by "gang of
eight."?

Technologica platform is multidimensional entity, and
to demonstrate we will use transportation example —
airlines and automobile transport. As dimensions in this
analysis we will use:

1. Cost 5. Hub connectivity
2. Meals 6. Friendly service
3. Lounges 7. Speed

4. Seatsin class of 8. Frequent

choice departures

Plot of a diagram of levels of value innovation in each
dimension, for 3 vastly different "carriers’ - traditional
airline, Southwest Airlines and car transportation — is
shown in Figure 4.

2 | eading eight airline companies at the time

=
=3

Value Innovation
!l v

—e— Traditional Airlines
—=— Southwest
Car transport

low
. S @ &
& & & & & S §
SN o 4
vy N S ST YEY
> & S 3
SN & &
rd o e &
&

Figure 4: Multidimensional value innovation example
in people transportation

Consumer utility levels are connected with six stages of

their experience cycles — productivity,
fun factor,

convenience, risk,

friendliness.

simplicity,
and environmental

7. SOME EXAMPLES OF DEVELOPED
TECHNOLOGICAL PLATFORMS

Sustainable development is based on continuous creative
cycle performed through basic concepts which:

e Generate system for value innovation
e Design technological platform in the scope of
sustainable economical development

Space for

creation and sustainable existence of

technological platforms could be defined as Red Ocean
or Blue Ocean [6], where it is necessary to apply
"survival" strategies, as shown in Table 2.

Red Ocean Strategies
e Competein existing
market places
o Beat the competition

e Make value-cost
tradeoffs

of company's activities

cost.

e Exploit existing demand

with its strategic choice :
of differentiation or low :

¢ Align the whole system -

Blue Ocean Strategies
Create uncontested market
space
Make competition
irrelevant
Create and capture new
demand
Break value-cost tradeoffs
Align the whole system of
enterprise's activitiesin
pursuit of differentiation
and low cost.

Table 2: Survivability strategiesin Blue and Red Ocean
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Technological platforms design approach is based on
concurrent principles. One principle, which is based on
production driven by process, is applied by Toyota,
General Motors and Ford motor Company. Other
principle, which is applied by smaller volume
manufacturer, is production based on product. Which of
these two design principles is "better” it is impossible to
say, since they span two different corners of the input
domain. However, introducing flexibility, increasing
value of products, sustainability it becomes more
evident that process driven production does hold some
advantages.

8. SOME EXAMPLES OF DEVELOPED
TECHNOLOGICAL PLATFORMS [1]

Browsing through the history of Fortune 500 companies
it is not difficult to follow the line of sustainable
prosperity growth by introductions of new
methodologies for technological platform design.

In this paper, we would like to mention several
examples of developed technological platforms, such as:

1. AUTOSAR (automotive open system architecture)
is an example that shows how automotive industry
shifted foundation of the embedded code, such low
level drivers and diagnostics to their supplier.
Meanwhile, al "know how" of the embedded code
is still responsibility of the automotive company
which can focus on features and performance, rather
than non-value added tasks.

2. Microsoft Foundation Classes (MFC) — Visua
studio platform (basic and C++) has been alowing
programmers to utilize this set of classes. Rather
than programming opening and closing dialog box
along with al parameters (color, location, etc)
programmer can just call function

"MessageBox(...)"

3. Globa automotive platforms are used by al high
volume automotive manufacturers. This concept
was initially accepted by Japanese manufacturers,
but today all leading automotive companies use this
technological platform. Idea is that parts are not
unique to the model, but almost (exterior and
interior parts still must have differentiation) all parts
are shared - Mazda 6, Ford Fusion (American
model), Mercury Milan and Lincoln MkZ are all
manufactured on the same platform, saving
tremendously on the production cost.

4. Six Sigma platform is process that is developed
primarily in manufacturing as defect reduction set
of analytical tools. Later it has expanded into design
for 6-c (DFSS) and financia institutions as tool for
data analysis.

Presently increased globalization and innovation moved

the technological platforms from solely engineering

design disciplines to everyday domains like fashion,
sport and art.

Center for Advanced Technology, on last JUPITER

conference, has proposed a joint project — "National

technological Platform for Domestic  Production

Engineering".
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MOIEJHUPOBAHUE, IPOEKTUPOBAHUE U PACYET B CPEJE
KOMIIAC-3D

E.M. Kynpssues

AHHOTAIMSI: B 00K1G0€ ONUCHIBAIOMCS HAUDOIee Yacmo UChoabsyemble cucmemol (Mpunodicenus) O MOOCTUPOBAHUSL,
NPOEKMUPOBANUS U PACHEMA PA3TUYHBIX Mexanuyeckux cucmem 6 cpede KOMITAC-3D (KOMIInexcuas
Asmomamuzuposannas Cucmema) pupmor ACKOH (Asmomamuzuposannas Cucmema KOHempyuposanus, Poccust):
- Yuueepcansnotii mexanuzm Express (UMEXPress) 0is mooenuposanus Mexanuiueckux cucmen,

- KOMITAC-SHAFT 2D 0nst npoexmupoganus 08yXMepHbIX mell 6payeHus,

- KOMITAC-ShaftCalc onsn pacuema eéanoeé u noowunnuxos, cmooenuposannuix 6 cucmeme KOMIIAC-SHAFT 2D;

- KOMITAC-SHAFT 3D 0 npoexmuposanust utiuyesvix, pe3bOo6uix i WNOHOYHBIX YUACMKOG HA MPEXMEPHbIX

Mooensax mein epalyeHusl.

- KOMITAC-SPRING 05 npoexmuposarnus u pacuema paziudHbix RPYHCUH PACMSICEHUS U COHCAMUSL;
- KOMITAC-GEARS 2D 055 pacuema mexanuyeckux nepeoau.

KuaroueBsle ciioBa: moodenuposanue, npoexkmuposarue, cucmem, KOMIIAC

Cucrema YHuBepcaabHblii Mexanum3m  Express
(UMEXxpress) mnpenHa3HaueHa Ui SKCIIPECC-aHAIU3a
JUHAMUYECKNX, KHHEMAaTHYeCKHX M  CTaTHYECKUX
cucreM crpoekTupoBanHbix B KOMIIAC-3D V8+ u
Bbime. CucTeMa OpHUEHTHPOBAaHA HA HMHXEHEPOB,
3aHUMAIOIINXCSl TPOOJIeMaMH aHajlu3a IMHAMUYECKOTO
MOBEACHUS MallMH W MEXaHU3MOB, H SIBISIETCS
CTaHJApTHBIM IpuioxeHueM ans cucreMsl KOMITAC-
3D. MexaHu3MBbl ONHUCHIBAIOTCS KaK CUCTEMBI TBEPABIX
TeJI, IIAPHAPOB U CHIIOBBIX HJIEMEHTOB.

B mporiecce aHamm3a TTOIICPKUBACTCS
HETIOCPEICTBEHHAs] AHWMAaLUS [BI)KCHUS TPEXMEpPHOU
MOJIeNr B TIpoliecce pacdeTa. i aHanm3a JOCTYITHBI
MPaKTUIECKH BCE HEO0OXOJUMBbIC BEJIMYMHBI:
KOOPAWHATHI, CKOPOCTH, YCKOPEHHWS, CHJIBI PEakIHid B
[apHUpax, yCUIusl B MPY>KUHAX U T.J.

B CHUCTEMY BKJIFOUCHBI CJIICAYIOLINE BO3MOKHOCTHU!

- paboTa C JTMHEHHBIMU CHJIOBBIMHU JJIEMEHTaMHU WIIU
M3MEHSIOIMMHCS 110  TapMOHHMYECKOMY  3aKOHY,
KOTOpBIE  BBIOMpalOTcss M3  (PUKCUPOBAaHHON  Oasbl
MOJEJIIEH,;

- JUIA pelIeHHs 3a7a4 KMHEeMATHKH MOXKHO 3a/1aBaTh

pPaBHOMEpHOE,  PaBHOYCKOPEHHOE/PaBHO3aMEIICHHOE
JBIDKCHUE, 1HMO0 W3MEHEHHE II0 TapMOHHUYECKOMY
3aKOHY;

- BO3MOXHOCTb peleHus KOHTaKTHBIX

B3aUMOJEHCTBUM Tell, 3aJja4a PEIIACTCs C yCIOBUEM HE
MEPeCCUCHUA TCI npu KHHEMAaTU4YC€CKOM nIIn
JUHAMHWYECCKOM JIBUKCHUU.

B cucreme YHuBepcanabHblii MexaHm3M Express
JIOCTYIIHBI:

- mapaMmeTrpu3anus CUJIOBBIX
KMHEMaTHYECKHX COOTHOLIEHUH;

OJICMCHTOB u

- CO3JaHWC aHMMANWOHHBIX (AilIOB IO pe3ysbTaTaM
MO/JICITUPOBAHHS JIBUOKEHHS, aHUMAIIMH COXPAHSIOTCS B
BHUJICOPOJIHK BIKEHUS B (hopmare avi;

- moctpoeHHe rpaduKOB 000N TUHAMUYCCKHNA WIN
KWHEMaTHYEeCKOW XapaKTepHUCTHKH;

- pacyeT TOJIOKEHUI paBHOBECHS U COOCTBEHHBIX
4acTOT MOJICITH B 3aBUCHMOCTH OT IapaMeTpPOB.
Obecnieueno monnoe ytenue moneneii KOMITAC 3D.
Buzyanuzanust paboTel W pe3ynbTaroB OWOIMOTEKH
co3maercss B OTACIBHOM OKHE ¥  II0JIb30BATEIIO0
MPEAOCTABISETCS BO3MOXHOCTh MOJIYy4aTh BU3YAIbHYIO
WHPOPMAIIMIO O JBWXKCHUM O00BEKTa M O €ro
JUHAMHYECKUX M KHHEMATHYECKHX XapaKTepUCTHUKaX
HEMOCPEICTBEHHO B MPOIECCE MOICTHPOBAHHSI.

DTa cHCTEMa IIO3BOJISIET CO34aBaTh MOAEIN OOBEKTOB,
COCTOSIIIUX M3 HEOTPAHWYEHHOTO YHCIIa aOCONIOTHO
TBEPABIX TEJ, HA OCHOBE TPEXMEPHBIX Mojeiel cOOpoK
noctpoeHHbIX B cucteme KOMITAC-3D.

Hlupoknii mepedeHb IApPHUPOB IO3BOJSIET CO3JaBaTh
KMHEMaTHYECKHE CXEMbl MEXaHHW3MOB MPAKTHYECKU
JII000H CIIOKHOCTH.

JoctymHbl CIIE/IYOIIHE THIIBI HIAPHUPOB
(KMHEMATHYECKUX map): MOCTYHATEIbHBIH;
BpallaTeIbHbIN; KAPAAHOB;

- chepuueckuit; 6 crerneHeil CBOOOIBI.

B cucreme YHuBepcaibHblii MexaHu3m Express

MPEeIyCMOTPEHBl  CIIEAYIOIIUEe  METOAbl  aHaIM3a
JTUHAMHUYECKUX MOJEIIEH.
1. Kubnemaruueckuii ¥ OUHAMHAYECKHH  aHAJIN3

MEXaHU3MOB IyTEM HHTEIPUPOBAHUS ABTOMATUYECKU
CHUHTE3UPYEMBIX YPaBHEHUN JBUKEHHSI C PACUETOM BCEX
OCHOBHBIX KHHEMaTHYECKUX Hu JTUHAMHAYECKHUX
XapaKTEPUCTHK:

- KOOpIMHAT, CKOPOCTEH M YCKOPEHUU LEHTPOB Macc
TelI,

Esrenunit Muxaiinosuu Kyapsieues, npoo., 1.1.H., MockoBckuii 'ocynapcrsennsiii CtpoutensHblii YHuBepeuter, Mocka, Poccust
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- IIAPHUPHBIX KOOPAMHAT, CKOPOCTEW U YCKOPEHUH -
YIJIOBBIX CKOPOCTEW U YCKOPEHUM Te;

- CWI peakuuil B lIapHUpaX;

- CHJ B aKTHBHBIX CHJIOBBIX JJIEMEHTaX (IpyKHHAX,
TaCUTEISIX U Tp.);

- CHUJI 1 MOMCHTOB CUJT MHCPIUHN IJIs1 BCEX TCII.

2. JIuHelHbI# aHaNN3 MEXaHU3MOB:

- pacueT TOJIOXKEHMH  paBHOBECUS,  3HA4YCHUU
KOOpAMHAT M CHUJ peakiuid B 3aBUCUMOCTH OT
NapaMeTPOB CUIOBBIX 2JIEMEHTOB;

- pacueT COOCTBEHHBIX 4YacTOT U (popM KoJeOaHMHA,

KOpHEH XapaKTePUCTUUECKHUX ypaBHEHUI u
JMHAMHYECKUX (HOpM;

- oIlpejelieHue CTENEHU neMIprpoOBaHHOCTH
CHCTEMBI IO JMHAMHUYECKUM (popmawm;

- OompenencHue YCTONYUBOCTH TOJ0KEHUN
paBHOBECHS;

- pacuer KOPHEBBIX rogorpados (xopHeii
XapaKTepUCTUUECKUX YpaBHEHHUH B 3aBUCUMOCTH OT
napaMeTpoB),  pacueT  COOCTBEHHBIX  YacTOT B

3aBHCHUMOCTH OT MapaMETPOB.
B cucreme peanmu3oBaHbl iBa pekuma paboTh: Pexxnm
KoppexkTupoBku (Pekum koHcTpykTopa) u Pemum
MO/IeJIMPOBAHNS .

Pe:kuM KoppeKTHPOBKM Wiu PeskuM KOHCTpPyKTOpa
MpeqHasHaueH [UIsT  CO3MaHMA W KOPPEKTHPOBKH
JTUHAMHUYECKON MOJEIIH.

Pexnm MOETMPOBAHUS MpeaHa3HAYCH TSt
UCCJIEJIOBAaHUSI CO3/IaHHOM MOJEIH C HCIOJIb30BaHHEM
ITOPUTMOB AHAJTUTHYECKOTO aHAIN3a JUHAMHYCCKHX
cucteM (MOaynb JIMHEHOro aHA/IM3a) U YKCIEHHOTO
moaenupoBanus auHaMuku CCT.

B ¢yHKUMOHANBHBIE BO3MOXHOCTH pEXHMAa BXOIAT
TaKXKe cpencTaa 0TOOpaKeHUS TTOITyYeHHBIX
Ppe3yIBTATOB | IMpoIiecca MOACTHPOBAHNS.

Cuctema KOMITAC-SHAFT 2D npepnHazHaueHa s
MapaMeTPUIECKOTO MPOSKTUPOBAHHUS .

- BaJIOB U BTYJIOK;

- NWIMHIPUYECKUX U KOHHMYCCKHX IIECTCPEH;

- YEPBSYHBIX KOJIEC M YCPBSIKOB,;

- IIKWBOB PEMCHHBIX ME€peaay,

- 3Be3JI0YCK ILICMHBIX Mepeay.

Cucrema KOMIIAC-ShaftCalec npeanasHauena st
pacdeTra BaJIOB M IOJAIIMITHUKOB, CMOJCIMPOBAHHBIX B
KOMIIAC-SHAFT 2D. DJra cucrema sBIs€TCS
COCTAaBHOH  YacThI0  WHTCTPUPOBAHHON  CHCTEMBI
npoektupoBanus Ten BparieHuss KOMITAC-SHAFT 2D.
C nmomomsio cuctemsl KOMITAC-ShaftCale moxHO!

*  BBINOJIHATH MOJHBIN CIIEKTP MPOYHOCTHBIX PACIETOB
Baja, Mojenb Kotoporo moctpoeHa B KOMIIAC-
SHAFT 2D, u nomyuarb pe3ysbTaThl pacuyeTa B BHJC
rpaduKOB pacrpe/eIcHus:

— paJguaabHBIX CHJI B TOPU30HTAIBHON M BEPTUKATHHOMN
TUTOCKOCTSIX;

— W3rubarIIuX MOMEHTOB B TOPH30HTAIBRHOU U
BEPTUKAIILHON IJIOCKOCTSIX (eciu omopa ojHa, TO
JMaHHAs Oropa cuHuTaeTcs aOCONIOTHO JKECTKOH, T.e.
3aeJIKOM);

— KPYTSIIAX MOMEHTOB;

— HOpManbHBIX HampsokeHud (mo 1V
MPOYHOCTH);

TEOPUH

— KacaTeIbHBIX HAIPSDKCHNH MTPH KPyUCHNH;

— OTHOCUTEIIBHOTO YIJIa 3aKPYIHBaHHUS,

— mporu0a Baja OTHOCUTEIBHO ONOpP B TOPU30OHTAIILHOU
M BEPTUKAIBHOM TUIOCKOCTSX (MIPH HAJIMYUH JABYX OTIOP);
— ko3¢ duIenTa 3amaca yCTaIOCTHONW MPOYHOCTH.

*  mosy4arh MHPOPMAIMIO O 3HAYCHUH PACCUYUTAHHON
BEJIMYMHBI B YKa3aHHON TOYKE rpaduka (OCYIIeCTBIATh
TPAcCHUPOBKY rpaduka);

* (QopMHpOBaTH OTYET O BBINOJHEHHBIX pacyeTax B
dopmare FastReport wim Ha nucre (JmcTax) yeprexka
KOMITAC-TPA®UK;

*  BBINOJHATH pacuer
IPy30I0ABEMHOCTD u
TEIUIOBBIJEIICHHUE;

* [OMy4aTh peE3yNbTaThl pacueTa IOANIMIHUKOB B
Buzie Tabmuil B hopmare FastReport;

* o0pamarkcsi K MOXYJIO BbIOOpa MaTepHAIOB s
Ha3HA4YeHHs MapKd MaTepuana JUlsl PacCUUTHIBAEMOIO
BaJa.

Cucrema KOMITIAC-SHAFT 3D npeanasHaueHa Jjist
CO3JIaHUSI MOJICJICH BaJlOB, BTYJIOK M LIMJIMHIPUYECKHX
MPAMO3YOBIX IIECTEPEH BHEIIHETO W BHYTPEHHETO
3aleTIICHUs] B TpEXMEPHOM BHE. C MOMOIIBIO CHCTEMBI
MOXXHO IIOCTPOUTH NWINHIPUYECKHE M KOHHUYECKHE
CTyIIEHH Bajla, a TaKXe CTYNEHH, IMOINECPEUHBIM
CEUCHHEM KOTOPBIX SBISIETCS. MHOTOTPAaHHUK —HIIH
KBajpar.

Cucrema KOMIIAC-SHAFT 3D  o6ecnieunBaer
NOCTPOEHHE IUIUIEBBIX, PE3bOOBBIX M IIMOHOYHBIX
YY4acTKOB Ha crymeHsx Moxeneil. C  1OMOIIBIO
O6ubMMoTeKM MOTYT OBITH  CO3J@aHBl W JIpyrue
KOHCTPYKTHBHBIE DJIEMEHTHl MOJENIW - KaHaBKH,
MpoTOYKH, ma3el W T.JA. CIOXHOCTH Mojened u
KOJIMYECTBO CTYIIEHEH HE OTPaHUIHBAIOTCA.

Cucrema KOMITAC-SHAFT 3D mo3BoJIIET B AECATKA
pa3 yBEINIHUTh CKOPOCTH NMPOEKTUPOBAHUS TPEXMEPHBIX
TEJI BPAIlEHHs ¥ BBIITYCKa IOKYMEHTALUH Ha HUX.
Cucrema KOMITAC-SPRING mnpenHazHadeHa Iist
BBITIOJIHEHHUSI MPOEKTHOIO M MPOBEPOYHOIO PACUETOB
OWIMHAPUYECKUX  BUHTOBBIX IPYXXUH  CXKaTHI U
pacTsDKeHHMs, TapeibyarbhiX, KOHUYECKHX M (PacOHHBIX
NpPYXKHH, a TaKkKe Uil MOCTPOSHHs MX 4deprexed (c
CO3JJaHuEM BU/IA, JMarpamMMel, TEXHHUYECKUX
TpeOOBaHuUil, 3aTI0OTHEHHEM OCHOBHOM HAIUCH) B Cpele
cucrembl KOMIIAC-3D V6 wu Bemme. B ocHOBY
cuctembl nonoskeHsl 'OCT 13764-86, 'OCT 13765-
86, TOCT 3057-90 u mertomwkw, pa3pabOTaHHBIC B
PacYeTHO-BBIUYMCINTEIEHOM LeHTpe OAO
«CrennansHoe KOHCTPYKTOPCKOE 6ropo
MarmHocTpoeHus» (r. Kypran).

Cucrema pacuera mMexaHnueckux nepenayu KOMITAC-
GEARS 2D npenHasHayeHa Uit BBITIOJTHEHHSI
rEOMETPUYCCKH|[ M MPOYHOCTHBIX PACUCTOB CIEAYHOLINX
THUIIOB II€peay:

- llunuaapuueckas nepenayda BHEITHETO 3allCIUICHNS,
- lunuaapuueckas nepenada BHYTPEHHETO
3alleTIIeHS;

- Konnueckas nepenada ¢ KpyroBbIMHU 3yObsIMHU;

- Konnueckast nepenada ¢ IpsiMbIMHU 3yObsIMHU;

- YepssyHas MUIMHIPUYECKAs Iepeaya,;

- PonukoBas uenHas nepenayva,

IIOAIIUITHUKOB Ha
JOJITOBECYHOCTD, Ha
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- Kiunopemennas nepenaua,

- 3yOuaropemeHHas mepenaya.

PaccMaTpuBaemble B IOKIIa/Ie CUCTEMBI BXOJISAT B COCTaB
cucrembl KOMITAC-3D V9 B kauectBe OuONIHMOTEK.
OHH OBICTPO YCTAHABIUBACTCS M OTIMYACTCS BBICOKOU
3¢ (GEeKTUBHOCTRIO ¥ MPOU3BOJUTEIHLHOCTHIO.  Bce
paccMaTpuBaCMbIC CHCTEMBI MMPpEABABIIAIOT
MHUHHMaJIbHbIE TPEOOBAHHS K KOMIIBIOTEDY.

Wznaraemple CHCTEMBI 3TO MOIIHBIC, IOCTOSIHHO
COBEpIICHCTBYIONNE CHEINATN3UPOBAHHBIE CHUCTEMBI
aBTOMaTU3MpOBaHHOTO NpoekTupoBanus (CAIIP).

PaccmaTpuBaemMble CHCTEMBI BXOAAT B COCTaB CHCTEMBI
KOMIITAC-3D V9 u Bble B KayectBe 0nbanorex. OHu
OBICTPO YCTaHABIMBACTCS M OTINYACTCA BBICOKOH

3G (QEKTUBHOCTEI0O M TPOW3BOJUTENBHOCTBIO. Bce
paccMmaTpuBacMble CHCTEMBI MPEABIBISIOT
MHUHHMAIIbHbIE TPEOOBAHMS K KOMIIBIOTEDY.

JIUTEPATYPA

[1] Kympssues E.M. KOMITAC-3D V8. HaubGosnee
nojsiHoe pykosojactBo. M.: JIMK-IIpecc, 2006 r. 75.4
.J1.

[2] Kympssues E.M. KOMITAC-3D. MoaenupoBaHue,
MPOCKTHPOBAHKE U PACYET MEXaHHUYECKUX CUCTEM. M.
IMK-IIpecc, 2008 r. 32.5 .1
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CHEIIUAJ/IN3UPOBAHHBIE CUCTEMBI ABTOMATU3UPOBAHHOI'O
HNPOEKTUPOBAHUA B CPEJE KOMITIAC-3D

E.M. Kynpssues

AnHoTanusa: B
NPOeKmupo8aHusl,

Jokniade  paccmampugaromcs
obnezuarowue  HA  NOPAOOK

CReYUuanu3UpOBanHbvle
npedcmagienue

cucmemul
U3006padiceHus

asmomamusupoearHrHoco
camulx pa3H006pa3H blx

MAWUHOCMPOUMETLHBIX 00BEKINOE 8 KOHCIMPYKINOPCKUX OOKYMEHMAX.
Onucvieaemes paboma ¢ Haubonee ucnoavzyemvivmu cucmemamu (6ubruomexamu). Bubnuomeka mamepuanos u
copmamenmos, bubiuomexa npoexmuposanus memaniokoncmpykyuii, Koncmpykmopckas 6ubauomexa, bubnuomexa

PeodyKmopos,

bubnuomexa noobopa osnexmpoosucameneti, bubruomexa ycnoeuwvix o0b6os3nauenui Ilneemo- u

Tuopocxem, Bubiuomera u300pasicenusi C6APHbIX B0 U UX KOHCPYKMUBHBIX DNEMEHMO8 U Op.

bubnuomexu cucmemovr KOMITAC-3D smo nocmosinno ysenuuusaiowuiicss Habop bubruomex, sxnouaiowuil ceviute S50
oubdruomex. OH NOCMOAHHO 0OHOBIAEHICS U COBEPULEHCMBYENICA.

Cucmema KOMIIAC-3D nodoepoicusaem 00HOBpEMERHYIO pAOOMY C HECKOJbKUMU NOOKTIOUEHHBIMU OUOIUOMEKAMU.
Peocumvr pabomoi ¢ bubnuomeroui mozym 6vimo pasnuunbimu (OKHO, duanoe, Merio unu nanenv). Kax cama cucmema
KOMIIAC-3D, mak u ee 6ubnuomexu npedvasisiiom MUHUMATbHblE Mpebosanus K komnviomepy. bubnuomexu
ObLICMPO YCMAHABTUBAEMCSL U OMIUYAEHICSL BbICOKOU D PPEKMUBHOCTBIO U RPOU3EOOUMETLHOCTIBIO.

KiroueBbie ciioBa: mooenuposanue, npoekmuposanue, cucmem, KOMITAC

[Ipu mpoBeneHUH MPOEKTHO-KOHCTPYKTOPCKUX pabOT B
pa3nuyHbIX cdepax AeATETBHOCTH, TEXHOJIOTHYECKOH
IMOJITOTOBKE MIPOU3BO/ICTBA, IMOJITOTOBKE
KOHCTPYKTOPCKOW JOKYMCHTAIlMA HWHXCHEPY YacTo
TpeOyercs mHDOpMAIHs O Marepuaiax, MPUMEHSICMBIX
NpH  W3TOTOBJICHUU W3JEIUHA. OTO MOTYT OFBITh,
HampuMep, 0003HAYCHHS YCPHBIX M IIBETHBIX METAJIIOB
U UX CIUIaBOB, HEMETAJUIMIECKUX MAaTEPHAIOB, CMa30K U
TEXHUYECKUX JKAIKOCTEH, WX (UIUKO-MEXaHUIECKHUE,
TEXHOJOTMYECKHE CBOMCTBA, XHMHYECKHH COCTaB,
Ha3HaueHWe M O0O0JacTH MPHUMEHEHHS, BO3MOXKHBIC
3aMEHUTENTM W YCJIOBHSA 3aMCHBI, HCIIOJIb3yEeMbIC
COPTaMEHTHI.

st otux u apyrux uenei B cucreme KOMITAC 3D
MUMeeTCs COOTBETCTBYIOIAs OubmoTeka - bubdanorexa
MaTepuasoB u coprameHToB (nanee CrpaBovynuk). OH
IT03BOJISIET MIPOCMaTpPUBaTh HEO0XOUMYIO
WHPOPMALIMIO W KCIOJIE30BaTh  COJCpIKAIIHecs
cBeeHus: B JokymeHrtax cucreMbl KOMIIAC nmns
opopmieHH dYepTeked, crHenu(UKauif, pacuyeToB
MAacCO-IIEHTPOBOYHBIX XaPaKTEPHCTUK MOJEINeEH.

CripaBOYHHK MOXET OBITh MCIOJB30BAH B Ka4ECTBE
CaMOCTOSITENIFHOW MPOTpaMMbl JTMOO COBMECTHO CO
CJIeIYIOIIMMH IIPOTPAMMAaMH:
- mporpamMmubie TpoaykTsl 3AO0 ACKOH cucremst
KOMIIAC;
- KOMITAC-Agtonpoekt u JIOLIMAH:PLM;
- cuctembl SolidWorks, Inventor, Unigraphics.

Bonpmryto  9acTh  TJaBHOTO  OKHA  CHCTEMEBI
3aHUMAaroT paboune maHenu — 310 [laHeanr BbIOOpa U
HNudopmannoHHas naHeb.

Manens BBIOOPpA - 3TO maHenb, KOTOpas
npeaHa3sHaueHa ISl Bbioopa 00bekToB CHpaBOYHHKA U3
pa3nuuHbIX KiaccudukaTtopoB. OHa COINEPIKUT YEThIPE
BKJIQJKU. Marepuadsi, O0paboTKy; Dopmbl;
JlOKyMeHTBI.

Kaxnass w3 BKIaZOK COOTBETCTBYIOT CHOCOOaM
knaccuukanuu 00bekToB CrpaBOYHHKA.

NudopmaunonHas naHeJb pacrojaraerci B
MIPaBOH YacTH TIABHOTO OKHAa OMOJIMOTEKH M BKIIOYAET,
B CBOIO ouepelnp, Tpu mnaHenu: IlaHeap CBOMCTB
(BBepxy), [TapameTpbl 00beKTa (BHH3Y) U 110 CEpeIMHE
ITanenn copTameHTAa.

Ilanen  coprameHTa  BKIIIOYAIOT  [aHEIb
Tunopa3mepsl (cneBa) u manens (cmpaBa) ¢ ABYMs
BkJIagkamu: CoprameHT u Pa3mepsi.

B pabounx maHensX TNPOU3BOAMTCS  BBHIOOP
MartepuanoB, ¢GopM, BHIOB OOpabOTKM M MPOYUX
O00BEKTOB, @  TakXke  BBIBOAWUTCA  CIpaBOYHAs
nHpopmanus. HanMeHOBaHNE TEKyIIEro OOBEKTa U €ro
nonoxxeHne B CIpaBOYHHMKE OTOOpakaeTcss B IIOJe
Bbi0paHHbIii 00BEKT.

bubnmnoteka MIPOEKTUPOBAHUS
METAITIOKOHCTPYKIUH 00€CTIeYNBAET BOZMOXKHOCTB!

- (QopmMHpOBaHHMsS ~ TEOMETPHYECKOH  CXEMbl
METAJUIOKOHCTPYKIUH;

- HaHeceHHs MpoQuiIeH Ha TeOMETPUIECKYIO CXEMY
KOHCTpPYKIINY;

- TIOCTPOCHMS pa3IMYHBIX BHJOB COEIUHEHHH
MPOCTOr0, KPECTOBOTO, (PACOHHOTO, MAYK);

- (hopMupoBaHUs paboyell JOKyMEHTALHY;

- pelaKTUPOBAHHUS KOHCTPYKLHUH
npodurieit) , 0003HAYCHHIA Y3TIOB,;

(3amena

Esrenunit Muxaiinosuu Kyapsieues, npoo., 1.1.H., MockoBckuii 'ocynapcrsennsiii CtpoutensHblii YHuBepeuter, Mocka, Poccust
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- KOHTPOJISI KOHCTPYKIIHH.

dopmupoBaHue paboueit JIOKyMEHTALUU
MIPEeAyCMaTpUBAET MOATOTOBKY CHEAYIOIIUX BHIOB
JOKYMEHTOB!

- co3gaHue  pabouux  YepTexed  AIEMEHTOB
NPOEKTUPYEMOI KOHCTPYKIIMH - IETATHPOBKA;

- (hopMHpOBaHUE BEAOMOCTH OTIIPABOYHBIX MAPOK;

- (hopMHpOBaHUE BEAOMOCTH METH30B,;

- (hopMupoBaHHE BEIOOPKU METAILIOB;

- opMupoBaHHEe COOPOUHOTO YEPTEKA.

Kouncrpykropckas 0nbamoTeKa BKJIFOYAET
OosipIIoii  HAabOp  CTAaHOAPTHBIX ~ KOHCTPYKTHBHBIX
JJIEMEHTOB.  OONTBI, BHWHTBI, TalKd, 3aKJICTKH,
KOHCTPYKTUBHBIE JJIEMEHTHI, MaHKETHI, ocw,
MOJIIUITHAKY, MPO(QWIN, TPYXKUHBI, TENa BpPAIICHUS,
TPyOONPOBOIbI, MAHOKI, IIMUIBKH, IIMOHKH, MTH(THI,
HIyPYIIBL.

budanoreka peayKTOpoB mpenHa3HaueHa  JUIs
1mo100pa U OTPUCOBKH PEAYKTOPOB Pa3INUHBIX THIIOB!

- OWIMHIPUYECKUX OJHOCTYICHYATHIX;

- OWIMHIPUYECKUX JBYXCTYIIEHYATHIX;

- OWIMHIPWYIECKUX TPEXCTYNEHUYATHIX;

- UYEepBSYHBIX OJHOCTYNIECHUYATHIX;

- UYEePBSYHBIX ABYXCTYIEHYATHIX.

bubnmoTeka COAEPKUT CIEAYIOIIHE OCHOBHBIC
CBEICHHS O PpEAyKTOpax: THUIOpasMep PpEeRyKTopa,
ME)XOCEBOE PACCTOSHHE, HOMHHAIBHOE IEPEAaTOIHOE
OTHOUICHHE; HOMUHQJIBHBI KPYTSALIMM MOMEHT Ha
BBIXOJIHOM BaJly B HENPEPHIBHOM pEXUME pPabOTHI;
HOMHHAQJIBHBIE DPaJMalbHble HAarpy3KH Ha BXOIHOM U
BbIXOJHOM Baiax; 3HayeHue KIIJI;, 3HaueHue wmaccobl
penyKTopa; CBEINCHUS O KIMMAaTHYECKHX HCIIOJIHEHHH;
CIHCaHWEe ¢  YyKazaHWueM oO0nacTH  NpPUMEHEHUs
penyKTopa; CBeleHHs O  pa3paboTyMkax H
TIPOU3BOANTEIISX.

Kpome Toro, ykasaHel 3HAa4eHHs HOMMHAIBHBIX
MOMEHTOB M Harpy3oK MpU TSDKEIBIX, CPEIHUX, JETKUX
ycrnoBusix pabOTBI, a TaKKe IPHUBEICHBI IMapaMeTpPhI
KOHUYECKUX BXOJHBIX M BBIXOJIHBIX BAJIOB, 3y0OuaThix
HOIyMy(T PELYyKTOPOB.

BubnuoTeka no3BosieT BLIOUpATh BapHaHTa COOPKU
peoykTopa W BHA  BXOJHOTO/BBIXOJHOTO  BaloOB
(koHMYECKHE, MIHHIPHYECKHE, MOJbIe, B BUJAC YaCTH
3y6uaToit My ThI).

Bbubaunorexa 3JjieKTpoABUraTe/iei MnperHa3HaueHa
UIT  mombopa W OTPHUCOBKH  3JIEKTPOJBUTATENeH
Pa3NYHBIX THIIOB.

- aCHHXPOHHBIX TPeX(a3HBIX 00IIEro MPUMEHEHHS,

- aCHHXPOHHBIX TPeX(a3HBIX B3PHIBO3AINIIECHHBIX,

- KPAaHOBBIX ¥ METAJTYPIHIECKHUX,

- aCMHXPOHHBIX 0/IHO(a3HBIX O0IEr0 NPUMEHEHUS,

- JBUTATeNel IOCTOSHHOTO TOKa C HE3aBUCHMbBIM

BO30YXK/ICHUCM,

- OIaroBBIX,

- KOJUICKTOPHBIX JIBUTATeJeH, NPUMEHSIONMXCS B

OBITOBOI TEXHHUKE PA3TMYHOTO Ha3HAYCHHS.
bubnnoTeka CoOmEpXKHUT CHENyIOINe OCHOBHBIC

cBelleHNs O Tpex(asHBIX W OXHO(pA3HBIX ACHHXPOHHBIX

JIEKTPOJBUTATENAX: MOLIHOCTh, YHCIO 000POTOB Baja,

B TOM YHCIE C YYETOM CKOJBXEHHsS, MOMEHT WHEPIUU

Baja, Macca, OCHOBHBIC MOHTA)XHBIE HCIIOJTHEHHUS,

KIIMMAaTHICCKUE WCIOTHEHUS, OIMCAaHWe C YKa3aHHEeM
o0iacTH  TPHMEHEHHWs  JIBUTATENs, CBEIEHHS O
pa3paboTInKax U IPOU3BOJUTEIISIX.

Kpowme Toro, ans anekrponsuraTesiel HIOCTOSIHHOIO TOKa
yKa3aHbl BCE BO3MOXKHBIC COUYCTAHUS MUTAMOIIUX TOKOB
W HanpsDKeHWH, JUisl  10aroBbIX — JBUTaTelNedl U
KOJIJICKTOPHBIX TIPUBE/ICHBI HEKOTOPHIC
JIOTIOJTHUTEIIHHEIC MTApaMETPBI.

bubauorexa ycJoBHbIX 0003HaueHnii [THeBMoO- 1
I'uapo cxem mpepHa3HAYCHA JUIS CO3JAHMS Pa3IMIHBIX
MHEBMATHYCCKAX W THAPABIMYCCKUX, HCIIONB3YS
YCIIOBHBIC 0003HAUCHUS TAaHHOH OMOIMOTEKH.

BubauoTexa cBapHBIX IIBOB NpEIHA3HAYCHA NI
aBTOMaTH3aIUU O(QOPMIICHHUS CTPOUTEIBHBIX YEPTEKEH,
CoJep KAINX N300paKECHNS CBAPHBIX COCTUHEHUH.
bubnmoreka aBromaTndeckun GopmMupyeT HU300pakeHHs
CBapHBIX IIIBOB CJICAYIONIMX THIIOB: CTHIKOBOH, YTJIOBOH,
TaBpOBbIN, HAXJIECTOUHBIM, TOUEUHBIN, a TAKKE KaTETOB
CBapHBIX IITBOB.

Tumel MIBOB, MapaMeTpsl X U300pakeHui (maMHa
LITPUXOB, PACCTOSTHUE MEXy HUMH, TUIT JTMHUM, U T.1.),
a TaKKe PACIONIOKCHHWE Ha 4YepTeke W KOH(HUTyparus
OTIPENIEIIAFOTCS TIOTH30BATEIIEM.

bubauorexka madaoHoB — 3TO (aitn ¢opmara
*.tlm, comepxamuii Habop mAOIOHOB OMpPENECICHHOTO
Ha3zHaveHusd, Hanpumep, CBapka. tlm.

IIIa0g0H — dTO PiIeMEHT OMOJIMOTEKH, CO3JAHHOM C
TIOMOIIIBIO CHCTEMbI MeHeIKep 1Aa0I0HOB.

[Ilabnon npexacTaBisieT coOOW COBOKYITHOCTh TpPEX
COCTABJISFOIIHX:
- usobpavicenue wabnona - nokymenr KOMITAC-3D
(bparmenT wim geranp) — daiin  dopmara *.frw
(*.m3d);
- cxema  NepeMeHHbIX  napamempos — uabnioHA
(pparment, gmerams wam  daitn ¢ pUCYHKOM),
coJiep Kariasi IMeHa ITepeMEHHBIX TapaMeTPOB;
- EXCEL- mabnuya nepemennvix napamempos
wabnona — daitn popmara *.xls.

[Ia60HBI MOTYT OBITH ABYXMepHbIMU ((hparMeHT)
U TpexMepHbIMH (meTans). JIByXMepHbIA mabioH
COCTOUT W3 OJHOTO CJIOS.

Cxema mepeMeHHbIX mnapamMeTpoB (¢parmenr,
Jetanb uin (Gaiil ¢ PUCYHKOM) - 3TO cXeMa, KOTopas
COJICPXKHUT M300pakeHUE KOHCTPYKTHBHOTO JICMCHTA U
WMEHA TepeMeHHbIX (pa3sMepoB H 0a30BBIX TOYEK),
KOTOphle HyXHO BBIOMpaTh w3 EXCEL- Tabmuier
TIepeMEHHBIX TapaMETPOB.

C cucremoit KOMIIAC-3D  mnocTaBisiFOTCS
pa3iuyHble OMOIMOTEKH IIaOJIOHOB. CBapHBIC IIIBHI,
KpereKHbIe U3/1eITHsl, TPOQUIH U T. [I.

Hcnonp3ys cuctemy MeHeqxkep 11a0JI0OHOB,
BCTPOCHHYIO B CHCTEMY,, BBl CMOXKETE CO3/aTh IICIIBIN
crekTp TeMatmueckux Oubmuorek KOMITIAC-3D wu
HATIOJTHUTh X HEOOXOIUMBIMH JUIS PabOThl OOBEKTAMHU
(uraboHamu).

ToToBerii mabmoH MoOXeT OBITh BCTaBICH B
axktuBHBIN mokyMeHT KOMIIAC-3D. Ilepen Tem, kak
BCTaBJIATH MIA0JIOH, HEOOXOIUMO BEIOPATh 3HAYEHUS €TO
mapaMeTpoB W3 psla NAaHHBIX, KOTOPBIE COIEpKaTci B
EXCEL-¢aiine, acconuupoBaHHOM C BCTaBJISIEMbIM
(bparmenTOM (meramnpro). Ecnu 1rabJIoH
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NapaMeTpU3UPOBaH, TO TOCIE BCTABKH B JIOKYMEHT
3HAUeHUs €ro IapaMerpoB OyIyT COOTBETCTBOBATb
BBIOPAHHBIM 3HAUCHUSIM IIEPEMEHHBIX.

[[Mabmorn MoxeT OBITh BCTaBICH B JIOKYMEHT
KOMIITAC-3D:
- KaK Habop 0OBEKTOB (OTPE3KOB, AYT, KPUBBIX U T.J.);
- KaK He PEAaKTHPYEMbIil MAKPOIJIEMEHT;
- KaK peJJaKTHPYEMBIil MAKPOIJIEMEHT.

PaspaboTka HOBOro  mabioHa

BBIMIOJTHEHHIO CIIEAYIOIINX 3TAIlOB!
- co3nanue dparmenta (neramn) KOMITAC-3D;
- ¢opmupoBanue B Microsoft Excel Tabmmust
[apaMeTpoB B COOTBETCTBHU C  OIIPEACICHHBIMU
NpaBHIIAMH,

CBOJUTCs K

- YCTaHOBKA CBA3M MEKIY TMapaMeTpamu (hparMeHTa
(meranmu) KOMITAC-3D u 3HaueHHWsSIMH, 3aJaHHBIMH B
TabIuIE;

- CO3[MaHWe CXEMBI, COJEpKaIleli WMEHa MapaMeTpoB.

JIMTEPATYPA

[1] Kympssues E.M. KOMITAC-3D V8. HaubGosnee
monHOoe pykoBoacTBo. M.: IMK-IIpecc, 2006 r. 75.4
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[2] Kynpssues E.M. Ipaktukym mo KOMITAC-3D V8.
MammHocTpontenpHbie onbmmotekn. M.: IMK-TIpecc,
2007 r. 35.75 .1
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THE FACULTY OF MECHANICAL ENGINEERING KRALJEVO
IN THE EUROPEAN STREAM OF INTEGRATION AND TRANSITION OF
THE INDUSTRY

N. Nedi¢, Lj. Luki¢, R. Bulatovi¢, D. Petrovi¢

Abstract: The main task of the Faculty of Mechanical Engineering, Kraljevo throughout its thirty-year development
has been to guide its educational and scientific research in accordance with the economic requirements, and together
with the network of other engineering faculties contribute to the transformation process of the economy and domestic
manufacturing. In the transitional processes, the key component is the knowledge to implement the new technologies,
knowledge to implement new work models, knowledge of the technology used to create new knoledge, its distribution
and practical application. It is necessary for industry and science to closer cooperate on the common task of creating
the new Serbian economy based on the knowledge compatible with the economy of the European Union. In this paper
we present the basic elements of the strategic development direction for the educational, the scientific and reasearch
tasks of the Faculty of Mechanical Engineering, Kraljevo, as well asitsrole of the creator of the regional technical end
technological advancements.

Key words: Faculty of Mechanical Engineering, Kraljevo, European integrations, economy

1. INTRODUCTION

Programs Faculty of Mechanica Engineering, in field
The main task of the Faculty of Mechanica design in machinery:
Engineering, Kraljevo (Fig.1) throughout its thirty-year
development has been to guide its educational and .
scientific research in accordance with the economic L
requirements, and together with the network of other
engineering faculties contribute to the transformation
process of the economy and domestic manufacturing. In
the transitional processes, the key component is the
knowledge to implement the new technologies,
knowledge to implement new work models, knowledge

Railway engineering,

Earth-moving and transportation systems
(Fig2),

Termotechnique and environment protection,
Automatic control and fluid technique,
Mechanical design and mechanics,
Computer-aided design,

of the technology used to create new knoledge, its
distribution and practical application. It is necessary for
industry and science to closer cooperate on the common
task of creating the new Serbian economy based on the
knowledge compatible with the economy of the
European Union. In this paper we present the basic
elements of the strategic development direction for the
educational, the scientific and reasearch tasks of the
Faculty of Mechanical Engineering, Kraljevo, as well as
its role of the creator of the regional technical end
technological advancements.

Production technol ogy:

e Computer-integrated processes,
e Design of machining processes and
e Enterpreneuria engineering and management.

The Faculty of Mechanical Engineering, Kraljevo, has
achieved significant result in the Basic research,
Innovation projects, and special projects that are of
significance for technical, technological, and industrial
development of Republic of Serbia.
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Fig.1. The Faculty of Mechanical Engineering, Kraljevo
- Education & Research ingtitution of regional
importance

Fig.2. Sstems for transport and building machinery

2. THE CURRENT ECONOMIC
ENVIRONMENT OF SERBIA

Statistics data showing that there is a little bit over 7%
university educated people in Serbiais worrisome. Even
more worrisome is information that 32.000 of this
people is unemployed, and 30% of them are more than 2
year without job, as well as that many of them aswell as

of the ones that are employed will get employment or
are employed in the area of their expertise. In addition,
the constant problem of brain drain is present, where
high number of people with university degree has left
the country. Some analytical data shows that 30 000 to
300 000 people with university degree have left country
in the last 10 years. Many of them are very successful in
the major foreign companies, looking for the
opportunity to capitalize their knowledge received at our
universities.

Unfortunately, the state of the mechanical and power
engineering, and other related industry branches
indicates that the same applies to the experts in
mechanical engineering and other technical professions.
Although the need for these experts and average salary
for engineers are above average salaries, which resultsin
amost full employment, the salary level and the job
challenges do not give enough motivation for extra
efforts in order to establish themselves within the
domestic industry. On the other hand, the young
scientists and their professors cannot resist the
temptations coming from abroad, and there are not rare
examples of them being very successful professors or
researchers in other countries, while we struggle with
the shortage of the university educated professionals.

The problem of unsatisfactory cooperation of the
university and industry, brain drain, migration from the
rural and central counties of the country, and insufficient
effectiveness of the scientific and research processes had
led Europe to the approaches that are summarized in the
Bologna process for the post secondary education and
Lisbon declaration of effective research and innovation
processes that would lead to a balanced regional
development.

The cumulative direct foreign investments in Serbia
from 2000 to today are at the level of 14 million dollars.
It is interesting to point that around 85% of these direct
investments originate from European Union, while there
are pointer that indicate that in the next 2-3 years the
increased investments will come from Russia, mainly as
aresult of the South Stream contract, privatization of the
electro-power industry, air traffic industry, and
increased investmentsin infrastructures. At present, the
Russian investments are at modest 400 million dollars.
The construction of the gas pipe, the gas reservoir in
Banatski Dvor, and reconstruction of the NIS, after the
privatization, may increase the employment rate,
investments, and technological level of metal processing
industries, because there are expectations that these
projects would, directly or indirectly employ at least 50
000 employees. In addition, there are preliminary talks
on building the gas pipes from Constance to Trieste that
will create potential investments of nearly 3 billion
dollars. The announcement of reviving the auto industry
in Kragujevac, trough the cooperation with Fiat and
other potential strategic partners creates significant basis
for the affirmation of the engineering profession in
Serbia. Privatization of the maor metal processing
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industrial complexes and cooperation with the strategic
partners from the developed countries will revive the
manufacturing in factories, that will require the high
quality design and technology knowledge in the area of
manufacturing engineering in order to stay competitive
on the world market.

3. FINANCING THE SCIENTIFIC
RESEARCH PROGRAMMES

In the knowledge management field there is no
competition. As a consequence, we have for decades the
smallest government’s alocation for science in Europe.
For many years we have been emphasizing that is
unthinkable to allocate only 0.3-0.4% from the budget
for science, when is well known that the countries such
as Finland, Sweden, and Ireland have 10 times grater
alocation, and taking into consideration that their GDP
is 10 times ours, we have them allocating a 100 times
more for science than us. At the European level that
average is somewhat smaller and it is thought that the
goal of the Lisbon declaration is to be about 3% in
average, where one third will come from the budget, and
the rest from the private companies. This is very
ambitious plan. If we compare ourselves with our
neighbors, Montenegro is alocating only 0.1%, while
Croatia and Slovenia are at the level of 1%, with
Slovenia having 6 times bigger GDP than Serbia
(around 25 000 dollars per capita).

The additional alocation source into development and
transfer of the scientific knowledge is Seventh
Framework Programme of the European Community-
FP7, whose budget for the next five years is more than
50 hillion euro, which is three times the FP6 budget. Our
universities, research institutes, and companies can
equally consider applying for these resources with the
rest of European countries, in order to concur and
implement new knowledge. Through FP7 there will be
13.5 million euro invested into scientific institutions and
projects that looks insufficient, but is mach more than
what we had from FP6, when there was three times less
accepted project. In addition, there investments from the
Tempus projects, which amounted to 7 million euro in
2007 and are allocated for the development of new
educational programs and training of the university
management. More 27 faculties are financed from these
investments in Serbia, among them is one project at the
Faculty of Mechanical Engineering in Kraljevo Fig.3). It
is very important to emphasize that in the budget
structure of FP7, the major item, over 40% (20 million
euro) from the total budget, is dedicated for the projects
related to development of new technologies and new
materials, such as information and communication
technologies, nanotechnologies, electric power, and
transport.

In order to make a significant advancement in the
science and education, most of the countries have
established the link between the education and science,

through joint government ministry that is responsible for
both sectors. Recently, at the nationa level, there has
been introduced the European institute for innovations
and technologies as well as European scientific advisory
board, that are responsible for fulfillment of the program
7 — FP7 goals. In addition, at the national level but open
to international community, there have been created
numerous scientific and technology parks, business
incubators inside the universities, realization centers,
industrial clusters, and other flexible forms, that have to
enable highly secured financial, material, and human
potentials.

T L 3Hrs

Fig.3. Relway - Transport systems for integrated
economy in European streams

4. THE STATE IN METAL PROCESSING
INDUSTRY

There 4.5 thousand industrial societies in the metal
processing end electro industries, with over 133
thousand employees. The structure of these industry
braches changes with the time, where the number of the
small and medium companies and their influence is
growing employing more than 55% of the working force
in the branch. This is good indicator because the small
companies are agile and can develop faster, but without
big industrial complexes (such as Zastava, Prva
Petoletka, and others), that could integrate al the
production steps for products and compete on the
international market, we cannot expect significant
results. It is very important for these industrial
complexes to speed up their reconstruction process, to
find strategic partners or investors, and to take those
places in the Serbian and regional economy that they
earlier had.

Until then, we should be concerned over the facts that
the production in metal processing industry branch, last
year, was around 8%, and its contribution to the total
Serbian export is only 20.1%. On the other hand, the
contribution of metal products and machines import in
the total import is near 35%, which indicates our import
dependence in this branch. In particular it is worrisome
that 12.3% of total workforce isin the branch, with only
6.3% contribution to the GDP, which proves lack of
modern machinery to the critical level. Thisindicates the
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need for very serious investments in new machines and
technologies (Fig.4 and Fig. 5).

Fig.4. Production technology form metal working
processes

Fig.5. Integrated design of product and technology for
industrial applications

In 2007, the metal processing and electro industries have
exchanged goods with international community valued
to 8 billions dallars. Of this, 1.8 hillion is exported, and
6.2 billions imported. In comparison to 2006, import and
export of the metal processing and electro industries
have 50% increased, with the increased deficit, but if the
increase comes mostly from the import of the production
equipment, the indicators are not that tragic.

5. INTEGRTION OF THE FACULTY

OF THE MECHANICAL ENGINEERING,
KRALJEVO EDUCATIONAL SYSTEM
INTO EUROPEAN STREAM

Faculty of Mechanical Engineering, Kraljevo, has
finished accreditation process with the Ministry for
science of Republic Serbia, for performing scientific
research. Education system for mechanical engineersis
directed to creating engineer’s profile that will be able to
license on the European Union engineering market.

In addition, the teaching programs are designed so that
students can take courses at any university that are
licensed by the Bologna declaration.

Presently, accreditation of the Faculty of Mechanica
Engineering by the standards of the independent
Committee for accreditation of universities, collages,
and academies of fin art of Serbiais in process, for al
four educational levels:

e Thebasic academic studies,

e Academic studies with diploma — master of
engineering, and

e Doctora studies (PhD).

At the Academic studies with diploma there are four
study groups:

Design and construction of machining systems,
Power machining and automatic control,
Production technologies,

Urban engineering multidisciplinary module.

Faculty of Mechanical Engineering, Kraljevo is capable
of providing the high level of teaching, with constant
improvement of the communication infrastructure, up to
date laboratory equipment, and cooperation with other
faculties of mechanical engineering in the country.

We have established fruitful cooperation with the
Moscow State University in the area of civil engineering
mechanization, and with the State University in
V oronez, with which we have student exchange program
and other types of university cooperations.

6. THE SCIENTIFIC PROJECTS

Faculty of Mechanical Engineering, Kraljevo has
numerous scientific research projects in the area of
technology development, that are partly financed by the
Ministry of science, in the following areas:

e Integrated product and technology design,

e Design of fluid-controlled components and systems,

e Development of building machinery and transport
systems,

e Energy efficiency,

e Development of train cars and the railway
transportation system

e Application of modern information technologies in
the control of industrial environment (Fig.6).

The Faculty of Mechanical Engineering, Kraljevo, has
achieved significant result in the Basic research,
Innovation projects, and special projects that are of
significance for technical, technological, and industrial
development of Republic of Serbia.
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Fig.6. Sstems for automatic monitoring of industrial
processes

7. CENTERS OF THE FACULTY OF
MECHANICAL ENGENEERING,
KRALJEVO

Faculty of Mechanical Engineering, Kraljevo owns a
number of centers that are directed toward industrial
partnership and cooperation with industrial enterprises,
that backbone of the regional and international scientific
and technical cooperation. In addition to a number of
research centers there the following three regional
Centers:

e Regional center for power efficiency established at
Faculty of Mechanical Engineering, Kraljevo, and
its main task is realizing program for efficient
consumption of energy resources, protection of the
environment, and education in the management of
the energy resources.

e Regiona center for research in the area of railway
transportation, that was establishes as a result of the
international project from the FP6 group that is
financed by European Union funds with Faculty of
Mechanical Engineering, Kraljevo involvement and
in cooperation with the Bulgarian, Romanian, an
Austrian universities.

e The Business Technology Incubator is in formation
at the Faculty of Mechanical Engineering, Kraljevo
using as example The Business Technology
Incubator of Technical Faculties Belgrade that has
to support the development of the young enterprises
and employment of young people with the
university degree in the region’s innovation
businesses (Fig. 7).

These regional centers increase the social significance of
the Faculty of Mechanical Engineering, Kraljevo, at the
moment when there is ongoing European integrations,
transition, and privatizations of the big industria
systems, that are potential users of the results from the
scientific research projects. Privatized industrial systems

will be the carriers of the development of the scientific
ingtitutes and application of the research results in the
modern industrial enterprises.

I
"L iile |

e IE

Fig.7. Ongoing Project - The Business Technology
Incubator Kraljevo

8. CONCLUSION

The ongoing technical cooperation with big industria
systems and small and medium enterprises in the region,
Elektropriviedom  Srbije, Rallway Transportation
enterprise, Surface coa exploitation, the city heating
stations, the city public and utility enterprises, made the
Faculty of Mechanical Engineering, Kraljevo one of the
major business partner in applying modern technologies
inindustrial practice of regional enterprises.

The Faculty educational system is directed toward
creating contemporary educated engineers following the
educational practices of European Union countries.
Educational program enables that our engineers fulfill
all conditions for the European certifications to practice
on the most complex development projects.

The spread of the international scientific and research
cooperation and creating connections with other
research institutions and universities in the country and
abroad, enabled the Faculty of Mechanical Engineering,
Kraljevo to be the main leader of the regional scientific,
research, and industrial advancement both for the region
and the Republic of Serbia
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ENERGY SAVING WITH VARIABLE SPEED DRIVES

V. Filipovi¢, N. Nedi¢, D. Prsi¢, Lj. Dubonji¢

Abstract: The paper considers problem of energy savings in industry based on variable speed drives. The control valve
dissipates hydraulic energy in controlled manner. Recent development in the power electronics, have resulted in an
increased applications of electronic variable frequency regulator is to vary motor speed and to avoid hydraulic energy
dissipation. In such system the central problem is extremely relevant. The practically important controller has: (i) fixed
order (ii) capabilities to deal with amplitude and rate saturation of control signal (iii) possibilities for stochastic time

delay compensation.

Key words: Energy saving, variable speed drives, fixed order controllers

1. INTRODUCTION

In current industrial practice the control valves are used
extensimely as final control elements to manipulate the
process by varying a restriction in a flaming fluid. In
essence a control valve is device that dissipates
hydraulic energy in controlled manner. The control
valve is important final controlling elements and is
expected to maintain its position for many years to
come. But, main drawback of control valve is energy
dissipation [1].
During the last a few decades the alternative final
control element is introduced. Normally, recent technical
development and cost reduction, primarily in the field of
semiconductor technology, have resulted in increased
applications of electronic variable frequency drive
technology [2]. Variable frequency drive technology
employs solid - stable electronic techniques to vary
motor speed, thereby varying the operating speed of a
piece of equipment (for example centrifugal pumps).
The main feature of such solution is energy saving
owing the avoidance hydraulic energy dissipation. The
main areas of application are: power stations, water
distribution systems, HVAC systems, compressors
systems etc.
Important part of the problem are, also, control
algorithms. On the field of theory the significant
progress is established. Kalman work on the linear
quadratic regulator problem introduced state space based
optimal control for multivariable feedback control
systems [3]. In the meantime, also, are developed H”
and 1" theory [4] and [5]. Unification H? and H” theory
is presented in [6]. Nevertheless, more then 90%
controllers in the industry are PID controllers. The main
reasons are
(i) optimization methods (H? H*, ") are numerical
methods and engineering intuition is absent
(ii) the order of optimal controllers is high (for I in
continuous domain the dimension of optimal
controller is infinite)

(iii) the coefficient wvalues of controllers is much
different
(iv) small change controller parameters induces back of
optimality and, even, instability.
Owing the above fact the controller of fixed structure
(low order controllers) such as PID controller is
extremely important. But synthesis of fixed structure
controllers is very difficult task about which we will
discus on the end of the paper.
In the paper we will first describe the control valves
with  flow characteristic and hydraulic energy
dissipation. After that we will consider problem how one
can replace control valve with combination: centrifugal
pump-AC motor variable speed drive. Here is explained
the concept of energy saving. Finally, the problem of
fixed order controller synthesis and possible directions
of solution is considered.

2. TYPICAL CONTROL LOOP IN
INDYSTRY

Port of the controlled process is presented on the next
figure.

Fig. 1. Typical control loop
1-sensor; 2-PID controller; 3-control valve

Prof. dr Vojislav Filipovi¢, Faculty of Mech.Engineering Kraljevo, filipovic.v@mfkv.kg.ac.yu
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We will shortly consider control valve. Flow through the
valve is given by [1]

F = Kf (x). |22 ®
P

where

AP - pressure drop across the valve

£ - specific gravity of the flowing liquid (relative to
water)

f (X) - valve flow characteristic curve

K -constant

The valve flow characteristic curve depends on the
geometrical shape of the plugs surface.

Figure 2 shows the flow capacity characteristics for the
various valves.

Fig. 2. Flow capacity characteristics for valves

x-valve stem position

1-linear; 2-square root; 3-quic opening; 4-equal
percentage

The energy dissipated by the control valve can be
calculated as [1]

I:kg/min Apbar

kw 2
598.9 [kw] @

The main task of investigation is to eliminate energy
losses given by (2). In that sense the main role has
variable speed drive.

3. NEW APPROACH

Solution from Fig. 1. can be replaced with the next one
which is presented in Fig.3.

Fig. 3. Solution with frequency regulator
1-sensor; 2-PID controller; 3-frequency regulator;
4-centrifugal pump

New final control elements has a form as in the next
figure

Fig.4. Final control element based on variable speed
drift
1-centrifugal pump; 2-AC motor; 3-fregency regulator

The flow regulation now is performed by variation of
AC motor speed. The philosophical difference exists
between the control valve is a device that dissipates
hydraulic energy while a variable speed drive is a device
that can regulate the amount of hydraulic energy
generated. As we can to see the final control element is
more complex then standard control valve.

The centrifugal pump characteristic is given in next
figure.

Fig.5. Centrifugal pump characteristic
F-flow; p-pressure
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The mathematical model of the centrifugal pump is [8]
73

T, —h () —h V2 —h, O 3
P vo(t)—h, ® Sa)('[) 3)

T, required torque for the pump

V (t) valve flow
(t) angular speed
hy, h, . hg constants

Frequently, the last term can be neglected. The
mathematical model of induction is described by forth
order coupled nonlinear differential equation [9]. Motor
torque is

Tee = I(T l//Rd Isq (4)
where /oy motor fluxand |, is transformed stator
current.

Finally, the mathematical model of power electrics
(variable speed drive) is given as a first order system [9].
On the end of this part of paper we shortly will explain
the concept of energy saving by frequency regulators.
Torque for centrifugal pump is

Tep = kyo* (1) (5)
and power required by the pump from the motor is
Per = kza)3 t) (6)

Example: If we reduce speed of motor from 100 to 90
percent to power will reduce

1-(0,9)
or 27%.

We can conclude that implementation of variable speed
drives results in large energy saving. Also, frequency
drives provide superior control characteristics due to
good resolution and negligible dead time. But, in one
thing the control valve is superior. That is shut off
capability of control valve.

4. CHALLENGES FOR CONTROL
THEORY

From above considerations follows that final control
element based on variable speed drive is nonlinear and
has dimension of vector states equal to seven. In
addition we have model of the process so that resulting
model of the system (model of final control element +
process model), generally, is high. On the other side, in
the industry dominant type of controller is PID
controller. The design of such kind controllers is
possible for second order of system (for example pole
placement strategy). In the last a few years to the

problem a controller with fixed structure is devoted
much attention. Generally, that is unsolved (open)
problem [10]. Let us shortly describe the mathematical
side of the problem. Control systems is given on the next
figure.

Fig.6. Feedback control systems
G, (8) - controller; G (S) - process

The transfer function G, (s) and G_(S) are
A(s)
Gp(S)=——= 7
P(8) =3 ) (7)

where

A(s)=a,+a,5+...+a,s"
B(s)=b, +b,s+...+b,s"

The question is: Can we stabilize the process G (S)
with the controller

G, (5) = % @

if the order of polynomials N (S) and D(S) with fixed
orders so that polynomial

P(s) = A(S)N(s) + B(s)D(s) 9)

is Hurwitz? If constraint on orders of polynomials
N (s) and D(S) is absent the solution is well known.
The problem with fixed order can be formulated in the
next form. Let us suppose that polynomials N (S) and

D(s) are

N(s)=q, +...+q,s“" (10)
D(s)=1+Q,S+...+b;s"™ (11)

where K and | are fixed. Question is:
Is there in affine family of polynomials

6(6Q)~{Pls.0) = P9+ ZaR(ea< R |
(12) 7

stable polynomial. In relation (12)

P(s) = B(s)
P(s)=s"A(s),i=1...k
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The problem is extremely difficult and solution exist for
special cases: P and PI controller

A) P-controller

On Fig. 7. we take

G.(s)=k (13)
characteristic polynomial is

P(s) = B(s) + kA(s) (14)
For next two cases the solution is simple.

(i) Stable process. Solution is based on
Nyquist criterion. [11]

(i) Minimum phase process. In this case
A(S) is stable polynomial and a,, > 0.
The characteristic polynomial is

P(s) = B(s) + kKA(s) = k(A(s) + £B(s)), (15)

E =

Kk
Follows that P(S) is stable when
A(s) + B (16)

is stable. The problem is solved in [12] and solution is
based on result of Meerov from 1947 year.

B) PI controller

The solution is based on D-decomposition [13] and the
main idea of the method is next. Let us suppose that

characteristic polynomial for linear system is p(Ss,K)

where K is vector parameter. The boundary of a
stability domain is given by the equation

p(jo,k) =0, @ € (-0, ) 17)

that is the imaginary axis (the boundary of instability in
the the root plane) is mapped into the parameter space. If

ke R? then we have two equations (real and
imaginary part of [17]) in two variables and can define
the parametric curve K(@), @ € (—o,0) defining a
boundary of the stability domain. Moreover, the curve
k(w) divides the plane into root invariant regions i.e.
regions with a fixed number of stable and unstable roots
of p(s,k).

The further development of method is given in [14] and
[15]. The extension to matrix case is done recently [16].

C) PID controller

The main condition for stability of linear invariant
system is that characteristic polynomial is Hurwitz
polynomial. There are several other equivalent
conditions for ascertaining the Hurwitz stability of a
given real polynomial. The classical Hermite-Biehler
theorem is an alternative for studying the parametric
robust stability problem, i.e. the problem of
guaranteeing that the roots of a given Hurwitz
polynomial continue to lie in the left — half plane under
real coefficient perturbations. The generalization of
Hermite-Biehler theorem is given in [17]. Such
generalization gives a solution to the problem of
feedback stabilization of a given linear bime invariant
plant by a PID controller. The solution characterizes the
entire family of stabilizing controllers in terms of a
linear programming [18].

D) Input constraints

Classical control valve has nonlinearity in the form of
saturation. The new final element with variable speed
drive has, also, nonlinearity which is presented in the
next figure.

Fig. 7. Speed profile for AC motor @, - speed of motor

During the start-up phase, by the ramp limiter, the
maximum acceleration/deceleration rates can be
specified by the user. The main reason for such approach
is keeping the motor current and the DC-bus voltage
within the limits during the acceleration/deceleration
phase. In described situation we have two nonlinearities:

saturation nonlinearity which is defined by @, and @,

speeds and rate saturation. Such constraints make the
control problem very difficult. The amplitude saturation
can be resolved by hybrid controllers [19] — [20]. The
output regulation with actuators subject to amplitude and
rate saturation is considered in [21].

E) Networked control systems

A networked control system is a feedback control
system where information from the sensors and the
controllers is sent over an electronic communication
network [22]. The system is presented on the next figure
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Fig. 8. A black diagram of the networked control system
I - reference signal; A-actuator; S-sensor

Networked control systems offer reduced cost and
relatively simple implementation, as well as greatly
increased flexibility. But such approach is not without
drawbacks. At last, communication networks can
introduce nontrivial delays in the form of stochastic
process. In that case the system can be described with
jump linear Markovican system [23] and analysis and
design of controllers become difficult task.

Finally, the practically relevant controller for the energy
saving system has

1. fixed order

2. capabilities to deal with amplitude and rate
saturation of control signal

3. possibilities for stochastic time delay
compensation

5. CONCLUSION

In this paper we are considered the important problem of
energy saving in industry. The approach is based on
replacing, where that possible, classical final element
(control valve) which has drawback that dissipates
hydraulic energy, with new type of final element
(centrifugal pump + AC motor + frequency regulator)
which eliminates the drawback. It is emphasized that
control problem in new situation is nontrivial (that ss, of
course, valid for general control problem). The
controller must to be of fixed order and overcome
problems with nonlinearities (amplitude and rate
saturation). Also, in networked control systems the
compensation of stochastic problem is relevant.
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LOADING COMPUTATION OF SLIDING CONTACTS BETWEEN VANE
AND HOUSING OF THE VANE PUMP

N. Nedi¢, R. Petrovi¢, S. Prodanovié¢

Abstract: In this paper, the vane pump with constant capacity is considered, because vast usage in industry. This is
double-flow vane pump. The paper is focused on contact place between vane pick and housing, so called "sliding
contact™, as most stressed point. For that purpose, loading computation and analysis of sliding contacts are carried out
using mathematics models of geometric dimensions and forces.

Key words: Pump geometric, forces on vane, sliding contact.

1. INTRODUCTION

Vane pump has vast usage in industry. This is
volumetric pump and it can be made with changeable
and constant capacity. It will be explained later, that it is
composed of stator, rotor and vanes, which are put into
grooves made in rotor.

When we talk about pumps with changeable capacity it
has stator with circular inner surface, while at types with
constant capacity, we have elliptic shape. During rotor
rotating, chambers are creating in pump, and they are
filling on absorbing side, and empting on pressing side.
Chambers are bounded with surfaces of rotor, stator and
lateral surfaces of two adjacently vanes, which are
overlapping on surface of stator with their picks and
sliding over it.

Goal of this work is expressing resultant radial force on
vane in function of time, in the contact point between
vane and stator (sliding contact), as most stressed point.
In order to introduce sliding contact of pump we used
earlier mathematics models of its geometry and forces
on vane in function of mentioned geometry [1].

In this research we considered vane pump with constant
capacity, i.e. double-flow vane pump.

2. DESIGN AND FUNCTIONING OF
DOUBLE-FLOW VANE PUMP

At first, it is very important to emphasize difference
between single-flow and double-flow vane pump.
Single-flow pump has one period of absorbing and
pressing of fluid, and double-flow pump has two
periods.

Design of double-flow pump is based on elliptic shape
of stator’s inner surface, which enables two absorbing
and two pressing intervals, as we can see in figure 1.

rotation direction

Figure 1. Double-flow vane pump

On input sides, fluid is filling space between rotor and
stator in following way: with volumen increasing of that
chamber, vacuum is being made in it and chamber is
being filled with fluid.

With further rotating, chamber i.e. fluid is reaching
minimal volume, and that is influencing rise of
hydrostatical pressure, and it is flowing out under the
pressure at output side.

Although, we can see that vanes are put into grooves and
radially movable. Front edge of vane is in contact with
housing (stator).

Pressure in front p; and pressure behind vane p, are
reacting on each vane. Motion pressure pg is pushing
vane and inner vane through hole, so stator is pressed
on whole interval of rotation angle ¢. Design of this
pumps provides relieving of bearings, because all radial
loading are distributed symmetrically [1].
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Radovan Petrovi¢, Faculty of Mechanical Engineering Kraljevo, petrovic.r@mfkv.kg.ac.yu
SaSa Prodanovi¢, Faculty of Mechanical Engineering East Sarajevo, University of East Sarajevo, elsing123@yahoo.com
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3. LOADING COMPUTATION OF
SLIDING CONTACTS BETWEEN VANE
AND HOUSING

3.1 Pump geometry
Stator is eliptic, so its radius Ry is changing with change
of rotation angle ¢ (figure 2.).

48
E 46
> /
o
2 w
wn
=5
(@]
N
5 42]
wn
5
=
40
) 30 150 180

Rotation angle ¢ °

Figure 2. Change of radius of housing in function of
rotation angle

Stator’s symmetry of inner surface, as we said, is
causing symmetric radial loading, radius change Ry and
load depending on ¢ we are observing half of interval,
i.e. from 0° —180°. That interval we share on zone for
absorbing, splitting and pressing. In figure 2. we can see
that Ry is constant when angle is 0° —20° (splitting
zone), then it is increasing in absorbing zone to
maximum (¢ =65°). In zone between absorbing and

pressing zone it is little decreasing. (i.e. to @ =115")
and there is pri-compression. On the end of compression
Ry achieves minimum and then ¢ =160°, after that it is

constant again up to 180°.
Examined pump has 12 vanes, so the circle is
shared in equal parts, and between adjacent vanes we

have angle ¢ =30°. There is difference in pressures in

front and behind of the vane. In order to avoid sudden
changes of pressure, there are grooves on input
(absorbing) and output (pressing) openings of the pump
referring to the rotation direction. They are used for
relieving of pump and providing its stabile work. In the

zone of minimal decreasing Ry, i.e. from 105° —115°

pressure behind vane p, is increasing gradually to its
maximum [1].

3.2 Mathematics modeling
3.2.1 Geometric measures in the sliding

contact

Computing of these values is necessary in order to allow
us to compute forces between vane and houses. It is
important to determinate radius of housing in contact
point Ry, because it is changing with change ¢.
Following that we are using geometric model of housing
contour in contact point (figure 3.).

contact
tangent /EP/O'”"
1
housing Ko Ziy
contour - ‘& af
Bo ol a2 B2
5
Rn1 Rin
\ RHo Q T Agp
rotation | v w=Agp /At
direction R Rk
“ R
K 0-center
center of
contour

Figure 3. Housing contour in contact point

Radiuses of stator in this figure are signed in referring to
middle point “0“. Ry, is radius of housing in current
vane position, Ry and Ry, are radiuses in time, i.e.
rotation ¢, in front and behind Ry;. However, we
determinate radius of curve (housing contour) in contact
point Rx and opening angle S. This angle g is angle
between tangent on stator and vane axis in contact point,
as it is shown in figure 3. In order to determinate Rx and
S we use auxiliary distances Z;, Z, and Z; and auxiliary
angles ay, a, ag, 6 and Q.

From figure 3. we have angles:

£=90°+Q  and
(3.1)

Q is angle between vane axes in contact point and
radius of curve in that point. We determinate opening
angle f using ratios between angles:

p=90°+0-q,
(3.2)

Auxiliary distances can be expressed using cosines
theorem in following way:

(3.3.)

Z2 =R, +RA; —2-Ryy Ry -COSA@
(3.4)

Z2=RZ, +RA;, -2 Ry Ry, -COS2Ap
(35.)
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2;=20+25-2-2,-7, cosa,

(3.6.)
Based on equation (3.6.) we obtain angle o,

72472-72

ay = arccos
Zl ° Zz

(3.7)

Also we have:

Rio=Zf +Ri;-2-Z, Ry, -CcOSO

(3.8)

O = arCCosm
2-Z; Ry

(3.9)

We use angle o to express Rg

R =ZZ+RZ -2-Z, Ry -cosay

(3.10)

RZ =Z2+R2 -2-Z,-Ry -cosa,

(3.11)

Because a4 =a; +a,, we computing angle «; on

following way:

Z, cosa, COsay-COSay+sina

-sinay
Z, cCcoSay CoS oy

9

=Cosay +SsIinNay 9oy

(3.12)
(zz J 1
tgay =| -=—-Cosay |— =
Z, sina g
oy =arctg|| —=-Ccosay |—
Z, sinag
(3.13)

Based on equation (3.10) we express Rg.

Z,(z, -2-Ry -cosa;)=0 =
Zl_2'RK -COSO(lIO
z
R -1
2-cosoy
(3.14)

On that way we obtained requested radius of curve Rk
step by step using measurable values Ry, Ru1, Ryz and

A [1].

3.2.2 Forces

More forces have an effect on vane. There are forces of
pressure which exert above and under vane, cenrtifugal
forces which issued as effect of vane rotation,
acceleration force and friction force. Resultant radial
force is consisted of all of these forces and they appeares
during rotation of rotor. However, because of necessary
simplification, which we have to apply in order to
perform simulation of resultant force, in this paper we
will consider forces of pressure which exert on vane
from above and under, because they have the bigest part
in mentioned force. Geometric position in contact point
is shown in figure 4.

housing

Figure 4. Geometric position in contact point

Distance ,,a* is reach between contact point and front
edge of the vane and it has influence on values of forces
components on the top of the vane, so we determinate
them depending on this distance. Equation for ,a" is
obvious from figure 4.:

a=ap—ry -cos(1800 —ﬂ)
(3.15.)

In order to express all of these components we project
them to normal direction in contact point [1]. Resultant
radial force Fr between vane and housing is addition of
all of the components forces.

3.2.2.1 Forces of pressure from above

During effect of these forces on vane there is pressure in
front and behind contact point i.e. from fluid from two
near chambers which are separated by that vane.
Geometric position of the forces on upper side of vane is
shown in figure 5.
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Figure 5. Forces on the upper side of the vane

We can see that vertical and horizontal force have effect
on lenght of vane Lg,. Considering pressures on vane p;
and p,, than radiuses of housing Ry; and rotor Rg, and
determined distance ,,a“ vertical and horizontal force of
pressure can be expressed using next equations:

o Vertical: Fy = Ly [a- p, +(dg —a)p,]

(3.16)
e Horizontal: F, = Lg (p; - P, Ru1 — Rg)

(3.17)
After their projection on normal direction in contact
point we have folowing equations:

Fy = Fy-sina = Le (Ryy — Re NPy - P2 )sine

(3.18)
Fz = Fy Cosa = LFI[pZ 'dFI +a(p1 - pz)]COSa

(3.19))
After addition these forces we obtain resultant force on
upper side of the vane [1]:

Foo =F1i +F
(3.20.)

3.2.2.2 Forces of pressure from below

Inner vane is put into vane and drive pressure pg has
effect in vane’s hole. That providing force of pressure
F, between vane and housing. Force Fg on the
remainder vane depends on pressure state behind vane
p.. These forces have effect on the vane thickness d
and appropriate lenghts. They are expressed on folowing
way:

Fa=Pg-La-dm .

Fg = pZ(LFI - LA)d FI
(3.21.)

After their projection on normal direction and
addition we have resultant force on vane from below [1]:

Fou =(Fa + Fg )cosa
(3.22)

3.3 Simulation of forces on the vane

Resultant force on the vane depends on rotation angle ¢,
because all vanes is in different position in regard rotor
during the time. In order to perform simulation of forces
on vane, we will express angle £ in function rotation
angle ¢ in equation (3.15.), which depends on time t.
Like in early considerations, we observe change of
loading in function of ¢ on the half of interval i.e. from
0° -180°.

Change of angle g during rotation is analysed using
software CATIA V5R14, as we san see in figures 6. and
7.

Figure 6. Display of maximum value of angle 8 (Bmax)

In figure 6. angle Bmax = 99,758° is shown, and in figure
7. Pmin = 80,242°.

Analysis was performed on model of pump LVP 41087,
from manufacturer ,,VIKING PUMP* from Cedar Falls,
lowa. In this paper we used pump caracteristics, which
was available [3]. However, some inner dimensions of
rotor and vanes wasn’t available because manufacturers
didn’t give it, so we will simulate forces on vane using
adoptid dimensions (which wasn’t available).
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Figure 7. Display of minimum value of angle 8 (fmin)

Adopted values are given below:

Ru: =40 mm, Rg =30 mm, dg; =5 mm, rg; = 2 mm,

3, =1,5mm, Lg =110 mm, L, =30 mm, p; = 14 bar,

p2 = 10 bar, pg = 10 bar.

It is important to say that named pressures are changing
their values during one revolution so we take in this case
their maximum values (adopted for p, and pg).

Basic characteristics of this pump model are:
e Capacity: Q = 0-36 m*h,
e Pressure: p=0- 14 bar,
e  Temperature: t = -51 — 260 °C,
e Rated number of revolutions: n = 950 obr/min.

Therefore, angle 8 € [ min» fmax ] @nd respecting obtain
values g E|:80,242 , 99,758} during period T. This

period represents a half of the one revolution time t;:

b
2
(3.23)

Using rated number of revolutions
n = 950 obr/min = 15,83 obr/s
expressions:

we have follow

t, =— = 0,065
15,83
(3.24.)
=99 _ 4035
2
(3.25.

We made very small approximation and take that angle
J has sinusoidal character, as we can see in figure 8.
Based on that and figures 6. u 7. we obtained follow
equation:

() =90° + (Byax —90° Jsin 20
(3.26.)

and respecting value fnax We have next equation:
Blp)=90° +9,758° sin 2¢
(3.27.)
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Figure 8. Angle £ in function of rotation angle ¢

Change of angle ¢ in time is obtained based on rated
number of revolutions:

o(t)= 6000t
(3.28)

because period 7 = 0,03 s is time of a half of the one
revolution, i.e. 180°.
Therefore, change angle g in time is:

B(t)=90° +9,758° sin(12000t)
(3.29.)

Now, we have equation (3.15.) in follow form:
a(t)=a, —ry -cos{180° — [90° +9,758° sin(12000t)|

(3.30.)

Based on equation (3.30.) and well-known and
adopted values and dimensions of pump, we can express
change of resultant radial force on vane Fg.

I:R = I:Du - I:Do
(3.31)

Fr(t)=[psLadp + po(Lp —La)dp |-

cos(9,758° sin(12000t))- Le, {(Ru - R Xp1 — s )
sin(9,758° sin(12000t) )+

[pzdFI +(a0 —ry cos(90O -9,758° sin(lZOOOt))Xp1 - pz)J-
cos(9,758° sin(12000t) )

(3.32)
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Next equation shows dependence of resultant radial
force of time for concrete example of named pump
model for one group of pump characteristics. As we
said, some of those characteristics are well-known but
some characteristics are evaluated and adopted in order
to show concept of this mathematical model.

Fr (t) = 550- cos(9, 758" sin(12000t))-

~110{4sin(0,758° sin(12000t))+

+(5+[L5—2cos(90° —9,758° sin(12000t)))o,4).
-cos(9,758° sin(12000t))

(3.33)

Based on equation (3.33.) and using software MATLAB
7 we obtain graph from which we san see change of
force Fg in time t (figure 9.).
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Figure 9. Resultant radial force on vane in function of
time

From graph in the figure 9. we note that force Fg has
negative values during one revolution too, which can
mean that there wouldn’t be a contact between vane and
stator (housing) on those intervals. Naturally that is
inadmissible, so we assemble spring under the vane
which compensates a lack of operating pressure pg in
those intervals. That negative value of force Fg can be
used in selection of mentioned spring. Symmetry of this
graph in regard time momentary t = 0,03 s, i.e., ¢ = 180°
bears out consideration of loading change on half of the
one revolution.

4. CONCLUSIONS

Although these pumps are substantially accomplished
and prooved in exploatation, results of this simulation
can be used for developing of better forms and selection
more suitable materials of parts in sliding contact and all
in the aim of improving quality of their operation and
extending their lifetime.

Approximations in computation are applied by omiting
less sygnificant factors, than we have results which have
minor deviation from real values and they can be
guessed as valid. That was done based on previously
established (measured) values. Because of proportional
assimilation of some dimensions and pressures, this
simulation represent a model (principle) how we can
show resultant force on vane using software MATLAB
7.

It is very important to mention flexibility of this
simulation method in appliance in any tip of double-
flow vane pump, and with small corrections on single-
flow vane pump too.
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DYNAMIC MODELING OF THE MECHANISM WITH BARS BELONGING
TO THE CONSTRUCTION UNIVERSAL MOBILE ROBOT WITH 7
DEGREES OF FREEDOM

A. Bruja, M. Dima, C. Francu

Abstract: In this paper is presented a dynamical study of positioning and orientation mechanism of the Construction
Universal Mobile Robot with 7 degrees of freedom. In this study were determined the reactions in kinematical joints of
the mechanism for every working position. The kinetostatic is the method of choice and the results are obtained by
using the compulter.

Keywords: modeling, mehanism, mobile robot

1. INTRODUCTION The mobile robot for construction is represented in figure

. . ] 1 and is composed of an orientation mechanism with 2
The mobile robot for construction was designed to DOF’s RR (axes | and 1), a positioning mechanism with
complete different technological tasks in construction 3DOF’s TTR (axes II, IV and V) and chassis with

works like: masonry and fini;hing, mf'aking it the mechanisms for moving, steering and wedging.
central component of a robotized flexible cell for

construction of residential buildings of 1...3 floors.
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Fig. 1 Mobile robot for construction
The positioning and orientation mechanisms forms the mobile platform. Out of the 5 axes of the robotic arm 3 of
robotic arm with 5 degrees of freedom and the steering, them, are designed under the shape of bar mechanisms,
moving, horizontal and wedging mechanisms forms the figure 2. In this figure are represented 2 axes of the
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positioning mechanism shaped as a pantograph
mechanism ACDEFG which allows the movement of
the end-effector on the horizontal and vertical direction
and 1 axis of the orientation mechanism in the shape of
a succession of parallelogram mechanisms AKLE and
EMNG which allows the end-effector to rotate around
G point for a correct orientation of it. The connecting-

rods KL and MN have the same length and are parallel
with the bars AE and EG of the positioning mechanism.
Other parallelism relations are between the bars AK and
LE and respectively between EM and GN. The other 2
parallelogram mechanisms were placed in the arm
composition, in order to avoid dead point and to avoid
self-locking of the orientation mechanism.

Fig. 2 Robot’s bar mechanism

From structural point of view the bar mechanism in
figure 2 can be decomposed only in dyads and their
succession in the kinematic chain is: ADC, EFC, KLE
and MNG.

2. METHOD OF CHOICE
PRESENTATION

The Kinetostatic is done by structural groups starting
with the last dyad of the mechanism and going to the
driving group, which is in opposite way as in the
kinematic study.

Considering an RRR dyad, referenced to a reference
coordinate system, figure 3, for which are known:

- Dyad position given by the coordinates (X3,y1), (X2,Y2)
and (Xs,y3);

- Bars center of masses positions (xcy,yc1), (XC, YC»);

- External forces torsor which acts on every element
related to the center of mass of the element, (Fx1, Fy1,

M1), (Fx2, Fy2, M2), 6 equilibrium equations can be
written

Rx1+Fxl_Rx3 =0;

R,+F,—R,;=0;

R, +F,+R;=0; 1)

R, +F,+R,;=0;

Ryl(xl - Xs) - Rxl(yl - ys) + Fyl(XCl - Xs) -
- Fxl(ycl - Y3) +M, =0

Ry2 (X, =X3) =R (Vo = ¥3) + Fya(Xe, = %5) —

_sz(YCz _y3)+ M, =0

Solving this 6 equations system allows to determine
reactions in the joints of the RRR dyads by its projections
on the reference coordinate system that is Ry, Ry, Ri,
RyZy Rxsy Ry3-
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(xcl,ycl)

(x1,y1)

(x3.y3)

(xc2,yc2)

(x2,y2)

Fig. 3 Reactions determination on RRR dyad

To verify the solutions the equilibrium equations are
written for the entire dyad

R,+F,+F,+R,, =0;
R,+F,+F,+R,=0; )

3. USING THE METHOD

The algorithm for using the method for the robots
mechanism follows:
a) Dyad MNG
External forces: force F;
Results: Rgx, Ray, Rnxi Rnys Rvixs Rwys
b)Dyad KLE
External forces: -Ryx, -Rmy;
Results: Rkx, Ry, Rix Ruy, Rexs Reys
c)Dyad EFC,
External forces: bars masses EG and CF, Forces,
inertia moments and reactions -Rgy, -Ray, -Rex, -Rey;
Results: Re,™, Re,™ Rex, Ry, Rex™, Rey;
d)Dyad ADC,

15000

- External forces: bars masses, AD and DC, Forces,
inertia moments and reactions, -Re", -Rg,!; -Ri, -Rky
- Results: Rax, Ray, Rox Roy, Rex?, Rey?;
In the multiple joint C the reactions from the 2 dyads of
the positioning mechanism are composed as it follows:
ch(l) + RCX(Z) = RCX ;
Rcy(l) + Rcy(z) = RCy .
The results Rex si Rey represents the forces that are
needed to be available at the motors for the movement on
the vertical and horizontal of the end effector.

4. OBTAINED RESULTS

According to the algorithm previously presented, a
computer program was written which allows to determine
the reactions form the joints of the bar mechanism of the
robot. For example in figures 4, 5, 6 are presented the
variation graphs of the multiple joint C for the entire
workspace of the robot.

10000

5000

RCx1, RCy1, RC1[N]
°

-5000

-10000

—r 1

RCy1
3 350 0 40| cmm—rcy

-15000

Fig. 4 Reactions variation in joint C on dyad EFC
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Fig. 5 Reactions variation in joint C on dyad ADC
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Fig. 5 Variation of the reaction in multiple joint C

REFERENCES

[1] Bruja, A., s.a.- Robot mobil universal pentru
constructii cu 7 grade de libertate, Contract
nr.11CEEXI103/06.10.2005.

[2] Adrian Bruja, Marian Dima, Catalin Francu,
Theodor Borangiu - Designing and working simulation
of the mechanisms of the mobile robot for construction.
16th Int. Workshop on Robotics in Alpe-Adria-Danube
Region Ljubljana, June 7-9, 2007

[3] Adrian Bruja, Marian Dima, Catalin Francu -
Constructions Mobile Robot and Working Technology.
24th International Symposium on Automation &
Robotics in Construction 19 — 21 Sep 2007. Kochi,
Kerala, India



VI International Triennial Conference
Heavy Machinery — HM’08
Kraljevo. 24. — 29. June 2008.

A.17

MODELING AND SIMULATION OF A PUMP CONTROLLED MOTOR
WITH LONG TRANSMISSION LINES

N. Nedié, Lj. Dubonjié

Abstract: In this paper are given different mathematical models of the pump controlled hydro-motor with long
transmission flow lines and the flow lines effects analysis on it’s stability and response. The simulation results are

obtained by using the Matlab-Simulink.

Keywords: hydrostatic power transmission systems, dynamic behavior, long transmission line

1. INTRODUCTION

The pump is connected to the motor via line (pipe, tube)
that could in some applications, such as mining,
construction machines, heavy machines and remote
control systems, be very long. In accordance with their
strong behavior demands, for example, a motor is
commanded to change to a different speed (from very
low speed to very high speed and vice-versa) for short
time. In such case the dynamics of the system must be
considered, that is, the dynamics of the all elements
coupled in the system (pump, line, motor etc.) must to
be considered. Moreover, having servo control of that
system, the dynamics of the coupled system becomes
more important. Authors of this paper assumed usual
type of a servo hydrostatic power transmission system
with a variable- displacement pump and a fixed-
displacement motor as shown in Fig.1. The coupled
subsystem pump-line-motor is shown in Fig.2.

The modeling of fluid transmission line has received a
great deal of attention over the past few decades (from

about 1950) [1-3] and there are several hundreds
publication that could be quoted relating to different
theories and applications for air, water and oil hydraulic
systems [4-6]. The effect of transmission line dynamics
on the dynamic behavior of fluid power systems was
studied by J. Watton [7]. Simulation and experimental
analysis of dynamics and control of pump controlled
motor are presented in [8-10] . Some results in regard to
dynamics of pump controlled motor with long
transmission line were presented in [11-13]. This paper
presents analysis on dynamic behavior of pump
controlled motor with long transmission line based on
different mathematical line models in frequency and
time domain.

Previous analyses did not include the analysis of
stability and response of the automatic regulation system
of a pump controlled motor from the aspect of the length
change of a transmission line. Therefore the results of
such analysis are presented in this paper.

Pi )P " Pal)Pa [ Motor
Qi{ TQ__ _ _TransmissionTine’Qu,( Qu 1 |
1 l
F § I |
QF’ | OmTm |
1 1
YT
! I
g ¢ 1= |
1 | |
i I
i i i

TG e

Sttt [

Fig.1. Symbolic diagram of the servo pump controlled motor
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2. DYNAMIC MATHEMATICAL MODEL
OF APUMP CONTROLLED MOTOR
WITH LONGTRANSMISSION LINE

The mathematical model of the system was determined
by describing each automatic regulation system element
with  fundamental  equations, with  appropriate
assumptions. The structure of the system part on the
basis of which modeling is done is presented in Figure 2.

Wp

Q: line 2

Fig.2. The structure diagram of the coupled subsystem

v CUo
TO-HOZ

Pump

The pump has a variable working volume with the
constant number of revolutions. Oil leakage and
compressibility in the pump were taken into
consideration through the coefficient of leakage
resistance R, and the compressibility module B. The
flow at the exit port of the pump, Q, = Qy, is equal to the
flow at the beginning of the long transmission line and it
is described with the equation:
Q)= Dy B0y ~——pa(0) - C, B )
b t
By applying the Laplace Transform, the equation (1)
obtains the following form:

Q) =Dyp - PO -CEmO+Cop©®) (@)
p
Qu(5) =Dy (8)0p — Zppy(5) + C,p1(0) )
: P
where: Z(s)=Cps + . Cp= 5

P
Hydro-motor

The hydro-motor has a constant working volume with
the variable number of revolutions. Oil leakage and
compressibility in the motor are covered through the
characteristic coefficients R, and C,,, respectively. The
flow at the end of the long transmission line is equal to
the flow at the hydromotor Q, = Q,, and it is described
with the equation:
Q)= Do (1) + =20 + Cp P2 (4)
m t
By applying the Laplace Transform, the equation (4)
obtains the following form:

Q2(5) = Dy 9) + Ripz(s) +Csp2(S) ~Cnp2(0)  (5)

m

Q5 (8) =Dy (8) + ZmP2 (8) — Cryp2(0) (6)
1 \Y/
where: Z,,(s) = Cms+a; Cm :?m

The loads that should be overcome by the hydromotor
are as follows: inertial, viscose and external. The
moment equation of hydro-motor load is given in the
following form:

doopy, (t
Dp2() =3y <220

By applying the Laplace Transform, the equation (7)
obtains the following form:

DmP2(S) =Imsom () —Im®@m (0)+ Byon (s)+ TL(s) (8)
Transformation of the equation (8) results in the
expression for pressure at the end of the long
transmission line:

+Byon (D+TL () (7)

pZ(S):ZTmem(S)‘é_mwm(O)+'TS(S) )

m m
B L
where: Z; =J—“2“s+—;’, the characteristic impedance
Dm m
of internal load on the hydro-motor.

Long transmission line

The long transmission line represents a connection
between the pump and the hydro-motor. As the lengths
of the hydraulic line ranges from several meters to
several dozen meters, it is clear that the pressures and
flows at the beginning and at the end of the line are not
equal, so that its influence in such systems must not be
neglected. The equation describing the connections
between the flow and the pressure at the end and the
beginning of the hydraulic line is given in the form of a
transmission matrix. [12-15].

{92(3)}:{ AL —BL]{M(S)} (10)
Q2()] [-CL Dp |[Qi(9)

The equation (10) represents the general form of
transmission matrix of the long transmission line
independent of whether the line is described with a
model having distributed or lumped parameters. The
values of parameters A., B., C. and D, depending on
the shape of model of long transmission line, are given
in Table 1.

By connecting the equation (10) with the equations (3),

(6) and (9) and on the basis of characteristics of
coefficients of the long transmission line that: A =D i

A D, -B.C =1, the transfer function of a part of the

automatic regulation system is obtained in the form
equation (11):
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oefficients AL BL CL D. Z Y Z:
) |(YhH|r
Shape of
model
Model with ch(rl) Z.sh(rl) sh(Tl) ch(T1) R+Ls | Cs Z/Y
distributed Z,
parameters
NZY
Model with 1,1 1 11 1yl 1,1 1
lumped 1+ZZY z Y1(1+ZY) 1+ZZY R +Ls | C's
parameters
Table 1. The values of parameters A, B., C_ and D,
T, (5)-J 0
Dy ()0 ~[(Zm + Zp )AL + ZmZpBL +cL]{L(S)Dm“’m()}+cpp1(0)+(AL +Z,B, )-Cyp2(0)
Do (S) = m (11)

3. THE SIMULATION ANALYSIS IN
FREQUENCY AND TIME DOMEN

The simulation of dynamic behavior in frequency
domain is done on the basis of the transfer function of
open-loop which is described in the equation (12):

(O]

KaKTG —

Dm

Wok (S)= (l
+Z,Z,+2,Z,)-A +(2,+2,2,Z;) B, +Z,C_

The program language for various models of a
transmission line is written in Matlab, by means of
which the results of amplitude and frequency
characteristics of the open-loop of the automatic
regulation system are obtained.

The results of these simulations are shown in the Fig.3
and Fig.4.

The values of the parameters for which the simulations
are done are:

E =1,43-10°N/m?*;p = 860kg/m*; . = 0,033Ns/ m’;

W+ ZnZr + 2,21 )- AL +(2, + ZyZinZ1 ) BL + Z1C.

B=14-1°N/m*R, =R, =1-10"Nm*/m’s™; d=8-10"m,

=0, 2, 4, ... ,20m;®, =130rad/s; ¢c=1290m/s;
D,, = 2.5-10 °m°/rad;B, = 0.2Nms | , = 0,02kgm’;

Fig.3 presents amplitude and frequency characteristics
of the open-loop when dynamics of the transmission line
is included through the model with distributed
parameters for 1=2m, Fig.3 (a); for 1=8m, Fig3 (b) and
for 1=10m, Fig.3 (c).

Fig.4 presents amplitude and frequency characteristics
of the open-loop when dynamics of the transmission line
is included through the model with lumped parameters
for 1=2m, Fig.4(a); for 1=8m, Fig.4(b) and for 1=10m,
Fig.4(c).

Based on these simulation results, the stability limits of
the automatic regulation system of the pump controlled
motor with long transmission line are determined. Gain
limits of the open-loop K, depending on the change of
transmission line length from ranging from 0 to 20
meters, are determined by means of non-general Bode
criterion and are shown in the Fig.5. for the models of
long transmission line with lumped and distributed
parameters.

Fig.8 shows the change of the natural frequency f, in the
function of the length change of the transmission line.
After the stability limits in frequency domain are
determined, they are tested in time domain.

Fig.6 shows the system response for the gain value
K=12,875, which presents stability limit for the model
with distributed parameters for the transmission line
length of 10m.

This limit for the model of the transmission line with
lumped parameters and length of 10m is K=21,62. The
system response for this gain value is shown in the
Fig.7. from which it can be detected that the system is
not stable.
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Fig.4. Amplitude and frequency characteristics of the
coupled system with fixed parameters

()
Fig.3. Amplitude and frequency characteristics of the
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coupled system with distributed parameters
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Fig.5. The gain dependence by the flow line length
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Fig.6. Transient relative motor speed, variation with
time for K=12.875
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Fig.7. Transient relative motor speed, variation with
time for K=21.62
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Fig.8. Natural frequency dependence, variation with
flow line length
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Fig.9. Transient relative motor speed, variation with
time for K=5

4. CONCLUSIONS

Based on the analysis in frequency and time domain, the
gain limit of the automatic regulation system of pump
controlled hydro-motor is determined for various models
of transmission line and coupled in the system of pump
lines and motor.

With the increase of transmission line length, the value
of the gain factor K which guarantees stability of the
system, decreases from K=25,525 for the length of the
transmission line of 2m to K=9,1 for the transmission
line length of 20m, for the model of transmission line
with distributed parameters.

The value of the gain factor K=5 for the transmission
line length 1=10m, described by the model with
distributed parameters, is determined on the basis of the
criterion for evaluation of the quality of a dynamic
behavior of the system in frequency and time domain
(Fig.9).

All this points out to the problem with designing of
these systems, where the dynamics of transmission line,
if not taken into consideration, may lead to the wrong
conclusions in regard to their dynamic behavior.
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NOTATION

A —rod cross-sectional-area

B, — friction viscosity

C —line capacitance

C» —motor capacitance

Cm —pump capacitance

d- line diameter

D, — displacement motor

D, — displacement pump
Dn—dissipation number

E — modulus of elasticity

Kq- coefficient current-voltage
Krs-coefficient of tacho generator
I, — momentum inertia

I — line length

Ly-hydro-motor inductance

P4, P, —line pressure at inlet and outlet
P.es — simulation reference pressure
Quer - reference flow rate

R - fluid resistance

Res— simulation reference resistance
R, - leakage pump resistance

R — leakage motor resistance

s- Laplace operator

Q1, Q, — line flow rates at inlet and outlet
Z — series impedance

Zc — characteristic impedance

Z+ — motor impedance

Y - shunt admittance

I' - Propagation operator

p - Fluid density

u - Fluid viscosity
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EXPERIMENTAL VERIFICATION OF MATHEMATICAL MODELING OF
PARAMETERS OF VANE PUMP WITH DOUBLE EFFECT"

R. Petrovi¢, M. Savkovi¢, P. lvanovi¢, Z. Glaveié

Abstract: In developing the vane pumps the fundamental basis is experimental research and mathematical modeling of
nonstationary hydraulic processes inside the pump, in thrust space and suction and thrust pipeline. By means of
experimental research and results of mathematical modeling and software package KRILP, it is possible to determine
the parameters of operating processes of vane pumps precisely enough.

Key words: vane pump, mathematical modeling, hydrodynamic processes

1. INTRODUCTION

Modern methods of designing and constructing the
hydraulic pumps can not be done without using the
appropriate  mathematical models of effects and
processes happening in real pump structures. The
mathematical model of a process is analytical
interpretation of the process with certain assumptions. In
order to reach the mathematical model it is necessary to
make detailed theoretical research based on the laws of
fundamental sciences and explanation of processes,
which is the basis for adopting the assumptions and
defining the model equations.

2. MATHEMATICAL MODEL OF
PRESSURE CHANGE IN THE
OPERATING CHAMBER

The level of noise made by vane pump with
double effect is crucially influenced by pressure rise and
fall in the pump chambers in the areas of change of
operating cycles. Constant conversion of thrust pressure
into operating pressure in the installation and vice cersa
is an important assumption for lowering the noise level.
There are a number of researches done in order to define
the optimal geometry of working volume when one
operating cycle converts into another one. The processes
occuring at the area of pressure change and their relation
can be researched by experiments and by mathematical
modeling by means of adequate software packages. For
these researches the software KRILP has been
developed and it has been written in program language
Digital Visual Fortran 5.0.

The increase of rotation number provides better
tightness of working chamber at the area of pressure
change which can be explained by the increase of
centrifugal force acting on the vanes and pressing them
against the inner surface of the stator.

When the vanes are separated from the operating
stator profile, pressure pulsation and amplitude changes
are registered. These changes often occur with low
number of revolutions and they lead to oil coming back
from thrust area towards suction area.

When chambers are not sealed tight, i.e. when

clearances are big, the pressure does not rise enough in
the area of pressure change, which leads to unexpected
relation between the chamber and thrust port and also
leads to pressure balance. Thus the leakage between the
suction and thrust zone is being increased as well as the
amplitude of pressure pulsation.
Due to the influence of the clearance on the tightness in
the chamber, the pressure change in the chamber should
be presented by mathematical model depending on
volumetric losses and it is necessary to make certain
simulations on the computer. On the basis of data
obtained by experiments and simulations we should
determine geometries of suction and thrust ports as well
as partitions between them at valve plate. The following
phases can be distinguished in simulating the pressure
change in the chamber while passing over the partition
separating suction and thrust zones:

- the chamber is closed, i.e. there is no connection
between the chamber and suction and thrust zone

- the chamber is connected to thrust port through the
slot

- the chamber is connected to thrust port

1) This work is part investigation in project " Research of metodologis and softweres for design, simulation and optimization of vane pumps"
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* To steering gear
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Figure 1a. -Vane pump with double effect
- made by Prva Petoletka Trstenik

Figure 1b - Section

2.1.Volumetric losses affecting the speed of pressure
change in the operating chamber at the zone of
pressure change

In order to operate properly the pump must have
appropriate clearances between vane rotor and valve
plates. There is a certain flow through these clearances.
Volumetric losses in the chamber can be classified as
follows:

- losses at vane side made by axial clearances Qan

(n=1,2)
- losses over vane top made by radial clearances
Qm(n=12)

- losses made by flow withdrawal Q,

- losses through the slot at valve plate Q,,

- losses through the gap made by the vane in rotor

groove Qpc

2.1.1. Losses made by axial clearances

If we assume that the flow is streamline the losses
through the axial clearances are:
a) volumetric losses for the chamber in front of the vane
can be presented by following formula:
(,0 —r ) Z, ’ H

Qu :Tsl| p.—psion(p.—p) D
b) volumetric losses for the chamber behind the vane
can be presented by following formula:

03
022" (0 py) @

Qa2 = 1275

where:

p- variable radius of the stator;

r- smaller radius of the stator

Za1, Zao- Values of axial clearance;

s- vane thickness

n- dynamic viscosity of working fluid;
p.- suction pressure

px- pressure in the chamber

p,- operating pressure

2.1.2. Losses made by radial clearances

Between the inside surface of the stator and vane top
working flow leaks which can be presented as follows:
a) volumetric losses for the chamber in front of the vane
can be presented by following formula:

b-z.3
Qr1= o

12.,7,3|pr‘pk|5i9n(pr'pk), (©)

b) volumetric losses for the chamber behind the vane
can be presented by following formula:

b-z,,°
=— "2 (p — 4
Qr2 12773(pk pu )! ( )

Zr, Zro - values of radial clearances.

2.1.3. Losses made by flow withdrawal

The mean value of lossess made by flow withdrawal
at the vane is presented by the expression:

Qpr — Zal/z'w'(R"_r)(R'r),

1 ®)

where:
® - angular speed of rotor;
@ - angle of rotor rotation
R,r - bigger and smaller radius of stator
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2.1.4. Losses through the slot at valve plates

Losses through the slot in thrust port at valve plate are
determined in the following manner:

sz:ﬂ'A\/;( P, — Py )-sign(p, — py ) ©)

where:
u - outflow coefficient;
A - cross-sectional area
p - density of working fluid

2.1.5. Losses made by the vane in rotor
groove

If the pressure in the chamber is higher than working
pressure of the pump there is a gap in rotor groove made
by front vane tilting because of tangential load and there
is oil leakage which can be presented by:

b-z >
= - , @)
Qpc 1277|r(pk pr)
where:
Zpe- clearance in the gap;

|, =1—(r-r,)- length of the front vane when rotor is
in transmission area.

2.2. Speed of pressure change in the
chamber when suction and thrust zones are
being separated

lowered  for
pressure  rise

If initial volume \V is
dv =V, -V =—(V -V,), due to

dp= pl— p the relative volume -dV/V, calculated per

pressure unit:
1 dv ®)

is compressibility coefficient.
The reciprocating value of compressibility
coefficient is called the compressibility modulus (&s),

_1_ dp

=~ —_ , 9
ST T av v ©
which has the same dimension as the pressure.

In previous expressions the minus sign shows that
pressure rise corresponds to volume decrease and vice
versa. The previous expression can be also presented in
the following form, in case of final changes of pressure
and volume

_A_4p
Vg

- (10)

which represents so called Hooke's law. The marks in
previous expression are:
Ap = p, — p - pressure increment

AV =V, -V - change of volume

V- fluid volume at the pressure p;

The pressure increment in the working chamber of
vane pump with double effect can be reached from the
following expression [10]:

s

Vk(R)

ap, = (AN hr)y» (11)
where :
Apy - pressure increment in the chamber between the
vanes pu<px<pp
&s- compressibility modulus of working fluid
p.- suction pressure of working fluid
pp- thrust pressure of working fluid
Vi)~ volume of the chamber (when the chamber is in
the zone of pressure change constrained by
angle ¢ and bigger stator radius R)
Volume Ve, is calculated like this:

Vk(R):g(Rz—rrz).(ﬂ—o'), (12)

where:
(f-0) [rad] - angle between two adjacent vanes
b - vane width
The speed of pressure change in the chamber is
obtained by differentiating the expression [11] with
respect to time t:

A & AVkw (g3
At Vg At
in case when At—0; 4V — dVr) —0 and Ap, —dpx
—0, previous equation has differential form:
Ap, & d
P f AV (14
At Vg at 4V em

If we put the expressions for volumetric losses
[1 +7] into the expression for speed of pressure change
in the chamber [14] we reach the following expression:

. dv
Ik __os (TR, 50,1 2000 + Q11
dt  VkR) dt

~Qr2 -Qpr +Qpz +Qpc). (15)

After replacing the values for volumetric losses we
get required expression for speed of pressure change in
relation to the clearance in the chamber of vane pump
with double effect:
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dpk & de(R) (,D—r)~213 -

vy 2 al |p —p |-sign(p —p, )-

dt Vk(R){ i 1275 [P, =Py sign(p, - p, )

(p_r).223 b'213 .

2 s (P | —p|-sign(p. —p, )-
12775 (pk pu)+ 127]5 ‘pr pk‘ g (pr pk)

- b-Zr23 B _Zallz'a]'(R+r)'(R—r)

12-77-S(pk h.) 2 +

3

2 . b-z,
+ue A= (P — P )-sign(p, —p ) +——— (P — )

(16)
Next section shows diagrams of speed of pressure
change depending on the clearance in the operating
chamber of vane pump with double effect. They are
obtained by simulation of expression [16] by means of
software package KRILP.

3. RESULTS OF SIMULATING THE
PRESSURE CHANGE IN THE
CHAMBER OF VANE PUMP WITH
DOUBLE EFFECT
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Figure 2. Results of simulating the expression for speed
of pressure change in the chamber for various values of
slot cross section
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Figure 3. Results of simulating the expression for speed

of pressure change in the chamber for various values of
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Figure 4. Results of simulating the expression for speed
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Figure 6. Results of simulating the expression for speed
of pressure change in the chamber for various values of
radial clearance at the second vane
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10 The influence of the gap in the rotor s groove
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Figure 7. Results of simulating the expression for speed
of pressure change in the chamber for various values
of the gap in rotor groove

4. EXPERIMENTAL VERIFICATION
OF OPERATING PARAMETERS

Experimental verification of operating parameters of
vane pump with double effect has been done at the
Laboratory of PTT-Namenska along with simulation of
real conditions of pump exploitation. The following tests
and diagrams have been made:
-dependance between the pump pressure and flow at
constant number of rotation of pump shaft,
-dependance between the pump pressure and flow with
oils of various kinematic viscosity at constant
number of rotation of pump shaft.

The testing has been done at universal test stand
AMS ZI 108-94262 FRESNES(FRANCE) TIP BAH
1622/B38-5.

The figure [8] shows the diagram of dependance
between the outlet pressure and the flow of the pump
(sample no.051) when tested at the test stand AMS. The
pump flow is 70 I/min, the pressure is up to 5bar and by
even pressure rise at thrust line and by closing the cock
with keeping the constant rotation number the flow
value is decreased for the value of losses made by the
clearances at operating parts of the pump. The testing
has been done with the oil of small kinematic viscosity
(10mm?s at 50°C).

‘.'n.:
| -

g
S
S

At
09
p(bar)

Figure 8. Diagram

The diagram at fig.[9] shows that the flow value at
the pressure of 200bar has fallen for 20 I/min. This
results from high temperature of the oil in the
installation. The oil is warmed up at 90°C, i.e. beyond
the upper limit of working temperature.

O(l/min)
L]

1 bt

™ ptbar)
Figure 9. Diagram
The diagram at fig.[10] shows the jamming of

operating parts of the pump because the oil temperature
reached the value of 100°C.

O(l/min)

5

3. 32v, 0. 020

" “ = . -p(bar)
Figure 10. Diagram

The diagram at fig.[11] shows dependence
between the outlet pressure and volumetric losses
when oil of kinematic viscosity of 10mm?/s has been
used at the temperature of 50°C and when oil of
kinematic viscosity of 24mm?/s has been used.

We can notice the decrease of volumetric losses
when testing the pump with the oil of bigger kinematic
Vviscosity.
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Figure 11. Diagram

5. CONCLUSION

It is not possible to determine precisely enough the
parameters of hydrodynamic process of the vane pump
with double effect neither by experiments nor by
mathematical modeling only. Accurate working
parameters can be reached by combined application of
experimental measuring, mathematical modeling of
hydrodynamic process and nonlinear optimization but
at the same time the system errors of measuring and
unknown parameters can be determined.

The program KRILP developed for mathematical
modeling, identification and optimization of vane pumps
provides developing of a whole family of vane pumps in
further research of hydrodynamic processes along with
the analysis of advantages and disadvantages of vane
pumps with double effect.
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EXPERIMENTAL RESEARCH OF CHARACTERISTIC PARAMETERS OF
HYDRODINAMIC PROCESSES IN A PISTON AXIAL PUMPY

R. Petrovi¢, P. lvanovi¢, Z. Glav¢ié, M. Savkovié

Abstract: Fundamental basis in developing the piston axial pumps are experimental research and mathematical
modeling of non stationary high dynamic hydraulic processes in the pump cylinder, delivery chamber and intake and
delivery pipe line.Based on the experimental research results,on the results of the mathematical modeling and, on
developing and application of the identification method of unknown parameters of a mathematical model, the computer
program AKSIP has been developed in order to enable the determination of some parameters of service processes in

piston axial pumps.

Key words: piston axial pump, mathematical modeling, hydrodinamic processes

1. INTRODUCTION

Modern design of a piston axial pump requires
description of all processes and parameters in the pump.
Complexity of hydrodynamic and dynamic processes in
a piston-axial pump (pump cylinder, intake and delivery
chamber,delivery valve and pipeline of high pressure)
demands very studious physical and mathematical
analysis of the same processes.

This approach is only possible having the special
computer program. Such program (AKSIP) has been
developed and presented in this paper [1-3].

2. MATHEMATICAL MODEL

For mathematical modeling of hydrodynamic
and dynamic processes in a piston axial pump, fig.1,
(pump cylinder, intake and delivery chamber, delivery
valve and a high pressure pipeline), the following
assumptions have been adopted [1]:

- Changes of the fluid state are pseudo stationary,
except in the delivery pipeline;

- Kinetic energy of fluid in each control space,
except in the delivery pipeline, is neglected;

- Fluid flow through clearances (crevices between
the piston and cylinder, the flow through a jack
panel and delivery valve) is pseudo stationary;

- The processes in the control spaces are isothermal
or isentropic.

Simultaneous integration of the given non linear
differential equations for boundary conditions and
partial differential equations for flow in a delivery
pipeline requires the application of computer and a
corresponding computer program.

The program connecting and solving simultaneously
all listed differential equations, the equations for change
of characteristic flow sections and changes of physical
characteristics of fluid, required a corresponding
structure and organization. The program was written in
the program language Digital Visual Fortran 5.0. and
realized on the measuring and controlling system ADS
2000 [2].The principles of structural and modular
programming were used. The programming consists of
the main program and modules.

The more important programs were written as

complete modules mutually connected or with the main
program, but they can be used individually as well.
On the basis of the given equations a computer program
named AKSIP was developed for mathematical
modeling of flow and hydrodynamic processes for the
complete time cycle of a piston axial pump with
combined distribution of working fluid. AKSIP program
is modular outlined and consists of the main AKSIP
program and its modules.

2.1. Mathematical model of a pump process

Mathematical model is given for each element,
considering the complexity of the processes and their
mutual influence as well as the need for further
mathematical modeling.

This makes program modules and their further
improvement and monitoring much easier [1].

1) This work is part investigation in project " Research of metodologis and softweres for design, simulation and optimization of piston axial pumps"
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Figure 1 Construction and control spaces of a piston
axial pump: (1)intake pipe line connection, (2)intake
space of the pump, (3)cylinder block, (4)delivery
chamber of the pump, (5)delivery pipeline connection,
(6)piston, (7)jack panel, (8)inclined panel, (9)driving
pump shaft, driving pump shaft bedding

= mass flow through the opening 1, on the entrance
place into the intake space of the pump of fluid, fig.
1:

dm

d_tlzcl’ﬂl'Al' 2:ps| Py = s/, @D

where :
o=1 for p,2ps, o=-1for p, <ps
A - geometrical flow section of the intake pipe

, - flow coefficient of the intake pipe

= mass flow of fluid through the split pump organ
during filling one of the pump cylinders:

dm
dtu :GU’HU’A\J\/Z’PS'|ps_pc|: 2
where :

oy=1 for ps 2p;, oy=-1for ps<p;
Ay- geometrical flow section of the intake split organ
u - flow coefficient of the intake split organ

= mass balance of the intake space is:
dmu j

dr:S oy Mg g

j=1
where :
j=1,2,...,2¢, Z - the numbers of cylinders

= differential equation for pressure in the intake pump
space:

s E [d_nnzdfn_JJ @

do Vs-ps | do j=1 do

E - modulus of elasticity;
@ - the driving shaft angle,

= differential equation for pressure in the pump

cylinder:

de AY) Vk 1 dmu _ﬂ (5)

do V ® do do )|
where:

Ve =Vemin *Vex ¢ Vex=Ac - X - current volume of
the cylinder; the change of the pump cylinder volume

dv,
caused by piston moving: T:_AC Vi, X - current

displacement of the piston.

= mass balance of the delivery chamber is:

dm, _ i dm; ; _dm,
dt 45 dt dt

(6)

where : j=1,2,..., Z. . the numbers of cylinders
= mass flow out of the delivery chamber into the
delivery pipe is:

dm
—2—02 ‘g Ap 2Pt | Py = P+ )

where: o,=1 for p, >pn, oz =-1 for p,<p;,
A,- geometrical flow section of the delivery pipe line

= differential equation for pressure in the delivery
pump chamber:

dﬁz E . idmivj _dmZ (8)
do V,-py j=1 do do

= mass flow through a concentric clearance between
the cylinder and the piston:

dm, Tc-DC-Ar3 N
dt _12~n~xk((p) Pe

where: D, - diameter of cylinder, Ar - radial clearance

between the piston and the cylinder, - dynamic
viscosity, X, (¢) - current displacement of the piston, p.

~Ps)-pe )
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- the pressure in the cylinder, ps - the pressure in the
intake space, p, - the density of the fluid in the cylinder.

2.2 Modeling the flow in the intake and
delivery pipe line of the pump

For mathematical modeling of a process in a pump, it
is also necessary to include and consider a series of
assumptions for a process occurring in the intake and
delivery pipe line of the pump.

The following assumptions regarding the flow of the
working fluid in the intake and delivery pipe line are
taken and considered:

— The fluid flow is one-dimensional. The pipe cross
section is constant. Temperature and flow fields
across the pipe are homogeneous. Velocity vector
follows the direction of the axis of the pipe at any
moment and in any section.

— Viscosity friction between the layers of the fluid
inside the pipe is neglected. The friction forces appear
on the inside walls of the pipe.

— The processes in the pipes are isentropic. The change
of entropy caused by friction, heat and mixing of fluid
parts are neglected.

— Forces of gravitational, magnetic, etc. are neglected.

Continuity Equations

The equation of continuity of pressed fluid with
functions p, v, p during the isentropic change of the state
is:

ap op ov
T 4v-—/=—+a‘-p-—=0, 10
ot OX P OX (10

where : p and v — values of density and velocity of

fluid per cross section of the pipe, 5_— P the
op ),

velocity of sound in the fluid,

where: p = p(t,x) and p= p(t,x)

time t and coordinate x.

are functions of

Momentum Equations

op v 0 v ap
VL p v (pV)+pv-—t+E=—f . p, (11)
PR v G AT v

where: f_- friction force per mass unit.

In the scope of fluid dynamics of one-dimensional
flow, such flows are considered as “non stationary flows
in a flow fiber”.

3. MEASURING RESULTS OF
WORKING PROCESS IN THE PISTON
AXIAL PUMP

In the scope of performed experimental researches,
the measuring of the pressure history in the cylinder,
delivery chamber was done . The vibration of the pump
housing was also measured dependening on the pump
driving shaft angle. All pressures and vibrations were
measured simultaneously on each cca 0.09° step of the
driving pump shaft (exactly 4.096 times per shaft
rotation). As incremental angle encoder an optical
encoder with 1.024 pulses per rotation was used. Pulses
of the angle encoder were quadrupled by the interface
for the angle encoder on the ADS 2000 system so that
4.096 pulses per shaft rotation were obtained. In order to
see the repetition of the consecutive cycles with the
unchanged working regime 10 consecutive cycles were
measured. At the same time, a time interval from angle
to angle was also measured in order to determine the
variation of shaft speed and control of the incremental
angle encoder. All the analogue signals (pressure,
vibrations) were parallel converted into digital form by
means of four (4) ultra speed A/D converters working
simultaneously (parallel). The total number of measured
data was (4+1) x 4.096 = 20.480 per rotation (cycle),
that is, 204.800 for ten consecutive cycles. The humber
4.096 was not chosen by chance, but in order to use the
fast Furie's Transformation (FFT) of measured signals.
Measurements were done for seven working regimes.
Fig. 2 (a+f) shows the measured pressure history for
individual, i.e. ten consecutive cycles of the piston axial
pump. The results are related to the experiment at the
work regime p=200 bars and n=875.6 min™.

There is a great similarity of measured pressures for
the first of ten consecutive cycles (MERF) in relation to
the average one of ten consecutive cycles (MERM).

Figures 2a and 2b show the measured pressure
history in the cylinder ( p. ) for one, i.e. the average one
of ten consecutive cycles as the driving shaft angle. The
diagram shows the visual pressure gradients at the
compression and expansion stage as well as the
appearance of peaks during intake. Figures 2a and 2b
also show the pressure intake in the discharge space ( py
) for one, i.e. for the average of the ten consecutive
cycles as the function of the driving shaft angle. The
pressure pulses in the delivery chamber depend on the
number of the cylinders which is obvious in this case,
because the pump has 8 cylinders.

Figures 2c and 2d show the appearance of peaks at
the intake stage for one, that is, for the average one of
ten consecutive cycles at the 120°-270° angle interval of
the driving shaft.

Figures 2e and 2f show the measured pressure
history in the cylinder (p.) for one, that is for average of
ten consecutive cycles at the angle interval of the shaft
of 278°-307° angle interval of the shaft in order to
analyze in detail the gradient increase of pressure at the
compression stage. The same diagrams, at the same
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interval, show the pressure pulses in the delivery
chamber.
a) The pressure history in the cylinder (p.) and delivery
chamber (p,) for one cycle
b)The pressure history in the cylinder (p.) and delivery
chamber (p,) for the average cycle
c)The presure history in the cylinder (pc) in the 120°-
270° interval for one cycle
d)The pressure history in the cylinder (p.) in the
interval of 120°-270° for the average cycle
e) The pressure history in the cylinder (p.) and delivery
chamber (p,) in the 278°-307° interval for one cycle.
f) The pressure history in the cylinder (p.) and delivery
chamber (p,) in the 278°-307° interval for the
average cycle.
The figures 2a) + 2f) stand for diagrams of measured
pressure at the work regime n=875.6 min™ and p,=200
bars.
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Figure 2a) The pressure history in the cylinder (p.) and
delivery chamber (p,) for one cycle
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Figure 2b) The pressure history in the cylinder (p.) and
delivery chamber (p,) for the average cycle
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Figure 2c) The pressure history in the cylinder (p.) in
the120°+270° interval for one cycle

: | | .

| '\ | ;’1
., 41 }r }.r | ﬁ
) A \mw”’” r\w/ w* o' §

©120 220 | 240 280
The angle of the driving shaft

Figure 2d) The pressure history in the cylinder (pc) in
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cycle
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4. CONCLUSION

The parameters of hydrodynamic processes in a
piston axial pump cannot be precisely determined,
neither by experiment nor by mathematical modeling.
Precise parameters can be obtained by combining the
experimental testing (measuring the pressure history in
the cylinder), mathematical modeling of a real
hydrodynamic process and the method of nonlinear
optimisation which at the same time enable the
determination of systematic measuring errors and
unknown parameters.

The computer program AKSIP gives possibilities to
combine 56 influential pump parameters in order to
achieve optimal solution, in regard to flow losses, flow
inlet etc.

Further research is possible regarding the construction of
the piston axial pumps with a bent cylinder block and
distribution of working fluid by means of a jack panel.

In that case mathematical model should be expanded by
a cylinder block dynamics and hydrodynamic processes
in clearances between the cylinder block and the jack
panel.
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XML SPECIFICATION OF HYDRAULICS COMPONENTS
D.Prsi¢, N.Nedi¢, A. Babi¢

Abstract: Technical documentation in the field of hydraulics and pneumatics as well as in other fields of engineering
today is mostly seen in electrronic form. Basic advantage is in the fact that such documents can be easily distributed
using computer networks and the Internet. This influences the formation of a mutual, easily available distributed base of
knowledge which further on speeds the development of these fields. However, the use of electronic documents causes a
huge problem — incompatibility of different formats. Very often a document written on one platform (MS Windows,
Linux, Mac OS X) is not readable on another platform, or by a different program on the same platform, or even by a
different version of the same program. To solve this problem, many software companies distribute free file viewers for
their proprietary file formats. The other solution is the development of standardized non-proprietary file formats
(HTML, OD, XML). This paper presents the use of Extensible Markup Language (XML) for the description of

information structures and semantics about hydraulic components.

Key words: XML, data exchange, axial-piston pump, parser, DOM, SAX

1. INTRODUCTION

Generally speaking, communication between two
computers program can be viewed as data and metadata
interchange. Data carry out raw (basic) information
while metadata are information about data. They are
used to facilitate the understanding, characteristics, and
management usage of data. For example, numerical
value 170.52 may have infinite different meaning. To
make sense of and use this data, context is important,
and can be provided by metadata. If we write down
"P170.52" metadata "P" suggests that it’s the pressure,
or if we write down "Q170.52" we know that it is
volumetric flow rate. In many cases we have to specify
which unit we mean so we introduce metadata [bar] or
[N/m?]. Even if we don’t take into consideration
different formats for numerical data (e.g. 170.52,
1.7052E2, 0.175052E3) the problem with different
forms for metadata remains. For example, the same
information can be marked up with "P170.52 bar",
"P#170.52bar",  "P170.52E5N/m*". Basically, a
computer doesn’t have the possibility to conclude that
this is the same information. From its point of view,
these are all different data.

Different forms of metadata are the basic cause of
software  applications incompatibility. For two
applications to communicate it is necessary to adopt
universal rules for data marking. XML is the program
that makes it possible for us to define those rules. It
allows us to define our own tags which must be
organized according to certain general principles, but
they are flexible in their meaning [1,2].

For example, for preassure we can introduce text
mark up <pressure>. In that case the very name tells
about the information. Despite that, tag <pressure>
doesn’t tell anything about information format, data and

metadata are included as strings of text, they only tell us
that there is a piece of data called <pressure> and it’s
up to us to give the specific piece information specific
meaning.

It is important to realize that XML is not markup
language, but meta-markup language. In other words,
XML describes the syntax that we use to create our own
languages. Each specific XML-based markup language
is called an XML application. Those are, e.g. Chemical
Markup Language (CML), Mathematical Markup
Language (MathML) or Bond Graph Markup Language
(BGML).

2. DESCRIBING AXIAL-PITON PUMP
WITH XML DOCUMENT

When we work with complex information it is
necessary to arrange them in a specific way. While
being modelled, the data are usually hierarchically
grouped depending on the level of abstraction. There is a
system on the highest level, then there are sub-systems
on the next level, elements are found on the level
beneath, etc. For example, a book consists of chapters, a
chapter is broken down into sub-topics, and further
broken down into paragraphs.

In figure Fig. 1 axial, fixed-displacement piston
pump is shown. There are many information about it and
it is usually better to group them into related subtopics,
rather than to have all of them presented on the same
level. This makes information easier to comprehend and
more accessible.

The first step in forming XML data that describe the
pump or any other component, is defining:

Dragan Prsi¢, Faculty of Mechanical Engineering Kraljevo, prsic.d@mfkv.kg.ac.yu
Novak Nedi¢, Faculty of Mechanical Engineering Kraljevo, nedic.n@mfkv.kg.ac.yu
Arandjel Babi¢, Faculty of Mechanical Engineering Kraljevo, babic.a@mfkv.kg.ac.yu
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Fig.1. Axial-piston pump

= the set of relevant data
= relations between them

The pump can be described using the set of
constructive (length, height, mass, diameter, etc.) and
operating parameters (pressure, temperature, volumetric

flow rate, etc.). Every parameter presents one of the
pump metadata. The set of parameter-value pairs forms
the content of the pump information. In order to
complete the description of the pump it is necessary to
define relations between these pairs. The only type of
relation available is containment relation. This enables
us to make connection (parent-child) between data on
different level of abstraction. There is no direct relation
between the data on the same level of abstraction
(sibling-sibling).

Following the physical structure of the pump we
come to the hierarchical structure of the data shown in
Fig. 2

Graphically, pump information is shown using the
so-called tree structure, which is very common in
programming. Data and metadata are the basic
components of information, whereas containment
relations are shown using the lines. When reading
information we move along the branches starting from
the root of the tree. In that way the lines show the
structure and the context of data.

Pump
— Type — Axial piston, fixed-displacement :
) Angular oo ,
—{ Drive shaft — speed —E— ) 1_33_0(_) o
______ 1
Unit — rpm |
. Swash
Housing plate
Valve plate — — — ——] ------ ,
— ; Cylinder | | ; | \ |
housing block Cylinder Chamber Pressure T— o
[ 1
Unit |—  bar !
— Port oo
______ 1
______ ) Displacement : !
Max. ! , [
| power 7A|_ _ _1fl_ ! ) T b
Tt v —{ Piston Unit I mmo
= Unit kW P
|| Nominal | "7 ;12_0_ - Spring
pressure L1
[ 1
= Unit bar |
Max e A
| . - 1
displacement H|_ _ _5{% !
- - - - = 1
— Unit  |— cm3/rev |

Fig.2. Hierarchical data structure of axial-piston pump

For example, meta information Pump consists of meta
information Nominal pressure, which again contains
information 420. In that way we find out that the
nominal pressure of the pump is 420. Another branch
Pump -> Nominal pressure -> Unit->bar is about bars.

Between the items on two different levels of abstraction
(Pump and Nominal pressure) there is parent - child
relationship, and between the items on the same level of
abstraction (Unit and 420) there is sibling - sibling
relationship. Although there can be elements with the
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same name in the structure (Unit) every one of them is
unambiguously specified using the parents elements on
higher level. E.g. Pump -> Nominal pressure -> Unit is
different from Pump -> Max. power-> Unit.

With the help of XML we textually describe the very
thing that is graphically presented using the tree
structure. Included data and markup that describes the
data are strings of text. An XML that describes the
pump model in Fig.2 is shown in Fig.3.

The document in Fig. 3 is composed of a single
element named pump, which includes other child
elements. Specifically, since it contains the entire
document, this element is called the root element or
document element. Every XML document has one
element that does not have a parent. This is the first
element in the document and the element that contains
all other elements. Every well-formed XML document
has exactly one root element. Elements may not overlap,
and all elements except the root have exactly one parent.
The pump element is called parent of driveShaft,
housing,  valvePlateHousing,  port,  maxPower,
nominalPressure and maxDisplacement. The same
relations (parent/child, sibling) hold for other elements:
housing is parent for swashPlate and cylinderBlock,
which are on the other hand siblings.

The text starting with a "<" character, and ending
with a ">" character is called XML tag. Between them
there is the name of element. XML tags look
superficially like HTML tags. However, unlike HTML
tags, we are allowed to make up new XML tags as we
go along. The data of an information are contained
within the various tags that constitite the markup of the
document. This makes it easy to distinguish data in the
information from the metadata. The tags are always
paired together, any opening tag has a closing tag. These
pair of tags are called start-tags and end-tags. The end-
tags are the same as the start-tags except that they have a
character "/* right after the opening "<" character.
Everything between the start-tag and the end-tag of the
element is called the element's content. All of the
information from the start of a start-tag to the end of the
end-tag, including everything in between, is called an
element. For example, <unit> is a start tag, </unit> is
an end-tag, mm is a content, and <unit>mm</unit> is
an element. The element content can be other element or
just data. In later case, the element content is reffered to
as Parsed Character DATA - PCDATA.

Some of the elements as unit only contain character
data. Others such as housing contain only child
elements. For elements like as maxPower, that have both
character data and child elements, are said to contain
mixed content.

A mixed content is less common in computer-
generated and processed XML documents. One of the
strengths of XML is the ease with which it can be
adapted to the very different requirements of human-
authored and  computer-generated  documents.
Dichotomy between elements that contain only character
data and elements that contain only child elements is
common in documents that are data oriented.

<pump>
<type>axiapl-piston, fixed-displacement</type>
- <driveShaft>
- <angularSpeed>
3300
<unit>rpm</unit>
</angularSpeed>
</driveShaft>
- <housing>
<swashPlate />
- <cylinderBlock>
- <cylinder>
- <chamber>
- <pressure>
<unit>bar</unit>
</pressure>
- <displacement>
<unit>mm</unit>
</displacement>
</chamber>
<piston />
<spring />
</cylinder>
</cylinderBlock>
</housing>
<valvePlateHousing />
<port />
- <maxPower>
121
<unit>kW</unit>
</maxPower>
- <nominalPressure>
420
<unit>bar</unit>
</nominalPressure>
- <maxDisplacement>
54.8
<unit>cm3/rev</unit>
</maxDisplacement>
</pump>

Fig.3. XML document of axial piston pump

Although XML doesn’t allow us the freedom in the
choice of elements that make the document it provides
grammar for XML documents that says where tags may
be placed, what they must look like, which element
names are legal, how attributes are attached to elements,
and so forth.

The document satisfying all rules of the XML
grammar is said to be well-formed. Every XML
document must be well-formed. Some of rules of XML
grammar are [3]:

= Every start-tag must have a matching end-tag.

= Elements may nest, but may not overlap.

= There must be exactly one root element.

= Attribute values must be quoted.

= Anelement may not have two attributes with
the same name.

= Comments and processing instructions may not
appear inside tags.

= No unescaped < or & signs may occur in the
character data of an element or attribute.
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3. PARSING XML DOCUMENTS

Thanks to the precisely written specification,
numerous programs, the so-called parsers (XML
processor) have been written. They can analyze an XML
document and give us information about its content and
structure.We can use these parsers within our own
programs, meaning our application never have to even
look at the XML directly. The relationship between
application, parser and XML document is shown in
Fig.4.

Target
Application

4

Parser

XML
Document

Fig.4. Extracting information from XML document

Two application programming interfaces (API) are
mainly used for developing application specific XML
processors: Document Object Model (DOM) as well as
Simple API for XML (SAX). Both interfaces facilitate
communication between the target application and the
XML document, but they use completely different
approaches.

The structure of processing an XML document by
means of DOM interface is shown in Fig. 5. [4,5].

XML q XML >
Document " Parser »| DOM
Start Data
parse exchange
A
Application

Fig.5. DOM model of processing an XML document

After the application sends the Start parse signal, the
parser forms a tree-shaped document object model. The
application then just navigates the tree to find the
desired pieces of the document. The whole document
that can be easily browsed and modified is always
available. Working with a tree model of a document is
conceptually similar to working with a document as a
text. DOM is suitable when we should create a complete
memory map of an XML document. However, this can
be very exacting in terms of memory and time.

SAX is event-driven API. It is a form of agreement
between the application and the parser which must be
fulfilled by the application. While reading a document,
the XML analyzer moves from its beginning to its end.
Any change in the structure and content of the document

(e.g. the start of an element, read the content of an
element, end of element) is registered by the parser as an
event, and the information about it is sent to the client
application. The client application, through its module
implementing the SAX interface, should decide how to
process each of those events. The structure of processing
an XML document by means of the SAX interface is
shown in Fig. 6.

XML
Document > XML Parser
Y
Start Event
parse
\A 4 A
. SAX !

| Implementation

Application

Fig.6. SAX model of processing an XML document

4. CONCLUSION

XML is extensible, non-proprietary, self-describing
format especially suitable for data exchange over the
Internet. In the beginning of this year Open XML file
formats has received the necessary number of votes for
approval as an ISO/IEC International Standard. Serbian
Institute for Standardization also voted for the approval
of this standard.

In order to develop XML application in the field of
hydraulics it is necessary to do two things. First of all,
it’s necessary to reach an agreement on tag sets and on
the way in which information in this field is structured.
The bigger the number of users who will accept the
agreement the easier information exchange. Secondly,
it’s necessary to develop modules for reading and
writing of XML documents. XML parsers are of great
help in that.

The benefits gained by accepting this format are big.
For example, a module for listing the producers’
catalogues and choosing the right component on its own
could be installed into the design software.
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SOME EXPERIMENTAL DETERMINATIONS WITH SAND-BLASTING
MOBILE UNIT

I. Bardescu, C.G. Popescu-Ungureanu, A. Legendi

Abstract: This theme deals with the testing last part done for a PhD thesis[1]. A dry sand-blasting unit with free
diphase jet, classical type, was used for sand-blasting, using sand+air-compressed mixture without material recovery.
Focusing a sand-blasting modern technology, metallic granules were used and the experiments to be done were
realized in a view to accomplishing minimal costs and real working conditions. So, the sand-blasting unit was
essentially modified regarding the constructive design, in a personal conception, using metallic sand-blasting granules
instead of sand, and the sand-blasting technology with discontinuous sand-blasting granules recovery, with a minimal

quantity of metallic sand-blasting granules.

Key words: sand-blasting-equipments, sand-blasting experiments, sand-blasting-technological parameters, sand-

blasting measurements.

1. INTRODUCTION

There have been done some experimental determi-
nations regarding sand-blasting in a private company
SUTCAS s.r.l.-Bucharest, producing very light (fewer
than 100 kg/m®) macro air-entrained polymeric concrete
elements. The mechanical plant along with the
manufacture hall is situated in Ciorogarla, llfov County,
near Bucharest. Tests were done using a sand-blasting
mobile unit essentially modified regarding the
constructive components, designed and manufactured
in a personal conception, so that could be attached to the
existing sand-blasting mobile unit and then removed
after tests, the initial construction and destination of that
equipment remaining unchangeable.

Seven additional components for experiments were
realized through personal means, being mentioned the
following: the cannular chamber (cylindrical), low
capacity, for controlled charges, that allows the use of
small and measurable quantities of steel granules; the
spherical chamber of mixing-dosing granules+air
compressed (fig.1); the sand-blasting-recovery tight
chamber of metallic granules.

In the testing first part, the following were primarily
analyzed using the correlation and comparison:

o the geometry of non-metallic material samples
(concrete, natural river stone);

e the designed sand-blasting nozzles: long, short
and cylindrical Venturi;

e the geometry of sand-blasting metallic,
cylindrical and spherical granules (small shots).

Fig. 1 a. Pressure tank assembly (1); cannular feeding
chamber (2); spherical mixing-dosing chamber (3)

The technological parameters were measured for the
nozzle long Venturi type having the outlet diameter
dy = 15 mm, and the length I, = 170 mm, using
cylindrical metallic granules having the diameter dyc =
=2 mm, the length Iz = 3 mm si and the apparent
specific mass py = 4,92 kg/dm®.

2. COMPONENTS MECHANICAL
ASSEMBLIES

Three mechanical assemblies of components were

conceived and realized for measurements and calculus:

(1) the cannular feeding chamber with granules, put
in the sand-blasting tank (fig.1 b), assembled to the
spherical granules+air-compressed mixing-dosing
chamber.
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A.40

Fig. 1 b. Cannular chamber -spherical chamber —
granulest+air compressed mixture hose assembly.

(2) Mixing-dosing spherical chamber assembled with
some pressure transducer (fig.2).
(3) Pressure transducer assembled with the nozzle
long Venturi type (fig.3).
Using the cannular chamber+mixing-dosing
spherical chamber assembly, several parameters were
measured and cal culated, such as:
®  Time in which the cylindrical charge, granules+
air, passed within the nozzle joint hose
t,=04s (0]
®  The granules+air-compressed mixture outlet
speed from the nozzle
V,, =25s 2
®  The granules+air-compressed diphase jet length
(L;,).depending on the interior diameter at the
nozzle'soutlet (d, )
L;, =240 mm=16d, (©)]

®  The quasi-annular diameter of the print remained
on the sampl e after the sand-blasting

D,, =60 mm 4
= The dispersion angle (2B)
B=11°=f(V,,) (5)

The errors measured and calculated during tests, and
compared to those mentioned in the specialized
literature, were precise enough, max + 5%.

For practical and fast applications, a simplified calculus
relationship for the granulest+air-compressed dry
mixture speed (V;,) at the nozzle’s outlet, depending
on the sand-blasting granul€e’s greater diameter in mm
(dg) , is proposed:

V,, = 20-d2* [m/g] (6)

3. SAND-BLASTING TECHNOLOGICAL
PARAMETERS MEASURED AND
CALCULATED IN EXPERIMENTS’
LAST PART

Components mechanical assemblies in figures 2 and 3
were used in this stage.

Fig. 2. The measurement of granules+air-compressed mixture
pressure at the mixing-dosing spherical chamber’s outlet.

Fig. 3. The measurement of granules+air-compressed mixture
pressure at the sand-blasting nozzle’s outlet

As aresult of measured or estimated data, and based on
discussions with equipments and sand-blasting materials
producers, a caculus agorithm was developed for
granules masses, pressures, speeds, energies and
impulses, whose values are reached during dry diphase
sand-blasting process.
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3.1. Masses of sand-blasting metallic

granules used during tests

e Equivalent mass of granules thrown from the nozzle
(my,) is equa to the charge mass corresponding to

the mixing-dosing chamber’ s volume (m,, )

o

e Granules charge mass that hits the sample surface
and realizes the sand-blasting print

®

Differences between m, and rr(lg consists in the lost

particles that comes outside the truncated cone of the
diphase jet formed between nozzles surfaces, a the
throw, and prints, at the hit.

3.2. The pressure of granules+air-
compressed mixture at the mixing-dosing
spherical chamber’s outlet

In order to measure the pressure of granulestair-
compressed mixture at the mixing-dosing spherical
chamber's outlet (py), the mixing-dosing spherical
chamber was connected to the transducer with a
rubber hose, having the inner diameter 30 mm and
the length 1 m (fig. 2).

The pressure of the mixture at the mixing chamber’s
outlet (pyc) is determined using the balance force (Fe)

P, = 59,7 Nfem? (= 6bar) 9)

3.3. The pressure of granules+air-
compressed mixture at the sand-blasting
nozzle’s outlet

The hose nozzle for granules+air-compressed mixture
transport was connected to the pressure transducer
through another $30 mm hose (fig. 3).

The pressure of granules+air-compressed mixture at the
nozzle'soutlet is (p,,) este

P = 49,36 N/cm? (= 5 bar) (10)

Speeds and energies determination

The previous measured data led to speeds and kinetic
energy calculus at the granules+air mixture equivalent
mass exit from the nozzle, and aso the displacement
kinetic energy of material from the concrete and
stone samples.

3.4. The Kkinetic energy at the granules
equivalent mass exit from the nozzle

a

Uy —Uy =V, -e=25.0,56=14m/s (12)

3.5. The displacement kinetic energy of

particles in the sample
The displacement kinetic energy of particles in the
sample (E, ) is equal to energy due to speed lost of

granules equivalent masses at impact.

, _ 2
, :Mzul)zm,zmm

@)

3.6. The Kkinetic energy due to granules

ricochet speed, U,

The kinetic energy due to granules ricochet speed is
estimated by the difference between the exit kinetic
energy of granules equivalent mass from the nozzle
(E, )and the displacement and ricochet kinetic energy of

particlesin the sample (E, ):

E, =3579J (14
u, = 22,22 m/s (15)

3.7. Speed of particles detached from
the sample and ricocheted from the
sample’s surface at the impact’s end Uyqg

Uy, = 36,22 m/S) (16)

3.8. The kinetic energy due to displacement
and ricochet speed Uyq

of particles from the sample
The particles detached and ricocheted mass:

)

To be noticed that in the metallic granules impact with a
non-metallic fix wall case (concrete, stone, bricks),
when v, = 0, but uyy # 0, the restitution coefficient
calculus relationship is:

e= l‘I2d _ul (18)

3.9. The mass of detached particles

The mass of detached and ricocheted particles from the
wall due to uygy, in the done experiment’ s case represents
about 15% from the sand-blasting granules (22 g/145 g).

3.10. The kinetic energy due to speed Vv;
The kinetic energy due to speed v; (E, ) is the sum of

2d

E, =E, +E, =50J (19)

energiesdueto uy (E, ) and uy, (E,, ):

3.11. Impulses calculus
= The impulse due to granules charge at the nozzle’s
outlet having the speed v;:
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H, =mgy-v,=4Ns (20)
®  Theimpulse of ricocheted granules at impact with
the sample's surface, due to u; speed:
H, =m,-u =0145-22,22=3,22 Ns (21)
"  The impulse due to u,, speed for material
particles detached from the sample to ricochet:

The H, impuls reprezents about 80% H, , and H,
impulse, 20%:

H, =H, +H, =322Ns+0,78Ns=4Ns (23
Comparative graphs plotting, representing masses,
speeds, energies and impulses having the determined
values during experiments done, are presented in

figure 4.

H,, =My U, =0,022-36,22=0,78Ns (22

SAMPLE
Mig=145 g (90,6%Meg)

T\ %,,=36,22 (163% )

Uy —th =36,22-22,22 =14m/s

Eu=35,191 (12%Ey,)

— ——
— —
—

Eyy = 14,211 (28%Ey,)

E, =E, +E, =3579]+14,21]=50]

Hyy=3,22 Ns (80%Hy))

— —
—
— ——

N Huup, =078 Ns(20%Hy,)

H‘,1 =H,,’ +H,“ =3,22Ns+0,78Ns=4Ns

Fig. 4. Comparative graphs plotting, representing masses, speeds, energies and impul ses.
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4. CONCLUSIONS

During experiments done, measurements and calculus
were carried out, which concluded to over 30 free
diphase jet sand-blasting parameters.

The technological parameters values measured during
tests and compared to those mentioned in the
specialized literature were enough precise, the errors
being up to max + 5%.

The technological parameters values measured and/or
caculated were transpositioned in ,Comparative
graphs plotting, representing masses, speeds, energies
and impulses for metallic sand-blasting granules and
for material particles detached from the element to be
sand-blasted”. The practical finality of this research
paper is that the algorithm used in measurements and
calculus can be transpositioned in some ,Dry sand-
blasting procedure having free diphase jet”, useful
both in works before sand-blasting experiments and in
sand-blasting adjustment given the real conditions.
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HYDROSTATIC TRANSSMISIONS FOR MOVEMENT OF MOBILE
MACHINES ON WHEELS

D. Janosevi¢, B. Andelkovi¢, G. Petrovié¢

Abstract: Solution concept of hydrostatic transmision for movement of mobile machines on wheels. Integral
hydrostatic drive of wheels. Parameters and characterristics of hydrostatic transmisions. Electric systems of movement
regulations and controls on mobile machines. Defining and calculation procedure of hydraulic transmissions for
movement of mobile machines on wheels.

Keywords: hydrostatic transsmisions

1. INTRODUCTION e hydraulic motor (4) (Fig.1,c), is connection to the
wheels through gearbox (5), universal shafts (6) and

During developing time of mobile machines on wheels driving axles (7).

the hydrostatic systems were used first only for power

supply of working attachments-manipulator. However in a e

latest decade, on same types of machines more and more 4

hydrostatic transmissions are used for movement o

system.

Leading manufactures of hydraulic components have

already developed hydrostatic transmissions for move-

ment of mobile machines on wheels in range of weight R

from 3000 to 30000 kg, that corresponds the power 30 to (@)

300 kW. Solutions of hydraulic transmitssions are mo- 4

stly with modular design and contain integrated within, f a) 8

following elements:

e elementary components for energy transformation and 5
energy transmission (hydraulic pumps and hydraulic !
motors, a— 4— 5
¢ hydrostatic systems for movement control,

¢ hydrostatic system for braking, 1

¢ hydrostatic systems for regulation, control and stabile 3
maintaing of moving characteristics of mobile machines. 4—

2. ENGINEERING SOLUTIONS 5 b)

As a rule, hydrostatic transmissions on the mobile ma-
chines on wheels are in form of closed hydraulic circuit
system, most frequently with axial piston hydraulic
motors with constant or variable specific flow. Ope- 10
rating pressure in systems is in range of 35 to 45 MPa. 8
Depending of way of energy transmission from 9 c\

hydraulic motors to wheels there are following solution 3
variants of transmission executive parts [1][2]: 4 e

e shaft of hydraulic motor (4) (Fig.1a) is connected dire- 1 5
ctly to the wheel hub, c)
e hydraulic motor (4) (Fig.1b) is indirectly connected to

the wheel hub, through reducing gearbox (5),
Fig.1. Mobile machines on wheels with hydrostatic
transmission for movement.

prof. dr Dragoslav Janosevi¢, Faculty of Mechanical Engineering of Nis
doc. Dr Boban Andelkovi¢, Faculty of Mechanical Engineering of Nis
mr Goran Petrovi¢, Faculty of Mechanical Engineering of Nis
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As power producing members of transmissions are used
most frequently diesel engines whose mechanical pa-
rameters of power N, hydraulic pumps transform into
hydraulic form of power, defined by appropriate pre-
ssure p and by flow Q.

Hidraulic motors with executive part of transmission the
parameters of hydraulic form of power transform into
appropriate drawing force F and movement velocity v of
mobile machine.

General and elementary criterion for regulation of
drawing characteristics of mobile machine can be
expressed by equation:

N, =p-Q=F-v=const
1)

In contemporary solutions of hydraulic transmission for
movement of mobile construction machines assumed
criteria of requlation (equation 1) are realized by means
of digital electronic system.

By appropriate sensors (9) (Fig.1c) [1][2] measured are
parameters of driving, transforming and transmitting,
transmissin components.

In microcontroller (10) monitored parameters are pro-
cessed according to appropriate software that in fact
represents previously assigned regulating criteria.
Deviations of real (measured) and previously assigned
parameters are transformed inside microcontroller into
the signals that act on the characteristics of transmission
components.

By this way of regulation are achieved the following
capabilities of hydrostatic transmissions:

e automatic regulation of drawing characteristics by
changing of specific flow of hydraulic pumps and hydra-
ulic motors beside great fuel savings and noise de-
creasing, even in higher movement velocities.

e continual decreasing of movement velocity (by inch
pedal), for reason of directing more power for needs of
working attachments - manipulators on machine.

o regulation of Limiting Load of driving engine.

e prevention of drive wheels skidding.

3. CALCULATION

General conceptual solution of transmission for mo-
vement on construction mobile machines for which is
calculation is preformed consist of following: diesel
engine (1) [3] (Fig.2), cunpling (2), hydraulic pump (3)
with variable specific flow, hydraulic motor (4) with
variable specific flow, transmission gearbox (5), cardan
shaft (6), driving axle (7) and wheel (8).

Starting parameters that are assigned when the tra-
nsmission calculation is preformed belong to the follo-
wing set of valutes:

F)h = {Nh'nen’Fmaermax’vtmax'rd} (2)

where is: Ny- maximal power that diesel engine transfers
to the hydraulic pump; ne, - number of revolutions of di-
esel engine power; Fy- needed maximal drawing force
of machine; v - maximal operating velocity of ma-
chine; vimex - Mmaximal transporting velocity of machine;
rq - dynamic radius of wheel.

Fig. 2. General model of hydrostatic transmission for
movement of construction mobile machines

Upon the basis of assigned parameters E, needed is to
define the sizes of transmission components expressed
by the following set of values:

E,= {pmaX!qpmax’qmmaX!qmminvimllimZ’io} @)

where is: pmax - Maximal pressure of the hydrostatic
system; 0, max- Maximal specific flow of hydraulic
pump; dm max- Mmaximal specific flow of hydraulic motor;
Om min- Minimal specific flow of hydraulic motor; iy, -
gearbox transmission ratio in operating velocity of
machine; in; - gearbox transmission ratio in transporting
velocities of machine; i,- transmission ratio of driving
axles.

Maximal pressure ppax is the main parameter of hydro-
static system. Value of this pressure prescribes the cho-
ice of transmission concept in other terms, the choice of
types of hydraulic pump and hydraulic motor.

Size of hydraulic pump is defined according to input
hydraulic power N;. For the hyperbolic form of regu-
lation of pump parameters (pressure and flow) (Fig.3)
can be written equation:

— pmamein — pmianax — pQ (4)
60700 7pm 60717 pm 6077 5y77 5y

Np

where iS: Pmin,Qmax- pressure and flow of start of pump
regulation; Pmax,Qmin- pressure and flow of end of pump
regulation; p,Q- pressure and flow inside the range of
pump regulation; #p,, 77,m - volumetric and mechanical
pump efficiency ratio.
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Np=const

Prmin

i »Q
Q min Q Q max
Fig. 3. Regulating diagram of pump
By introducing the range of regulation as ratio:
e — pmax (5)
pmin
can be calculated maximal pump flow:
60- Ny -e
Qmax = —h77 pv/7pm (6)
pmax

according which is calculated pump maximal specific
flow:

1000 -
Opmax = Qmax (7
7 ov pm

where is: Qmax [1/min],gpmax [em?], Ng- pump number of
revolutions for the first step of calculation can be taken
Np=Nen.

On the basis of calculated value selected is from the
manufacturers cataloque the size of hydraulic pump.
Size of hydraulic motor is defined from defined from

condition that maximal drawing force F, of machine is
achieved at:

e maximal pressure ppax 0f pump,

o maximal specific flow gy, max Of hydraulic motor,

e transmission ratio of gearbox iy;, that is used in
operating velocities.

Needed maximal torque My on wheels at maximal
drawing force:

M max — r'd I:max (8)
On the basis of maximal torque of hydraulic motor:

M _ ( Pmax — Po )Qm max — MmaX

mmax — 2 mm . .
a Iml |0’7m’70

©)

Calculated is needed maximal specific flow of hydraulic
motor:

27 M
( Pmax = Po )iml i077mm77m770

(10)

Ommax =

where is: G max [cM°], MnaxNm], po[MPa] - pressure va-
lue in return line of hydraulic motor; 77m,- mechanical
efficiency ratio of hydraulic motor; ny,7,- efficiency
ratio of gearbox and driving axles.

On the basis of calculated value g max ,» Selected is from
the manufacturers cataloque the size of hydraulic motor.
Needed minimal specific flow gn min OF hydraulic motor
is calculated from the condition that mobile machine
achieves wanted transport velocity Vi, at:

o maximal flow of pump Q max,

o minimal specific flow ¢, min Of hydraulic motor,

e transmission ratio of gearbox iy, that is used at tra-
nsport velocities of mobile machine.

For maximal flow of pump and maximal velocity of the
machine:

Q _ Um min Mm max
P& 10007,
(11)

Hydraulic motor will have maximal specific flow:

1000-Q
Om max :ﬂnmv (12)

nmmax

where is: Nmmax- Maximal revolution number of hydraulic
motor.

Maximal revolution number of hydraulic motor nmmax
appears when mobile machine reaches maximal tra-
nsporting velocity:

Vemax 30 .
mmax — I g S Npyg (13)
rd T

n

where is: Ny max [MIN™],Ve max [M/S], 1 [M], Nimg - Maximal
permitted revolutions number of hydraulic motor that is
given in motor manufacturer cataloque.

Transmission gearbox and driving axles are produced by
the specialized manufacturers. These components are
selected according to maximal input torque. However,
for driving axles selection must be precribed also
maximal static and dynamic load on each axle. For all
components manufacturers offers available transmission
ratios.

When transmission ratio of gearbox and driving axles
are selected must be satisfied the following ratio:

L (14)

Im2 Vr max
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4. DRAWING FORCE DIAGRAM

Drawing force diagram presents mutual dependence of
drawing force machine movement velocity (Fig.4)
Movement velocity v; and drawing force F; for any
working conditions in the pump regulation range and for
any transmission ratio of gearbox can be calculated with
equation:

—r M 7
P 30
(15)
1 .
I:i :r_MmImiloﬂmmnmno (16)

d

In that case revolutions number of hydraulic motor n,
for any value of the specific flow of hydraulic motor
Om=[9max:Gmin] has value: o

F * Im1=Im2
| (qmmafaqpmin

Im1

I (qmmai(,qpmin

I (Qmminaqpmax
\
Im2

(Qmmimqpmax)

<V

Vi

Fig. 4. Drawing force diagram

1000
Nm = Q Mmv (17)
Um

and torque M, of hydraulic motor for any of the specific
flow of hydraulic motor gm=[0max.0min] has value:

m, =P —Zpo W ,,
T

By pressure changing in the interval p=[pmin,Pmax]. along

the calculation of appropriate pump flow (equation 4):

(18)

7 ov pm (19)

can be completely defined the drawing force diagram
(Fig.4) of construction mobile machine.

5. CONCLUSION

Last decade is time of very dynamic development of
hydrostatic components and hydrostatic system used for
movement transmission on the mobile machines on
wheels. In paper is presented procedure for the calcu-
lation of the elementary transmission parameters, on the
basis of assigned parameters for the needed values
prescribed for machines movements.
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HEALTH MONITORING AND PROGNOSTIC SENSORS APPLIED IN
MECHANICAL AND ELECTRONIC SYSTEMS

D. Vuji¢

Abstract: This paper deals with application of health monitoring and prognostics sensors in mechanical and electronic
systems. It is shown that health monitoring and prognostics of mechanical systems and structure has a much longer
history than electronic systems. Some sensors for electronic systems are still in a development stage.

Key words: sensors, health monitoring and prognostics, maintenance, reliability

1. INTRODUCTION

Many systems and structures, such as avionic
systems, civil infrastructures, nuclear facilities, and
mining machinery, are designed for long-term
operations and these operations need periodic
maintenance or replacement for safety and reliability.
Reliability is essential in these applications because
failure of these systems and structures can be lead to
serious loss of lives or properties.

Health monitoring and prognostics is a proactive
system to identify fault and determine health conditions
or likely failure occurrence. It provides information for
maintenance and replacement so that a failure can be
prevented in advance. In addition, prognostics in health
monitoring and prognostics systems also provides
prediction of life consumption and remaining life, which
combined with other information on health conditions
offers the possibility of maintenance and replacement on
a complete per-need basis, and hence, the possibility of
significant cost savings.

The health monitoring and maintenance of many
systems and structures has so far been depending upon
visual inspection and testing that are time consuming,
labor intensive, and costly. Using sensors in health
monitoring and prognostics enables  continuous
monitoring of a systems or structures with minimal
human involvement and with no interruption of
operation. It eliminates the need of disassembly or prior
knowledge of likely damage locations in the health
monitoring and maintenance operation.

Utilizing smart sensors developed with the latest
technologies in  microelectronics,  micro-electro-
mechanical systems, and nano-technology has become a
clear trend in health monitoring and prognostics. These
sensors provide extended sensing capability and
performance, improved design flexibility for monitoring
applications, and reduced cost. Combined with
communication and networking technologies, particular
the wireless networking technologies, the latest health
monitoring and prognostics sensors offer possibility for
developing a fully autonomous, condition-based
maintenance management system.

Prof.dr Dragoljub Vuji¢, Vojnotehnicki institut, Beograd, vujicd@eunet.yu

At the beginning of the 80 s of the last century
significant changes occurred in maintenance of turbojet
engines, as in fighter aircraft so in engines for civil
aircraft at commercial flights. Instead of maintenance to
precisely defined number of flight hours appeared a new
on-condition maintenance concept.

Owing to sensors integrated into aircraft
structure, in recently time in aviation construction, it
follows a propagation of the crack. The constructions
build from so-called smart materials, especially
composite materials, find in the last time a more and
more usage. In this way it is expanded a design life of
the construction and significantly reducing the costs. It
is very important at military fighters exposed more loads
than airplanes during commercial flights. One of the
main problem in this case, it is a processing of the signal
from sensors. The sensors need a central device or
distributed networks for processing. Based to incoming
results, this device decides about the preventive actions
necessary to attempt. Many researches are performed in
domain of the artificial intelligence, expert systems,
fuzzy logic and pattern recognition. The artificial neural
networks promise the best results in the domain of
effective pattern recognition for damage detection. The
significant progress is achieved in the past years in
domain of determing of the optimal number and sensor
position for damage location. The different optimization
technique are developed. A new development in this
area includes an application of genetic algorithm.

2. HEALTH MONITORING AND
PROGNOSTICS SENSORS IN
TRADITIONAL APPLICATIONS

Health  monitoring and  prognostics  has
traditionally been employed on safety-critical
mechanical systems and structures, such as propulsion
engines, aircraft structures, and railroad suspension
systems. Even in today, the applications of health
monitoring and prognostics systems on mechanical
machineries and structures remain dominant compared
with other applications, such as electronic systems. The
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reasons for this can be summarized from the following
perspectives:

First, if operations are carried out under designated
conditions, majority of failures now seen on properly
tested and qualified mechanical systems are of wear-out
failure mechanisms of fatigue, creep and corrosion.
People have gained sufficient knowledge and developed
technologies to avoid unexpected sudden failures.
Unlike over-stress failures, wear-out failures are a result
of damages accumulated in one or multiple processes.
These failures can be prevented using periodic
maintenance and replacement provided that the damage
can be detected in advance. Fortunately, people have
obtained enough knowledge and have mature
technologies of damage detection and fault diagnostics
on mechanical systems. These knowledge and
technologies provide a fundamental basis for developing
a feasible and an effective health monitoring and
diagnose system for mechanical machineries and
structures. As a result, people have been able to ensure a
reliable operation of a mechanical system in each
mission and use maintenance to achieve the reliable
operation of the system for its entire cycle of life.

It is well known in the reliability engineering
community that redundancy is an effective approach to
improve the overall operational reliability of the system
without  improving technology itself.  Although
redundancy can be integrated into mechanical systems in
some cases, such as the use of multiple instead of one
engine on an aircraft, designing redundant mechanical

systems is feasible in engineering only for very limited
cases. Therefore, the health monitoring and prognostic
approach, combined with periodic maintenance, needs to
play a major role in high-reliability operation of
mechanical systems and structures.

In addition, health monitoring and prognostics of
mechanical systems and structure has a much longer
history than electronic systems. An enhanced health
monitoring and prognostics system utilizing the latest
sensing technologies sees a broader need and electronic
benefit on the mechanical systems and structures than
for electronic systems. People have had a much more
ready and mature sensing, fault diagnostics, and
reliability prognostic technologies for mechanical
systems than for electronic systems. Table 1 provides
examples of health monitoring and prognostics
applications on mechanical systems and structures.

2.1 Life monitoring of components that fail

due to creep

Aerodynamic component failure in a gas turbine
engine is often affected by creep. The mechanism of the
creep is influenced by temperature and stress. The high
temperatures of the gas path produce the first of the two
requirements, and centrifugal stress from shaft rotation
produces the second. If parts susceptible to this mode of
failure go unmentioned, this will eventually result in
catastrophic failure.

Table 1. Examples of health monitoring and prognostics sensor applications on

mechanical systems and structures

Systems and structures Application

Sensing mechanism

and blades

e Crack propagation in rotating disks

Crack wire

Jet engine and other turbo- Clearance

machinery

e Rotor blade vibration, blade tip

e Fatigue accumulation,
e Foreign object damage detection

Capacitive sensing, eddy current,
infrared, optical/laser,
micro/millimeter wave

environment

e  Static and dynamic structural
deformation in high-temperature

Ceramic strain gage

life prediction

e Crack propagation and remaining

Acoustic emission and fatigue cycle
management

e Rotor head fault detection and

Acoustic emission and fatigue cycle

Aircraft structures

fatigue life prediction

management

Corrosion monitoring

Electromechanical sensing, optical
fiber

Structural damage

Fiber-optic accelerometer and
displacement, ultrasonic, acoustic
emission

Composite structure damage, fatigue

Piezoelectric/piezoceramic sensing

Large infrastructure

Deformation monitoring

Inertia sensing
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2.2 Life monitoring of components that fail

due to fatigue

Due to the nature of the operating environment of
a gas turbine engine, aerodynamic components are
constantly subjected to repeated loads, also called cyclic
loads. Despite stresses below the material’s ultimate
strength, dynamic structural deformation over time leads
to development of cracks that ultimately cause the
failure of the material. This type of damage due to cyclic
loading is termed fatigue. The state of stress created in a
turbine blade comes from two principle factors. The
torque created by the turning (deflection) of the gas as it
passes through the turbine blade passages, in
combination with the centrifugal stresses produced by
the rotation of the shaft, creates a very complex
asynchronous, two dimensional stress field.

2.3 Vibration sensors

There are three major types of sensors, which
may be used to measure machine vibrations and they
may be classified by what they measure: displacement,
velocity or acceleration.

Piezoelectric accelerometers are for measuring
the vibrations to get an indication of the machine’s
condition. Typical accelerometers have high natural
frequencies of about 25000 Hz which is a lot higher than
the natural frequencies of gas turbine engines. This
creates a wide frequency band for measurements. The
advantage of using accelerometers is that they are:
convenient, small in size, rugged, good frequency
response and can endure relatively high temperatures.
For these reasons, the accelerometer is the transducer of
choice for the health monitoring system.

The best choice is a tri-axial accelerometers
mounted on the bearing housings to measure the
movement of the shaft. The accelerometers used should
have the following specifications to ensure valuable
data: sensitivity of at least 100mV/g, amplitude range
+30g, temperature range 0-350 °C

It is important to measure the vibrations at start-
up and shutdown, since the forces that are affecting the
engine are transient, and malfunctions may be exhibited
which might not be apparent at cruise conditions.

3. HEALTH MONITORING AND
PROGNOSTICS APPLICATION IN
MICROELECTRONIC DEVICES AND
SYSTEMS

Compared to mechanical systems, using sensors
in electronic devices for health monitoring and
prognostics purpose is an emerging application. Some
IC sensors and cells that are designed for the reliable
operation of safety-critical 1Cs have been developed and
introduced. However, in contrast to a long application
history of health monitoring and prognostics sensing for
mechanical systems, these sensors and cells for
electronic system remain in a development stage. Many
issues need to be addressed before any actual
applications become possible. So far, no reports have yet

shown services of these health monitoring and
prognostics sensors and in any actual applications.

Unlike mechanical systems and structures,
electronic devices lack technologies in general for fault
detection and diagnose. Fault of electronic devices are
not limited to physical damages or defects. They also
vary significantly in nature. Even for the physical
damages, many of them are in a micron, submicron or
even nano-scale and do not necessarily link to failures or
a loss of designated electrical performance or function.
Therefore, health monitoring and prognostics of
electronic systems lacks straightforward approaches to
proceed, compared to that of mechanical systems and
structures. It can help to improve the mission reliability
of an electronic system by integrated health monitoring
and prognostics system. However, considering the
complexity of an electronic system, it can also be
difficult to quantify the improvement on a solid
theoretical or experimental basis.

The proper functioning of most electronic
systems depends on both the hardware and the software
reliability of the system. Hence, an electronic system
failure can be a result of hardware problems, software
problems, or both problems. However, sensors and
health monitoring and prognostics systems are effective
primarily on hardware failures. Therefore, using the
health monitoring and prognostics systems alone is not
able to ensure highly reliable operation of complex
electronic systems.

In contrast to mechanical systems an structures,
which encounter inherent difficulty in implementing
redundancies, design of redundancy is almost always
feasible to an electronic system from the engineering
standpoint. A simple theory on how to qualify the
reliability improvement with redundancy is also
available. To be able to evaluate reliability in a
qualitative manner is essential to many safety-critical
applications, such as avionics and nuclear operations,
due to specified limits in reliability that the federal
government requires on the operation of certain
electronic devices in these applications.

Because of these issues, health monitoring and
prognostics is unlikely to replace the role of redundancy
in the high-reliability operations of electronic systems.
The potential application of health monitoring and
prognostics sensors in electronic devices will be likely
used more for the purpose of cost reduction in
maintenance and replacement than for the purpose of
reliability improvement.

For health monitoring and prognostics system to be
implemented in actual electronic system, other issues
that need to be addressed include:

e Dependability of data interpretation and end of

life prediction

e Additional design, manufacturing and operating

cost for integrating an health monitoring and
prognostics system vs. the cost saving for using
the system in maintenance and replacement

e  Operating reliability of the sensing and data

processing system itself.
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4. PHYSICS OF FAILURE BASED LIFE
CONSUMPTION MONITORING

The parameters that are monitored in health
monitoring and prognostics system can generally
categorized as those that can be used to define the
failures of the systems to be monitored and that cannot.
The length of crack in aircraft structures in the health
monitoring of ICs and oil consumption are examples of
the first category of parameters. The measurement
results of the parameters of this category in monitoring
environment provide a direct indicator of health
condition and reliability. The parameters of the second
category are primarily those parameters that are
measures of environmental and stress conditions, such
as temperature, humidity, vibration and radiation. In
general, the technologies that are required to monitor the
parameters of the first category are application-specific,
while those technologies required for monitoring the
second categories are usually standardized and may have
multiple options in selection of monitoring devices.

Based on parameters that need to be monitored,
health monitoring and prognostics regime can also be in
two categories: a test-based system and a physics of
failure based system. A test-based system health
monitoring and prognostics system requires direct
measurement or monitoring of the parameters that can
be used to define failures. With this approach, the health
condition of an electronic system to be monitored can be
determined by benchmarking the test results against the
failure criteria defined in the remaining life prediction
can be achieved by extrapolating the test data to the
defined failure point with or without a degradation
model available on the parameters.

However, in actual application of complex
electronic systems, defining and monitoring failure
including parameters can be difficult and sometimes it
may not be feasible from the perspective of engineering
and business. Another danger with this health
monitoring and prognostics system is that it does not
require a thorough understanding of failure mechanisms
that govern the failure process. As a result, the
parameters that are monitored in the process may not be
sensitive enough for effective monitoring in the process
may not be sensitive enough for effective monitoring
until the ultimate failure occurs. The alternative
approach is to adopt a physics of failure-based health
monitoring and prognostics system. This system

considers actual environmental and loading conditions,
and requires the understanding of the dependence of
failure on those external environmental and loading
conditions. In return, the health monitoring and
prognostics of an electronic system can be completed
basically by monitoring the system’s life cycle
environment.

5. SUMMARY

With potential application in the health
monitoring and prognostics of electronic systems, two
types of cells and sensors have been developed.
However, for these emerging technologies to be used in
actual applications of electronic systems, many issues
need to be addressed. Considering the engineering
feasibility in sensor implementation health monitoring
and prognostics sensor are unlikely to play a major role
in applications, such as avionics, that require stringent
reliability operation with specified quantitative limits
imposed by the federal government. They will be likely
used more for the purpose of cost reduction in condition
based maintenance and replacement than for the purpose
of reliability and safety.
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EXPONENTIAL STABILITY OF NONLINEAR HYBRID SYSTEMS

V. Filipovic

Abstract: This paper proposes a method for analysis of exponential stability of anayisis of deterministic nonlinear
switched systems.The system models belong to a finite set of models. It is assumed that there is no jump in the state at
switching instants and there is no Zeno behaviour, i.e. there is finite number of switches on every bounded interval. The
hybrid system have wide applications; modelong of communication network, system with quantization, networked
control systems and process control. For stability analysis the multiple Lyapunov function is used. It is considered
autonomous nonlinear switched systems. The exponential stability is practically important Because such systems are
robust to perturbation. The globally exponentially stability is proved.

Key words: Switching systems, multiple Lyapunov function,exponential stability.

1. INTRODUCTION

Hybrid systems are digital real-time systems which are
embedded in analog environments. Analog part of the
hybrid systems is described with differential equations
and discrete part of the hybrid systems is a event driven
dynamics which can be described using concept from
discrete event systems [1] — [2].

In this paper we will consider the switched systems
which can be viewed as higher-level abstractions of
hybrid systems [3]. The subsystems of the switched
system are modeled as nonlinear deterministic
differential equations.

In this paper we consider the exponential stability of
switched deterministic systems. There are two ways to
analyze stability of switched deterministic systems. The
first one is construction of common Lyapunov function.
Find the common Lyapunov function is a difficult task
[4]. The second one utilizes multiple Lyapunov function
[5]. Here we will use the second approach. We assume
that

A) there is no jump in the state X at the switching
instants

B) there is no Zeno behavior, i.e. there is a finite
number of switches on every bounded interval of
time.

The situation with jump in the state of x at the switching
instants is considered in [6] and [7]. The hybrid control
is an important tool for large class of real problems. That
type of control systems cover the system with
quantization [8], control of wireless network [10] and
networked control systems [9]. Switching control
strategy in [11] is used for control of time-delay system.
Namely, here the concept of multiple models and
concept of switching controllers is used.

The analog part of system is describe by finite set of
continuous-time models with input delays and

unmodeled dynamics in the form of affline family. As a
result, the LQ switching controllers are given. In the
[12] specific form of hybrid LQ controllers is derived
using linear matrix inequalities.

The mathematical model for real process generally has
the Hammerstein-Wiener form. It means that on the
input and output of the process present nonlinear
elements (actuator and sensor). In reference [13] the
Hammerstein model (has only input nonlinearity) is
considered. The controller for such case is combination
of picewise lineae control (PLC) with low-and-high gain
feedback law (LHG). The PLC control has associated
switching surfaces in form of positively invariant set.
The key features of PLC/LHG controllers is that the
saturation level of control signal avoided.

In reference [14] the stochastic nonlinear hybrid sistem
is considered. The exponential m-stability is proved. The
main results of the paper are:

(i) the exponential m;-stability os stochastic switched
system whereby m, € (0,m) ;

(ii) the stability in probability

The presence of analog uncertainty is considered in [15]

and [16].

The syrvey of recent results from theory of hybrid

system is presented in [17]. A necessary and sufficient

condition for asymptotic stabilizability of switched
linear system is described.

In this paper we find a set of conditions under which the
deterministic switching systems is exponentially stable.
We use the multiple Lyapunov functions approach. The
finite set of models is nonlinear. It is important to
mention that exponentially stable equilibria is relevant
for practice. Namely, such systems are robust to
perturbation.

Prof. dr Vojislav Filipovi¢, Faculty of Mech.Engineering Kraljevo, filipovic.v@mfkv.kg.ac.yu
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2. PROBLEM FORMULATION

Let us suppose that E; and E, are subset of Euclidean
space, let C[Ey,E,] denote the space of all continuous
function f:E;—E, and C[Ey,E;] denote the space of all
functions f:E;—E, that are once continuously
differentiable. The functions a.e C[Rsg, Rxo] is of class K
if a is increasing and a,(0) = 0.
We define a family of systems
X(t) = T, (x(1) , 120

where xeR" and f;:;R"—> R", f(0)=0 for every peP.
The P is an index set.

For definition of switched system generated by the
family (1) we will introduce a switching signal. This is a
piecewise constant function

c:[0,0] > 2
Such a function has a finite number of discontinuities on
every bounded time interval and takes a constant values
on every interval between two consecutive switching
times. The o is continuous from the right everywhere

, V>0 3)

, VpeP 1)

ot)=lim o(7)
rt*

The switched system for the family (1) generated by o is
X(t) = o (X)) (4)
Now we will define notion of exponential stability.

Definition 1. The equilibrium (1)is exponentially stable
if there exists constants r, ki, k, > 0 such that

X[ < kafJx(to ) expt-ka (t = o)}

for vt t, >0 and Vx(t,)eB, where
B~ e R <r}

and ||| is Euclidean norm.

For our main result we need the following lemma which
is adopted from [12].

Lemma 1. Consider the system having index p in the
family (1). Suppose there exists constants a, b, c, r >0,
m>1 and a C'[R", Rs] function V,:R"— R" such that

1° alx|™ <V () <b|x|", vt>0, vxeB,

2° V() <—|x|", vt=0, ¥xeB,

Then the equilibrium of (1) is exponentially stable.

Clearly, exponential stability is a stronger property then
uniform asymptotic stability. Also, from exponential
stability follows asymptotic stability.

3. EXPONENTIAL STABILITY OF
SWITCHED SYSTEMS

Now we will formulate the main result of this paper.

Theorem 1. Consider the switched system (4). Let us
suppose that next assumptions are valid

1° index set P is finite, i.e.
P={1,2,...N}
2° function V() € C'[R",Ry,] for VpeP
3° function U() e K
4° for vxeR", m>1, VpeP and a, b>0, a<b
A" <V, (0 <bl"
5° for ¥xeR", m>1, VpeP and ¢c>0
Vo) <"
6° for every peP and every pair of switching instants
oti)=o(tj)=p , Y(t.t;),i<]
and
ot )=p for i<k<j
the inequality
V, () =V, (1)) < U ()]

is satisfied
Then the system (4) is globally exponentially stable

Proof: Let us consider subsystem (1) for fixed p. From
4°and 5° conditions of theorem follows

4V, (X(1) m
—P = <= £~V (x(0) (5)

By integration of inequality (5) on interval [t,, t] one can
get

Vo (x(1) <V, (x(t,)) exp{—%(t - to)} (6)
Using condition 4° of theorem we have
v, () < Bt exp| - St @

Let us, now, consider interval [t,, t;[. From relation (7)
and 4° and 5° assumptions of theorem we have

Vot ) (X(1)) < V(i (X(tp)) eXp{—%(tl -t )} <
. ®)
<blx(t, )" exp{—g(tl ~t )}

But, over the same interval, for p=c(ty), using
assumption 4° of the theorem, the estimate

vy ) <" = 2 i)l )< 2, () @

holds true.
From last two relations follows

2
Vo) s St epf - St} )

Now, consider the interval [t; t, [. From (6) and (10) we
have
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Vot (X(t2)) <V, (X(t))-

11)
C b2 m C (
SeXps——(ty —ty) p < —|[x(t exps——(t, -t

p{ b(z 1)} a " (o)” p{ b(z o)}
Over the same interval for p # o(t;) we have

Vo(x(t ) < blp(t )" = %(allx(tz T)s
. 12)
< gvs(tl )(X(t3))

Using relation (11) and (12) we have

2
Vi, (x(ty)) < b(gj "X(to)"m eXp{—%(tz ‘to)} (13)

The maximum possible value of the function V, occurs
when the switching signal o takes the every element
from the finite set P. Let us suppose that t,-* is the first
switching instant after all subsystems have became
active at least once since initialization at t,.

From the above analysis follows

N-1
Vp(X(tT))Sb(gj [xcto)]" exp{—%(t?—to)} (14)

Let us define the

b b N-1
y= max[b, b(gj exp{—%(tl —to)},...b(gj :

(15)
C *
~exp{—5(tj —to)}j
From 6° condition of theorem we can conclude
c
Vo (400 = Akt exp| - £t 1) (16

If a o becomes constant at some index (the case of
switching stops in finite times) the switched system,
according with condition 4° and 5° of theorem and
Lemma 1, is stable.

The second situation is that exists at least one index peP
such that positive subsequence

Vo‘(ti)(x(ti)) ' i>0 ' O-(tl) =p (17)

is infinite in length and decreasing according with
hypothesis 6° of theorem.

From (16) and (17) follows that for I3peP

Vo () <o) 0] - S0 -t0) a9
Using condition 4° of theorem

O" <Z o) exp| - £t (19)

From last relation we have
1

x| < [g) " Ix(to)| exp{—birn (t —to)} (20)

Theorem is proved.

The results of Theorem 1 can be extended to analysis of
the switched systems with the feedback. Such
possibilities now is under investigations.

Remark 1. In the reference [13] the method for stability
analysis of switched systems perturbed by a Wiener
process is considered. It is proved that stochastic
switched systems is globally asymptotically stable in
probability.

4. CONCLUSION

In this paper the analysis of exponential stability of
switched systems is considered. The multiple models is
given in the form of autonomous nonlinear differential
equations. The analyses is based on multiple Lyapunov
functions. The exponentially stable systems are robust
with respect to unmodeled dynamics.

The results will be extended to the stochastic systems
(stability of m-moment of state vector). Also, it is
interesting to extend the results to input — to — state
stability concept .
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CONTROL ALGORITHMS OF EXPONENTIAL PRACTICAL TRACKING
OF HYBRID SYSTEMS

M. J. Stojéi¢

Abstract: In this paper we consider practical tracking of nonlinear time-invariant hybrid systems, that is formed from
continuous-time object (plant) and digital computer (controller). The definition of practical exponential tracking of
hybrid systems is given. Based on this definition are given and proven criteria and control algorithms that ensure
practical exponential tracking. The simulation results worked out in an example, verify the proposed theory.

Keywords: practical tracking, exponential tracking, hybrid system, criteria and control algorithms

1. INTRODUCTION

Generally, the task of a control process is to ensure a
required closeness between real and desired dynamic
behavior of a controlled process, of a controlled plant
(object). Briefly, the control has to ensure a kind of
tracking. In other words, the real dynamic behavior
should track (follow) the desired dynamic behavior,
even in circumstances, when disturbances act on the
object.

We differentiate two concepts of tracking: Lyapunov
tracking concept (introduced by Gruji¢ in references [5]
through [10] of the paper [1]) and practical tracking
concept (defined also by Gruji¢, [1,2]). Later, the practi-
cal tracking concept was developed in the papers [3,4],
done by the same author. A further contribution to the
theory of practical tracking was given in [5] for con-
tinuous time, in [6,7] for digital and in [8,9] for hybrid
systems. The practical exponential tracking (PET)
firstly is given in [5] for continuous time and later, in
[6,7] for digital and in [8] for hybrid systems.

Tracking in the sense of Lyapunov, requires the ex-
istence of a A neighborhood of an initial desired output

Yao such that for each Yo from that neighborhood, the
object output converges to the desired output, as time
increases infinitely. This is the classical, widely known
and used tracking property called asymptotic tracking,
or simply, tracking.

Different from Lyapunov tracking concept, the prac-
tical tracking (PT) concept takes into account all techni-
cal and construction constraints, as well as the object
behavior is observed over prespecified or determined
time interval, which can be finite or infinite. This con-
cept starts with three groups of sets: 1. time

SetS RT = [0, T[, T€E ER+ 7 RS and Rr , R(Q) c Rra

) 7sr+ tracking, settling and reachability time sets re-
spectively. 2. sets of permitted output errors : the set of

initial error E, , the set of actual error E, and the set of

final error B¢, Br B S B4 (hased on these sets we
define a desired quality of tracking), and 3. group of

sets: the set of desired outputs Sya , the set of admitted

disturbances S, and the set of realizable controls S,

(based on these sets we take into account technical and
construction constraints of a real object). Sets of the
output errors are defined as time invariant sets and they
are closed connected neighborhood of zero output error
0

Based on the time sets and the set of desired outputs,
we transform the sets of the output errors to the ade-

N.t=0 ,actual

quate sets of admitted real output (initial
RO teRe ang final # O 1€ R0 ey Now the

€S that

the system real output y(t) transfer from a set of initial

PT is achieved if there exist the control u()

output X to a set of final outpu'[yF ® during time
T€R. 5o that the system real output must not leave
the set of the instantaneous output Yh (t). At the same

time disturbances should belong to the set S, . Depend-

ing on desired quality of tracking we differentiate sev-
eral kinds of PT as follow: tracking, tracking with the
settling time, tracking with the reachability time and the
exponential kind of PT.

The tracking properties are dynamic properties
which are related to the output space, or equivalently, to
the output error space. In the latter case we express that
the output error is the key signal for control synthesis.
Therefore, related to tracking, we use the fundamental
control principle, the principle of the negative output
feedback. A controlled object is a real physical system,
the dynamical behavior of which is mathematically
described by differential equations. However, its con-
troller might be continuous-time or discrete - digital. If a
digital computer is used as the controller, then it con-
nected to the object and the object form the hybrid con-

Mihajlo J. Stoj¢i¢, Faculty of Mechanical Engineering, Banja Luka, Republic of Serbs, Bosnia and Herzegovina, stojcicmihajlo@gmail.com
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trol system. There is an interaction between two differ-
ent dynamical systems: continuous-time object (plant)
and digital computer (controller). From the viewpoint of
hybrid control, the overall system is hybrid control sys-
tem (Fig. 1.).

controller

interface D/A

plant _

tz()

Fig 1. Hybrid Control System

And finally, we give some notation that used
e(tk) = yd (tk) - y(tk) = ek - the vector of

teR: _ the continuous time; keZz,.
tk = kT T =tk+l_t

throughout:
the output error;
the discrete time, k- the sampling

period; "3 ,3- the real, nonnegative integer and inte-
n, =10,], n, 3"

ger sets; - the discrete time up to
. Lo . r=nT =z . .

which tracking is realized; po “n- discrete time

: . . Z,=[0n[ .

sets of tracking defined as: n Pt

afeR a>1 yelBol e real numbers; diagonal

matrices tefLr].
F:diag{yi__l}
Vi UnUv o the  vector
maximum of the admitted control;

A = diag{a},
minimum and

BeR™™ _ the matrix describing transmission of the
control action; 1 -the unity vector of appropriate dimen-
sion .

In the criterion and algorithm, which follow below,
we will use the vector functions VR = %" from the

class V, often called "aggregate functions" (see [8] and
its references). These functions can, but need not, be in
general Lyapunov functions. Herein, they are not
Lyapunov function because they belong to the Lurie

class of functionsN(ﬁ),Ee[Li’ALi]. Next notation

. . ) Vim(o) =
and definitions we will use below:
min{v;(e;): & €Ew} Vime) = max{v,(e,): & € E¢)}

)7 LA _ the minimum and maximum of a function

Ve (€
VeV for each component; £ (®0) _ the vector of the
minimum or of the maximum of a function Y, taken in
the following

sense: Vi) (€i0) = {Vim 10 <O) v (0,¢; = 0)

V(M@ &g >0) ()=AF}

2. PROBLEM STATMENT

We consider a nonlinear stationary system which
mathematical model of the plant, together with all
actuators and sensors, is described by the vector
ordinary differential equations as:

f (x(t), x(t), -, x" (), z(t)) = Bb(u(t))
v =9(x®.20) )

where X€R" zeRP UeR" gng YR g e
state, disturbance, input and output vectors, respectively.

fiR™ED X RP SR,

The  vector  functions:

RN p r .qm m .
g:RXRT >R biR" >R Gescribe the system
internal dynamics, output and control function, respec-

tively (n,m,r,p,ne‘ﬁ)_ These functions satisfy the
usual smoothness properties. For real physical system

must be valid N=M=T1
Based on definition of perfect tracking [2] and equa-

tion (1), we calculate the nominal control Uy [8]. How-
ever, the tracking does not perfect, so that we have to
perform some corrections to the mentioned nominal
control. After these corrections, the function of control

b(u) is obtained
b(u(t)=F" (FFT) [ F(CB)"cf, (o) + p(e(t)) ]

° f Xt,Xt’...,X(ﬂ)t,Zt
(2) where f(°) denotes ( ®.x(V ® ()).
In this equation C€R™" and FeR™™ are real

det(CB) = 0

matrices that satisfy relations: and

det(FFT)=0 . .
( ) . The correction between nominal and
real control, that mentioned above, is the function

. P P
P(e):H* - % , Which depends from the output error
and from its integrals and/or derivatives.
The interaction between the controller (computer)
and the plant (object) is via the interface (that consist of
A/D and D/A converters), and it occurs only at discrete

Kth instant. At each Kth instants the first equation of
the system (1) becomes

F(x () x(t) o X" (1), 2(t)) = B (u(y,)- .

Sets of the desired outputs, of the permitted output
errors, of the admitted disturbances, the time sets as well
as the desired algorithm of practical tracking are stored

in the controller. In each Kth instants of time (we
assume that these instants are synchronous) controller

“reads” data from the plant about its Kth outputs, states
and disturbances. Based on those and stored data, the

controller calculate the new K th value of the control,
and acts on the plant (see Fig. 1).

From analysis of the equation (2), easy to see that
the control consists of two components: the first com-

ponent, that depends of the function fi (o) and of the
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second component, that depends of implemented algo-
rithm — exactly function p(o). If controller is com-
puter, the function p(o) is discrete, but the function

f‘(o) can be continuous or discrete, see [8]. In this
paper we adopt, that this function is continuous. Also,

we choose discrete function p(o), so that using this
function we achieve practical exponential tracking
(PET).

In order for the plant (1) to accomplish PET, next
assumption, for every instant keZ, , must be satisfy:

A 1. All components of the output vector y(t) and of
the disturbance vector 2% are measurable,

A 2. Each component of the state vector x(t) is
measurable or could be calculated as x(t) =
g' (v(t).z(t)) Ay

xOt,), i=1-,

components of the vectors

% are known,
A 3. The vector functions: of the internal dynamics

F() of the output 9 and of the control PC)  as
|
well defined. There exist inverse function © ) of the

function P related to UY)

u(t,)=b'[b(u(t, )]

and it is unique

3. DEFINITION AND CONTROL
ALGORITHM

Definition 1: The plant (1) controlled by Y(/€S:
exhibits practical exponential tracking with respect to

{np,A:ﬁvM’yA(o)’Syd'Sz}
[Yd (O)’Z(O)]esyd xS

* there exists a control Y

, if and only if for every
(o) € S,

such that o €N (Yoo &) implies
YK Yoi Yo u(e),2(e) Je (k). Vk € 2,

(4)
[ kledh 2 %20 e follow-

and that for every
ing:
yi(k)zydi(k)_ai(ydio_yio)ﬂikvydio 2 Yio (5)
yi(k)gydi(k)_ai(ydio_yio)ﬂik'ydio SYio (6)
hold, see Fig. 2.

Fig. 2 Practical exponential tracking

Definition of PET for hybrid systems firstly is given in
[8] and it is done to the output space.
Theorem 1. (Criterion of PET) In order for the plant (1)

controlled by u(c)es, to exhibit PET with respect to
{np’A’ﬂ'y’yA(o)’Sy"’Sz} it is sufficient that for the
function V(O)’ V(O)GN([’)’[’E[H’AH], the control
U ensures:
Av[e(kiey; ¥y (), U(), 2()) ] = -Tv[e(k)],
V[k’em Ya (), Z(°)] € Z,xE x5, xS,

U]
where is i €8l Belhol  ang for every
ie{l,---,r}

S < < v
€m  Cw (8)
holds.

Theorem 2. (Algorithm of PET) Let the assumptions Al-
A3 hold, and let the set Sy :{u(o),um Su(k)suM}
with the control function

b(u(t))=F" (FFT) "[F (CB) " Cf, () + Av(e,,) +

rv(e, ;)] VIk,e,, ¥4 (0), 2(0)] € Z, xE, xSy xS, )

where are 7 €18 Bl ool gng V(o) e N (L) g
plant (1) controlled by Yt €S exhibits PET with

respect to {00 A B30 (), 8,08,

te{l-.1} equation (8) holds.
In the equation (9) with fie© we denoted value of

f (X(tk), X(t), x ), Z(tk))

if for every

function at the k in-
stant.
PROOF: Proofs of the Theorem 1 and of the Theorem
2 are omitted because of a little space. The likewise
proofs are given in [8].

From the viewpoint of hybrid control systems,
equations (7) and (9) are the state and the output
equations of hybrid controller respectively. The vectors

of the state % and the output % of this controller are
defined as: 9 =V(&) = O =U() respectively. The
vector of continuous time control is given by
u(t) =u(t) =0y, kT < t<(k+1)T

4. SIMULATION RESULTS

For simulation of control algorithm that is proposed
in Theorem 2, we use the manipulator with three
rotating joints. Based on the technical feature and the
desired output behavior we adopt next values:

e the time of tracking 7=25: the sample period

T=10"s (it is adopted by using Shennon’s Theorem
and linear model). Based on these times we define
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the discrete time of tracking "o and the time set 20
n, = 2000, Z, =[0,2000[.
the desired dynamical behaviour of the output ,
determined by the set
acos(z/4t)e® | a=(l,+1;)/2
S =| Ya:Ya(t)=1bsin(z/4t)e®® |, b=(1,+1;)/15
c-03 +02t c=I+a
l,1, and |

where are 3 length of the rods.
o the desired quality of tracking over above adopted
time set is determined by the next output error sets,

with given the initial vector error € and the initial

E, and the actual Ex error sets:

-0.20 0.20 -0.16
E,=E,=1-016|<e<|0.16|} e, =| 0.10 |[m]
-0.10 0.10 0.06

e the sets of admitted disturbances and realizable

controls are given:

(0,t<0.5)v (-20,05<t<1)v (-5t >1)
—50e"* cos(3t)sign(sin10t)
-10+20sin(7z/2 t)

U, =—160, Uy :160,Su={u:—160§u§160}[Nm]

S, =|z:2(t)=

z

e In this example, the function Vi is Vi@z%.Also,
we adopt manner of the error change using next
data: @ =% = =1 f=1.002

7 =By, =1025, 73 =1018 gaced on these data

we calculate matrices

I =diag{0.002 00216 00119} . s _|

I = unity matrix.
The matrices: B=diag (40,40,20) and

F=J()A() "B (see [6] and its references), where

are A4 _ matrix of inertia, °%) - Jacobian. The
results of simulation of proposed algorithm by using
selected data is given at Fig. 3.

5. CONCLUSION

In the paper we consider practical tracking of nonlin-
ear time-invariant hybrid system. We give and prove the
criterion and the exponential control algorithm that
ensure EPT. The tracking properties are realized with
respect to the prespecified sets of the times, of the per-
mitted outputs and the errors, of the admitted distur-
bances and of the realizable controls. The controls are
synthesized using digital computer which play a role of
a controller, and using negative output feedback princi-
ple, also.

From result of simulation, we see that the control
that is based on the proposed algorithm force the plant
to exhibit exponential practical tracking and verify
above proposed theory.

Outputs y(t)
15 T
“““ X
------ -ty -
1 = z
3 T,
— 5 S
N 05 T e
> 15,
X "4" """"""""
2N S T T S .
07’/" """"
_05 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
time t
Controls u(t)
100 T T
“““ u
- =
_ 50f 2
5 - %
= |- ! el
£ ool k. 5 ~ar
3 =L
2 ' R T
:!H '\\ -
50t s
"\
S

time t

Fig. 3 Results of simulation
REFERENCIS
[1] Ljubomir T. Gruji¢: “Stability Versus Tracking in
Automatic Control Systems”, (in Serbian), Preceedings
JUREMA 29, Zagreb, 1984, part I, pp 1-4
[2] Ljubomir T. Gruji¢: “Phenomena, Concepts and
Problems of Automatic Tracking: Discrete Time Non-
Linear Stationary Systems with Variable Inputs”, (In
Serbian), Proceedings of first International Seminar
“Automation and Robot”, Belgrade, 28-30. may 1985.
page 402-421
[3] Ljubomir T. Gruji¢: “Tracking Versus Stability:
Theory”, (Tutorial Paper), Computing and Computers
for control systems, P.Borne et all (editors), J.C. Baltzer
AG, Scientific Publishing Co., IMACS 1989, 165-173
[4] Ljubomir T. Gruji¢: “Tracking Control Obeying
Prespecified Performance Index”, Computing and Com-
puters for control systems, P.Borne et al. (editors), J.C.
Baltzer AG, Scientific Publishing Co., IMACS 1989,
Dragan V. Lazi¢: “Analysis and Synthesis of Automatic
Practical Tracking Control”, (In Serbian) Ph. D. The-
sis, Belgrade 1995
[5] Mihajlo J. Stojci¢: “Practical Tracking of Nonlin-
ear Digital Systems”, (In Serbian) Ph. D. Thesis, Banja
Luka, March 2005
[6] Mihajlo J. Stoj¢i¢:"Exponential Practical Tracking
of Digital Systems”, (In Serbian), Proceedings of
IRMES ’06, Banja Luka, September 21-22, 2006. ,pp
337-348
[7]1 Mihaylo Y. Stoychitch (in Serb language: Muxajno
J. Cmojuuh) “On Practical Tracking of Hybrid Sys-
tems”, Nonlinear Analysis: Hybrid Systems 1 (2007),
pp 280-295
[8] Mihaylo Y. Stoychitch (in Serb language: Muxajno
J. Cmojuuk) “Summary Control Algorithms of Practical
Tracking of Hybrid Systems™, IX International Confer-
ence on Systems, Automatic Control and Measurements,
NiS, Serbia, November 22-23, 2007, page 170 - 175



VI International Triennial Conference
Heavy Machinery — HM’08
Kraljevo. 24. — 29. June 2008.

A.61

IONIZED GAS BOUNDARY LAYER ON THE POROSITY WALL OF THE
BODY WHOSE ELECTROCONDUCTIVITY IS A FUNCTION OF THE
LONGITUDINAL VELOCITY GRADIENT

S. Savi¢, B. Obrovi¢, M.Despotovié

Abstract: Planar flow of theionized gasin the boundary layer in the conditions of the so-called equilibrium ionization
is studied. The contour of the body within the fluid is porous. Theionized gasis under the influence of the outer
magnetic field which is normal to the contour of the body. The electroconductivity of the ionized gasis assumed to be a
function of the longitudinal velocity gradient. In the paper, the governing equation systemiswith suitable
transformations brought to a generalized form and numerically solved in the four-parametric approximation. Based on
the obtained numerical solutions diagrams of important physical values and characteristics of the boundary layer are

drawn. Adeguate conclusions are also made.

Key words: boundary layer, ionized gas, ionized gas electroconductivity, porous contour, general similarity method,

porosity parameter.
1. INTRODUCTION

This paper presents a detailed study of a complex
ionized gas flow in the boundary layer along a porous
contour. As known, at supersonic flow velocities the gas
dissociation is followed by ionization. Hence, the gas
becomes eectroconductive. When the ionized gas is
exposed to amagnetic field, an electric flow isformed in
the gas. Due to this flow, the so-called Lorentz force
and Joule heat generate. As a result, additional terms,
which contain the gas electroconductivity, appear in the
governing equations.

The most significant results in investigation of the
dissociated gas flow are given in the book by Dorrance
[1]. Loitsianskii and the members of his school [2, 3, 4,
5] performed a detailed investigation of the dissociated

gas flow in the boundary layer. Investigators of the so-
called Belgrade School of the Boundary Layer led by
Saljnikov [6, 7, 8] accomplished significant results in
the field of dissociated gas flow in the boundary layer.
In the works of Boricic et a [9, 10, 11] and Ivanovic
[12], MHD boundary layer on a porous and nonporous
contour of a body within the fluid is studied. In the
paper [2], the ionized gas flow in the boundary layer
aong aflat plate in the presence of a magnetic field is
studied. The paper [13] studies the ionized gas flow in
the boundary layer along a nonporous body and papers
[14, 15] study the ionized gas flow along a porous body
of an arbitrary shape. In these papers, different
electroconductivity variation laws are used.

The presented paper gives the results of investigation of
the ionized gas flow in the boundary layer along a
porous wall in the case when the electroconductivity is a
function of the longitudina velocity gradient. The
ionized gas of the same physical characteristics asin the

main flow is injected, i.e. eected with the
velocity v, (X) . The outer magnetic field is normal to the

wall of the body within the fluid. According to [2], it is
considered that the power of this field is B, = By, (X)

and that the magnetic Reynold's number is very small.
Therefore, in the case of the ionized gas flow in the
magnetic field, the governing equation system of steady
planar laminar boundary layer with the corresponding
boundary conditions, according to [2], takes the
following form:

FACORPCURY

ou ou dp
pU—+pV —=——
OX oy dx 8y
oh oh dp u)", @ (m oh 1)
pu—+pV—=u—+u— — | == 1+
X oy dx oy 6y Pr oy
+GB§1U2,
u=0, v=v,(x), h=h, for y=0,
u— ug(x), h-h(x) for y-—oo.

By analogy with MHD boundary layer [9], the ionized
gas electroconductivity o isassumed to be afunction of
the longitudinal velocity gradient

Vg Ou
GC=0p— 28y

If the pressure is eliminated from the system (1), based
on the conditions for the outer edge of the boundary
layer, the following equation system is obtained:

(og, vo=const.) . 2
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0 0
— (pu) +— (pv) =0,
aX(p) ay(p)

pua—i+pva—u=p u %+ 0 [}AQJ—GB%U,

x Ty oy oy

oh  oh du,  (ou)’ ©
pU—+pV —=—Upls—=+n A

ox Doy dx oy
G TS Y B2 u?

oy \ Pr oy

The boundary conditions remain unchanged.

2. TRANSFORMATION OF THE
EQUATIONS

Modern methods of solution of boundary layer equations
involve usage of a momentum equation. In the case of
the ionized gas flow in the boundary layer along a
porous wall, this equation will have the simplest form if
instead of physical coordinates x and y we introduce

new variables [3] in the form:

1
Po Mo

1 y
2xy)=— [pdy @4
0 o

s(x) =

X
I Pubty AX, =
O p

and a stream function y(s, z) by means of the relations:

u=a—w, v = Potto (u§+v£J:—aa—W. (5)
S

Quantities p, and p, denote the known values of the

density and the dynamic viscosity of the ionized gas
(air) at a concrete point.

Using transformations (4) and (5) the governing
equation system, together with the boundary conditions,
is transformed and brought to the following form:

2 2
oy Oy _pey, Qe Q[Q o \v]_

0z 00z 0s o2 p ° ds oz

_ Polo SgBR vo &%y oy
Pwlw Po UF 8Z° 0z

2 \?2
Quoh oy h__pey MoV, ol 2V,
0z 0s 0s oz p ds oz 0z

2
g(ga_hj+ Poto ToBnm Eazw(é’_wj _—

A%
00z\Pr 0z ) putw po UZ 022\ 0z
a—W:O, 6—W=—ﬂvwz—\7w, h=h, for z=0,
0z 0s My
(Z—W—we(s), hoh(s) for z— .
zZ

In the transformed equations (7), the nondimensional
function Q and Prandtl number Pr are determined with

the expressions:

C
OTNLL )
Putw A

where . isthethermal conductivity coefficient c;, - the

specific heat of theionized gas at a constant pressure.

In order to solve the equation system (4), it is necessary
to derive the momentum equation of theionized gason a
body with a porous contour

dz** F
L ©)

ds Ue

While deriving the momentum equation, the usua
quantities are introduced: a parameter of the form f(s),

magnetic parameter g(s), a conditional displacement

thickness A", a conditional momentum loss thickness

A™, a shear stress at the wall of the body within the
fluid t,, a nondimensiona friction function £(s), a

nondimensional value H and a characteristic boundary
layer function on the porous wall F,. With the ionized

gas flow, these quantities are defined with the relations;

w2 A
T TN 7 S
Vo Vo
**/
9(9) =0, (9) = U; Ny 22""%, N, = Lokl

Pw Hw

2 o0
N:%' A*(S)Z J. [&_inz'
Po 0 p ue

A™(8) = wi(l—i]dz, rW(S):(ua—uJ -
'([ Ue Ue oy y=0

_Pubw Yo . _ a(u/u@}
0 A**g’ C-’(S) {8(Z/A**) Z:O’
A"

H= EE
A

Fro=2[¢-(2+H)f]+g-2A.

Due to the porous wall of the body within the fluid, an
addend appears in the momentum equation. Therefore, it
is necessary to introduce a new parameter, the so-called
porosity parameter A(S) :

A:_ﬁ VWA** :_VWA**

Hw Vo Vo

= A(9) (10)

where

V, () = ﬁvw =V,
Hw

In order to apply the general similarity method, it is very
important that the boundary conditions and the stream
function on the wall of the body within the fluid remain
the same as with the nonporous wall. For that reason, a
new stream function y*(s,z) is introduced with the

relation



V(s )=yu(9+v'(s2), v(s0)=0 (11)

where y(s,0) =y, (s) denotes the stream function of
the flow aong the wall of the body within the fluid.

Applying the relation (11), the system (6) is transformed
into the following equation system:

oy" %y oy" o'y dyy 0% _pe
0z 60z s o072 ds o2 p © e

o o%y” _ GOB%E Po Ho o%y” oy’
Vo 5 Q—> 2 2 '
Z 0z Po Ug Pwhy 0z° 0z

oy” oh _oy" oh dyy oh _ pe OV
oz s os 0z ds oz p - ° oz
2
o2y Q oh
+ +v + 12
VOQ( GZZJ o222 1
B2 o2y (g™ )
+80Pm Yo Poko O W N4 :
Po UZ pwhy 02° | 0z
. oy’
=0, =0, h= for z=0,
v = hy,
82’ Suys), hoh(s) for zow
Z
3. MATHEMATICAL MODEL

In order to derive the generalized boundary layer
equations it is necessary to introduce new
transformations from the very beginning:

b/2
S=s, (s, 2 = K( )
v (5,2 =ui"?K (9@ n, «, (f,), (9, (A)],
h(s,2)=h-h[n, «, (£, (90), (AW)] (13)

s y2
he+u—‘§—hl—const K(s)—{av IubldsJ :
5 = - =|avg | Ue ;

0

a, b= const.

where n(s,z) is the newly introduced transversal
variable, @ - the newly introduced stream function and
h- the nondimensional enthalpy. Some important
quantities and characteristics of the boundary layer (10)
can be written in the form of more suitable relations:

uzueaﬁ, A" (s) = K(S)
0 u

B(s),

e

0 oD
Bs)= [ &= (1- 25 |dn,
© Ioan( 6n)n

(14)

K(9) A
A™(3) B(s)’

2 ’ S
g= B(a (DJ o f_ak j u>ds.
0

o’

In the general similarity transformations (13), with the

nondimensional functions ® and h, we introduced a
local parameter of the ionized gas compressibility
k="fy,, a set of parameters of the form f, of

Loitsianskii's type [3], a set of magnetic parameters g,
and a set of porosity parameters A, [16] by means of
the following expressions:

u - axk
R=fold)= oo e =uu? 2

k-2 N(k 1) 1/22**k -2

gk (S) =Ug : (15)

(k=1)
V,
Aw(9)=-ug™ ]
o

They present new independent variables that are used
instead of the longitudinal variable s.

The local compressibility parameter « = f, and the sets

of parameters satisfy the corresponding simple recurrent
differential equations of the form:

74" (k=123 .).

“efd_":zxfl_eo,

U ~ ds
E_Zfldd—fskz[(k—l)fl+anp]fk+fk+1:9k, (16)
E_Z fl%:{(k—afl+[k—%)|:np:|gk+gk+1 Yie
S_Zfl%:{(k—l)f1+[(2k—1)/2]Fmp}Ak+

+Ak+1=Xk' (k:1,2,3,...)

Applying the similarity transformations (13) and (15) to
the equation system (12), we obtain the following
boundary layer equation system:

2
i Qacb a8 +(22 b)fy 2
2B 611
[ } 0y 0°D 8D A 2’0 _
B? m B
B 611 m 611 (17)

2 aq> 0’0 oD %D
&\ (R 2.
= on omof,  of o

0 2 2
3 (62 o' _@6®]+

) on ondg, 0y an?
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+ix (am %0 o ach]
k ~ - ’
= om onoA, 0N, on?

0(Qdh), aB’+(2-b)fy (oh 2 pe 00
onl Prom 2B2 on  B? p on
2 2 -

4260 c1> L 2xg; 0 q)(acpj L Moh
on? B an?on B on
1| od oh ad oh
L
B”|ico on of,  of on
e (6(1) oh o@ aﬁ]
+ —_— |+
= on 09 Ogy On

+i o® oh  od oh
M\ on oA, oA on)|

rD:a—:O, h=h,=const. for n=0,
ol (18)
aﬁ—ﬂ, hoh=1-x for n-oow.
mn

The generalized equation system (17) represents a
general mathematical model of the ionized gas flow
along a porous wall of the body within the fluid for the
assumed form of the electroconductivity variation law.

4. NUMERICAL SOLUTION

When the generalized equation system (17) with the
boundary conditions (18) is numerically solved, a finite
number of parameters should be adopted so that the
solution is obtained in n- parametric approximation.
The equation system can be solved only with arelatively
small number of parameters. If we assume that all the
similarity parameters from the second one onward equal
zero:

k=fy#0, f=1=#0, g,=9=0,
A]_:A?&O, f2=f3=...=0, 92=g3=...=0, (19)
A2:A3:...:O,

the obtained equation system is significantly simplified.
Furthermore, when the general similarity method is
applied, the so-called localization is aso performed. If
we neglect derivatives per the compressibility, magnetic
and porosity parameters, the equation system (17) is
significantly simplified, and in a four-parametric three
times localized approximation it has the following form:

2 2 2
0 Q6<12) +aB +(22—b)fc]>8C]23Jr
on{  on 2B on

2 2 2
+L[&_(52J ]_iﬁ_‘D@;‘DM o0 _
p

B2 B? on”® on B an?

_Fmf o0 0’0 o0 o'
B2 | on onof  of on? )

i(gahj aBZ+(—2b)f on _
2
on | Pr on 2B 811 (20)

2 2
_2K2f Pe 0P Q q> L 2xg0 @(@@J .
B° p On on’ B on? dn
Aoh_Fpf (00 oh o0 oh
Bon B2 \(onof of on)

The boundary conditions (18) remain unchanged.

In the equations of the system (20) the subscript 1 in
some (first) parametersisleft out.

For the numerical integration of the obtained system of
differential partial eguations of the third order, it is
necessary to decrease the order of the differential
equations. Using [7]

u oD
_:_:(p:(p(r],K,f,g,A); (21)
U, On

we decrease the order of the differential equations of the
system (20), so the system together with the boundary
conditions comes to:

2
LY I LI
onl on 2B on B p

_9% ,Ado Fwflf do o0
Bon' Bon B2 \Taf of on)

0(Qah) aB’+(2-b)f q)a_ﬁ_zxf&(p
onl Pron 2B? om B? p
2kg 8(p

+ 2KQ(a®j 5 on ?

Adh Fp [ah acpaﬁ]_

(22)

n— oo.

For the nondimensional function Q [15] and the density
ratio pe/p [4] that appear in the system (22), the
following approximate formulae are used:

— Y3 ~
Q=Q(ﬁ)=[%] : Pe 1 (23)

A concrete numerical solution of the obtained system of
nonlinear and conjugated differential partial equations
(22) is performed using finite differences method, i.e.,
"passage method”. Based on the scheme of the plane
integration grid [7], derivatives of the functions ¢, ®

and h are substituted by finite differences ratios, and
the equation system (22) is brought to the following
system of algebraic equations:
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i i i i
() av k+1Pm-1k+1— 2Ow K 1Pm k1
i i i
T CM K+1PM+1,K+1 = OM K +1
oz o
(1) ay kihm-1ka =200 ¢ qhmkea+

. _J . .
+ Gtk +1MM1K+1 = O s (24)

M=23.,N-1, K=012..; ij=0L2,..

q);.,K+l:(PiK+1:0y H:I].Kﬁ-lzﬁw:COnSt. for M =1,

(PIN'K+1:1, hl]\l,K+1=1—K for M = N.
The eguation system (24) consists of two subsystems -
dynamic (1) and thermodynamic (I1).

For the concrete numerical solution of the equation
system (22), i.e., the corresponding algebraic system, a
program in FORTRAN program language has been
written. It is based on the program used in the
investigations [7]. Since Prandtl number depends little
on the temperature, for air, it is assumed to be
Pr=0.712. The constants a and b, according to [7],

have optimal values: a=0.4408; b =5.7140.

As the equation system (22) is localized per the
compressibility, porosity and magnetic parameters, these
parameters have become simple parameters. Therefore,
the eguation system (22) is solved by the usua
procedure starting from the value f =0.00 (flat plate),

for values of the parameters x, g and A given in
advance.

5. CONCLUSION

Only some of the results are presented in this paper in
the form of diagrams based on which important
conclusions are drawn:

e Regardiess of the fact whether the ionized gas is
injected into the main flow or gected from it, at
different cross-sections of the boundary layer, the
nondimensional velocity u/u, very quickly converges

towards unity (Fig. 1).

e The magnetic field has a great influence upon the
boundary layer characteristic F.,, (Fig. 2).

e The influence of the magnetic field on the
nondimensiona friction function ¢, and therefore on
the boundary layer separation point, is especialy
pointed out (Fig. 3). By increasing the values of the
magnetic parameter, the separation of the boundary
layer is postponed.

e The porosity parameter A has a great influence on the
nondimensional  friction function ¢ (Fig. 4).
Consequently, this parameter has also a significant
influence on the boundary layer separation point. Itis
noted that the injection of air, in accordance with the
relation (10), postpones the separation of the ionized
gas boundary layer because the separation point
moves down the flow.
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Fig. 1. Diagram of the nondimensional velocity u/u,

Fig. 2. Distribution of the characteristic function Fpy,

Fig. 3. Distribution of the nondimensional friction
function £(g)

Fig. 4. Distribution of the nondimensional friction
function (A)
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PE3YJIbTATBI SKCIIEPUMEHTAJBHBIX UCCJIEJOBAHUN TATOBBIX
U TOILIMBHBIX MOKA3ATEJIEA OJJTHOOCHOTI'O KOJIECHOI'O
JABUXKHUTEJIA

N.C. Cyposues, [1.H. Huxynun, P.C. Cononos, B.JI. Tronun
AHHOTAUMA: B cmamve npedcmasinenvi pe3yniomamvl 3KCHEPUMEHMANbHLIX UCCAE008AHUN NO GIUAHUIO YCIA08UL
O0BUIICEHUSL HA MSA208ble U MONIUGHblEe NoKazamenu OupdepeHyuanbHo20 MOCMA CHAONCEHHO20 KPYNHO2ADAPUMHbIMU

nHesmMamuiyeCcKuMu wunamu npu KpuGO]luHQZZHOM OBUIICEeHUU.

KiroueBbie cinoBa: OO0HOOCHbI KOIECHDLL 08UdcUmens, ougpepenyuanbusiti MOCH, CMeHO, ma2osvle U MONIUBHbLE

ROKA3amenu.
Teoperiueckue HCCIICI0BAHNS nporecca
B3auMmozeiictBus  konécuoro  gpmwkutens  (KI)

CHAaOXXEHHOTO KPYNHOTrabapUTHBIMU ITHEBMAaTHUYECKHUMHU
mmHamu  (KT'I) ¢ onopHOit MOBEpXHOCTBIO —MpU
KPHBOJIMHEHHOM  JIBIDKCHUH, BBHIIIOJIHEHHBIE B
OpeAblIymux  paborax,  TPeOYIOT  MPOBEICHUS
TIIATEIBHBIX AKCIIEPUMEHTAIBHBIX HCCIEIOBaHMH, YTO
BO3MO’KHO TOJIBKO NPH HAJMYUH CHELUAIBHBIX CTEHJIOB,
anmapaTtypbl, JaTYUKOB M JAPYroro  HaydHOTO
o0opynoBaHus, HEOOXOAUMOTO IS MICCIIEIOBAHUH.

B cBasu ¢ aTHM, B  Boponexckom
rOCyIapCTBEHHOM ApPXUTEKTYPHO-CTPOUTEIHHOM
yHHUBepcuTeTe ObLTa paspaborana /1/, a 3arem
YCOBEpILIEHCTBOBaHA KOHCTPYKLIUS CTEH/1a,
MO3BOJIAIOIAS MIPOBOJUTH 9KCIIEPUMEHTAIIbHBIE
HCCIIeIOBaHUs paboThl 0JJHOOCHOTO (pHc. 1) KonécHOro
mewkutenss cHaOxkEérHoro KI' mpm kpuBommHEHHOM
JIBIDKCHUH.

Puc. 1 — Crenng s uccnenoBaHusi paboOTHI
OJTHOOCHOTO KOJIECHOTO JIBYDKUTEIIS npu
KPHUBOJIIMHEHHOM JIBHKCHUH

TsroBblie HUCTIBITAaHUS OKI c
KpyMHOTa0ApUTHBIMH  IIHHAMH  MPOBOJWINCH  Ha
Pa3TUYHBIX PaUycax MOBOPOTA, KOTOPHIC U3MCHSUIIHCH
B mpeznenax or 7,65 mo 2,65 M, mpuueMm, BHyTpeHHeEe
KOJIECO JIBUTAIOCH 110 MUHUMAIbHOMY paauycy 1,25 m.
B pesynbraTe OBUTH MOAYYCHBI 3aBUCUMOCTH TSTOBOW
xapakrepuctukn  OKJl ¢ KkpymHOrabGapUTHBIMH
mmHamMu  pazmepom  21,00-33 momenu BD-166A wu
21,00-28 wmox. Jd-27 npu  IBMIKEHUH IO
[EMEHTOOETOHHOM MOBEPXHOCTH (pHC. 2) W TUIOTHOMY
rpyuty (puc. 3) ¢ BHYTpCHHUM [aBICHHEM BO31yXa B
mmHax py = 0,6 ... 0,2 MIla must mun 21,00-33 u py, =
0,4 .. 0,2 MIla mna mmua 21,00-28. IlomydyeHHbIe
TATOBBIC XAPAKTCPUCTUKU JAFOT BO3MOXKHOCTH CJIENIaTh
aHAIKM3 BIMSHHUS pajiyca IMOBOPOTa HA TATOBBIC W
TOIUIMBHO-2KOHOMHUYeckue Tmokazatenun OKJ mpu
KpUBOJIMHEWHOM JBW)KCHHH. YMCHBIICHHE pagnyca
MMOBOPOTa B HCCICAYEMBIX TpeAciiaX TPUBOAUT K
CYIIECTBEHHOMY BO3paCTaHHIO Kod(durmeHTa
NPOCKaJb3bIBAHUS  LIEHTPAJIbHOM  ONOPHOM  TOYKHU
obenx mmH Mocta 6,5, O,, B pe3yiapTare 4ero MpH
MOCTOSTHHOM ~ BENWYMHE CHUJBI TITH  CHIDKAETCS
JIEHCTBUTEIIbHAS CKOPOCTh JBIJKCHHUS IICHTpa 000HUX
KOJIEC, TaK U MOCTAa B II€JIOM, YMECHBIIAIOTCS TATrOBas
MOIIIHOCTh M TATOBBIN K.IT.1.

Wzmenenue panuyca nosopora ot 7,65 no 2,65
M MPH JBIKECHUH OJJHOOCHOTO KOJICCHOT'O JBUKHUTEIS C
MUATOHANPHOH ¥  pagualbHOM KOMOWHHPOBAaHHOM
muHamu pasmepom 21,00-33 mogenn BD-166A mpwu p,,
= 0,6 MIla mo ueMeHTOOCTOHHOH MOBEPXHOCTH
BBI3BIBAET YMEHBIIEHHE MAaKCUMaJbHOM  TATrOBOM
MOIIIHOCTH MOcTa cooTrBercTBeHHO Ha 10,2 u 14,5 %, a
TaK K€ MaKCHMaJbHOTO TArOBOro K.I.J. Mocta Ha 15,3
u 17,8 %.

Urope CrenanoBuu Cyposues, pexkrop BI'ACY, noktop TexHHYECKHX Hayk, mpodeccop, BopoHEKCKHI TrocyqapCTBEHHBIH apXHTEKTYpPHO-

CTpoUTeNbHBINH YHUBepcuTeT, Boponex , Poccust

ITaBen ViBanoBuu HuxynuH, JOKTOp TeXHHYECKUX Hayk, Ipodeccop, BopoHekckuil rocyjapcTBEHHBIH apXUTEKTypPHO-CTPOUTEIbHBIH YHUBEPCUTET,

Boponex , Poccust

Poman CepreeBuy CoionoB, KaHIUIAT TEXHMYECKUX HAYK, ACCHUCTCHT, BOPOHEXKCKMH TrOCYIapCTBEHHBIH apXUTEKTYPHO-CTPOUTEIbHBII

yHuBepcuret, Boponex , Poccus

Burannii Jleonnnosuy TrOHHH, accUCTEHT, BOPOHEKCKHUI TOCYJapCTBEHHbIH apXUTEKTYPHO-CTPOUTENbHBIN yHUBepcuTeT, BopoHex , Poccus, sdm-

vgasu@rambler.ru
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Ha mrotHOM TpyHTEe 1pH Rp = 2,65 M 1 py, = 0,6
MITa BenuauHbl Nymax ¥ #max OJTHOOCHOTO KOJECHOTO
JOBIDKHUTENS C IHarOHaJIBHON IMHOM HIDKE, YeM IpH Ry
= 765 m na 108 mw 17 %, c paguanbHO#
KOMOWHHMPOBAHHOW HIMHOW NMpPH TEX XK€ YCIOBHSIX Ha
9,3 u 22,9 %. Caenyer OTMETUTh, YTO MPH JBHKCHUU
OKJ c KOMOMHHPOBaHHOMN LIHHOM o
LIEMEHTOOETOHHOI MOBEPXHOCTH 3HAUYCHUS
MAaKCHMAJILHOH TSATOBOM MOIIHOCTH U MaKCHMAaJIbLHOTO
k.a. npu Ry = 6,15 m u p, = 0,6 MIla BrItie, yem Ha
mwioTHOM TrpyHTe B 1,5 1 1,1 pasa. Ilpu nemwxennn OKJ]
¢ mmHamu pasmepom 21,00-28 mox. AD-27 u p,, = 0,3
MIla 1o neMeHTOOETOHHOW TMOBEPXHOCTH H3MEHEHHE
paguyca moBopora ot 7,65 mo 2,65 M mpuBOmUT K
YMEHBIICHUIO MaKCHUMaJbHOM TArOBOM  MOLIHOCTH
Mocta Ha 12 %, a MakCHUMaJbHOrO TATOBOrO K.IILJ,.
mocta Ha 15 %. Ha nnotHom rpyHTe nipu Ry = 2,65 M u
pw = 0,3 MIla BenmuuuHbl Nimax U Tymax OJHOOCHOTO
KOJICCHOTO JIBMIKHTENS HIKE, 4eM mpu Ry = 7,65 M Ha
11,8 u 18 %.
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KpHUBEBIC: 51, NTL N1y Grl, g7, V,ZZl_ RO = 2,65M,
02, N2, 112, Gz, 92, Vo — Ro = 7,65M

Puc. 2 — TsroBeie XapaKTEPUCTHKH OIHOOCHOTO
KOJECHOTO NBIKHTENS ¢ muHaMu pasmepom 21,00-28
Mmoz. JId-27ua niementoberone mpu G,, = 69,7 kH, p,, =
0,3 MIla u pa3nu4HbIX pajuycax MoBOpoTa

Ilpn wWCCHENOBaHMK  BIWSHUS — KOHCTPYKIIMH
KapKaca IIMH Ha TATOBbIE KadyeCTBa OJHOOCHOIO
KOJICCHOTO JIBIDKHTEISI HCIONB30BATH JIBa BapHaHTa
mmH  pasmepom  21,00-33  momenu  B®D-166A:
JuaroHaJibHasd, pa}II/IaH])HaSI KOMGHHI/IpOBaHHaﬂ,
KOTOpbIC OBLIM M3TOTOBJICHBI B OIHOHN mpecc-hopMme u
OTJINYAJINCH, TNIABHBIM 00pa3oM, TOJBKO KOHCTPYKIHEH
Kapkaca.
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kpuBbi€: 61, Nr1, 771, Gri, Or1, Mt Mot Vpn —
Ro = 2,65M; d2, N, 172, G2, 9120 Mior, Mioa, Ve — Ro =
7,65Mm

Puc. 3 — Tsaroesle XapakTEPUCTHKH OIXHOOCHOIO
KOJECHOTO ABWXHTENS ¢ IMHamu pasmepom 21,00-28
Moz, J1d-27 na miotHom rpynre npu G, = 69,7 kH, p, =
0,2 MIla u pa3nu4HBIX pajuycax NoBOpoTa

AHanu3 TONYYCHHBIX TATOBBIX XapaKTEPHUCTHK
(puc. 4) mokaspIBaeT, YTO HA IJIOTHOM CYTJTHHUCTOM
rpysre mpu R, = 6,15 m u p, = 0,6 MIla makcumanpHas
TATOBast MOIIHOCTH OKJ] C paaragbHbBIMU
KOMOWHUPOBaHHBIMH IIHAMU Moaenn BD-166A Beie,
4YeM y JABHXKHTENS C AMArOHaNbHBIMH IIMHAMH Ha 22,5
%, ero k.1.a. Ha 9,5 %, cwia TATM MO CLEIUVICHUAIO — Ha
19 %.

AHaNOTUYHBIC  JaHHBIC,  OATBEPKIAIOIINC
npeumymiecTBa 10 Nimax, #max ¥ Tyomax OKI ¢
paauanbHBIMU [IHHAMH 1o CPaBHCHUIO c

JAWaroHajJbHbIMHM, MOJYYCHbBI W Ha JAPYIrUX OIIOPHBIX
IIOBCPXHOCTAX: pLIXJ'ILIﬁ TPpYHT, HCMGHTO6€TOH.
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Ha pucynkax 4.25, 4.26 npencraBieHbl TATOBBIC
xapakrepuctukn OKJ[ ¢ mmnHamu pasmepom 21,00-28
Moxa. JI®-27 COOTBETCTBEHHO Ha IIEMEHTOOETOHE H
wiotHoM rpynte npu G, = 69,7 xkH, Ry = 7,65 M u
Ppas3InYHOM AaBJICHWU BO31yXa B IIMHAX pW-

CHIXeHne BHYTPCHHCTO J[JaBJICHUA BO3AyXa B
mmHax ot 0,4 o 0,2 MIla 6aronpusiTHO cka3ajaoch Ha
TSACOBBIX U CLEMHBIX KadecTBax OKJI mpu ABMKEHUH 1O
neMeHtoOeTony. Kak mokazaHo Ha pHcyHKe 5,
3aBUCUMOCTb Kodddurmenta 6ykcopanus o = f(T/Gy),
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KpHBBIE C MH/IEKCOM: 1 — TuaroHabHas IHHA,
2 — paguanpHasi KOMOMHUPOBaHHAs IIUHA

Puc. 4 — TsaroBble XapaKTEPUCTHUKH OJHOOCHOTO
KoyiécHoro asxureis ¢ muHaMmu 21,00-33 monenu BD-
166A pa3nu4HBIX KOHCTPYKIMH Ha IUIOTHOM CBSI3HOM
rpyHTre mpu P, = 0,6 MIla, G,; = G,, = 65,7 xH, Ry =
6,15 m

CMECTHJIaCh, MPHU I3TOM, B OOJACTh MEHBIIMX €ro
3HAYEHHUH M0 CPABHEHUIO C 3aBUCHMOCTBIO, TIOTyYSHHOU
mpu Py = 0,4 MIla. Dro mpuBeNno K YBEIHYCHHIO
koddunuenra cuemteHus ¢ wa 10,8 %, moBbIcHIIO
BeMIMHY Nrmax Ha 8,5 %, NMmax Ha 6 % u cHE3MWIO

BEIMYMHY MHHUMAJIBHOTO 3HAYCHUS YACIbHOTO pacxoja
tomuBa Jr Ha 13 %.

AHanorn4yHbIe TEHACHIUN HAONIONAIOTCS M TpH
mewkeHnn OKJ[ mo minoTHOMy rpyHTY. 3aBHCHMOCTB
ko3 durmenta OykcoBanus & = f(T/Gy), Ttarxe
CMECTWJIaCh, TPU 3TOM, B 00JacTh MEHBIIUX €ro
3HAYEHUH 10 CPAaBHEHUIO C 3aBUCUMOCTBIO, TIOJIyYEHHOMN
mpu Py = 0,4 MIla. D10 TpHBENO K YBEITHMUYECHHUIO
ko3 dunuenra cuerienus ¢ na 18,8 %, moBwicuiIo
Bem9UHY Nrnax Ha 9,5 %, Nmax HA 5 % u cHE3WIO
BEIMYUHY MUHUMAIBHOTO 3HAYCHUS YICIIEHOTO Pacxoa
toruiBa gr Ha 15 %.
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kpuBble. 01, Nri, #7171, Gri, On, Va,ui - P, =04
MHa, 52, N]‘z, H12, GTZ; gTZu Vb,wZ - pw = 012 MIla

Puc. 5 — TaroBele  XapakTepUCTUKU
OJTHOOCHOTO  KOJIECHOT'O  JIBIDKUTENS C  HIMHAMH
pasmepom 21,00-28 mox. 1d-27 Ha 1IeMEHTOOCTOHE MPH
G, = 69,7 xH, Ry = 7,65 M 1 pasnTuyHOM HaBICHUU
BO3AyXa B HIMHAX

YMeHbIlIeHHE paadyca IOBOPOTa  BBI3HIBAET
CHIDKEHHWE  TATOBOH  MOIIHOCTH, JE€HCTBHUTEIILHOU
CKOPOCTH M TATOBOTO K.II.J. OJHOOCHOTO KOJIECHOTO
JIBIDKATEIST Ha HMCCIIEAYEMBIX OMOPHBIX MOBEPXHOCTSIX.
[Ipu ymenpmennn pannyca mosopota ot 7,65 no 2,65 m
Ha IUIOTHOM CYTJIMHHCTOM TPYHTE MJIsI MOCTa C
KpymHOradapuTHeiMu mrHaMu pasmepom 21,00-33 u p,,
= 0,6 MIla cuwkaoTcst Npmax u 7max OKI ¢
nuaronanbpHoM 1mmHow Ha 10,8 u 17 %, ¢ paauanbHOi
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KOMOWHUPOBAaHHOM IMUHOHN NP TeX ke YCIOBHIX Ha 9,3
u 229 %. I[lpu [OBWKEHUU OJHOOCHOTO KOJIECHOTO
JBIDKUTENS ¢ muHaMu pazmepom 21,00-28 mon. Jd-27
u P, = 0,3 MIla 10 1eMeHTOOETOHHOW MOBEPXHOCTH
U3MEHEHHe pajauyca moBopora ot 7,65 mo 2,65 m
IPUBOJUT K YMCHBIICHUIO MAKCUMAJIBHOU TIATOBOM
MOII[HOCTH MocTa Ha 12 %, a MaKCHMMAaJIbHOIO TSATOBOI'O
K.ILJI. MocTa Ha 15 %.

CHMKCHHE BHYTPCHHETO JIABJICHUS BO31yXa B
mHax ot 0,4 no 0,2 MIla GnaronpusATHO cKa3aloch Ha
TATOBBIX M CIEMHBIX KaYecTBaX OJHOOCHOTO KOJIECHOTO
JIBIDKUTEIIS TTPU IBIDKCHUHU KaK 10 [IEMEHTOOCTOHY, TaK
U 10 MJIOTHOMY TPYHTY. DTO NPHBENO K YBEIHMUYCHHUIO
koxpdunuenta cuerieHus ¢ Ha 10,8 18,8 %,
MOBBICKIIO BeTMYUHY Nrpax Ha 8,5 ... 9,5 %, ymax HA 5 ...
6 % ¥ CHM3WIO BENMYMHY MHUHHMAJILHOTO 3HAYCHUS
yIeNBbHOro pacxoa tominsa gr Ha 15 ... 25 %.

AHanu3 pe3ysnbTaToB MCCIICIOBAHUI TOKA3bIBACT,
YTO OJJTHOOCHBIN KOJIECHBIN JABUKHUTENIb C PaJUaIbHBIMU
KPYMHOTa0ApPUTHBIMHU IIIMHAMH MMEET JIYUIlIAEC TSATOBBIC
U cuenHele kauectBa. Ha miotHoM rpynTe npu R, = 6,15
M u p, = 0,6 MIla MakcumasbHas TATOBas MOIIHOCTh
OJTHOOCHOTO KOJICCHOT'O JBHXKHTEIS C pPaJdaIbHBIMU
KOMOWHUPOBaHHBIMH IIHHAMU Mozaenn BO-166A Brie,
YeM y JBIKHUTENS C JWArOHANBHBIMU ITMHAMHU Ha 22,5
%, ero k.m.a. Ha 9,5 %, MakcuMalbHasA CWIa TATU I10
crerutenuto — Ha 19 %.

Jlns  oleHKM TOINIMBHBIX TokazaTener OKJ]
UCTIONB3YIOT ~TATOBYIO  XapaKTEPHUCTUKY, OCHOBHOM
3aBHCHUMOCTBIO KOTOPOH SBJISIETCS BEIMYHHA YacOBOTO

pacxoga TommBa Gr = GH7) wu mnpousBomHas
3aBHCHMOCTD — KPHBasl YAEIbHOIO pacxoja TOILUIMBa Jr
= g(D).

B pe3yJibTare 9KCIEPUMEHTAIBHBIX

HCCHe0BaHni ObUIM MOJy4eHbl 3aBucumoctd Gr =
GHT) npu pas3IMYHBIX pajHycax MOBOPOTA MOCTa, C
IIMHAMU  KaK paguajibHOM, Tak M JIMaroHaJlbHOU
KOHCTPYKIIMH, C W3MEHEHHEM BHYTPEHHErO aBIICHUS
BO3/lyXa B IIUHAX, BEPTUKAILHON HArpy3KH, a TaKXke
ONOPHOM IIOBEPXHOCTH Kauy€HUs KOJIEC OJHOOCHOTO
newkutens. OKJl paboran mpu 3TOM B JABYX peKHUMax
HATrPY>KCHHUS: CBOOOTHOM H BEIYIIICM.

IIppu  nBWKEHUMM  OJHOOCHOIO  KOJIECHOTO
JBIDKUTENS ¢ mmHamMu pazmepom 21,00-28 mox. J1d-27
u py = 0,3 MIla o 1meMeHTOOETOHHOW MOBEPXHOCTH
W3MCHEHHEe pajmyca IoBopoTa oT 7,65 mo 2,65 M
MPUBOJUT K MOBBIIICHHIO YaCOBOTO Pacxojia TOILIHBA,
Ha BCEM [Mana3oHe M3MEHEHWS CHIBI TATH, OoT 17 10
22,8 %. MuHuMasbHAs BeJMYMHA YJEIbHOTO Pacxoja
TOIIHBA Jrmin P Rg = 2,65 M Ha 30,5 % Bbime, yem
nmpu Rp = 7,65M. XapakrepHo, uTo uem B OoJjee
HArpy»XCHHOM pPEXHME pabOTaeT OJHOOCHBIN KOJECHBIN
JBIKUATENIb, TEM HHTCHCHBHEE BO3pPAcTacT YacOBOM
pacxol TOIUIMBA MPH YMEHBIIICHUU pajuyca MOBOPOTa
BEJyIIET0 MOCTA.

Tak, mpu u3mMeHeHnn paguyca nosopora OKJI ot
7,65 mo 2,65 m: B cBobomHOM pexume (7=0) gacoBoit
pacxon ToruMBa yBenmmuuBaeTcs Ha 17 %; B pexume
MakcumanbHoro tsroBoro KIII (7 = Tyma = 0,4571G,)
- Ha 21,4 %; B pexuMe MAaKCHUMAaJIbHOW TATOBOI
MotHOCTH (T = Tntmax = 0,7T/G,) — Ha 22 %; B peskume

MaKCHMaJIbHOIH CHIIBI TSrU 10 CLEILICHHIO (7' = Tymay) —
na 22,8 %.

Ha motHoMm rpyHTe npu Ry = 2,65 M u p,, = 0,3
MIla BennumHa Gy, Ha BCEM JUAIla30HE HM3MEHEHHS
CHJIBI TSTH, BbIlIe B cpenneM Ha 20 %, a MUHMMAaIbHAS
BCJIMYMHA YJICJILHOTO PACX0/1a TOIUIMBA Jrmin Ha 33,5 %
BhIIIIE, YeM mpu Ry = 7,65M.

[pu kayeHHUM KOJIEC MOCTA MO LEMEHTOOETOHY C
muHamu pasmepom 21,00-33 pasnuuHBIX KOHCTPYKIMH
YCTaHOBJICHO, YTO Ha BCEM JUAla30HC W3MCHCHHUS
panuyca noBopota Gry HIMH pagHalbHON KOHCTPYKIIUH
HECKOJIBKO BBIIIE, YeM Y JUATOHAIBHOM, OAHAKO J7min Y
UIMH  paJualibHOM  KOHCTPYKIMH HWXE, 4YeM Y
IWArOHAJILHOM, 3a CcYéT O0oJiee BBICOKOTO 3HAYEHHUS
TsroBoi momHocTr N7. Tak, mpu Ry = 2,65 m, p, = 0,6
MIla, G, = 130,4 xH Bemwumna Gy OIHOOCHOIO
newxureis ¢ mmHaMu 21,00-33 Pt mox. BOD-166A Ha
16,5 % Bbimie, mpu 3TOM Qrmin Ha 45 % Hike, yem y
JIMaroHaNBHBIX, a TIpu Ry = 7,65 M u mpoumx paBHBIX
ycnoBusix Gy BbIIIE cOOTBETCTBeHHO Ha 6,8 %, a QUrmin
ke Ha 20,8 % y mocTta ¢ paaMaibHBIMH IIHHAMH.
Onnako, npu jaewkennd OKJ] 10 MIIOTHOMY TpYHTY
BENUYMHBI U 9acoBOr0 Gr, 1 MUHUMAIILHOTO YACIBHOTO
pacxofia TOIUIMBA Jzmin U1 PAAHAIBHBIX [IMH MEHbIIE,
yeM IS JUarOHAIBHBIX Ha BCEM AMAara3oHe M3MEHEHUS
pamuyca TMOBOpOTa, YTO OOYCIOBJEHO, B MEPBYIO
o4epe/lb, MEHBIINM COIPOTHUBICHHEM KAa4YCHHUIO KOJIEC
MoOCTa 1Mo Mpu4rHe Oojiee HU3KOHM nedopMaluu TpyHTa
BCJICICTBHEC CHM)KCHHS  HOPMAJbHBIX  KOHTAKTHBIX
HalnpsDKeHU B 00JacTH KOHTakTa y WIMH Tuma P
Hanpuwmep, 3nauenne Gy mpu Ry = 6,15 M, p, = 0,6
MIla, G, = 1314 xH png JguaroHaJbHOW IIHHBI
pasmepom 21,00-33 Ha 5,2 %, a Qmin Ha 19,3 % Gombie,
YeM IS paiiaibHON KOMOMHHUPOBAHHOM HIMHBI TOTO e
pasmepa (puc. 4).

IIpyuémM, yem MeHbLIE paguyC IOBOPOTA, TEM
CYIIECTBEHHEEe pa3HHIA B 3HAUCHHUAX Gr U Qrmin MEXIY
panuaNbHOW M JWaroHANbHOW mmHamH. Tak, mpu Ry =
2,65 M W mpouux paBHBIX YCIOBHSAX Gr M Qpmmin AL
paauanbHBIX MIUH COOTBeTCTBeHHO Ha 22 % u 39,5 %
MEHBIIIE, YEM IS TUarOHAILHEBIX.

Pe3ynbTaThl 3KCIIEPUMEHTATBHBIX HCCIICIOBAHUN
TOILJIMBHO-DKOHOMHYECKHUX IIOKa3aTejaeid OJHOOCHOIO
KOJICCHOTO JIBIDKUTEIS MO3BOJISIOT CICNIATh CICIYIOMNICE
3aKIIOUeHHE.  YMCHBIICHHE  pajudyca  MOBOPOTa
BBI3BIBAET CYIICCTBEHHOE BO3PACTAHUE KAaK YACOBOTO
pacxona toruuBa Gz, TaK 1 MHHUMAJIBHOTO YJEIHHOTO
pacxoxa TOIIMBA  Qpmin  OAHOOCHOTO  KOJIECHOTO
JIBIDKUTEINST HA UCCIIEYeMbIX OINOPHBIX MOBEPXHOCTSX,
npuuéM Haumbosiee peskoe yBenudeHue Gr U Qrmin
MPOUCXOIUT MPHU Pajrycax MOBOPOTa MOCTa MeHee 4 M.

JINTEPATYPA

[1] Hukymua  ILM.  Teopus  KPHBOJMHEHHOTO
newxernst koiécuoro apwkurenst / ILU. Huxkymun, —
Boponex: U3n-so BI'Y, 1992. — 212 c.

[2] VYabsiHOB H.A. CamoxoHble KOJIECHBIE
3emMItepoiHo-TpancnoptHeie Mamuabl /| H.A. YibsHOB,
CH I PonuHCoOH, B.T. Co110BbBEB. - M.:
Mammnoctpoenue, 1976. — 366 c.
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IMPEOBPA3OBAHUE MPUIIEITHOI'O CKPEIIEPHOI'O ATPET'ATA B
MNOJIYIPUIIEITHOM

II.U. Hukynuh, B.A. Hunos, A.C. Kupbsk

AHHOTamMs: Paspabomano ycmpoiicmeo On0KUpOSKU nepeoHe20 MOCMA NPUYenHoz20 cKkpenepa npu e20 NOAHOM
BbIBCUUBAHUY HA MA2080M pedxcume. Bvisewusanue nepednezo mocma npuyento2o ckpenepa odem G03MONCHOCHb
pacnpedenums 4acmo 8eca cKpenepa Ha ms2ay, Yeauiueds e2o ms;2oble Kaiecmed, Ymo no3eosem ocyuwecmensimsy
Habop epyHma 6 Ko8ui cKpenepa ¢ Wankou 0e3 npumeHeHus MmoaKaia mem camvlM, NOGLIUASA NPOU3EOOUMENbHOCIb

CKpeneprHoeco acpezcama.

KoaroueBsle ciioBa: [Ipuyennoii ckpenephulii azpezam, ycmpoucmseo OIOKUPOSKU WapHUpa apku-xoboma, napamempul

YCMOoUYU8oCMU.

AHani3 pa3in4HBIX CIIOCOOOB arperaTupoBaHUS
CKpENEpHBIX arperatoB B COCTABE CKpemepa M Tsrada
JaeT  BO3MOXKHOCTb  TOBOPHUTH O  ITIOBBIIICHUH
3¢ PeKTUBHOCTH pabOTHI CKPEIIEPHOTO arperara 3a CHeT
WCIIOJIb30BAHUS TIPEHMYIIECTB Pa3IMdHBIX CIIOCOOOB
arperaTupoBaHMs CKpemepa W TAradya Ha OJHOM

arperare. Hcnone3oBanue HOO0OHOTO poxa
MOJICpHU3AIMH TI03BOJISIET HOBBICUTH 3P (PEKTHBHOCTH
UCIIOIb30BaHUs CKpENepHOro arperara 6e3

3HAYNUTEIHLHOTO W3MEHEHHs PEXHMOB DPabOTBl M TEM
caMbIlM HE TMOBBIIIATH TPeOOBaHHMS K KBaJIH(UKAINU
omepatopa. IlpenMymecTBa NPUIETHON KOMIOHOBKH
CKpEeNepHOro arperara Haj IONYNpPUIENHOM Ha
TPAHCIIOPTHOM  pEXHME |  IOJIYNPHUIENHON Hax
NPUIETTHOH Ha TATOBOM pEXHME peaJn30BaHa Ha
CYLIECTBYIOIIEM CKPEIEPHOM arperare Ha IIOJUTOHE
BopoHexxckoro  rocyqapcTBEHHOTO — apXUTEKTYPHO-
CTPOUTEIBHOTO YHUBEPCUTETA.

B  kauectBe  mpOTOTMNA AT CO3MaHUSA
IKCIIEPUMEHTAIBHOTO  CKPEIEPHOro arperata ObUIO
MPHUHATO TATOBO-CIICITHOTO YCTpoiicTBO [1], Tak kKak OHO
yke ObUIO HcclienoBaHo B pabore [2] u He TpeGoBao
CYIIECTBCHHBIX U3MEHEHHH B KOHCTPYKIMH CEPUITHOrO
Tsraua u ckpemepa (puc. 1). Takas KOMIOHOBKa
YHUBEPCAIBHOTO  CLEMHOTO M JOTPYXKAIoIIero
ycrpoiictBa anst  cepuiiHoro tpakropa T-150K B
arperate ¢ npuuenssM ckpenepom J13-111A Bxirouaer
THAPOLMIMHADP JOTPY3KH 1, KOTOpBIA yCTaHOBIICH
MEXAy apKoi-Xx000TOM 2 W JbIIUIOM 3 Ha JBYX
IAPOBBIX OTOpax.

Puc. 1 - KoHCcTpykuns TAroBO-cLIemHOTO
JIOTPYKaroLIEro yCTporucTBa

[loBbllieHne  JgaBleHUs B TUAPOLMIMHIpE
JIOTPY3KH JaeT BO3MOXKHOCTb IHEPEHOCUTh 4acTh Beca
MIPULIETHOTO CKpernepa ¢ TPyHTOM Ha TsArad, TEM CaMbIM
yBENMUMBasg €ro TATOBble KadecTBa. OmHAaKo s
MaKCHMAJIFHOTO YBEJMYEHHS IIPHU KOIAHHH CIEITHOTO
Beca TATaya 3a CYeT Beca IMOCTYHAONIEro B KOBII TPYHTa
HEOOXOJMMO TIOJIHOE BBHIBEHIMBAHHE IEPEAHETO MOCTa
MIPULIETTHOTO CKperepa W MOAJEp)KaHHE €ro B JaHHOM
MIOJI0KEHUH TIPH KOTIaHUM. VICTIBITaHUS TPOBE/ICHHBIC HA
nomurone BI'ACY  mnokaszanu, YTro TpHU JaHHOU
KOMIIOHOBKE TATOBO-CLIETHOTO YCTPOWCTBa IIOJIHOE
BBIBEIIIBAHNE HepeHero MOCTa cKpenepa
HEBO3MOKHO. B mporiecce BoiBenmBanus MocTa (puc. 2)
MIPOUCXOJUIIO TOTEPs PAaBHOBECUS MOCTa B ILNAPHUPE
apku-xo00Ta ¥ CKpeNepHbId arperar IpHUHAMAI
MOJI0KEHHE TIOKa3aHHOE Ha puc. 3.

ITaBen ViBanoBny HuKyMH, JOKTOP TEXHUYECKUX HAyK, Npodeccop, BopoHexckuid rocy1apcTBEHHbIH apXUTEKTYPHO-CTPOUTEIIbHBIN YHUBEPCUTET,

sdm-vgasu@rambler.ru

Bragumup Anexcanaposud Humnos, 10oKTop TeXHHYECKHX Hayk, Ipodeccop, Boponesxckuil rocynapCTBEHHBIH apXUTEKTypPHO-CTPOUTEIbHEIN

YHHBEPCHTET

Anexcannp Cepreesud Kupbsk, acnupant, BopoHexckuil rocynapCTBEHHBIN apXUTEKTyPHO-CTPOUTEIbHBIA YHUBEPCHTET



Puc. 2 — [lonoocenue oviwna, sudpoyununopa
BLIBCUUBAHUSL U APKU-XOOOMA NpU  GblEEUUUBAHUU
nepeonezo Mocma ckpenepa

Puc. 3 - [Ilnan nonoosicenuss cKpenepHozo
azpezama nocie NONLIMKU NOJIHO20 — BbIGEULUBANUSA
nepeonezo0 Mocma cKpenepa

[IpenoTBpaiieHue omyckaHus MEpeaHEro MocTa
CKpeTiepa IpH MOMBITKE €ro MOJHOIO BBIBEIINBAHUS U3-
32 HEYCTOHMYMBOCTU TpPEXIIAPHUPHOIO TPEYroibHUKA
MOYKHO OCYIECTBIIATH IBYMSI CIIOCOOaMHU:

1) 6GnoxupoBate BO BpeMs I[OIbEMa OAWH U3

LIApPHUPOB (mpeamnouTuTenbHEE BEPXHUT)
THIPOITNHPA JTOTPY3KH BO BCEX IUIOCKOCTSX, KPOMeE
BEPTUKAIBHOH, IpOXOoAsUIeit yepe3 oChb
THIPOIIITHHLIPA;

2)IOHOCTBIO OJIOKMPOBATH BO BPEMsl MOABEMA
HIaPHUP apKU-X000Ta.

O6a 311 crioco6a B MOMEHT 3allMPaHus MOJOCTEH
THAPOLMINHIPA JCNA0T TPEXIIAPHUPHBIH TPEYroNbHUK
xkecTkuM. OpHako, TepBBIA CHOCOO  OTIIMYaeTcs
ZOCTaTOYHOMN CIIO’KHOCTBEO o KHHEMAaTHKE
HCIIONTHEHNsI, 0COOCHHO HPHHHUMAas BO BHHMaHHUE, YTO
THAPOLIJINHAP SIBIISICTCS UCIIONHUTEIBHBIM JIEMEHTOM
U [ONOJHHUTENbHAs HAarpy3ka Ha €ro IIapHHUpPBI
HexenmareapHa. [losToMy — 3amady  (pUKCHpPOBaHHS
HepeIHer0 MOCTa CKpernepa B BBHIBEIICHHOM COCTOSHUH
OblIa peleHa BTOPBIM CIIOCOOOM.

Bbio paszpaboraHo ycTpOHCTBO [Uisi OJIOKMPOBKU
IapHupa apku — X000oTa B MOMEHT BBIBEIIMBAHMS
MEepeJHEr0 MOCTa TPHIEMHOro ckpenepa (puc. 4).
TsroBo-criennHOE yCTpOicTBO 3 BKIIOYAET TIEPETHIMA
MocT 6, TATOBEIA Opyc 7 ® THIPOIMIMHID
BBIBEIIMBAHMS 8, yCTAaHOBJICHHBIH Ha MIAPOBBIX OMOpax
9 Mexay npunenHbiM OpycoM 7 M apKoi-xo0oToM 5

(puc. 4). C npOTHBOIOIOKHOW CTOPOHBI K TIEPEIHEMY
MocTy 6 KeCTKO NMpHUKperUieH HIKHUN KpoHiuTeiiH 10 ¢
Hanpasisrromeit 11, a x apke-xo0oty 5 — BepxHHA
kpoHiuTeiiH 12. JKecTkocTh BepxHero KpoHiuTeliHa 12
MEHbIIIe KECTKOCTH HIKHEro KpoHiureiHa 10.

Puc. 4 - Taeoso-cyennoe ycmpoticmeo 6
Hepaboyem noA0HCeHUU

Tsroso-crienHoe YCTPOHCTBO paboTtaer
crnenyromuM obpa3oM. B Hauane KomaHus rpyHTa MpU
MPSMOJIMHEHHOM ~JIBIDKCHHH CKPEMEpHOro arperara
omeparop Tsaraya 1 momaeT TUApopacHpeeIuTeIeM
Macio B pabo4yl  MOJOCTh  THAPOLMIHHAPA
BeiBemnBaHus 8. LLITOK rHApONMIMHIpPA BHIBEIIHBAHHS
8 BBIIBHTACTCS, YTO NPHBOOUT K OTPBIBY KOJeC
MepeiHero Mocta 6 MpUIENHOro cKpernepa 2 OT IPYHTA.
Ipu 3TOM HPOUCXOAUT nepepacnpezencHue
BEPTHKAIBHBIX HAarpy30K Ha MOCTBI CKPENEepHOro
arperara, NMpHBOJSIEE K YBEIMYECHHIO CIIECITHOTO Beca
Taraua 1. ITlogpem mepemHero wmocta 6 Oyner
MpOUCXOAUTh A0 TEX IMOP, IMOKa USMCHCHUEC YTJIa MCKIY
MIPULIETTHBIM OpycoM 7 W apKoi-X000TOM 5 He TpUBENET
K CONPUKOCHOBEHHIO HampaBisiomed 11 HmkHero
kponmreitna 10 ¢ BepxauM KponmTeitnom 12 (puc. 5).
Ipu 5TOM TPOMCXOAUT BBIPABHMUBAHKE BHICOTHI h Komec
nepexsero mocra 6 wHam rpyHtoM (puc. 6) w®
MOCTENeHHOe J1e(OPMUPOBAHNE BEPXHEro KpOHIITEeHHA
12. Heo0XoauMO OTMETHTb, YTO JUId HCKJIIOYECHUS
BpamieHusl mapHupa 4 BO BCEX IUIOCKOCTSX (B TOM
YHCIIe W TOPU3OHTAIBHON, KaK MpU TMOBOPOTE) B 30HE
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conpukocHOBeHUsT KpoHmTeiiHoB 10 m 12 momkHbBI
BO3HHUKATh 3HAUUTENbHBIC CHJIBI TPEHUS, KOTOpBIS

IpeNoTBpaTAT MHOBOPOT CKperepa W OIyCKaHHE
BBIBEIIMBAaGMOro  Mocra.  Ilpu  »sToM  [uiMHA
TUApOTWINHAPA BBIBCIIIMBAHUA 8 JOJIDKHa

(bUKCHPOBATHCS THIPOCUCTEMOMN Ha BCE BPEMsI KOTIaHHS.

Puc. 5 - Pabouee mosio)KeHHE TATOBO-CLIEITHOTO
yCTpOHCTBa

dukcupoBaHHas JUTMHA THAPOLIMIIHHIPA
BbIBEIIMBaHUsI 8 OJOKHpYyeT MmapoByl omnopy 4 u
IpeBpamaeT MpuIenHoi Opyc 7 u apKy-xoboT 5 B
JKECTKYI0 KOHCTPYKLHIO, OJHOW H3 OIOp KOTOPOH
SIBIISIETCS  COeIMHEHUE MpuUllenHoro O6pyca 7 ¢ TArauom
1. B pe3ynbTaTe CKpemepHBIN arperat W3 MPULIEITHOTO
CTaHOBHTCS TONMynpuuenHbiM (puc. 5), A8 KOTOPOro
CIIEITHOM Bec TsArada 1 HampsiMyro 3aBHCHUT OT CTEICHH
3aMojHeHUs  KoBIa rpyHTOM. CKpernepHBIH arperar
HAYMHACT KOIIAaHUE C YBEIMYCHHBIM CLCITHBIM BecoM (3a
CUET TIOJIHOTO BBHIBEIIMBAHMA IEpeAHEr0 Mocta 6
OPHIEIHOTO CKpermepa 2) W MPOAOIKAET €ro ¢
aBTOMATHUYECKH YBEIWYMBAIOIIUMCS CIEHHBIM BECOM
TsAraya 1 3a cuer WacTu Beca IIOCTYIAIOMIETO B KOBII
rpyHTa 0€3 [OMOJHHUTEIBHBIX JHEPTETHUECKUX 3aTpar
Ha IOJyIEP)KaHUE IPOLIECCa BBIBEIINBAHUS IIEPEIHEr0
MocTa 6 IpHUIenHOro cKpenepa 2.

[Mocne 3aBepieHMs 3aIIOJIHEHUS KOBIIA TPYHTOM
B MOMEHT €ro BBITJIyOJIeHust omneparop Tsrada 1 monaer
THIpOpacipeaenTeieM  Macio B Hepabouyio
(IITOKOBYIO) MOJNIOCTH THAPOLMINH/PA BHIBELIMBAHUS 8.
l'uaopormnuegp BBHIBEMIMBAHUS 8 COKpaIlaeT CBOIO
JUIMHY, KOJIeca MeperHero MocTa 6 OomycKaroTcsi Ha
TPYHT, BEPXHHUIA KPOHIITEHH 12 W HIWKHUI KpOHIITEIHH
11 mnepecrator KouTakTHpoBath (puc. 5). Illaposas
omopa 4 pa30IOKHpyeTCsI M CKpPElepHOro arperara
CHOBA CTAHOBHTCSI IPULICTTHBIM.

a)

6)

Puc. 6 - BrIpaBHHBaHWE BBICOTHI KOJEC
[ePEAHEr0 MOCTa MPH €ro BBIBCLIMBAHWH. a) HAYall0
BBIPAaBHUBAHUSL; 0) KOHEL[ BHIPABHUBAHHS

JlaHHOE TATOBO-CUENHOE YCTPOMCTBO MO3BOJISET
C MHHHUMANbHBIMH  DHEPreTHUECKUMH  3aTpaTaMu
peoOpa3oBaTh MPHULEITHOW CKpernep B MOIyNPHLETTHON
1 00€CIeYUTh HEMPEPHIBHOE YBEIMUYEHUE €ro CLEMHOro
Beca IpPH KOMAHMM 3a CYET 4YacTH Beca TIPYHTA,
MOCTYNHBIIETO B KOBIIL

[epBble UCIBITaHHUS TPOBOAWIKCH B JiBa JTaIa.
Ha mnepBom »sTanmom Oblia NpOBEIeHA IIPOBEpKa
paboTociocoGHOCTH JAHHOTO yCTpOHCTBAa  Ha
TPaHCIIOPTHOM pexumMe. [locie HeCKOJBKHX OIBITOB
OKCIICPUMECHTAJIbHO ObLIH no,u06paH1>1 OIITUMAJIbHBIC
napaMeTpbl yCTpoiicTBa OJIOKMPOBKHM IIapHUpA apKHu-
x000Ta, IpU KOTOpPHIX oOecIieunBaach HE TOJBKO
yCTOHUMBOCTb ~ IIEPEAHEr0  MOCTa  CKpemepa B
BBIBELIIEHHOM COCTOSIHMH, HO M HEOOXOJMMBIE CTEICHN
cBOOOJBI MIApHHPa apKH-X000Ta TMpPU  JBHKCHHU
CKpENepHOTO arperata ¢ OIYIICHHBIM IIEPEIHHM
MOCTOM CKperiepa.
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Ha  BTopoM »3Tame  ObUIM  NPOBEICHBI
9KCIICPHMEHTHl Ha TATOBOM pexume. Habop rpyHTa
OCYILECTBIIUICS 10 TOJHOTO OYKCOBaHUS TATa4a C
W3MEHeHneM TyOuHbI pe3anus. [lo okoHganuu Habopa
TpyHTa TPOU3BOJMICS IIOJICYET O0beMa HaOpaHHOTO
TpyHTa 1O CETKE HAaHECEHHOW Ha BHYTPECHHUX CTCHKaXx
KOBIIIA CKPETIEPA U BBICOTE KILANKU» TPYHTA.

Pe3ynbTaThl MepBBIX HCHBITAHUN MOKAa3ajd, YTO
UCIIOJIb30BaHUC npeoOpa3oBaHus OPHILETHOTO
CKpENepHOro arperara B MOJYIPHICITHOW Ha MEpHOJ
KOTIAHHUS MOBBIIIACT MaKCHUMaJbHBIH 00BeM
HabMpaeMoro TpyHTa M IOJOXKHTEIBHO BIHSCT Ha
3¢ PeKTUBHOCTh pPabOTHl CKperepHOro arperara 0e3
NPUMEHEHHS TOJIKava.

JIUTEPATYPA

[1] TATEHT Ne Poccus, k. E 02 F 3/64. . ABT u3o0p.
Hunos B.A., Kocenko A.A., Bennkanos A.B.,
I'aBpuioB A.B. (POCCUS) , - Ne/03; 3asiBieHo
19.07.2000; Omy6u1. 27.05.2002, Brox. Nel5.

[2] Kocenko A.A. IToebimenue 3¢ (peKTHBHOCTH
PabOTHI IPHULIETTHOTO CKperepa ¢ KOJICCHBIM TATa4OM:
Juc. ... kaux. TexH. HayK. - Boponex, 2003.- 182 c.

[3] Hemunenko AWM. Tlosimenne 3P(HEeKTUBHOCTH
CKpernepHbIx arperatoB. — Omck, 2005. — 282 c.
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WCCJIEJOBAHUSA U3MEHEHUA CHEITHOI'O BECA TSIT'AUYEH
CKPEIIEPHBIX ATPEI'ATOB

B.A. Hunos, I1.1. Hukynun

AnHoTaumsi: B cmamve paccmampueaemcst 60npoOC USMEHEHUS CYENHO20 6eCd CKPENEepHblx mszayetl npu 3anojHeruu
Kosuia, npueodﬂmc;l pe3yivmanbvl MCCJZQOOBGHMMV, NnO360JIANWMUX 0060CHOBAMb NOCMOSIHCMBO CYenHozo eeca msecada
CKpenepa npu 3anojHeHUUu Koeuld. Hpueodﬂmc;z peKOMeH()aL;MM no cma6u/m3auuu u yeeiudenuro cyennoco eeca

mszaueti CKpenepoa.

KaroueBsie cnoBa: Tseay, cyennoti gec, 2pynm, 002py3Ka, HOPMAbHble PeaKyuu SpyHma

Ckpernepbl SIBISIIOTCS YHHKaIBHBIME 3€MIIEPOWHO-
TPaHCIIOPTHBIMU MalllMHAMH, KOTOpbIE B TEUCHHE
TEXHOJIOTUYECKOTO IMKJIA BBIIOJHIIOT pa3paboTKy
rpynta l...1lIl  kareropwii, ero TpaHCHOPTHPOBKY B
TEJI0O WHXXEHEPHOTO COOPY)KEHHWS Ha PACCTOSHHE 0
3...5 KM, TOCIOHHYIO YKIaAKy, pa3paBHHBaHHE WU
NpeABapUTENbHOE  YIUIOTHEHHWE  TrpyHTa.  OHH
OTJIMYAIOTCS BBICOKOH IPOM3BOIUTEIBHOCTBIO, HU3KOM
CTOMMOCTBIO BBINOJHAEMBIX PabOT W C  YCIEXOM

OPUMEHSIOTCS B JIOPOXKHOM,  MEJIHOPATHBHOM
crpoutenbctBe [1] ®W  HAa  OTKPBITBIX  TOPHBIX
paspaborkax [2].

B  OonbIIMHCTBE  KOHCTPYKUHMH  CKpENEPHBIX

arperatoB (CA) paspylieHdHe TpyHTa M 3arOJHEHHE
KOBIIIA OCYIIECTBIICTCA 3@ CYUET TITOBOTO YCHIIHSI
0a3oBOro  TsAraya. IMosToMy  yBenmuueHue
3G GEKTUBHOCTH UX JKCIUTyaTallid BO3MOXKHO 3a CYET
YBEJIMYEHUS]  TATOBO-CHENHBIX ~ KayeCcTB  0a30BOr0
TATaya, BEJIWYHNHA TATOBOTO YCHIHMS KOTOPOTO 3aBHCHT
OT TapaMeTpoB JBHUraTels], TPAHCMHUCCHH M CIEITHOTO
Beca CKpEMepHOro arperara Mpu Komanuu rpyHra. [Ipu
3alOJIHCHNM  KOBIIA CKperepa TPYHTOM  JIOJDKEH
HU3MEHSTBCS CIICMIHOW BeC Tsrada, MpPHYEM, HA 3TOT
MPOLIECC ONPEJEIICHHOE BIMSHHE OKAa3bIBAET CIOCO0
COWICHEHHUS TSraya U CKPENepHOro 000py 10BaHMs.
3KCHepHMeHTaJ1beIMI/I HUCCIICA0OBAHUSIMU paaa
aBTOpoB [3...6] ycTaHOBIEHO, YTO, HECMOTPS Ha
3HAYUTEIbHBIA 00bEM TPYHTA, MOCTYIHBIIETO B KOBII
(maxke B KOHEUYHOM CTaJWHM 3alOJHEHHWsS KOBIIA),
CIIETTHON BEC TATAYa Majo M3MEHSETCS OTHOCHTENBHO
€ro CTaTHYECKOTO 3HAUYEHHMS TIPH MTOPOKHEM KOBIIIE.
CuenmHOlf Bec CaMOXOJHOTO CKpermepa Ha 0ase
OJTHOOCHOTO Tsraya TPH KOMAHHH YBEIHUMBACTCSI
Bcero Ha 12...15 % [3...5] (puc. 1), anst npumenHoOro
CKperepa CIENHOM BeCc TsAraya yMEHBINAETCS Ha
14...18 % BHe 3aBUCHUMOCTH OT THIIA JBHKHTCIS
(komecHbIif WM TyceHWuHbIH) Tarada [6]. Cromb
HeOOJIbIIHE W3MEHEHHsT CIETHOr0 Beca Tsraya
OOBSICHSIFOTCS 3HAYUTEITBHBIM CHJIOBBEIM

B3aMMOJICCTBUEM I'PYHTOBOM CTPYKH, IOCTYNAIOLIEH B
KOBLI, C HAXOAAIIUMCS B HEM I'PYHTOM.

Puc. 1. HopmaneHBIe peakiiuy TpyHTa Ha KoJieca
KOBIIIa CKpernepa Ipu KOTTaHUH

B pabore [3] mpemnoxkHO BKIIOYHTH B CXEMYy CHI,
JIEACTBYIOIIMX B 30HE HOXA CKpENepa, CONPOTHUBICHUE
MpoTanKkuBaHuio TpyHTa B KoBI W,,.,, KOTOpOE HE
YUHTBIBAJIOCh paHee NPU HU3YYEHHH BEPTHUKAIBHBIX
peakiuii TpyHTa Ha Kojieca KOBIIA CKperepa IpHU
KonmaHuu. PU3NYECKUil CMBICT JEUCTBUS 3TOM CUJIBI B
30HE HOXa 3aKJI0YaeTcss B TOM, YTO OHA CTPEMHUTCS
BBIBECUTH KOBIII Ha IJIACTE, BXOASIIETO B KOBII TPYHTA 3a
CYET CWJI TPEHHS B IMOTPAHUYHBIX CIIOSX YK€ HAOpaHHOTO
B KOBIII TPYHTA.

Yeumme Wy, HW3MEHSETCS B 3HAYMTENBHBIX
mpejenax, yBeIM4UBasACh K KOHILy 3allOJHEHUS KOBIIA 10
60...70 % ot Bcero TAroBOro yCHius:

Wkogm = I:BhH + (B + h)H Ztg e%} . ype/‘/’ , (1)

rae B — mupuHa pe3aHus TPyHTa;
h — rmyOuna pesanus TpyHTa;
H — BrIcOTa 3amoIHEHHNS KOBIIIA,
¥, — OOBEMHBIH BEC TPYHTA,;
6, — yron BHyTpEHHETO TPEHUSI IPYHTA;
€” — x03(hGUIUEHT, YIUTHIBAIOIINIA COIIPOTUBIICHHUE,
BO3HHUKAIOIIEEe NPH U3MCHCHHU HANPABICHUS JBHKCHHS
CTPY’XKKH IpyHTa Ha yToJI p.

Bramumup Anexcanaposid HUmoB |, JOKTOp TexH. Hayk, podeccop, BopoHexckuii rocy1apcTBEHHBIIH apXUTEKTYPHO-CTPOHTENBHBIH YHIBEpCHTET, Poccrst
TTaBen MBanosia HukymiH, HOKTOp TeXH. HayK, podeccop, BopoHeskckuii rocyrapcTBeHHBIN apXUTEeKTypHO-CTPOUTENbHBIN YHUBepCHTeT, Poccns,

rector@vgasa.voronezh.su
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Vuer cwibl Wy, ONpemenseMoll Mo 3aBUCHMOCTH
D, TO3BOJIAII KOJIMYECTBEHHO OOBSCHUTH
HE3HAYHMTEBHOE YBEIMYCHHE CIICTTHOTO Beca
CaMOXOJIHOTO CKperiepa TPH KOIMAHWM TPYHTA, OIXHAKO
3aBucuMocTh (1)  aHanmorm4Ha  3aBHCHMOCTH  JIIst
OMpE/ICTICHUsT  COTMPOTHBIICHUST  3alOJHEHUIO  KOBIIIA,
KOTOpO€ JEWCTBYeT HE B BEpPTUKAJIbHOW, a B

FOpPI3OHTaJ'ILHOI>i ITIJIOCKOCTH. DT0  00CTOATENBCTBO
YKa3bIBa€T Ha HeO6XOI[I/IMOCTI> MpOBEACHUA
JOIIOJTHUTCJIBHBIX I/ICCJ'IGZ[OBaHI/Iﬁ 1o H3YyUCHHIO

BEPTHKAIBHBIX HATPY30K Ha MOCTHI CKperepa Ipu
KOTTaHHH.

HamMu  GbUTO  TpeiosKeHO  IJIsk  pacdera
BEPTHKAIBHBIX HArPY30K HA MOCTBI CKperepa Ipu
komauuu [7] uckmouums Bec mpusmbl Gpp (cTonba)
rpyHTa (puc. 2), HaXOISIIErOCs B aKTHBHOM JBHXXCHHU
B KOBIIE, M3 OajaHca BEPTHKAIbHBIX CHJ, Kak
OMUPAMOIIUIICS HAa MaccHB emié He pa3paboTaHHOIo
rpyHTa.

Puc. 2. Cxema 3amoJiHEHHUs KOBIIIA CKperepa npu
KOIIaHWHU TPYHTA

Ilpu ompenencHWU BEPTHKAIBHBIX HArpy30K Ha
CKpenep clleyeT YYHUTBIBAThb 6ec He 6ce20 2pyHmd,
HAOpaHHOTO B KOBII, a TOJBKO 8€C HENOOBUNCHOZO
epynma B niepenueit G; u 3amHei Glg JacTIX KOBIIA,
T.€. TPYHT, HAaXOAALIMICS CO CTOPOHBI HEpeIHEN
3aCJIOHKM W 3aJHEH  CTEHKH. Bec  cromba
(cummerpuuHoOii mpu3mbl) rpyHTa Gp HE TIEpEmAcTCS
Ha KOBII M HE yYacTBYeT B OajlaHCE BEPTHUKAIbHBIX
CHIL.

Taxoi MOXO0JT HO3BOJISIET 00BEKTHBHEE
BOCTIpOM3BECTH (DM3WYECKYI0 KAapTHHY 3allOJHCHUS
KOBIIIa CKpernepa U TOYHEE PACCUNTHIBATE HOPMAIIbHBIC
peaxm TpyHTa Ha Kojieca CKperepa B 3aBUCHMOCTHU
OT CTETICHU 3aIIOJHEHHUS KOBIIA CKpenepa TPyHTOM II0
MIPOCTHIM aHAIUTHYECKUM 3aBHCHMOCTSIM:

JUTSL CaMOXOJIHOTO cKperepa (puc. 3):

Puc. 3. Cxema cui, freficTBYIOIINX Ha
CaMOXOJHBIH CKpernep IpyU KOMaHUU IPyHTa

Ry = 1L [Ge(L-Xg) + GXp+ GsXs- PoX 5 -F Xe +
+Trhs+ TeCl, ()

R, = 1/L [GcXg + Gr(L-Xn) + G3(L-X3) -Fpp(L-Xg) +
- Pihy, - Po(L-X;) = Ta(L+C) = Tr(hs - hy)l,  (3)
rae L — npononsHast 6a3a ckpenepa, M;
Gj; u G3 — Bec TpyHTa B MEpeIHEH M 3aiHEH 4YacTsix
KoBia, H;
G¢ — BeC METALIOKOHCTPYKIM# ckperepa, H;
P u P,— cocrasisirouye ycunus konanvs, H;
T 1 Tr— cocTaBisoOIIKe ycunus Toiakada, H.
JUISL TIPMILIETTHOTO CKpernepa (puc. 4):

Puc. 4. Cxema cu1, IeHCTBYIOIIMX HA
MIPHULIEITHON CKpernep MpH KOTAaHNH TPyHTa

Rs= L/L [Go(L-Xg) + GrXp+ G3X3- PoX o+
- FpXe+ Trhe+ TeC + T(hu+ h)],  (4)

Ry =1L [GcXe + Gr(L-Xp) + G3(L-X3) — Frp(L-Xp)+ -
Py (huthy) - Po(L-X3) - Tp(L+C) — Tr(hs —hy)], (5)

roe  h, — BBICOTA MIapHMpa MIAPOBOIO OIOPHOTO
YCTpPOMCTBA.

Pacuertsl, BBITIOJIHEHHBIE 1o NPUBEICHHBIM
3aBucuMocTsIM (2, 3), TIOKa3BIBAIOT  yBEJIHUYCHHE

HOPMAaJIbHBIX PEaKIUil TPyHTa Ha Kolieca CaMOXOHOTO
CKperepa Mpu KOMaHWHU IPyHTa ¢ ToiakadoM Ha 8...12 %
Opy  CTENICHH  3alOJHeHWsT  KOBIIA  TPYHTOM
cootBerctBenHo 60 u 100 %, 4to XOpoIIo coriacyercs ¢
9KCMIEPUMEHTAbHBIMH JTaHHBIMH, MOJYYCHHBIMUA HAMH H
JOPYTHMH aBTOPaMH.

Pacuerst mo 3aBucumocTsM (4, 5) TmOKa3bIBAIOT
yBENIMYCHHE HOPMAJBHBIX DPEAKUUH TPyHTa Ha MOCTHI
OPHIETTHOTO CKperepa Mpd KOMaHWM 0e3 ToiKada Ha
20...30 %.

IMPOBCJACHHLIC C

DKCIIepUMEHTaIbHbIC HCCIIE0BAHM,

TPHIECTTHBIMA CKperepamH,
OyKCHpYyeMBIMH TyceHWYHbIM [6] u KomecHsM [8]
TSIra4aMy Jadd oOpaTHyto KapTHHY. WHCTpyMEHTaTbHBIC
uccnenoanust [8] mpumennoro ckpemepa J13-111 ¢
TsiradoM T150K mokazamy ymeHbIIEHHE BEPTHUKAILHOTO
HATPY)KEHHsT TIePEHEr0 MOCTa MPHIEITHOTO CKperepa B

3aBHCHUMOCTH OT peajn3yeMoil um cuisl Taru Ha 4,5...10
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kH (npu BepTHKAIBHON Harpyske Ha repeaHuii MocT 35
kH).

Y cTaHOBIIEHHBIN dakT  wWMeer  KpaiiHe
OTpULIATENBHOE BIMSHHE KaK Ha TATOBO-CLEIHBIE
KayecTBa CaMOro Tirada, TaK M Ha TEXHHKO-
SKOHOMHMYECKHE IOKa3aTelll CKPENEepHOro arperara B
1enoM. AHaiIu3 KOHCTPYKUMH CEPUMHOTO MNPHUIIETTHOTO
ycTpoiictBa ckperepa JI3-111 (puc. 5) mo3Bommn
YCTaHOBUTH IPUYUHY 3TOTO SBJICHHUSI.

W3 cxeMbl cuil, peACTaBIeHHON Ha PUC. 5, MOXHO
OIIPEJICTINTh BEPTHKaNIbHOE ycuiane K Ha NPHUIETHOM

YCTPOUCTBE CKpemnepa:

K="T[r(h+h)-Rub-G,a]. (6
L@7
6 Ruw
w
T |y ¥
-
0
i%“ y Gor ' J....E
N e
/ﬁp -JY

Puc. 5. Cxema cui1, IeHCTBYIONIMX HA IPHUIICTTHOEC
YCTPOMICTBO

rae T — cuita TATH KOJIECHOTO TsTraya,
R, — BepTHKaIbHAs HAIPy3Ka Ha IIAPOBYIO OMOPY;

G, — Bec npuLenHoro 6pyca,

L, — AnvHa npunenHoro 6pyca;

K — BepTuKasibHas yPaBHOBEIINBAIOIIAS CUIIA;

6, a, h, hy — meun neWcTBHS COOTBETCTBYIOLIMX
CHIL.

Awnanuz BeIpaxenuss (6) mMokaspIBaeT, YTO Ha
ceputiHoe npuyenHoe Ycmpoucmeo TPU Tepenaue
TAroBOro ycwins 7 (MyHKTHPHBIE JIMHUK) C Tsrada Ha
[IapOBOE  YCTPOMCTBO  apku-xo0oTa  cKperepa
Oeticmeyem eepmuxanvhas cuia K, TpUITOXKeHHas K
npunenHomy 6pycy Bum3 (puc. 5). Ha Tsrau meiictByer
COOTBETCTBYIOIIAss cuia Kj, HampaBlieHHAs BBEPX H,
CJIEIOBATENILHO, CHIDKAIOIIAS €ro CLENMHON Bec. Takoe
CHJIOBOE B3aMMOJICHCTBHE CEPUHHOTO MPHUIIEITHOTO
YCTPOMCTBA CKpernepa W TArada sIBISICTCS] CIIEJACTBHEM
HEIOCTaTKa KOHCTPYKIIHH, a HE PE3YJIbTaTOM Ipoliecca
KOIIaHUS.

B npuBenentnoM Beipaxkenuu (6) /151 MPaKTHUECKUX
pacyeToB JBYMsi MpPAaBBIMH  CIaraeéMbIMH  MOXHO
npeHebpeus, T.K. miedo 6 = 0,01L;, a G5, = 0,15T. B
9TOM CIly4ae JUlsl UCKIFOUCHUS! YMEHbBILICHUS CLHEITHOTO
BECa TATaYa 3a CUET CHJIBI TATH 1 MPH KOIIAHUM TPyHTa

HE00X0ANMO COOIOIEHNE YCIIOBHS:

h=-h,. @)
B sToM ciiyuae cuiia TSATH, pa3BHBacMas KOJIECHBIM
TATa40M, HE OyJeT BBI3bIBATH YMEHBIICHUE CIICITHOTO
Beca TsArada CKpernepHoro arperata. HemocraTkom Takoid
MOJICpHU3AIMK OyIeT HATPY)KEHHE METAIUIOKOHCTPYKIIHIA
MPUILIECITHOTO Opyca M3rHOaromuM MOMEHTOM, YTO MMEET
MECTO M B CTaHJAPTHOW KOHCTPYKIUH IMPHIIEITHOTO
YCTpOKCTBA.

Ha puc. 6 TIPUBEICHBI PpE3yNbTaThI

MHCTPYMEHTAIBHBIX HCCICIOBAHMN HM3MEHEHHS TPYHTa
BEPTUKAIBHBIX HATPY30K MPHU KOMAHHH Ha BCE MOCTBI
NPUIIETTHOTO  CKpemepHoro arperara: Tsrad T-150K,
ckperiep JI3-111 ¢ morpyskoit [9]. Jorpys3ka Tsraga
OCYILIECTBIIAICTCS 33 CYET BBIBCLIMBAHMS MEPEAHEr0 MOCTa
IPHIETTHOTO CKpenepa.

Puc. 6. V3ameHeHne BepTUKAIBHBIX HAIPy30K Ha MOCTBI
KOBIIIA TIPUIIETTHOTO CKperepa MpH KOIaHWW TPYHTA C
YBEJIMYEHHBIM CIIEIIHBIM BECOM Tsraya (C JOrpy3KOi
pY TIOCTOSIHHOM rmy6uHe pe3anus 80 mm [7])

Ha HavambHOM yuwacTke komanus (myte 6.9 M)
XopoIro BUIHO (puc. 6), 94TO KOMaHWEe HAYMHAIOCH Oe3
YBEJIMYEHHUS CIETTHOro Beca Tsrada. [Ipu 3ToM cuenHoit
Bec Tsarada G, M COCTaBIIIONINE €T0 BEPTHKAIbHBIC
HATrpy3KH Ha mepenauit R; u 3agHmit R, MOCTHI TsATaya
yMeHbIIAIOTC.  [IpM  BKIIOYEHMH  THAPOLWIMHAPA
norpysku (masnenust qorpys3ku p = 10 MlIla) npoucxomur
M3MEHEHHEe BEPTHKAIBHBIX Harpy30K HAa MOCTBI CKperepa
u TArada. Bce BepTUKaJIbHBIE HArPy3KH B 3TOT MOMEHT
HU3MCHAIOTCA CTYIIEHYATO.

BeprtukanbHasa Harpyska R, Ha 3aaHMIT MOCT TpakTopa
pe3ko Bo3pactaeT Ha 80 %, a Ha mepemHmii Moct R; —
yMeHbInaercsi Ha 7 %. YMeHbIIEHHE BEpTHUKAJILHOM
Harpy3KH Ha IepeJHHi MocT ckpenepa Rz cocrasnser 60
%, a Ha 3agHUI MOCT CKperepa R, Harpyska Bo3pacTaeT
Ha 35 %. VYBenuueHue cuenHoro Beca Tpakropa G, B
3TOT TepeXxomHbliii MoMeHT cocrtaBister 20 %. lanee B
nporecce Komauusi (P MOCTOSHHOW TIyOWHE Pe3aHwsl)
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BEIMYMHA BEPTUKAIBHBIX HArpy30K Ha MOCTHI Tsrada
CcHUdICaemcs.

W3 naHHBIX, IPUBEJCHHBIX Ha pUC. 6, OTYETIMBO
BUJHO, YTO C YBEIUYCHHEM KOJIMYECTBA TPyHTa B
KOBIIIE M KPIOKOBOM HAarpys3ku Ha Tsrad IPOUCXOAUT
HOYTH JTUHEHHOE CHUdICeHUe cyennoz2o eeca mazaya. B
KOHIIE KOMaHUS CIENHOM Bec TAraya, HECMOTps Ha
paboTy gorpyxkaromiero ycrpoiictea [9], mamaer
NPaKTUYEeCKH JI0 €ro CTaTU4eCKOr0 3HAYeHUs.
Oxka3pIBaeTcsi, 4YTO JOTrpy’Kalollee YCTPOHCTBO MpU
KOTIaHUH MpOCTO JACTHYHO KOMITCHCUPYET
OTpHUIaTEIFHOE BO3/IEHCTBIE KOHCTPYKIIMH CEPUHHOTO
NIPULENTHOIO yCTPOMCTBA HA CLEMHOM BEC TsAraya.

WHCTpyMeHTanbHO 3a()UKCHPOBAHO yBEIMUYECHUE
BEepPTUKAJIBHON  Harpy3ku R; Ha mepemHmii moct
CKpernepa B npolecce Konanusi 0e3 I0rpy3KH K KOHILY
HarosiHeHust 70 35 %. Ilpu Hamuuum CUibl TSATH Ha
NPHLENHON CKOOE TAroBOro Opyca ONPOKHIBIBAIOIIEE
yeunmue K (puc. 5) pasepysicaem msizau u docpysicaem
nepedHuli  mMocm — ckpenepa, TO  €CTb  OHO
nepepacnpeesnseT BepTUKAIBHYIO Harpy3Ky C TsArada Ha
MepeHui ~ MOCT  CKpemepa. Nmenno  stum
00CTOSITENIECTBOM MOXHO OOBSICHUTH TAaKOE BBICOKOE
MIPOLICHTHOE YBEIMYEHNE HArpy3KH Ha IMEpeJHUIl MOCT
npurertHoro  ckperepa  J13-111 (o  cpaBHEeHHIO C
CaMOXOIHBIMH CKpETIepaMHu).

BbIBO/IbI

1. BeprukanbHble Harpy3ku Ha MOCTBI
CaMOXOZHOTO M NPUILIENHOI0 CKPENnepoB IpU KOMAHUU
U3MEHSIOTCSI  HE3HAUUTENbHO  OTHOCUTEIBHO  HX
CTaTUYECKOT0 3HAUCHHS MPU IOPOXKHEM KOBIIIE.

2. JIns ompeneneHnst BEPTUKAIBHBIX HArpy3ok Ha
MOCTBl ~ CKperepa TpH  KOIaHHM  HEoOXOIMMO

WCKIII0YaTh U3 OajlaHca BEPTHKAIBHBIX CHJI BEC aKTHBHO
JBIDKYIIEroCsl B KOBIIE CTOJI0A TPyHTA.

3.Heo0x0anM0O HM3MEHHTh KOHCTPYKIHIO CEpHIHOTO
MPUIIETTHOTO YCTPOICTBA NPHIETTHOTO CKpernepa TaKuM
o0pa3oM, 4TOOBI cO3jaBaeMas TArauoM CHIa TATH He
yMEHbIIIAIa €ro CLUENHOMN BeC, a, HA00OPOT, yBEIHUHBAIA.
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OCHOBbI CO3JAHUA KPAHOB-MAHUITYJIATOPOB IS
CTPOUTEJIBHO-MOHTAKHBIX PABOT

M. A. CrenranoB

AHHOTanM: /14 nogvluieHusi npou3800UMenbHOCIU U KAUeCmed CImpoumenbHo-MOHMAICHbIX pabom HeodXo0umo
BHEOpeHUe COBPEMEHHBIX POOOMUSUPOBANHBIX MeXHOI02ull. [1epabim wazom 0s pewieHuss Smou npodIeMbl AGIAEMCS
€030aHUs KPAHOG-MAHUNYIAMOPOE 0151 cmpoumenbcmea. Paccmampusaiomes neodxooumvie mpebosanus K Kpanam-
MAHURYTIAMOPAM , 2py303axX6amam U CUCIEMAM YNPAaeienus Kpanamu-manunyiamopamu. Iposedenst pesyivmamol
aHanUu3a NPUMEHEeHUs PA3IUYHbIX 8APUANIMOE KPAHOE OJi 6a30601 Modenu kpana-manunyiamopa. Haubonee noano
mpebosaHUAM K MAHUNYAMOPAmM omeeuaiom dauiennvie Kpauvl. [Ipusedensvl npumepsbl mexHonocuu npumeHeHusl
KPAHOG-MAHUNYAMOPOEG 0/ CMPOUMENbCmea U OCHOGHbLE KOHCIMPYKIMUGHbIE NApamempul KDaAHO6-MAHUNYIAMOPOE U

cucmem ynpagneHusl.
KitoueBble cj10Ba: kpaH, MaHUNYIamop

B nocnennee BpeMsi B 5KOHOMHUYECKH Pa3BUTHIX CTPaHaX
MHpa poOOTOTH3NPOBAHHBIC TEXHOJIOTUH BCe C OOIbIIEH
AKTHBHOCTBIO BTOPTAlOTCSI BO BCE Cephl YeTOBEUECKON
JeSITeNbHOCTBI0.  Takne oTpaciy, Kak aBToMoOmie- u
MAaIIMHOCTPOEHHE, CaMOJIETOCTPOCHUE, KOCMUYECKasi HE
obxonurcst 6e3 poOOTOB M IMCTAaHIIMOHHO-YIPABIISEMBIX
MaHunynaTopoB. CTpoHWTenbHas oOTpacib B 3TOM
CMBICIIE OTCTaeT. BHeapeHue poOOTOTU3MPOBAHHBIX
TEXHOJIOTHI1 00ecTIeunBacT COKpaIleHHEe UCTIONb30BAHMS
PYYHOTO TpYZa, TOBBILICHHE IMPOM3BOAUTEIBLHOCTH H
KauecTBa CTPOUTENIBLCTBA U TIepexo/ia K MaooaAHO# ( B
MIEpPCTICKTHBE n 0e3r0IHOM) TEXHOJIOTHSIM
CTPOUTEIBHO-MOHTXHBIX  TponeccoB.  JlocTikenne
BBICOKMX TEXHHKO-)KOHOMHUYECKHX IIOKazaTeled B
CTPOHTEIHCTBE HEBO3MOKHO 6e3 TITyOOKHMX
npeoOpa3oBaHuii, OCHOBHYIO POJIb B KOTOPOH MpH3BaHA
CBHITPATh TEXHHUYECKAs PEKOHCTPYKIHS, KOMIUICKCHAs

MCXaHH3alus, aBTOMaTH3alMsAa u p060TOTI/138.HI/I$[.
O}IHaKO MMPUMECHCHUC MEXaHU3UPOBAHHBIX
TCXHOJIOTHYCCKUX IIpo1EeCCOB C HCIIOJIb30BAHUCM
060p}7Z[OBaHI/IH CepHﬁHO BBIITYCKacMOTI' 0o

MPOMBIIIJICHHOCTBIO HE TO03BONSET JOCTUYh YKa3aHHOU
LEJN.

B nacrosimee Bpemst Hambonee pacnpocTpaHEHHbBIE
CPEeICTBa Y MOHTAKHHKOB. MOHTAQXXHBIA JIOM, MOJIKOC,
orBec. Takme cCpencTBa NPHUMEHSIOT IOTOMY, YTO
COBpPEMCHHBIE  OallleHHbIE W  CTPEIOBBIE  KpPaHBI
TEXHUUYECKH HE MPUCIIOCOOIECHB! K BO3BEACHUIO 3/1aHUN
C OrpaHHYEeHHBIM ydacTHeM pabouux. Bpyunyio
paboune OCYNIECTBISIOT OPHEHTHPOBAHNE KOHCTPYKIHU
B NPOCTPAHCTBE, lalleHHE aMIUIMTYObl pacKayMBaHUs,
PUXTOBKY U BBIBEpKY IOJOXEHHUH, BPEMEHHOE
KpeIJIeHUEe MOJAKOCAMH WM KOHAYKTOpaMH, yCTPONUCTBO
TOPU30HTAJIBHBIX U BEPTUKAIBHBIX COeAUHEHUN TIOTOMY,
4TO KpaHsbI OCHAIICHBI HEyIpaBIIsieMbIMU
rpy303axBaTaMH, a HE IIOBOPOTHBIMH KpPIOKOBBIMH
oOoiiMaMu, 3aKpeIUICHHBIMH Ha CTaJbHBIX TpOCax.
Kpome Toro, B3auMozeiicTBie KpaHa co CTPOUTENbHBIM

JIEMEHTOM OCYIIECTBIISICTCS MIOCPEACTBOM
MIPOMEXYTOUYHOTO 3BEHAa- CTpPOIa M TpPaBepChl C
KpIOKaMH Ha Tpocax, JUIMHa KOTOPBIX MeHseTcs. B
pe3ynbTaTe 4ero KpaH MOJACT CTPOUTEIBHBIM 3JIEMEHT
Ha MOHTQ)XHBI TOPU30HT HE COPUEHTHUPOBAHHBIA TPEM
JIMHEHHBIM U TPEM YIJIOBBIM KOOpAHMHATaM, KaK TOIO
TpeOyeT pacrojioKeHHE KOHCTPYKUMH B  3aHUH.
[MpumeHeHHe ke KpaHOBBIX JieOEJT0K U MEXaHU3MOB C
Pa3IMYHBIMU CKOPOCTSIMH JIMHEHHBIX M BpallaTelbHBIX
JBIDKCHUH, a TaKk)Ke YJaJIeHHOCTh KPaHOBIIHMKA OT MECTa
YCTAaHOBKM KOHCTPYKIIMM BBI3BIBAET HEOOXOIMMOCTH
TIOBTOPHBIX BKIIIOUEHHWH IPUBOJOB. DTO TNPHBOAUT K
packayMBaHUIO MOHTAXHBIX OJJIEMEHTOB U TpeOyeT
OKOHYATEIbHOTO TalIeHUs] aMIUIMTYAbl KojeOaHuili npu
YCTaHOBKH HX B IPOEKTHOE IMOJIOXKEHHE BpyuHyto. [Ipn
9TOM  KOHCTPYKIMS  3aHHUMaeT  IOJOXKEHHE  C
OTKJIOHEHHEM, YacTO IPEBBIMLAIONMM IpEIeIbHOE, U
MOXET TPUBECTH K HECYaCTHBIM CIIy4aeM Cpelu
MOHTa>XHUKOB.

OTMeueHHbIe BBIIIE (hakTopsI OKa3bIBaIOT
3HAUMTEJbHOE BIMSHHE Ha mpouecc (HOpMHUPOBaHUS
PYYHBIX TpyZO3aTpaT Ha MOHTaXXHbIE NPOLECCH], B
pe3yibTare 4Yero pydyHble 3aTpaThl  IPEBBIAIOT
MexXaHW3upoBaHHBlE B 4-5 pa3.  Otm  QaxTopsl
XapaKTepu3yloTCcsl Kak Kak (pakTopbl TEXHOJIOTHIHOCTH
U OOYCIOBIEHH  HECOBEPIIEHCTBOM  OOBEMHO-
IUTAHUPOYHBIX W KOHCTPYKTHBHBIX DPELICHHH 3TaHHH,
HEI0CTaTOYHbIM YpOBHEM B3aUMHOM
HpHCHOCO6ﬂeHHOCTH MOHTAa>XXHbIX MallluH n
KOHCTPYKTUBHBIX AJIEMEHTOB K IpOLiecCaM BO3BEICHUS
3/1aHUN.

OnHUM M3 OCHOBHBIX HANpaBJICHUH, ONpeneIIOIIM
MOBBIICHUE ~ TNPOU3BOJIUTENBHOCTH M KadecTBa
MOHT@)Xa  KOHCTPYKLHMH  SIBIIsieTCS CHIKEHUE
COOTHOIICHHUS PYYHOM W MAIIMHHOM JOMM BPEMEHHU
nukia pabotel kpaHa. Daktopamu, (oOpMHpYIOIIHE
MIPOIOJDKUTEIBHOCTh MAIIMHHOW JIOJM BPEMEHH LHKIIA
MOJKHO YCJIOBHO Pa3ZIeJINTh Ha JIBE OCHOBHBIC TPYIIIEL.

Muxann AnekceeBud CTENaHoB, KaH]. TEXH. HayK. Mpod., MOCKOBCKHUi1 rOCy1apCTBEHHBIN CTPOUTEIbHBII yHUBEpCUTET, Poccus
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K nepBoit rpynme OTHOCATCS (bakTopHI,
XapaKTepU3yIOLINe TEXHUYECKHE BO3ZMOXKHOCTH KPaHHI !
ckopocTH pabounx nBrkenuit Ko Bropoit — ¢axTopsl,
OTIPEJICTSIIONINE  3aTpaThl MAIIMHHOTO BPEMEHH Ha
JIOTIOJTHUTEIbHBIC orneparuy, 00YCIIOBJICHHBIE
KOHCTPYKTUBHBIM pEIICHHEM CTPOMTEIBHOTO JIEMEHTa
U YCJIOBHEM €ro YCTaHOBKH B IPOEKTHOE IOJIOKEHHE.
VYueT pakTOpoB MepBoOi TPYNITEI HANIPABJICH HA PEIICHHE
BOIIPOCOB aBTOMATH3allMU U POOOTOTHU3AIUH IPOLIECCOB
MoHTaxa. Jlnsg oOecniedeHns TpeOyeMoll TOYHOCTH
MO3WIMOHAPOBAHUSI W OOCTY)KMBaHHA  OOJNBIION
MOJCTPETIOBOM 30HBI MOXET JBYMS BapHaHTaMH.
IlepBblil BapHaHT- ABYXCTaAMHHOE MO3MLIMOHUPOBAaHUE
a1eMeHTOB. Ha nepBoii cTaiuu CTpOUTENBHBIN 3JIEMEHT
MEpEeMEIIaloT W3 30HBI 3aXBaTa HA MOHTAXHBIHA
TOPHU30HT KpPaHOBLIMHU MEXaHU3MaMH C [[OCTaTO‘IHOﬁ
TOYHOCTBIO OpHEeHTHpOBaHMs. Ha BTOpoi cramuu npu
nmoMoIuu HOBOT'O MCEXaHHu3Ma OPUCHTUPOBAHUA
KOHCTPYKLIUIO YCTAHABJIUBAIOT B IPOEKTHOE MOJIOXKEHNE
¢ TO4YHOCThIO, pernamentupyemoit CHullom. Bropoit
BapUaHT — YCTAHOBKA MOHTHPYEMOH CTPOUTEIbHON
KOHCTPYKIIMM ~ HENOCPEACTBEHHO C  KpaHa  —
MaHMIyIATOpa. DYHKIMOHAIBHOE Ha3HAYEHHE TaKUX
KpaHOB COCTOMT B  HCIIOJIHEHWH COOCTBEHHBIMHU
MexanusMamu ( 6e3 WCTONIB30BaHKS PYYHOTO TPyma) C
JVCTAHIIMOHHBIM YNPABICHUEM CIEAYIOIIUX OIeparui
MOHTQKHOTO LHUKJIA. KECTKHH MOHTaXX MOHTHPYEMOTO
3JIeMEeHTa, TPAHCHOPTHPOBKA K MECTY MOHTaxa,

NPUHYAWTEIIBHOE  OPUEHTHUPOBAaHUE  DJIEMEHTa B
IPOCTPAHCTBE, nocajxa 3aKOOPAUHUPOBAHHOTO
JjeMeHTa ¢ TpeOyeMOd  TOYHOCTBIO,  OTLEN

YCTAaHOBJICHHOTO JJIEMEHTa W OOpaTHBIA XOJ KpaHa-
MaHUITYJSITOPa 32 OYEPEIHBIM dyeMeHTOM. CpaBHEHHE
JBYX BapHaHTOB, Ha HaIll B3IV, JACT MPEHMYIIECTBO
BTOPOMY BapHaHTYy, TaK Kak Tpebyercs
JOTIOJTHATEIEHOTO YCTPOMCTBa OPHUEHTUPOBAHHUS, €CIH
JOCTaBKa Ha MOHTAXHBIH TOPU30HT OCYLIECTBIETCS
OOBIYHBIM KPaHOM, TO TPEOYeTCsl BpeMs Ul yCTaHOBKU
KOHCTPYKLIMM B 3TO YCTPOMCTBO, a €CJIH JIOCTaBISIETCS
9JMIEMEHT C JIOCTAaTOYHOM TOYHOCTHIO, TOTAa 3Ta
KOHCTPYKIIUA OPHUCHTHUPOBAHUA peaACTaABIIACTCA
H3JIALIHEH.

Yuer ¢akTopoB BTOpOH Trpymmbsl  obecnedrBaeT
CYIIECTBEHHOE CHIXCHUE HETPOM3BOAMTENBHBIX 3aTpaT
BPEMCHH, CBS3aHHBIX C BPEMCHHBIM YyJIep)KaHUEM
HEYCTOMYMBBIX KOHCTPYKLHMI B Mpolecce MOHTaxa.
OmHMM W3 pelieHHd MOXKET OBITh HCIOJNB30BAHUS
MeToJa MPOCTPAHCTBEHHON CaMO(HKCAUH IIEMEHTOB
Ha paHee YCTAHOBJEHHbIE 3eMeHTH. OHO Kaxercs
TIEPCIIEKTUBHBIM, HO TPEOYET CyIIEeCTBEHHOU JOPabOTKH
MeToAa caMo(HKcalud C  IeJdbl0  00CCreYeHuUs
HaJJC)KHOCTH MOHTa)Xa KPYINHOIIAHCIIbHBIX SHaHHﬁ.
Bonee mpocTeIM  pemieHueM  sBIsieTcss  pa3paboTka
3aKJIaHBIX YCTPOMCTB, BBINOJHAIOMNX (QYHKIUH HE
TOJBKO CaMO(UKCHPOBAHUS, HO U HX CaMOYCTaHOBKH
Opyd TOCaAKA Ha MecTo. OTO IO3BOJIUT CHHU3UTH
TpeOOBaHHWE K TOYHOCTH IO3HIIMOHUPOBAHUS M MOXKET
OBITh  OCYIIECTBICHO MPH PACHIUPCHUH BXOIHBIX
pa3MepoB caMO(PUKCHPYIOIINX YCTPOHUCTB.

Co3naHne CTPOHMTENbHBIX KPaHOB-MaHUITYISTOPOB
OOJDKHO  YYHUTHIBaTh  pa3HoOoOpasHble  (paKTOpHI:

TEXHOJIOTUIO TMPOHM3BOJCTBA pabOT, KOHCTPYKTHBHEIC
0COOEHHOCTH CTPOUTEIHHOTO OOBEKTa M ero rabapursl,
HOMEHKJIATypy CTPOHMTEIBHBIX KOHCTpyKImii ( Maccy,
rabapuThbl ¥ GOpMy), KBATH(HHUKAIIIO 0OCITYKHBAIOIIETO
HepcoHaa, oOeclieueHre BBINOIHEHUS MONHOTO IMKIA
paboT (0T HyJIEBOrO IUKIIA IO BO3BEIACHHS KPBIIIIH).
Hawnbouee monHO 3TUM TpeOOBaHHEM yIOBIETBOPSIOT
KpaHBI-MaHUITYJISITOPEI,  BBINOJIHEHHBIE  Ha  0asa
OallIeHHBIX KpPaHOB C CYIIECTBEHHBIMH W3MEHEHHSIMHU

KOHCTpyKIMU. Bwmecto cTpensl mnoxbeMHON —wiH
0amoyHOM Ha OallHM YCTaHABIMBAETCS KPAHOBO-
MaHUIYJIHpYIOImas  yCTaHOBKa, MIPEICTABIAIOMIAS
MOJBWKHYI0  000HMYy C  IIapHHPHO-COWICHEHHOM
cTpenoii. [lms Oonee TOYHOTO TO3UIIMOHHPOBAHUS
oboiiMa  mepeMemiaercss IO  3yO4yaToil  peukw,
YKpEIUICHHOW  BIOJb  OallHM. I'eomeTrpuueckue

napamMeTpsl  OalllH{, KOJICH IIAPHUPHO-COWICHEHHON
CTpEJNbI MOAOHPAIOT B COOTBETCTBUU C TEXHOJOTHEH U
rabapuTaMu BO3BOJIUMOTO CTPOUTEIEHOTO 0OBEKTA.

Jst ITHPOKOTO HCIIOJIL30BAHUS KpaHOB-
MaHUIYJIATOPOB B CTPOUTEILCTBE MOXKHO CO3/1aTh
0a30ByI0 MOJIENTE U MOIU(HUIIMPOBATE €€ s padOTHI Ha
TUIIOBBIX CTPOMTENBHBIX OObekTax. Hampumep, s
00BekTOB 110 20 METPOB MOXHO OIPEICIUTh TaKHe
pasMepbl  KOJIeH, KOTOPBICH TO3BOJSIT  BBIMOJHHUTH
MTOJTHBIN KOMITIIEKC paboT 6e3 mepeMerieHus: 000HMBI 1o
6amHe. [Ipu Bo3BeneHHN Ooiiee BHICOKHX 3IaHUHA KpaH-
MaHUIYJIATOP AOJKEH OBITh 00OpYZOBaH CHCTEMOMU
BUCOHAOIIOIEHUEM.

OCHOBHBIM 3JIECMCHTOM, KOTOPBIH OOeCIeYrBaeT

MPEUMYIIECTBO  KPaHOB-MAaHMITYJISITOPOB,  SIBJISIETCS
rpy3o3axBaTHeli  oprad. OH JODKEH  OTBevaTh
CIICIYIOIINM TPEeOOBaHIEM:

- HWMETh TPY30IOABEMHOCTh  COOTBETCTBYIOIIAS

MaKCHMAJIbHOM Macce CTPOUTENIbHOM KOHCTPYKIINH;

- uMmethb 4-6 creneHeli cBOOOIbI T yI0OCTBA MOHTAXA;
- UMETh BO3MOXKHOCTb MOJbEMa Pa3IMYHBIX MO (Gopme
KOHCTPYKIIMH OJHUM TIpy303aXBaToOM HJIH  OBICTPOrO
nepeoOOpyI0BaHUS Ui TPYy303aXBAaTOB JJISI THUIOBBIX
3JIEMEHTOB,

- OBITH YJJOOHBIM B yIIPaBJICHUH;

- obecreunBaTh 0C30MACHOCTh TPHU  TEPEMCIICHUU
rpysa.

AHanmu3  rpy303axBaTHBIX  MPHCIOCOOJICHUH U
YCTPOMCTB, MPUMEHSEMBIX B CTPOUTEIBCTBE U JPYTHX
obnactsax ( HampuMep, B MAIIMHOCTPOCHUH), MOKa3all,
YTO ATUM TpeOOBaHUSAM B OOJNBIICH CTEIIEHH OTBEYAIOT
THPABINYECKHE 3aXBaThI.

VYpaBHeHHE JBWKEHHS Tpy3a MOXHO IPEICTaBUTh B
BUJIE:
mg=F, +F,

[o=M, +M, (@,

rme, M- Macca rpy3a, ¢j-0000IIeHHas JUHEHHas
xoopauHata, Fjc — ecrectBeHHas cuia, Fi, _ cuma
ynpaBnenusi, li- MOMEHT WHepuuu, ¢- YrJIoBas

KoopaWHaTa, Mj. —eCTeCTBEHHBIH MomeHT, M
MOMEHT YTIPABIICHUSI.

IMox ecTeCTBEHHBIMU CHJIaMH (MOMEHTaMH) MBI OyieM
IIOHAMATh CHJIBI (MOMeHTEI), OTIpeIEIISIONIIE

iy
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€CTECTBEHHOEe  JIBWKeHHe rpy3a. Ilog  cuimamu
(MoMeHTamMK) MbI OyZeM TMOHHMATh CHIIBI (MOMCHTBHI),
00yCIIOBIICHHBIE YIIPABICHUEM IPY3a.

Vpasuenue (1) npeacraBisier co60i THHAMHYECKYTO
MOJIeTIb paboyeii oneparyy.

OHO ompejessieT B3aUMOCBS3b MEXAY YIPABISIOIUMU
YCHITUSIMU U YCHJIMSIMH, OTPEICIISIONIMME JIBIDKCHHE
rpysa.

U3 ypasHenus (1) BUIHO, BAKHYIO PO B TOUHOCTH
MO3UIIMOHUPOBAHUSL  MrPaeT CUCTEMa  YIPaBICHUS
rpy3osaxBata. IlpumeHenue THPABINYECKOTO
00BEMHOTO THAPOOOOPYAOBAaHHSI B  CTPOUTEIHHBIX
KpaHax-MaHHITYJIATOPOB HE OTBEYAET CPOPMHUPOBAHHBIM
TpeboBanusaM. Iy mpuBOAA MIAPHHUPHO-COWICHCHHOM
CTpenbl M TIpy303axBaTa HEOOXOAWMO TMPHUMEHHTH
TUAPONPHUBOJ, C TMPOMOPIHOHATBHBIM  YIIPABICHHEM,
KOTOpPOE TPEACTABISACT COOOW CIEASIIYI0 CHCTEMY,
OCHAIIICHHYIO OOpPTOBBIM ~ KOMITBEOTEPOM,  Kyza
HEeo0XOJMMO 3aJ1aTh BCE MapaMeTphl paboThl KpaHa Mpu
nepemenieHnd rpy3a ( IOIyCTHMBIE T€OMETPUYCCKHUE
mepeMenienns, Macca, CKOPOCTH U YCKOPEHHs).
JlaT4vkyd  KOHTPOJMPYIOT pPabOTy THIPONPHBOAA H
BHOCSAT KOPPEKTHUBHI B pabOTy €ro 9JIEeMEHTOB.

ObecrieueHre  TOYHOCTM  NO3WLIMO-HUPOBAHUSA U
YMEHBIICHUS JMHAMHYECKUX Harpy3oK pu
nepeMeIeHun rpy3a  JIMHaMUYECKOH CHUCTEMOH
yopaBieHus. [lpm  AuHAMHYECKOM  yIpaBiCHHH

KOHTPOJIUPYETCSl YCKOPEHHUs JABMIKEHHS I'py303axBaTa U
€ro TEeOMETPHYECKOE IIOJIOKEHHE. OTH  CHTHAJbBI
HOCTYIAlOT Ha OJOK CpaBHEHHMS, IOCIE Yero BHOCATCS
KOppeKTHBBI B cwibl ( MOMEHTBI) yIpaBICHHS.
TexHn4yeckoe  TPUEMYMIECTBO  MPOMOPIHOHAIBEHON
CHCTEMBbl 3aKIIoYaeTcs B IUIABHOM YIIPaBICHUH
3aJaHHBIMH  IlapaMeTpaMH W B COKpAICHHH
THAPAaBIMYECKHX  DJIEMEHTOB Uil obecnedyeHHs
TpeOyemoii TOYHOCTBIO HO3ULIUOHUPOBAHHUS.
[TocpencTBoM MpONOPLUOHATBEHOTO YIIPABIECHUS MOKHO
TOYHO ¥ OBICTPO  BBIIOJIHUTH  TEXHOJIOTHYECKHE
MPOLIECCHl  IIEpEMEIEHHsT M MOHTaXXa CTPOMTENBHBIX
KOHCTPYKIIMH, CHU3UTh JIMHAMUYECKHE HArPY3KH M, KaKk
CJIC/ICTBHE TIOBBICHTH MIPOU3BOINTEIBHOCTD, KAUeCTBO U
BO3MOXKHOCTh aBTOMATH3aIINH ITPOM3BOACTBA.

Ha puc.1 IIPHUBEICHA 6moK-cxema
MPOMOPLUHOHAIBHOTO THAPOYIPABICHUS MIPEIaraeMoro
KpaHa-MaHHIyJsATopa. Pa0odde mpomecckl  HOBOTO
TEXHOJIOTUYECKOTO  pelIeHHs pPOOOTOTU3HPOBAHHOTO
CpelcTBa MOHTaXKa KOHCTPYKLHMN U KpaH-MaHUITYJISATOD,

paspaboranusiii B MI'CY, npencrasien Ha puc. 2. Kpan
paboraer  ciuenyoommM — 00pa3oM:  3axBaTUB  Ha
NPUOOBEKTHOM CKJIa[e KOHCTPYKIHIO, OH MPOU3BOIMT
MOBOPOT OAllHd B CTOPOHY BO3BOJUMOIO 3IAHHS.
MoHTaX KOHCTPYKIMH BEJETCSI METOIOM HapaluBaHHUs,
MO3TaXHO, Juii d4ero paboune  0OOpyJoBaHHE
mepeMeInaeTcs BIOAh OaliHW Ha  HEOOXOJUMBIN

TOPH30HT.

Kpan-nanumnymsrop mpezacrasnsier coOol MobpeMHO-
TPaHCIIOPTHOE CPEICTBO c JUCTaHI[IOHHBIM
YOpaBJIEHUEM. YCTPOMCTBO NEPEIBUKEHUS  KpaHa

COCTOUT M3 XOJOBOH IUIaT(GOpPMBI 2 KPaHOBOTO THIIA,
YCTaHOBJICHHOTO Ha XOJOBBIX TeNEeXKax 1, KOTOpeIe
MepeMeNaloTcsl M0 MOAKPAHOBOMY DPEIbCOBOMY ITyTH.
Ha xomoBod mmardopme  yCTaHOBIEH  OIOPHO-
TIOBOPOTHBIM Kpyr ¢ MOBOpoTHOH mardopmoit 3. Ha
atdopme pacnonoxeH MIPOTUBOBEC 4,
oOecrieunBarONMid  yCTOWYNBOCTh KpaHa, W KECTKO
3aKperuieHa BepTHKajibHas OamHs 5. OHa urpaer posb
HECyHIeW M HampaBISIOMIEd KOHCTPYKLMU I Ui
obecrieueHns BEPTUKAIBHOTO XoAa o00oiiMbl 7 ¢
onopamu KaueHUsl. IlepenBuxenue 000MMBI
OCYILIECTBIISIETCS pPEeYHBIM MexaHm3MoM. Ha oOoiime
yCTaHOBJICHA IIapHUPHO-COYJICHEHHAs] CTpena ¢
THIPOIIMHAPAMH, KOTOpas COCTOMT U3 KOPHEBOU
CEeKIMH 8 U IapHUPHO COCIMHEHHYIO C HEel

pykosite 12,  nBWXKeHUs CTpeibl  3ajaercs
rugpoummmaapamu 10 w11, Tunpormmmump 13
OTCIIC)KUBAET TOPU30HTAIBHOCTH IOJIOKEHHS padovero
oprana 14 u 3axBayeHHOTO MM JJIEMEHTA MpPU YTIIOBBIX
MEPEMEIIECHUsIX CTpensl. [ 'maponmpuBOh CTpeNnsl |
rpy303axBaTa yCTaHOBJICH Ha 000iMe.

B coctaB 3BeHa MOHTa)XHHKOB BXOIAT TpHU
YEJIOBEKA: ONEepaTOP-MOHTAXXHUK, UMEIOLIUHN IHPKONUCTHK,
KOHTPOJIUPYET HAAEKHOCTh 3axBaTa KOHCTPYKIIHH,
OTIPABJISIET €€ HA HEOOXOJUMbI MOHTa)XKHBIH TOPH30HT.
Btopoil oneparop-MOHTaXHHUK MPOJIOJKAET MOHTAXK
KOHCTpYKUMH Ha ropu3oHTe. Ilocie moctmkeHus
KOHCTPYKIIMU 3aJJaHHOTO MOJIOKEHUS TPEeTUH ornepaTop-
3IIEKTPOCBAPIINK HaJIeXKHO 3aKperuieT ee
JIEKTPOCBAapKOM M 3aTeM OTHpaBIsieT KpaH 3a
ouepeqHol KoHcTpykuueil. Iloka kpaH B IyTH, BTOpOH
OIEpaTOp MOHTAKHHUK 3allOJIHAET CTBIK PAacTBOPOM.
O¢ddexr oueBmmeH: BMECTO 5 MOHTaXKHUKOB M OJHOTO
CBapIIMKa 3aHATO Bcero Tpu uenoBeka. Ormagaer
HE00XO0AMMOCTh B KaOMHE KpaHa, yCKOPSETCS MPOIIECC ’
TIOBBIIIAETCS] KAYECTBO MOHTaXKa.
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Puc. 1 brok-cxema mponopurOHaIHHOTO THAPOYIIPABICHUS

Puc. 2 CtpouTesbHbIil KpaH-MaHUITYJISATOP
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METACHUCTEMHBIN MOJXO0/] K IPOEKTUPOBAHUIO
CPEJACTB MEXAHU3AIIUU CTPOUTEJIBCTBA

®.K. Kinamanos

AHHoOTaUMs. B cmambse paccmampueaemcst cucmeMmHblil Memoo npoekmupoeanus cpe()cmg mexanusayuu,
NPUMEHAEMBLX 6 CIpoumelbcmee. Komnnekcnoe npumernerue d)yHKL;uOH(l]ZbHO'(pu:ﬁ,l‘teCKOZO u d)yHKI/;MOHCUZbHO'
CMOUMOCMHO20 AHANU308 Ha base MOp¢0Jl02M‘£€CKMX Kapm 06pa3y}0m Memacucmemmulil Memod, Komopbu? noseoJisiem
npoekmupoeamaos cpebcmsa MexaHuzayuu ¢ y4emom CO6peMeRHblX HayYHO-MexXHU4YeCKux oocmudiceHull.
Memacucmemmvlil memoo onupaenics Ha UCNOJ1b306aHUE KOMNbIOMEPHbIX mexHo02Ull U NO360Jsem pa3pa60mamb

ONnmMuMalbHy0 KOHCmMpPYKYUio cmpoumeﬂbﬂoﬁ MexXHUKu.

KuroueBblie cjioBa: memacucmem, npoeKkmuposaHue

HaxoruteHnsle PpE3yNbTaThI Hay4HO-
UCCIIEOBATENbCKUX Pa3pabOTOK, KaK OTEUECTBEHHBIX
UCCIleioBaTeNe, Tak © 3apyOeXHBIX B o00JacTu
CO3JJaHHUSI HOBBIX CPEJICTB MEXaHU3AlUH CTPOUTENLCTBA,
a TaKKe JOCTHTHYTHIH YPOBEHb KOMIbBIOTEPU3AINU
MCCJIEIOBATEIbCKUX TPOIIECCOB IMO3BOJISIET IPUMEHHUTH
CHCTEeMHBIH TOAXOA B mpoekTtupoBanun. Co3nanue
HOBOrO (MO0 TEXHONOTMYECKOro mporecca, b0
CpencTB Tpyna W T.I) Bcerga 0OasupyroTcs Ha
napagurMe ONTHMAaTbHOTO COOTBETCTBHSl IIPOEKTH-
pyemoro o0bekTa (yHKIHOHATHHOMY HAa3HAYEHHIO, T. €
MPUBECTH B COOTBETCTBHE NOTPEOUTENBCKYIO CTOMMOCTh
C M3AEPKKaMM Ha JAaHHBIH MOMEHT BPEMEHH C Y4ETOM
JIOCTHKEHUH Hay4HO-TEXHUYECKoro mporpecca. HoBblit
BUTOK  pa3BUTUS  WH()OPMALMOHHO-KOMITBIOTEPHBIX
TEXHO-JIOTHi1 MTO3BOJISIET II0O-HOBOMY IIOJIOWTH U B 4acCTU
CTPOUTENHCTBA, OOBEKTHI KOTOPOTO OTBEYAJIH OBl BCEM
TpeboBaHusIM TOTpeduTens. Paspaborka anroputma
MONCKAa OINTHMAJIFHOTO BapuaHTa KOHCTPYKTOPCKOTO
pemieHust ¢ mpuMeHeHns OBM HamOosnee mnosiHa Ha
OCHOBE COUETAaHHs ITHX JBYX aHAIM30B M Oa3upyercs
Ha HAyYHO-TEXHWYECKHX JOCTIDKCHHSAX Ha JaHHBIN
MOMEHT BpeMmeHH. CyTh METaCHCTEMHOI'O aHaJIn3a
MOXHO BBIPAa3HUTh B BU/IE CIECIYIOIINX MPOLELYD.

1. DopmyHpyeTcst TeIb (nasHauenwe)
MIPOEKTHPYEMOTO OOBEKTA.

2. Ha O6aze ¢yHkunonanpHo-pu3nueckoro asHanmsa
(OPDA) bopMynmupyIOTCS pamHKUPOBaHHbIE (OYHKIIUH
npoektupyemMoro oowrekra. Ha aTom stane BeIIemsroTcs
riiaBHble pusnueckre QyHKIUH U COITPOBOXKIAIONINE UX
—  BCIIOMOTaresbHble, HEWTpAJIbHBIE W  BpEIHbBIC.
BeusBnsiercs: puznueckas npupoa nx peanusanu.

3. Kaxmas ¢Qusnueckas QyHKIUS TPOSKTHPYEMOTO
00bEKTa 3KOHOMHYECKN OLCHUBAETCS (DYHKIIMOHAIBHO-
CTOMMOCTHBIM METOJIOM C YYETOM BCEX SKOHOMHYECKHX
COCTaBJISIIOLIMX [UIS €€ PealT3alliH.

4. Tlo pesympTaraM (yHKIHOHAIHHO-CTOMMOCTHOTO
ananuza (PCA) cTpOUTCS ONTHUMH3HUPYIOIIN#T AITOPHUTM,

TTO3BOJISIOIIAN OTIPE/IEITUTh ONITHMAJIBHY O
KOHCTPYKLIMIO Ha JaHHBIA MOMEHT UCCIIEJOBAHUM.

MeTacucTeMHBI METOJ SIBJISETCSI OTKPBITBIM M
No3BoJIsieT Ha 0a3e JaHHBIX MOJYYSHHBIX (QYHKIHU-
OHAJILHO-CTOMMOCTHBIM METOJIOM OTpeesIeTCs
OIITUMAJIBHOC 3HA4YCHUC, HpeﬂBapI/ITeJ'H)HO HOCTpOI/IB
(YHKLIHUIO NETH ¥ KPUTEPUH ONITUMAJIEHOCTH.

[Ipy NPOEKTHPOBAHUHU IPEXKIE BCEr0 HEOOXOAUMO
VUUTBIBATh, YTO COTJIACHO TEXHHYECKHM pPErlaMeHTaM,
BCE BHOBB CO3/1aBAEMOE JOJIKHO OBITh O€30IacHBIM IS
OKpY’Karomiei cpeibl W TepcoHaga — 3TO HEOOXOIUMOe
yCIIOBHE TIPOCKTUPOBAHUS (CO3[aHMs) HOBOTO, T.C. TPH
MPOCKTHPOBAHWK JOJDKHA OBITH yYTeHA CHCTEMA
0GC30MAaCHOCTH €  BBEINCHHBIM JUIA  JTOM L€
COOTBETCTBYIOIINX mapaMeTpoB S= {Si, Sy, . . Sp}, T.e.
MHOXECTBO S, oOecreunBaromiee 0e30MacHOCTh. Tax,
HAampuMep, TOJBKO TMPU YCIOBHH, YTO CPEICTBA
MEXaHU3aIMA  CTPOUTENLCTBA  YAOBIETBOPSIOT 3THM
mapaMerpam, TO CPeJCTBA MEXaHH3AIUK MMEKOT MPABO
Ha OKM3Hb. OTO € OTHOCUTCI M K JIOOBIM
TEXHOJIOTHUECKUM MporeccaM. Clieayromee yCioBrue -
3TO HAJEKHOE BBITIOJTHEHUE TpebyeMbIX
MoTpeOuTENbCKNX QyHKIHH U, MHOKECTBO TTApaMeTPOB
koropeix U = {uy, uy, U ¥ upeHTHGUIHPYIOT
nauublii Bua (kimacc) 06beKTa IPOSKTHPOBAHKSI.

MHOX€ECTBO MOTPEOU-TENBCKUX (YHKIUH CleayeT
U3 UeNd TPOW3BOJCTBA CPEACTBA MEXaHU3AUUH |
dbopMmynmpyercs, Kak MPaBWIO, B TEXHHYCCKOM
3amannn. Kaxxjas CTpoWTenbHAs MalllHA MOXET OBITh
MPEJCTaBIICHa ONMHCAHUSIME, WMEIONIUMH HEePapXU-
YECKYI0 COMOMYMHEHHOCTh. OmmHcaHUs XapakTepu-
3YIOTCS JIByMsI CBOMCTBAMH. KaXXJ0e IMOCIeayroiiee
ONUCaHUEe SBJIAETCS OoJiee AETATbHBIM M OOJiee MOJTHO
XapaKkTepu3yeT MalllUHy [0 CPABHEHHUIO C MPEIbLILYIHM
U KaXJI0€ MOCJeyIollee OMUCaHHe BKIIIOYAET B cels
npebIyiee. Hinke NpUBeIeHa 650K-cxema
METaCHCTEMHOT'0 METO/1a.

@ K. KnamraHoB, kaua. TexH. Hayk. npod., MockoBckuii ['ocynapcrsenHslii CTpoutenbHblii YHUBepcutet, Poccus
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3a OCHOBY CTPYKTYpPHO-JIOTHMECKOH CXEMBI IPUHSITA
paspaboTaHHass COBETCKUMH wuccienoBaremsima /1, 2/
METOZONOTHSI HEPApXUIECKOT0 BEIOOPA MPOSKTHBIX PEIICHHUH,
KOTOpas TIPEICTaBIBIeTCS HamOOoIee MPOCTOW, JOCTATOYHO
CIPOIOM U IOCIENOBATENBHOW. B 310l  Meromonoruu
BBIICTSIFOTC 5 ypoBHel. Ha mepBom ypoBHE BhIOHMpaeTcs
YIOBJCTBOpsieMast TOTPEOHOCTh - (DYHKIMS MaIlMHBL, Ha
BTOPOM - TIOTPEOWTCIILCKHEC KAyecTBa, HA TPETBEM -

(1)yHIGII/IOHa.]'IBHa$I CIpYKTypa, Ha 4YCTBEPTOM - TIPHUHIMUIT
HeﬁﬂBHﬂ, Ha IATOM - TEXHUYICCKOEC PCIICHNE.

Takum 00OpasoM, 1-if u 2-if ypoBHH (SBISTOIIHECS, TIO
cyH, TexamdeckuM 3anarmeM (T3)), a Tawke 3-i, 4-i, 5-it
YPOBHH COCTABJBIFOT KOHIICIITYaIbHOE MPOCKTUPOBAHNUE, TPH
KOTOPOM (hOPMHPYIOTCS KaUeCTBEHHBIC ITapaMeTphI (CBOHCTRA)
TEXHUKH, e¢ motpedurenbekue Qynkimu U ¢ yderom
TpeOOBaHMiA OS30MACHOCTH S.

W3BecTHBIM  METOAOM  CHCTEMaTH3HPOBAHHOIO
MONCKa HOBBIX HAEH sBisieTcss MOpQOIOrHYecKuit
aHaJM3, MPEJIOKEHHBIH MBEHIAPCKUM acTpO(U3UKOM
[Bukkn. Mopdonornueckuii aHanu3 OCHOBaH Ha
MOCTPOEHHUN TaOIHIBEI, B KOTOPOH HEPEUHCISAIOTCS BCE
OCHOBHBIC  3JIEMEHTHI, COCTABISIOLINE OOBEKT U
YKa3bIBAE€TCs,, BO3MOXHO, OOJbBIIEE YHCIO H3BECTHBIX
BapHaHTOB pealN3aluy 3TUX 31eMeHToB. KomOuHMpys
BapUaHThl pEANIN3alliid JJIEMEHTOB OOBEKTa, MOXKHO
IMOJIYYUTh CaMbI€ HCOXHWIAHHBIC HOBBLIC PCIICHUA.
IlocnenoBarenbHOCTh AEMCTBUM IIPU 3TOM CIIEAYIOIIA:

1) Touno chopmynupoBath npobdiemy, 2) OnpeaenuTsb
Ba)KHEWIMe 9eMeHThl 00bekTa, 3) Omnpenenurs
BapMaHTHl HCIIOJHEHHS dIie-MEeHTOB, 4) 3aHecTH WX B
tabmuiy, 5) OueHWTh Bce HMEIOIIUECS B TaOIwMIle
BapHaHThl, 6) BEIOpaTh ONTHMANTBHBINA BapHaHT.

OcHOBHO#T neeit MopQoIornueckoro anamsa /3/
SIBISIETCS.  YIIOPSIOYCHHUE TIPOLECCA BBIIBUKCHUS U
pPacCMOTPEHUA pa3IMYHbIX BaApHAaHTOB PCIICHUA 3adavu.
Pacuer CTPOUTCA HA TOM, 4YTO B IIOJIC 3pCHUSA MOI'YT

MIOTIacTh BapHaHTHI, KOTOpBIE paHee He
paccmarpuBanuch.  [IpuHnmnm — Mopdosnornyeckoro
aHanaM3a JIETKO peanusyercs c HOMOIIBIO

KOMIIBIOTCPHBIX CPCACTB.

OpHako I CHOXKHBIX OOBEKTOB, HMEIOIINX
OOJIBIIIOE YHCIIO DJIEMEHTOB, Ta0IMI[A CTAaHOBHUTCS
cnumkoM rpomosnkoil. IlosBisercss HE0OXOAMMOCTH
paccMOTpeHHs OTPOMHOTO HYHCIIa BapHAaHTOB, OOJbIIAs
4acTh KOTOPBIX OKA3bIBACTCS JHUIICHHOHN MPaKTHIECKOTO
CMBICJIa, YTO JEJaeT HCIOJIb30BAHUE METOMA CIIMIIKOM
TPYZOEMKHM. Taxkum o0pazom, TJIaBHBIMU
HEJOCTaTKaMHd  MeToAa  SIBJISIETCSl  YIPOIIEHHOCTh
MOJIX0/1a K aHAJTN3y 00BEKTa U BO3MOXKHOCTD TIOJTYUYCHUS
CJIMIIKOM  OOJIBIIIOTO  JUISI  PAacCMOTPCHUS — YHCIIa
BapuaHTOB. Mop(hOJIOTHYECKUi aHaN3 MMEeT MHOTO
KaK MPOCTEHIINX, TaK U YCIOKHEHHBIX MOIU(DUKAIIHIA.
OpHako ero NMpUMEHEHHE PAIMOHATBHO ISl MPOCTHIX
00BEKTOB M TaM, I/ie¢ BO3MOXHO HalTH HOBYIO HJCIO 32
cueT KOMOWHAITMM W3BECTHBIX perieHni  (pekiama,
JM3alH | T. I1.).

CymHocTh MOP(HOIOTHYECKOrO aHaIN3a COCTOHT B
BBIICICHMM  BCEX  HE3aBUCHUMBIX  MEPEMEHHBIX
[POCKTHPYEMOH CHCTEMBI, IEPEUMCICHAN BO3MOMKHBIX
3HaYCHUI (CIIOCOOOB pean3ainm) STHX MePEMCHHBIX U
TCHEPUPOBAHUM  albTepHATHB  I1epedopoM  Bcex
BO3MOJKHBIX COYETAHUI ATUX 3HAYCHUH.

[enpt0o  MOPGOTOTHYSCKOTO TOWCKA  SBJISACTCS
COCTaBIICHUE MOpP(OJIOTHYECKUX ~ KapT, KOTOPKIC
MMO3BOJIAT  PACIIUPUTH OOJIACTH TOWCKA  PEIICHUMA
MPOeKTHON TpobiemMbl. Mopdomorinueckas KapTta — 3T
00BEKTHO-OPUECHTHPOBAHHBIN 3JIEMEHT, SIBILTIOIIHNACS
0aHKOM JaHHBIX U1 KaXKIOTO IPOEKTHPYEMOTO Y3Ia,
JUIsl KOTOPOTO OTHOCHUTEIBHO HE CJIOXKHO COCTaBJISIETCS
CYBJl ¢ 1uenpi0 aBTOMAaTU3MPOBAHHOTO IIOWICKA C
MIOMOIIBIO 9BM ONTUMAJILHOTO 3J€MEHTa
CTPOUTEIIBHOW TEXHUKH.

[MpenmymiecTBO MOp(OIOrHIECKNX KapT COCTOUT B
TOM, YTO JUISl 3allOJHEHUS] MaTpUIbI TpeOyeTcss O4YeHb
Masio BpeMeHH. OCHOBHas TPyJHOCTH 3aKJIIOYaeTCS B
ompeneeHn: HaOopa (QYHKIWA, KOTOpBIE OBLIIH OBI:

CYyHIECTBCHHbIMU JJIA 1I000r0 peuICHUd,
HE3aBHCUMBIMH JPYT OT Apyra, OXBAThIBAIOIIMMH BCE
ACIICKThI HpOGHCMLI; JA0CTAaTOYHO HCMHOI'0O4un-

CJICHHBIMH, YTOOBI MOYKHO OBUIO COCTaBUTH MAaTpHILY,
JIOIYCKAFOIIYI0 OBICTPOE H3y4EHHE.

DopMUpOBaTh TEXHUUECKHE PpEIICHHs CIEyeT,
UCTIONB3YS 10 OJTHOMY CIOCO0Y peain3aliui U3 KaKIou
He3aBUCUMOW mepeMeHHOH. To WM HHOe coueTaHue
CHOCO0OOB peam3aiyy BCEX HE3aBUCUMBIX MEPEMCEHHBIX
7 COCTaBJISCT BapHAHT TEXHHIECCKOTO pemernus. Dopma,
ymoOHast s pa3paboTKH BapHaHTOB MPOCKTHPYEMOTO
00BEKTa, TpEACTaBIsIETCS B Buae Tabmmiel. B Helt
YKa3bIBAIOTCSA KO TEXHHUYECKOTO penieHus,
HE3aBUCUMEBIC TEpEMEHHEIC Yi, a TaxkKe CIIOCOOBI
peaj3aly Kax 101 HE3aBUCUMOM epeMeHHOH - Xjj.

EnuHunpel B sueiikax Ha IEepeceYeHUU CTPOK U
CTOJIOLOB TAaOJIMIIBI 03HAYAIOT MCIIOJIE30BAHUE TOTO MU
WHOTO CIOCO0a peanu3aluil  KaxIO0W HEe3aBUCUMOM
MepeMEHHOM B  JaHHOM BapUaHTe TEXHUYECKOIo
peuwienus. IlomydyeHHOMY TEXHHYECKOMY PELICHUIO
TIPECBAaNBACTCA KOJI B COOTBETCTBUH C 0003HAUCHUSIMHU
Croco0OB peann3alyy, MPUHITHIX B JTaHHOM BapHaHTE
JUTS BBITIOJIHEHUST KaXKIOW HE3aBUCHMOM MEpEMEHHOM.

Bcero umcno TeXHUYECKHX pemieHHi OyneT paBHO
MPOM3BEJCHUI0 CyMM 4YHCIa CIIOCOOOB peann3anuu
KOKJOW HEe3aBUCHUMOM IepeMeHHOM. B ycioBusix
TaONMMIBl MOXHO TIOJNYYUTh TpeOyeMoe KOJIUYECTBO
BAPUAHTOB TEXHUYECKHUX pelleHU. DYHKIUOHAIbHBIE
CTPYKTYPBl TEXHOJIOTHYECKHX OOBEKTOB MPaKTHYECKH
pelIaloT  BBIAENEGHUE  YKa3aHHBIX  HE3aBUCHUMBIX
nepeMeHHbIX. TakuMm  oOpa3om, TepBas — 3ajaada
MOP(OJIOTHYECKOTO  aHaM3a MOXKET pemarscsi ¢
HCIIOJIb30BaHNEM (YHKIIMOHAIBHBIX CTPYKTYP

Jnst pemweHuss BTOpOM 3ajayd, T.€. BBIABICHUS
BO3MOXKHBIX CIIOCOOOB peaM3alliil ITHX MEePEeMEHHBIX
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MOJKHO HCIIOJIF30BaTh CYIIECTBYIOIINE KIaCCHU(PUKAIH
BBIJICTICHHBIX 3JIEMEHTOB OOBEKTOB NPOSKTUPOBAHHSA, a
TaKXXe MaTeHTHBIE UCTOYHUKU. OMUCAaHNS HE3aBUCUMBIX
MEPEMEHHBIX U CIIOCO00B X peanu3anuu o(QopMIISIOTCs
B Buae TaOmunpbl. I[lomydenHas Mopdooruueckas
TaOJHUIIA ABJSICTCS OCHOBOHM U CHHTE3a TEXHHUCCKUX
pellIeHU.

IMocne  pa3pabotkm  MOP(OJOTHYECKUX  KapT
MIPOBOANTCS  (DYHKIMOHANBGHO-(QU3UYECKUI  aHAIM3.
I'maBHoi wnenpro DDA sBasgeTcst BBISIBICHHE 110
OTpENEeNeHHBIM  NpaBWiaM  pasJIMuHBIX  BHJOB
MPOXYKTUBHBIX 3HAHUH, TO3BOJISIIOUIMX OINPEACIATH
TpeOOBaHUS K OOBEKTy TNPOEKTUPOBAHHMA W JaBaTh
COOTBETCTBYIOIINE  KOHCTPYKTHBHO-TEXHOJIOTHYECKUE
pemenus. OBnaneHue MeToaukod mpoBeaeHuss ODA,
KaK MHCTPYMEHTapHs OINEpUPOBaHMSA IPOTYyKTHBHBIMU
3HAHWSIMY,  CIHEIMAJIUCTAMM  TIO3BOJIET  3HAYMTENIHHO
TOBBICHTE  3(hpeKTHBHOCTh  TIpoeKkTHpoBanus. Haubornee
9(GeKTUBHON  METONMKOM  SBISETCS ~ METOMOJIOTHS,
paspaboranHas B.B.  [lomoBemm.  [IpuHImmmambHbIM
OTJIMYMEM €TI0 TIOJIXO/a SIBISETCS M3HAYAIbHAS OpHEHTAIS
Ha KOMITBIOTEPHYIO peaymm3ayoo. MHbopMavioHHslid 1
METOAUYECKHUI HMHCTpYMEHTapUil HMHHOBALlMOHHOM
JEATENBPHOCTH TMPEACTABISIETCS B BU/E TaK Ha3bIBAEMBIX
MPOAYKTUBHBIX 3HAHMH  (3HAHWIA,  CIIOCOOCTBYFOIIMX
MOPOXKIICHUIO HOBBIX 3HaHWI). [IpHMeHsieMas TpH 3TOM
¢dopmanmzaiysi  TIO3BOJISIET HCTIONB30BaTh 6a3bl
NPOAYKTHBHBIX 3HAHUH B KOMITBIOTEPHBIX CpPEICTBAX
MIOJI/IeP>KKH MHHOBAILMOHHOM JIESTEITBHOCTIL

®dopMupoBaHHE  WH(POPMAIMOHHOTO  OOCCIICUCHHIS
Tpolecca MPOSKTUPOBAHKS, TIOCTPOSHHOIO B COOTBETCTBUH C
CHCTEMHOM METOJOJIOTUE TMPOEKTHOW  JIeSTEIbHOCTH,
TIPOUCXOAUT TPH TIPOBEICHIH (PYHKIMOHATEHO-(DH3UYECKOTO
aHarmza Texardeckoro cpencra (TC), MeTommka KOTOpOro
MIPETIONIAracT CIEAYIOLIYIO IOC/IEA0BATEIIBHOCTD JEHCTBHIA.

1. Jlare amropurm ommcanust TC (¢ ykasaHwem
HCTOYHUKOB HH(opMarmn), cxemy TC.

2. BbISBUTH TJIaBHYIO, OCHOBHBIC, BCIIOMOTATEIIBHBIC,
BpE/IHbIE M HEUTPATIbHBIE (YHKIIUH.

3. Cdopmupoars  (PYHKIMOHATBHO-JIOTUYECKYIO

crpykrypy TC.
4. BpusBUTP W ONMCATh pEABYeMble KPUTECPHH

spdextuBHOCTH  (TOTpeOMTENBCKHE  cBoMctBa)  TC,
XapaKTEPU3YIOIIUE MEPY €€ MOJIE3HOCTH.

[Ipumenerane O@DA 1mO3BONISIET MOBBICUTH KAYECTBO
NPOEKTHBIX PEIICHUH, CO31aBaTh B KOPOTKUE CPOKH
BbICOKOO(p(heKTHBHBIE 00pa3Ibl TEXHUKU M TEXHOJOTUIH
U TakuM o00pa3oM oOecCrleyrBaTh KOHKYPEHTHOE
MIPEUMYILECTBO TPEIIPHUSITHSL.

HpaKTI/IHCCKOG MNPUMCHCHUC Hay4YHBIX
TCOPETUYCCKUX U IKCIICPUMCECHTAJIbHBIX I/ICCJ'IG,HOBEIHI/Iﬁ K
CTpOPITeJ'ILHOﬁ TEXHUKE CBOAUTCA K CO3JaHHUIO HOBBIX

TTOKOJICHUH CTPOUTEIBHON TEXHUKH I
COBEPIIIEHCTBOBAHUIO CYIIECTBYIOIEH NMPHUMEHHUTEIHHO
Kak K HOBBIM, Tak ¥  (YHKIMOHUPYIOUIUM

CTPOUTEIBHBIM TEXHOJIOT'MYCCKUM IIPOLECCaAM.

Pa3paboranHas cucteMHas METOAOJIOTHS TPOSKTHOM
JIeSTeTBHOCTH, Oa3upyeTcss Ha 3aKOHAX Pa3BUTHA
CTPOWTENBHOW  TEXHHKH, COOTBETCTBHSL  MEXKIy
(YHKUMSMHA U CTPYKTYPOH CTPOMTENBHBIX MAIMH U
3aKOHE  MPOTPECCUBHOM  DBOJIOIMU  TEXHUYECKOM
CHUCTCMBEI.

Bce dyHKIIMM IpOEKTHPYEMOro 0OBEKTa JESTCS Ha
CJIC/IyIOIIE€ TPYMIBI. OCHOBHBIC, ISl OCYLIECTBIICHHS
KOTOPBIX MIpeHa3HauCH JTAaHHBIN 00BEKT;
BCIIOMOTaTeNbHbIE, CIIOCOOCTBYIOIINE OCYIECTBICHHIO
OCHOBHBIX (YHKIUI, W HEWTpaJbHBIE, KOTOpHIE, KakK
MIPaBWJIO, COIPOBOXKIAIOT OCHOBHBbIE (YHKIMH, HO HE
HECYT NOJHON Harpy3kw, W MOTYT ObITH Oe3 ymepOa
JIMKBUAUPOBAHBI BMECTEC C ux MaTe€prualbHbIMU
HOCUTEIISIMU (ysnaMI/I, JIETaasIMH, BUIaMH padoT,
(bopMaMu TOKYMEHTAIMH U T.IL.).

AnropuTMHYECKHue OCHOBBI MIPOEKTHOM
JEeSTEILHOCTH SIBIISIIOTCS 0a30i JJIsl MX IPAaKTHYECKOTO
WCIIOJIb30BAHUSI TIPH  CHHTE3€ HOBBIX IMPOCKTHBIX
pelieHuit ¢ HOBBIMHU KOHKYPEHTOCIIOCOOHBIMH
KaueCTBEHHBIMHU apameTpamu. PesympratnBHOCTE ODA
3aKJIOYaeTCS B CPAaBHEHHM TOCIEAHEH  (JTydrieit)
peanu3aiuyd CTPOMTENILHONH TEXHHKH C €€ aHaJorom
(mpoToTunoMm).

[Mopsimox  mposenenuss DDA crpouTenbHON
TEXHUKH BKJIIOYAET B ce0sl CIEIYIOINE TAITBI:
1.  Dopmyrupyemcs npobnema. Onucanne
po0IeMbl JIOJDKHO BKITIOYATh Ha3HAYCHHUE
MPOCKTUPYEMOr0  OOBEKTa,  yYUTHIBATH  YCIIOBHS
(YHKUMOHUPOBAHUSI W MPEABSIBISEMbIC TEXHUYECKHE
TpeboBanusi. DopmMynHpoBKa MPOOIEMBI  IOJDKHA
CIOCOOCTBOBATh PACKPBHITUIO TBOPUECKUX BO3MOXKHOCTEH
U pa3BuTHO (aHTa3uM Ui TIOMCKA BO3MOXKHBIX
peleHnit B LIMPOKOH 001acTH.

2. Cocmasnsiemcs onucanue @QyHKyutl Ha3HAYCHHS
o0bekTa. Onucanue OasupyeTcs Ha aHAIH3e 3alpOCOB
MOTPEOUTENS U JOJDKHO CONEPKATh YETKYIO M KPATKYIO
XapaKTEePUCTHKY, C TIOMOIIBI0 KOTOPOH  MOXKHO
yIOBICTBOPUTh  BO3HHKIIYI  moTpeOHOCTh. s
MOHUMAaHHUsT (DYHKUUA HA3HAYCHUS] TMPOCKTUPYEMOTO
00BEKTa  HEOOXOOMMO  JaTh  KpaTKOe  OIHCAHHE
HAQJICUCTEMBI, T.€. CHCTEMbI, B KOTOPYID BXOJIHUT
MIPOEKTUPYEMBIH 00BEKT. Onucanue hyHKIHIA
BKJIIOYAET: CWUCTBHUS, BBIMOJHICMbIE MPOSKTHPYEMbIM
00BEKTOM, OOBEKT, Ha KOTOPBIA HAIPABICHO JCHCTBUE,
U yCJIOBHsI pabOThI /I BCEX CTaAMM KM3HEHHOTO LUKIIA
MAILUHEL.

3. Ilpoussooumcsa amamuz Haocucmemvl. AHaIN3
HaJICHCTEMBI IPOU3BOIHUTCS C HOMOIIBIO CTPYKTYPHOH U
MTOTOKOBOH MoJenu o0bekTa. Ilpu 3ToM 1enecooOpa3Ho
BOCIIOJIb30BaThCS IBPUCTHICCKUMHU npreMamy,
HAampuMep, pacCMOTPETh. MOXHO JIM  BBIOJHHUTH
GYHKIMIO paccMaTprBaeMoOro 00bEKTa IyTeM BHECCHHS
W3MEHCHUH B CMEXHBIC OOBEKTHI HAJCHUCTEMBI, HENb3sI
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T KaKOMY-TTHOO CMEXHOMY OOBEKTY HAICHCTEMBI
YaCTHYHO MWJIM TIOJHOCTBIO TI€PENaTh BBINOJHEHUE
HEKOTOPHIX (DYHKIMHA paccMaTpUBAEMOW CHCTEMBI, HYTO
MelIaeT BHECEHUIO HEOOXOMUMBIX M3MEHEHUH W Helb3s
JIM YCTPAHUTh MEIAIoIe (haKTOPHI.

4. Cmpoumcs @PYHKYUOHANBHASA Modenb
NPOEKTUPYEMOro  00BeKTa  OOBIYHO B BHUJE
(YHKIHOHATBHO-TIOTUYECKON CXEMBI.

5. Ananuzupyromes Qusuueckue NPUHYUNDL
Oeticmeusi s PYHKIIUK TPOSKTHPYEMOTO 00BEKTa.

6. Onpedensitomesi mexnuueckue u  Qusuueckue
npomueopeyuss s PyHKIUN TPOSKTUPYEMOTro 00beKTa.
Takve mpoTUBOPEUNs BO3HUKAIOT MEXY TEXHUUECKUMU

rnapaMmeTpamu npu IIOIIBITKE OJTHOBPEMEHHO
YIOBJIETBOPUTH HECKOJIbKUM TpeOOBaHUAM
noTpeOuTens.

Onpeoensiiomcs npuembl paspeutenus

npomMueope Ui U HANPasIeHus COBEPUIEHCMBOBAHUS
mawiunsl. Jna Toro 4To0Bl peann3oBaTh COBOKYIMHOCTh
MOTPEOUTETHCKIX CBOMCTB 00BEKTA, OTPAKEHHBIX B €TI0
(DYHKIIMOHATBHONW MOJENH, ¢ TIOMOIIBI0 MUHHUMAJIBHOTO
Yyypcna  3JEMEHTOB,  MOZENIb  mpeoOpasyercss B
(YHKIIMOHATBHO-UACATBHYIO. IMTownck BapHUaHTOB
TEXHUYECKUX PELICHUH Y9acTO MPOU3BOAAT C MTOMOILBIO
Mopdosoruyeckux  TabNMI,  KOTOpble  OTPa)KaroT
CTPOCHHUE aHATU3UPYEMOTO OOBEKTA.

Paccmotpum Gosiee moapoOHO KaKAbli YpOBEHB
CTPYKTYPHO-JIOTHYECKON CXEMB.

MoTpe6HOCTH (pysxuusn). Peanmzanms
BO3ZHUKIIEH MOTPEOHOCTH SIBIACTCS LENbIO CO3JAHUSA
o0pexTa. Onmcanne MOTPEeOHOCTH MOJDKHO COAEpIKaTh
clenyromyo HH(popMaIuio: HEo0XOAUMOe [eHCTBHE,
00BeKT (mpeameT 06paboTKH), Ha KOTOPHIi HATIPABICHO
3TO NEeHCTBHE; OCOOBIE YCIIOBHS M OTPaHHYCHUS.

Onwucanue nMoTpedHOCTH (OPMATU30BAHO MOKHO
NPEICTAaBUTh B BUAE TPEX KOMIIOHEHT:
P=(D,GH),...

rre D — ykazanme neicTBHS, TPOM3BOJMMOTO
paccMaTpUBaeMOW TEXHUKOW W  NPUBOMALIETO K
YZIOBIIETBOPEHUIO HHTEPECYIOIICH MOTPEOHOCTH;

G - ykazanume O0OBEKTa, Ha  KOTODBIH
HaIIPaBJICHHO JICHCTBUE;

H — yxa3aHue 0coObIX yCIIOBHH M OTpaHUYEHHH,
IIPHU KOTOPBIX BBINIOJIHACTCA HGfICTBI/IG.

Texnnveckasi pynknus (T®). Omucanune TD
COJICPIKUT CIEAYIOIIYI0 HHOPMALIHIO:

- MOTPEOHOCTB, KOTOPYIO MOXeET
YIOBIIETBOPHUTH IIPOCKTHPYEMBIH OOBEKT;
- ¢usmueckas omepanys, C  IOMOIIBIO

KOTOPOM pean3yoTcs IIOTpeOHOCTH.

Takum o6pa3om, ommcarne T® cocTOUT U3 IBYX
yacreit: F=(P,Q), ...

rne P — ynoBnerBopsieMas OTpeOHOCTE;

Q — dusuueckas oneparusi.

Omucanve  ¢msuueckoit  omeparuu  (PO)
(bopManu30BaHO MOXHO MPEACTABUTH COCTOSIIAM H3
tpex kommonent: Q=(Ar,E,Cy),
rane Ar , Cr — COOTBETCTBEHHO BXOJHOH M BBIXOJHOM
MOTOK BEIIECTBA, SHEPTHHU WA CUTHAJIOB;

E - mnpaumeHoBanue omepaunn Kosuepa 1o
npespaieHuio A7 B Cr.

DyHKINOHATBHAS CTPYKTYpa (@C).
IMopapmsromiee  GOMBUIMHCTBO CTPOUTEIBHBIX MAIINUH
COCTOHT M3 HECKOJIBKUX JIEMEHTOB (arperatos, OJOKOB,

y3I0B) W MOTYT OBITh E€CTECTBEHHBIM 0Opa3oM
pasgeneHsl Ha yacTh. Kakaelif  ayeMEHT  Kak
CaMOCTOSTENIbHBIN MEXaHU3M BBITOJHAET

OIpEIENCHHYI0 (DYHKIMIO W PeaM3yeT ONpeielIeHHYIO
@O, T.e. MEXAY dIEMEHTAMH HMEIOT MECTO JBa BHA
CBsI3ell M COOTBETCTBEHHO JBa BHJIA HMX CTPYKTYPHOH
OpraHU3aLHH.

Bo-mepBBIX, 3J€MEHTHl HMEIOT OIpeleIeHHBIe
(GYHKIMOHAJBHBIE CBS3UM [JPYyr C JPYyroM, KOTOpBIE
00pazyioT KOHCTPYKTHUBHYIO (bYHKIHMOHATBHYIO

CTPYKTYpPY.

Kpome  (QyHKUMOHANBHBIX  CBS3€H,  MEXIY
JIIEMEHTAMU MMEIOTCSl €lle IIOTOKOBBIE CBSI3H, T.€.
9JIEMEHTBI, peaju3ysl OmIpe/eleHHble (U3UUECKHe
orepanyyu, oOpa3yloT IMOTOK IPeoOpasyeMbIX HIIN
MIPEBpAIlaeMbIX BEUIECTB, JHEPTHH, CHTHAIOB WIH
JIpyTHX (pakTOpOB.

Ousuyecknii npunoun aedcrBus  (OIII).
Onucanne O/II, kak IpaBuUiIO, COAEPKUT U300paKEHUE
[IPUHLMIIAAIBHOM CXEMbl MalIMHBl, B KOTOPOH B
YIPOLIEHHO-H/ICATU3UPOBaHHON  (opmMe  mokas3aHbl
OCHOBHBIE KOHCTPYKTHUBHBIE SJIEMEHTHI,
obecrnieunBaromue peammzanuio DI, w  ykazaHHBI
HalpaBleHUs] TIOTOKOB M OCHOBHBIE (hU3MUECKHE
BEJIMYMHBI, XapaKTePHU3YIOIIUE HCIOIb3yeMble (PU3UKO-
TexHu4IecKre 3P QeKTo.

Texuuueckoe pemenne (TP). Ilpencrasmser
coboii koHCTpyKTUBHOE Opopmierne DIl u OC. TP
KOHKPETHOW MaIIMHBI, KaK IPaBHJIO, OIHCHIBAETCS B
BUJIE JBYXYPOBHEBOH CTPYKTYpHI uYepe3 XapaKTepHbIe
MpU3HAKW MAIlIUHbI B LEJIOM U €€ 3JICMCHTOB. le/l 9TOM
HCMOJB3YIOT ~ CIEAYIOIIHE  TPYNObl  MPU3HAKOB!
nepeyeHb OCHOBHBIX 9IIEMEHTOB; B3aHMHOC
pachoyoKEHHE IEMEHTOB B MPOCTPAHCTBE; CIIOCOOBI U
CpeNCTBa COCHUHCHUS W CBSA3M DIIEMEHTOB MEXIY

co00ii; [10CJIEIOBATEIBLHOCTD B3aMMOIEHCTBUS
DJIEMEHTOB BO BpPEMEHU, 0COOEHHOCTH
KOHCTPYKTHBHOTO HCIIOJTHEHUS 3JIEMEHTOB;

TIPUHOUITHAIIBHO BaXHBIE COOTHOLICHUSA IIapaME€TPOB
JJIs1 MAllIMHBI B IICJIOM HUJIK OTACJIBHBIX 3JICMCHTOB.
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BBIBO/]

MeTacuCTeMHBIH METO JaeT BO3MOXKHOCTH Oiaromaps
MIPUMEHEHUIO KOMITbIOTEPHBIX TEXHOJIOTHIA u
COBPEMEHHOTO TPOTPAMMHOIO OOECICUCHUSI C yYUETOM
HAYYHO-TEXHUYECKUX JOCTIDKCHUH Ha NAaHHBI MOMEHT
pa3pabaTeIBaTh CUCTEMBI ABTOMATH3HPOBAHHOTO
MIPOEKTUPOBAHUS ONTHUMAIIBHBIX CPEICTB MEXaHU3AIHH
CTPOUTENBCTBA.
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[1] MomoBuukuH A.JM.  OCHOBBI  HMH)XEHEPHOIO
TBOpYecTBa. M.: Mammuoctpoenue, 1988-360c.
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[3] Mkonc k. K. Meroabl mpoekTHpoBaHus. - M.:
Mup. 1986. — 326 c.

[4] CnopaBounuk 1O (YHKIIMOHATBHO-CTOUMOCTHOMY
amamm3y. [/ Tlom pex. M.I. Kapnynwna, B.J.
Maiiganunka. — M.: ®dunaHcel U cratuctuka, 1988. —
431 c.
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NCITOJIB3OBAHUE TPEXBAJIBHOI'O BETOHOCMECUTEJIA AJA
NPUTOTOBJEHUS MAJIONTIOJABUAKHBIX BETOHHBIX CMECEM

U. A. EmenssroBa, B. B. biaxko, O. B. Jloopoxomosa

AHHOTAUMA: J{151 nPUcOMOBNeHUs. MATONOOBUINICHBIX U HCECMKUX DEMOHHBIX CMecell UCNOAb3YIOm OemoHOCMecumenu
NPUHYOUMENbHO20 — OeliCmEUsl, 6 YACMHOCMU, C 2OPU3OHMATbHBIMU  JIONACmHbIMU — éanamu. CyuecmeenHbim
HeQOCmamKoM dMUX MAWUH S6TISLeMCsl HU3KASL YCPeOHUMENbHAsL CNOCOOHOCHb UCXOOHIX KOMHOHEHMO8 OemOoHHOU
CMeCU U CPABHUMENbHO HUSKULL KOI(DPuyuenm 3anonnenus paboyezo npocmpancmeda cMechio.

K uucny mosvix spghexmuenvix mawiun, Komopwvle NO360JAION U3OAGUMbCL OM  bIULEYKA3AHHBIX HEOOCMAMKO8,
cedyem omHecmu mpexsaibHblil CMECUmensb, 8 KOMOpPOM KANCObL U3 64108 YHACMEYeH 8 MPEXKOHMYPHOM OBUNCECHUU
Mamepuana ¢ paspyuleHuem Meikux aziomepamos U3 Yacmuy pacmeopHoll COCMAas/sioulell.

TpexxonmypHoe OsudiceHue Yacmuy CMecu 6 MAulUHe CYWEeCMBeHHO Yeeauuusaem eé pabouee NPOCMPAHCMBEO U
cnocobcmeyem noayyeHuo 00HOPOOHOU CMeCU KAK NO 8blCOMe IM020 NPOCMPAHCMEA, MAK U NO OJUHE.

Kpome moeo, ons ucnonvzosanusi cun epasumayuu u uHMEHCUQDUKAYUU OBUICEHUS. HaACuy OEmOHHOU cMmecU 8
KACKAOHOM pedicume 8aJibl YCMAHOBEeHbl N00 Y2IoM [ 8 20pU30OHMANIbHOU NIOCKOCIU U OMHOCUMENbHO Opye 0pyed 6
BEPMUKATILHOU NIOCKOCMU PACRONA2AIOMCS HA PA3TIUYHBIX YPOBGHSIX.

Ilpoyecc nepemewusanuss KOMHOHEHMO8 CMeCU 6 HOBOU MAWUHE PACCMAMPUBAEMCS. ¢ NOSUYUU 3AKOHOG
2UOPOOUHAMUKU: ONpedesieHad MUHUMANbHAS ONUHA JTONAMKU, CO2ndcHo 3akoHy CmoKkca nonyuena 3asucumocms OJis
Haxooicoenust Koapguyuenma conpomuenenusi OEMOHHOU CMECU OBUNCEHUIO TONAMOK C YYenOM KOHKPEMHbIX VYCI08ULL
npoyecca nepemeuueanusl.

Honyuena 3asucumocmo 07151 onpedeneHust yeia yCmaHosKu 6408 68 KOPNnyce CMecumels.

Haiioena sasucumocms 0nsi onpedeneHusi mexHuieckol npoussooumeibHOCHU MAWUHbL C YYemom Kodp@uyuenma
6036pama cmecu.

DKcnepumenmanbHblM — RymeM — YCMAHOGIEHbl  OUANA30HbL  PAYUOHAILHOZO
bemonocmecumensi st NOYYeHUs: OeMOHHbIX cMecell 8bICOKOU 0OHOPOOHOCTU.
Jlokazana 3¢hgpexmusHocmb UCNONIb308AHUSL HOBO2O MPEXBATLHO2O OEMOHOCMECUME.

UCNOJIb306aHUA mpexedajlbHoco

KiroueBble ciioBa: mpexeaﬂbyblﬁ 6€m0HOCMeCume]Zb, KACKaoHwlil pestcum, mpexKkoHmypHoe osudicenue uacmuy cmecu,
np0u3600umeﬂbﬂocmb.

B mactosimee BpeMs B YKpamHe HAOMIOZAeTCsl pe3KHi
[IOBEM CTPOUTEJIbCTBA, KOTOPBIi Tpedyer
HUCIIOJIB30BAaHUA COBpCMCHHLIX MalllunH IS
[IPUTOTOBJICHUS] CTPOUTEIIBHBIX CMECEH.

IIJ'IH HpI/IFOTOBHeHI/IH MAJIOIMOABUXHBIX U JXKCECTKHUX
OCTOHHBIX CMeECced HCIONB3YIOTCS OSTOHOCMECHTEIN
MPUHYIUTEIBHOTO  JCUCTBHS, B  YacTHOCTH, C
TOPHU30HTAILHBIMHU JIOIIACTHEIMU BaJIaMH Kak
[UKJIUYHOTO, TaK U HENPEPBIBHOTO JICHCTBHS.

IIpu 3TOM, TpOIECC CMENIMBAHKS KOMIOHEHTOB CMECH
IOJDKEH 00€eCIIeunBaTh.

- paBHOMEpHOE pacrhpeiiejieHHe MO0 BceMy 00beMy
HCXOHBIX KOMIIOHEHTOB,

HpOCTpaHCTBa, T. €. I/IHTCHCI/IBHOMy HepeMeH_II/IBaHI/IIO
MOJIBEpraeTcsl He3HAYUTEIbHAsS YacTh pabodero o0bema
CMECH. Kpome TOTO, HE o0ecrieunBaeTcs
PaBHOMEPHOCTh TMEPEMEIIMBAHUS IO BCCH JTUHE
MAaIlUHEL.

Kpome TOro, ¥ MwumHycaM TakuX MaIlHH CIEAyeT
OTHECTHU:

- HEIOIyCTHMOCTh O0Opa30oBaHHsi B CMECH KOMKOB U
MyCTOT;

- cTabMIIbHOE COCTOSTHME 3EPEH KPYITHOTO 3aIOTHHUTEIS;
- BO3MOYKHOCTh COYCTaHUS IMPOIecca MEPEMEIIUBAHUS C
MPOLIECCOM aKTHBAIMH, 3aKJIIOYAIOIIEIOCs B CAUPAHHU C
3epeH  BSOKYIIETO W 3alOJIHUTENS  HEaKTUBHBIX
MTOBEPXHOCTHBIX ILICHOK.

CyIIeCTBCHHBIM HEIOCTAaTKOM OETOHOCMECHUTENCH C
JIBYMSI TOPU30HTATIBHBIMU BaJIAMH SIBIISICTCS UX HU3Kas
YCPEeIHHUTENbHAsL CITIOCOOHOCTh HCXOIHBIX KOMIOHEHTOB
KaK Ha MaKkpo, TaKk ¥ Ha MUKPOYpPOBHE.

Y Takux MallMH [epeMelIMBaHue MNPOUCXOIUT, B
OCHOBHOM, B  [IONIEPEYHOM CEYCHHUH pabodero
- HEBBICOKUH KO3(DGUIMEHT 3aroHCHUS OCTOHHON
CMechI0 paboYero MPOCTPAHCTBA CMECHUTEIS,

- OBBIIIIEHHBIN pacxon MOIIHOCTH,

- TPYOHOCTH B pPAaBHOMEPHOM pACIPEACICHUU II0
00BeMy TOOABOK.

K umcny HOBBIX 3(P(PEKTHBHBI MAIIHH, KOTOpPbIE
MO3BOJISIOT n30aBUTHCS oT BBIIICYKA3aHHBIX
HEJIOCTATKOB, ClieflyeT  OTHECTH  TPEXBaJbHBIN

Wura AnartonbeBHa EmenbsiHoBa, mpodeccop, JOKTOp TEXHUYECKHX HAyK, JeHCTBUTENBHBIN WieH AKaeMUH CTPOUTENIbCTBA Y KpauHbl, XapbKOBCKHI
roCyIapCTBEHHBIH TEXHUYECKUI YHUBEPCHTET CTPOUTENBCTBA M apXUTEKTYpHI, YKpaune, office@kstuca.kharkov.ua, helga_dov@rambler.ru
Bagumup Biiaanmuposud Biiaxko, acCHCTEHT, KaHANIAT TEXHUYECKUX HayK, XapbKOBCKHI IOCYJaPCTBEHHBIN TEXHUYECKUI YHUBEPCUTET

CTPOUTENBCTBA M APXHTEKTYPHI, Y KpanHe

Oubra Banepuesna J1o6poxo0Ba, acriupanT, XapbKOBCKUI FOCYIapPCTBEHHBIM TEXHUYECKUIT YHUBEPCUTET CTPOUTENIBCTBA M apXUTEKTYPbI, Y KpauHe
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0ETOHOCMECHUTEITH, KOTOPBIit pa3paboran B
XapbKOBCKOM rocylapCTBEHHOM TEXHUYECKOM
YHUBEPCUTETE CTPOUTENBCTBA M ApXUTEKTyphl H
UCIIBITAH B NPOM3BOJCTBEHHBIX  ycnoBusx. Ha

0ETOHOCMECHUTEITh MOTYUYCH MATeHT YKpauHsi [1].
Marmuaa cojepxut Tpu Bana (Puc. 1):

- JBa Bajla, BEpXHUW U HIWKHHUM, CIyXaT A
MepeMEIINBaHUs 3arpyKEHHBIX KOMIIOHEHTOB CMECH U
Y4acTBYIOT B TPEXKOHTYPHOM JABI)KEHHUU MaTepuaia B
CMecHuTeNIe C pa3pyllieHHEeM MEJIKHX arjioMepaToB W3
YaCTHIL] pACTBOPHOM COCTABIISIOLLEH;

- cpenHui Bal AMEET KOMOWHHUPOBAHHOE
KOHCTPYKTHBHOE pEIIECHUE, JIeBas 4YacTb KOTOPOIO

6)

BBINOJIHEHA B BUJE IITHEKA, a MpaBas 4acTh OCHAICHA
JONaTKaMM, 4YTO IIO3BOJIAET €My, C OJHOH CTOpOHHI,
y4acTBOBaTh B  TPAHCHOPTHPOBAHMM  CMECH K
pasrpy304HOM 4YacTH CMECHUTEINs, a ¢ APYroil CTOPOHBI,
Y4aCTBOBAaTh B Opranu3anuun TPEXKOHTYPHOT'O
JABMIXKCHUA 4YaCTULl CMCCH.

TpeXKOHTypHOC JBM)KCHHUC YacCcTULl CMCCH B MAIIUHC
CYIIECTBEHHO yBEIMYHMBAET pabouee MPOCTPaHCTBO, Ilie
OCYILECTBIISIETCSL ~ NpOLlECC ~ MEpPEeMEIIMBaHUS U
CIIOCOOCTBYET MOJYYEHHIO OJHOPOJHOIM CMeCH Kak I10
BBICOTE 3TOTO NMPOCTPAHCTBA, TaK M IO JUINHE.

Puc. 1 KoHCTpyKTHBHAS CXe€Ma TPEXBAIBHOTO OETOHOCMECUTENS
a) TPEXBAIBHBIH OETOHOCMECHTENB; 0) pa3MelICHHE BATOB B KOPITYCE CMECUTEIIS

1. nBuratens; 2. KIMHOpEMEHHas nepeaaya; 3. peaykTop; 4. oTKpbITas 3yO4aras rnepejaya; 5. 3arpy304Hblii OyHKep; 6.
LITHEKOBBIH Ball, 7,7'. BEpXHHUI M HIDKHUH JIONACcTHBIE BAJIBL; 8. Kopiryc 6eToHOCMecHTes; 9. pa3rpy304HbIi MaTpyOoK;

| — 30Ha mepeMeIIMBaHus CyXHUX KOMIIOHEHTOB O€TOHHOW CMECH;

Il — 30Ha MpHUroTOBIIEHN OETOHHOI CMECH € 3a/JaHHBIM BOJOIIEMEHTHBIM OTHOLIIEHUEM.

Kpome TOrO, mis WCIONB30BaHHS CHII TPABUTALUU H
MHTCHCU(UKAIMH JBIDKEHHUSI YaCTULl GETOHHOM CMECH B
KaCKa/IHOM PEKUME BaJlbl YCTAHOBJICHBI IO YIJIOM [} B
TOPH30OHTAIBHOM IUIOCKOCTH W OTHOCHTEIBHO IPYT
Ipyra B BEPTUKAIBHOW IUIOCKOCTH PACIIOararoTcs Ha
Pa3IMYHBIX YPOBHSX [2].

MammHa KOHCTPYKTHUBHO peIleHa TaKuM O0pa3oM, YTo
crpaBa, B |-0if 30HE, TPOHUCXOAWT TMEpEeMEIINBAHIE
CYXHMX KOMITOHEHTOB H HaOJromaeTcs ux akTuBanus. Bo
I1-0if 30HE, cyXxnue KOMIOHEHTBI CMEIIUBAIOTCA C BOJIOM,
IOocJie Yero 3aBeplIacTcs TIPOLECC MPUTOTOBICHUS
OeroHHOW  cMmecu.  Pasrpyska  TOTOBOM  cMecH
OCYIIIECTRIISICTCS JIOTIATKAMK CPEIHETO Baa.
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Takoli cMecHUTEIh MOXKET PadOTaTh CaMOCTOSTENHHO, a
TaK)Xe MCIOJIb30BaThCSI B TEXHOJIOTHYECKOM KOMILIEKTE
o0opynoBaHHS Ui BBINOJHEHHSI  TOPKpeT-padoT
MOKPBIM CIIOCOOOM.

TexHnuyeckass XapaKTepuCcTUKA 0eTOHOCMeCHTeJIsI

ITpou3BOAUTENBHOCTD, MY Y.........ceveveeennnnd,0....4.5
MaxcuMasbHbIM pasMep 3aloIHUTENS, MM.... ... 8-10
YacToTa BPAIIEHHUS BAJIOB, € Lovvvviscvnieienannen, 1,03
MontHOoCTE ABUTaTENd, KBT... 0ot 55
TabapuTHBIC pa3Mephl, MM:

IUIAHA. .. ........

HIMPUHA

138 (010 1 v TN
MaACCA CMECHTEIIS, K .t vnvnevesrriieeenessennnseenennnnns 250
IIpp  HEOOXOOMMOCTH  MallMHA  MOXET  OBITH

CIIPOSKTHPOBAHA TIOJT OOJIBIIYIO MPOU3BOAUTEIHLHOCTD U
padoTaTh Ha KPYIMHO3EPHUCTHIX OCTOHHBIX CMECSX.

B cpaBHeHMM C [EHCTBYIOIIMMHU CMECHUTENIIMH HOBas
MallliHA IT03BOJISICT.

- TOTOBUTHb OJAHOPOJHBIE CTPOUTENBHBIE CMECH Pa3HOM
IMOJIBMPKHOCTH, BKJIIOYas MAJIOIOJBHIKHEIC, KECTKUE MU
0C000XKECTKHE,

- COBMEMIaTh TIPOIECC TPHUTOTOBIICHUS
aKTHBAIIHEN €€ COCTaBIIIONINX,;

- YMEHBIINTH Ta0apUTHEIE Pa3MepHI;

- Ha MaJONOJABWXKHBIX cmecsaX Ha 7...10% moBwICcUTH
MPOU3BOIUTEITHHOCTh MAIIIUHBL.

[TocTpoeHre mMareMaTH4eCKUX MOJENeH IS OMUCAHU

CMECH C

mpolecca  CMEIICHHs W [oKasareneil  paboTsl
TPEXBAJIBLHOI'O OETOHOCMECUTEIIS SABJISACTCA HOBOM
CTyIEHBI0 B CO3JaHHH  BBICOKO3()(HEKTUBHOIO

o0opysoBaHus], CIIOCOOHOTO TOTOBUTH Ka4yeCTBEHHBIC
OETOHHBIC CMECH MaJIOH MOABMIKHOCTH [3].

IIpomecc mepeMemmBaHUS KOMIIOHEHTOB OETOHHOM
CMECH B HOBOM MallMHE PacCMaTpUBAECTCA C IMO3ULMN
3aKOHOB TUAPOJVMHAMUKH.

Tak paccMaTpuBarOTCS YCIOBUS OOTEKaHHS JIOMATKU
CMECHTENsI  TMOTOKOM  OETOHHOM  cMmecH  TIpH
HCTHoJNb30BaHUM  ypaBHeHHH  HaBbe-CTOkca,  4TO
[IO3BOJISIET OIPEIEIUTh TOJILMHY IIOTPAHUYHOIO CJIOH,
00€eCIe4nBaIOIIy0 MpoLEece pa3pyule)f}m ariioMeparoB

¥l

X!

a1

pacTBOPHON COCTaBISIOLIEH IpU HW3BECTHOM JUIMHE
JIOMATKM W HAoOOpOT, 3Has pa3Mepbl  MEJKHX
arJoMeparoB, MOXHO OINPEACINTh MHHHUMAIbHYIO
JUTUHY JIONATKA
S * um
I PoVol
rae O - TOJIIUHA IIOTPAHUYHOTO CIIOS;
| - muuHa nomaTky;
V, - CKOPOCTb II0TOKA CMECH BHE IIOrPAaHUYHOIO CJIOS,

Sxle o

Re

W - JMHAMMYECKas BA3KOCTh CMECH,

Re - kpurepuu PeitHonbaca

s pabGoueil cpenbl TPeXBAIBHOTO OETOHOCMECHTEINS

K03((GUIUEHT  CONPOTHUBICHUS  OETOHHOW  CMecH

JIBIDKCHUIO JIONATOK MOXET OBITh ONpENeNieH COTIacHO

3akoHy CTokca:

_ L2
PorWo

rne I — pagmyc dacTHOBl OCTOHHOH CMmecH. OTa
3aBHCHMOCTh TIO3BOJISIET 3HaueHme kodpdurmmenta C
OIIPEeNIeNUTh ISl KOHKPETHBIX YCIOBUH CMEIICHHS.

C @)

M3BecTHBI YHCICHHBIC 3HAYCHUS 3TOT0 KOA(PQHIIMEHTA
JUIsl OOIMX CIIy4aeB CMECEeH pa3MuHOM MOJBMKHOCTH,
YTO JaeT OOJbUIME MOTPEIIHOCTH IPU OMpEACICHHN
roKazaresnen TPEXBaJBHOTO OGeToHOCMECUTEIS.
3aBucuMocTh (2) pemaet 3Ty mpobieMy M TO3BOJSET
JIOBOJIbHO TOYHO Y4€CTh KOHKPETHBIE yCIOBHSI ITpoliecca
CMEMICHUsI TPEXBAIbHBIM OETOHOCMECUTEIIEM.

YTon yCTaHOBKH BaJOB B KOPITyCE OCTOHOCMECHTEINS
MOHO HA¥TH, ONPENCIHB LEHTPbl YCTAHOBKH KaXIOTO
U3 TPeX BaJIOB!

R, -€0s0,; + 1, cos O,

0 =arccos

©)

J

Yyl

reosd

Puc.2 K onpenenenuio yria yCTaHOBKH BaJOB B KOPITyCe CMECUTEINs

[IpON3BOANTENBLHOCTE TPEXBATBHOTO GETOHOCMECHUTEIS
onpenensercss 00beMOM OCTOHHON CMECH , KOTOPBIN 3a

€IMHUIy BPEMEHHM IIEPEMEIIaeTCd K BBITPY30UHOMY
OTBEPCTHUIO KOPITyCca CMECHUTEIIS.



B.26

TexHuyeckass MPOU3BOAUTENBEHOCTh ONpeNessieTcss C
yaeToM ko3¢ duitnenTa Bo3Bparta:

nm=3600%(D2—dz)bnzﬂsinaKgp.K;;, vl (4)

rre D — nuamerp mo Topuy BpamieHHsS JIOHATOK
CpEIHero Bana, M;

d - amamerp cpemHero Baia, M;

N — 4acToTa BPAIIEHUS CPEIHETO Bala, M;

Z,, — KOJINYECTBO JIONATOK CPEIHETO Baja,

0. — YroJI aTaKH JIONATOK, TPas;

K3 -  xoddduumeHT  3anonHeHHs
IPOCTPAHCTBA CMECUTEN OETOHHOH CMECHIO;

pabouero

K{ - xosbduument Bo3spara GetonHoi cmecu Bo |-
O 30HE CMECHTEIIS.

mll + mll

Ky =—r ()

rac m:)l - MacCa KOMIIOHCHTOB, HaXOoAdAIMUXCs B 30HEC
BEPXHETO Bana,

m: - MacCa KOMIIOHEHTOB, HaXOAAIIUXCA B 30HC
HIKHETO Bala,

m.
Cp€aHEro Baja.

- MacCa KOMIIOHCHTOB, HaxXOJAIIUXCSI B 30HC

J1J1st BTOPOI 30HBI TPEXBAILHOIO OETOHOCMECHTEIS

K!'=0,6..0,7; K?=0,65..0,75

DKcIepUMEHTATBHEIC HCCIIETOBAHUS [4,5]
TPEXBaJIbHOIO CMECHUTENS TO3BOJMINA BBISBUTH €TO
OCHOBHBIE MTAPAMETPBI U OMPEICITUTh UX PAIl[HOHATbHBIC
obmacTi I MOJIy4EHUs cMeceit BBICOKOH
OIHOPOIHOCTH. YacTOTa BpalleHUs pPabodyero opraHa
n=47...65 MHH'l; YIoJI aTakd JIOMATOK IEPBOW 30HBI
0=42...45°, yronm araku BTOpOH 30HBI 0p=39...42°%
MIONagh MOBEpXHOCTH Jjomatok F=30...32 oM’
KOJIMYeCTBO JonaTok Z;=32...35; yron pacroyioxeHus

pa60qero opraHa OTHOCHUTECJIIBHO TOPU30OHTAIN
B=5...10°.
BpeMH MMPUTOTOBJICHUS MaJIOIIOABUXHBIX CMCCGI\/'I

(MM=2...4 cm) cocrauster 40...45 ¢, Torma Kak y
JIBYXBaJbHOTO CMECHUTENSI BpeMsi HA MPUTOTOBJICHHE
cMecell TOM e TOIBIKHOCTH cocTaBiser 60...65 c.
Koaddumnment 3amoigHeHHss pabOdYero mpoCTPaHCTBA
OETOHHOM cMeChbI0 MOXKET ObITh noBeaeH 1o 0,8.
I'maBHoM Ka4eCTBEHHOM XapaKTepUCTUKOMN
MIPUTOTOBJICHHOW OETOHHOW CMECH SIBJSIETCS CTENEHb
OJHOPOJTHOCTH, KOTOpas OINpeejeHa MOXET ObITh
COTJIaCHO 3aBHCHMOCTH [6]:

h
lej‘w 7 (6)
hO Wl

rae h — TomKHa ce4eHns Caosa CMECH;

W — onrTrManbHas KOHIIEHTPAIHS KOMIIOHEHTOB CMECH;
Z — Texy1masi KOOpJArHaTa 0TO0pa MpoOHI.
Jucriepcrss OMHOPOIHOCTH TMPH BBIXOAE W3 CMECHTEINS

f=5,2...7,3% npu MPOU3BOIUTEIEHOCTH
6eronocmecurens 11, =4,2..4,8 M°l4; 3atpatsl
MOIIHOCTH Ha  IIPUTOTOBJICHHE  MAJIOIOJBIDKHOH

oeronHo# cMecu coctaBiaaror N =4,9...6,1 kBT.

Takum  o0Opa3oM, MOXHO KOHCTaTUpOBATh, 4YTO
TPEXBaIbHBIN 6eToHOCMECHUTENh SIBIISIETCSI
3¢ (GeKTUBHON MAIIMHOW AJIS TPUTOTOBICHHUS, MPEKIC
BCET0, MAJIONOABMKHBIX, MXECTKHX H OCOOOXKECTKUX
cMecei.
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OCHOBHBIX [TapaMETPOB MAIIHUHBI.
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EVALUATING THE LOADS ON BULLDOZER UNDERCARRIAGE UNDER
LONGITUDINAL TRIM

I. Kirichenko

Abstract: Based on the mathematic simulation of articulated air-wheel type machines, a bulldozer mathematic model
for all its operating modes has been worked out. Evaluation of loads on the bulldozer undercarriage under longitudinal
trim has been considered as an example of possible implementing the potential of the mathematical model proposed.

Key words: Modular approach, differential equations, D’Alambert’s principle, undercarriage, loads.

1. INTRODUCTION

Loads that develop on the undercarriage of articulated
air-wheel type machines influence the performance and
reliability of all machine elements. Formalized scheme
for evaluating the loads on the undercarriage is in com-
bination of differential equations that describe machine
motion with D’ Alambert’s principle.

2. EVALUATING THE LOADS

Bulldozer articulation is a bigrade joint (Fig.1) ensuring
independent angular travels of the power and production
modules correspondingly under roll (axle Ox) and lateral
movement (axle Oy) as well as cooperative travels of
these modules under longitudinal trim (axle Oz).

Let us assume that:

- the mass of each articulated bulldozer module is
centered in the vertical fore-and-aft plane;

- under the conveying mode and when the working
attachment interacts with the ground, the relative move-
ment of both the working attachment and the power
module equals zero.

The mathematic simulation of the bulldozer longitudinal
trim phenomenon lies in the fact that the main vector of
external forces must be in the fore-and-aft plane, i.e.

Z Fki =0 (Fig.1); and the resultant moment of the ex-

ternal forces must be parallel to axle Oz, i.e.
> M;=0, Y M;=0.

When ty, =0, then 00(0)=,(0)=0, v, (0)=0 takes

place.
The above mentioned conditions mean that under longi-
tudinal trim the bulldozer makes a plane-parallel motion

relative to plane A§1’71 (Fig.1). The system of coordi-

nates O&n¢ is a progressively moving reference sys-
tem, whose axes are parallel to A.flnlgl fixed reference

axes. The system of coordinates O&n¢ s rigidly con-
nected with the carrier.

In order to evaluate loads Rey, and Ry, on the bulldozer
undercarriage we shall refer to D’Alambert’s principle
[1]; in compliance with it, the main vector and the resul-
tant moment of inertial forces are represented in the fig-
ure, with point O being taken as the pole of inertial
forces reduction. From equilibrium equations made by
D’Alambert’s principle, the roadway reacting forces are
of the form:

Roy =[~Fi(l,+1,)cos 6+ P (I, +a )cos 6 +
P,(l,-a,)cos0 -, (b, +h,—17,) -, l,cos6— (1)

M+ PB(I_1+I2+(IC +s)cos(9+63))+

W (L1 (L= 5)005(0- )Wy -6+ M g,
/ (I,+1,)cos6 ,

Ry, =[—F. (I, +1,)cos 6+ P, (1, +a,)cos 0 +
P,(l,—a,)c0s0 — @, (b, +hy —1,) — @, |, 086 —
Mg +P, (L +1,+ (I, +s)cos(0+6,))+ )
Wie (L +1,+ (L, —s)cos(6-6,)) -

pr'5k+M(op)B] / (I,+1,)cosé

In equations (1) and (2) :
Rem and Ry - reacting forces on the power and produc-
tion modules;

F, and F, - elastic flexible up and down pull on the
part of pneumatic tire, with F, = C(770 + Ilﬁ), ;
F, = C(?]O - IZH), C - vertical rigidness of pneumatic

tire, 77, — camber of pole O under longitudinal trim;

projections of the main vector of inertial forces onto in-
ertial axes equal
F.=ma, = m(&, - (x, cosf -y, sind)- 62 —(x, sin@ + y, coso)-0)

F, =ma,, = m(ij, — (x, sin@+y, cos8)- 62 +(x, cosO - y, sin§)-6)
&, and 7j, — pole O acceleration components; X_and

Y. - coordinates of bulldozer masses centre in the sys-

Igor Georgievich Kirichenko, Kharkov National Automobile and Highway University, Kharkov, Ukraine
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tem of coordinates Oxyz rigidly connected with the car-
rier:

Xe = (mlal + mzaz) / m.y, = (mlbl + mzbz) / m-.

These coordinates will be written in the inertial system
as

Xy =X cosd —y.sind

y, = X, Sin@+y_ cosé

The resultant moment  of inertial forces
equalsM/ =J,0, where J_ is bulldozer inertia mo-

ment relative to the axis passing through pole O at right
angle to the fore-and-aft plane of the machine;

m;, m,, ma, - masses of correspondingly power and pro-
duction modules, and working attachment, total mass
m=m +m,+m,.

Parameters §O To» @and 6 that occur in (1) and (2),

can be determined from the get from longitudinal trim
differential equation system composed on the basis of
the generalized mathematical model of articulated ma-
chines [2] using Lagrange's equations of the second
genre.
The kinetic energy was determined similar to the method
described in [3]. The bulldozer potential energy under
longitudinal trim is equal to

T =2cn +c(If +13) 6% +2¢ (1, = 1,) 1,0 + @)

+%c[m (& 050 +7,5in60 —s)*

Traction forces T, and T,, resistance forces W, and
sz on each wheel were taken as in [4]:
T, =7, [1-0:085 , 0.935 s
vV vV,

n

(4)

i=12
-f, (5)

where Ty — the maximum value of tractive power on cou-
pling; V, — the bulldozer initial speed at the moment
when the blade penetrates the ground.
Digging strength as in [4]:

W, =Ax+C x*+D,x*, (6)
where

woma ()3 (3]

P 4 B,
C,=0664-A, ,D, =081-A, ;
parameters that describe the developed ground, - they
are p;,B, and p,,B, - ground consistency and
widths of scoops of the reference blade and the tested
one, 0,, - the thickness of the cut out ground.
The differential equations made on the basis of the gen-
eralized mathematical model of articulated machines and

describing the bulldozer motion under longitudinal trim
are in the following form:

mé, — (Bcosd + Asin0) 6 + (Bsin 0 — Acos0) 6 =
T1 +T2 _Wfl _sz -W,

Kr!

mij, — (Bsin@ - Acos@) 6 — (Bcosd + Asin9) 6% =
—4cn, +2¢(1,-1,)-W

KB

~(Bcos@ + Asin @), — (Bsin@ — Acos8)ij, + 3,0 =
=20(l, = 1)1, = 2¢(17 +17 ) 0 + Wl +W, I, +

kB 3 kr 3

(er -T,-T, +Wf1+Wf2)(H _770)l

(7)
where A and B - coefficients that present the total of the
static moments of bulldozer modules.

Equations (1) and (2) together with the differential equa-
tion system (7) evaluate loads on the bulldozer undercar-
riage under its longitudinal trim.
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Fig. 1. Schematic view of forces affecting the bulldozer in the operating mode

Fig. 2 shows the graphs of the load variation range on
the power and production modules.
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Fig. 2. Dynamics of the load variation range on the bull-
dozer undercarriage (2-EM; 1-PM) at various correla-
tions of horizontal and vertical forces of resistance to

digging:

)W, =0.6-W,, 6)W,, =1.2-Wkg B)W,, =2.6-W,,

3. THE ANALYSIS OF RESULTS

As it follows from comparison of graphs a) and b), at the
moment of speeding-up, which lasts for about 2 sec.,
loads reach their extreme values. They increase with the
growth of the vertical component value; the load varia-
tion range increases at:

W,, =0.6 -W,,.-: 80 < Rpy < 190, and 30 < Rey < 80; at

W, =1.2-W,, : 120 < Rey < 290, and 50 < Rey < 120;
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at WKB = 2'6'WK1‘: 140 < RpM < 500, and 60 < REM <
270.
The variation range of loads on the power module makes
up 30 < Reym < 270, and on production one - 80 < Rpy <
500;

vibration frequency of loads on the power module is
nearly four times as high as vibration frequency of loads
on the production module;

the way curves Rym, Rem Change proves the overlapping
of several vibrations of various frequencies; power and
technological modules vibrate in antiphase.

4. CONCLUSIONS

1. The mathematical model of bulldozer that allows
evaluating loads on its undercarriage under longitu-
dinal trim has been formed.

2. The influence of a vertical component of the dig-
ging resisting force on the growth of loads on the
power and production modules has been proved.

3. Loads on the power module are twofold, two and a
half times as high as those on the production mod-
ule.

4. The scheme of evaluating loads on the undercar-
riage: the generalized model, differential equations,
D’Alambert’s principle — can be used while evaluat-
ing loads on the undercarriage of various techno-
logical machines not only under longitudinal trim,
but also during their rolling and lateral movement.
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MODELING THE BEHAVIOR OF TOWER CRANES
UNDER SEISMIC STRAIN

M. Alamoreanu

Abstract: Many countries are located in seismic activity zones. Seismic activities should be categorized, within the
classification of actions affecting lifting equipment, under the group of “‘exceptional actions”. However, all European
norms ignore these actions. As a consequence, cranes are currently not verified under this additional type of strain. The
earthquake of historic proportions that hit Romania on March 4th, 1977 is proof that this omission can be fatal: a
tower crane from the building site for the Municipal Hospital then under construction tipped under the seismic strain
and fell over, bringing down with it a part of the new building. In this paper we present a load model that includes
seismic activity. We establish the differential equation of the oscillations of cranes under the additional seismic strain.
We also present a solution to this problem if representing seismic movements as superimposed sinusoidal harmonics.
The seismic action affects the crane both directly, at the base of the crane, and indirectly, through the body of the

building that braces it, which allows the vibrations to be transmitted to the bracing anchors.

Key words: tower cranes, seismic action, behavior under seismic-equivalent load

1. INTRODUCTION

Numerous countries are located on seismic activity rich
ground. However, both the International Sstandard 1SO
8686-1:1989 [1], and the European Standard EN 13001-
2:2004 [2] ignore seismic actions upon cranes. These
actions would normally fall under the category of
“exceptional actions”. Therefore, this omission must be
supplanted by the national norms of the countries in
question.

Romania is situated in a region characterized by intense
seismic activity. During the period 1901-2008 there
were over 30 seismic movements in Romania of
magnitudes ranging from 5.5 M, on the Richter scale to
7.4 M_. Among these, the most powerful earthquakes
were recorded in 1908 (6.75 M,), 1940 (7.4 M,) and
1977 (7.2 My). The 1977 earthquake caused the fall of a
tower crane from a building site in Bucharest, near the
Municipal Hospital under construction at that time.
Because it was the only crane anchored at the site and in
the nearby surroundings, and the quake occurred after
9p.m. (thus the site was deserted, and the crane not in
service), the fall fortunately produced no casualties.
However, it damaged part of the new building.

2. PROBLEM STATEMENT

The official technical regulations of the Romanian
national body which oversees the exploitation of lifting
machinery and governs the enforcement of the normal
operation safety standards [3], include the obligation of
supplementary safety inspections being conducted on
cranes operating under seismic conditions, but there is
no separate standard for these specific conditions.

Technical literature either fails to mention this issue
altogether or, at best, treats it only superficially by
referring to the norms of calculus applicable to
buildings, as in [4], [5]; but there are cases when the
application of these norms is not transferrable to cranes.
One of these cases is that of tower cranes anchored at
the foot of the building, for which seismic activity is
present both directly, at the base of the crane itself, and
indirectly, through the building and anchorages. As
previously mentioned, it is exactly for these types of
cranes that potential seismic activity can have the most
disastrous effect, because it may topple the whole crane-
building ensemble. On the other hand, while the
buildings themselves behave as free structures (the
binding effect onto structures by anchored cranes is
negligible), anchored cranes cannot be considered as
free, and as a result, the theory gets more complex in
their case.

In essence, the question is finding the best model for the
dynamic behavior of cranes under typical seismic
actions considered as an additional type of load, with the
purpose of elaborating a calculus recipe applicable to the
engineering design phase. For this reason, the dynamic
model utilized should be simple to implement in design
calculations, and the equivalence model-to-real crane
structure must be satisfactory. Our paper proposes such
a method.

3. HYPOTHESES AND DYNAMIC
MODEL
We depart from the following hypotheses:

The tower of the crane behaves as an elastic bar encased
at the base, and free at the top;

Mr. Mircea Alamoreanu, Technical University for Constructions of Bucharest, alamor@utcb.ro
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The tower is anchored at the building through n rigid
pendulum anchors;

The mass of the crane’s revolving part, as well as the
equivalent mass of the tower are concentrated at the
level of the fulcrum;

The seismic action is present directly at the base of the
crane and indirectly through the anchors;

The effect of the crane on the building is negligible;

The second order effect of the behavior of the crane is
negligible;

The inertia of the side oscillations of the revolving part
of the crane is negligible.

The model thus described is presented in Figure 10-1.

According to these hypotheses, the dynamic system has
two degrees of freedom (the displacements X, and x, of
the equivalent mass M of the crane, and of the load Q,
respectively), and is perturbed by displacements
imposed onto the base and the anchors. Displacement x,
measures the load’s deviation from the vertical (the load
is suspended by a flexible element).

4. DIFFERENTIAL EQUATIONS OF THE
MOVEMENT

Under the notation conventions from [6], the differential
equations of the movement are:

Vg = QX J¢q
Vi = MR8y + QRO + D RO,
v, = R,
v, = ::1Ri52i
vV, = R,
Equation 4-1

where ¢; are the influence coefficients (i.e. the
horizontal elastic displacement of the crane’s tower in
point i under a horizontal unit force applied in point j).

Note: The last n equations do not contain the terms
corresponding to the forces of inertia of masses Q and M
because, according to hypothesis 5, the displacements

Vi are completely determined by the construction itself
and are assumed to be known.

To this system we associate the following relations
between the relative and the absolute displacements, v
Versus x (see Equation 4-2, next):

X =U—V, =V,
Xp, =U—=V,_
Equation 4-2

where u=u(t) is the function defining the seismic
movement. For the time being, we also assume that the

seismic movement is sinusoidal, of angular frequency
Q:

u(t) =UsinQt
Equation 4-3
This assumption will be justified (and generalized)
below.

5. DISPLACEMENTS IMPOSED BY THE
CONSTRUCTION

The effect of the displacements imposed by the building
is assessed by computing the equivalent forces at the
anchors R;. These forces result from the last N
equations of the system in Equation 4-1:

Ag
R =—,
A
Equation 5-1
where
0y O ... Oy
A:521 02 Oan
Oy Onp oo Op
Equation 5-2
and
511 512 Vl 5ln
0, O 0.
ARi — .21 .22 2 2n
5n1 512 Vn 5nn
Equation 5-3

Structures have an elastic rigidity which is sizably larger
than that of cranes; hence the focus is usually limited to
their elastic oscillations with the fundamental (lowest)
angular frequencies. As a result, the construction can be
modeled as a dynamic system of one single mass, as in
Figure 10-1. The displacement of the building at the
level of its equivalent mass, Mc, assuming a sinusoidal
seismic action, is of the form:

Ve = %(Wc sin o .t + Qsin Qt),

Q° -,

Equation 5-4
while the displacements at the level of the anchors can
be expressed as a function of the building displacement
through the influence coefficients of the building
structure:

v, :ﬁ-vc,with h=1n

hh
Equation 5-5
By substituting the expressions from Equation 5-5 into
the determinant from Equation 5-3, and then substituting
this determinant in Equation 5-1 of the reaction forces
from the anchors, displacement v¢ appears as a common
factor, and we obtain:
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.VC’

A.
R-A 1
Equation 5-6

A

where the new ~i replaces column I of the system

. . h L.
determinant A with the h' vector of the coefficients:

S, S . Op .. Oy
P Gn e Oa e By
Sy O v Oy . O

Equation 5-7

6. REDUCING SYSTEM/EQUATION 4-1
TO THE CANONICAL FORM

By substituting Equation 5-6 in the expression of vy,
from Equation 4-1 we obtain the new system:

Vg = qué‘qq

Vi = MK, 8 + QXS +ivc2Ai5mi
Aby, T

Equation 6-1

If we introduce in this system the expressions from
Equation 4-2 of the absolute displacements and noting
that the quantities:

= w? and I !
MS,.,

Q5qq ’
Equation 6-2
are the crane’s and load’s own angular frequencies,
respectively; if we also note that — since the load is
suspended as a pendulum through a flexible element —
the displacement of the load is equal to the displacement
in the barycenter of the crane:

Opg = O,

mq mm
Equation 6-3
then, after some transformations, we obtain:

V., + @2V, — Vo =U+ (ke ) Ve

aq

.. .. 2 _
Vi +V, TV, =0
Equation 6-4
where K is by notation:

1 n
k= AS ZAié‘mi

hh =1

Equation 6-5

The system in Equation 6-4 represents the canonical
form of an oscillating system with two degrees of
freedom. The mutual influence of the two masses is
reflected through the displacement coefficient v, from
the first equation, { is the direct acceleration, and

2
(k- o) vc is the indirect acceleration, through the

construction which braces the crane. The non-
dimensional factor k takes into consideration the elastic
behaviors of both the crane and that of the construction.

Solving the system from Equation 6-4 is now trivial.

7. INITIAL CONDITIONS

Assuming that the seismic event finds the crane at rest,
at the initial moment the displacements and the absolute
velocities are null:

% (0)=0_[%,(0)=0
X, (0)=0 """ | x,(0) =0
Equation 7-1

Using Equation 4-2 which describes the relation
between the relative and the absolute displacements, one
can easily obtain the following initial conditions,
formulated in terms of relative displacements and
velocities:

Vi (0) =u(0) gl (0) =u(0)
v, =0 v, =0
Equation 7-2

8. PARTICULAR CASES

2
Unanchored crane. Term (k-@y)" Ve from the
right side of the first equation of the system from
Equation 6-4 vanishes. The initial conditions from
Equation 7-2 remain the same.

Anchored crane, not currently in service. In this case
the load has no mass Q = 0, such that system of
Equation will reduce to a single equation, which reflects
the fact that the dynamic system reduces to a single-
mass, one-degree of freedom system:

Vo +iv, =+ Kaol)* V.
Equation 8-1
The associated initial conditions are:
{Vm (0) =u(0)
v, (0) =u(0)
Equation 8-2

Unanchored crane, not currently in service. The
movement is described by the same differential equation
as in the previous particular case, from which the second
term of the right side disappears:

V. +olv, =l
Equation 8-3
The initial conditions remain unchanged.

9. GENERALIZATION

If the seismic movement can be described by
overlapping  harmonics  with  different angular
frequencies, which is to say
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u(t):Zuj(t):ZUjsiant

Equation 9-1
the core of the problem remains unchanged, and the
insignificant differences that this representation of
seismic movement entails will appear only in the
description of the particular solutions of the system from
Equation 6-4.

10. LOAD EQUIVALENT TO THE
SEISMIC ACTION

This is the horizontal static force acting upon the
equivalent mass of the crane, which determines an
elastic displacement equal to the effective maximum
elongation. As such:
max
I:equiv = Vm
1)
Equation 10-1

mm

Knowing the expression of the solution vy(t), the
maximum value that Fe can attain during the
earthquake can be obtained using a matrix library such
as in MATLAB, which can also be used for the
graphical representation of the time dependency of the
elongations vy, and vy
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THE ANALYSIS OF THE DYNAMIC LOADS DUE TO THE VIBRATIONS
GENERATED BY THE DISPLACEMENT OF FRONT LOADERS

P. Bratu

Abstract: The evaluation of dynamic performances in case of self-propelled construction machinery is based on the
influence of kinematical excitations analysis transmitted to the metallic structure on the resistance limit.

This article presents the influence of the dynamic excitations due to the bucket movement or displacement on
dislevelmented roads. Basing on the adopted dynamic model and numerical and experimental tests for the MMT45
loader, the values of loading dynamic coefficients for the metallic structure have been determined.

Key words: front loader, dynamic coefficient, rotational speed, vibrating mode, eigen pulsation

1. INTRODUCTION

The determination of machinery dynamic response is
realized by means of a calculus model that takes into
consideration the mechanical and geometrical factors of
the machinery.

The calculus model is based on the following
hypotheses:
- characterization of exciter actions;
- evaluation of the dynamic response using one

system of motion differential equations.

In order to model and analyse the most important stage
of the technological process, namely the bucket loading,
three physico-mathematical models having various
complexity degree putting into evidence the profound
dynamic character of the digging-loading process, have
been conceived.

2. THE DYNAMIC MODEL

The complexity of the actual system led to a dynamic

system based on simplifying hypotheses:

- the effect of the damping is neglected;

- the inertial forces are neglected,;

- the axial and transversal rigidity of the arm are
neglected,;

- the clearances of kinematical joints (valid
hypothesis in case of new machinery) and the oil
compressibility from the hydraulic installation are
not considered;

- the rigidity of tyres on the horizontal direction is
neglected (valid hypothesis in case that the
machinery is stopped which is similar with the
loading process);

- there is mass symmetry with respect to median
longitudinal plane.

In order to determine the performances of the bucket

front loader operating in the actual regime, a dynamic

model realized as a system having two masses m; (the
mass of the base machinery and equipment) and m;, (the

mass of loaded bucket) and elastic supported, has been
conceived.

The model has three degrees of freedom (y, ¢y, @) that
put into evidence vertical and angular oscillations of the
base machinery and bucket.

Fig. 1 — The dynamic model of the bucket front loader

The geometrical co-ordinates of the bucket centre of
gravity with respect to machine centre of gravity are
determined as follows:

Xg = Lcos(a, +@,)+rcos(o, —9, —a, —¢,), 1
Yg =-Lsin(a, +o,) +rsin(o, -, —o, —¢;) +y ( )

In order to write the system of dynamic equilibrium
equations of the two masses, the second order Lagrange
equations are used:

By differentiation of relation (1) we can calculate the
movement velocity of mass m,:

2 2 2
Vg =Xg+VYg

Ve =of (L +r*+2Lrcosa, )+ o’ +

+2¢,¢,r (r+Lcosa, )— ?
—2¢,z[Lcosa, +rcos(o, —o,)]-
—2@,zrcos(o, — o).
In order to obtain the point B velocity the values of
generalized co-ordinates have been considered low by
comparison with the generalized velocities allowing the
expression linearization. The following notations are
introduced:
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R2 = L2 +r2 + 2Lrcosa,;
by =r+ Lcosas,;
b, = Lcosay, + rcos(o, — oy ),
Then the Kinetic energy of the system is written under
the form:
1 ., 1. 1 1 R
E. :Emlyz +E‘]1(P12 +Em2VZB +EJ2 (6, +9,)
and becomes after replacements and simplifications:
1 ., 1. ., 1 .
E. :Emly2 +EJ1cpf +E‘]ZE(p§ +
+ 0,0, (‘]2 + mzrbl)_¢1ym2b2 - ©)
—¢,ym,recos(a, —a,)
we have
m = m; + m,; m — the total mass of the system;
J=1J +J, + mR?% J - the inertia moment of the
bucket with respect to joint A;
Joe = 3, + Myr® ; Joe - the inertia moment of the bucket
with respect to elastic joint E.
The potential energy of deformation stored within the
elastic elements, illustrated in Figure 1 as the joint E
where the bucket is clamping on the arm, the rigidity
elements k, and the rigidity tyres k, and k,, has the
following expression:
1 1 1
Vo= Ekl(y +ho)? + Ekz(y —1,0,)% + Ekq)(P% 4)

In case of conservative systems the second order
Lagrange equations have the form:

dfoE) B __N. iy, .. ©)
dt\og, ) oq,  oq;

where g; represents the generalized co-ordinates of the
system. The q vector has the form q = [y, ¢;, ¢,]".

Thus, the following system of linear differential
equations is obtained:

ym—@,m,b, —(pszrCOS(az _a1)+(kl +k,)y+
+(k,1, k1), =0

—ym,b, + I+, (I, +myrb, ) +y(k,l1, -k, ) +
+@; (K, +k,13) =0

—ym,rcos(o, —ay )+, (3, +M,rby )+, +
+k,0, =0

(6)

The second order Lagrange equation written under the
matrix form can be rewritten as follows:
Md +Kq =0 7)
where q is the vector of displacements according to the
degrees of freedom;
M — is the matrix of inertia;
K —the matrix of rigidity;
The structures of the matrix of inertia and the matrix of

rigidity are:
m -m,b, —m,rcos(a, —a,)
M= -m,b, J J, +m,rb, ] (8)
—m,reos(a, —a,) J, +m,rb; Joe

k,+k, K, —kl 0
K=|kl,—kl KkI+kl2 0 )
0 0 k

¢
In order to solve the equation (7) particular solutions are
chosen:
y = A sin(pt + 6)
@ = Ay sin(pt + 0) (10)
@, = Agsin(pt + 0)
and by differentiation and replacement in (7) one could
obtain the algebra system under the form:
(ky + ko =mp?)y + (Kol —kyly + myby p?)e; —
- m,rp2e, cos(o, — o) =0
(kalp = kil + moby p2)y + (kilZ + k,l3 — Ip?)oy —
— p2(J; + myrbyJo, = 0
= m,rp2ycos(oy — ay) — p2(J, + myrby o, +
+(ky — Joe p?e, =0
The eigen pulsations of the systems put into evidence
the model behaviour when subjected to various
perturbing factors, fact that leads to the necessity of
knowing these factors.
From the vanishing condition for the determinant of
the system (11) we have:
ky +k, —mp?
Koly — kel +mobyp? kgl + K,l3 — Jp?
- myrp? cos, — o) — PA(J, +myrly)

(11)

Kol — kyly +myb, p? —m,rp? cosr, — )
-p*(3+mrhy) =0 (12)
kgu - ‘]2E pZ
where we have the equation of pulsations under the
form:
p® +Cyp4+C,p2+C3 =0 (13)
where C;, C, and C; are constants depending on the
geometrical and constructive parameters of the physical
model.
Solving of the third degree equation in p? can be
realized using the substitution:

p? = w- G, (14)
and we have
1\ 1) 1

or

w3 —3s;w+2n =0 (15)
where
2
9 3
3
nlzl_& +£ _& .C2+£C3
2 3 2 3 2

The roots of the cubic equation are determined as
follows:

w, = J_r2\/§ cos(%l)
W, = 12@ cos(600 - y—‘;j

(16)
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W, = J_r2\/§ 005(600 + y—,;j

where the “+” sign is for n; > 0, and the sign is for
n; < 0. The v, angle is determined with the expression:

il (17)
51\/5
Finally, the pulsations can be expressed as follows:
Cl

C C
2w, ——2L:p2=w, - L:pZ=w,——; (18
pi 173 p; 273 P3 373 (18)

In order to determine the eigen vectors the equation of
matrix is developed as follows:
k+o-np' kKl +mbp -mifoso,—a) |(1] [0

kL—KL+mbg  kE+kE-3  (L+mb) fwe=0r  (19)
-mprase,—o) FLmb)  k-Lp ) [0
and results in

(K, +Ky —mp?) + (K, 1, =k, I, +m,b,p*)u, —m,rp?u, cos(a, —o,) =0

(Kol =Kol +m,b,p%) + (K, +K,13 —IpP), —p* (I, +m,r, )y =0 (20)

-, cos(ot, —0y) —p° (I, +myrby ), + (K, =J,ep?)py =0
having the notations:

cosy; =

_ p?a, +a, . pas + pag +a
o=l =0t PEHTPEHTEH o)
pTag +a, P ag + P°ag
where the coefficients of inertiaa;, j =1 ... 9 are under
the form:

a = J,m+mmyrby, +m3b?r cos(, —oy);
A = —(J, + myrby)(ky +K;) — (Kely — kol )myr coso, —oy);
ag = myb, (3, +myrby) + Im?r cos(o, — oy);
ay = myr(kl? —kol3) cosa, —ay) + (I, +myrby)(Kol, —kyly).
ag = -mJ +m2b2;

=k +ky)J + m(klll2 + kol 2) + 2myb, (Kol —kylp);
a; = —klkz(lz2 + If)z;
ag = J,myb, + m2rhb, +Im,r cos@, —oy);
ag = (3 +myrby) (ol —kyly) —myr(kylZ +k,l2) cosr, — o).
For the three eigen pulsations p2, pZ and pZ the
values of distributing coefficients are determined:

o _ pfay +a, @ _ piay +a,
©oplagray * plag+a, 22)
@ _ piay +a, .
plag +a,
o _ Pias +piag +a;
* o plag+pia
u = —pﬁai L. LR (23)
P28 + P339
@ _ P38 + Pias + &
P plagtpia

For the three vibrating modes we have:

@)
1 Az 1 1) (@
MR KENNC YO
AD

2 2 2).
R NS
A
@ _ A CRNOMCE
' =g > A = AT
A
®
1) A3 1 1) @
WY - 5 LAY = ALY,
A
@
(2 _ As @ _ Ai(z) (2)
Hs" =~ 7
A
@
o _A a0 _ AP
He' = @
A
Thus, the eigen vectors are under the form:
1
AD = ADLO = AD Y
8
1
AD = ADu@ = AP (24)
@
%]
1
A® = AQLE = A@ IS
9

The eigen pulsation p?, together with the modal vector

A® are defining the first eigen vibrating mode,
characterized by the following co-ordinates:

y® = AW sin(pyt + 0,);
wb—@%wmuﬁa—mwwamw+my(%>
o = AP sin(p;t + 0,) = uP AP sin(pyt + 0,),

where A® and 0, are determined from the initial

conditions corresponding to the first vibrating mode.
Analogous, for the second and third eigen vibrating
modes we have

yi? = A sin(pat +6,);
o = AP sin(pt + 0,) = u(f)Afz’ sin(pt +0,);  (26)
(2) = A?(,Z sin(p,t + 6,) = H A1(2 sin(p,t + 6,),

y‘3) = A1(3) sin(pst + 03);
(p(S) _ A(3) sin(pst + 0;) = p_(3)Al(3) sin(pst + 63); 27)
= AP sin(pst + 05) = p§) A sin(pst + 03).

By imposing these initial conditions when t = 0:
z, =0 Z,=V,
¢ =0 and Py = O, (28)
¢y =0 Py = O,

the following system is obtained:
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AV sino, + APuP sing, +
+ APuP sing; =0
A sino, + APuP sing, +
+ APuP sing; = 0
AYsing, + AP sing, +
+ APuP singy = 0
pAY cos 0, + p, APuS cos o, +
+ psAPLY cos 05 = vy
oy 0080, + py AT cost +
+ P AU cos 03 = o

(29)

mAY cos 0, + p, AP cose, +

3) (@3
+ p3A1( )Hg) Cos 03 = g,

and we have AY, A® A® and 0,,6,,6,.

The general solution for the system of linear
differential equations (7) results in an overlap of the
three movements:

1 2 3 1) o;
v =y + v+ y® = A sin(pit +0,) +
+ Ai(z) sin(p,t + 0,) + A1(3) sin(pst + 03)
01 = o + 0 + 0 = uP A sin(pit + 0;) +
+ P AP sin(pt + 0,) + u) AP sin(pst + 05)
02 = 09 + 2 + 02 = uPAD sin(pyt +0,) +
+ u@ AP sin(p,t + 0,) + nP AD sin(p,t + 05)
The velocities of the free vibrations, corresponding to
the chosen co-ordinates will be:

y = plAil) COS(plt + 91) +
+p,A? cos(p,t+0,) +p,A? cos(p,t +6,)

(b1 = pl“(zl)Ail) COS(plt + e1) + (31)
+p,us? Al cos(p,t+0,) +pous Al cos(pyt +6,)

(30)

¢, = pl“(al)Ail) cos(p,t+9,) +
+ pZHéZ)Af) COS(pZt + 92) + pSuf)Aia) cos(th + 93)

The accelerations of the free vibrations,
corresponding to the three degrees of freedom, are:
y= _Ail)plz Sin(plt + 91) -

- A§2)p§ Sin(pzt + 92) - Af)pg Sin(p3t + 93)
¢, = _“(zl)Ail)plz sin(p,t+0,) -

- H?Appg sin(p,t+0,)— HQB)AF) pg sin(p,t +6;)
¢, = _“gl)Ail)plz Sin(p1t + 91) -

- “ES)AEZ)p; sin(p,t+9,) _Hgs)Aia)p?z’ sin(p,t +6;)
The dynamic behaviour due to the perturbing factors
which are introducing vertical vibrations into the system
and causing dynamic effects quantized by means of the
dynamic coefficients is being studied by taking into
consideration the initial conditions.
Having the identification data for the MMT45 loader
manufactured by PROMEX S.A. Braila the eigen
pulsations have been calculated, the final expressions of
the machinery movement for the three degrees of
freedom have been written and the frequency spectrum
of those movements have been illustrated in Figure 2.

p1=2.97 rad/s; p,= 6.64 rad/s; ps= 30.9 rad/s;

(32)

y(t) = 0.875sin(2.97t) — 0.41sin(6.64t) — 0.002 sin(30.9t)
@, (t) = 0.365in(2.97t) + 0.70sin(6.64t) — 0.1755in(30.9t) (33)
@, (t) = 0.03sin(2.97t) + 0.03sin(6.64t) + 1.282 sin(30.9t)

Fig. 2 Frequency spectrum for y(t), ¢1(t) and @,(t)
functions

3. THE DYNAMIC RESPONSE DUE TO
THE EXCITATION OF THE BUCKET
DUMPING

In order to carry out the bucket closing action, the
rotational speed 4w is variable and this situation leads to
major implications upon the loading of metallic structure
and hydraulic drive system of the machinery as well.

For this situation to be analysed we consider for the
initial point t = 0 that the machinery is in the position of
stable static balance and the closing of the loaded bucket
is performed suddenly. These conditions can be
expressed under the following form:

Yo = 0; Yo = 0

fort=0 J¢,, =0;¢,, =0 (34)
Pz = 0,9, = A0

The system of differential equations has been resolved

using the MAPLE software and the time history of the
system output values has been illustrated in Figure 3.
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0 3 T g 7 7h tedlel
0.0017 t
0.0024

-0.0034

;4 [rad]

0.004

A A
R AR
-0.002

-0.004

8, [rad]

time., [3]

0.003 %

e HLGATRIIRRE)
s

-0.0034

o

Fig. 3 The model response due to the sudden rotation of
the bucket
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The analysis of Figure 3 puts into evidence the fact that
the sudden rotation of the bucket is being accompanied
by vibrations transmitted within the machinery structure,
the machinery performing oscillating movements
according to the degrees of freedom.

The over loadings transmitted to the dumping system of
the bucket having as a result the sudden closing of the
bucket are quantized by a dynamic coefficient defined as
the ratio between the total moment due to the static and
dynamic forces, My.g, and the (minimum) total moment
with respect to bucket-arm joint, My, in the static regime
of forces operating upon the bucket.

— Mdin+st =1+ klP
Mst ngXG
The maximum value of the dynamic coefficient
depends in this case on the maximum value of the
bucket angle of shearing-deformation ¢,"*. For the
MMT45 loader we have y = 1,22.
It is important to know the influence that various
structural elements of the model have upon the dynamic
behaviour of the bucket dumping system.
The construction of the bucket dumping system, by its
rigidity and rotational speed of bucket unloading,
influences the dynamic effects transmitted within the
hydraulic drive system and the structure of the machine,
as we can see in Figure 4.

v Pl (39)

1.35 4
1.3 4

1.25 1

1.15 4
1.1 4
1.05

21005 4xl8 Bx10%

dynamic coefficient

the rigidity of the bucket durnping
system
[Wrmirad]

a)

1.8
1.6
1.4 4
1.2 4

0.5 4
06 4
0.4 4
0.2

dynarnic coefficient

o1 02 0.3
rotational speed  [577]

b)

Fig. 4 The variation of the dynamic effect within the
bucket dumping system
a) the influence of the bucket dumping rigidity;
b) the influence of the bucket rotational speed

In Figure 4 one can note that by increasing the rotational
speed of bucket closing and opening the dynamic effect
within the bucket dumping system increases.

Modifying the construction of dumping mechanism by
increasing its torsion rigidity, the bucket angle of

shearing-deformation decreases while the frequency of
the bucket movement increases, phenomenon observed
in Figure 5.

®, Jrad]
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Fig. 5 The variation of the bucket rotational speed
as a function of the dumping mechanism rigidity
a) k,=200 000 Nm/rad; b) k, = 400 000 Nm/rad;
c) k, =600 000 Nm/rad

o
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4. THE RESPONSE OF THE LOADER
WHEN SUBJECTED TO SUDDEN
BRAKE DURING THE DISPLACEMENT
IN ACCELERATED REGIME HAVING
THE BUCKET LOADED

Taking into account the energetic considerations, the
initial conditions imposed for t = 0 in order to simulate
this situation have the following form:

Yo =0;¥,=0
fort=0 . m
Py =0;¢yy = V\/; (36)

. m
Py =0;¢y = V, —=
JC
where

m is the total mass of the machinery having the bucket

in load;

m. — the mass of the bucket having rated load;

J — the inertia moment of the machine;

J. — the inertia moment of the bucket having rated

load;

v — the displacement speed from which the sudden

brake of the machine is realized.
The response of the system in case of the MMT45
loader having J = 14415,65 kgm?, J. = 683,75 kgm?, m =
6180 kg, m. = 1500 kg is illustrated in Figure 6. The
initial conditions are ¢,, =1 rad/s; ¢, =2,35 rad/s.

In order to put into evidence the dynamic effects as a
function of the speed from which the machine is being
braked, two cases will be simulated: braking from speed
v = 1,59 m/s and from v = 1,2 m/s. In this situation the
dynamic coefficient when braking from v = 1,59 m/s
reaches the value y = 6.
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Fig. 6 The response of the system when braking the
loader from speed v = 1,59 m/s.
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Fig. 7 The response of the system when braking the
loader from speed v = 1,2 m/s.

5. THE RESPONSE OF THE LOADER
WHEN SUBJECTED TO SUDDEN
BRAKE DURING THE DESCENDING OF
THE ARM HAVING THE BUCKET
LOADED

The initial conditions for t = 0 are:

Yo =0,y =0
fort=0 d,

g = 0,9 = U)d* (37)
3

a0 = 0;¢y0 = 0027

where o is the rotational speed of the arm when
descending, previously to the braking of arm actuating
cylinder; d; — the distance from the mass centre of the
loaded bucket to the joint where the bucket clamps on
the arm; d, - the distance from the mass centre of the
loaded bucket to the joint where the arm clamps the base

machine chassis; ds - the distance from the mass centre
of the machine to the mass centre of the loaded bucket.
The response of the system is illustrated in Figure 8, the
oscillating movement of the bucket in the joint where
the bucket clamps on the arm has a peculiar interest.

B, [rad]
0.01

L
ijWW\ﬁNW%

Fig. 8

In this case the dynamic coefficient reaches the value
y = 1,76 for the MMT45 loader.

6. CONCLUSIONS

The adopted dynamic model approximates with
sufficient precision the behaviour of the machinery in
the three stages of excitations mentioned in the paper.
The dynamic coefficients can be determined basing on
the mass and geometrical characteristics of the
equipment and machinery and the working regime as
well.
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LIFETIME ESTIMATION OF THE LIFT TRANSMISSION POWER
SYSTEM ELEMENTS

R. Durkovi¢, M. Damjanovi¢

Abstract: Load and lifetime of the lift transmission system elements powered by electromotive drive are considered.
Element lifetime estimation, up to fracture — due to fatigue, is based on applying linear hypotheses on material damage
calculation. Elements lifetime is expressed as the time of their work and cabin route.

Key words: ligt, lifetime, fatique, transmission power system, element.

1. INTRODUCTION

Electromotive lift transmission power system is
presented as a complex elasto — inertial dynamic system
subjected in its operation to the drive moment and
corresponding load. The very intensity demand for lift
transport is continually changed within 24 hours with an
accidental change character submitted to Poisson’s
distribution law [8].

In general case, with Poisson’s distribution, a probability
that, out of total A independent events, within certain
period of time, n-events may happen, is determined
(n=0, 1, 2...), [3]:

ot
P(n)= }\.n T (1)

In this case it means that A lift users at some time
interval will need, namely use lift.

The intensity of lift use and load as well as the period of
top intensity during a day depend on the purposes and
characteristics of the object within which a lift is built.
Static load is characterized by a number of persons
being carried by a lift simltaneously. As a rule, the
larger the number of the floors the greater a number
being in the lift at the same time, the cabine route and
lift use during a day or year are.

The gratest intensity demand for vertical transport is
competent for technical solution choice, namely lift
capacity.

However, such a demand is not responsible for lift
element calculation, neither due to static hardness nor
due to fatigue hardness.

Element calculation to static hardness is done according
to maximum dynamic load at, for example, lifting of the
cabin into seizure device or butter, namely at overload in
the process of lift control.

To estimate elements lifetime according to fatigue
hardness, it is necessary to know the total load for a
corresponding element, in the course of its lifetime. It
should be pointed out that, apart from static loads,
determined by the cabine and people’s weight (or load)
and balancing elements in the working lift cycle, there
appear dynamic loads. The dynamic load of oscillatory
character may predominantly influence the lift elements
lifetime according to wear and fatigue hardness criteria,
especially for the reason the lift is a machine of cyclic
operation with a great number of switching on during
its lifetime.

According to [1] in literature is missing the
methodology of estimating concrete lift element lifetime
by virtue of fatigue hardness to give sufficiently reliable
results.

This increasing the accuracy of estimating lift elements
lifetime remains to be a further task to solve. In this
paper, dynamic loads of the lift elements and their
lifetime are considered.

2. DYNAMIC ELEMENT LOADS

Within the lift power transmission elements, dynamic
loads are particularly expressed in periods of drive
release and brake.

The forced oscillations that appear in the period of drive
release and brake may be considered on simplified
schemes of systems with one, two, and three masses.

The general lift scheme is shown in Fig. 1a), and its
simplified scheme with two reduced masses are given in
Fig. 1(b).

Ph.D. Radan Durkovi¢, Faculty of Mechanical Engineering Podgorica, Montenegro
Mr Milanko Damjanovi¢ , Faculty of Mechanical Engineering Podgorica, Montenegro
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Fig. 1. Lift scheme; a) general scheme, b) simplified
scheme with two reduced masses.

The signs in Fig. 1b) have the following meaming:

J; — reduced inertia moment of drive mass and counter —
weight,

J, — cabin reduced moment of inertia,

M — drive moment,

Mg — operational moment,

¢ — reduced stiffness of serially connected ropes and
hangers of cabin (depending on the rope length).

Dynamic load values of ropes and other power
transmission elements depend on the growth speed of
operational moment and  system  oscillatory
characteristics [9], [12].

Operational moment velocity growth is shown by time
t,, Fig. 2, whereas system oscilatory characteristics are
shown by a period of own oscillations T. Both
influences are expressed by load parametres A=ty/T.

Kp
M 2.0
/ 1.8 \

t

MM 1<ty 14 \

1

1 = N
> 01 .

to : 0 1 % 3 4 a

Fig. 2. Outer moment
growth diagram
(operational or

braking).

Fig. 3. Dynamic change
coefficients diagram in
dependence on load
parameters.

The moment growth in Fig. 2 may be described in the
following way:
t
My,—,t<t
0 to 0 (2)

The dynamic load grawth in ropes and power
transmission elements is expressed by dynamic
coefficients. For the lift scheme with two masses, Fig
1b), the dynamic coefficient in elastic connection (rope)
is given by the expression, [9]:

sin A

Kp =1+
b A

®)

Dotted lines in Fig. 3 connect maximum dynamic

coefficient values Kp obtained for A = gg% etc.

The moment in elastic bond of a two-mass system, Fig.
1b), at zero initial conditions:

t:o,d—M:o,M=o, (4)
dt

is expressed by, [9]:

M, = Mco(l—COSpt) ®)

where:

Mg = Jo M+ Mg constant moment component,

Ji+J,

_ C'(J1+J2)
P= I+,

oscillations of two — mass system.

circular frequency of own

Own oscillation period is:

T2 ()

p

The result of equation (5) is that maximum dynamic
moment value in elastic bond can reach double value of
static and inertial loads.

At gaps existing in power transmission elements of
elastic bond, when starting operation, a moment acts,

[9l:

M, = M, (1 cospt)+ 20

sin pt @)
In expression (7), the second member results from gap
impact.
Angular velocity of masses colliding is:

/2~M -0
Wy = —— 8

‘]1

where 0 — reduced gap in radians.

In case of gap existence, dynamic coefficient is given by
an expression:

2

(Q)

Kp =1+,/1+ 0 9)
° (Mco'p]

The expression (9) shows that Kp>2 for a value resulting
from gap impact.

In this case dynamic loads can reach high values
overcoming static element loads for several times.
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3. LIFETIME OF ELEMENT

Mechanical characteristic ~ variations of applied
construction materials of lift power transmission system
elements on one side, and accidentaly changeable load
level on the other side make an accurate determination
of element lifetime difficult. Thus their lifetime
estimation is done.

Elements lifetime estimation is done by virtue of wear —
e.g. at rope, and by means of fatigue hardness at driving
gear elements.

In this paper, power transmission element lifetime
estimation is considered in terms of fatigue hardness.

Lifetime estimation is based on applying linear
hypotheses on material damage accumulation.

According to these hypotheses element damages

accumulated in single strain levels, i=1+k, are mutually

independent, thus summed up, and the measure of total

damages is interaction function:

a,:iJrn—z+...+£+...:Zi (10)
Nl N2 Ni i=1 N

where:

n; — is the namber of stress cycle of i-level (c;) for the

total early element lifetime,

N; — is the cycle number that the element can stand

according to Wohler's curve at a continual o; stress

action.

Interaction function a, expresses the influence of
working stresses spectre form deviations from stresses at
basic durability.

The most significant linear hypotheses on material
damage accumulation hypotheses on material damage
accumulation are these ones: Palmogrin — Mainer’s,
Serensen — Kogaev’s, Corten-Dlan’s and Haibach’s.

An explanation to the above hypotheses is given by
using Fig. 4, [4], [5].

According to Palmgrin — Mainer’s hypothesis,
interaction function is a,=1, whereas material damages
are caused only by the stresses higher than permanent
dynamic hardness, o; >cp. Sersen-Kogaev’s hypothesis
also takes into consideration only stress o; > op action,
wheresas interaction function has the value a,=0.1+1 and
is calculated for a concrete stress distribution. The
influence on dynamic stress durability below permanent
dynamic hardnes op is taken by interaction coefficient
a,. Cortan — Dolan’s and Haibah’s hypotheses take into
consideration all the stresses o; >0. For the stresses
ci<cy, these hypotheses modify (correct) Wohler’s
curve, Fig. 4. the stress oy in point W is the biogest
stress within the spectre.

log(a) 1
o' *N=const.
fa e
§ o Corten-Dolan

T, =

\ p

N\ X Haibach
P \I ~ -
p=m ~ « 2m-1
NNN log(N)

ke=1l=p=m
p=k, mik,<l=p=p'
ke >1=p=p"

Fig.4. Wohler’s curve and stress distribution at
operational load — an explanation to a linear hypothesis.

Lifetime of elements expressed by a total number of
stress change cycles of al the levels an element can
endure (for non-corrected Wohler’s curve) is:
m

Ng =270 (1)

Gekv.
where:
op — is a dynamic durability representing critical stress,
Gev- 1S an equivalent operational stress replacing
operational stresses of all levels.

If ny is the number of stress change cycles per element
operational hour, and T is the number of its working
hours, then Ng=n+T, thus by replacing expression (11)
we get:
m
7-R _Nowop 12)
Rl N 'G:enkv.

In the previous expression R is the total element
operational capacity (resource) disposable:

R=Np-op (13)

and R; — is a needed operational capacity of elements
per 1 working hour (unit working capacity or unit
resource):

Ry =n71-Og. (14)

3.1 Total Operational Capacity Disposable

A total operational capacity of R element available,
expressed by Np, op and m depends on kind and way of
load change, applied construction material, construction
element form and technological process of its production
(forming).

Types of loads, ways of their change, exponents of
fatigue curves — m and asymmetry coefficients r, [2],
[6], [7] are given in the Table 1 for the basic power
transmission elements: gears, shafts and bearings.
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Table 1. Types and characteristics of power transmission
element load.

Element | Type of load |Load change Exponent Asym.m.etry
m coefficinet
initial
tooth surface repeated 3 0
pressure cyclic
gear -
initial
tooth bending| repeated 9 0
cyclic
symmetric
bending reversed 9 -1
shaft cyclic -
asymmetric
torsion reversed 2.5+6 0<r<1
cyclic
3-for ball-
initial bering.
bearing | pressure repeated 3.33-for 0
cyclic roll-
bearing.

Rope extension at transitional processes due to
acceleration and cabin braking is alternatively
asymmetrical one.

Stress asymmetry coefficient is defined by relation:

r= Gmin. (15)

Gmax.

Stress asymmetry coefficient r influence, namely medial
stress o, on dynamic durability is illustrated by
Wohler’s curve in Fig. 5. and Smith’s diagram in Fig. 6.

Dynamic durability of single elements op, is determined
by the dynamic durability of the tube opg, taking into
consideration the differences of element characteristics
in relation to the tube by means of corresponding
coefficients, [13].

For permanent area, durability is:

oF C]_'CZ'C,g'C4'C_,5 (16)
P

Factors Bk and & (i=1+5) express the following

influences: Bk — stress concentration, ¢; - element and

tube dimension differences, ¢, - surface roughness, ¢z —

surface quality, 4 — corrosion, and Cs temperatur.

o

GD:G

»
>

log(N)

-+ O<r<l
log(c)
t
®pr \I o0<r<1 °
oo = r=0 B E=)
Openf——N r=-1 ”B: . ¢
t

r=-1

Fig. 5. Wohler’s curve, [10].

Sy

T D(-1)

=G p(1)

Fig. 6 Smith’s diagram, ot-drawing limit, o, amplitude,
[13].

3.2 Needed Unit Operational Capacity

A unit operational ability of R; element needed depends,
through parameters a,, o, N, On the level and
character of its operational level.

To determine oe, it is necessary to know relative
frequencies of single stress levels for a given element,
competent for the whote period of its work. These
frequencies can be determined by a competent block of
stress changes within an element. A relative
participation of stress level o; in the competent block
corresponds to their relative participation in element
lifetime.

Stress distribution within the block can be shown in Fig.
7.

N ib
i o
f(x)
f(x)

(0) () o;/op (x)

Fig. 7. Stress distribution; 1 - histogram of relative
stress frequency; 2 - stress distribution density function.

On the histogram, Fig. 7, relative stresses ci/cr are on
coordinate, whereas relative frequencies f; are on
ordinate axis.

An equivalent stress can be expressed in the form of:

. m
In. .
Oekv. = OR r'r\]/i Zh'(&J =0 -K (17)

a, i=1Ny oR
where:
or — calculating stress,
nip — number of stress changes of i—level in the block,
n, — total number of stress changes in the block,
K - coefficient of reducing changeable cyclic
strain/tension to a cyclic tension of a calculated regime,
expressed by:
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OR

(18)

A maximum stress in the considered competent block, or
the stress at static cabin load with nominal load are
taken for calculating stress.

If based on the histogram, a curve of the relative stress
distribution thickness f(x) is formed, the following
coefficient is:

K:iw\]/i-}xm-f(x)-dx (19)
a o

OR r

where X=c/cR.

3.3 Comparison of Operational and Critical
Sfresses

Both operational and critical stresses at concrete
calculations must, if compared, have the same change
character, namely asymmetry degree.

Thus, it is necessary to bring either operational or
critical stresses to a corresponding asymmetry degree.

In some cases, the following things can be done.

If the change of operational stress is alternatively
symmetrical one, then o; stress as well as or i Ce.
stresses represent stress amplitudes, and op(y is taken
for critical stress.

If the change of operational stress is direct one (one
way), initial stress o; (or and ceky) represent a sum of
medial/mean stress and amplitude, namely a double
amplitude, and critical stress is op ).

If the change of operational stress is asymmetrical with
asymmetry degree r=const. and amplitude o, critical
stress with the same asymmetry degree can be
determined, [5]:

2-GD(_1)
@-r)+y-@Q+r)
where v is coefficient of material sensitivity to
asymmetry cycle.

S = (20)

In general case, if operational stress change is
asymmetrical to changeable amplitude medial recording
stress processing is made by applying the method of two
— parameters systematization. Applying the two -
parameters systematization, a correlation table with
Omax; and omini are formed, then stress amplitudes are
determined to be brought to a symmetrical cycle, [11]:

O max.i ~ Omin.i Omax.i T Omin.i
o = 5 Vs 5 =o;(;)+ v om(n)

(21)

where: o;(r}) and opi(r;) — is amplitude and medial stress
at r;asymmetry coefficient.

3.4 Number of Cycles nt

A number of cycles per working hour for gearing teeth
as well as for shalts and other elements, a dominant load
to bending is:

Ny =60-n {Cyﬁ'es} (22)

where n [min™] is the number of revolutions per minute.

A number of ny cycles for shafts and other elements of
gear wheels, a dominant load to twist is determined by
the lowest own frequency of a given element ny [HZz],
thus:

(23)

ny =3600-n,, {cnklusa}

A number of cycles nr can be defermined by applying

the theory of accident functions, if stress oscillogram is

available, [2]:

1 _1 Dy [ciklusa}
h

(24)
where:
T, — effective period of stress change,

Dy and D, — dispersion of operational stresses
and velocity of its change.

3.5 Other Possibilities of
Element Operational Lifetime

Estimating

Lift power transmission element operational lifetime
may also be expressed by the cabin route covered in
kilometres (km).

If n_ is the number of stress change cycles in an elemet
per km cabin route, and L a number of Kkilometres
covered, then Ng=n.-L, thus by replacing within the
expression (11), we obtain:

m
_Np-op

L (25)

m
N - Cekv.

In previous considerations we illustrated a deterministic
method of estimating element operational lifetime. Apart
from deterministic one, to determine element operational
lifetime, we may also apply a probability method. The
probability method takes into consideration the variation
of mechanical characteristics of applied construction
element materials, as well as the variation of their load.
By this method, the following can be estimated:

- probability of element operation without failure for the
planned lifetime P(Ty),

- element lifetime for any probability with non
operational failure, so — called gama percentage resource
or gama percentual lifetime T,q,.
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4. CONCLUSIONS

By virtue of the contents given in this paper, the
following conclusions can be made:

- dynamic loads particularly present at releasing and
breaking are of significant influence on the total
operational loads of the lift power transmission
elements;

- dynamic loads within power transmission elements,
when there is a gap, can highly overcome statical ones;

- by construction material characteristics and systematic
element loads, it is possible to determine their lifetime
and express it per operating hours or covered kilometres;
- lift power transmission element system lifetime
estimation is important at projecting, exploitation and
lift maintenance.
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ANALYSIS OF CALCULATION METHODS APPLIED TO THE RINGS OF
PORTAL CRANE

M. Gasi¢, M. Savkovi¢, G. Markovié, N. Zdravkovié

Abstract: The paper deals with calculation methods which have been applied to circular rings of portal cranes having
revolving columns. The first part of the paper includes theoretical analysis of the loads of circular rings and calculation
methods, too. In the second part of the paper the theoretical results of the calculation have been checked by finite
element method (FEM) and by calculation software. It has been proved that calculation results have a high level of
conformity, which provides the possibility for theoretical analysis of influence of different parameters on the intensity of

ring stress and ring deformation.

Key words: circular ring, portal, loads, calculation methods

1. INTRODUCTION

The supports of revolving column of portal cranes
transmit the external loads to carrying structure of the
crane. Lower support, as a rule, takes the horizontal
force from the moment and it also takes the vertical
force from the resulting vertical loads (fig.1a). Circular
ring connecting portal tops takes the second horizontal
force from the moment. The ring carries not only the big
gear which is a constituent part of the mechanism used
for column revolution but also the circular track which
supports column wheels used for transmission of
horizontal force.

Depending on the geometric characteristics of the ring
and portal, the following combinations are possible:
a) circular ring, and upper and lower part of the
portal are elastic,
b) circular ring, and upper and lower part of the
portal are rigid,
¢) circular ring, and upper part of the portal are
elastic, whereas the lower part of the portal is
rigid, and
d) circular ring is rigid, whereas upper and lower
parts of the portal are elastic.

The forces at connections between the circular ring and
upper part of the portal are variables. They depend on
the position which loaded boom takes with respect to
direction of portal moving, on optional solution of the
connection of the circular ring and portal as well as on
the number of portal legs.

Four-legged portal supports can not be in contact with
the track without additional elastic deformation of the
portal or with the ring. In order to eliminate the
influence, the analysis of calculation methods of circular
ring is applied to three-legged portal.

2. CALCULATION MODEL OF
CIRCULAR RING

Research results [1] show that three-legged portal
having a rigid ring and elastic upper and lower part is an
optimal solution in view of the intensity of forces at
connections. Besides, that kind of solution provides
forming the model of connection between circular ring
and the portal by means of joints without bigger
deviations.

If calculation theory of circular rings with constant cross
sections [2] is applied, it is possible to analyse the loads
of the rings. These loads are:

- horizontal force of revolving column,

- radial force of driving gear,

- peripheric force of driving gear,

- weights of the ring, circular track, and big gear.

Horizontal force of revolving column, radial force of
driving gear and peripheric force of driving gear act in
the plane of circular ring (fig. 1b).

Prof. Dr.-Ing. Milomir Gasi¢, Faculty of Mechanical Engineering Kraljevo, gasic.m @mfkv.kg.ac.yu
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Fig. 1.

Weights of circular ring, circular track, and big gear act
perpendicular to the plane of circular ring.
External loads of circular rings cause the following:

- bending moment X;

- axial force X,

- radial force X3 (fig. 2)
Their values are defined by equation system (1) and
expressions 2 [2]:

X, ZP r- le (Pu

ZT r ;(lT(¢J) éMk'lm((ﬁk)

j=1
n

RIS (2) JZ;T r 2 (0;)+ ;Mk-ﬂm (2,
X, = Ian’. T 5 (01 +;T T (o) + sz-;@M (2)
here. 1)
le(@)=i.(1+¢.sin¢)

20 (0)= 217[ (p-cosp—sinp—p)

Fan () =5 (-p=2:5inp)

ot ((pi)=%~(—go~COSgo+Sin(p)

T (1) = sing

;(ST((pi):Z — (¢-sinp+cosp)

o ( i)=¥ @)

P; - radial force in the ring plane,
T; - tangent force in the ring plane,
My - moment in the ring plane.

F R

. Fr
Al
P\ L=
N\ 30°
Fo2~0

Mk

Fig. 2.
The loads caused by weights of circular ring, circular
track, and big gear act in the plane perpendicular to the
plane containing the ring. The moments X; and X, and
forces X3 (fig. 3) are defined by equation system (3) and
expressions (4):

-COS @+ Sin
My ((oi ) :%ﬂ_(o

—p—sin C0S
fle( _): {4 (9+ @

2. .
4 - 1+%
E-l,

—@+@-C0S
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—1—¢@-sinp+cosp
n (q)i): 2.
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Fig. 3.
According to the expressions (4) relating to Ele ((pi)

and I, (goi ) , there are relations Glo/Ely, too (5).
G-,
E-I

X

()

where

E - modulus of elasticity,

G - modulus of sliding,

I, - rectangular moment of inertia,
lo - torsional moment of inertia.

If the ring has the shape of a box-like carrier made of
steel sheets having constant thickness, the dependence
(5) can be transformed into less complicated form by
means of relation [3].
I, 2-k

l, 3

(6)
where

h
Kk :B- relation between the height and width of the

cross section of box-like carrier (fig.4).

YA
5 ;
X
h
Bl
¥
b
Fig. 4
A new relation is obtained by transformations (5):
Gl _3 G.1)
E-1, 3k

Radial and tangent forces act in the plane of circular
ring, while forces act in the plane perpendicular to the
ring plane, so the addends containing the moments My

can be taken out from equation system (1). Only the first
addends (perpendicular forces P;, fig.3) remain in
equation system (3).

Equations (1) and (3) as well as above mentioned
conclusion have been applied in order to calculate the
circular ring of a three-legged portal crane (fig. 1a)
having the following characteristics:

Q = 3,2t - load weight

R =22m - maximum boom reach

n = 1,6°min - number of column revolutions

a = 25° - minimal angle of boom

h = 3,75m - distance between upper and lower support

ri = 1,2m - distance between boom joint and axis of
revolving column

ho = 8,5m - distance between boom joint and lower
support

h; = 8,5m - distance between wind force acting on the
column and counterweight

h, = 6,5m - distance between counterweight centre and
lower support

r =1,5m - radius of circular ring

Pressure forces of supporting wheels acting on the ring,
and peripheric and radial force of gear are presented
although the calculation has not been shown here:

F=270kN - force acting on a supporting wheel,
Fo, = 96kN - peripheric force acting on the gear,
F. = 35 kN - radial force acting on the gear.

The analysis of the ring loads is done at the part of the
ring between two joints (A and B).

The values of moment X; at any cross section of the ring
are determined if the first equation from equation system
(1) is used. Diagram (fig.5) shows the calculation results
of moment X; at ring cross sections A, 1, 2, 3 and B.
Maximum value is at point 2:

X = (%J -r=110.51-150 =16576.5 kNcm

1,max

r

120E (Lj (KN) %

80 1
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The values of axial forces X, at any cross section of the
ring are determined if the second equation from equation
system (1) is used. Diagram (fig.6) shows the values for
ring cross sections A, 1, 2, 3 and B.

1204 (X,) (kN)

B
80 _—\\\ )

] A

Fig. 6

The values of transversal forces Xz at any cross section
of the ring are determined if the third equation from
equation system (1) is used. Fig.7 shows the calculation
results of points A, 1, 2, 3and B.

kN
120,09 ¢

120 4

The loads of ring, circular track and big gear are small in
comparison to the loads at horizontal plane, so these
influences are neglected, i.e. the moments X; and X, and
force Xsare not presented in the paper.

If loads are presented for that position of supporting
wheel by means of FME, we get the following results
(Table 1). These results are also maximum values of X;,
X5 and Xa.

Point Axial Transversal Moment,
force, kN force, kN kNm
FME 2 - 148,623 - 91,088 16634,260
Theoretical 2 - 148,10 - 91,28 16576,50
calculation
Table 1

It should be mentioned that the values of X;, X, and X3
for points (A, 1, 3 and 4) are approximately equal to the
values obtained by FME (deviations less than 10%).

4. CONCLUSION

If the calculation results of circular ring at portal cranes
having a column are analysed by theoretical expressions
for ring calculation, they fully correspond with the
calculation results obtained by FME. This conclusion is
very important because theoretical analysis of ring loads
can be done with the influence of various parameters
being significant for decreasing the ring stress.
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LOADING CAPACITIES CURVES FOR HE-A/B-SECTION RUNWAY
BEAMS ACCORDING TO BOTTOM FLANGE BENDING

Z. Petkovi¢, V. Gasi¢, S. Bosnjak, N. Zrni¢

Abstract: Designers of hoisting machines have to solve problems related to determination of structural elements in
runway lines or single-girder cranes. Particularly, fast technical solutions are required in initial stages of design
process, interactive with possibilities of structural elements suppliers and appropriate with demands of national
regulative for designing those systems. This paper presents loading capacity curves of HEA/B beam runway beams
according to capacities due to strength of bottom flange. Given curves are suitable for most industrial HEA/B runway
beams and can be used for selection of HEA/B beam structural elements for different type of trolleys. Also, they can be
used for fast capacity check of beams in runways, along with comparation with capacities of I-beams.

Key words: HE-A, HE-B beam, runway, bottom flange bending, single-girder crane.

1. INTRODUCTION

Every runway beam need to have static calculus
corresponding to national regulative. Design problems
of HE-A/B section runway beams, as in single-girder
overhead and underhung (suspension) cranes, are related
with bending moments about its strong axis which lead
to bending stresses at points in the middle of the
structure. Furthermore, there is design check for local
bending of steel beam bottom flange. Moreover, lateral
buckling is important limit state that must be considered
and there is check of structural deflections. All of these
facts are necessary to be considered in design of runway
beam. Design examples are given in [1], [5].

TR

W

AN

=
NS

Fig. 1. HEA section runway beam (single girder crane)

As known, influence of trolley/crane wheels on HEA/B
or | runway beams results in local loadings producing
biaxial stresses. This area of research is presented in [4].

Oy [
|

Fig. 2. Biaxial stresses on flange under wheel loading

Hence, overall stress field of runway beams and lateral
buckling stability have to be checked by designers.
Nowadays, designers face requests for fast problem
solving and adoption of structural elements. HEA/B
beams according to EURONORM 53-62 are widely
used for crane systems. Generally, we can say that those
beams have great lateral buckling stability but lower
bottom flange capacity (this can differ from technical
prerequisitions like span, trolley width...) than I-beams
according to JUS.C.B3.131 with similar capacities [7].

In this paper are given useful charts for capacities of
HEA/B section runway beams, due to bending and
bottom flange bending as key critical state, for capacities
up to 12 t, and spans up to 10 m. Lateral buckling
capacity and structural deflection state are not
considered here.
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2. THEORETICAL PREREQUISITIONS

2.1 Corresponding expressions for bottom
flange bending

Bottom flange bending depends of 3 parameters: bottom
flange thickness, i.e. HEA/B section, the location of the
wheels with respect to the beam end and load per wheel
(P). There are several expressions for describing such
influences. In Serbian design procedures for HEA/B
runway beams, it is common to use Mendel
recommendations for bottom flange bending [5], [2].
Design check is performed for bottom flange points
AC, fig.3.

et ¢ H1I.P
])
M J(' |
:

Fig. 3. Review of bottom flange characteristic points

Bottom flange bending stresses are presented as:

P P
oax =K ax 2 oar =K p; Z

P P
O'Cx—iKCx'_zl O'Cz—iKCz't_z

Coefficients (by Mendel) for bottom flange bending, in
respect to ratio c/a and denotation on fig.3, are presented
on following diagram, fig. 4.

1\- X f\—__
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4,0

0 0,2 04 06 08 10

Fig. 4. Bottom flange bending coeff. by Mendel

Polynomial fits of these functions with errors up to 5 %,
which satisfies engineering calculations, can be
presented as follows:

K ax =1.85414-0.06529- £ +1.20813- £2
K a, = 0.40677 +0.47403- £ —0.00991- £2

Ky =-0.53296+12.90617 - & — 35.27425 - £2
+45.32993- £3 — 2225349 &*

K, =—2.88333+43.90676- £ —179.1317 - £2 +
+358.79953- &3 —344.40559 - £* +128.20513- £°

where
c

(’E:a

Generally, design of HEA/B runway beam starts with
stresses from global bending and finishes with design
check for bottom flange, with above mentioned
procedures. With higher level of global bending stresses
design check of bottom flange can turn calculus to the
beginning. Also, different manufacturers of trolleys have
different wheels and their mounting instruction on
HEA/B beams that can influence bottom flange bending.
In this paper it is presented diagrams for loading
capacity for commonly used HEA/B runway beams for
fast determination of steel beams. Loading capacity is
determined due to beam span (L) and wheel position on
beam (w), fig. 3. FE analysis of runway beams is related
to the finite element contact problems or shells [2], [3],
and, with this complicacy and no possibility to
generalize solution, can only be used for verification of
analytical models, fig.5.

Fig. 5. SAP 2000 presentation of bottom flange bending
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2.2 Stresses combination

Design criterion for this case, according to 2.1 of this
paper, is that stress field in bottom flange of HEA/B
section runway beam reach values of allowable stresses.
As known, global bending in runway beams are
estimated as follows:

o,(2)= MWX @) ;

where M, (z) is bending moment round x axis, and
W, is section modulus of runway beam about x axis.

Combined stresses on bottom flange are calculated as:

A A

O'A=\/(O'z +O-AZ)2+O-AX_(O-Z +O'AZ)O'AX
_ C C

oc =\\0; t0c;) +0cx —\07 +0c; Pex

Stress design check for section bottom flange is

oA <0dopl s OC < Odopll

where  oqop1 Odopii Presents allowable stresses that
depend on HEA/B beam material and load cases.

2.3 Algorithm formulation

According to above mentioned expression it can be
concluded that strength of specific HEA/B beam
depends of beam span (L) and wheel position on beam
(w). It is known for runway beams that maximum
bending stresses occurs in the middle of the span for
hoist positioned there, fig. 6. Bottom flange bending
stresses occurs on section where hoist is positioned.
Thus, loading capacity of runway beams comes from
strength of its middle section.

Fig. 6. Maximum bending moment of runway beam

Following algorithm aproximate and assumes maximum
bending moment

F-L
Mycmax =117=

where multiplication coefficient 1.1 includes bending
moment of beam self weight.

Also, following charts are gained for HEA/B runway
beams for 4-wheel trolleys (which are mostly used).
That gives load per trolley wheel

P=—
4

Developed algorithm in software MathCAD, include
Mendel coefficients in terms of position of wheels
respect to beam end, fig.3 , with obvious relation

w=a-c,
which is more suitable for trolley selection.

Presuming critical states when values of stresses reach
values for allowable stresses

oa(F,Lw)=0ogop
oc (F.L,w)=0gopI »

it can be found capacities due to strength criterion for
characteristic points of bottom flange.

If we note loading capacity of bottom flange as
minimum capacity of points A, C we have capacity as
function of 2 variables

F(L,w)=min(Fa,Fc)

and can be presented as contour plot. Generally, it can
be presented as 3D plot, fig.7, but it would be more
difficult for data collection. Presentation in contour plot
has advantage because contours present loading
capacities in terms of nominal hoists capacities, which is
necessary for runway beams.

Fig. 7. 3D presentation of capacity F(L,w)
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3. INTERNATIONAL REGULATIVES

Paragraph 2. shows notation and bottom flange bending
coefficients according to Mendel. Here is presented
review of German recommendations for bottom flange
bending of crane systems, which is detailed in [6].
Notation of characteristic sections, 0,1,2 for HEA/HEB
beam and box-section beam is presented at fig. 8.

Lwe, W

P P
[ ] |'l l |
2 1 0 2 0

Fig. 8. Bottom flange calculus, [6]

Procedure for bottom flange calculus, according to this,
is also given in terms of coefficients of local bending,

depending on A =ﬂ, and will be presented in tabular
a

form, table 2.2.1.

Tab. 2.2.1 Coefficient of local bending, [6]

A Cz,0 Cz1 Cz,2 Cx,0 Cx,1

0.10 | 0.192 2303 | 2.169 | -1.898 | 0.548

0.15| 0.196 2095 | 1.676 | -1.793 | 0.759

0.20 | 0.204 1968 | 1.290 | -1.687 | 0.932

0.25 | 0.219 1.872 | 0.984 | -1.577 | 1.069

0.30 | 0.242 1.789 | 0.737 | -1.463 | 1.172

035 | 0.272 1.711 | 0533 | -1.343 | 1.244

0.40 | 0.312 1635 | 0.362 | -1.216 | 1.287

045 | 0.364 1560 | 0.215| -1.077 | 1.3038

0.50 | 0.428 1.485 | 0.085 | -0.923 | 1.293

0.55 | 0.508 1411 | -0.032 | -0.747 | 1.260

0.60 | 0.605 1.336 | -0.138 | -0.542 | 1.204

0.65| 0.723 1.262 | -0.238 | -0.295 | 1.128

4. RESULTS

Previous algorithm can be used for any HEA or HEB
section runway beam. Chart 1. presents results of
capacities due to strenght of bottom flange for
commonly used HEA beams (EURONORM 53-62) and
chart 2. presents results of capacities due to strenght of
bottom flange for HEB beams. Also, allowable stresses
Odopl Odopn are taken for material S235JRG2 (C.0361).

However, since loading capacity is proportional to
allowable stresses, following charts can give runway
beam capacity for other materials as well. For runway
beams built up from S355JR (C.0561), loading
capacities can be calculated as
F(C.0561) =1,5-F(C.0361)

According to the data of world known producers of
hoists and single-girder cranes, charts are given with
practical limits of variables, i.e. with beam spans (L) up
to 10 m and wheel position dimension (w) up to 37 mm.
For bigger spans, due to other influences on runway, it is
common to use horizontal truss to prevent occurrence of
lateral instability.

5. CONCLUSION

Previous algorithms give useful curves for application in
design process of HEA/B runway beams. It is presented
charts for loading capacity due to bottom flange
bending. According to these values it can be easily
found suitable structural element for runway beams,
concerning demands of strength. Also, it can be used for
design check of built up runway beams. Especially, it is
useful in situation with unknown producers of trolleys
where position of wheel load can’t be easily determined.
Thus, it provides analysis of loading capacity changes
due to different wheel load positions according to width
of trolley wheel. Also, it can be used for comparation of
capacities with I-section beams. Finally, it can be used
for design process of monorail tracks with chain or
electric hoists.
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APPLICATION OF MOVING LOAD PROBLEM IN DYNAMIC ANALYSIS
OF UNLOADING MACHINES WITH HIGH PERFORMANCES

N. Zrni¢, S. BoSnjak, V. Gasi¢

Abstract: The paper gives an analysis of dynamic behavior of cranes caused by action of moving loads. The paper
gives an introductory survey of general papers treating moving load problem that can be useful in analysis of dynamic
behavior of structures of unloading machines with high performances. Some recent results concerning application of
moving load problem in analysis of structural dynamic behavior of boom of mega quayside container cranes are given.

Keywords: moving load, unloading machines, dynamics, modeling, structures.

1. INTRODUCTION ON THE MOVING
LOAD PROBLEM

The moving load problem is a fundamental problem in
structural dynamics. In contrast to other dynamic loads
these loads vary not only in magnitude but also in
position. The importance of this problem is manifested
in numerous applications in the field of transportation.
Bridges, guideways, cranes, cableways, rails, roadways,
runways and pipelines are examples of structural
elements to be designed to support moving masses.
Interest in analysis of moving load problems originated
in civil engineering (from observation that when an
elastic structure is subjected to moving loads, its
dynamic displacements and stresses can be significantly
higher than those due to equivalent static loads) for the
design of rail-road bridges and highway structures. The
detailed review of previous researches, including
comprehensive references list, can be found in a
dedicated excellent monograph written by Fryba [1] on
the subject of moving load problems, where most of the
analytical methods previously used are described.

Beam structures are commonly considered as three-
dimensional bodies with one dimension significantly
larger than the other two. In general a length to width
(height) ratio of 5-10 of the structural members is
sufficient. This means that the structures subjected to
moving loads, such as bridges, guideways and large
span cranes are often well qualified for being modeled
as beam structures. It is generally applied fundamental
beam theory according to Euler-Bernoulli and Saint
Venant, which is not including warping (Vlasov)
torsion, because cross sections of e.g. cranes relevant for
moving load analysis have closed thin-walled profiles,
such as for bridge cranes, gantry cranes, container
cranes, etc. Some of structural assumptions in analysis
of moving load problem are: initially straight beam,
undeformable beam cross-section, linear elastic material
and constant material properties over the beam cross
section, small structural deformations, shear strains
according to Saint Venant and negligible damping

effects [2]. Bernoulli-Euler beam theory is valid for
lower modes analysis of small vibration of slender
beams at relatively low velocities that is the case for
supporting structures of cranes, where merely the lower
modes are of practical relevance for analysis of dynamic
behavior and where the maximum currently existing
velocities for e.g. mega container cranes are not
exceeding 6 m/s that is small comparing with velocities
of trains. For low velocities the bending effect is
dominant factor on vibration of structures.

The basic approaches in vehicle modeling are: moving
force model; moving mass model; vehicle suspension
model. The simplest dynamic vehicle models are the
moving force models. The consequences of neglecting
the structure-vehicle interaction in these models may
sometimes be minor. In most moving force models the
magnitudes of the contact forces are constant in time. A
constant force magnitude implies that the inertia forces
of vehicle are much smaller than the dead weight of the
vehicle. Thus the structure is affected dynamically
through the moving character of the vehicle only. All
common features of all moving force models are that the
forces are known in advance. Thus structure-vehicle
interaction cannot be considered. On the other hand the
moving force models are very simple to use and yield
reasonable structural results in some cases. Moving
mass as suspension model is an interactive model.
Moving mass model, as well as moving force model, is
the simplification of suspension model, but it includes
transverse inertia effects between the beam and the
mass. Interaction force between the moving mass and
the structure during the time the mass travels along the
structure considers contribution from the inertia of the
mass, the centrifugal force, the Coriolis force and the
time-varying velocity-dependent forces. These inertia
effects are mainly caused by structural deformations
(structure-vehicle interaction) and structural
irregularities. Factors that contribute in creating vehicle
inertia effects include: high vehicle speed, flexible
structure, large vehicle mass, small structural mass, stiff
vehicle suspension system and large structural
irregularities. Finally, the vehicle speed is assumed to be
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known in advance and thus not depend on structural
deformations. For moving mass models the entire
vehicle mass is in direct contact with the structure. In
general, the dynamic structure-vehicle interaction
predicted by such models is very strong. Since most of
the mass of most vehicles is suspended on rather weak
secondary suspension springs the interaction is in
general overestimated. The vehicle suspension models
are representing physical reality of the system more
closely, because, often, the vehicle mass is suspended by
means of springs and dampers in such models — moving
oscillator problem. Any analysis of moving load
problems must address fully the effects of the mass ratio
between the moving mass and the support structure
(M/mL) and speed of moving load.

Vibration analysis of structures elastically constrained at
discrete points and carrying concentrated masses can be
useful for practical analysis of structures having cable
stays or tie bars, e.g. tower cranes, quayside container
cranes and ship unloaders. The tie bars of the crane are
representing intermediate elastic supports modeled as
linear springs with constant stiffness and in many cases
for long span booms their mass could not be neglected
and should be discretized in corresponding points.
Research done by [3] is analyzing dynamic response of
bridge girders with elastic bearings to moving train
loads using an analytical approach can be applicable in
analyzing dynamic behavior of gantry cranes traversed
by a trolley if one would to consider the influence of
axial stiffness of crane legs.

Since the mid 1980s many authors has investigated the
application of FEM for solving moving load problem as
an alternative to analytical approaches, e.g. [4].
However, even nowadays the role of FEM in dynamic
analysis of structures subjected to moving loads has not
been as dominant as may be expected. The main reasons
for this are: 1) for design studies quasi static approach is
applied and dynamic magnification factors are used;
thus FEM is used for static analysis only in such studies,
2) modern FEM packages are not suited for the moving
load problem, especially when the structure-vehicle
interaction is to be considered and 3) much of the
theoretical efforts up to now have been concentrated on
the determination of dynamic magnification factor as
functions of a limited set of parameters; thus studies
have to be made of simple structural models, which
often favors the method of generalized displacements.
For all approaches in analysis of dynamic behavior of
structures under moving loads, it is desirable at first to
obtain an estimate of natural modes and frequencies of
the structure that can be done by employing traditional
finite element models [5]. In some books can be found
collection of final expressions for eigenfrequencies of
beams, mostly for beams with classical boundary
conditions for one or multi-span beams or having
combination of classical and non-classical boundary
conditions in some simpler cases, [6]. However, for
more complicated cases of boundary conditions the
existing expressions are not applicable and each problem
should be separately solved. For majority of the
continual  systems it is impossible to solve

eigenfrequency problem and obtain result in closed-form
solution that leads to the employment of some of the
approximate methods involving discretization of the
continual system.

2. LITERATURE REVIEW ON THE
APPLICATION OF MOVING LOAD
PROBLEM IN CRANES DYNAMICS

In the last 30 years the application of moving load
problem is present in mechanical engineering studies. A
typical structure under moving mass in mechanical
engineering is an overhead crane, gantry crane,
unloading bridge, tower crane, and shipunloader or
quayside container crane. The application of moving
load problem in cranes dynamics has obtained special
attention on the engineering researchers in the last years,
but unfortunately little literature on the subject is
available. The following two features distinguish the
moving load problem in crane industry from that in civil
engineering. The first is that the structure on which the
moving mass moves always has traveling or rotating
motion. The second is that the payload of a crane is
attached via cables to a carriage moving along the
structure. Thus the dynamics of a crane includes both
the vibration of the structure and the dynamics of the
payload pendulum.

The paper [7] is according to the authors’ best
knowledge the first attempt to increase the
understanding of the dynamics of cranes due to the
moving load. The overhead crane trolley, modeled as a
simply supported beam according to Euler-Bernoulli
beam theory, traverses the beam at a known prescribed
uniform speed and that the pendulum may be adequately
modeled as a rigid massless bar. The motion of the
pendulum is assumed to be planar with small angular
displacements and displacement rates from the vertical.
A set of coupled, non-linear equations of motion is
derived via Hamilton’s principle. The effects of varying
the various parameters are investigated. The results
obtained from the numerical calculations that employed
the non-dimensional formulation of the problem indicate
that the deflection of the beam is dependent on both the
trolley speed and the mass of the combined speed and
payload mass. In particular, the magnitude of the
deflection increases with increasing crane mass at all
trolley speeds. Also, the value of the maximum beam
deflection for a given set of trolley and payload masses
is dependent upon the trolley speed. For higher carriage
speeds, the maximum beam deflection occurs close to
the end of the beam where the carriage stops because the
deflections are dominated by inertial effects of the
carriage. At very slow speeds the beam behaves in a
quasi-static manner and the maximum beam deflections
occurs close to the middle of the beam. Those “very
slow speeds” are, in the fact, the real trolley speeds,
having in mind that the trolley cross travel speed, for
standard industrial overhead traveling cranes with spans
up to 35 m and lifting capacities up to 80 t, is up to 0,5
m/s. The dynamics of the pendulum is dependent on the
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trolley mass, the payload mass, the length of the
pendulum, and the trolley speed.

The next paper on the subject [8] extends the previous
investigation by including in-plane and out-of-plane
motion. The flexibility of the beam in both directions is
accounted for and the trolley can accelerate along the
length of the beam and the beam can accelerate in a
direction perpendicular to its axis. The Rayleigh-Ritz
solution technique is used to obtain the equations of
motion of the system which are solved with a modified
Newmark method. The effects of the beam travel and
carriage traverse profiles, the length of the pendulum,
and the payload mass on the swing of the pendulum are
investigated. The examples indicate that the swing
angles and frequencies are dependent on the length of
the pendulum and the payload mass or the combined
payload and carriage mass. The pendulum length results
show that the dominant frequencies in the swing
responses decreased with increasing pendulum length.
The amplitude of swing angle increased with increasing
payload mass, because of the increasing contributions of
the forcing terms. Minimal changes were observed in the
swing angle frequencies for corresponding changes in
payload mass. This analysis reveals the complexity of
the three-dimensional overhead crane dynamics.
Regardless the fact that simultaneous operation of more
than two mechanisms is forbidden for industrial cranes,
the obtained results may be worthwhile and can be
applied in the future for control issues of fully
automated cranes and design of effective controllers.
The work in [9] is devoted to the problem of the
vibration of tower crane slewing flexible jib structure
simultaneously traversed by a moving mass — carriage.
The authors didn’t specify more precisely the type and
geometry features of analyzed tower crane, but they
have adopted the solution with two tie bars and tower
head (cat head). The jib structure is modeled as
clamped-free Euler-Bernoulli beam attached to a
rotating rigid tower. The payload is modeled as a sphere
pendulum of point mass attached to via massless
inextensible cable the carriage moving on the rotating
beam. Non-linear coupled equations of motion of the in-
and out-of-plane of the beam and the payload pendulum
are derived by means of the Hamilton principle. Some
remarks are made on the equations of motion. The main
goal of the paper was to present the mathematical model
for the prediction of the jib dynamics of operating tower
crane and its payload, in order to make foundation of the
dynamical design and computing dynamical stress of the
jib structure of a tower crane. Authors in [9] are making
a mistake by a priori neglecting flexibility of tower
crane mast. That can be done only after analyzing the
dynamic behavior of the whole structure of tower crane,
i.e. after defining natural modes of tower crane structure
either by experimental methods or by FEM. It is
conclusive that the uncritical a priori neglecting of tower
stiffness leads to the mistake in modeling. Authors in [9]
have modeled each tie bar by linear springs in “in —
plane” and “out — of — plane” model that is incorrect. Tie
bars and their connections with tower and jib are
structurally realized to support loads dominantly in one

plane, in this case vertical plane. Yang et al. (2007) have
adopted boundary condition for beam
slopew (0,t) =0, implying that the jib is considered
as cantilever in vertical plane. Having in mind that
connection between jib and mast is usually realized with
the structural hinge in order to enable jib pivoting
around horizontal axis, it is conclusive that adopted
boundary condition is not in accordance with prevailing
structural solutions.

The paper [10] presents a technique developed for using
standard finite element packages for analyzing the
dynamic response of structures to time-variant moving
loads. Computer program has been written which
calculates the time-variant external nodal forces on a
whole structure, which provide the equivalent load to
point forces that move around the structure. The
calculation of the equivalent nodal forces to represent
the moving loads has been performed by three
approximate methods. To illustrate the method and for
validation purposes, the technique is first applied to a
simply supported beam subject to a single load moving
along the beam and, finally, it is applied to the problem
of calculation of the effects of two-dimensional motion
of the trolley with four moving forces on the response of
the base structure of a mobile gantry crane model.

Dynamic response of structures to moving loads
using combined finite element and analytical methods is
given in [11]. The authors have developed a technique
that includes inertia effects in the analysis. Natural
frequencies and mode shapes are first calculated using a
standard FEM package. Forced response of the structure
is calculated using separate code developed in the paper.
Rotary inertia of moving bodies is ignored as
unimportant for particular mobile crane problem. The
technique is first applied to a clamped-clamped beam
subjected to a single mass moving along the beam, and it
is then applied to the problem of predicting the dynamic
response of an experimental mobile gantry crane
structure due to two-dimensional motion of trolley.

In the paper [] the three-dimensional responses of a
crane structure due to moving loads is analyzed. The
axial, vertical and horizontal dynamic responses of the
three-dimensional framework of a tyred overhead crane
under the action of a moving trolley hoisting a swinging
object were calculated using the finite element method
and the direct integration method. Instead of the
conventional moving force problem where only the
vertical inertia effect of the moving trolley was
considered, the three-dimensional inertial effects due to
the masses of both the moving trolley and the swinging
object have been considered in this paper. An equivalent
moving mass matrix has been presented and which is
dependent on both the instantaneous swinging angle of
the hoisted object and the instantaneous position of the
moving trolley, so that the contribution of the moving
mass on the overall mass matrix of the entire structure
itself is easily tackled. The problem was solved by
calculating the forced vibration responses of the three-
dimensional framework with time-dependent overall
mass and damping matrices and subjected to an
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equivalent moving force. Some factors relevant to the
problem, such as the magnitude, velocity and
acceleration of the moving trolley and the swinging
angles of the hoisted object were studied. Numerical
results reveal that, in addition to the conventional
dynamic responses in the vertical direction, the other
two components in the axial and horizontal directions
for a three-dimensional structure are also significant.

3. SOME PRACTICAL ASPECTS IN
MODELING AND COMMENTS ON
RECENT RESULTS

It must be mentioned that the results of previous
investigations on the application of moving load
problem in dynamics of cranes previously described are
valuable for understanding behavior of cranes traversed
by a moving trolley, but some of them are only of
restricted practical relevance. This is the consequence of
the fact that standard industrial cranes with slow
velocities of trolley are behaving in a quasi-static
manner. The real future challenge in this field is to
investigate dynamic behavior of cranes with high
performances (heavy payloads and heavy trolleys) and
long spans. Some examples of such cranes suitable for
investigation of moving load impact are mega container
cranes with flexible structures of booms (Malacca-max
cranes require outreach of ca. 70 m [13]), large
unloading bridges (FEM model of unloading bridge with
span between legs of 76,2 m is shown in Fig. 1 [Zrni¢ et
al., 2005]) and shipunloaders.

Figure 1. Large unloading bridge

Having in mind that the steel frame of the crane
trolley is normally a stiff construction except some
particular solutions of trolleys for unloading bridges for
bulk materials, moving mass and moving load approach
are most appropriate for analyzing influence of moving
load on dynamic behavior of cranes. However, for heavy
pay loads and trolleys, as for mega quayside container
cranes where the weight of total moving load can exceed
170 t [13], the inertia of moving load could not be
neglected so the moving mass approach will be
appropriate for adequate analysis.

A recent application of moving load problem on analysis
of dynamic behavior of mega container cranes is done in
[13, 14]. Those works discuss influence of trolley
motion to dynamic behavior of quayside large (mega)
container cranes with flexible structure of monogirder
boom with trapezoidal cross section for servicing

container ships with 24 containers across beam
(Malacca-max container ship). Some basic features of
adopted crane are: boom length (outreach) is 69,2 m,
span between rails (gage) is 30,48 m, backreach is 15,24
m and total moving load for machinery trolley system
including weights of trolley, spreader, head block and
two containers (twin twenties) is 175 t. Finite element
model of this crane is shown in Fig. 2 [13].
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Figure 2. FEM model of mega container crane

By using FEM natural frequencies of crane structure are
obtained. The first three modes that are relevant for
dynamic analysis: vibrations of boom in horizontal
plane; vibrations of structure in vertical plane in
direction of trolley motion; vibrations of boom in
vertical plane and in vertical direction perpendicular to
direction of trolley motion. Excitation of structure in
service due to the motion of load is most important from
the aspect of dynamic analysis and it is ascertained that
the boom on the water side (outreach), due to its large
dimension and mass, is the most representative
structural part identified for analysis of dynamic
behavior. This fact confirms the cantilever nature of
quayside container cranes, and imposes requirement for
dynamic analysis of interaction problem between boom
on water side leg of the crane and trolley as a moving
load, i.e. trolley impact on the change of maximum
values of deflections. Problem of dynamic behavior of
quayside container cranes, i.e. vibrations of boom in
vertical plane and vertical direction perpendicular to the
direction of trolley motion, has not been analyzed in
details since [13] because the concept of design of mega
container cranes is still in progress and all dynamic
problems could not be considered to the full.
Application of flexible supporting structure for container
crane which is adopted in [13], instead of the stiff
structure, was pioneered in the last decade of 20"
century, so that the cranes designed in such a way have
higher values of dynamic deflections. Dynamic behavior
of such mega quayside container cranes is quite different
comparing with the elder types of cranes having fewer
dimensions and worse performances of drives. It is
observed that vibration of the boom on water side leg in
vertical direction perpendicular to trolley direction are
practically independent from other structural parts, and
this vibration is recognized as one between first three
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vibrations with lowest frequencies most important for
dynamic analysis, figure 3 [13].

Figure 3. Vibrations of crane in vertical direction,
f=1,568 Hz

In the next stage of modeling process, consisting of
several intermediate stages, the idealized equivalent
reduced model is obtained. Relative deviation of natural
lowest frequency of vibrations in vertical direction for
idealized dynamic model is 1,36% in comparison with
FEM model. FEM model is shown to be quite
acceptable for validation of reduced idealized dynamic
model, and the obtained deviation is very small from the
view-point of an engineer. Equivalent mathematical
model relevant for setting up differential equations of
system motion is shown in Fig. 4. Equivalent stiffness

C, and C,are representing, respectively stiffness of
inner stay and forestay including stiffness of upper
structure with mast, while lumped masses M, and M,
comprise masses from stays weight. Length
L, =L =65,8 m is presenting the real trolley path

between the point A and forestay connection with boom
in point C. The boundary conditions in point A have to
be modeled as for a hinge, having in mind the real
structural solution for the boom connection with other
parts of the upper structure

R &Moving Load
M
ol AP M, ~ M, X
A E I = const. B C 2
m =const.
<, (&
L | L, i
- - . -
L |
- -

I,

Figure 4. Mathematical model of container crane boom

The authors in [13,14] are using moving mass problem.
In order to set up differential equations of mathematical
model for the case of moving mass action, it was
necessary to make model discretization, i.e.
discretization of deflection shape of boom structure by
predefined finite number of shape functions which

belong to the class of admissible functions. Differential
equations of motion for Euler-Bernoulli beam acted on
by a mass with prescribed varying speed are formulated
using a Lagrangian approach by using Assumed Modes
Method to approximate the structural response in terms
of finite number of admissible functions that satisfy the
geometric boundary conditions of mathematical model.
Differential equations are expressed to simulate
shipment of container from dock to ship. It is assumed
that the boom structure is not deformed at the beginning
of trolley motion and that trolley travels with its
maximum speed. The cycle of trolley motion is
consisting of trolley uniform motion and trolley braking.
Mathematical model formulated in such a way is also
important from the aspect of analyzing problems
occurring during positioning load in the shipment
process due to the high values of flexible boom
deflection. Selection and estimation of admissible
functions is done by using variational approach of
Rayleigh-Ritz. Admissible functions are employed
because eigenfunctions of the system shown in Fig. 5
cannot be determined in practice due to the non-standard
boundary conditions and added lumped masses. After
several iterations the following admissible functions are
assumed as:

X . X . 27X
¢1(X)=I’¢2(X)=S'”T’¢3(X)=SmT,

. 37X . AxX
¢4(X):SmT,¢5(X)=SInT

The assumed admissible functions are satisfying all
geometric boundary conditions in support A, and some
of them are also satisfying natural boundary conditions
as is the case for comparison functions. Deflection shape
of the boom according to assumed mode method can be
expressed in the term of admissible functions as the
sum:

YO, =Y 4(x)-6i ()

i=1
The kinetic energy of the moving mass is given by

2
Tm = % M{v2 +[_dy((;,t)) }

The kinetic energy of the beam is

I o
T =§ZZ m;jGi ()G (1)

i=1 j=1
The potential energy of the moving mass is given by

5
Vi =-M-g-y(s,t) ==M- gD ¢i(s)- G
1

The elastic strain energy of the beam is
1 n n
Vim =Ezzcijqi(t)qj(t)

i=1 j=1
The virtual work on the gravitational force of the system
is

MW = M- g-Fxes)
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The quantity 8y, the virtual displacement of vy, is to be
evaluated at X = s. Having in mind that total kinetic
energy is T=T,, +Ty and total potential energy is
V =V, +V\y and by applying Lagrange’s equations the
system of differential equations was finally obtained:

Zs:':mij +M¢i(s)¢j(s):|dj(t)+

+Z[2MV¢%(S)¢j'(s)]qj(t)+

+2 [ 0+ MVPA(5)g; (3)+ Magi(s)g (5)]ay(t) =
= Mg (s),i=1,2,3,4,5.

The system of differential equations is solved
numerically by using Runge-Kutta method of V order
(Method Runge-Kutta-Fehlberg — RKF5) [13]. The
values of deflections under moving mass depending on
the number of admissible functions (n = 2,3,4,5) are
shown in figure 5. Fast and good convergence of
solution for adopted 5 admissible functions is fulfilled.
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>
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L [m]
Figure 5. Deflection of boom under moving mass

4. CONCLUSION

The application of moving load problem in analyzing
dynamic behavior of cranes can be found for various
types of their constructions, but it is of practical
relevance only for large structures with heavy trolleys
and pay loads causing large deflections and with high
performances of drive units, especially for modern
flexible structures still in design process where exist the
intention to avoid possible dynamic problems during
exploitation and when the designer needs a real
structural response in order to formulate control task for
adopting appropriate control strategy. For such
constructions with rigid steel frame of trolley application
of moving mass problem is quite acceptable. The choice
of an adequate model of a crane should be determined
by the particular problem under consideration and must
take into account the eigenfrequencies of the crane
structure. However, numerical examination of a model
that is not a prototype of some real system is of little

interest unless some general conclusions, which can be
applied to other, related configurations.
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CHOICE OF OPTIMAL TRANSPORTATION MECHANISATION AT OPEN

J. Vladi¢, A. Gaji¢, R. Dokié, D. Zivani¢

Abstract: Optimal transportation mechanisation selection is very important, from productivity standpoint as well as
from an economic aspect. In this particular example, for open pit “Bogutovo selo” - Ugljevik, discontinued and
combined transportation variations were discussed. Shown procedure has been based upon analysis of functional and
work characteristics along with initial and operational expenses of equipment selected for use under the existing

conditions in mentioned open pit.

Keywords: heavy truck, vehicle, transportation system

1. INTRODUCTION

Solid matter/coal transportation is one of the most
complex and expensive processes in a open pit
operation. Transportation requires almost 2/3 of all
investment expenditures during pit building as well as
40 — 70 % of operational expenses. Most of the highly
skilled work force in open pit operations worldwide is
tied to solid matter/overburden transportation.
Having in mind previously said, transportation largely
affects open pit effectiveness and productivity.
Every excavation technique has its specifics., but
common ground for all is that they all use different
capacity machinery, which for themself require certain
technical prerequisites limited by deposits’ natural
conditions. This means that for each site optimal techno-
economic solution must be formulated.

Economic success of every open pit operation largely

depends on transportation planning and expenses

control. Adequate equipment selection accompanied
with swift and appropriate decision making is very
important from economic point of view.

Main directions in a solid matter/mineral substances

transportation technological development are:

¢ Design and use of more complex, mobile and faster
heavy vehicles for cyclic transportation and utilisation
of loading excavators and heavy loaders with 8 to 30
m? capacity. In the near future bucket capacities of 40
to 60 m® will be available and that fact will influence
building of transportation vehicles with increased
capacity, mobility and power.

e Increased reliability and longer vehicle life. Larger
truck capacity makes possible operation with fewer
vehicles. This, on its part, requires better organisation
and shorter equipment down time which can be
obtained with improved design of heavy vehicles and
powering units. Manner in which heavy equipment is
maintained is also very significant (typisation,
standardisation and unification).

¢ Due to worldwide energy crisis, rapid development of
continuous transportation. Expensive oil is being
replaced with somewhat cheaper electricity.
Therefore, replacement of heavy mine vehicles.
Constant improvement of design characteristics and
overall capacity, vehicle flexibility and small
susceptibility to individual faults gives us number of
advantages at the excavation process:
High flexibility in pit development dynamics,
minimisation of initial overburden, high production plan
fulfillment security, etc. which keeps this way of
transportation still viable option comparable with
alternatives.
Major shortcoming of belt conveyors is their lack of
flexibility comparable to truck transportation, because
breakdown of a single element brings complete system
to a halt. Nowadays, every modern open pit operation
utilizes truck as well as conveyor and railroad means of
transportations.

2. TRANSPORTATION SYSTEMS -
VARIATIONS

In order to secure constant supply of coal for the power
plant it is necessary to make analysis of existing
overburden transportation system. Coal transportation in
combined as well as in discontinued technologies
remains the same. Coal is being dug by hydraulic
excavators and transported by dump trucks to the
crushing site situated in the industrial plant. Therefore,
establishing of more economical mean of overburden
transportation will be performed through
technical/economical analysis. It is necessary to make
overview of excavation process for the following cases:

1. Discontinued transportation system (keeping the
existing system)

2. Combined transportation system (truck transport to
the crusher and conveyor system to the spreader)
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2.1 Discontinued transportation

Transportation with heavy dump trucks has been

developed intensively by many open pit operations.

Open pits situated in USA for 75% of transportation

needs use heavy trucks.

Modern heavy trucks are being designed for operation in

ascents of 10 — 40% with a specific power rating of 9 —

10 kWwi/t. Truck payload increase is the main

development tendency with this mean of transportation

and trucks with 250t capacity already operate

worldwide. Limiting factors are tyre capacity and diesel

engine power. Basic heavy truck selection rules are:

e Maximum equipment utilisation under all possible
exploitation conditions

o Appropriate loading to transporting equipment ratio

o Heavy truck technological maneuverability limitations

o Transportation routes width

o Ascents which fully loaded trucks have to make

Some of the heavy truck transportation advantages are

short acquisition period and quick incorporation in

production process, significant maneuverability and

manipulation abilities, possibility to purchase equipment

of various capacities independently from existing fleet.

“Bogutovo selo” pit production process, incorporating

discontinued transportation system, consists of the

following:

o Drilling and mining of harder soil layers

o Raw material excavation and loading with hydraulic
and standard excavators

e Material transportation by heavy trucks from
excavation site to external dump sites

o Raw material unloading and handling with bulldozers

Diesel-electric and mechanical dump trucks with various

capacities are used for transportation.

Necessary number of dump trucks can be calculated

according to this formula:

Q t

== — Q)
T q7n

where:  Q - quantity of materials being transported

(8,321 x 106 m%sm)

T — transportation time (3760 hrs)

q — average truck capacity (45 m°)

t —work cycle duration (6 hrs)

n - efficiency factor (0,75 - 0,9, 1 =0,79)
Necessary number of reserve transportation units, with
heavy exploitation conditions present in open pit
operations, is 25%.

8,321.10° 06

Finally, the resultis: z = :
3760  0,79-45

= 46,69

Adopting z =47.

Loading cycle bucket excavator — dump truck is the
most favorable when 3-5 bucket loads are needed to fill
the truck body. Planned number of effective annual
work hours is given by approved project documentation,
based on 220 work days per year. Usable shift time
factoris k=0,71212. T=220x24x0,71212=3760 hours.

2.2 Combined transportation

When combine transportation method is used,

production process comprises of:

o Raw material excavation and loading with hydraulic

and standard excavators

Dump truck transportation from digging site to

crushing plant loading point

Raw material crushing and loading onto conveyor

Crushed material conveying to dump site

o Dumping raw material with the spreader

Before loading raw material on the conveyor it is

necessary to pulverize material to the appropriate size.

Open pit mines with harder raw materials can use one of

the two transportation with crushing variations:

1. Raw material is transported to the central crushing site
where trucks are unloaded into the reception bunker
from which material is being dosed into the crusher.
Crushed material is transported by conveyor out of the
site. Disadvantage of this variation is that certain
number of excavators and dump trucks has to be used.
Although this number is very low, mine has to cope
with supply of fuel, lubricants, tyres, etc., which
makes it susceptible to inflation and price changes of
this products). More flexibility in production is
advantageous. This method implies use of semi-
stationary crushing installations which have to be
relocated periodically (every 12 to 24 months) and do
not strictly follow field progress.

2. Immediately upon excavation raw material is being
loaded into the crusher, processed and then
transported by the conveyor outside mine. Advantage
of this method is in a total elimination of trucks from
transportation line, which effectively cancels any need
for fuel, lubricants, tyres,... Work is less flexible, both
in exploitation and development, and very susceptible
to eventual stoppages and damages. This
transportation system is already operational in some
open pits and requires mobile crushers which strictly
follow field development.

2.3 Etccs (excavator-truck-crusher-
conveyor-spreader) structure in open pit
“Bogutovo selo”

Combined system comprising of excavator-truck
system, semi stationary crushers, conveyor system and
spreader unit has been discussed as an alternative raw
material transportation system in a open pit “Bogutovo
selo”.

Having in mind physical and mechanical properties of a
raw material which has to be crushed, its dampness,
abrasiveness, required capacity, mining operation
concentration and explorations performed up-to-now
flow-through double roller crusher. Dimensioning of a
ETCCS system has been done according to projected
raw material capacity of 8,321 x 10° m®m and work
conditions prevailing in the mine.

Transporter capacity for the raw material needed for this
operation can be calculated in the following manner:
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A - dike section area [m?]

v — belt speed [m/s]
According to fact that soil density (for this mine) is
p=2t/m® and number of predicted working hours 3760,
conveyer capacity per hour is:
Q = 8,321x10°x2/3760 = 4426.06 t/h

Q
k,a-v

ks — conveyer slope reducing capacity factor. In
case of worst possible T, slope of 8%, k; = 0,97,
a =468+612 tge — belt shape factor,

9=15" — material free fall dynamic angle

p=45° — side cylinder angle (trough-shaped belt
with 3 cylinders)

Necessary active belt width b=

_ 4426,06 aeem
0.97 - (468 + 6121g ) - 3.35
Real belt width: B= 2905 _ 1 50m

1

Adopted B = 1600 mm
Necessary drive power

Drive power for 3 conveyers is calculated according to
formula: according to [3]
Pl = Ul'V [kW] (2)

Perimeter force Ulzﬁ [CtL (g:+ q) £ gH] KN (3)

C — factor of drive force increasing considering

conveyer drive secondary resistance

t — cylinder drums bearings friction factor,

L — conveyer length (between outer drums axis)
Movable coveyer parts mass:

G
Q205+ = (O + 2 kglm @
gt t,
golkg/m] — belt mass per length meter,

Gn[N] ; G,[N] - carrying and back drums movable
parts weight

ta[m], t,[m] — carrying and back drums step
g = 9,81[m/s] — gravity acceleration
Mass of transported material per length meter:
Q
9=36v kg/m (®)
v — belt speed [m/s]
Additional power for cleaner resistance:

P, =1,6B-v:n, kW (6)
n — number of equipment which creates additional
resistance
Additional power for guides friction resistance:
P; = 0,08xL,, kW @)

L, — guide length [m]
Conveyer T,

C=1,12, T=0,025, L=700 m, H=89 m, B=1,6 m,
Belt mass per meter is calculated according to following
formula:

Qo= 11B(1,25:2+8;+5,), N/m (8)

z = 8 - number of belt layers,
8; = 6 mm — workside lining thickness,

8,=1,5 mm - lining thickness (nonwork side),
0o=11x1,6(1,25x8+6+1,5)=308 N/m,
Gn=100B+70=230 N, G,=100B+30=190 N,
th=1m, t,;=3 m
Mass of conveyer movable parts according to formula
(4): 9=92,7 kg/m
Mass of transported material per meter, formula (5):

g= 4426,06 =367kg/m
36-335
Perimeter force, formula (3):

U, = ﬁ [112-0,025-700(92,7 + 367)+ 367 -89 = 408,56KN
Necessary drive power, formula (2):
P,= 408,56x3,35 = 1368,7 kW
Additionla power for cleaner resistance, formula (6):
P,=1,6x1,6x3,35x1=8,576 kW
n =1 — number of equipment which creates
additional resistance

Additional power for guides friction resistance
according to formula (7) :

P;=0,08x12=0,96 kW, L,=4x3 =12 m
Drive engine necessary power :
P +P,+P,
n
Adopted 2 (two) engines — power 950 kW

P

m

=1845,4KW

Conveyer T,

C=1,12,t=10,025, L=700 m, H=25m, B=1,6 m, z=8,
6= 6 mm, 6,= 1,5 mm

According to calculated power, as in previous case,
adopted engine power 950 kW

Conveyer Ty

C=1,2,t=0,025, L= 1500 m, H=15m
According to calculated necessary power, adopted 2
(two) engines — 630 kW.

Table 1. Belt conveyers system — technical features

Description T, T, To
Purpose floor major | postponing
Capacity, t/h 4430 4430 4430
Width, m 1,6 1,6 1,6
Speed, m/s 3,35 3,35 3,35
Length, m 700 700 1500
Conveyer hight, m 89 25 15
Installed power, KW | 2x950 950 2x630
Total mass (without 140 140 300
tracks and drives), t
Belt trough corner 45 45 45
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3. DETERMINATION OF BASIC
PARAMETERS FOR COMPARATIVE
ANALYSIS

According to fact that coil production process is the
same in the cases of discontinous or combined transport
and it won’t be subject of this analysis. Analysis of
necessary dredges and trucks number for discontinous
and combined transport is based on coil production of
8,321x10° m® per year. Scale of norms as well as
equipment price are based on information from
equipment manufacturers, literature data and expirience
data from PK " Bogutovo selo" and other mines with
similar technology.

Its adopted that operation time of coil dig is about 20
(twenty) years (for purpose of this analysis). In this
period should be replaced 3 complete equipment set (for
discontinous transport), while continous transport
requires replacement of 1 (one) set. Based on technical
scale of norms we are calculated operational costs, with
market price per unit of measurement.

Based on necessary workers number and their salaries in
PK "Bogutovo selo" Ugljevik, we are calculated labour
costs.

3.1 Discontinous transport system

Table 2 shows means of transportation necessary
number, while table 3 shows machine prices for
discontinous transport system. Table 2.10 shows scale of
norms for materials for trucks and bulldozers.

Table 2. Number of necessary transport units for
discontinous transport

Type of RH-120/ RH-120¢ H-241¢
transpott: FAUNE. 100 KOMATEU 445E KOMATSU S10E
Dredgeftruck
Dredges Trucks | Dredges | Trucks | Dredges | Trucks
mumber | oumber | marber | mumber | omunber | momber
Discontinos
transpott 5 15 5 17 5 15
system

Table 3. Value of equipment for discontinuity of
transport system

gear | price(km) |amortization|quantity| total
rate (km)
Truck
capacity | 1,5x10° 7 15 |22500
91t 000
Truck
capacity | 1,9x10° 7 17 3%380
109t
Truck
capacity | 2,4x10° 7 15 3%880
136t
Bulldozer| 6 2800
0,7x10 7 4 000

Table 4. Material norms for dumpers and bulldozers

TYPE OF DUMPER |BULLDOZ
engine ER
Faun |[KOM.445 KOM.5
K.100 E 10E
expenses

Annual consumption of fuel
Total
expenses 4,512.00 5,272.5
KM per 0 5,433.200 00 304.000
lyear

Annual consumption of tyres
Total
expenses 1,020.0
KM per 840.000| 840.000 00 144.000
year

Current maintenance costs
Norms | 20% of | 20% of |20% of |20% of fuel
fuel fuel fuel | expenses
expense | expenses [expense
S S

Total KM|902 100|1 320 900| 1054 | 608 800
per year 500

Maintenance costs investment
Norms,% 4 4 4 4
Total KM|900 000|1 292 000| 1440 | 112000
per year 000

3.2 Combined transport system (bkdto)

In table 6 are prices for equipment for combined
transport system, while table 7 shows list of necessary
labor. In table 8 are norms for dumpers, bulldozers. In
table 9 are norms for striped transporters and delayers.

Table 5. Necessary number of transport units for
combined transport

Transport | RH-120/ RH-120/ H-241/
type: FAUN KOMATSU | KOMATSU
Dredge/t | K.100 445E 510E
ruck No. No. | No. No. | No. No.

of of of of of of
Dred | Truc | Dred | Truc | Dred | Truc
ges ks ges ks ges ks

combined
transport 5 8 5 7 5 7
system

Necessary number of trucks in case of combined
transport is determined by formula 1:

z=Q/T*(t/g*n)= 21,75
Time t, (working cycle time) in this case we determine
when from the cycle time in the case of discontinued
transport, subtract time on 3 km transport route. When
we know that average speed of empty and full truck is
18,5 km/h.
So we have t=t-t,
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t,= 2*3km/18,5=0,32h ear | | | | |
1,=0,6-0,32=0,28 Annual consumption of tyres
Accept 22 dumpers. Total 448000 392 000420 000] 72000 | 36 000
expenses
Table 6. Equipment prices for combined transport Ke'Z'r per
s price,km |amortisation |qua- total,km Current maintenance costs
' rate vear ntit ' Norms 20% of | 20% of | 20% of | 20% of | 20% of
Truck Faun Y Y fuel fuel fuel fuel fuel
K li((:)o a 1,5x10° 7 8 12.000.000 eXpense |exXpenses|expenses| expenses [expenses
- S
Truck
Komatsu 1,9x10° 7 7 13.300.000 T:rtaler;M 481 280|447 440 | 500 080 | 30400 | 15200
445E pery . :
Truck S 7 l:l/lalntenazce costs Tvestment4 7
6 orms,%
5K1°On;at3” 2.4x10 ! 7| 16:800.000 Total KM |480 000|532 000 | 672 000| 56 000 | 60 000
per year
gﬂ;ger 6,85x10° 20 2 [ 13.000.000
Table 9. Norms for striped transporters and retarder
Tronsporters | 3.7KMfk 20 580t | 2.134.080 P P
AR’ 1600 TREE SgKM/ NORM UNIT  [TRANSPO TOTA
5 s X0, 7kg 20 490t | 7.500.000 PRICE |RTERS L KM
Bulldozer 0,7x10° 7 2 | 1.400.000 per
0,75x10° 7 2 [ 1.500.000 car
Equipment El.energy,KW)0,07KM/ (4160 1550 [150287
for 0,09x10° 7 2 180.000 m°hm kWh 2
vulcanization Oil l/year 10 2000 1000 (30000
KM/kg
Table 7. List of labor Grease 30 3000 2000 (150000
kg/year KM/kg
ualific QUALIFICATION Syllables of 294 KM (480 48 155232
\ "I VSS | VKV | SSS | KV | PK | TOTAL the roller loadi62,5kgx4
side,pcs/year || 7TKM
Syllables of 675 KM [172 17 12757
No.executo Engﬁlelr?: 7K1'\l;|gx9,5
Total 16 | 70 | 137 | 112 | 31 | 366 side,pes/year
DTO system Drum:6x¢12 [13,8KM/ [20% 20% (154800
Total 50,500kg kg
5 | 28 |8 |5 |20 13 16x91000,25 9.0KM/K
TOTAL 1 o1 | o3 | 217 | 127 | 51 | 499 OOkg g
Rubber strip [600KM/ [930m/year [220m/y|690000
Expenses for labor, KM per year B=1600 m ear
VSS 700x1,8=1260x21x12 Cleaning  [300KM/p[36pcs/year [12pcs/ [14400
317520 device cs year
VKV ,SSS,KV  500x1,8=900x427x12 Rubber 200KM/p|18pcsiyear [6pcs/yeld800
4611600 wipers cs ar
PK  300x1,8=540x51x12 Bumper A50KM/p|9pcs/year  [3pcs/yel5400
330480 board on cs ar
LABOR TOTAL 5259600 transfer place
. Rubber 250KM/p[36pcs/year |12pcs/ {18000
Table 8. Material norms for dumpers, bulldozers gasket on cs year
TYPE OF DUMPER  |BULLDO transfer place
NGINE ZER Installation [1KM/kg [580t 490t [107000
Faun |KOM.44|KOM.51 0
K.100 | SE OE Investment maintenance
Norm 4 4
Total, KM/year 612563 360000972563

EXpenses

Annual consumption of fuel
Total 2406 | 2237 | 2500 | 152000 | 76 000
expenses 400 200 400
KM per
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4. TECHNICAL-ECONOMIC ANALISYS
FOR TRANSPORT EXPENSES

When you purchase new equipment first you calculate
amount of investment. Choosing machine structure in
transport system or transport system itself s
compromise  between technical-technological and
economical factors. Operative expenses like expenses of
current investment are not estimating correct enough,
although it is more important than first investment
during working time of machine. Methodology for
estimating this expenses is very complex.

Principles for choosing economic most adequate system:
1. Reducing expenses through investments
2. Optimization of exploitation and
equipment

3. Minimization of operative expenses
The most important factor in economic analysis of
trans.system is amount of investments and expenses of
exploitation, also you have to rake care for technical
indicators of system.

It is important to take care about technical-technological
aspects and economical justify in the same time, so it is
important to have functional connection between
technological factors and expenses.

replacing

Table 10. Expenses dependence of type of transport

DISCONTINUITY | COMBINED
SYSTEM | OF TRANSPORT TRANSPORT
SYSTEM SYSTEM
EXPENSES(K
Equipment 280800000 158174080
Repromaterial 367314000 208457440
Current
maintenance 77726000 50595780
costs
Investment 74880000 56521340
maintenance
Labor 123595200 105192000
Total 1501815200 561063200

On diagram are parallel expenses of discontinuity and
combined transport system, figure 1.

Fig. 1. Parallel expenses of discontinuity and combined
transport system

Analysis show that material expenses and energy they
are about 40% in total expenses. It is obvious that
combined trans.system on 20 year period is more
profitable because life for DTO system is around 20
year. Dumpers would be replaced every 7 years with
amortization growth from 14,3% annual. Work expenses
in case for combined transport system for that period are
much lower.

5. CONCLUSION

Discontiuity way of transport is worked out in existing
solution on  PK “Bogutovo selo” where planned
capacity of 1,750.000 tons of coal every year and
8,321x10°m?® of solid barren soil.

In it’s structure we have equipment characteristic which
is used for digging up, transport and delaying for
current discontinuity transport.

Like possible way of transport on this surface mine is
discussed combined transport with complete structure
BKDTO system.

There was carried out determination of transport
equipment capacity provided for transport.

For realistic view both way of transport there was
technical-economical transport expense analysis done
which includes: equipment, repromaterial, current
maintenance costs, investment maintenance, labor.
Needed transport capacity was based on 3760 hours of
efective work. Analysis was made on 20 year period for
using transport system.

No matter that lifetime of surface mine “Bogutovo Selo”
is much shorter than this period, analysis showes that
combined transport system is profitable and also used in
expliotations for longer period and with different
structure. In exploitation conditions on PK ,,Bogutovo
Selo* it have to be selective used because in this mine
was found 27% clay materials, and that is a problem in
process of crushing and transport.

Based on mine projects about 40% of should be put
inside of excavation site on small transport lenghts, what
is also difficulty for using combined transport system on
this excavation site.
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ANALYSIS OF MATERIAL FLOWS AND LOGISTICS APPROACH IN
DESIGN OF MATERIAL HANDLING SYSTEMS

J. Vladi¢, D. Zivani¢, R. Doki¢, A. Gaji¢

Abstract: In the material handling systems there is not a perfect solution, only partial answers to the solution. Whether
designing a new system or modifying an existing one, decision-makers want to take the guesswork out of finding the
best possible solution. Formation of optimum material handling systems demand, besides knowledge of material
characteristics, material handling and information analysis in transporting process. Contemporary approach to
solution of the material handling problem is directly related to industrial logistics which comprises series of activities
like transport, stocking, reserve possession, manipulation, which are function of physical transfer products. Logistics
approach to transporting systems design allude researches of the material flows through an operating system, with
minimization of flows duration and quality utilization of productive capacities. In this paper is showed an overview of
activities, with the accent on analysis of the material flows and logistics approach in design of material handling

systems.

Keywords: material flows, logistic, design

1. INTRODUCTION

The status of contemporary production and consumption
and the forecasts that are implemented by experts, who
work in the greatest companies in the world nowadays,
indicate that market competition will demand
participant’s abilities in the supply chain, in the future,
which enable the immediate response to the market
demand. It requires an intensive development of the
production, especially about organization and its
complex mechanization and automatization. Also, it
dictates an expressed requirement for adequate solutions
in the domain of transport and storage problems.
Every technical system is different and has its own
unique characteristics. To proceed from an initial
concept to a finished design requires a detailed
engagement between the client and supplier with
particular focus on the processes that will be required in
the new design.
The basic trends in modern good-distribution centers
and warehouse systems are:

e improve capacity utilization (5-10%),

e minimize warehouse labor hours (10-30%),

e reduce direct transportation spend (5-25%),

e minimize total inventory (5%) and

e reduce shipping errors (80-100%).
Certain questions must first be answered before begin to
conceptualize system. An overall objective must first be
set, and a basic understanding of the type of system is
important.

2. DESIGN OF MODERN MATERIAL
HANDLING SYSTEMS

A few examples of the type of material handling systems
are receiving, packaging, order picking, warehousing,
shipping and production. For those who get the solution
right for their business, the benefits can be substantial.
Every industry, company, and applications have their
unique characteristics, but these 9 steps outline must be
accomplished during the design process to the material
handling systems were selected from optimum
viewpoint:

e acquaint with materials and material flows
in systems,
logistics study of problems,
visit sites companies in similar industries,
preliminary system design,
executive summary and cost justification,
modeling and simulation of systems,
hardware and software supply,
management team assignments,

o delivery, installation and implementation.
In the following text, every phases will be described,
shortly.
It is also important to consider the size, shape, and age
of the building, and possible future expansions.
Environmental conditions must also be taken into
account like temperature and humidity. Additional
information should include, sales forecasts, combined
with production capabilities, keeping in mind the need
for flexibility since manufacturing is ever changing in
this world economy.
Load characteristics are vital, and include the size,
shape, weight, and material to be conveyed. The
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footprint is important for it is what the conveyor will
see, and will help determine the best type of equipment
to use. Rate of flow is important for it will determine the
speed that the conveyor needs to run, and product
orientation if you are interfacing with automated
equipment, and or need to incorporate accumulation of
products. Now that you have a general layout, combined
with the specific information of your system, you can
begin to specify the type of equipment required.
According to Brainstorm method we can solve the
problems by simplifying material flow, control, speed,
and process.

Figure 1.Material flows in systems

Logistics activities include transportation, order
processing, storage layout, warehousing, inventory
maintenance,... These activities provide functions for
bridging between producers of goods and market
consumers, which are separated by time and distance.

Forward-thinking manufacturers  use logistics

strategically to reduce safety stock levels and improve
customer service — and hence profits — through better
information.

We should interview the main material handling players,
including operators to be identify key problems.

Q{\'_l.'t- 7

Figure 2. The logistics study process helping to identify
and solve problem areas

Use a layout of facility to document the flow of material
from receiving to shipping: chart and measure the actual
material flow path through your facility. At every place
material stops for whatever reason (e.g., inspection,
storage, subassembly, final assembly, packaging,

shipping) place a pin in the layout. When you have
finished, connect the pins, in order, with string. Add up
the length of all the strings; this will give you a good
idea of how far material really travels and why it takes
so long to get through your factory. In the end it is
required to review applicable problem and solution
scenarios and available material handling technology.

In the analysis of the possible solutions, we must see
how companies in similar industries or with comparable
operations have solved their material flow problems.
Ask an equipment supplier/integrator to arrange site
visits to see how the process works in a real-world
setting and validate concepts.

Learn pitfalls, mistakes to avoid from users who have
been through the process. For an expert opinion on this
question, it is probably best to turn to a material
handling consultant or a systems integrator.

Figure 3. Overhead monorail - fast, quiet, material
transport system that saves considerable floor space

The following phase presents preliminary “feasibility
study” or “concept study” as it is often referred to,
where the business case is generally defined and one or
more reasonable approaches are identified.

At the initial stages of planning, it is important to focus
on techniques and not technologies. Deciding on the
right techniques will guide you in determining the right
technologies to use. A material handling engineer or
specialist will analyze where product is stored, how it’s
stored, and its loads, volumes and speeds.

Also, there are following: generate layout of material
flow, create high-level description of function, operation
of material control system and compare various
equipment options.

This design engineering phase involves the refinement
of one best-fit solution that has both technical and
business merit. To design or re-design a material
handling operation, one needs to develop a cost versus
benefit analysis to include the systems to be considered.
Research of quantify cost savings, primary business
advantages, and benefits include project return on
investment (ROI). After that, we should generate
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payback analysis, simple payback, net present value, and
initial rate of return using a ROI calculation worksheet.
Automation can dramatically reduce labor costs by
replacing repetitive tasks with intelligent systems, and
redeploying human resources to points requiring true
human decision-making.

Compare current system against alternative solutions
and prepare a hard-hitting executive summary that
makes your case quickly, concisely, and logically:

e how current system works,
why it must be changed,
alternatives considered,
how new system will work,
how much new system will cost,
justification,

e design-build process and timetable.

Computer modeling and simulation are more and more
becoming an integral part of the design and verification
process for both small and large projects. It takes a
unique combination of skills to do meaningful
simulation modeling, especially when the systems are
complex and involve new technologies.
Simulation has become a widely used tool in material
handling. The primary purpose of simulation is to
describe and analyze the behavior of a system, ask "what
if" questions about a system, and aid in the design of
real systems.

Figure 4. Simulation of material flows in warehouse-
transporting systems

Simulations can be beneficial during all phases of a
project. The cost of simulation is typically very small in
relation to the total investment while the cost of change
or modification after installation can be significant.
Simulation can help prevent costly mistakes from
happening. When designing new systems or modifying
existing ones, consideration must be given to all factors
impacting the functional areas involved. These include
process flow, product flow, production cost, inventory
cost, cost of facilities, new technologies, control
systems, and equipment selection.

With simulation, a whole day of operation can be
studied within a few minutes or two hours can be spent
examining just one minute of operation. Simulation
provides information on why something happens in a
real system by recreating the system in a model and
controlling the constraints to the system.

Once a valid simulation model has been developed, it is
easy to explore new policies, operating procedures, or
methods without the expense and disruption of
experimenting with the real system. Simulation can be
used to develop understanding about how a system
operates. Simulation allows for identification and
exploration of system constrains and interactions.
Simulation can be used to test and specify the
requirements of a system

Computer modeling and simulation has today become an
affordable and invaluable tool to overcome design
challenges and assure desired results, allowing our
clients to:

e save time on
implementation,

e identify and resolve potential system
bottlenecks,

e understanding how the operation really
works,

e test and verify new operating procedures
prior to making modification or committing
resources,

e compare alternatives and make decisions
with confidence,

e identify the variables having the greatest
impact on performance,

o test and verify plans for future capacity
increases

e identify and test the critical performance
variables to  be  monitored  after
implementation,

e use the model to support marketing efforts
or to "sell" projects internally.

These types of automation technologies require the
installation of adequate software, which will support it,
or only the software upgrade. We must be sure that
chosen suppliers have proven experience on a system of
similar size and scope. Write clear design specifications
and document expectations for equipment performance
and specify parameters for system acceptance tests.
Develop a comprehensive transition plan, including
installation and implementation schedule, workarounds
to ensure system installation does not impede existing
operations.

Clearly defined roles and responsibilities for both the
suppliers and customer. Finalize system price, and
negotiate terms for change orders. Ensure all terms and
conditions are fair to both parties.

system design and
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Figure 5. Mini load systems are closed off to employees
to maximize safety and minimize loss

Today’s material handling system managers face a
number of challenges. Customers demand perfect order
accuracy; smaller and more-frequent orders cover a
greater number of SKUs; senior management calls for
lower costs and increased productivity.
Because of this reason, it should be assembled a
transition team including representatives from suppliers,
an internal project manager, and key managers from all
relevant departments. Logistics systems impact multiple
departments and areas of your business; make sure you
do not leave anybody out. Mission of this management
team is:

e document internal procedures and process

changes,

e implementation progress on a regular basis,

e determine process for dealing with
problems and project roadblocks that may
come up,

e educate internal audiences about the process
change,

e workarounds to ensure system installation
does not impede existing operations,...

After the phase of systems delivery, installation, test and
launch, operators and maintenance personnel should be
trained during installation and integration. Implement
written procedures for operators using the new process.
Document  system  design, operating manual,
troubleshooting procedures, and recommend spare parts.
Notify key internal/external customers of new process;
possibility of short-term service disruptions. Schedule
spare parts delivery before final integration testing.
Negotiate long-term support agreement before final
acceptance test and sign-off.

Perform  regular  preventive = maintenance  as
recommended by the hardware supplier(s) including
ongoing training of internal staff as needed. Define roles
and responsibilities for internal and supplier service
staff. Periodically system performance to identify
possible maintenance issues and needs for repair or
upgrades. Document operational performance to ensure
system is meeting objectives. Bring the system suppliers
in to conduct a periodic audit on processes and
performance, recommend continuous improvements.

3. CONCLUSION

The basic problem is the fact of the noticeable
investments limitation for new equipment. Nowadays,
there are challenging and complex transporting
operations, so we expect that the logistical approach to
the solving these problems contribute incremental
decrease of costs and increase in the production
efficiency. In the paper the review of activity and the
consideration of the logistical approach to modern
transporting systems design were dealt. These
transporting systems can respond to all requirements and
challenges.

In summary then, the latest generation of automated
solutions for material handling operations in distribution
centers and warehouse now allows modular tried and
trusted components to be combined in a large number of
different permutations. Analysis of material flows and
logistics approach, as the phase in design flow, which
are described in this paper, are enabling to get effective,
economy and reliable modern material handling
systems.
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CAD-CAM-CAE TECHNOLOGIES USED IN THE DESIGN OF BUCKET
WHEEL EXCAVATOR CUTTING TEETH

Z. Jugovi¢, R. Slavkovi¢, M. GaSi¢, M. Popovié¢

Abstract: The design of bucket wheel excavator cutting teeth is a complex process involving a huge number of
dependability factors. One of the main problems lies in the lack of a thorough explanation of both the load applied to these
cutting elements and its distribution during excavator operation. The design process itself is based on related assumptions
and approximations. The cutting tooth design technology, on the other hand, is a challenge in itself, demanding
satisfaction of specific and occasionally diametrally different requirements (great strength, proper hardness, wear
resistance, cost-effectiveness of construction; optimum geometry, etc.). The paper presents a CAD/CEM/CAE-supported
approach somewhat facilitating decision-making at certain cutting tooth design stages. As the approach is based on
models, modelling and simulations, the cutting tooth and its features are defined using models that are further analysed by
process simulation during operation and design.

Key words: CAD, CAE, CAM, design, bucket wheel excavator

1. INTRODUCTION

Bucket wheel excavators are basic machines used in
continuous overburden removal and coal excavations in
opencast mines in Serbia. The buckets of the excavator
bogie-wheel are fitted with cutting teeth, as demanded by
the characteristic composition of excavated material. The
cutting teeth are subjected to both intensive abrasive wear
and alternating dynamic loads during operation, resulting in
progressive wear of the tooth material and, in more severe
cases, deformations or breakage. Therefore, as the tooth
cannot perform its basic function properly, the operating
capacity, loading and energy consumption of the
excavation process are directly and indirectly affected. This
results in reduced economic effects of coal production and
a simultaneous cost increase, due to the excavator time lag
and cutting element (tooth) replacement. The costs of the
material wear process are impossible to eliminate; however,
they can be considerably reduced. A delay in the wear
process can lead to direct prolongation of the service life of
the cutting teeth and, indirectly, of other excavation
subsystem elements in bucket wheel excavators.

2. THE POSSIBILITIES FOR TOOTH
SERVICE LIFE PROLONGATION

Welding of hard material onto the tooth surface
and incorporation of hard metal inserts as methods of
prolongation of the service life of the excavator tooth
have been studied in opencast mines in Serbia. The
studies have yielded certain positive results, the larger-
scale application thereof, however, being rather limited.

The current limitations include the type of the
excavated material related to the type and shape of the
tooth and the technology and welding equipment to be
used. The effects achieved are inadequate, considering
the costs, and therefore restricted. Prolonged tooth
service life can undoubtedly be obtained, but the method
is a costly and relatively complicated one at the moment,
considering the number of units welded and the weld
geometry, and hence economically unjustifiable.
According to the authors, in order to prolong the tooth
service life, investigations at this stage should be
focused on the development of new design solutions
through geometry optimisation and the use of new
single-piece tooth materials, but also through the
development and use of a new two-piece tooth design in
bucket wheel excavators.Previous studies have shown
([4], [5], [6]) that the two-piece tooth design has
multiple advantages on all established criteria over the
single-piece tooth, being also, for the time being, more
suitable for use in opencast coal mining in Serbia as
compared to the welding and insert incorporation
methods.

3. LOADS AND CONSTRAINTS

The most critical factors affecting the digging
process can be classified into four groups including: 1.
the physico-mechanical characteristics of the material
being excavated; 2. the design and kinematics of the
bogie-wheel and the excavator as a whole; 3. block
technological parameters and 4. the contact between the
cutting element and the material being excavated.
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Figure 1. A schematic diagram of the bucket wheel
excavator digging process

In designing both single- and two-piece bucket wheel
excavator teeth, one should define the following: a)
geometry; b) dimensions; c) material; d) assembly method;
e) design technology etc. Proper design and optimum
development of the two-piece tooth require definition of the
load function of the tooth as well as of the size and shape of
wear in operation as induced by the factors affecting the
digging process.

During digging operations, the bucket scoops up the
rock material using one portion of the cutter and a certain
number of teeth. The cutter portion and the exact number of
cutting teeth to be involved are dependent on the bucket
type, tooth number and distribution, technological digging
parameters adopted and the excavator arrow direction.
Individual tooth loads are generally due to the cutting
resistance of the rock material and the friction- and wear-
induced resistance on the tooth cutting surfaces (Figure 2).
The investigations have shown that theoretical definition of
the digging resistance values is highly difficult and
complicated, being dependent on a multitude of interrelated
factors. Complex processes taking place during excavation
are difficult to express through mathematical equations due
to a large number of unknown values. Therefore, empirical
forms obtained under laboratory or operating conditions are
used in digging resistance determination ([8],[9]). The
determination of these resistances as external loads of the
bucket wheel excavator is essential in estimating
characteristic cutting tooth dimensions. The data thus
obtained can be used in generating approximate input data
required for the estimation of characteristic dimensions and
elements of the two-piece tooth.

Figure 2. Tooth load during the digging operation

For proper geometric identification of the tooth
dimensions, the external load of the characteristic parts of
the bogie-wheel (buckets, cutter, teeth etc.) should be
defined as a time function. Load distribution and exact
direction should also be identified. Determination of an
individual tooth load can be made by defining the total
bucket load as divided by the cutting elements,
considering their uneven engagement in the cutting
operation. The analysis, the results thereof being given in

[7], examines the distribution of the total bucket load over
the cutting teeth and the cutter.

Ly Ho1 o
Figure 3. Geometric parameters used in wear
measurements in single-piece teeth

In the two-piece tooth development process,
maximum tooth wear values in previous operating
conditions should also be determined. This is of utmost
importance, as the wear of the tooth holder and the
coupling elements should not be allowed during
operation of the two-piece tooth, nor under extreme
wear conditions, including tooth wear and shape and
position of worn-out surfaces.

Any defects that may occur during casting, cooling
and thermal treatment, as well as those related to the
basic tooth material engineering have a huge effect on
tooth performance and service life. The use of the most
favourable tooth design technology is as important as
the adoption of optimum tooth geometry, accurate
estimation and proper determination of the dimensions
of critical cross sections. This suggests that the two-
piece tooth design is a complex process, primarily due to
the unknown load character, demanding an integrated
approach to achieve an optimum design.

4. AN INTEGRATED APPROACH TO
THE TWO-PIECE TOOTH
DEVELOPMENT

An integrated approach to the two-piece tooth
development is aimed at the reduction of the
development period and further improvement of the
product at this stage [3]. The simultaneous virtual
concept as a basis of the integrated approach increases
the use of computer tools in providing three key
activities, including communication, visualisation and
simulation. The technologies providing the above
approach include, among others, graphic 3D solid
modelling and analyses and simulations based on the
finite element method (FEM). This approach is based on
models, modelling and simulation. Models are used to
check the proposed solution under conditions similar to
the operating ones thus enabling elimination of the
defects observed. Product designing is also simulated
until optimum design parameters are achieved. The
effects produced by the said two-piece tooth
development approach have yielded very significant
results (figure 4).

The structural analysis of the two-piece tooth should
be most efficiently started at the basic concept
consideration stage. The starting point has been the
checked and tested design solution for the GTZ-2 single-
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piece tooth of the SRs2000 32/5.0 bucket wheel excavator
used in overburden excavation. The tooth has yielded good
performance, both in terms of geometry and material, the

technology of its design being developed. The GTZ-2 tooth
results have been used in adopting basic concepts and
generating different design solutions of the two-piece tooth.
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Figure 4. An integrated approach used in the two-piece tooth development

Each design solution has been simultaneously
accompanied with the voltage state analysis using the final
element method. A number of options have been
considered regarding the use aimed at the two-piece tooth
development. First, the highest voltage change trends in the
construction for each load and constraint variants have been
examined. Upon the adoption of an optimum design
solution and prototype construction, qualification of the
adopted constraint-and-load model has been performed in
accordance with the operating test results. The objective
has been to establish basic methodology for further
development of the design.

A major issue occurring at the development stage
has been to decide on the approximation to be used in
problem resolution. The data in the FEM analysis are
given according to current cutting tooth operating
conditions; namely, careful examination should be
performed of the boundary conditions, material
properties, geometry, operating environment parameters,
etc. It is often impossible to accurately describe the above
requirements, as they are either unknown or beyond the
designer control. In such cases, the trend analysis can be
used as an efficient technique facilitating generation of
specific useful data “managing” the design process.
However, the trend analysis cannot provide data on real
design performance, but it can show the effects of
geometric changes and susceptibility to parameters such
as material properties and applied load, thus highly

contributing to the examination of the two-piece tooth
design issue.

5. CONCLUSION

An inductive approach is of special importance in
resolving engineering and other problems where general
solutions cannot be obtained in closed forms. The
solutions generated by models and simulations using the
finite element method are approximate ones. In practical
terms, approximations to the exact solution should be
identified, i.e. it should be determined whether the results
obtained are on the safety side.

The integrated approach used in the development of
the two-piece tooth has a number of advantages being
reflected in the cost reduction, the reason being the use of
computer at one stage of the analysis, instead of testing
under operating conditions. The process itself has been
enhanced, due to the reduced number of the product
development cycles, induced by the automatic elimination
of unsatisfactory design conceptions. The advantages also
include design improvements, brought about by the
possibility of testing a great number of different
conceptions by the finite element method, leading to
better selection of the final design. The objective of the
above analyses is to choose the optimum design out of
many different ones to be subsequently tested under
operating conditions. The subsequent testing provides, in
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fact, feedback for input and output simulation data,
enabling analysis correction and providing basis for future
identical or similar design problems.

The importance of the simulation-based analyses lies
in potentially higher cost-effectiveness at later product
development stages. Therefore, not only can planned
testing be performed more rapidly and be more cost-
effective, but simulation can enable examination of load
scenarios that would be too expensive to perform in real
operating conditions. However, importantly, the real
design performance can be comprehended only at the
prototyping and testing stages. This is exactly the step
taken in the design solutions adopted for the two-piece
tooth.
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PLANNING, MODELING, SIMULATION AND ANALYSIS
OF STORAGE PROCESSES

Z. Marinkovi¢, D. Markovi¢, D. Marinkovié¢

Abstract: In a modern logistics concept of industry, which comprises acquisition, production, distribution and sale of
goods in order to achieve profit, a storage system has an important integrative role with the aim of forming reserves
and providing synchronization of the aforementioned processes. A warehouse has to be an efficient, economic and safe
system that accomplishes functions of receiving goods, their storage and handling and, finally, their shipping to the
appropriate user.

Design of storage system and the choice of storage technology are a complex task, which needs to be given special
attention. One of the possible approaches consists in applying the methods of planning, modeling, simulation and
analysis of the storage processes. The approach gets on its full significance once the developed software packages are
used to perform a great number of computer simulations. In the paper, software package Flexsim is applied in order to
deal with the problem. The approach provides means for inexpensive variant design of storage systems and relatively

simple choice of optimal solution.

Keywords: logistics, warehouse, planning, modeling, simulation, analysis

1. INTRODUCTION

Logistics is a relatively new scientific discipline intensively
used within the past 30 years in industrial, organizational and
other activities. It determines complete and complex material
(goods), information and money flows within single
companies as well as between them on a regional or even
global level. Offering good organization and reduced
expenses, logistics is a basic presumption of successful
functioning at all levels of industry [1, 2, 3].

The basic logistics concept of industry implies
acquisition of primary raw materials, fuels and other
materials necessary for production of goods or providing
services and distribution of products to the market with
the aim of achieving the maximal profit. In such an
industrial concept, it is necessary to perform various
activities, which increase the final price of the product.
Those are packing, transshipment, storing, inner and
outer transportation [4, 5].

Within this concept, the storage system has an
integrative role in the processes of acquisition,
production, distribution and selling goods. The aim of
storage systems is to provide reserves and
synchronization of processes preceding and succeeding
storing. Storage has to be an efficient, economic and
safe system. Therefore, the design of storage systems
and choice of storage technology are given special
attention. The modern approach to this issue implies
usage of novel planning methods, modeling, simulation
and analysis of storage systems, including the analysis
of components and involved processes [6, 7, 8, 9].

2. DESCRIPTION AND PLANNING OF
STORAGE SYSTEMS

The process of planning implies determination of system
structure and in this specific case it is storage. Handling this
issue requires [5]:

. knowledge of planning theory and methods,

. analysis of already existing examples,

. catalogues with necessary data for the choice of
equipment and control systems, which are very important
regarding the process of planning.

Successful planning and realization of optimal storage
system requires detailed analysis, knowledge of purpose,
organization, components and processes of the system. Storing
can be described as a motionless state of material for a longer
or shorter time period, which is organized and supervised in a
specially developed storage system. Reasons for storing are
various and the role of storage system in a logistic system is
diverse and complex.

Storage system is organized in places where raw material
is available (e.g. mines), where transshipment is performed
(railway-road terminal), in the beginning and at the end of
production line, in the process of good distribution to the
market, collecting of waste, etc.

Storage is a complex logistic system consisting of several
connecting components and elements, in which four basic
processes are conducted [4]:

. receiving goods,

. storing goods,

. handling goods (sorting, separating, positioning, packing,
commissioning, labeling, etc.),

. shipping goods.
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Elements and components of a storage system are:
material goods (items), storage building with infrastructure
and appropriate zones (receiving, storing, shipment),
storage equipment necessary for the storage activities
(transshipment, transport, control, positioning, etc.) and
information system. Additionally, it is very important to
define the organization of a warehouse, which can be
divided into:

« structural organization, which describes the subsystems
and elements of complex storage systems,

« organization of activities, which defines the tasks from the
strategic (administrative), tactical (dispositive) and opertaive
(executable) point of view and provides their realization,

« informational organization, which provides exchange of
information between the storage system and its
environment as well as within the storage system itself.
Material goods (items), as storage units, can be divided

based on several criteria. One of the criteria yields unpacked
and packed materials and products. We can also distinguish
between piece, bulk, fluid and gas materials. However, with
appropriate packing any good can be rendered piece good,
which is relatively often the case. Another criterion is whether
storing of material goods requires accessories, or not. Most
frequently, those are standard pallets with predefined
dimensions and shapes.

Storage objects are all open or closed areas with the
purpose of storing goods. Their division can be done according
to various criteria, such as: position with respect to the ground
level, shape of the structure, construction and material it is
made of, sort of stored goods, storage conditions, capacity, etc.
[4]. With the aim of efficient realization of aforementioned
four processes (receiving goods, storing, handling, shipment)
storage objects are divided into zones. Typically, there are
zones for receiving goods, their storage and shipment, while
handling is done in one of those zones. A storage can also have
a special zone for handling goods. Additionally, the storage
zone can have subzones depending on the type of goods and
necessary conditions for storing.

All the equipment used in the storage is denoted as
storage equipment. It is used for various activities in handling
goods, especially when work that is more efficient is
required. Two basic groups of transport machines are used.
The first group comprises machines of discontinuous
transport, such as various types of cranes, forklifts, special
purpose vehicles, etc. They perform transport cycles. The
other group of machines comprises machines of continuous
transport, such as various conveyors, elevators, etc. They
transport material continuously. The capacity is a very
important characteristic of all those machines. It is defined as
a quantity of transported material per time unit. In the storage
zone, there is equipment which is used to receive and to store
the goods. Those are different types of racks, which provide
manageable positioning of the goods in order to use
efficiently the available storage surface and volume.
However, warehousing can also be done by using only the
ground surface and in this case the equipment is not needed.
In a storage system, there is also accessory equipment, which
is used for other activities when the goods are received,
handled and shipped. Those are machines for packing,
unpacking, palletizers, scales, control devices, etc.

The informational organization in storages consists
of information and communication systems which
operate by means of computers. There are work stations
for receiving and providing data, and appliances for data
transmission, which can be achieved by conductors,
optically, inductively (infrared) and wireless (radio
technique).

Since the storage system plays an important role in the
logistic chain, there is a number of various storage
technologies developed till date. The choice of technology
is influenced by the type of goods, equipment for
transshipment, transport and storing, equipment for
storing goods, information system etc. In addition, the
choice is influenced by the chosen strategies of
manipulating the goods in storages. Some of them are:
selectivity (direct approach), JIT (just-in- time), FIFO
(first-in-first-out),  LIFI  (last-in-first-out,)  random
approach, the shortest time of realization of transport
machine working cycles, strategy of double cycles, etc. A
great number of typical storing technologies for piece,
bulk, fluid and gas materials has been developed. The
paper deals with strategies for piece and palletized goods.
[4].

Some typical storing technologies are;

« ground storing (chaotic, linear and on a stack),
« storing in racks (selective, portable, transport racks).

High-rack storages are nowadays quite frequently used.
The standardized pallet units are stored in high racks, the
height of which is up to 40 m and the length of up to 100
m, by means of specialized high-rack cranes. Automatic
high-rack storages are the state-of-the-art technology, with
cranes operating as robots controlled by means of adequate
computer programs [7, 8, 9].

The choice of adequate storage technology has the aim
of providing efficient usage of warehouse surface and
volume, lower expenses of handling goods during
transshipment, transport, storing and other processes.
Analysis of existing technologies by means of planning
methods can result in their improvement and development
of new atypical storing technologies, which can be later on
accepted as typical ones.

The planning of logistic systems requires the following
issued to be considered [6]:

« type of planning: a new system or reconstruction of old
one,

« object of planning: storage system, transport system, etc,

« planning step: from idea to final realization,

« type of storage: transhippment, distributional, reserves, etc,.

« goods: type of goods (pieces, bulk...), palletized, etc.

« sort of object: openned, hall, high storage, metal structure,

« owner of the storage: state, company, etc.

« storage technology: ground or rack storage

« positioning of goods: manual, automatic

« type of racks: portable, transport, etc.

« transportation means: machines of continuous and
discontinuous transport,

« special conditions: fire protection, assessment of economy,
analysis of alternative solutions, etc.

The task of planning a storage system implies to
apply adequate procedures in order to obtain the optimal
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solution. The methods of modeling and simulation are
successfully applied.

3. MODELING AND SIMULATION OF THE
WORK OF STORAGE SYSTEM

Modeling implies description of real complex
systems, in this case storages with equipment, by means
of adequate relatively simple equivalent and analytical
models. The simplified models are used to perform
simulations.

Software package Flexsim is successfully used to
perform the simulations of storage systems. It is well
integrated with CAD and 3D modeling software
packages. It also offers comprehendible precompiled
C++ script (Flexscript), which makes it user friendly in
praxis [8, 9].

Flexsim is an object oriented software. The Flexsim
Tree provides a user friendly approach to handling the
model. The basic unit of tree is node (Fig. 1).

— NG

[P mew (=50pen Fsave [ElExcel B TooBox  feFlowdtem [0 Commands ESlHints Tatree
= [2]X|| % orthographic View - 1 - model

Standard Objects -

Sturce: Qlee

n

Processor Sinl P

TNV TATTERIRT

e -

\Cﬁ\j Separator ]

Conveyor Rack

(TR TR EECTARCANE

iy S

Dispatcher | Opetator

Transporter | Metworkhode
W -
VisualTool | "Recorder

Selected: Rack.

o Chject Selected

11 Pause

K5 Reset

Done Binding Ohjects.

3 Run

® s

I8 step

g Compile

Si
Simulation Time: | 0,00 —_

Fig. 1 Node of the model tree - layout definition

On the left hand side of Fig. 1 one may note the
Library, which comprises ready-to-use elements. Those
are standard elements (transport means, operators,
pallets, racks...) necessary for simulation. The right
hand side of the figure shows working area, where the
layout is formed. For each element from the library the
initial parameters are to be defined, when it is used..
Input parameters are defined in the Parameters Window.
Every type of object has a corresponding Parameters
Window.

The general procedure (algorithm) of modeling and
simulation of storage system in Flexsim requires [8, 9]:
1. Layout definition, i.e. positioning of the Library objects

in the working area. At first the Source is given, which

defines the starting point of material flow. The elements
that follow are: Conveyer, Queue, Transporter, Rack, as
giveninFig. 1

2. Defining the flow of storage units through the
model, i.e. linking the objects by means of ports.
The term linking implies creation of output to input
port connections between objects. The links are
necessary to mark the product flow. Besides output
to input connections, there are also central port to
central port connections. They are used by Fixed
Resources to call for transport or assistance during
the work (Conveyer, Transporter). Hence, output to
input connections create links between fixed objects
(Sours, Queue, Processor), while central connections
create links between fixed objects that require
transport and mobile objects that perform the
transport.

3. Detailed definition of objects, i.e. definition of their
parameters (capacity, transport paths, velocities,
accelerations, masses, coordinates, time...)

4. Compiling and running the model with the aim to
perform the required simulations of storage operations.

The software provides following features:

« 3D pictures of all storage zones with storage equipment
(transport machines, racks, etc),

o preliminary, and eventually final integration of
aforementioned equipment in the storage,

« determination of storage capacity, i.e. the number of storage
units, the efficiency of surface and volume usage,

« determination of transport equipment capacity,

« the choice of optimal characteristics for the involved
equipment by varying relevant parameters in the model with
the aim of obtaining the optimal technical solution of the
storage,

« saving data in the form of excel files once the simulation is
accomplished
This procedure of fast and comfortable modeling and

simulation offers the possibility of investigating

alternative variant solutions of storage systems by varying
relevant quantities. In this manner the following tasks can

be performed [6]:

« analysis of initial state,

o seeking the most suitable system by developing
alternatives,

« assessment of alternatives,

« determination of optimal system alternative.

The approach will be demonstrated on an example
dealing with planning a storage system, whereby several
variant solutions are to be investigated. Modeling and
simulation of storage in operation are performed in order to
determine the optimal solution and deduce useful
conclusions about designing storage systems.

4. EXAMPLE OF SIMULATION AND
ANALYSIS

As an example of modeling and simulation of storage
system, a small storage with palletized goods and
selective racks is to be considered. Selective racks are put
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together in pairs with a corridor between the pairs so that
a path is provided for transport machines. The number of
rack walls is double the number of corridors. In this way a
direct approach is provided to each storage unit. However,
the efficiency of surface usage is relatively small.

The storage zone surface (covered by racks and corridors)

is A, =12x20=240m?. The height of the storage can be

varied depending on the transport machines used in the zone.

In the example the storage unit is a 800 x 1200 mm
palette containing packed products. The maximal height of
the unit is 1500 mm. The surface and volume of the unit are

A =08-12-096 m?and Vg; =0.8-12-15=144m°,

The basic unit of volume usage in the storage is rack cell,
the dimensions of which are defined by the vertical and
horizontal dimensions of the rack’s truss structure. In this
example the dimensions of the rack cell are 2.0 x 1.6 m
providing enough space for two palettes.

In this way the rack wall is divided into a number of
columns and rows. The number of columns in this
example reads 20.0/2.0 = 10, while the number o f rows
depends on the height of the rack wall. If the height is up
to 10 m, then various types of forklifts are used, and if
the height is beyond 10 m (high-rack storages) special
rack cranes are used. Also the width of the corridors
depends on transport machines.

Two basic alternative solutions of this storage will be
modeled and their functioning will be simulated. In the
first solution the height of rack walls is under 10 m and
the transport machines are forklifts. In the second
solution a high-rack alternative with high-rack cranes is
considered.

Figs. 2 and 3 are obtained by means of Flexsim and
they show 3D models of the first solution with forklifts,
the maximal lift height of which is 5 m. The necessary

corridor width for their manipulating is 3.4 m. In this
case, the surface of the storage zone is large enough for
4 racks with 4 rows and the height is 6.4 m. The volume
of the storage zone is Vv, =12x20x6.4 = 1536 m*. Since

the rack has 10 columns, and in each cell 2 palettes can
be put, each rack wall can contain 4 x 10 x 2 = 80
storage units, and for the whole storage the number
reads 320. The degree of surface (77,) and volume (7y)
usage for this solution are:

na =320-0.96/240 =1.28 ~ 1.3,
ny =320 -1.44/1536 =0.3.

Figs. 4 and 5 show the 3D model of the second
solution with selective racks, but this time as a high-rack
storage. Each corridor is foreseen to be served by one
rack-crane. The width of the corridor is therefore only
1.4 m. The same surface now allows for 6 rack-walls
and 3 corridors. The corridor width is determined by the
larger dimension of palette, which reads 1.4 m. The
racks have now 10 rows, so that the overall height of the
rack is 16 m. The volume of the storage zone reads in
this case Vg, =12x20x16 = 3840 m*. Since the number

of racks is 6, their height 16 m and the number of rows
10, the number of storage units is significantly increased
to 1200. The capacity of this solution is 3.75 times
larger compared to the first solution. The degree of
surface (77») and volume () usage are now:

na =1200 -0.96/240 = 4.8,
ny = 1200 -1.44/3840 =0.45 .
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Fig. 2 Top view— 3D model (layout) of the first solution
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Fig. 4 Top view — 3D model of the second solution

Obviously, the surface usage degree is significantly
increased in the second solution, approximately 3.7
times, while the volume usage degree is increased 1.5
times. The main reason for such different trends is the
fact that the corridor width in the first solution is
significantly greater compared to the second solution.
This drawback of the first solution can be reduced by
using special types of forklifts, such as hybrid
telescopic forklifts or similar. In that case the corridor
width can be reduced to 1.8 m and additionally the lift
height can be increased up to 10 m [4].

As can be seen, Flexsim provides relatively easy and
fast modeling of storage system’s different variants and
their 3D pictures, which is important for integration of
storage equipment in the predefined location of storage
zone and storage as a whole. The software also provides
the possibility to simulate operation of equipment, i.e.
processes that are performed in the storage, and to make a
video file of the simulation. Varying the characteristics of
transport equipment, such as velocities, accelerations,
lengths of transport paths, it is possible to investigate and
analyze the parameters that influence the capacity of
equipment with the aim of choosing the optimal solution.
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Fig.5 Axonometric view - 3D model of the second solution

Once several solutions are obtained, the optimal one
is determined by using the assessment methods. Each
element of the analyzed solution is assessed based on
weight factors defined by experts. The best graded
solution is accepted for the final realization.

A rough comparison of the considered two solutions
yields following remarks. The price per mass unit of
rack is inconsiderable for both solutions. The second
solution has a bit higher expenses due to assembly of
high racks. A forklift is certainly less expensive than a
high-rack crane, especially automatic one. Additionally,
the second solution has a high-rack crane in each
corridor. This solution is justified only for storages with
high capacity and high material flow rate. Hence, the
high-rack storages require higher investments, especially
if they are automatically operated, but an intensive
exploitation reduces final expenses. Finally, the first
solution also requires a massive expensive building,
which is not the case with the second solution.

5. CONCLUSIONS

The following conclusions can be drawn from the
preceding analysis:

o storage is an important subsystem of the logistic
concept of industry which provides a link between
acquisition, production, distribution and sale of
material and goods,

« a significant number of typical storage technologies
has been developed and the appropriate choice is
affected by a number of influencing factors, which
need to be analyzed,

« an efficient way of selecting the adequate storage
technology for a certain storage is to apply the methods
of planning, modeling, simulation and analysis,

« asuccessful application of this approach is provided
by software package Flexsim,

« software Flexsim gets on its full significance if a variant
solutions are investigated, whereby the solution
parameters are varied with the aim of obtaining the
solution with optimal technical parameters.
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THE IMPORTANCE OF RESEARCH OF LOCAL-SCOPE PHENOMENA
WITHIN SINGLE-ROPE CABLEWAYS

M. Cupovi¢

Abstract: Cableways are complex products, subjected to high security requirements and economic feasibility
assessments. Some phenomena, which are not fully comprehended by calculations and testing, could significantly
reduce a cableway service life and lead to sudden failures. Accordingly, positive economic effects of the cableway
exploitation could be multiply reduced. One such phenomenon, with all its implications, will be presented in this
dissertation.

Keywords: single-rope cableways, grip, hold-down sheave assembly, shock impulse, carrier acceleration, tension

consequences, dynamic behaviour identification

INTRODUCTION

The calculation of a cableway line is an itterative
procedure, based on the flexible threads theory. The goal
of the calculation is to determine the extreme stress
values, in order to achieve optimal design of the
cableway construction during the next development
phase. By doing so, the necessary safety of the cableway
is accomplished. Service life of individual cableway
elements and the commodity of passangers are also
affected by the so-called local scope phenomena. These
phenomena are defined by having considerably less
intensity than the so-called global scope phenomena
and, as such, they are commonly overlooked by
cableway designers.

The main purpose of this writing is to point out one of
these phenomena and possible consequences of not
evaluating it properly.

GLOBAL SCOPE PHENOMENA

Change of the resultant due to stress change
on incoming and outgoing sides of the rope

The resultant force on the tower point, which has to be
received by sheave assemblies and transmitted to the
structure of the tower, is a vector sum of the forces
inside the haul rope (on incoming and outgoing side) on
that tower point. In the rulebook of technical standards
for ski lifts /1, 2/, within articles 36, 37, and 38 (for ski
lifts) and articles 58, 59, and 60, the legislator specified
the following cases of tower stress:

1. Dead weight of the tower and its equipment;
2. Dead weight of the haul rope;
3. Weight of the haul rope with carriers;
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4. Weight of the haul rope with carriers, with fully
loaded (100%) uphill side and empty downhill
side;

5. Weight of the haul rope with carriers, with empty
uphill side and fully loaded downhill side;

6. Weight of the haul rope with carriers, with both
uphill and downhill sides fully loaded;

7. The load induced by derailment of the haul rope
on one side (the side without the load);

8. Dynamic stress caused by the passage of carriers
over sheave assemblies:

Vertical load:

Fv=2xGyv

where GV denotes weight of the loaded carrier;

Horizontal load:

Fh = Fk
where FK denotes static force on one sheave.

In the bullwheel calculation, the resultant force is defined
to be the function of:

weight of the approved carrier
geodetic position of the tower;
approved tension force;

the chosen type of line equipment (sheave and
sheave bearing type);

e type of haul rope, through the weight of the rope
on the related gauge;

The main disadvantage of such calculations is that they do
not include local scope phenomena, which occur in brief
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intervals on the sheave assemblies and, depending on the
cableway’s basic features and the chosen type of
equipment, may have significant impact on cableway’s
behaviour throughout its service life.

LOCAL SCOPE PHENOMENA

Change of refraction angles

During transition of the carrier from bullwheel to sheave
assembly, the balanced configuration of the mechanism is
disturbed. Consequently, there are movements in the
mechanism’s joints, after which the new position of
equilibrium is established /3/.

Processes that occur within the sheave assembly
mechanism’s kinematics will be observed in aspect of the
change in balanced configuration of the sheave assembly
mechanism during the passage of a loaded carrier through
it.

Passage of the grip over the sheave assembly

When the naked (bare) rope, between two adjacent
carriers, pass over a support or hold-down sheave
assembly, individual sheaves rotate as a result of a load
difference between upcoming and outgoing side of the
haul rope.

When a carrier approaches the sheave assembly, the grip
becomes the source of various inputs. The grip is, actually,
an element that bonds the chair with the haul rope. Figure
1 shows the position of the grip and a hold-down sheave
assembly.

The angle of the resultant force is also variable and
depends on the particular load case. The intensity and
change of the angle of the resulting force, calculated in this
way and adopted in their extreme minimum and maximum
values, represent changes that depend on global conditions
on the rope line.

Rubber

Figure 1

The passage of the grip over the sheave assembly is
characterized by the process of transfer of energy. Part of
the kinetic energy caused by the movement of the rope
with the carrier, whether loaded or empty, will be
transferred to the sheave assembly. It is this part of kinetic
energy that causes relative movements of individual
sheaves, as well as rotation and vertical movements of the
assembly, while the remaining part transforms into the
energy of deformation of sheave assembly and the tower,
respectively.

Passage of grip over the hold-down assembly

What makes the hold-down (or negative) sheave assembly
so specific, is the fact that grips pass below the sheaves. As
a result, the upper surface of the grip, whose geometry is
defined by strength calculation, comes n-times in and out
of contact with the assembly (where n is the number of
individual sheaves in the assembly).

The passage of the grip is usually followed by a series of
tower tremblings. Sitting in the chair, passengers feel like
they are riding on a road with many small holes. Figure 2
clearly depicts the elements that define the contact
between the grip and the sheave as an impact of two solid
bodies. However, the mass of the grip is many times
greater than that of the sheave (M>> m), and there is also
speed difference in the point of impact.

The differences in materials are also important. The
sheaves are rubber-plated, while the grips are made of
molded steel.

In the moment of impact, there is a strong shock impulse,
whose intensity may easily be many times greater than the
static force on each individual sheave. In the aspect of
duration, this impulse is defined as instantaneous.

Figure 2
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As a result of the shock impulse, redistribution of the load
takes place. In the moment of impact, the shock impulse is
being transferred to the haul rope by the opposite sheave,
paired with the sheave being hit (see Figure 3).

Magnitude of the angle, around which the resultant
changes its position, is the function of the force Fi
(Fi=Fr/n < 5Kn) and depends on the defined refraction
angle on the tower point and the structural characteristics
of the sheave assembly. The frequency of this
phenomenon can be calculated as:

where: | — distance between sheaves
v — line speed of the cableway

For the most common dimensional relations in fixed grip
cableways, the value of the force is somewhere around f =
4 -12 Mz ] The frequency of this phenomenon is relatively
low and there’s a risk of its superposition with the tower’s
own frequency. While the static implications of the
phenomenon may be neglected, its dynamic implications
must be taken into account.

After the impact between the grip and the sheave, the
sheave assumes position shown in Figure 4. By leaning on
the slanted surface of the grip, force Fi assumes direction
that is perpendicular to the grip. The change of the angle
results in the new redistribution of forces.

The same phenomenon, but with the change in direction of
force Fi sin 7, occurs when the sheave is on the other side
of the grip. The analysis is done for the initial position of
the grip, when the slope angle of the haul rope is a= 0°.
The change in the slope angle of the rope results in the
change of the force magnitude Fi’=Fi sin (r+q).

The possibilities of reducing the effects of this
phenomenon should be searched within the structural
characteristics of grips and sheave assemblies.

Figure 4

The load induced by carriers passing over the
compression sheaves assembly

Figure 5 shows the diagram of a loaded -carrier
acceleration during its passage over a compression
sheaves assembly.

The acceleration sensor, attached to the carrier structure,
detected the acceleration signal, which is measured in
vertical direction and shown in the figure. You can
clearly see the moment when the carrier and the sheave
assembly come into contact (650 s), and the moment
when the grip leaves the assembly (1650 s).

Acceleration diagram of a loaded carrier
passing over a compression sheaves assembly
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Figure 5

That very moment, as a clip in greater scale, is shown in
Figure 6. The detected signal has relatively regular shape,
with little noise.

Acceleration diagram of a loaded carrier
passing over a compression sheaves assembly
(shown here in greater scale)
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Figure 6
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Passage of the carriers results in forced damped vibrations
of the tower structure. The part of the tower that is most
vulnerable to this input is the yoke, which is the firts that
starts to oscillate. After a ceratin delay, these oscillations
are transferred to the main part of the tower. It is important
to see if there are any implications on the tension, that
might be caused by these oscillatory movements of the
structure.

Tension implications of the passage of
carriers

Experimental testing of the established hypothesis has
been done by measuring tension response on one of the
chairlifts on Kopaonik mountain, during the winter season.
The rosette-shaped measuring tape has been attached to
the tower stem, right above the joint of the tower and
anchor bolts, that is at the place where the highest carrying
strength had been expected.

Such position of the measuring tape enables monitoring of
normal tensions o (in Y direction) and sliding tensions t
(in YZ direction).

The tension changes in all directions and components have
been undoubtedly detected. What is actually the most
logical conclusion, is the significant increase of normal
tensions (pulling tensions, parallel to the vertical tower
axis), as shown in Figure 7. The structure is made of steel
C. 0362, with 64, < 18 kN/cm?. The observed increase of
13% in working tensions, comparing to calculated values
of 12 kN/cm?, might significantly shorten the service life
of the construction.

Tension changes due to passage of a carrier
Measuring point: 1
Direction: Y
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Figure 7

Tower structure that has been considered in this writing is
one of the cableway elements that is the most resistant to
the effects of the described phenomenon. As mentioned
earlier, the input indirectly acts on the structure of the
tower.

The element that is directly exposed to this kind of input is
the carrying frame of the chair, whose mass is about 270
kg (with two passengers). As shown in Figure 7, this
element suffers alternate accelerations of 4g, during time
intervals in the order of milliseconds.

SUMMARY

The described phenomenon has distinctly dynamical
properties, so it is necessary to dynamically identify the
part of the structure that is mostly exposed to this kind of
input. Frequency spectrum of the tower structure’s tension
response lies in the range of 3 — 6 /Hz/ with the mass
frequency participation of 4 /Hz /.

It is also important to create a calculation model that
would establish correlations between: resultant force per
one sheave, the kind of sheave lining, geometry of the
grip, and the distance between individual sheaves in the
assembly.
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OPTIMISATION OF THE LIFE TIME OF THE CONTAINER CRANES

G. Bojanic, M. Georgijevic, V. Bojanic

Abstract: In the calculation of life time of the cranes in the early phase of designing and constructing appears the
problem especially in data collecting and analyzing. The standard which deals with fatigue issue JUS U.E7.150 for the
welded support steel structure (Federal Institute for Standardization, Belgrade, 1987) is only partially changed
translation of the DIN standard which itself is not sufficient for calculation which would more precisely define the
fatigue that appears in the structure. Based on new standards which have been introduced in Serbia (SRPS EN 13001-
2), it will be necessary to use the calculations which are defined in these standards which indicate that for designing
and development of new products it is a must to have corresponding software packets for optimization. To make a
calculation with reference to the fatigue in the field of the time dynamic strength it is needed to have many data. With
development of software packet it has been enabled to copy a certain system with its dynamic process into the model
appropriate for experimenting, aimed to get knowledge which are applicable in the reality (simulation models

according to VDI).

Keywords: SRPS EN 13001-2, cranes, development, simulation, optimization

1. INTRODUCTION

There are many papers about fatigue of various
materials, with different frequencies of stress cycles,
many experiments made in this field, but, however, no
hypothesis is completely parallel to the real process
which happens within the material, and result obtained
by means of calculation to a certain extent deviate from
data obtained by the experiment. Many papers about
cranes have been written recently, but only few deal
with the fatigue, and that is so in Serbia, as well,
although to solve problems they must be noticed first
and then started to be solved with presenting proposals
and chosen the best solution. Even in the world there is
no absolutely defined way which will bring an engineer
to results which will be completely exact, but even there
appears certain probability, proposals and hypotheses.

2. NEED FOR SIMULATION MODELS

There is wish and need to inform the machine industry
in Serbia about this problem issue in order to make
improvement in calculating of cranes and corresponding
equipment so enabling the manufacturers of the
components to give and to get data on the optimisation
of their products with an aim to make products which
will be concurrent in the world market. Over-sized
structures can not be interesting because of the great
consumption of material and the high price.

Simulation models advanced a lot in the last years, their
understanding and application in the industry all over
the world is greatly improved, also reflected in the lower
price of the products, greater material saving, lighter
structures and more mobile structures. Data obtained on
the basis of research are saved and the manufacturers in

order to stay concurrent give only data from the previous
generations and not of the actual ones. Definitely Serbia
is also even late in application of the simulation models
and situation is even worse in optimization of the
simulation models. Application of simulations requires
knowing of phenomena that happen in the reality, and
the calculation itself is a tool which is, sometimes, the
only way to get results.

Figure 1: Simulation model (software ADAMS)

The engineer must know the nature of phenomena that
appear and, also, advantages and shortages of the
software used for performance of the calculation. So, the
adequate use of simulation models requires an extreme
knowledge but if we desire to reach and keep the step
with the world we must constantly modify and
permanently learn from our mistakes and those of the
others. The software packets which will be presented in
the paper are used now, but it will be so in a couple of
years is to be shown by time. When new, more modern
software packets appear it is needed to get acquainted
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with their content what is not easy at all, but the rest of
the philosophy is staying. The race has not been finished
and this is to moment when we are deciding whether to
continue to run and at what pace.

3. WORKING STRENGTH

To have the adopted solution meets its purpose it is
needed that proves are carried out for: stress, elastic
stability, deformation, joints safety, attenuation of
structure’s oscillation, dynamic stability, against tumble
and durability to the fatigue. There are many various
ways in which the named proves can be carried out, and
the proving method left to the engineer.

Proof of fatigue durability is also called proof of fatigue
strength and should present the approximation of the
real fatigue damage in material. In order to perform the
proof it is needed to acquire expected values of stress
change in material, the hypothesis must be chosen and,
as already said, the manner of application is left to the
constructor. Approximation of fatigue that happens in
material includes that the changeable stress of
sufficiently high amplitude in material after certain
number of working cycles causes material damage
(phase of initial deformation, phase of micro-cracks, and
phase of spreading of micro-cracks) which creates the
technical cracks, its widening and finally the failure. All
these phases can be viewed for different materials and it
is concluded that they appear in all materials but they
last differently. When the technical crack appears then
the technical duration age is exhausted and then all
further calculations are done with methods of the failure
mechanics. In this paper will be viewed the calculations
which are used in calculating of the technical life time.

Proof to fatigue durability can be viewed in multiple
ways but, however, the one closest to the real process is
when the proof is based on the working strength, i.e.
when the analysis is being done for the case with
variable loads which appear in the course of work. There
are proves that are based upon approximations which the
unevenness of the variable load and bearing capacity
take over the certain coefficients.

In order to carry out the proof of fatigue strength it is
necessary to have specific data serving as a base to do
the calculation. That means that it is necessary to know
working stresses which appear during operation, as well
as knowing of a specific Wohler curve for the given
material. Of course, the constructor’s idea itself imposes
which of the fatigue hypotheses will be applied in order
to get the concrete values about the age duration of the
structure. That means that on the base of these data it is
possible to reach as conclusion about durability age,
with, of course, some probability because in collecting
and application of these results an error appears which
impact the final conclusion about how long the structure
will work without danger that the failure due to fatigue
of material will happen.

Special analysis of the stress states and their application
in the calculation of duration age based on the driving
strength tells that the nominal stresses should be
corrected (coefficient of stress concentration, kind of
stress, size of the part, surface quality...) or that it should
be found how to directly reach the real stresses in the
observed cross-section and using them to make
corresponding calculation.

4. FREQUENCIES OF STRESS CYCLES

Based on the record of real process in the structure or on
the basis of simulation models it is possible to attain the
changes in stress in time. It should be stressed that thus
obtained data must be revised by means of discrete
method into the record which would be equivalent and
applicable in life time calculation. So revised record is
named as stress collective and represents a base for
duration age calculation. In the course of the said
transformation it is possible and usually happen some
minor or greater errors, that primarily occur due to some
of neglected influences like for example frequency or
sequence of stress changes. Range of the greatest stress
change can be divided into at least 8 classes, and
decisions how many classes will be adopted depend on
the concrete case, and the error also depends on the
mentioned number of classes. In spite of the named
shortcomings and errors and loss of some information it
is necessary to present the variable stress in time. In
spite of all listed shortcomings and errors and
information loss it is obligatory to create stress
collectives and apply some of hypotheses on fatigue
damage that will be clarified later in the paper.

Because of simplification and errors that appear in case
of some methods in this paper will be presented the
method of range pairs (full cycles), i.e. ,Rain
flow“method is the most modern and the best from the
aspect of information loss. Other methods analyzing
only the extreme values, solely surpassing limits of
classes, solely increasing or decreasing stress changes or
solely instantaneous stress height make errors in forming
the load collective and they will not be in this paper
more analyzed.

Choice of the discrete method depends on available
equipment (needed for making of the experiment or
simulation programs), sole change of stress in time, as
well as the purpose of the collective itself, and already
named method ,,Rain flow* shows the best parallel with
the experimental results.

Further analysis according EN 13001 and EN 13002
brings all amplitudes down to the constant stress ratio or
the constant mean stress.



B.89

al

mj

h J

Figure 2: Two-parameter presentation of stress histories

om - IS the mean stress
o, - IS the stress amplitude

nij — is the number of stress cycles of class ij
— * *n'
g =Y a, *C*n;
r

a, - is the relative number of working cycles for each

r

task

C - is the total number of working cycles

- XX
! J
n - is the total number of stress cycles
6ai (R) = (0ai—p*omi)/ (1-p* (1+ R/1-R))
Gai (Om) = 62— 1 * (Om - Om;j)

o, — IS the stress amplitude of range i resulting from
rainflow counting

omi — IS the mean stress of range j resulting from
rainflow counting

o, (R) — is the transformed stress amplitude of range i
for constant stress ratio

0, (om) — is the transformed stress amplitude of range i
for constant mean stress

R — is the constant stress ratio selected for one parameter
classification of stress cycles

om — IS the constant mean stress selected for one
parameter classification of stress cycles

w — rises of lines of constant N in the o,- o, plane
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Figure 3: One-parameter presentation of stress histories
(frequencies of stress amplitudes referred to constant
stress ratio or constant mean stress)

When having only a part of the collective it is possible
(based on probability which is permitted for certain parts
of the crane) to stuff the collective with additional
information need to calculate the life time. This is
possible to be done if the representative part of the
collective corresponds to the interval not shorter than the
hundredth part of the overall collective and that that in
the overall collective applies the lawfulness in appearing
of the stress states as it is the case whole life time.
Frequently, the collective is not unique but it is
composed of more characteristic parts as it is in the
example of the container quay crane as presented in the
Figure 4.

e e

Figure 4. Load collective summarized from more
various cycles

In experimental obtaining of data the cascade collectives
are used because it is not possible to apply collectives
with continuous distribution.

All this indicates to possible simplifications which can
be done as well as preparations needed to be made in
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order to get competent data on which base the further
calculation is carried out.

5. IMPACT OF WORKING TASKS AND
WORK CONDITIONS

Parameters which describe the work tasks include: mass
and characteristics of load, velocity and acceleration of
trolley moving, cranes, velocity and acceleration of
hoisting and load turns, length of roads, inclination of
paths, ways of load engagement, limitations for various
operating tasks, degree of precision of positioning.

The work parameters include: atmospheric influences
(temperature, wind, snow...), spatial or other limitations,
control system...

Translation of simulations into routine procedure
requires supplementing of the catalogue da