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ABSTRACT The problems associated with using of software-hardware provision of mechanisms with parallel structure in computer-
aided simulation are considered. A comprehensive methodology for assessing and comparing new configurations mechanism
parallel structure machine-tool equipment created. This methodology can be used for reconfiguration calculation in order to direct
selection of technical features at the early stages of design. A new complex assessment approach to evaluate performance, quality
and functionality of the equipment frame configurations is shown. Mathematical and software methods of kinematics problems
solution and drives control; elastic (rigidness) state evaluation are presented. The model and hierarchical multimodal application is
developed for any new parallel structure mechanism machine-tool configurations, with simultaneous parameter estimation and
dynamic rigidness response simulation is presented by line of computer programs “Tools Glide”, “Tools Response”, “Tools App .
These programs allow analyzing of any designed layout properties and making choice of structural components, blocks and links
during design process. The kinematic and kinetostatic analysis methods assessing performance, quality and functionality options and
calculated data can be obtained by the line of “Tools” software products. Test calculations and test processing using different
scenarios shows compliance to expected results, constructional algorithm of equation system, synthesis easiness for equations with
different types of connections that gives possibility of successful use of these software products in automated modelling systems and
CAM systems. This software tested as external post-processor on drilling - milling machine-tool prototypes with mechanism of
parallel structure in the mechanical laboratory

Keyword: mechanism parallel structure machine-tool; early stages of design; kinematic and kinetostatic analysis; computer
programs “Tools Glide”; “Tools Response”; “Tools App .

IMPOI'PAMHI METOJH OLIHKU POBOTHU, AKOCTI TA ®YHKHIOHAJIBHOCTI
OBJIAJHAHHA KAPKACHUX KOMIIOHOBOK

C. M ITIBEHbD, B. B. PAYHHCHKHH

Kageopa mpancnopmuux cucmem i mexniynoz2o cepgicy, XepcoHcoKull HayioHabHutl mexHiunuil yHisepcumem, Xepcon, YKPAIHA

AHHOTALIA Cmgopeno memoouxy oyinku i ROPIiGHAHHA AKOCHI HOBUX KOMNOHOB0K 6ePCMAMHO20 001A0OHAHHA 3 MEXAHI3MAMU
napaneivHoi cmpykmypu 6e3 0emaibHO20 KOHCMPYKMOPCbKO20 ONUCY I3 8PAXYBAHHIM IX peKoHghizypayii 05 cnpaMoeano2o 8io6opy
OUIKYB8AHUX MEXHIYHUX XAPAKMEPUCMUK HA PAHHIX cmadisx npoekmygéanhs. Pospobreno mooeiv ma 6azcamomooynvhy iepapxiuny
npozpamy Ons CMEOPEeHHs NPopam Kepy8aHHs HOBUX KOMHOHOBOK GepCHIAMIE 3 MeXAHI3MAMU NApAAenbHOI CIMpYKmypu 3
00HOYACHOIO OYIHKOTO NAPAMEMPI8 HCOPCMKOCT i OUHAMIUHO20 8IO2YKY IAHOK NPU 6UKOHAHHI MEXHOL02IYHUX nepexodie 06pobKu
CKAAOHONPO QITbHUX NOBEPXOHb. Po3ensnymi numanms, noe sa3aui 3 npoepamHo -anap amuum 3a0e3neueHHsam Mexaniamie napaieivbHoi
CIMPYKMypu 8 CUCEMAX d8MOMAmu306aHo20 Mooenioganhs. Pospobaeno npoepamy o0as po3paxynky 360pomnoi 3a0ayi Kinemamuxu
01 MexXaHi3mMie napaneibHoi CMpyKmypu, AKa 8 C8010 4epey MOodce SUKOPUCMOBYBAMUCS AK NOCM-NPoyecop 05l 6USHAYEHHS
npayezoamuocmi 6y0b-5K01 HO60T KOMNOHO6KU epcmamie. Hasedeno sapianmu memooie ananizy KIHeMamuku [ pO3PaxyHKy OaHUX,
OMPUMAHUX 8 CUCTNEMAX KOMN TOMEPHOT MameMamuKkyu Ha npuxiadi AiHiuKu npoepam po3poodieHux Ha Kageopi mpancnopmuux
cucmem i mexuiuHo2o cepsicy Xepconcvko2o HayioHanbHo20 mexniynozo ynigepcumemy «Tools Glide», «Tools Responsey, «Tools
App». Takooic nepesipena poboma yux npoepam sik 306HIUHLO20 NOCH-NPOYECOPY HA OOCLIOHUX 3PA3KAX CEEPONUTbHO-PPe3ePHUX
8epcmamis 3 MeXanizmamu napanelbHoi CpyKmypu, uo UKOPUCTOBYIOMbCA 6 MeXaHiunil 1abopamopii kageopu mpaHcnopmuux
cucmem i mexHiuno2o cepgicy XepconcbKko2o HayioOHAIbHO20 MEeXHIYH020 YHIgepcumenty

Knwwuosi cnosa: mexanizmu napanenvioi cmpykmypu; 6i00Ip OUIKY8AHUX MEXHIYHUX XAPAKMEPUCHUK HA PAHHIX Cmadisx
npoexmyeanus; ninitika npoepam «Tools Glidey; «Tools Responsey; «Tools App».

Introduction structure (MPS) combined with limited number of

modules in machine-tool frame layout and with

Modern market gives tasks for manufacturing
plants, the nature of which is changing very rapidly.
Plants have to get processing equipment with variety of
machine-tools which allow to fulfill customer new
requirements with minimum investment in new machine-
tool equipment. This problem can be solved by using a
multi-dimensional hinge rod mechanisms with parallel

possibility of restructuring (reconfiguration) them in new
frame layout [1]. Time limit for the design forces to use
computer programs to assess performance, quality and
functionality of the equipment frame configurations.
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The purpose of the work

The first and most important stage of the design
phase is a selection of main layout (configuration).
Howevwer, there is a problem not only for prediction the
necessary functionality for future layout, but also ensuring
technical characteristics of the machine-tools with MPS at
early stages of design [2]. The aim is to create
comprehensive methodology for assessing and comparing
new configurations parallel structure machine-tool. This
system has to include mathematical and software methods
of kinematics problems solution and drives control;
elastic (rigidness) state evaluation are presented.

The main material

As synthesis basis is a combination of frame and
guide mounting multivariateness, defined as

C(n,m)=(n+m-1)/m!(n-1)

where n - number of rods (rails) m - permutation capacity.
The geometrical properties of machine-tool base are
determining the quantity of permutation variety m.
Therefore the presence of quite many variants force to
give up the algorithm of manual sorting and abandon the
using of engineering intuition to select the most optimal
choice. Also the presence of a huge amount of
information that should be analyzed in the process of
selecting configurations push to look for a new complex
assessment approach to evaluate performance, quality and
functionality of the equipment frame configurations[3].
This analyze includes: structural circuit synthesis
procedures based on processed work-piece geometric
image; mathematical and software methods of kinematics
problems solution and drives control; elastic (rigidness)
state evaluation and machine-tools with MPS dynamic
responses in the equipment ranges of operations[4]. Take
for example several options where immobile kinematic
structure and traditional fixed bearing base workspace
layouts limits the equipment in its internal space [5].
Genetic inversion operator [6] used for solving this
problem at MPS with constant length rods and give a
possibility to obtain a line of new layout configurations[7]
for objects manipulation equipment with enhanced
functionality and new features (fig. 1).

At fig. 2 shows an example of frame layout that
can be rebuilt in space in order to increase workspace of
MPS and to manage elastic compliances of loading force
at given direction action. The basis of valuation, quality
and functionality of the equipment frame configurations
assigned a set of programs developed at Kherson National
Technical University Department of design together with
National Technical University of Ukraine "Igor Sikorsky
KPI" Department of design tools and machines “Tools
App” [8], “Tools Glide” [9], “Tools Response™.

These computer programs based on methods of
analytic geometry, vector analysis, calculus of variations,
finite element, tensor calculus [10, 11, 12]. These
programs allow to analyze of any designed layout

properties and makes choice of structural components,
blocks and links during design process.

Fig. 1 - Circuit realization inversion for new properties
manipulation systems with MPS (a) - traditional
glide- layout; (b) - drives and carriage are moved to the
mobile platform; (c) - rods fastening transferred to
another (any) surface [7]

Fig. 2 - Frame layout of MPS with reconfiguration
capacity: a) - structural scheme; b) — kinematic
scheme [7]

The basic of work on CNC equipment is creating
work-piece processing program, which is set to CAM
surface processing module in order to receive a file called
CL-data (cut-location data). This file presents coordinates of
basic points of end-effectors trajectory with tool vectors.
Based on this file computer program 'Tools Glide"
calculates kinematics inverse problem solution and calculates
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corresponding machine-tool end-effector coordinate for each
work-piece coordinate from CL-data list.

"Tools Response” calculates rigidness and
compliance parameters, strength characteristics of
complex multistage structures, interference with levels of
mobility expectation for any components, assemblies and
joints sets (fig. 3). Obtained data transmitted to analyze
into "Tools App" dynamic properties module. Structure of
software modules "Tools Glide" and '"Tools Response”
composed of blocks of kinematics and stiffness
(compliance) blocks.

Kinematic block ("Tools Glide ") gives possibility
of forming glide-equipment layout and kinematic
calculation with "Tools Response" feedback module for
simulating of various types hinges. Obtained data can be
transferred to 'Tools App" module, where technical
system properties described as dynamic compliance
function, which characterizes technical system response
in the form of displacements for given force excitation.

There is an approach used to describe atrajectory
of system with presence of holonomic constraints. This
approach is an extension of the previous method, where
holonomic constraint describes possible trajectory of a
restrained point using the equation f(x,y, z,t)=0. In
terms of force holonomic constrain description, assume
that movement deviation of the normal to surface allowed
to mowve or curve allowed to move causes infinite by
module forces acting against deviation. As a result, this
force description has two problems: an infinite module
forces is hard to fit with calculation algorithms, and
change of force direction along allowed by restrain
surface (curve) complicates the mathematical description.
In addition holonomic constrain describes only geometry,
without force description, also fails to take into account
system inertial properties [13].

To simplify this task proposed to describe
constrain reaction forces introducing, by analogy with
virtual holonomic constrain, virtual potential which has
minimum at constraint allowed space, and growing
rapidly (ideally - drastically) with deviation [14, 15] .That
provides force with zero value in allowed points and
gives appearance of infinite force in efforts make
movement by normal to allowed surface (curve). This
growth is modeled using delta functions. It is easier to use
for calculation one of the following delta function
approximations:

either polynomial

. (24
o(xX)=lim —————;
() aﬁw;r(l+a2x2)

or exponential

S(x) = lim -2 exp(—a?x?);

(x) Uy p(—a”x?)
where controlling the value of the parameter a it is
possible to achieve required degree of approximation
[16, 17].

Kinematic models analysis by the virtual potential
method gives opportunity to narrow down possible
solutions space and considers different hinges types
kinematics property. “Tools Glide” implements this
method as “Virtual potential scenario” option (fig 3. c).

Table 1 - Selected basic layout (frame
configuration) for machine-tools with parallel kinematic
structure [1, 18, 19, 20]

Biglide with movable table Horizontal triglide

Triglide-pyramid Tetraglide-pyramid

£

Vertical triglide Tetraglide-wedge

Hexaglide machine-tools with pyramidal frame layout

Last two methods used complex computer-aided
modelling software “Tools” that allow to solve kinematic
problem (direct and inverse problem) for machines with
MPS, to calculate elastic (stiffness) and dynamic
characteristics of the machine with consideration of
different types of joints, to calculate cutting forces and
moments tasks, to make equipment dynamic analysis, and
to obtain frequency characteristics at the design stage of
layout options research.
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Fig. 3 - "Tools Glide" main window interface (a),
animated visualization "Tools Glide" processing
strategy (b), models search and selection in
decisions space (c) [9]

"Tools Glide" system (fig.3, a) conducted
kinematic analysis by one of its mode either "Simple
matrix scenario” or "Virtual potential scenario”. (fig.3, c)
In accordance with imported paths and tool orientations
file (can be used CL-data file from another CAM
systems) the program calculates inverse kinematic
problem solution, exports data to the post processor,
produces data for other types of analysis, and makes
animation workflow (fig. 3 b). Also this software uses to
analyze efficiency and design of control programs for
pyramidal type machine-tools with mechanisms of
parallel structure. The variants of layout of MPS from
table 1 were simulated and calculated by line of “Tools”
computer products. "Tools Glide", "Tools Response" and
"Tools App" are used also as post-processor software for
test-bench machine-tools (fig 4, 5) in a mechanical
laboratory of Kherson National Technical University
Department of transport system and technical services.

These are drilling-milling pyramidal type MPS
machine-tool prototype SFVPK-3 (fig.4, a), drilling-
milling pyramidal type MPS machine-tool prototype
SFVPK-4 (fig.5 a, b) and hexaglide test-bench multi-
purpose machine-tool (fig.4, b). These machine-tool
prototypes with mechanism of parallel structure not only
using for scientific and university research programs but
also for familiarizing students with modern models of
mechanisms with parallel structure.

One of aspect of testing was receiving of
vibrograms by piezoelectric cells with the values of the

damping coefficient h and overall appearance of the stand
to measure vibration by using high frequency
accelerometers [13]. The same vibrograms were
simulated by “Tools” software and total compliance to
received by test results shown. Programs “Tools Glide”,
“Tools Response”, “Tools App” were tested using
different scenarios. Tests show compliance to expected
results, constructional algorithm of equation system, and
synthesis easiness for equations with different types of
connections that gives possibility of successful use of
programs “Tools Glide”, “Tools Response”, “Tools App”
software products in automated modelling systems and
CAM systems. Apart of using for early stages of design
the software line “Tools” uses as one of many existing
versions of CAM-processing programs testing on those
machine-tools.

Fig.4 —(a) drilling and milling machine-tool prototype
with mechanism of parallel structure SFVPK-3
(b) - multi-purpose machine-tool hexaglide [19]

Fig. 5 — Drilling and milling machine-tool prototype with
mechanism of parallel structure SFVPK-4 (a)
scheme of the machine, (b) view

Dynamic model of program "Tools App" is based
on second-order differential Lagrange equations. For n-
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Fig. 6 — Vibrograms received by some elements of the
machine-tool SFVPK-4 [14]
( h— dumping coefficient, sec')

power mechanism mathematical model Lagrangian form
is converted to the form [15, 16]:

1@

2
q dq
h y—— :()1
dt? +h(@ dt)

where g, 99, d’q —respectively generalized coordinates
dt dt?

vector (nx1), velocity vector (nx1) and acceleration vector

(nx1); 1(g) — mechanism inertia matrix; h(q'dﬂ) —
dt

centrifugal vector (nx1), Coriolis force vector (nx1) and

dissipative forces vector (nx1); Q - forces sum vector
(nx1) applied to mechanism links and joints.
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Fig. 7 — Results of program "Tools Response” calculation

- compliance ellipsoids and elastic displacement of MPS

frame configurationstensor ellipsoids: a - classical glide

scheme with guide rails and carriages on stationary base

(fig. 1, a); b — inverse glide scheme with the guide rails
and carriages on a mobile platform (fig. 1, ¢)

At fig. 7 shows calculation and comparison of

tensor ellipsoids (Tr)r = Lof the two frame layouts of

machine-tools with the MPS (fig.1, a) - "classic scheme"
and scheme obtained by inversion (fig.1 b, ¢) with the
same physical properties of the elements. Where T —
compliances tensor, r is force P vector, then TP =Uu
where u is vector of displacement under force P action,
and surface is surface (TP)P=const is a lewel

proportional to the given force effort executes given work
in specified direction [18, 19].

BLOCK «TOOLS RESPONSE»

Fig. 8 — Intermediate graphics objects of "Tools Glide"
and "Tools Response" blocks

Feedback between modules (import-export)
provides ability to take into account mutual influence
"kinematics - deformation response". This feature ensures
optimal prognoses for different equipment configurations
[19].

Obtained data can be transferred to "Tools App"
module, where technical system properties described as
dynamic compliance function, which characterizes
technical system response in the form of displacements
for given force excitation.

Each technological system has own response
characteristic describing system features [20]. Therefore
any technological equipment characteristic can be
determined by a computer program, allowing to use the
“Tools” software at primarily design stage for machine-
tool with MPS.
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Conclusions

A comprehensive methodology for assessing and
comparing new configurations MPS machine-tool
equipment created. This methodology does not need a
detailed design description for reconfiguration calculation
in order to direct selection of technical features that
expected in the early stages of design. The model and
hierarchical multimodal application is developed for any
new MPS machine-tool configurations, with simultaneous
parameter estimation and dynamic rigidness response
during performing of technological processing complex
geometry work-piece. The kinematic and kinetostatic
analysis methods assessing performance, quality and
functionality options and calculated data can be obtained
by the line of “Tools” software products. Test calculations
and test processing for different layout (frame
configurations) using both scenarios (simple matrix and
virtual potential) shows compliance to expected results,
constructional algorithm of equation system, synthesis
easiness for equations with different types of connections
that gives possibility of successful use of programs
“Tools Glide”, “Tools Response”, “Tools App” software
products in automated modelling systems and CAM
systems. This software tested as external post-processor
on pyramidal type drilling - milling machine-tool
prototypes with mechanism of parallel structure SFVPK-
3, SFVPK-4, and the others in the mechanical laboratory
of Kherson National Technical University.
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AHHOTALTHA Co30ana memoouka OyenKu u cCpasHeHus Kauecmea Ho8blx KOMHOHOB0K CIAHOYHO020 060PYOOBAHUS C MEXAHUIMAMU
napanienvHol cmpykmypusl 6e3 0emanibHo20 KOHCMPYKMOPCKO20 ONUCAHUSA C YH4emOM UX peKoHpuaypayuu 01l Ha RPpAgienHo20
ombopa 0xCUOAeMblX MEeXHUYeCKUX XAPAKMEPUCIUK HA PAHHUX CMaousx npoekmuposanus. Paspabomana moodens u
MHO20MOOYIbHAS UEPAPXUYECKYIO CHIPYKMYDA OJI5l CO30AHUA RPO2PAMM YNPABIEHUSA HOBbIX KOMNOHOB0K CIAHKOG C MeXaHUSMAamu
napanieabHol CmpyKmypbl 00HOBDEMEHHO € OYEeHKOU NAPAMEMPO8 JHCeCHKOCIU U OUHAMUYHO20 OMKIUKA 36eHbE8 MeXAHUIMA NPU
8bINOIHEH UL MEXHOTIOUUECKUX NPOYECCO8 0OPAOOMKYU CLOHCHONP OPUTLHBIX NOBEPXHOCHEN. Paccmompensl 60npocsl, C8A3aHHbIE C
NPOSPAMMHO-ANNAPAMHbLIM  00ecneyeHuemM MexXaHUusMo8 NApaileNbHol CHMPYKMypbl 6 CUCMEMAX a8moMamu3upo8aHHO20
mooenuposanus. Paspabomana npocpamma 011 pacuema 0OpaAmMHOU 3a0a4u KUHEMAMUKU O MeXaHU3MO08 NapaiienbHou
CIPYKIMYPbl, 8 CE0I0 0UEPEOb, MOHCEM UCHONB30BAMbCA KAK NOCT-Npoyeccop 015 onpedeaeus pabomocnocooHocmu aio6oi Hogoul
KOMNOHOBKU cmankos. IIpusedenvl sapuanmpl Memooos aHaIU3a KUHeMAmuKy U pacyema OAHHbIX, NOLYYeHHbIX 6 CUCeMax
KOMNBIOMEPHOU MameMamuky Ha npumepe IUHEUKU NPOSPAMM pa3paboOmanHHuiX HA Kageope mMpaHCHOPMHBIX CUCHEeM U
mexHuuecko2o cepguca Xepconcko2o HayuoHanbHo20 mexnudeckozo ynusepcumema « Tools Glidey, « Tools Response», « Tools App».
Taxowce nposepena paboma Imux npocpamm Kax HeulHe20 NOCM-NPoYeccopa Ha ONbIMHBIX 00PA3YAX CEEPIUNLHO -(Pe3ePHbIX
CMAHKOB C MeXAHUSMAMU NAPALIeNbHOl CIMPYKMYPbl, UCNONIb3YeMble 8 MeXAHUYeCKoU 1abopamopuu kag eopvl mpancnopmubix
cucmem u mexHU4eCKo20 cepeuca XepcoHcKko2o HAYUOHAIbHO20 MEXHUYECKO20 YHUSepCUmema .

Kniouegvie cnosa: mexanusmvl napanienvhol CIpyKmypel; 0moop 024cU0demblX MeXHUYeCKUXx Xapakmepucmuxk Ha paHHux cmaousax
npoexmupoganus; 1unelxa npoepamm «Tools Glidey; «Tools Responsey; «Tools App».
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