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IAPAMETPBI BUBPAIITMOHHOT O MOJISA IPOCTPAHCTBEHHOM CUCTEMBI TIPUBOI0OB

The article deals with the description of spatial drive system based on the mechanism-hexapod and designed to manipulate
engineering objects. The drive system has an executive body in the form of a platform and six drives with tilt bases and pneumatic
cylinders. Spatial drive system is implemented as a prototype. It is evidenced that some pneumatic actuators have free play interface
that cause the emergence of high-frequency transverse vibrations of buildings cylinders. The calculated design scheme for the
description of transverse vibrations of shells and cylinders and a mathematical model are developed. The model takes into account
thenon-linear properties of free play joints of individual drive and hinges. The connection between thetransverse vibrations of
buildings and pneumatic vibration executive body is outlined.

The mathematical model is implemented in the form of a computational procedure. The calculations of transient spatial system drives
are preformed. The vibration processes in the drives and the corresponding fluctuations in the executive body are defined for the
characteristic pulse torque loading platform. The form and motion parameters are analyzed.

The calculation results are compared with the results of special experimental studies. The adequacy of the model is confirmed and
parameters of oscillatory processes in the system are refined.

On the basis of the research the mathematical model has been developed in order to estimate the parameters of the stochastic field
vibratory drive system. Qualitative and quantitative evaluation of the effect of random transverse vibrations of cylinders on the
parameters of the field of spatial vibration of the drive system is presented.

Keywords: drive system, air cylinder, variations housing micro movements rod, a mathematical model, frequency, experiment, test,
simulation, random vibration.

Introduction

Spatial drive systems, including air, have little static and dynamic rigidity. It is stipulated by the circuit design
tools and the design of the actual drive. Low levels of rigidity cause the emergence of dynamic oscillation processes in
spatial system drives. Processes are of the high frequency and cause intense vibration field of the executive body and
other major components of the drive system. Therefore, assessment of the impact on the overall vibration pneumatic
vibration field of the drive system is an urgent scientific problem.

The problem definition deals with the improvement of the spatial system drives quality indexes. The solution is to
improve the static and dynamic characteristics of the drive system. This is accomplished by studying the characteristics
of data, identifying specific modes of drive system operation. Particularly important is the identification of the dynamic
characteristics of the spatial features of the drive system. Dynamic characteristics determine vibration field of spatial
elements and units of the drive system. The problem of determining the parameters of vibration field is common to
many spatial mechanisms.

The problem is related to important scientific and practical tasks of engineering. Defining the parameters of the
field of drive system spatial vibration is the basis for solving a number of scientific and practical tasks of modern
technological equipment development. In particular it concerns the development of highly dynamic drive systems for
spatial manipulation of objects in engineering.

Analysis of the latest research and publications confirmed the relevance of research areas and existence the large
number of publications on the scientific direction. The spatial design concepts drive systems are available in literature.
[1] Questions of use and functionality of the process equipment based on spatial drive system are discussed. [2]
Considerable attention is paid to the geometric accuracy and rigidity of spatial drive systems [3] .The analysis of motion
law of space drive systems is carried out [4]. The presence of significant dynamic loads on the system and their
parameters determination are confirmed [5]. It is evidenced that the electronic components of the drive system to a large
extent determine their dynamic properties. [6] A number of literature sources is devoted to the study of the dynamic
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characteristics of the space of the drive system [7, 8]. In some publications the dynamics of actuators is discusses [9,
10]. Research field of spatial features of vibration of the drive system in the literature is not found.

The overall assessment of the impact of fluctuations of individual components of the drive system for the spatial
parameters of vibration field of the executive body is an unsolved problem. In particular, transverse vibrations of
pneumatic cylinders, which form the spatial system drives, demonstrate significant effect on the vibration of the
executive body. Objective of the research presented in this paper is to evaluate the effect of transverse vibrations of
buildings on the parameters of pneumatic vibration field in the spatial system drives.

The goals of research are the analysis of the spatial drive system, to construct a mathematical model, to determine
the parameters of vibration field and to assess the effect of random transverse vibrations of pneumatic buildings on the
parameters of the spatial vibration of the drive system.

Spatial analysis of the developed drive system. Developed spatial system is designed to manipulate objects in
space. The drive system has an executive body established on the basis of one (Fig. | a).

a

Fig. 1. Spatial drive system designed to manipulate objects:
a - structural scheme of the system, b - the look of the prototype

Executive body is set on six pneumatic cylinders 3 which have articulated support 4.

Between housing and stocks cylinders there are gaps. Therefore, under dynamic loads to the actuator a
transversely relative angular displacement rod and cylinder body occur (Figure 1 indicated by arrows u;). Moving the
rod relatively to the body increases with the output shaft. At maximum output shaft transverse displacements u;, u, are
the highest. At low output shaft movement is minimal (us).

The drive system is realized as a test sample (Fig. 1 b). To fix the housing cylinders special devices are used.
They allow the installation of air cylinder body movement relatively to the hinge. You can set the desired start position
of the executive body of the spatial system drives.

Cross-angled rod displacement occurs relatively to the body within gaps between the piston rod 2 and 4, and
surfaces 3 of the cylinder body 1 (Fig. 2a). In this case, there are seals and deformation of the contact surfaces.

The concept model of a dynamical transverse displacements of the air cylinder body based on the analysis of the
design is developed (Fig. 2b).

Between the housing 1 and the piston cylinder 2 there is a backlash. Similarly, there is a gap between the guide
rod bushing 3 and 4. Within these gaps cylinder body moves towards u. Displacement occurs under dynamic
disturbances mainly upper hinge A. The basic dynamic perturbations are transverse displacement x of supported rod.
The longitudinal movement of the hinge v has little effect on the transverse displacement hull. So the longitudinal
movement of the hinge can be ignored.
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Fig. 2. Constructive implementation of () construction diagram (b) and dynamic (c) the transverse angular vibrations
of air cylinder housing

Moving of the cylinder body towards u is accompanied by the emergence of resistance forces. We have the
positional force (hardness) and dissipative force (friction). For small displacements of the rod, that occur within the gap
A, the stiffness strength is negligible (Fig. 2 c). In sampling gap stiffness forces are soaring. Therefore, we have two
heterogeneous nature of displacement cylinder body. They are moving low resistance within the gap A, and after
sampling gaps moving with increased resistance to movement. The cylinder has a spherical bearing. Therefore, in case
of transverse displacements the friction torque M, and M, occur in the pivot bearing. Considering the current dynamic
loads the corresponding dynamic model of lateral motion is available as the reduced single-mass system with elastically
dissipative bonds (see Fig. 2 c).

A mathematical model for parameters determination the vibration field of spatial drive system

For small displacements of the cylinder body (y<A)dynamic equation is applied in a simplified linear form

2
md—?zc(x—u)+b(———)—bod—u (1)
dt dt
where x - moving the upper hinge, ¢, m - the equivalent stiffness and mass of the system with the movements of the
body within the gap A; b - the equivalent resistance coefficient of the upper hinge and interface with the housing stock;
b0 - equivalent resistance coefficient to the drag coefficient of the lower hinge. We transform the equation (1)
according to Laplace, introducing new constants. In this case, we find the transfer function of the transverse vibrations
of the cylinder body in the form of:

(s)— U(s) 1+1s

= - , 2
X(s) T?s?+2ETs+1 2)

b+by) b
whereT=\/E, :(_O,T:_
¢ : 2+/mc c

Lateral motions of the cylinder body change the distance between the pivot bearing. These displacements are
much smaller than the transverse displacement, but they have a significant effect on the position of the executive body
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of the drive system. Consider the geometric relationships between the transverse movement of the cylinder barrel and
the change in the distance between the centers of the joints. For small amplitudes of the oscillations a cylinder can be
considered as swivel two rods AB and OB (see Fig.2c).

Of geometric ratio:

v=AB+O0B—\AB> —u® —\JOB® — 1>
This bias dependence of the joints v deflection from the cylinder body transverse movement is highly nonlinear.
We expand the ratio into a Taylor series in the neighborhood of u = u*, which is the average displacement of a cylinder
body with respect to the zero position. With the only linear components of the expansion we obtain the following:
v=v,+K,u,

where vy = AB+OB - AB* —u™> —OB* —u™

K, :& s :u*(i+ij.
Ou "= AB OB
With sufficient accuracy we can take vy = 0, respectively:
v=K,u 3)
High-frequency oscillatory processes in the individual drives are caused by the dynamic movements of the
executive body. Position of executive is characterized by column vector spatial coordinates [x;]. Components of the
vector coordinates are progressive platform movement X, y, z, and transverse angular displacement y 0 ¢ (Fig. 1 a).
Between the vector changes (-coordinate [vj] and vector platform position, components of which are vibrating rod
displacement cylinders, there is the following vector-matrix ratio.

[xi ]6 = |.nii J6><6 ’ |.Vj J6 > “)
where [nUJ is a square matrix of dimension 6 which establishes a connection between the vectors of the coordinates

platform [x,- ]6 and moving cylinders.

Disturbing power factors affect the actuator drive systems. They cause vibration displacement executive random.
These movements are added to the displacements due to transverse vibrations cylinders. Accordingly, the resulting
movements are a sum of vectors.

Transverse vibrations housing cylinders are caused by disturbances that operate in the plane perpendicular to the
axis cylinder. Therefore, not all executive movements influence the occurrence of transverse vibrations of buildings
cylinders. Only cross platform movement x, y, and torsion vibration platform ¢ are significant. In the first
approximation, we can take a disturbing factor in the form of a linear combination of significant platform movement x,
Y 9.

With the account of this fact, the structural mathematical model has been formed to determine the effects of
transverse vibrations of cylinders in the vibration field of spatial parameters of the drive system (Fig. 3).
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Fig. 3. Structural mathematical model to determine Fig. 4. The structure of the unit, which determines the
the effects of transverse vibrations of cylinders on dynamic micro movements hinges cylinders due to transverse
the position of the executive body vibrations of their bodies

The position of the executive body is characterized by a vector of spatial coordinates platform [xyz fi te psi]. In the
simulation, the initial values of the components of the zero vector are specified. Change of the spatial coordinates of the platform due
to the transverse vibrations of buildings cylinders are calculated by the unit VibrCylindr. According to this value the length changes
of each cylinders via the block VibrPlatform we determine the actual position of the platform. Fluctuations in housing cylinders
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occur under the influence of disturbing factors in the form of lateral motion tilt base cylinders. These transverse displacement of
supports are hinged at the displacement in the plane of the platform supports. These displacements are determined by the platform
coordinates X, y, fi. Therefore, the unit Selector is installed in the mathematical model, and this unit forms the perturbing vector
feedback on the dynamic system of individual cylinders. Some model blocks implement the dynamic relationships of the model
parameters. Block VibrCylindr (Fig. 4) forms six cylinders vector micro moving, which are due to transverse vibrations of their
buildings.

Dynamic transverse vibrations housing unit are calculated by TransferFcn. Gain Blocks provide proportional transformation
of transverse to longitudinal displacement hulls micro movements rod cylinders according to ratio (3). The output of the block is a
vector (v), the components of which define each of the motorized cylinders.

Motorized cylinders leads to corresponding changes in accordance with the provisions of the platform dependence (4).
Vector-matrix dependence is implemented in the structure of VibrPlatform (Fig. 5).
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Fig. 5.The structure of the block, which implements the calculation parameters platform position changes in the result
of dynamic micro moving rod cylinders

The unit has six identical circuits which ensure the multiplication of the vector of the motorized cylinders on
vector row of N, which is included in the formula (4). Each row of the matrix is formed in the corresponding module
Constant. Respectively, at the output of the vector coordinates platform x, y, z, y, 0, ¢ is calculated.

Assessing the impact of transverse vibrations of cylinderson the vibration field of the drive system

A mathematical model has sophisticated vector feedbacks. They create a cross-parametric nonlinear parametric
bonds in vibration systems of individual cylinders. Therefore, a separate issue is devoted to the development of a
mathematical model of checking the stability of the computational procedure. To test the stability the calculations of the
model problem have been carried out under pulsed change of angular velocity about the axis of the platform z.

The calculations of transient processes in a dynamic system confirm the stability and convergence of computing
procedure (Fig. 6).
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Fig. 6. Transitional housing pneumatic vibration processes (a) and the corresponding platform movement with pulsed
change of angular velocity platform with its rotation with respect to the z-axis

Oscillation periods buildings cylinders are 0.06 ... 0.11 s. This corresponds to the natural frequencies of vibration

9 ... 17 Hz. Recovery time of transverse vibrations housing cylinders is in the range of 0.25 ... 0.4 s. Fluctuations occur
independently of each air cylinder. The mutual influence of the cylinders vibrations is little observed.
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Fluctuations platforms are more complex processes with variable damped oscillation period (see Fig. 6b). The
cross-platform movement x and y are most intense. Vertical displacements z are negligible. Periods of vibration
platform in the X, y, z are close to each other and are 0.06 ... 0.09 s. Changes in the oscillation period are systematically
observed in the initial part of the process and correspond to a frequency within the 11 ... 17 Hz. At the end of the
oscillation frequency of the oscillatory process is stabilized at 16 ... 18 Hz. This corresponds to the upper level of the
natural frequencies of air cylinders (17 Hz). Estimated damping platform is 0.35 ... 0.45. This is somewhat longer than
the damping housing cylinders.

To verify the adequacy of the developed mathematical model, experimental measurements of executive
movements relative to the base under dynamic loading system were performed. Contactless high-sensitivity laser
triangulation distance meter Series RF603-10/2 were used to measure the displacement of the executive body. The
meter has a working range of 2 mm with an accuracy of 0.2 microns. Two meters 1, 2, mounted in two mutually
perpendicular directions x and y at a distance of 11 mm from the control of the executive body of the cylindrical surface
3 (Fig. 7) were used.

Fig. 7. Laser-meter dynamic movements of the executive body of the spatial system drives: a - front view, b — side view

During the experimental measurements the dynamic displacements x were defined at the executive body
(platform) relatively to the base under shock loads of the executive body. Shock loads were created at the same time on
the console of the bracket of the executive body in the directions shown by arrows. At the same time the impulse
moment load toward the axis z was performed, and thus the momentum change in the angular velocity of rotation of the
body relative to the axis z.

The measured transverse displacements of the executive body are damped oscillatory processes (Fig. 8).

12, % ¥ mm X, ¥, mm

Fig. 8. Experimentally measured platform movement at the moment of shock directions: a - the damping of
oscillations, and b - the structure of the oscillatory process in the initial period

Measured oscillatory processes have basic oscillation periods 0.045 ... 0.09 s, which corresponds to 11 ... 22 Hz.
In the process there are basic harmonic components with frequencies of 17 and 16 ... components with frequencies of
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46 ... 48 Hz. Base frequency 16 ... 17 Hz corresponds to the calculated (see Fig. 6). The emergence of the midrange of
the order of 20 ... 22 Hz is due to inaccurate determination of the elastic properties of the interface between dissipative
drive components.

Decay time of the experimentally measured oscillation processes is 0.6 ... 0.8 s, which is slightly higher than the
calculated values identified in Fig. 6.

Considering the complexity of the dynamical system and the processes taking place in it, the correspondence
between the calculated and experimental data is satisfactory, and developed mathematical model is adequate to the
actual spatial system drives.

Modeling the processes of spatial vibration of the drive system under random loadings

The platform of the drive system has a constant vibration field micro moving. It causes a constant vibration of the
cylinders, which in its turn stimulates the platform vibration. To model the process the kinematic excitation was used in
the form of broadband random process the angle changes of swing relatively axis z. The angle changes were specified
by unit Band - Limited White Noise (see Figure 3).

The resulting lateral displacement hulls of pneumatic cylinders and related platform movement are complex
stochastic processes (Fig. 9).
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Fig. 9. Random transverse displacement hulls cylinders (a)
and the corresponding spatial displacement of the executive body (platform) of clients (b)

Transverse displacement hulls cylinders is a random process in which the main harmonic at 12 ... 18 Hz is traced.
The amplitude of the transverse vibrations of pneumatic buildings varies widely, reaching 0.1 mm. Transverse
vibrations are made by all.

Phase oscillations of individual cylinders are close. Thus fluctuations cylinders have a frequency close to the
natural frequency of the pneumatic housing (see Fig. 6). High frequency random fluctuations housing cylinders cause
intense vibration field of spatial reasons. This gives rise to high-frequency oscillations of the executive body of the
drive system (see Fig. 9 b). They are characterized by amplitude of movement within 0.04 mm. In the random
fluctuations of the executive body the basic harmonic component at 16 ... 18 Hz is observed. Both progressive and
cross-angular variations of the executive body have basic harmonic components of close frequencies. Moving executive
in different directions is close to the in-phase.

Random vibration processes of transverse displacement and displacement hulls pneumatic executive body have a
wide range of high frequency component. Amplitude of high frequency is much less than the amplitudes of basic
harmonics.
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Findings

1. It was found that the spatial drive system has a specific dynamic mode, which means the appearance of
transverse vibrations of shells of pneumatic cylinders, due to the presence of free play interfaces between buildings rods
and cylinders.

2. Transverse vibrations housing cylinders are caused by the disturbing factors in the spatial drive system and
decay in the absence of them. The amplitudes of the oscillations depend on the intensity of the dynamic disturbances
and can be up to 1 mm at the vibration frequency 16 ... 18 Hz.

3. Transverse vibrations of cylinders under the influence of random perturbations lead to the appearance of a
random vibration field of the drive system. In this case, the executive body of the drive system performs complex
vibratory motion, in which the harmonic components at 12 ... 18 Hz with amplitudes of the 0.04 mm are observed.

4. As future ongoing research we should examine the special vibration modes in the spatial system of actuators,
which are caused by the presence of closed circular partial dynamical systems.

Annomayun. Paccmompena npocmpancmeennas cucmema npugooos HA OCHOBE MEXAHUIMA-2eKcanoodd NpeoOHA3HAYeHHAs OIS
Manunyiuposanus obvekmamu mawunocmpoenus. Cucmema npugo008 umeem UCHOTHUMENbHBIL OpeaH 8 6ude niam@opmvi u
wecms NpUBOOO8 C WAPHUPHBIMU ONOPAMU U NHeeMamuyeckumy yununopamu. IIpocmpancmeennas cucmema npueooos
peaiusoeana 8 Kavecmee ONbIMHLIX 00pasyos. I[lokazamo, ymo omoenbHble NHeeMamMuieckue NPUeoOsbl UMelom NHGmMosvle
CONPAXCEHUS, KOMOpble NPUBOOSM K BOZHUKHOBEHUIO BbICOKOUACHOMMHBIX NONEPEYHbIX KOAeOAHUN KOPHYCO8 NHEEMOYUTUHOPOS.
Ilocmpoena pacuemnas cxema OAs ONUCAHUA HONEPEYHbIX KONEOAHU KOPNYCO8 NHEBMOYUIUHOPOS U  pa3pabomana
Mamemamuyeckan mooensb. Modenv yuumvieaem HeluHelHble C80UCMBa TOPMOBbIX COeOUHeHUll demainell OmoenIbHO20 NPUBooa U
wWapHupos. Ycmanosnena césazb NONepeutbix Konebanull KoOpnycos nHeeMOYUIUHOPOS U BUOPAYULL UCHOTHUMETbHO20 OP2aHd.

Mamemamuueckas mModenb pearuzo6ana 8 gude GoluUCIUMeENbHOU npoyedypul. [Iposedennvl pacuenvl nepexoOHbiX NPOYeccos
6 NPOCMPAHCMBEHHOU CUCeMe NPUeo00s. [ XapakmepHo2o UMNYIbCHO20 MOMEHMHO20 HAZPYHCEHUs NIAMPOPMbL OnpedeieHbl
pacuemuvie Koredamenbhvle NPOYECcol 8 NPUBOOAX U COOMEEMCMBYIOUjUEe KOIeOAHUS UCNOTHUMENbHO20 opeana. [lan ananus 6uoa u
napamempos KonebaHuil.

Pesynomamol pacuemos conocmasienvl ¢ pe3yibmamamu CHeYUaibHO NPO8eOeHHbIX IKCNEPUMEHMATbHBIX UCCIEO08AHUIL.
Tloomeepoicoena adeksamuocms paspadbomaHHou Mooenu 1 YmouHeHvl napamempuvl KoiebameabHbIX NpoYeccos 6 cucmeme.

Ha ocHose 6vinonHeHnvix —ucciedosanuii  paspabomana —mamemamuieckas Mooeib O OYeHKU —Napamempos
CMOXACMUYECK020 BUOPAYUOHHO2O NOJISL CUCEMbL NPUBOO0S. [laHa KAueCMEeHHAs U KOIUYECMBEHHAS OYEHKA GIUSHUSL CYYATHbIX
NONEPEYHBIX KONCOAHUL NHEEMOYUTUHOPOB HA NAPAMEMPbL BUOPAYUOHHO20 NOJISL NPOCMPAHCMEEHHOU CUCMEMbl NPUBOI0E.
Kuouesvie cnosa: Cucmema npusooos, nHeeMOYUTUHOP, KONeDAHUA KOPHycd, MuKponepemeujerue wimoxd, MamemamuyecKas
MOOelb, Hacmomyl, IKCHEPUMEHN, NPOePKA, MOOEIUPOBAHUe, CIYHaliHble BUOPayuUl

Anomauia. Posenanyma npocmoposa cucmema npugooié Ha OCHOBI MeXAHIZMA-2eKcanooa NpUsHavena OJsi MAHINYIIOBAHHS
06 'ekmamu mawurnodyoysanus. Cucmema npusooie Mae UKOHAGUUL OP2an Yy u2Is0l naameopmu i wicmes nPusooie 3 WAPHIPHUMU
onopamu i nHegMamuyHuMu yuninopamu. [lpocmoposa cucmema npusodie peanizogana 6 IKOCmi 00CIIOHUX 3paskie. Bemanoesneno,
Wo OKpemi NHeeMamuyHi npueoou Maiomo MOPMosi 3 €OHAHHA, AKI NPUEOOAMb 00 BUHUKHEHHS GUCOKOYACTNOMHUX NONEPEeyHUX
KOIUBAHb KOpnycie nHesmoyuninopis. Ilo6ydosana po3paxynkoea cxema 0 ONUCY NONEPEeYHUX KOIUBAHL KOPNYCi8 NHeGMOYULIHODIE
i pospobnena mamemamuyna mooenv. Moodenv 8paxo8ye HeniHitiHi enacmusocmi n0@mosux 3'cOHans demarneil OKpemMo2o npugoody
ma wapHipie. Busnaueno ennue nonepeunux KoIu8anb KOPNYcieé NHeBMOYUIHOPI8 Ha 8iOpayii 6UKOHABHUO20 OP2aHY.

Mamemamuuna modens peanizoeana y 6uzisaoi 064ucniosanvHoi npoyedypu. Ilposedeni pospaxynku nepexionux npoyecie 8
npocmopositi  cucmemi  npugodis. s XapakmepHozo IMHYAbCHO20 MOMEHMHO20 HABAHMANICEHHA NAAM@POPMU  BUSHAYEH]
PO3PAXYHKOGI KOMUBANbHI Npoyecu 8 Npusooax i 6iON0SIOHI KOMUBAHHA SUKOHAGUO20 OP2aHy cucmemu. Bukowanuil ananiz euoy i
napamempie KoIu6aHb.

Pesynomamu  pospaxyuxie 3icmasneni 3 pe3yibmamamu  CneyiaibHO SUKOHAHUX —eKCNEePUMEHMATbHUX — O0CAIOMHCEHD.
Iliomeepooicena adexsamuicmv — po3pobneHoi modeni ma YMOuHeHi napamempu —KOMUBANbHUX NpoYecie 8 cucmemi.
Ha ocnogi suxonanux oocniodicenv po3podiena mamemMamuyna Mooes 015 OYiHKU napamempie cmoxacmuyHo20 eiopayilino2o nois
cucmemu npugoodis. Buxonana Axicna i KinbKiCHa oyinKa 6nausy 8UNAOKOBUX NONEPEYHUX KOAUBAHb NHEBMOYUTIHOPIG HA napamempu
8iOpayitino2o nos NPOCMoposoi cucmemu npueovis.

Knuouosi _cnosa: Cucmema npusodis, nHeeMOYUNHOp, KOMUBAHHA KOPNYCY, MIKpONepeMewjeHHs WmoKa, MamemMamuina mMooens,
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