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ANALYSIS OF BUCKET ELEVATOR DRIVE MOUNTING
STRUCTURES BASED ON GRAPH MODELS

B. Kypean. Anani3 KOHCTPYKIiii KpinuieHHs NPUBOY KOBLIOBHX €JIEBATOPIiB HA OCHOBI rpadoBux MojeJeii. Y cTaTTi HaBeaCHO
pe3y/bTaTH aHaji3y Ta CHMHTE3y MPUBOIB KOBLIOBHX €JEBATOPIB Ha OCHOBI KOMOIHOBaHHMX rpadoBHX Mojnenel y mexaHiui. JlocmimKeHHs
BHKOHAHO 3 BUKOPUCTaHHAM TeOpii MOAM(DIKOBAaHUX KiHEMaTHYHUX TpadiB, 10 JO3BOJISE MOJATH MPUBOJH KOBIIOBUX €JICBATOPIB y BUTIISIL
HPY)KHUX MEXaHIYHUX CHCTEM 3 MEXaHIYHHM 3BOPOTHHUM 3B’3KOM. 3alpOIIOHOBAHMMN Miaxix 3abe3nedye (hopManizoBaHUH aHAII3 CTPYKTYP
ICHYIOUMX TIPHUBOJIB 1 CTBOPIOE MIAIPYHTS [UIi CHUHTE3Y HOBHX KOHCTPYKTHBHHMX pIllIEHb 3 pO3IIHMPEHUMHU (QyHKLIIOHATBHUMHU
MOKJIMBOCTSIMH. [IpOBEIEHO OIS Ta CHCTEMAaTH3aLil0 OCHOBHMX THINB rpa)oBUX MOJEICH, IO 3aCTOCOBYIOTHCS [UIsl PO3B’SI3aHHS 3a1ad
MEXaHIK{, 30KpeMa KiHEeMAaTHYHUX, CHJIOBHX Ta KOMOiHOBaHMX TIpagiB. Iloka3aHO IOLINBHICTE BHKOPUCTAHHS MOIU(IKOBaHUX
KiHeMaTHyHHUX rpadiB I aHai3y KepOBaHMX MNPYKHUX CHUCTEM, IIO XapaKTEPU3YIOThCS HEraTHMBHOK ab0 HYyJBOBOK pyxomictio. Jlist
OL[HIOBaHHS MOXJMBOCTCH KEPYyBaHHS IPYXHHUMH XapaKTCPHCTHKAMH MEXaHi3MIiB BHKOPHCTAHO IOKAa3HHKHM CTYIEHS PyXOMOCTi Ta
IUKIOMAaTUYHOTO 4YHclia. Y pobOTi 3ampoNoOHOBAHO KpUTepiii BHOOPY ONTUMAIbHOTO KOHCTPYKTHBHOTO PIlIeHHS Ha OCHOBI €Hepril
MOIU(]IiKOBaHOTO KiHEMaTW4HOro Tpada, sKa BHU3HAYAETbCS 3 BHKOPHCTAHHSIM CIEKTPaJbHOI Teopii rpadiB. Marpuii CyMiXHOCTL
(hOpMyIOTECSI 3 YpaxyBaHHSIM BaroBUX KOe(]illieHTiB, IO BiOOpakaroTh KOHCTPYKTHBHO-TEXHOJIOTIUHI (haKTOpH Ta HAmpsM Jii NpYyKHUX
cwi. Ha mpukmaxi IBOX CTPYKTyp KpIIUIEHHS NPUBOJAIB KOBIIOBHX €JIEBATOPIB BHKOHAHO MOPIBHSUIBHUH aHAII3, SKWH JO3BOJHUB
oOrpyHTyBaTH BUOIp OiibLI PaliOHATIBHOI CTPYKTYypH 3a KpUTEpieM MiHiManbHOI eHeprii rpada. OTpuMaHi pe3yiabTaTd MiATBEPIKYIOTb
e(eKTUBHICTh 3aCTOCYBaHHA MOJAM(DIKOBAaHUX KiHEMaTUYHUX rpadiB s popmaizauii Ta alropuTMizanii IpoIeciB CTPyKTypHOTO aHali3y i
CHHTE3Y NPUBOJIB KOBIIOBHX €JICBATOPIB 3 ypaxyBaHHIM KOHCTPYKTHBHHX 1 TEXHOJIOTTYHIX OOMEKEHb.

Kuntouosi cnosa: KOBIIOBUH €NIeBATOp, MPUBIiN, NPYXHA CUCTeMa, MOJAM(IKOBaHMH KiHEMAaTW4HUH rpad), MEXaHIYHUIH 3BOPOTHHMH
3B 530K

V. Kurhan. Analysis of Bucket Elevator Drive Mounting Structures Based on Graph Models. The paper presents the results of
the analysis and synthesis of bucket elevator drives based on combined graph models in mechanics. The study is carried out using the theory
of modified kinematic graphs, which makes it possible to represent bucket elevator drives as elastic mechanical systems with mechanical
feedback. The proposed approach provides a formalized analysis of the structures of existing drives and creates a basis for the synthesis of
new design solutions with extended functional capabilities. A review and systematization of the main types of graph models used to solve
problems in mechanics is performed, including kinematic, force, and combined graphs. The expediency of using modified kinematic graphs
for the analysis of controlled elastic systems characterized by negative or zero mobility is demonstrated. The degree of mobility and the
cyclomatic number are used to assess the controllability of elastic characteristics of mechanisms. The paper proposes a criterion for selecting
an optimal design solution based on the energy of a modified kinematic graph, which is determined using spectral graph theory. Adjacency
matrices are formed taking into account weighting coefficients that reflect design and technological factors as well as the direction of elastic
force action. Using the example of two bucket elevator drive mounting structures, a comparative analysis is performed, which substantiates
the selection of a more rational structure according to the criterion of minimum graph energy. The obtained results confirm the effectiveness
of using modified kinematic graphs for the formalization and algorithmization of structural analysis and synthesis processes of bucket
elevator drives, taking into account design and technological constraints.
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1. Introduction

The development of the agro-industrial complex necessitates improving the efficiency of techno-
logical processes for transporting bulk materials. A significant role in these processes is played by
bucket elevators, which are widely used in grain processing and related industries. Of particular inter-
est are self-supporting bucket elevators, whose design features impose limitations on the mass and
overall dimensions of the drive unit, thereby complicating efforts to increase their productivity.

One of the most heavily loaded operating modes of bucket elevators is the drive start-up mode,
during which considerable dynamic loads and shock effects occur, adversely affecting the reliability
and durability of the structure. Known technical solutions aimed at reducing dynamic loads, such as
the use of frequency converters or fluid couplings, are not always appropriate due to increased struc-
tural complexity, higher costs, and elevated operating expenses.

In this regard, the development of passive mechanical systems capable of effectively attenuating
start-up loads without significantly complicating the drive design is of particular relevance. One prom-
ising approach involves the use of elastic systems with mechanical feedback, which make it possible
to form specified elastic characteristics and adapt the dynamic behavior of the drive during transient
operating conditions.
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The purpose of this study is to analyze and synthesize bucket elevator drive mounting structures
based on graph models using the theory of modified kinematic graphs.

2. Literature analysis

Modern approaches to modeling mechanical systems increasingly rely on graph-based represen-
tations, which allow formalizing the structural, kinematic, and dynamic interactions of system compo-
nents. Graph models can be classified according to the type of information they convey, and each type
has been widely used in different areas of mechanical engineering.

For modeling energy interactions within mechanical systems, force graphs are commonly ap-
plied. These models have been successfully used by Schneider, Pfeiffer, and Borutsky [1, 2] in studies
related to machine dynamics, hydraulics, and electromechanics. Force graphs provide a convenient
tool for analyzing the transmission of forces and energy flows between system elements.

Stiffness graphs (or structural graphs) have been employed in the works of Uicker, Pennock,
Shigley, and Tsai [3, 4] for modeling elastic systems and building structures. These graphs are particu-
larly useful in evaluating the rigidity and deformation characteristics of mechanical assemblies, ena-
bling the prediction of structural behavior under load.

Another widely used approach involves kinematic graphs, which describe the connectivity and
mobility of mechanical systems. Pioneering studies by Jain, and Pennock. [5, 6] applied kinematic
graphs to analyze mechanical and robotic systems, determining degrees of freedom, identifying redun-
dant constraints, and synthesizing mechanisms with desired functional properties. Kinematic graphs
provide a systematic framework for structural analysis and mechanism design.

Finally, constraint graphs have been utilized to model the dynamics of multi-body systems with
interacting components. Jain and Karnopp [5, 7, 8] employed constraint graphs in studies of elastic
and dissipative connections, effectively capturing the dynamic behavior of complex assemblies and
facilitating the simulation of multi-body interactions.

Overall, the literature indicates that combining different types of graph models allows for a more
comprehensive analysis of mechanical systems. By integrating kinematic, force, and stiffness infor-
mation, hybrid graph models can support the design, optimization, and synthesis of mechanical sys-
tems, including drives for bucket elevators, where both structural compactness and dynamic perfor-
mance are critical.

3. Purpose of research

The aim of the study is to test methods for representing mechanical systems in the form of graphs
and to apply these methods for the analysis of existing and the synthesis of new bucket elevator drive
designs. The research involves identifying structural and design differences between drives by high-
lighting the parameters that determine these differences, as well as developing features and criteria that
allow an optimal choice among multiple possible solutions, ensuring structural compactness and max-
imum functional capabilities. In addition, the study focuses on the formulation and evaluation of crite-
ria for selecting the optimal solution, which enables a reasoned determination of the most effective
variant among available alternatives. Achieving this objective provides a systematic approach to for-
malizing the processes of structural analysis and synthesis of bucket elevator drives while taking into
account design and technological constraints.

4. Research method

Based on the considered key types of graph models, it can be concluded that their application makes it
possible to solve a wide range of engineering problems. Such problems include the structural analysis of
mechanisms, in particular the determination of their mobility using the Chebyshev—Griibler—Kutzbach cri-
terion, dynamic modeling of mechanical systems (Lagrange equations, bond graph method), optimization
of mechanisms at the stage of their design implementation (elimination of redundant constraints, mass min-
imization), as well as the kinematic analysis of manipulators in robotic systems.

When designing mechanisms with prescribed functional characteristics, primary attention is paid
to the initial structural analysis of existing analogues. This analysis, in turn, requires the use of various
graph models, applied both individually and in certain combinations. Despite the diversity of mechan-
ical problems, their relationship with the functional characteristics of a mechanism makes it possible
to identify common patterns, which creates the prerequisites for formalizing the processes of analysis
and synthesis based on graph theory.

In solving problems of analysis and synthesis in a mechanical formulation, the most commonly
used models are kinematic graphs, which represent the structure of a mechanism and define kinematic
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constraints between its links; force graphs, which are used to model the processes of force transmis-
sion between system elements; and functional graphs, which describe the laws of motion transfor-
mation. However, the complexity and non-standard nature of modern analysis and synthesis problems
in mechanical engineering necessitate the development and application of combined graph models.
Such combined models should take into account not only the existing topological constraints of the
mechanical system but also ensure the compatibility of functional requirements, along with the possi-
bility of automation and algorithmization of the search for optimal structural solutions.

The studies conducted in this chapter are based on a combined graph model developed by Profes-
sor L. I. Sydorenko, which establishes the theoretical foundations and corresponding methodologies for
the analysis and synthesis of controlled elastic systems using a combined graph-based approach, re-
ferred to by the author as the modified kinematic graph [9, 10]. This theory represents a further devel-
opment of the theory of analysis and synthesis of mechanisms based on kinematic graphs [11, 12, 13].

The results of studies related to the validation of the above-mentioned theory made it possible to
formulate the basic principles of structural synthesis of elastic systems of this type [10 — 14].

According to one of the principles of the applied theory, an idealized representation of the struc-
ture of a conventional planar passive device having a single parameter (for example, the stiffness coef-
ficient) subject to controlled variation is a modified kinematic graph (non-bipolar). Such a graph char-
acterizes negative or zero mobility of the considered device, which is determined by the following
equation:

W=3@p,-1)-29,-9,-¢.<0, (1
where:

p= — the total number of graph vertices corresponding to the number of rigid links of the device;

¢ — the number of graph edges equal to the number of kinematic pairs of the i-th class;

gc—the number of graph edges corresponding to the number of non-kinematic connections (elas-
tic, dissipative, etc.) between the rigid links of the device, this component does not affect the kinemat-
ic characteristics of the device and can therefore be considered as a virtual kinematic pair of the 4th
class.

According to another principle stated in the applied theory, the nature of kinematic control of the
properties of a given device, when it is modeled using a modified kinematic graph, can be assessed by
an indicator in the form of the cyclomatic number. For controlled elastic mechanisms, this indicator is
defined as follows:

c=g-p+1>22, 2)

where:

g — the number of graph edges, regardless of their type;

p — the number of graph vertices, also regardless of their type.

Expressions (1) and (2) make it possible to analyze the device under consideration in order to as-
sess the feasibility of controlling its elastic characteristic, and also provide the possibility of synthesiz-
ing such a device by adding to the model the required number of structural groups and elastic ele-
ments, guided by the specified indicators.

Considering that multiple alternative solutions are possible in the synthesis process, an indicator
in the form of the energy of the modified kinematic graph is used to select the optimal synthesis op-
tion; for the optimal solution, this indicator should be minimal. The energy of a graph £(G), as a quan-
tity from spectral graph theory, is understood as the sum of the absolute values of the eigenvalues of
its adjacency matrix. For a simple graph G with n vertices, its adjacency matrix A4 is a square matrix of
size nxn. Typically, the element A; is defined as follows: it equals (1) if vertex 7 is connected by an
edge to vertex j, or 0 if vertices i and j are not connected (similarly for i=j, since the graph is simple).
In the presented methodology, the use of the adjacency matrix is defined with the application of cer-
tain weighting coefficients that reflect a particular prevailing factor (from the standpoint of technolo-
gy, durability, cost, etc.); moreover, the more significant the factor, the lower its weighting coefficient.
Based on these conditions, the eigenvalues (roots of the characteristic polynomial) of the adjacency
matrix A are determined according to the expression:

o(L) = det(4— A1), 3)

where: [ — the identity matrix and det — the determinant.
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Considering that for a graph with n vertices n eigenvalues can be obtained: A1, A2, ..., Ay, then the
energy of a graph is understood as the sum of the absolute values of all eigenvalues:
E@G)=) |- ©)
1

Let us consider the above-mentioned theory in application to the subject of this study. For this
purpose, an analysis of two designs (Structure A and Structure B) of elastic mechanisms for fastening
bucket elevator drives in different directions of force (Fig. 1) was conducted, and the most optimal of
them was determined.

Fig. 1. Kinematic diagrams of the elastic mechanism for mounting bucket elevator drives:
a — Structure A; b — Structure B; Mengine — is the engine torque; Fiaring — 1S the excitation force caused by the
engine start; Mms — is the torque of the metal structure; ¢ — is the spring stiffness; 4 — is the lever arm; / — electric
motor; 2 — elastic mechanism

Based on the kinematic schemes (Fig. 1), the corresponding models in the form of modified kine-
matic graphs (Fig. 2) are tripolar graphs and, therefore, can be analyzed using the methodology presented
above.

b )4

qs 9 qs L

Po Po
g4 P2 g4 2!
a b

Fig. 2. Models of the considered structures in the form of modified kinematic graphs:
structure A (a); structure B (b)

The calculation of the degree of mobility according to expression (1) yields the same result in
both cases and determines the mobility of the models.

W=3@3-1)-2-1-1-1=2, (5)

which, according to the adopted methodology, does not define the considered structures as self-
controlled (the condition W < 0 is not met). However, control of the characteristic g. is possible with
the mutual displacement of the elements of the structures defined by the poles of the graph po and p».

The statement about the absence of self-control, obtained in the above calculation, is also con-
firmed by the calculation of the cyclomatic number according to expression (2):

c=3-3+1=1, (6)

for self-controlled devices, this indicator must satisfy the condition ¢ > 2.

However, the adopted methodology allows us to choose the optimal solution among several exist-
ing ones. To do this, we will compile for the structure under consideration the corresponding adjacen-
cy matrices with the introduction of weight coefficients, which take into account both the direction of
action of the elastic force relative to the longitudinal axis of the metal structure of the bucket elevator,
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and the technological features associated with the manufacture of kinematic pairs of the 5-th and 4-th
classes. Moreover, the direction of the elastic force along the longitudinal axis of the metal structure
will be considered more preferable (the weight coefficient is minimal) than the direction of the elastic
force perpendicular to the axis of the metal structure. The adopted values of the weight coefficients in
the adjacency matrix of the structures under consideration are given in the corresponding table. (Table

1.

Table 1
Determination of weight coefficients in the matrix of structures under consideration
Structure Edge of a graph Weighting factor Explanation
(poles)
. Elastic force along the longitudinal axis of the metal
A qp1=p2) 1 (min) structure
Elastic force perpendicular to the longitudinal axis
B qp-p2) 2 (max) of the metal structure
A-B qs(po—p1) 1 (min) Less technologically complex
A-B q4(po—p2) 2 (max) More technologically complex

Given that for a graph with three vertices, we can obtain three eigenvalues for the adjacency ma-
trix:

— For structure A we obtained: Aja = —2; Aoa = —1.46; A3 =2.73;

— For structure B we obtained: 114 =—1; Aoa =—5.24; 134 = 6.24.

Therefore, the calculated value of the graph energy according to expression (4) for Structure A is
E(A) = 6.19, for Structure B it is E(B) = 12.48.

Taking into account the adopted weight coefficients, the adjacency matrices of the structures un-
der consideration have the form (the matrices have the same structure, but different weighting coeffi-
cients):

PP PP
L0 g, ! NI
For Structure A = fl-?o--*l —=—r {]-5--*' Ao _ -]-?O--*; —=— ----*; - (7
Py -_‘1_5_-._(.)_ (4 opy 11012
Pigq.1q,0 0 pyt 11200
Y .i PP P PP
Py 0 g g pi0 T2
For Structure B = --0--*' - --5--*' - = --O--j-------;r-----*;----- (®)
Pi4:0i4 pi 11012

P4 190 pj2{2}0

Based on the results of the calculations E(A) < E(B), the applied method indicates a more rational
Structure A, which is actually confirmed by the analysis in Fig. 2, which shows that the elastic force
shoulder 44 < g, which determines a smaller influence of the moment relative to the attachment point
of the metal structure of the bucket elevator.

5. Conclusions

Based on the results of the conducted studies, the following conclusions have been drawn:

1. Despite the effectiveness of standard approaches to applying graph theory for the analysis and
synthesis of technical systems, the ambiguity and multi-criteria nature of such problems make the de-
velopment and implementation of combined graph models preferable. These hybrid structures, by in-
tegrating information on kinematics, forces, and functional interactions of the modeled mechanical
systems, provide comprehensive system-level modeling and enhance the adequacy of decision-
making.

2. The studies have validated the effectiveness of the adopted methodology using modified kine-
matic graphs for analyzing existing designs and synthesizing new configurations of bucket elevator
drives, particularly with respect to optimizing their structure and functional capabilities.

3. As a criterion for selecting the optimal solution from a set of possible alternatives in the syn-
thesis of elevator drives, the successful application of the graph energy E(G), derived from spectral
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graph theory, was adopted. It was established that the optimal solution corresponds to the minimum
value of the graph energy. This approach allows formalizing the selection process while taking into
account both structural and technological/design factors through weighted adjacency matrices.

4. The validation of the adopted methodology and the corresponding methods of representing a
technical system via a modified kinematic graph, along with the availability of an effective criterion
for optimal selection, enables the formalization and algorithmization of the structural analysis and syn-
thesis processes of bucket elevator drives. This ensures the selection of solutions that combine struc-
tural compactness with maximal functional capabilities while considering design and technological
constraints.
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