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International Federation for the
Promotion of Mechanism and Machine Science
— Embracing the world -

p

-
b4

—
24

-

The i Federation for Promotion of
Mechanism and Machine Science

bestows to

Professor Rasim Ismayil Alizade
the

o,

s

—
<

Dedicated Services Award

=4

in recognition of his substantial voluntary services,
outstanding performance, and effective leadership
for the good of the whole Federation.

R3]

IFToMM General Assembly

K Tokyo, November 8, 2023 L
s A =
S Andrés Kecskeméthy Erwip-Christian Lovasz
\ Presidant feerstary General $,
< e e e e (oo e e o o ooy oo o e |

\ / d

Rasim Ismayil Alizade is the Chairman of the Azerbaijan Committee of the International
Federation for the development of science “Theory of Mechanisms and Machines” (AzC [FToMM
at the Azerbaijan Technical University was approved by the IFToMM Assembly in 1995) and also
member of Technical Committee for Linkages and Mechanical Controls of IFToMM. Prof. Alizade
R. participated in the proceedings ma World Congresses “Theory of Mechanisms and Machines”
(IFToMM), as well as in the proceedings of International Symposiums “Science of Mechanisms and
Machines” (AzC IFToMM - 2010, 2013, 2017 - Azerbaijan-Turkey). “Four new Euclidean 6
Degree of Freedom parallel docking manipulators of spacecraft” and 2 new models “wheeled robot-
rovers for Mars and Moon surfaces” designed by prof. Alizade R. have very great important in
cosmic industry.

On behalf of the editorial board and the entire team of the international scientific and
technical journal Machine Science, we congratulate Prof. Rasim Alizadeh, we wish him good
health and success in his scientific activities!
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Abstract: The effects of particle size (2-6 nm) and temperature (300-1900 K) on the stability and local
structural evolutions of amorphous bulk and nanoparticles of the FeNis alloys have been studied by using
classical molecular dynamics (MD) simulation method combined with embedded atom model (EAM) in Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). The nanoparticles were obtained from the
unstable amorphous bulk FeNis alloys. MD simulations have been performed for glassy FeNis intermetallic
alloy by making use of pairwise interatomic interaction potentials and electron densities calculated via EAM
method. The formation and evolution of structures and their stability have been analyzed at a wide temperature
range (300-1900 K) by calculating radial distribution functions (RDF), interatomic distances (ID), coordination
numbers (CN), core-to-surface concentration profiles, as well as VVoronoi analysis. According to the results,
although some deviations in the structural properties occurred during the heat treatment, the amorphous
nanoparticles exhibited the same crystal structure and local atomic configuration with its bulk counterpart at
room temperature.

Keywords: Fe-Ni, Amorphous, Bulk and Nanoparticles, Modelling and Simulations, Molecular dynamics,
Embedded atom model

Introduction.

There is a growing research interest on the modeling and simulation of the magnetic nanoalloys,
since the unique and sometimes superior chemical and physical properties of the nanoalloys can be
tuned and, consequently, new structural motifs can be created by varying the type of constituent
elements, atomic and magnetic ordering, as well as size and shape of the nanoparticles for several
promising research and application area [1]. For new generation magnetic nanoalloys, it is important
to predict structure-property relations in advance because of the complexity increased by the various
structural and geometrical forms in addition to the size-dependent structure [2, 3]. Among the
magnetic nanoalloys, Fe-Ni based magnetic nanoalloys have promising usage area in the diversified
engineering applications, such as radar absorbing materials in aerospace and stealth industry, catalyst,
and biomedical applications, due to their superior mechanical, electrical, optical and magnetic
properties with high surface area [4-9]. However, there is not enough study regarding these usage
areas of the Fe-Ni nanoalloys because of the concern of the agglomeration, oxidation, and
degradation; therefore, it is essential to predict and determine the thermally stable size and shape of
the nanoparticles [9]. Computer simulation techniques have been widely used to investigate structural
properties of the Fe-Ni based bulk and nanostructured alloys for a long time. Atomic and magnetic
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ordering, order-disorder and ferromagnetic-paramagnetic transformation characteristics and also
interrelation between atomic and magnetic ordering phenomena in binary FeNis and ternary Nis(Fe,
Me) (Me= W, Mo, Cr, Mn, Nb, etc.) bulk intermetallics have been widely investigated in terms of
classical theory of ordering and electronic theory of binary and multicomponent alloys in ab-initio
pseudopotential approximation [10-16]. Although the first principle calculations on the Fe-Ni based
alloys have been used to predict the properties from atomistic level [17, 18], the molecular dynamics
simulations with many-body potentials are mainly preferred because of its applicability to the large
systems having more than hundreds of atoms. However, to acquire accurate and efficient results from
the molecular dynamics simulations, inter-atomic potential energy functions have a crucial effect
[19].

Therefore, in this study, stability and local structural evolutions in amorphous intermetallic
FeNis nanoparticles with 2-6 nm particle size have been modeled and simulated for wide temperature
range (from room temperature up to 1900 K) by means of EAM-MD simulation methods in Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).

Methodology

2.1. Pairwise interatomic interaction potentials calculations

EAM method is based on the density functional theory and it considers many-body interaction
through the electron density of the systems. Therefore, EAM gives more accurate results than the
pairwise interaction models with reasonable computational time for Fe-based systems [20-22].
According to EAM model [20], the energy of the system which consists of N-atoms can be expressed
as,

E :iZFi(pi)—l_%;Vii(rij) @)

where Vijj represents the pairwise interatomic interaction potentials between atoms i and j
separated by distance of rj; (in Eq. (1), i and j, regardless of the different type of atoms, represent any
atoms), and F; stands for the embedding energy to embed an atom i into a local site with electron

density o, and p, can be calculated by using
pi= P(rij) (2)
i]
with p(l’ij) being the electron density at the site of atom i arising from atom j at a distance ri; away.
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Figure 1. Embedding energy variation with electron density in FeNis alloy
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In this study, the EAM parameters that were determined in [20] have been used for calculations
of the embedding energy variation with electron density and electron density dependence on
interatomic separation distance in FeNis alloy by means of LAMMPS program system, which are
shown in Figs. 1 and 2, respectively.
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Figure. 2. Electron density dependence on interatomic separation distance in FeNis alloy

Calculated pairwise interatomic interaction potentials variations with interatomic distance for
Fe-Fe, Ni-Ni and Fe-Ni atomic pairs in FeNi alloy are presented in Fig. 3.

....... Fe-Fe
= = Ni-Ni
—FeNj

Pair Potentials (eV)

Distance (Angstrom)

Figure 3. Pairwise interatomic interaction potentials variation with interatomic separation distance in FeNis
alloy

2.2. MD simulations of FeNiz nanoparticles

MD simulations have been performed by means of MedeA - LAMMPS molecular dynamics
simulator program system, by using interatomic interaction potentials and electron densities
calculated via EAM method. During solving the equation of motions of atoms in MD, Verlet
algorithm was considered with Nose-Hoover thermostat and barostat. Among the ensembles typically
used for molecular dynamics, namely the microcanonical (NVE), canonical (NVT) and isothermal-
isobaric (NPT) ensembles, the NPT ensemble was applied in this study because it accurately describes
experimental conditions by controlling temperature and pressure at the same time [23, 24].

FeNizalloy is known to have a chemically ordered face-centered cubic (FCC) L1.-type structure
as shown in Fig 4.
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Figure 4. AuCus-type ordered (L12) FCC lattice of FeNis alloys

The bulk form of FeNis alloy, having 27436 atoms, was generated by repeating the L1
structured unit cell along [111] direction nineteen times. Firstly, the lattice parameter of FeNiz alloy
was optimized and the alloy was relaxed at 0 K under the periodic boundary conditions. Then, the
temperature was increased to 2600 K under 1 atm pressure directly with 5x10° MD steps and the
system waited for 5x10* steps. 2600 K is higher than the melting temperature of alloy which was
enough to homogenize the liquid structure. In order to obtain the amorphous bulk structure, the system
was cooled down from 2600 K to 300 K by fast cooling (2.3x10'® K/sec) and stabilized at room
temperature. The time step was 1 fs and the motion of atoms was integrated by using Verlet
algorithms. Non-periodic boundary condition was applied to simulate the amorphous bimetallic FeNis
NPs. Firstly, NPs was subtracted from the simulated amorphous bulk alloy, Fig. 5.

Then, the subtracted NPs was melted and equilibrated at 1900 K in order to remove local atomic
configurations from the solid phase. Finally, the temperature of NPs was decreased to room
temperature, gradually. To obtain accurate results from molecular dynamics simulations, the
temperature of the amorphous NPs was decreased with the same cooling rate (2x10*? K/sec) as bulk
alloys and equilibrate the system at each stage by waiting for 10 nanoseconds. The simulations of
the amorphous NPs were conducted for 2 nm, 4 nm and 6 nm diameters (the total number of atoms
are 368, 2913 and 9784, respectively. The heat-treated amorphous FeNiz nanoparticles were
illustrated by using VMD molecular graphics program.

(P
gic

Figure 5. Extraction of NPs from bulk amorphous FeNis alloy



Amdulla MEKHRABOV, Ece IRMAK and Vedat AKDENiZ
The effects of particle size and temperature on the stability and local structural evolutions of amorphous
bulk and nanoparticles of the FeNis alloys

Results and discussions
3.1. Radial distribution functions (RDF) for the bulk FeNis alloy

Before the investigation of the structural evolution of the FeNiz bulk system, the lattice
parameter was optimized. In this regard, crystal structures were generated with different lattice
parameters (from 3 A to 4 A). Then, the systems were minimized by conjugate gradient method in
MD, and the total energies of the crystal structures were calculated. Afterward, the crystal structure
owing to the minimum total energy was obtained with the lattice parameter, a=3.46 A. Then, the input
file of the FeNis bulk system was prepared according to the minimized lattice parameter, a=3.46 A.
The total energy change with respect to the various lattice parameters is shown in Figure 6.

To obtain the amorphous bulk structure, the system was cooled from 2600 K to 300 K by fast
cooling with 2.3x10" K/sec cooling rate. The volume changes during heating and fast cooling for the
bulk FeNis alloy is shown in Figure 7.

L 3 4
I
\
\
-3 \\
; A\
< \\
£ \
2 | 2
< \
b N
2 \
] \
5 %
= -4 \
& \ 4
: % =
= N\ //‘
\\ 7
\\ ///
*. g
\\ )‘///
<
* - pYS
| o

Lattice Parameter (A)
Figure 6. The total energy variation with lattice parameters of FeNis alloy
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Figure 7. The volume change during heating and fast cooling processes of the FeNis alloy
During the heating process, there was a sudden jump in the volume curve which is the sign of

the melting. However, we did not observe any sudden change in the volume during fast cooling with
2.3x10% K/sec rate, which indicated that no crystallization occurred and the amorphous structure was
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preserved at room temperature. Also, this amorphous structure was proven by the RDFs which is

illustrated in Figure 8.
12

0

2 3 4 5
r(A)

Figure 8. RDF of the FeNiz amorphous bulk alloy

The calculated partial coordination numbers and nearest-neighbor distances of the amorphous
bulk FeNiz alloy are tabulated in Table 1. The total coordination number of the bulk amorphous FeNi3
alloy obtained from the RDF was 13.2.

Table 1. The partial coordination numbers and nearest-neighbor distance of amorphous bulk FeNis alloy

Amorphous bulk Niepe | Npeni | Nnieni | Opere | reni | Onieni
FeNis alloy
(EAM-MD method) | 4.3 9.0 102 | 25 24 | 24

3.2 RDF for the amorphous FeNis NPs

RDF dependences on temperature for 2 nm, 4 nm and 6 nm amorphous nanoparticle are given
in Figures 9 (a), (b) and (c), respectively. The nanoparticle with the diameter equal to 2 nm consists
of 368 atoms in total, with 112 iron atoms and 256 nickel atoms. To determine the temperature effect
on the structural evolution of the nanoparticles, the systems were cooled from 1900 K to 300 K by
200 K interval.

According to Figure 9 (a), we clearly observed that, at high temperatures, there was an absence
of order between atoms, but the first peaks were always clear at high temperatures. As the temperature
decreased, the first peak steepened and the structure between the first neighbors approached to the
crystalline phase, even though the amorphous and disordered phase remained between the second and
third neighbors of the atoms.

The nanoparticle having the diameter equal to 4 nm consists of 2913 atoms in total, with 761
iron atoms and 2152 nickel atoms. In Figure 9 (b), even though the first peaks were always observed
during the cooling process, the disordered structure was mainly preserved until 900 K. After that
point, the second and third peaks appeared, and at 300 K, mainly, a crystal structure was obtained.

It is evident that all the peaks at 300 K have a broadened shape but the first, second and third
peaks located at the same positions as it was found for crystalline counterpart. This means the inner
side of the amorphous 4 nm nanoparticle (until 3" nearest neighbor distance) mostly transformed to
the crystal structure at room temperature although the remaining part preserved its disordered
amorphous structure. Throughout the amorphous to the crystalline transition process, lattice
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parameter decreased from 3.612 A at 900 K and reached to 3.5 A at 300 K that is the same value with
the lattice parameter of the initially crystalline nanoparticle with 4 nm diameter.
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Figure 9. RDF dependences on temperature for (a) 2 nm, (b) 4 nm and (c) 6 nm amorphous nanoparticles

The amorphous nanoparticle with 6 nm diameter includes 2450 Fe atoms and 7334 Ni atoms
(9784 atoms in total). Like 4 nm amorphous nanoparticle, the peaks started to appear and the valley
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between the peaks became deeper at 900 K, but the amorphous-to-crystalline transformation occurred
in a faster and sharper way. At 300 K, the first and the second peak of the overall radial distribution
of the initially amorphous 6 nm nanoparticle had almost the same height and width with the RDF of
6 nm crystalline nanoparticle, Figure 9 (c).

Although the other peaks were located in the same position, they had a broader shape compared
to the peaks in the RDF of the initially crystalline nanoparticle with 6 nm. This means that the 6 nm
nanoparticle, which owned amorphous phase at the beginning, completely transformed to the
crystalline phase, even though the final structure has not been as compact as the structure of the
initially crystalline nanoparticle with the 6 nm diameter at room temperature. Moreover, during the
cooling process, the lattice parameter of the 6 nm particle changed from the 3.556 A at 900 K, where
crystallization started, to 3.5 A at room temperature which is consistent with the lattice parameter of
the initially crystalline nanoparticle and the value stated in the literature [25].

Overall, we observed clearly that, at high temperatures, there was an absence of an order for all
initially amorphous nanoparticles. From the RDF graphs of the 2 nm nanoparticles, it has been seen
that amorphous structure was preserved during the cooling process even at 300 K. On the other hand,
in the RDF figures of the nanoparticles with 4 nm and 6 nm diameter, there was a transition from
amorphous phase to the crystal structure at lower temperatures, and 300 K, the complete crystalline
structure was obtained in 6 nm nanoparticle with 3.5 A lattice constant. Although at 300 K, the lattice
parameter of both 6 nm and 4 nm nanoparticles reached to 3.5 A value, the variation in lattice constant
of the nanoparticle with 4 nm diameter was higher than 6 nm diameter because of the size effect on
the lattice parameter [26].

Moreover, the coordination number change of the 2 nm, 4 nm and 6 nm amorphous
nanoparticles with respect to temperature is illustrated in Figure 10.
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Figure 10. Coordination number change of the amorphous FeNis; nanoparticle with respect to temperature

According to Figure 10, the coordination number of the amorphous 2 nm particle continuously
increased as the temperature approached 300 K, even though it pre- served its amorphous structure
during the cooling process. On the other hand, the coordination number of the amorphous nanoparticle
with 4 nm diameter reached its maximum value at 1300 K probably because of the sublimation.
Then, it stayed at balance around 11 that is very close value with the completely crystalline 4 nm
nanoparticle (10.9).
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The 6 nm amorphous nanoparticle exhibited a similar trend with the 4 nm nanoparticle, but the
coordination number of the 6 nm amorphous nanoparticle reached to 11.2 which is the same
coordination value of the initially crystalline 6 nm nanoparticle. This means the initially amorphous
nanoparticle with 6 nm diameter completed its crystalline transformation by obtaining same CN value
with the initially crystalline nanoparticle.

3.3.Structural evolutions in amorphous FeNiz NPs

Core-to-surface concentration profiles are essential to observe the atomic movement during
heat treatment. The change in the number of Fe and Ni atoms throughout the particles having 2 nm,
4 nm and 6 nm diameter are shown in the following figures. In Figure 11, it is seen that the random
mixed atomic patterns of the 2 nm amorphous nanoparticle were preserved as the temperature
decreased.

10 2 0 2 4

4 Didfance (A) § Diflance (A) & 10 12

Figure 11. Core-to-surface concentration profiles of Fe and Ni atoms in the 2 nm amorphous nanoparticles
at a) 300 K, b) 500 K, ¢) 700 K, d) 900 K, e) 1100 K, f) 1300 K, g) 1500 K and h) 1700 K

However, Fe atoms diffused from the core to surface, and the initial Fe atomic positions at the
core side started to be filled with Ni atoms at lower temperatures. In the end, the main atomic
distribution peak of the Fe atoms located at the surface, but Ni atoms spread throughout the particle.
From the morphological point of view, it is known that amorphous nanomaterials have unstable
structures compared to their crystalline counterparts, so during MD simulations, the shape and surface
area of the particles changed to have more stable structures. For example, as the temperature
decreased, the irregular shape of the amorphous 2 nm nanoparticle converted to the spherical shape.

According to Figure 12, the melted Fe atoms at the surface stayed during the cooling process
and Ni atoms diffused towards the inside of the 4 nm amorphous particle.
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Figure 12. Core-to-surface concentration profiles of Fe and Ni atoms in the 4 nm amorphous nanoparticles
at a) 300 K, b) 500 K, c) 700 K, d) 900 K, e) 1100 K, f) 1300 K, g) 1500 K and h) 1700 K

Distance (A)

Although Ni atoms dominated the core and most of the Fe atoms were located at the surface,
the random mixed pattern in the intermediate shell preserved at 300 K. For the 4 nm nanoparticle, it
has been observed that the irregular shape of the particles transformed the spherical shape at the onset
of the melting; afterward, they reached to a more stable sharp sphere.

In Figure 13, mainly mixed pattern of Fe and Ni atoms obtained at the end of the cooling
process, but Ni atoms still dominated the core and melted Fe atoms stayed at the surface, similar to
the 4 nm nanoparticle.

Phestunr (A

Figure 13. Core-to-surface concentration profiles of Fe and Ni atoms in the 6 nm amorphous nanoparticles
at a) 300, K b) 500 K, c) 700 K, d) 900 K, e) 1100 K, f) 1300 K, g) 1500 K and h) 1700 K

Moreover, 6 nm nanoparticle also showed a similar trend with the 4 nm nanoparticle in terms
of morphological transformation during the cooling process. With the decreasing temperature, the
irregular shape of the 6 nm nanoparticles evaluated smoothly to the spherical shape while melting,
and a shape of sharp-sphere was obtained at 300 K which means the 4 nm and 6 nm nanoparticles
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had a capability of undergoing a transformation from their initial shapes to geometrically more stable
shape.

As it has been explained in the Introduction Section, the difference between atomic sizes of the
constituents leads to core-shell structure, in which small atoms are located in the core-side but the
bigger ones form an outer shell that surrounds the core. Also, a large difference in the cohesive energy
of the atoms causes segregation. In this sys- tem, Fe and Ni atoms have a similar radius and cohesive
energy, such as Fe atoms have the 0.126 nm radius with 4.28 eV/atom cohesive energy and Nickel
atoms own 0.125 nm radiuses with 4.44 eV/atom cohesive energy [27]. Therefore, the nanoparticles
having equal to/larger than 4 nm diameter formed an ordered mixing pattern, rather than segregated
or core-shell structure, as it has been expected. Although at room temperature, some Ni atoms stayed
at the core side of the smaller particles, as the diameter of the particle size increased to 6 nm, the
atomic pattern mainly trans- formed to the ordered mixing pattern and no segregation was observed.

3.4. Voronoi Analysis in crystalline FeNiz NPs

The Voronoi tessellations of the amorphous nanoparticles with 2 nm, 4 nm and 6 nm diameter
at 1700 K and 300 K are shown in Figure 14.

dra
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Figure 14. Voronoi analysis of amorphous FeNis nanoparticle with a) 2 nm diameter b) 4 nm diameter c) 6
nm diameter

According to Figure 14 (a), none of the polyhedrons in 2 nm amorphous nanoparticle was found
in the 2 nm crystalline nanoparticle. This means that amorphous nanoparticle with 2 nm diameter
conserved its amorphous structure during the cooling process from 1700 K to 300 K. The vast
majority of the Voronoi tessellation of the 2 nm amorphous nanoparticle belonged to <0,0,12,0>
polyhedron which showed that the fully icosahedral structure and its deformed forms (<0,1,10,2>,
<0,2,8,2>) covered the 2 nm nanoparticle. The other <0,2,8,1> and <0,3,6,1> polyhedral structures
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correspond to deformed trigonal prism were also observed in both liquid and solid phase of the 2 nm
amorphous nanoparticle.

Due to the fivefold symmetry below the critical sizes, the icosahedral polyhedrons are the stable
form of the metallic nanoparticles [28]. However, from the previous studies, it has been shown that
the stability of the icosahedral structure decreased when the total number of atoms increased in a
nanoparticle [29]. In accordance with the literature, the icosahedral structure <0,0,12,0> disappeared
and the trigonal faces decreased to lower than 50% as the size of the particles increased to 4 nm and
6 nm.

According to Figure 14 (b), the main polyhedrons like <0,5,6,2>, <0,6,4,2>, and <0,5,6,1> were
found initially amorphous solid nanoparticles having 4 nm diameter. On the other hand, <0,4,6,3>
polyhedron structure was observed in both the liquid and the solid phase of the 4 nm amorphous
nanoparticle. This means that although 4 nm amorphous and crystalline nanoparticles had some
common local atomic arrangement in the solid and liquid phases, the 4 nm nanoparticle with
amorphous phase could not completely transformed to the crystalline structure at 300 K.

In Fe-centered VVoronoi polyhedra of the 6 nm nanoparticles, Figure 14 (c), it has been observed
that all of the local atomic configurations in solid phase were completely different from the liquid
phase. Furthermore, most of the polyhedrons in the solid phase were common with the polyhedral
shapes of the initially crystalline nanoparticle owing 6 nm diameter in solid phase, such as <0,6,4,2>,
<0,5,6,2>, <0,7,4,1>, <0,7,4,2> and <0,5,6,1>. These polyhedrons correspond to the deformed
truncated octahedron with its derivatives (tetradecohedron) having m 3m symmetry. The truncated
octahedron is one of the most stable FCC structure because of having the minimum energy for larger
nanoparticles [29]. According to the common Voronoi polyhedrons in the 6 nm nanoparticle, it has
been seen that the number of rectangular faces of the local polyhedra around Fe atom significantly
increased to more than 50% which matched with the distorted FCC lattice structure. Therefore, we
can say that the 6 nm amorphous nanoparticle generally transformed to the FCC crystalline lattice
structure at 300 K.

Moreover, most of the polyhedron structures in the initially amorphous nanoparticle with 4 nm
and 6 nm diameter were common at room temperature, but only a few of them are found in the 2 nm
amorphous nanoparticle. This is because 2 nm nanoparticle preserved its amorphous structure
throughout the cooling process but the others transformed to the crystalline structure partially or
completely. Considering coordination number from the Voronoi analysis, CN of 2 nm amorphous
nanoparticle mainly remained higher than 12 which is another proof for the disordered amorphous
structure because the amorphous structures may have a more efficient atomic packing [30]. Also, the
total coordination numbers of the 6 nm and 4 nm nanoparticles were between 12 and 13 atoms which
is consistent with the coordination number of the FCC lattice structure. Therefore, we can conclude
that the initial crystalline or amorphous structure did not affect significantly the final FCC structure
of the 6 nm nanoparticle at 300 K.

Conclusions

Modeling and simulation study have been performed by means of EAM-MD method in order
to investigate the effects of particle size (in 2-6 nm particle size range) and temperature (300-1900
K) on stability and local structural evolutions of equatomic FeNiz amorphous bulk/nanoalloys at
liquid and amorphous solid state. FeNis nanosystem was modeled by assuming that, systems with
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more than 100 atoms have the same crystal structure as their bulk counterpart. The results of
theoretical predictions can be summarized as follows:

1. The three dimensional (3D) atomic configuration of FeNiz NPs by means of VVoronoi analysis
reveals that, amorphous nanoparticle with 2 nm diameter conserved its amorphous structure during
the cooling process from 1700 K to 300 K. The vast majority of the VVoronoi tessellation of the 2 nm
amorphous nanoparticle belonged to <0,0,12,0> polyhedron which showed that the fully icosahedral
structure and its deformed forms (<0,1,10,2>, <0,2,8,2>) covered the 2 nm nanoparticle. The other
<0,2,8,1> and <0,3,6,1> polyhedral structures correspond to deformed trigonal prism were also
observed in both liquid and solid phase of the 2 nm amorphous nanoparticle. The main polyhedrons
like <0,5,6,2>, <0,6,4,2>, and <0,5,6,1> were found initially amorphous solid nanoparticles having 4
nm diameter. On the other hand, <0,4,6,3> polyhedron structure was observed in both the liquid and
the solid phase of the 4 nm amorphous nanoparticle. In Fe-centered VVoronoi polyhedra of the 6 nm
nanoparticles, it has been observed that all of the local atomic configurations in solid phase were
completely different from the liquid phase. Furthermore, most of the polyhedrons in the solid phase
were common with the polyhedral shapes of the initially crystalline nanoparticle owing 6 nm diameter
in solid phase, such as <0,6,4,2>, <0,5,6,2>, <0,7,4,1>, <0,7,4,2> and <0,5,6,1>. The truncated
octahedron is one of the most stable FCC structure because of having the minimum energy for larger
nanoparticles and 6 nm amorphous nanoparticle generally transformed to the FCC crystalline lattice
structure at 300 K.

2. At high temperatures, there was an absence of an order for all initially amorphous
nanoparticles. RDF graphs of the 2 nm nanoparticles reveal that an amorphous structure was
preserved during the cooling process even at 300 K. On the other hand, for nanoparticles with 4 nm
and 6 nm diameter, there was a transition from amorphous phase to the crystal structure at lower
temperatures and at 300 K the complete crystalline structure was obtained in 6 nm nanoparticle with
3.5 A lattice constant. Although at 300 K, the lattice parameter of both 6 nm and 4 nm nanoparticles
reached to 3.5 A value, the variation in lattice constant of the nanoparticle with 4 nm diameter was
higher than for 6 nm diameter because of the size effect on the lattice parameter.

3. Structural analysis on the base of core-to-surface concentration profiles indicated that, the
random mixed atomic patterns of the 2 nm amorphous nanoparticle were preserved as the temperature
decreased. However, Fe atoms diffused from the core to surface, and the initial Fe atomic positions
at the core side started to be filled with Ni atoms at lower temperatures. At the end of cooling process,
Fe atoms located at the surface, but Ni atoms spread throughout the particle. During the cooling
process of the 4 nm amorphous NP, the melted Fe atoms stayed at the surface and Ni atoms diffused
towards the inside of NP. For the 4 nm nanoparticle, it has been observed that the irregular shape of
the particles transformed the spherical shape at the onset of the melting; afterward, they reached to a
more stable sharp sphere. Although Ni atoms dominated the core and most of the Fe atoms were
located at the surface, the random mixed pattern in the intermediate shell preserved at 300 K for 6 nm
amorphous NP. Mainly mixed pattern of Fe and Ni atoms obtained at the end of the cooling process,
but Ni atoms still dominated the core and melted Fe atoms stayed at the surface, similar to the 4 nm
nanoparticle.

4. The coordination number (CN) of the amorphous 2 nm particle continuously increased as the
temperature approached 300 K, even though it preserved its amorphous structure during the cooling
process. On the other hand, the coordination number of the amorphous nanoparticle with 4 nm
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diameter reached its maximum value at 1300 K probably because of the sublimation. Then, it stayed
at balance around 11 that is very close value with the completely crystalline 4 nm nanoparticle (10.9).
The 6 nm amorphous nanoparticle exhibited a similar trend with the 4 nm nanoparticle, but the
coordination number of the 6 nm amorphous nanoparticle reached to 11.2 which is the same
coordination value of the initially crystalline 6 nm nanoparticle. This means the initially amorphous
nanoparticle with 6 nm diameter completed its crystalline transformation by obtaining same CN value
with the initially crystalline nanoparticle.
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Abstract: The method of decomposition is a useful method for function generation with multi-loop
mechanisms. The recently introduced correction methods applied together with the method of decomposition
allows the designer to cancel out the errors in the first loop of a two-loop mechanism with the errors in the
second loop. In this study, the decomposition and correction method is applied for a Watt 11 type planar six-
link mechanism with prismatic output. Five design parameters are defined for each loop resulting in ten design
parameters in total. The design parameters are determined analytically. The generation error is decreased by
adjusting free parameters such as the limits of the some joint angles and parameters due to the decomposition
of the function to be generated, while considering several constraints such as link lengths ratios and ranges of
the joint variables. The success of the method is illustrated with a numerical example.

Keywords: Function generation, decomposition and correction method, planar Watt 11 mechanism with
prismatic output.

Introduction.

Recently Kiper et al. [1] have introduced a new kinematic synthesis method for function
generating multi-loop mechanisms based on decomposition and correction methods. For a two-loop
mechanism, the decomposition method decomposes a function y = f(x) into two asw = g(x) and y =
h(w) = h(g(x)) = f(x) [2]. The loops of a two-loop mechanism are to be used to generate the
decomposed functions w = g(x) and y = h(w). In general for mechanisms with more than two
successive loops, the function to be generated, y = f(x), may be decomposed into as many functions
as the number of loops. The three different correction methods introduced in [1] aim neutralizing the
generation error of the first loop by matching the errors due to the second loop. The correction method
can be generalized for mechanisms with more than two loops as well. Kiper et al. compare their
methods with other function generation methods in the literature [3, 4] and demonstrate the
superiority of their methods for generation with less errors.

In [1], a Watt Il type planar six-link mechanism with revolute joints only is used for an
application of the decomposition and correction methods. Via numerical examples it is demonstrated
that in general correction methods #2 and #3 provide superior results compared to correction method
#1. Correction method #3 requires making use of the derivative of the loop closure equations and
hence it is a relatively more complex method to apply. Therefore we choose to use correction method
#2 in this study to formulize the function generation of a Watt Il type planar six-link mechanism
which comprises six revolute joints and a prismatic joint. The prismatic joint is the output of the
mechanism. Such mechanisms are quite common in applications, where the first loop is a crank-
rocker type four-bar loop and the second loop is a slider-crank loop. Some deep drawing, blanking
and knuckle-joint presses comprise such mechanisms. It is not a straightforward task to formulize the
design of such mechanisms as a function generation synthesis problem and such formulizations are

20


http://dx.doi.org/10.61413/SVMW4749

Gokhan KIPER
Function generation of a Watt 11 type planar mechanism with prismatic output using decomposition
and correction method

kept out of scope of this paper.

The paper is organized as follows: The description of the Watt Il type six-link planar
mechanism with prismatic output and the formulation for function generation is presented in Section
2. The correction method is explained in Section 3. A numerical example is given in Sections 4.
Section 5 concludes the paper.

The Mechanism and Function Generation Problem Definition. The Watt Il type planar six-
link mechanism in this study is comprises two ternary and four binary links connected to each other
by six revolute joints and a prismatic joint (Fig. 1). The 1/O equation of a four-bar mechanism is not
affected by the scale of the mechanism, and the four-bar loop AcABBo can be scaled independent
from the slider-crank loop BoCD, so we assume |AoBo| = 1. Once the synthesis task is done, the
designer can scale the four-bar loop AcABBo with any desired scale ratio.

¢
\ "\ e D\\"‘-
A '} 4
CEJ\;E’ ] * } * * ’ X
‘ g

Figure 1. Kinematic diagram of a Watt Il mechanism

The origin of the coordinate frame is at Ao and the x-axis is along AoBo. The link lengths of
the mechanism for design are |AcA| = a, |AB| = b, |BoB| = ¢, TBBoC = a, |BoC| = d, |CD| = e and the
distance of point D to the x-axis is f. In Fig. 1, it is assumed that the slider displacement direction is
along the x-axis, i.e. along AoBo. In general there might be a constant angle, say 3, between the x-
axis and the sliding direction of D. However, notice that the effect of the constant angles o and B to
the 1/0 equation of the slider-crank loop is cumulative, therefore without loss of generality one may
assume 3 =0 as in Fig. 1. If the designer wishes to have a nonzero  after the synthesis computations
are performed, it is possible to select and arbitrary angle p and modify angle TBBoC as o. — B instead
of a..

The input of the mechanism is angle ¢ and the output is the distance q. Angle y is an
intermediate variable to be used as the output of the four-bar loop and at the same time, the input of
the slider-crank loop. In general the input angle can be measured from an inclined reference axis
which makes an angle ¢* with the x-axis. ¢* can be used as a design parameters along with the link
lengths. Similarly, angle y may be measured from a reference axis which makes an angle y* with the
x-axis. Also, the distance g may be measured from a constant distance g* measured from Bo, which
can be used as a design parameter.

y = f(x) is to be generated for Xo < x < xf using the six-link mechanism. The function y = f(x)
is decomposed into two as w = g(x) and y = h(w) = h(g(x)) = f(x). The intermediate function g(*) can
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be selected arbitrarily. Initial and final values of w and y are computed as wo = g(Xo), Ws = g(Xs), Yo =
f(xo0) and yr = f(xr). Let AX = X¢— Xo, AW = W —Wo and Ay = y¢— Yo. The function variables x, w, y are
related with the mechanism variables ¢, v, g linearly as follows:

Ad AX Ay Aw Aq Ay
where ¢o < ¢ < df, Yo <y <1, qo < q < grand Ad = ¢r — do, Ay = v — Y0, AQ = Q¢ — qo. The limits
of the mechanism variables can be chosen arbitrarily. For given desired values of the function
variables x, w, y, the corresponding mechanism variables ¢, y, g can be determined from Eq. (1) as:
Ad

_Ab _ Ay
¢_AX(X Xo)+¢o ' Y_AW(

¢_¢0=X_Xo Y—YOZW—WO q_qo:y_yo (1)

A
W_Wo)"'yo ' \V:A_\)I//(y_yo)"‘\ljo )

Eq. (2) is used for determining the precision points for the interpolation approximation method.
Conversely, x, w, y can be determined in terms of ¢, y and q as.

AX AW A
X:A_¢(¢_¢o)+xo 1 WzA_y(Y_Yo)"'Wo ) y:A_Z(q_qo)"'yo (3)
Eq. (3) is used after the synthesis procedure for checking the error between the desired y(x) and

the generated y(q).

Formulation of the Design Equations and the Correction Method.

In (Kiper et al., 2017), three correction methods are presented for function generation with two-
loop mechanisms. Correction method #1 assumes zero variable references f*, g*, g*, etc., whereas
correction method #2 assumes nonzero variable references. The precision points (points of zero error)
for both loops are chosen to be common in these two correction methods. In correction method #3, the
synthesis procedure for the first loop is the same as the other methods; however instead of equating the
precision points of the two loops, the points which correspond to the extrema of the error in the first
loop are used for the second loop. It is possible to use all three correction methods for the mechanism
in Fig. 1, but for brevity only one correction method is used in this paper. As explained in Section 1,
only correction method #2 is used in this paper.

The 1/0 equation for the four-bar loop AcABBo reads

‘E‘ = ‘A—OB—Q‘ =b?=(1+ cc(y+y*)—ac(<|>+<l>*))2 +(cs(y+y*)—as(<|>+<|)*))2

:>_1+a2 —b?+¢? N ac¢*c¢—as¢*s¢+ aC(¢*—y*)C(y_¢)+ aS((I)*—Y*)S

—-¢)+ty*sy=c
2ccy™* ccy* cey* cy* cy* (Y (I)) U

(4)

where c, s and t are short for cosine, sine and tangent, respectively. Eq. (4) can be written in
polynomial form for five precision points as

ZGZijj(xi)—F(xi)=o fori=1,..,5 (5)
j=L
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2 12, 2 > % ok *_ Kk
where xi = {f;. g}, F)1:_1+a b™+c” P2=aC¢ | P3=ﬂ, F)4:ac:(q> Y ), P5=as(¢ v*)
2cey™ cey* cey* cy* cy*
P =ty*, fl(xi):]-v fZ(Xi)zcd)ia f3(xi)=_s¢ia f4(xi):C(Yi_¢i)a fs(xi)zs(yi_(bi)a fe(xi):SYi

and F(xi):cyi. There are five design parameters (a, b, ¢, f* and g*) in Eq. (5), so there should be

five precision points: X1, X2, X3, X4 and xs. However there are six Pj’s, hence they cannot be

independent of each other. Indeed, P4(P3 — P2Ps) = P5(P2 + P3Ps). The problem can be linearized by

using a Lagrange’s variable 1. Let Ps = | and Pj = m; + njl for j = 1, 2, 3, 4, 5. Substituting into Eq. (5)

m, +nA+(m, +n,1)ch, —(m, +nd)sd, +(m, +n,A)c(y, — o, )+(ms +nh)s(y, —d, ) =cy, —Asy,

m, +nAk+(m, +n,1)ch, —(M, +nd)sd, +(m, +n,1)c(y, -, )+(ms+nd)s(y, —d,)=cy, —Asy,

m, +nk+(m, +n,L)ch; —(M; +nA)sh;, +(m, +n,L)C(vs =y )+ (Mg +nA)s(y;— ;) =Cy; —Asy,  (6)
_(ms + nsx)3¢4 "’(m4 t n4}‘)C(Y4 _¢4)+(m5 t nsx)s(h _¢4) =Cy, —ASY,

m, +n A +(m, +n,1)Chs —(M; +ngA)shs + (M, +n,A)c(vs —ds )+ (Mg +ngh)s(vs —ds ) = Cys —ASYs

m, +nA+(m, +n,1)co,

In order for Egs. (6) to be satisfied for an arbitrary A, the coefficients of A and the rest of each
equation should be equal to zero. In matrix form:

1 C¢1 _Sq)l C(Vl_d)l) S(Yl_(l)l)__ml Cy, _1 C¢1 _S¢1 C(Vl_q)l) S(Yl_d)l)__nl __SY1_
1 C¢2 _S¢2 C('Yz_d)z) S(Yz_d)z) m, Cy, 1 C¢2 _5‘1)2 C(Yz_q)z) S(Yz_q)z) n, —SY, 7
1 C¢3 _S¢3 C(Ys_d)s) S(Ys_d)s) m; |=| Cys and |1 C¢3 _Sq)s C(Ys_q)s) S(Y3_¢3) N, (=) —Sy; ()
1 cd, —so, C(Y4_¢4) S(Y4_¢4) m, Cy, 1 cd, —so, C(V4_¢4) S(Y4_¢4) n, —SY,
_1 Ch; —Sdy C(Y5_¢5) S(Y5_¢5)__m5_ | CY5 | _l Chs —Sts C(Ys_d)s) S(V5_¢5)__n5_ | —SYs |
m1, M2, M3, M4, Ms, N1, N2, N3, N4 and ns are solved from Egs.

Ommoka! Ucrounuk ccbliiky He HaiigeH. by matrix inversion. A is solved from P4(Ps — P2Ps) =
Ps(P2 + P3Pe):
P, (P, =P,Py ) =Py (P, + PPy ) = (M, +n,A) [y +nh = (m, +n,0) |—(mg +ngdk)[m,+nh+2(my+n) [=0

8

=0

N (g +n,n,)A% +[ men, +m,n, +n, (m, +n,)+n, (m, —ng)]xz}

+[m5(m3+n2)+m2n5 +m,(m, —n3)—m3n4]k+m2m5—m3m4

4
Sy

Figure 2. Error curves for the loops (61 and &) and function output (&)

Eq. Ommoka! Mcrounnk cchbUIKU He HaijeH. IS a cubic equation in A and can be solved
analytically. Either there are one real and two imaginary solutions or three real solutions. In case of
multiple solutions either solution can be used. Then, Pj = m; + njA are determined forj =1, 2, 3, 4, 5.
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. . _ P,cy*
Finally, the design parameters are computed as y*=tan'P,, ¢*:atan2(P2,P3), a:c(q:*—y*)'
-Y
_ac* B T 2 " " el . : . .
cC= oy and b—\/1+a +C°+2ccy*P, . y*=tan" P, +m is also possible. Once y* value is selected,
2LY

¢*, a, ¢ and b are uniquely determined in terms of the P;’s, provided that b is real. a or ¢ may be
negative, in which case the limits of ¢ or y should be increased by n. The resulting error variation is
zero, that IS 81 = Wesired — Wgenerated1 = 0, at least at five precision points (X1, X2, X3, X4 and xs) if there
is no branching problem, i.e. if 5, = 0 at all precision points in the same assembly mode of the loop.
The variation of the error curve &; with respect to the function input x looks like the curve in Fig. 2.

In order to be able to compare the errors due to both loops, we assume that the outputs of both
the four-bar and the slider-crank loops are link BBoC and the output variable is y. Hence we assume
that slider displacement g is the input of the slider-crank loop and hence ¢ is known as a linear function
of the desired y values. The resulting y as the output of the loop, and hence w values are obtained
from the 1/0 equation of the slider-crank loop. Let 82 = Waesired — Wgenerated2 @S the error for given
Yaesired(X) and the corresponding linearly related q values. For the dimensional synthesis of the slider-
crank loop, the same precision points as the four-bar loop are used and &, and & are forced to be
approximately equal by changing the free variables such as the angle limits ¢o, ¢f, yo, yr. Changing
linear variable limits qo, gr only affects the scale of the slider-crank loop, but has not effect on the
amount of the generation error. The 1/O equation for the slider-crank loop is given by

‘@‘: B,D-B,C|=¢? :[q*+q—dc(y+y*—oc)]2+[ds(y+y*—(x)—f]2
=¥ +d* e’ +f°+20*q+9° —2d (q*+q)c(y +y*—a)—2dfs(y +y*—a) =0 (7)
g +d* —e® +f? q*

2 t *_
= 2dc(y*-a) +dC(y*—0t)q+2dC(y*—a)q +H(yr-a)asy

ot (- o)~ f Jsy=[qr+ ft (- o) Joy

=qCy

Eq. (7) can be written in polynomial form Eq. (5) for five precision points where X; = {yi, g},

q*° +d* —e* +f? q* 1
= P = P - @ P :t * _ P — *t *_ —f
! 2dC(y*—oL) P2 dC(y*—oc) v ch(y*_a) v T4 (Y 0‘)’ s =( (Y OC) ,

Po=a*+ft(v*—a), f,(x)=1, f,(x)=0;, fo(x)=07, f,(x)=asy, f,(x)=sv, fs(x;)=-cy,
and F(x;)=q;cy,. The five precision points are selected as a function of yi, hence as a function of xi

fori=1, ..., 5, where x; are the precision points used for the four-bar loop. There are six P;’s in terms
of five design parameters: o, d, e, f and g*. Pj’s are interrelated as P, (1+ P42)—2P3(P4P5 +P;)=0.

Let P4=X and Pj=m;+njA for j =1, 2, 3, 5, 6. Substituting into Eq. (7):
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m, + N4 +(m, +n,1)q, +(m, +n,3)a,” +(mg +ngd)sy, — (Mg +ngh)cy, =q,cy, —Aq,sy,
m, + N4 +(m, +n,1)q, + (M, +n,3)0,” + (Mg + 0 ) sy, — (Mg +ngd)cy, =0,Cy, —AQ,SY,
M, + A+ (M, +n,4) 0, +(M, + 0,4 ) 0,7 + (Mg +NgA ) Sy, — (Mg +Nek) ey, = 0,67, — A0Sy, (8)
m, +nA+(m, +n,1)q, +(m, +n,3)q,” +(m, +n)sy, —(mg +ngd)cy, =9,cy, —AQ,sy,
m, + A+ (M, +N0,4) 0 + (M, + N3 ) 0 + (Mg + N ) Sy — (Mg +NgA ) Cys = sCys — AQLSY,
Separating the coefficients of A and the rest of each equation in Egs. (8) and writing in mat-rix
form:

2 2

1 a9 9° sy —Cy | m I 0.0, | 1 a9, 9° sy ¢y || I —0:5Y, |
1a, g° sy, —cy,||m, 0,Cv, 1.9, 9 sy, —Cy, ||n, —0257;
1 q, q32 Sy; —Cys || M3 [=]0sCy; [and |1 g, %2 SY; —Cys || Na [=| —Us8Y5 [(9)
1q, (:]42 Sy, —Cy, || Ms q,Cv, 1 q, q42 SYs —Cy4 || Ns —q,5v,

_1 0s q52 SYs _CY5_ _me_ _qSCYS_ _1 s q52 SYs _CY5_ _ne_ __qssys_

After mg, mz, M4, Ms, Mg, N1, N2, N4, Ns and ne are solved from Egs. (9) by matrix inversion, A is
determined using P, (1+ P2 ) ~2P,(P,P,+P,)=0:

(M, +nA) (LA )=2(m, +n k) (M +ngh)+ Mg +ne) =0 )
=(n,—2n,n )A° +[m2 —2(myng+n,(m, +n6))]7\2 J{nz =2(nym,+m,(m; +n6))JX+ m,—2m,m, =0

Eqg. (10) can be analytically solved and results in either one or three real solutions for A. Once
A is determined or selected, Pz = A and P; = m; + njA are determined for j =1, 2, 4, 5, 6. Finally the

design parameters are solved as o=y*—tan'P, or a=y*-tan'P, +m, dzl/(Zc(y*—oc)Ps),

q*=P,/(2P,), f=q*P,—P, and e=/q** +d? +f>—P,/P, . o is selected so that d is positive. e, f

and g* are determined uniquely provided that e is real.

Representative 81 and &2 variations versus the function input x are illustrated in Fig. 2. As a
result of the whole design process, the g output values of the 6-link mechanism result in corresponding
Yoenerated Values as the output of the generated function. For given function input x, and hence
corresponding mechanism input angle ¢, the error variance 8y = Ydesired — Ygenerated IS alS0 depicted in
Fig. 2. Definitely oy = 0 at the precision points X1, X2 and xs. There may be other points where &y =0
whenever 8; curve intersects oz, such as x* in Fig. 2.

The closer 61 and &, curves, the lower are the &y values. In order to obtain lower dy error values
the designer can adjust several freely selected parameters such as the limits ¢o, ¢, Yo, yf Of the input
joint variable ¢ and intermediate joint variable y of the mechanism. Also, it is possible to adjust the
intermediate function g(-) for most of the functions. When a software such as Microsoft Excel® is
used for the computations, the designer can make use of spin buttons for varying the limits of the ¢,
v and g and, if available, the intermediate function parameter(s) for g(-). By continuously changing
the free parameters, the designer can immediately see the tendency of change in the error variations
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d1, 62 and dy. At the same time, it is possible to monitor a proper norm of the error, such as the
maximum error |dyjmax Or rms error of 8y and minimize it. Meanwhile, certain design considerations
such as maximum link length to minimum link length ratio, transmission angles, etc. can be
monitored.

Numerical Example

The formulations in Section 3 are implemented in Excel and a design environment is
constructed which can be used for any arbitrary function. For the example in Fig. 3, the function to
be generated is y = x? for 1 < x < 5. The intermediate function is g(x) = x¥, where k is an adjustment
parameter for the designer. The synthesis computations described in Section 3 are implemented in the
Loopl and Loop?2 sheets. In the sheet shown in Fig. 3 the designer can adjust the joint variable limits
do, df, Yo, Y5, o, g With spin buttons; the configuration of the loops (configl and config2); and select
the Lagrange variable values A1 and A> for the two loops — each out of three possible solutions from
their respective cubic equations. By these adjustments, error variation curves 81, &2 and oy are
monitored simultaneously. Also the maximum error |dy|max and the ratio of the longest link (better less
than 10) to the shortest link is monitored. Also the joint variable ranges A¢ and Ay should not be too
small (better more than 20°). Also the mechanism is drawn and its motion can be simulated with a
spin button. A good result is obtained usually in less than in hour — in less time than running any
numerical optimization algorithm.

A B C D E F G H 1 J K L M N 0 p Q
1 configl 1 toon: dun=bo 4|41 90 t=re L] 90 guama; <2 ] 0 X Y
2 config2 1 | Loop2 Oma=Ps [ v | OTmacts 4| ] 66 Amax=0s _¢|» | 1 Ay 0 0
3 -1 &ink Loop 1: Loop 2: Selection of the L's: A -0,30103 -0,36042
4 hy 1%, e 1 T3 B -1,48751  1,9378
5 k 1,1 4| » Checkl Checkl cn “2 n Be 1,23777 0
6 Xmin=X 1 Wrin=Wo 1 Ymin=Yo 1|Check2 Check2 1] T3 a3 C -0,84011 2,15595
7 Xmax=Xs 5 Wma=Ws | 587308 Ymax=Vs 25|Maximum Error:  0,00026 s D -2,01513 1,25084
8 Link length ratio: 7,12097 ‘ - ‘ ‘ N
9 Loopl  Loop2 Scaled: J\ r L= b 4 ¥ 0
10 Py -3,8118  11,7469|ABg 1 1,23777243|d 2,99428 & Iy N v 0,9662
11 |P; -0,45484 -3,78221|a 0,37939  0,4695968|e 1,4832 : | g 0,99999
12 Py -0,54457  0,44466|b 2,08957 2,58641351|f 1,25084 & N
13 Py -1,68533  2,46799|c 2,70161 3,34398287|a 0,18574 10,6419 . B PR A P A I
14 |Ps 0,91331 -11,7469|d= 4,01654 230,130629|q* -4,25289 0
15 |Ps 4,95262 -1,16582y* 1,37156 78,5846939
16 x Weesired ¢ Ygenerate1 Yaesires  Wgeneratea1  ©1 Qdesired 7, 2 82 q Yeenerated Ydesired Ay
17 1{ 0,0006 5
18 1,04 — 81 ---82 0,0002 ¥
19 1,08| 0,0004 , /\
20 1,12 f\ 0,0001 | /~\

0,0002
21 116 / \ D / / \/ \ / \
22 1,2 0 : : : : ) : ‘ R . / ‘ ‘ ‘
23 1,24 1 L5 \ 2«5/3 35 4 \Qé__/ B 15 225 3\ 35 af a5 |s
-0,0002 x (%) X

24 1,28 Na—=*

25 1,32 -0,0001 \
-0,0004

26 1,36

27 1,4|.0,0006 -0,0002

28 1,44

29 1,48|-0,0008 -0,0003

Loopl | Loop2 | six-link ® 4

Figure 3. Excel design sheet

After several trials, a good result for the maximum error |Syjmax = 2.6 x 10 is obtained for
|AoBo| = 1, |AcA| =a=0.379, |AB| = b = 2.090, |BoB| = ¢ = 2.702, ¢* = 230.1°, y* = 78.6°, |BoC| = d
=2.994,|CD|=e=1.483, Dy =f=1.251, o = 10.6° and g* = -4.253. The link lengths 1, a, b, c of the
four-bar loop can be scaled arbitrarily. It is observed during the computations that the slider variable
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q has no effect on the error variations. The designer can adjust Ag = g¢— o in order to scale the slider-
crank loop link lengths d, e, f. The slider direction can also be adjusted by modifying the angle o as
described in Section 2.

Conclusions

In this paper, the method of decomposition and correction is applied for a Watt Il type planar
six-link mechanism with prismatic output. An analytical method for determining five design
parameters for each loop, hence a total number of ten design parameters is presented. There are
several free design parameters, such as the limits of the input and intermediate angles of the
mechanism and the parameter or parameters that appear during the decomposition of the function to
be generated. Also there may be multiple solutions due to the solution of the nonlinear equation in
terms of Lagrange parameters. These free design parameters and options for the Lagrange parameters
gives a great amount of flexibility to the designer in order to minimize the generation error while
considering several constraints such as link lengths ratios and ranges of the joint variables. The
method presented in the paper is illustrated with a numerical example. y = x? is generated for 1 <x <
5 with a maximum error value of 2.6 x 10 for y. The generation precision is very good when
compared to the other results in the literature.
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Abstract: As is known, in world, oil production is carried out both in the sea and in oil fields on land. For the
mechanized exploitation of oil fields on land, in most cases used different type of sucker-rod pumps. The main
object of the study of the article is a hew constructive solution of the pumping unit, the novelty of which is
approved by the ownership certificates. The main factor characterizing the operation of pumping units is its
quality indicators such as metal consumption, reliability, efficiency and energy consumption. When switching
from a balanced sucker-rod pumping unit to an unbalanced the efficiency factor decreases from 0.834 to 0.65
and the operating power factor decreases from 0.605 to 0.312. In this case, power losses increase sharply not
only in transmissions, but also in energy distribution networks. If the engine is not fully loaded or is not selected
correctly, then these energy coefficients decrease even more. The selection of engine power is performed
according to the worst conditions, i.e. the cyclic mode of operation of an unbalanced pumping unit. Despite
this, it can be said that in almost all oil fields, the power of asynchronous motors is greatly exaggerated, which
causes additional losses. In article proposed expressions for determining the optimal power of the electric
motor were proposed, taking into account the efficiency factor of the balancing device during the balancing of
the proposed new constructive solution of the beamless pumping unit with a combined, movable counter
weights and rotary counter weights. This allows to prevent excess energy consumption and reduce energy
costs. Which is very important in the era of globalization, when energy prices are rising sharply.

Keywords: oil, pumping unit, efficiency, balancing, electric motor.

Introduction.

Oil extraction has important influence for the economic development of many countries,
including the Middle East, North Africa, some countries of the America and the CIS. In this regard,
the development of technologies in the oil industry is of particular importance. Today, most oil wells
are onshore and are equipped with rocking machines, also known as sucker-rod pumping unit. These
pumps are equipped with individual drives and are installed in wells, connected to the drive through
a flexible mechanical connection called a rod column [1, 2, 3].

Sucker-rod pumping unit have played a key role in oil operations since the 20th century, and
are considered the most reliable and easily accessible maintenance equipment, according to experts
[4]. These pumping systems incorporate a four-bar mechanism that converts the rotary motion of the
motor into vertical motion of the rods and consist of several independent assembly units [5].
Considering that most onshore fields are in the late production stage, characterized by a decrease in
well productivity and a decrease in crude oil prices on world markets, increasing the energy efficiency
of mechanized oil production methods becomes especially relevant. The efficiency and reliability of
these pumping systems play an important role in determining the net return on oil production while
minimizing energy costs.
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Formulation of the problem.

In many countries, the exploitation of oil wells on land is carried out directly with the help of
rod well pumps. Statistics show that about 2/3 of active wells are operated by rod well pumps. To lift
the oil from inside the well, to ensure the operation of the well pumps with a rod that is lowered into
the well, a device called sucker-rod pumping unit, which are ground equipment, is used. The rod well
pump and sucker-rod pump is the most widespread mechanized complex used in the artificial
extraction of oil, distinguished by its simple operation, high reliability, and satisfactory productivity.
Undoubtedly, the sucker-rod pumping unit is the leading point of this mechanized complex. It is the
number of trips of the suspension point of the sucker-rod pumping unit, the length of the travel path,
the power of the electric motor of the mechanical transmission, the number of transmissions, and the
structural features that determine the effective operation and economic efficiency of the well. For this
reason, in order to ensure the operation of onshore wells, serial production of pumping units with the
most diverse designs is organized in many countries of the world.

At present, beam and beamless sucker-rod pumping unit are used for the mechanization of rod

well pumps. Although in practice more beam sucker-rod pumping unit are used, these machines differ
in that the cost is high and the weight is heavy due to the high metal capacity. This factor creates
obstacles to its installation in harsh and unfavorable climatic conditions, as it causes serious
requirements to be placed on the foundation built for the installation of the device [6, 7].
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Figure 1. New constructive solution of beamless pumping unit consisting of the slider-crank
mechanism and the rope-block system:
a - side view; b - front view; c - rear view
One of the main solutions to these problems is to use beamless sucker-rod pumping units, which
dispense with the balancer and balancer head, which make up most of the pumping units metal
capacity. At the same time, it should be specially noted that, in comparison with beam pumping units,
the regularities of movement of the rods suspension point and the dynamic forces affecting its
construction in beamless pumping units are significantly different in a positive sense [8, 9]. Taking
into account the above mentioned, at the department of “Mechatronics and machine design” of the
Azerbaijan Technical University has lower metal capacity, compact overall dimensions, the regularity
of movement of the suspension point is closer to the harmonic law, high reliability and low energy
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consumption, the originality of the construction is approved by Eurasian Patent Organization [10] and
the Intellectual Property Agency of the Republic of Azerbaijan [11] the construction of a new beam-
less sucker-rod pumping unit consisting of a rope-block and crank-slide converter mechanism has
been developed .

At Figure 1 shown the overview of the new constructive solution of the sucker-rod pumping
unit [12]. The new constructive solution of the sucker-rod pumping unit consist from frame (1), three-
phase short-circuited asynchronous motor (2), V-belt drive (3), rigidly connected two-flow three-
stage reducer (4), on the drive shaft of which on one side mounted double-shaped brake (5) and on
the other side V-belt pulley (6), and on the driven shaft of its installed two cranks (7); guide blocks
(8, 9), ropes (10) connected to the rods suspension point (11). The converting mechanism, which
consists of two slider-crank linkage (12), converts the rotational motion of the crank into the upstroke
and downstroke movement of the rod suspension point. The mechanical transmission has
counterweights whose weight can be adjusted (14), located on a movable cross beam (13), which is
connected with hinge joint to the connecting-rod.

The guide blocks are surrounded by a flexible rope, one end of which is connected to the
movable beam, and the other end is connected to the rods suspension point. In addition, the
mechanical drive has a guide system consisting of two vertically located cylindrical tubes (15) and
the movable beam. The mechanical transmission has articulated front (18) and rear (19) arms, which
can be adjusted by using (16,17) screw tensioners, a fixed cross beam (20) rigidly connected to the
guide tubes. The screw tensioner (21) is connected to the frame of the construction, as well as to the
joints with the front and rear arms.

The converting mechanism is used on the pumping unit to ensure the upstroke and downstroke
movement of the rods column. Currently, the four-link hinged slider-crank linkage mechanism is used
in the converting mechanisms of the pinches. It is known that the purpose of kinematic analysis of
each hinged mechanism is to determine the displacement, velocity and acceleration of its
corresponding points [13, 14, 15].

The operation of sucker-rod pumping units meeting the set requirements under the given
conditions is characterized by its quality indicators. The main quality indicators of modern sucker-
rod pumps include the efficiency of the mechanical system that makes up it, as well as the energy
consumption of its engine. These two quality indicators, which are closely related to each other, are
the main factors that determine both productivity and economic efficiency of the sucker-rod pump
[16].

At present, when determining the useful work coefficient of the mechanical transmission of
the rod well pump, expressions built on the “sequential” scheme are used. At this time, it is assumed
that the transfer of energy is carried out in one direction. The transmitted power is determined based
on the power of the driving engine. In this case, the total losses are defined as the sum of the energy
losses in each element of the transmission. The total useful work coefficient is determined as the
product of the useful work coefficients of the separate pairs that make up the transmission [17].

As is known, the useful work coefficient of the mechanical transmission of the rod well pump
depends on the ratio of the good work done during the cyclic movement of the rod column to the total
work spent by the engine of the transmission. Let's consider the process of transferring energy from
individual blocks to each other according to the adopted structural scheme [18, 19].

Some work must be done to raise the rods column between the actuator and the balancing device
of a pumping unit equipped with a balanced device. During the upward movement of the rods column,
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this energy is transferred from the balancing device to the actuator device, and during its downward
movement from the actuator device to the balancing device [20, 21].

Successful competition in the market economy is possible only if the costs incurred in the
production of the product are minimal. For the case studied, it is related to the cost of electricity
during oil production through sucker-rod pumping unit. Recently, technological operations requiring
additional energy costs have been applied due to the decrease in the flow rate of the wells, which
leads to an increase in the cost of each ton of extracted oil. In this regard, one of the important issues
is finding ways to apply energy saving techniques and technologies.

Oil treatment Oil pumping
3% 3% __Water pumping
2%

Water injection
25%

Production

67%

Figure 2. The structure of electricity costs for the whole complex of technological processes of oil production

According to statistical studies, a large part of the structure of electricity costs is spent on oil
production (Figure 2). These costs are specific for each operated field, and are mainly determined by
the dynamic level of wells producing oil and the structure of the pumping equipment fleet being
operated.

Solution of the problem

The main energy in the electrical supply systems of the pumping units is consumed in the
engine of the transmission mechanism. Asynchronous motors with a short-circuited rotor with a high
starting torque with a maximum voltage of 380V, a power of 1.5...55 kW are used in the transmission
of the sucker-rod pumps [22]. The synchronous rotation frequency of the electric motors used in the
transmissions of these looms is 500, 750, 1000 and 1500 min™, the ratio of the starting torque to the
nominal torque M,/M_ =1.8..1.9 and the ratio of the maximum torque to the nominal torque

M, /M, =2.1...2.8 are within the limit.

Asynchronous motors work with a small operating rate. Because the required starting torque
of the electric motor of the looms is 5...6 times higher than the torque in the fixed mode. Engine
loading does not exceed 40%. Usually, these engines have small power factor cose and efficiency.

The value of the power coefficient (cose) for asynchronous motors is 0.55...0.64, and it
depends on both the shape coefficient of the load curve K, and the power of the motor.
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The operating mode of electric motors is long-term under a cyclically changing load.
Therefore, to determine the power of an electric motor, it is enough to study one of its working cycles.
In this case, one of the methods of equivalent torque, equivalent power, or equivalent current is used.

The equivalent or effective power P, of the electric motor is determined by the following

expression

o Pt + P2, +..+ Pt )

eff —
L+t + 4+t

where t, t,— interval times; P, P,- is the average value of the power in the interval.

According to the expression proposed by B.M. Plyush, the effective power is determined by
the following expression

Pff = (kl + kZGquuidS )L (2)

€l
mex

where G, - is the weight of the liquid column on the plunger; S - travel of the rods suspension
point; N - the number of swings per minute of the rods suspension point; 77, - efficiency factor of
the transmission mechanism of the sucker-rod pumping unit; k, - is a constructive coefficient,
depends on the type of pumping unit; K, -is the calculation coefficient.

The effective power of the engine is also determined by another expression:
P, =17-k,-k,-d*-H-S-n-107 +P, (3)

e

k
where K, - the relative form factor of the torque loading curve on the motor shaft; k, = 1—1f1; K, - the

correction factor that takes into account the deformation of rods and pipes; H - pump-setting depth;
P, - constant losses on the pumping unit.

Calculating the losses in the electric motor of the pumping unit is complicated because the
load changes periodically in each oscillation cycle. Therefore, within this cycle, all the parameters of
the electric motor, as well as the efficiency factor and the power factor, change. The graph of the

change of the active power consumed by the electric motor during one cycle is shown in figure 3 [23].

P, kW1
The upstroke of the rods suspension point = The downstroke of the rods suspension point

4 6 8 10

Figure 3. The graph of the change of the active power consumed by the electric motor of the pumping unit
during one cycle
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Even in ideally balanced pumping unit, the engine load schedule is uneven. For this reason,
both efficiency factor and cosg of the asynchronous motor decrease in the direction opposite to the

value corresponding to the constant load. At this time, the engine's efficiency factor drops below the
nominal value even when the nominal and mean square powers (P, and B,,) are equal.

When the engine works under a periodically changing load, its efficiency factor and power
factor depend on the shape coefficient K, of the loading curve. If the balancing of the pumping unit
is not enough, then the shape factor of the load curve K, increases, which causes an additional

decrease in the engine efficiency. Incomplete loading of the engine due to heating, i.e., the case of
P, < P,, further reduces its energetic characteristics.

According to the load characteristics of the given electric motor, the equivalent powers
efficiency factor 7,and power coefficient cos¢g, are determined. Then, based on these, the cyclic

values of these coefficients are determined depending on the shape factor K, of the loading curve.

The useful work coefficient of the electric motor of the transfer of the pumping unit in variable
cyclic loading is determined by the following expression:

n
Moa = = (4)
‘ Men +(1_77en )Kf

there 7,, - Energy conversion efficiency, corresponding to the mean square electric power of the

engine; is the shape factor of the loading curve.
The shape factor K of the loading curve is equal to the ratio of the mean square power P, to

the mean power P, during one cycle

1%,
[Pt
P T
Kf _msq _ 0 (5)

P 17
" =(pPd
T! t

where P - is the power generated by the engine during time t; T - is the time of change of the load in
one cycle, or the time of one complete cycle of the elbow of the pendulum machine.

If the balancing of the sucker-rod pumps is insufficient K, >4 and if it is underloaded
(K
issues during the operation of the sucker-rod pumping unit is to ensure the balancing of the engine
load schedule and the correct selection of its power.

The graphs of the change of the energy conversion efficiency (7) and the power factor (COSqo)
on the motor shaft are called the operating characteristics of the pumping unit engine. The average
values of the parameters during a cycle are called cyclic energy conversion efficiency (7,,) and cyclic

< 0.3) it causes a sharp increase in the loss of electrical energy. Therefore, one of the important

load

power factor cosg,.
The operating power factor in cyclic loading is determined by the following expression:

cos D5 = cos Den L% —Men + 1} (6)

f
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where cos ¢, - is the coefficient corresponding to the root mean square power at constant loading.
When switching from a balanced sucker-rod pumping unit to an unbalanced when the engine is
fully utilized due to heat, the energy conversion efficiency decreases from 0.834 to 0.65 and COS @,

decreases from 0.605 to 0.312. In this case, power losses increase sharply not only in transmissions,
but also in energy distribution networks. If the engine is not fully loaded or is not selected correctly,
then these energy coefficients decrease even more.

The selection of engine power is performed according to the worst conditions, i.e. the cyclic
mode of operation of an unbalanced pumping unit. For this case, the shape coefficient of the loading
graph corresponds to K, =3.94.

Despite this, it can be said that in almost all oil fields, the power of asynchronous motors is
greatly exaggerated, which causes additional losses.

The power consumed by the electric motor, that is, the power of the mechanical transmission of
the rod well pump as a whole, depends on the efficiency factor in cyclic loading:

Peff
P = (7)
s
The efficiency factor of the electric motor of the transfer of the sucker-rod pumping unit in

variable cyclic loading is determined by the following expression:
P
=—m 8
Ths P +AP (8)

where P, - the mean power on the engine shaft during one cycle during; AP - is the average value

of power loss in the engine during one cycle.

As mentioned, the energy efficiency of the electrical transmission is evaluated by its main
characteristics, the energy efficiency and the power factor. However, the expressions proposed for
their calculation are true when the work process does not change depending on time.

If the load changes significantly depending on time t, then the concepts of energy loss
estimation in time period t should be used:

A=[P(tht ©)

[ S———

and
AA= [ AP(tht (10)

Cyclic energy efficiency is used as the main energy indicator during the cyclic operation of
the mechanical transmission of the rod well pump in the time period t,
tts
A [Pty
77IS = A + SAA = tts 0 tts (11)
S [P(tdt+ [AP(tdt
0

0

there A, and AA, are the usable power and power loss during one cycle, respectively.
Cyclic power factor
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tts

[Py (t)dt
cosg, = =0 (12)
Ao TRy ot

0

there A, and A, - active and total energy spent during one cycle; P, and P_, are the active and total

power consumed during one cycle.
The power consumed by the engine of the pumping unit consists of the good work spent on
lifting the liquid and the work spent on overcoming the power losses in the equipment.
The power consumed by the device during calculation with the specified method is determined
by the following expression
Py =P + AP + AP, + APy, + APy + AP, 5 + APsep + APy + APy, + AP (13)

there P, - the usable power used to lift the liquid from the well; AP, - power loss in pump valves;
AP, - power used to overcome mechanical friction on the rods; AP, - the power used to overcome
the hydrodynamic friction on the rods; AP,

s - the force used to overcome the friction of the plunger

in the cylinder of the pump; AP, - power loss in the elements of the sucker-rod pumping unit;
AP, - power loss in the reducer; AP, - power loss in belt transmission; AP,,, - power loss in the

electric motor; AP, - is the power loss in the control system.

However, it is difficult to use the refined method in practice. Because it is necessary to know
many parameters about the work of the pump suspended in the well, which cannot be measured and
can only be calculated with certain errors and assumptions.

As we mentioned, the engines of the sucker-rod pumps work in a very complex variable mode.
Power selection for variable loads is more complicated than power selection for steady operation. In
addition, sucker-rod pumps differ from other mechanisms in that each type of pump requires not one,
but several engines, which differ from each other based on the price of power, and in some cases,
even the frequency of rotation. This is explained by the fact that each sucker-rod pumping unit has
its own field of application.

The power of the motor that drives the well pump unit depends on many factors, first of all the
good work done to lift the fluid from the formations per unit time.

This work can be defined simply as follows:

during the upward movement of the rods column

A\;p = (Grod + Gliquid )S (13)
during the downward movement of the rods column
Adown = _Grod S (14)
effective work (useful work) on the double movemen
A= Ajp + Adown = (Grod + Gquuid )S - Grod S= GquuidS (15)

The weight of the liquid column on the plunger of a well pump is proportional to the area of
its plunger (the square of its diameter). Therefore, the power used to lift the liquid will be as follows

N = Hd2nS (16)
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If both the efficiency factor of the device (77, ) and the coefficient (7,,), which takes into

account the load characteristic of the electric motor, are known, then its power can be accurately
determined in the following way
1

1sMen

The quantity Hd*nS actually represents the hydraulic or positive force, i.e. the lifting of a liquid
of volume Q to a height H.
The useful load can be defined by the following expression

N, =0,114-10QH (18)

where Q - flowrate of well, m*/day ; H - is the lifting height of the liquid, m .

When choosing an electric motor based on the maximum value of the tangential force, it will
work in the half-load mode at small values of the efficiency factor and the power factor (cose). The
operating experience of lathes shows that if the electric motor is selected based on the average value
of the tangential force, then the motor will overheat. Because it will be overloaded most of the time.
During the incomplete charging period, it will not have time to cool down enough. Currently, various
methods and expressions are used to determine the required power of the motor of the pumping
units.

In order to rationally use the power of the engine and to create a normal thermal regime for it,
the engine is usually selected based on the mean square tangential force:

N kv — 2erv (19)
n

N =

or

Hd’nS (17)

where @ - is the angular velocity of the elbow; I - elbow radius; 77 - efficiency factor of the
depth pump; T,, - is the root mean square tangential force.

The operating experience of sucker-rod pumping units shows that the determination of
engine power by the expression (20) is convenient for wells with a relatively small depth. D.V.
Efremov's expression can be used to determine the power of the engine for wells with a large depth

N=O,0409.7r-D§,-S-n~p.g-H-[1_77”—'77’”““70]« (20)
M0 " Mind
Where Dpl - diameter of the plunger; S - travel of the rods suspension point; n - the number of

departures; p - the density of the extracted liquid; H - liquid lifting height; 7, - efficiency factor of
the depth pump; 77, , - efficiency factor of the pumping unit; 77, - pump efficiency; K - is a coefficient
that takes into account the degree of balancing of the sucker-rod pumping unit.

In connection with the application of electric motors with a rotation frequency of 1500 min in

oil fields, an empirical statement was proposed to determine the required power of the electric motor
for the transfer of pumping unit:

2
N = 0,02nd,S . 0,1Q Y. (21)
(k-@kR/03+7, 05+n,

where N - the number of movements of the balancer per minute; d - pump diameter; 77, - pump

efficiency; k - coefficient that takes into account the type of pumping unit; ¢ - the length function of

36



Beyali AHMEDOV, Isa KHALILOV, Anar HAJIYEV
Evaluation of the energy efficiency of the new type of sucker-rod pumping unit

the rods column; Q - flowrate of well, m¥day; H - liquid lifting height; i - is the nominal shift

function of the selected electric motor.
If we accept the combined balancing method of the new pumping unit that we have studied,
then the work done during one cycle, taking into account the efficiency factor of the balancing device:
during the upward movement of the rods column

Aup = (Grod +Gliquid ) Sg _Gcw 'Scw Mol _Gr ’ Sr (22)

during the downward movement of the rods column

Agoun = ~Grog - Sy + Gy .S, +G, -S, (24)
U
Since the electric motor operates in a fixed operating mode and in the nominal sliding range,
its average power can be determined as the ratio of the work done by the motor to time. Then, taking
into account the efficiency factor of engine, we can determine the forces expended during the up and
down movement of the rods suspension point as follows

N = (Grod + Gliquid)' Men - Sg _Gcw ’ Scw T _Gr ’ Sr
up
Men 'tup
L -Sg+%+6r-8r (25)
N _ Tl
down
Men 'tdown

In order to determine the power of the electric motor of the balanced pumping unit
(Nup = Ndown), let us add the right and left sides of the expression (25), then

1
N Men (tup +tdown)=( rod T Gquuid en Sg + Grod : Sg _Gcw : Sey(ﬂbl +77_j_ ZGrSr
bl
Taking into account that T =t +t,,, and efficiency factor, after a series of simplifications,

we can determine the required power of the electric motor of the transmission with the following
expression

- Mmex “ Men bl
When we use balancing with a movable counterweight according to the proposed expression

N - T |:(Grod + Gquuid )ﬂensg + Grod Sg - Gcwscw(nbl + iJ - ZGrsr} (26)

1 1
N=——|IG (G S, +G,45, —-G,,S — 27
nmex 'ﬂen T |:( rod + liquid )’7en 9 + rod“g cw cw(nbl + N ]:| ( )
And during balancing with rotary counterweight, it will be as follows
1
N = n n T [(Grod +Gliquid )’7enSg +Grong _ZGrSr] (28)

where the S, - travel of the suspension point of the bar; S, - travel of the movable
counterweight; S, travel of the rotor counterweight travel; n,, - efficiency factor balancing device;
Mmex - 1S the efficiency factor of the transmission mechanism of the pumping unit.
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Results and conclusions.
As a result of the research carried out in the article, the following main conclusions and

recommendations can be highlighted:

- one of the main shortcomings of mechanical transmissions of rod well pumps currently used
in oil production is related to their high energy efficiency, and the main solutions to the problem is
the design of new energy-saving beamless pumping units.

- the value of the equivalent or effective power of the motor of the pumping units depends on
the influence of many factors, and even in an ideally balanced device, it is impossible to completely
equalize the change in the power consumed by the electric motor during such a cycle.

- when switching from a balanced sucker-rod pumping unit to an unbalanced when the engine
is fully utilized due to heat, the efficiency factor decreases from 0.834 to 0.65 and cos¢,, decreases

from 0.605 to 0.312. In this case, power losses increase sharply not only in transmissions, but also in
energy distribution networks. If the engine is not fully loaded or is not selected correctly, then these
energy coefficients decrease even more. The selection of engine power is performed according to the
worst conditions, i.e. the cyclic mode of operation of an unbalanced pumping unit. For this case, the
shape coefficient of the loading graph corresponds to K, =3.94. Despite this, it can be said that in

almost all oil fields, the power of asynchronous motors is greatly exaggerated, which causes
additional losses.

- proposed expressions for determining the optimal power of the electric motor were proposed,
taking into account the efficiency factor of the balancing device during the balancing of the proposed
new constructive solution of the beamless pumping unit with a combined, movable counter weights
and rotary counter weights. This allows to prevent excess energy consumption and reduce energy
costs. Which is very important in the era of globalization, when energy prices are rising.
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Abstract: The typical 3-RRR planar parallel manipulator with two translations and one rotation has extensive
applications such as plane location and motion transfer. But it suffers two disadvantages. One is its analytical
direct kinematics is difficult to be got and another is not input-output motion decoupled. This paper focuses
on its topological structure optimization and resulting kinematic performance improvementt. First, the
coupling degree of this manipulator is calculated being k=1. Second, based on structure coupling-reducing
principle, its coupling-reduced manipulator with zero coupling degree is designed, which not only leads to be
easy to get its analytic direct kinematic solutions, but also makes input-output motion partially decoupled.
Moreover, based on workspace and singularity of this coupling-reduced manipulator, comprehensive
comparison of two manipulators before and after coupling-reducing showed that the main performances of
structure coupling-reduced manipulator are superior than that of the typical mechanism. The work shows that
structure coupling-reducing is effective method for optimization of topology structure.

Keywords: parallel mechanism, direct kinematics, structure coupling-reducing, performance analysis

Introduction.

3-RRR planar parallel manipulator has potential value in practical application. It not only can
be used in guiding, location and transmission of rigid body, but also can obtain more accurate motion
trajectory than general multi-bar linkages do[1].

At present, many scholars have had much more investigation for 3-RRR planar parallel

manipulator. In the aspect of the direct kinematics, the number of the maximum direct kinematics of
3-RRR manipulator is 6, which is proved by [2]. Oetomo et.al [3] set up three constraint equations
and then got one eighth degree polynomial to solution by using the elimination method.

In the way of mechanism’s performance investigation, Gosselin[4] conducted the optimization
parameter design of 3-RRR manipulator. Wu et.al [5] made comparisons on the peculiarities of statics
and dynamics between 4-RRR, 3-RRR and 2-RRR. Taking prismatic pair as actuated one, Cha et.al
[6] measured the range of 3-RRR manipulator’s nonsingular paths. Wei et.al [7] analyzed 8 kinds
topology structure of 3-RRR manipulator, and analyzed this manipulator dexterity by taking
conditioning performance of Jacobian matrix as index. The reachable workspace of the symmetric 3-
RRR parallel manipulator was analyzed by Li et.al [8]. The Dexterous workspace of 3-RRR
manipulator was obtained in [9, 10]. Gao et. al [11] systematically analyzed the relationship between
branched chains’ length and the workspace shape of 3-RRR manipulator.

Obviously, current studies on 3-RRR manipulator s focus primarily on workspace, singularity,
dexterity and stiffness performance. However, accuracy analysis and design of the manipulator are
difficult and motion control is comparatively complex, the reasons of which are that the analytical
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solutions for this manipulator are not easy to get its direct kinematics, and further the manipulator
does not possess input-output (I-O) motion decoupling.

Taking the two reasons stated above as target, this paper design firstly a novel kind of coupling-
reduced mechanism(CRM) with low coupling degree, i.e., k=0, and motion-decoupling based on the
structure coupling-reducing methodology. Not only are analytical solutions for direct kinematics
obtained but also this manipulator has I-O decoupling, which accordingly leads to the precision design,
motion planning and control of this manipulator be easy. Moreover, the workspace and singularity
are analyzed. The work shows that the comprehensive performance of CRM is better than the typical
manipulator 3-RRR. Therefore typical 3-RRR planar parallel manipulator could be replaced by the
CRM.

3-RRR PM and Its Topological Optimization Design
Typical 3-RRR planar manipulator is shown in Fig. 1. The digitals, from 1 to 7, are denoted as

different rods. The moving platform 1, an equilateral triangle, connects with the static platform 0
through three RRR branch chains. The static coordinate system o-xy and the moving coordinate
system o -x’y’ are established on the static platform 0, moving platform 1 respectively.

Figure 1. 3-RRR planar parallel mechanism
Length for each link of three branch chains are given as follows, respectively.
RuRw=11, Ri2R13=l2, Ro1R»=1,
R Ra3=ls, R31R32=I5, R32R33=4.
The side length of moving platform 1 is I3, its attitude angle y is anticlockwise direction of x
axis to x’, The input angle of three actuated pairs, Ri1, R21, R3y, IS 61, 62, 03 respectively, as shown in
the Fig.1.

A.  Coupling Degree (k) of 3-RRR Manipulator
According to the structure composition theory of parallel mechanisms based on the ordered
single-open-chain (SOC) [12], this mechanism can be decomposed into following two SOCs. The
restraint degree (A) of each SOC is listed as follows, respectively.
SOCy{~Riy ~Rip ~Ris ~Reg ~ Rep — Ray =
6
A].:Zfl - Il_ng =6—2—3=1
i=1
SOC, {_ Ro1 —Raz —Ry3 _}

3
Ay=Y fi—1,-&, =3-1-3=-1
i=1
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k of the manipulator is calculated by
12 1
k:EZ|A]|:§(|1|+|_1|):1
j=1

Here,
I; -- the number of inputs in the /" SOC;,
fi -- DOF of the i kinematic pairs,
¢ L --the number of independent equations of j™,

A;j -- constraint degree of j SOC;.

Since the coupling degree of this manipulator is £&=1, its numerical solutions of direct kinematics
could be obtained by solving a one —variable polynomial equation. That is, one virtual variable is
needed to be assigned to SOC; so that direct kinematic equation containing the variable can be
established easily. Then one-dimensional search method is utilized easily to obtain its numerical direct
solutions for this manipulator. The calculation is complicated and time-consuming, which is not
benefit for real-time controlling. It does not good for the accuracy design of this manipulator as well.

At the same time, since every output parameter (x, y, y) of moving platform 1 is related to all of
three input angles 61, 6>, and 63, the manipulator does not possess I-O motion decoupling, which is
also undesirable for path planning and motion controlling.

B.  Topological Optimization Design of the Structure
In order to improve the two disadvantages stated above, we implement an optimization design for
topological structure of this manipulator. Based on the coupling-reducing principle of mechanism
topology [13], we combine two arbitrary pairs on the movable platform, such as Ri3 and R33 in the
Fig. 1, into one multiple joint, and other conditions are not changed, which lead to a modified
manipulator shown in the Fig. 2.

Figure 2. 3-dof coupling-reducing mechanism (CRM)

For the modified manipulator, moving platform 1 has degenerated from three-joint rod to two-
joint rod, i.e., R3R23. Its topological analysis can be decomposed into following:

SOC, {~Ry; —Ri» —Rs —Rgp —Rgy -}
5
i=1
SOC,{~ Ry — Ry —Rys —R;—}

3
i=1
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13 1
Therefore, k== "|A;|=>(0[+[0p=0
257172

Kinematic Analysis of CRM

A. Direct Kinematics

The problem of the direct kinematics can be described as: with three known input angles 61, 6,
and 65, it is required to solve the attitude angle y and position (x, y) of revolute joint R3 of the moving
platform 1.

The static coordinate system o-xy is shown in Fig. 2, which is the same with it in Fig. 1. The
moving coordinate system R3-x’y’ are established on R3, y’ axis that coincides with the line R3R»3. x’
axis is perpendicular to this line. The attitude angle y of the moving platform 1 is taken from forward
direction of x” axis to x as well. The coordinates Ri1, R21, R31 are not changed such that (0,0), (/,/10),
(/3,0) , respectively. When input angles 01, 6> and 65 are given, the coordinates of joints Ri2, R22, and
R3; are easily got.

. Solve the coordinates of R3 by using the positions of Ri2 ,R32

Based on Ri2R3=1, R3:R3=l4,

{(XR3 - XR12)2 +(Yr, - VR12)2 = |22
(Xg, = Xg,, )2+ (Yr, = YRy, )2 =17
It is obtained

: 2D (1)
C A

YRg—B B Re

where
A=2(l,cosg, —Ig—l5cosby),
B=2(l;sing, —15sind;),
C=1Z-15+12 1212 -2l l5cosb;,
D=A2+B?,
E = 2I,ABsin 6, — 2I,B% cosé, —2AC ,
F =C?+IfB*-2I,BCsin 6, —13B?.
° Solve the coordinate of R»3 by using the positions of Roz, R3
Based on Ra3R3=13, R22R23=ls
(Xp, — XR23)2 +(Yr, = YRy, )2 =15
(XR,, — Xg,, )2+ (Yr,, = YRy, )2 =1§
We have
—e+q/e® —4df

2d (2)

_Cc a

YR,y = b _EXRzz

xR,y =
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Here,
a=2(xg, —lg —17c0s6,),
b=2(yg, —lo—178in6,),
R
—2l;4l; siné, — 2lgl, cosa, ,
d=a+b’,
e =2yp ab—2xg b* - 2ac,
f =c?+(xg, + Y&, —15)b* —2yg be
Then, attitude angle y is expressed as
tan y = (Yg,, =Yg, )/(XR23 —Xg,) 3)
According to Eq.(1), the position of the moving platform 1, i.e., (xR3, yR3), is confirmed by
two input angles 01, 63. It is also known from Eq. (3) that attitude angle y is confirmed by three input
angles 01, 02, and 03. Therefore, the CRM possess /I-O partial motion decoupling property.

Consequently, it is easier to conduct path planning and motion control of the CRM compared with
the typical manipulator.

B. Inverse Kinematics

The problem of the inverse kinematics analysis is described as for given attitude angle y and
position (x, y) of joint R3 of moving platform 1, it is required to solve three input angles 01, 6>, 6s.

In the moving coordinate system R3-x’y’, the coordinate of R 23is (0, /). Through the coordinate
system conversion between the static and moving coordinate one, the coordinate of R3 is

XR,, | | COSy —siny | O X —l3siny +x
Yr, | [siny cosy |l3| |y] |[lscosy+y

Based on R12R3=D, R32R3=l4, R22R>3=Is, three constraint equations can be expressed as

(XR12 —XR, 2+ (lez - yR3)2 =12 (4)
(XR22 "Ry )2 + (szz ~ YR, )2 - |§ (5)
(XR32 - XRs)z + (yR32 - yR3 )2 = IA% (6)

According to Egs.(4)~(6), the inverse kinematic for the CRM can be expressed as

2 2 2
AEVA+BI-CL =1 2.3 @)

—C

6, =2arctan
:
Here,
A =2yg s By =2xg h,
Cr=15 ~If ~ X3, ~ Y,
Ay =2yg, 7 —2l;
B, = 2xg,, 17 — 2kl ,

2 2 12 02 2 2
Cy =ls+2xg, lg*2yp lo =17 ~lg ~lio—Xg, ~ V&,, ,

A3 =2Ygl53 By =2xpl5—2lgls,
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_12 2 _12_y2 2
Cy=13+2xg lg =I5 —lg —Xg, — Y, -

C. Numerical Examples

As shown in Fig. 2, the structural parameters, based on Ref.[4], of the CRM are shown as
follows.
l, =15 =1, =400, 1;=600, I,=1;=1,=1;=300, ly =1054.1, 1, =1045.4 (units: mm).
Three input angles 01, 6», and 05 are 60°, 240°, 70°, respectively. The substitution of the known
parameters into EQgs.(1)~(3) gives two sets direct kinematics solutions shown in Tab 1.
Tab 1. Direct kinematics of the CRM

X y e

4 4 R

61.1 94.1 104.8544°

4 4 -

I 61.1 94.1 20.0847°

It is easy to verify the correctness of these direct kinematics solutions by using the inverse
kinematic Eq. (7). It is omitted for the limited space.

D. Workspace Analysis

° Reachable workspace
Reachable workspace is reachable area of a moving platform. It is one of main performance
indexes to evaluate the kinematic performances of manipulator [8].
The CRM is derived from 3-RRR manipulator by combining two revolute joints Ri3 and Ras,
and length of other links does not change at all. According to the structural parameters of [10], lengths
of the CRM are as follows.

l, =I5 =1, =200, I, =1, =1g =200, l;=100/3, l =300, 1y =150, | =15043 (units: mm).
Through programming computation on MATLAB, the reachable workspace acreage of 3-RRR

typical manipulator is 3.5868x10"mm?, and its shape is shown in Fig.3 (a).The reachable workspace
area of the CRM is 2.6095x107 mm?, and its shape is shown in Fig.3 (b).

50
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x/(cm) x/(cm)
(a) Workspace of 3-RRR (b) Workspace of the CRM (c) Workspace of the CRM with
manipulator modifying a link length

Figure 3. Reachable Workspace comparison between the CRM and typical mechanism
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It is easy from the Fig.3 to find that the area of the CRM is 27.25% less than typical manipulator.
However, reachable workspace of the CRM can be improved and became larger by means of
increasing some link lengths. For instance, when length of the links 2,3,4,5,6, and 7 are increased to
one-sixth of the length of link 1, i.e., /3/6, the area of the CRM will be 3.7948x107mm?, for which the
incremental of about 5.52% is made more than that of the typical manipulator. Moreover, the shape
has symmetry and succession as well, as shown in Fig.3(¢).

° Dexterous workspace

If the attitude angle can change arbitrarily in the range of 0° to 360° when the moving platform
moves, the motion area of base point is called as dexterous workspace [9, 10].

For the 3-RRR typical manipulator shown in Fig.1, the center of the moving platform 1 is taken
as the base point O’. If the base point O’ in the range of dexterous workspace, the moving platform 1
can rotate completely around this base point.

We assume that the moving platform 1 is connected with the frame at the point O’ using the
revolute joint Ro’, and only one constraint chain i, for example, i=1, is considered, one fictitious and
subsidiary four-bar linkage R;1Ri2R3Ro-is obtained. The length L of the frame will change along with
the position change of the base point O’. But the crank Ri3Ro'can move completely around the joint

Ro'. The structural parameters of this subsidiary four-bar linkage are given as follows.

RiiRn=L1, RoRi3=L2, R3sRo'=L3, RiRo"=L.
Based on the crank existence conditions of the four-bar linkage, the range of length L can be
taken as
L=(0,r]Ulr,r]) (8)
Where
h=L-(L-L),n=(L-L)+L,K=(L+L)-L.

Figure 4. Dexterous workspace in the constraint of branded chain i

If taking R;1 as center of a circle and r1, 72, 73 as radius, three circles can be drawn respectively.
Then, the base point O’ locates inside the circle area of between radius 2 and r3 or the circle with a
radius of 71, 1.e., the shadow area shown in Fig.4, which is denoted by /..

When we consider the combined action of three chains /;, I> and I3, dexterous workspace W is
the intersection workspace that chains /i, > and /5 produce together.

For the CRM and its chain 1 and 3, we assign r1=r2=0, 73=400, and we assign r1=r>=0, =300
for the chain 2.

For 3-RRR manipulator and its three chains, we assign r1=r>=0, 3=300. Therefore, the dexterous
workspaces of the CRM and 3-RRR manipulator are calculated and shown in Fig.5(a) and Fig.5(b)
respectively.

We find that the dexterous workspace area of the CRM and typical mechanism are 8.6567x10°
mm?, 6.3429x10° mm?, respectively, and the former is 36.48% bigger than the later
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(b) Dexterous workspace of the 3-RRR typical manipulator
Figure 5. Dexterous workspace comparison between
the CRM and typical manipulator

E.  Singularity Analysis
e Singularity analysis method
If vectors representing all input motions and output motions are denoted by X and Y respectively,
the relationship between X and Y can be expressed as following [14].
F(X,Y)=0 )
By simplifying and rearranging equation (9) , then taking the time derivative of the two sides
of the resulting equation, the following equation is obtained.
JY =3 X =0 (10)
Based on whether Jp and Jqmatrix are singular, the singular posture of the mechanism could be
classified three types as follows
(D)When det(J,) =0, input singularity happens.

(2)When det(s ») =0, output singularity happens.
(3)When det(J,) = det(J ,) =0, hybrid singularity happens.

° Calculate of Jpand Jq matrix
By taking the time derivative of the two sides of Egs. (4)~(6), the following equation is
obtained.
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Ui — fix— £y — figy =0, 1=1,2,3 (11)
Hence, V=[x y 7] is the output speed of the end effector of the mechanism, while

o=[0, 6, 6;]'is actuated joint input angle velocity. The relationship between V and @ is as:

IV =30 (12)
Where,
fp fo fi3 Ug
Jo=|fun T fu|i Jg= Uz, ’
far s fa3 Uss

Uy =l (Yr, = Yr,) €086, — | (Xg, —Xg,)sin 6,
Uy, = I7(yRzz - yRB)cos@2 - Il(xRzz - szg)sin 0, ,
Ugs =15 (Y, — Yr,) €085 —l5(Xg,, —Xg,)sin 65,
f11 =Xg, = Xg,» fi2 = Yr, = Vr,» f13=0,
fo1 = Xg,, = Xr,;» f22 = Yr,, = YRy, >
fo3 =13(Xg,, —Xg,,)COS7 +13(Vg,, —Yr,)siN 7,
f31=Xg,, = Xr,» f32 = YR, = YR, » f33=0.
e Singularity comparison between the CRM and 3-RRR typical mechanism
(1) Input singularity
When the input singularity happens, the movable platform 1 of this mechanism will lose its
motion ability along some directions. This moment, at least one motion chain reaches at the boundary
of workspace, and we have
det(J,)=0
The solution set A of this equation is shown below
A={4UA,UA;} (13)
Here

A= {(yRlz —Yg,)COSO, — (X5, — Xz )SiNG, = 0}, which means that three points Ri1, Ri2 and R3 are

collinear.
A = {(sz2 = Y,,) €086, = (Xg —Xg )siNG, = O}, which means that three points R23, R22 and Ro; are

collinear.
A = {(yR32 — Vg, )COS6, — (X5 — X )SiNG, :O}, which means that three points R31, R32 and R are

collinear.

When three points Ri1, Ri2 and Rj3 are collinear, link 2 and link 5 have combined into one line
2-5. Then, an imaginary four-bar linkage is denoted by link 0, 2-5, 6 and 3, ¢, = f(g,), and g, is also
independent input angle. The path of joint Rz on the moving platform 1 is the part arc with a radius
of line 2-5. The length of this arc is determined by the two chains 2 and 3.

However, for the 3-RRR typical manipulator when three points Ri1, Ri2 and R3 are collinear,
three input angles are independent each other. Moreover, the motion of moving platform 1 is not
restrictive when the joint Ry3 is fixed (Fig.1). The base point O’ locates inside the circular ring that is
determined by the circular radius /2-s+R130" and /2s-R130’, the upper and lower boundary of this part
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annulus are determined by the motion limitation of other two branded chains.

Because of the symmetry, singularity analysis for the case A2 and As is similar with that of the
above stated.

(2) Output singularity

Under this circumstance, the movable platform 1 still has local motion when all actuated joints
are locked. If the movable platform 1 is applied by a limited force, three input links need infinite
actuated force to achieve force balance. By this time, we havedet(3,) =0, the solution of the set B for

this equation is shown below
B= {Bl U Bz} (14)
Here,
By = {(Xa,, — g, )COSY +(¥g, - Va,)siny =0f, which means that three points R22, R23 and Rsare collinear.

B, ={f,, fa — f11 f3, =0}, Which means that three points Ri2, R32 and R3 are collinear.

Three kinds of the output singular configurations of the CRM are shown in Eq.(14). When the
formula By is satisfied three points R2, R23 and R3 are collinear. When taking 61, 63 as the independent
input angles, the angle 6, i.e., 6, = f(4,,6,), IS a dependent input.

However, for 3-RRR typical mechanism, it exists four kinds of singular configurations as
follows

(1) Four joints Ri2, R13, R33 and R3; are collinear.
(2) Four points Ri12, R13, R23 and Ry are collinear.
@ Four points R2>, R23, R33 and R3; are collinear.
(@) Links 5, 6 and 7 intersect at one point outside the moving platform.

For example, when the first kind of singularity of 3-RRR mechanism happens, i.e., case (1),
input 61, 6, are taken as the independent ones, the angle 65 is dependent input such asg, = f(4,) -

(3) Synthesis singularity

When det(3,) = det(J,,) =01s satisfied, the input and output singularity will happen at the same
time. For instance, if the equations A: and B are satisfied, three points Ri1, Ri2 and R3, and another
three points Rz, R23 and R3 are collinear respectively.

It is clear that from the discussion above, the hybrid singularity analysis of the CRM is simpler

than 3-RRR typical manipulator. This conclusion is obtained respectively by a comprehensive
comparison of the input and output singularity of the two mechanisms.

Performance Comparison
In a word, the performance comparison of these two mechanisms is shown in Tab 2.

Table 2. Performance comparison of the CRM and 3-RRR typical manipulator

Performance CRM 3-RRR
k 0 1
Direct kinematics Analytic Numerical
1-O decoupling Yes No
Reachable workspace  Slightly smaller* Bigger
Dexterous workspace Big Small
Singularity Simple Complex
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*Note: The size of reachable workspace of CRM could be improved or increased by magnified
slightly the length of some links.

By comparing the six aspects such as direct kinematics, coupling degree, decoupling, reachable
workspace, dexterous workspace and singularity, it is found that the comprehensive performance of
the CRM is superior to that of 3-RRR typical manipulator.

Conclusions

Two disadvantages of the typical 3-RRR planar manipulator could be overcome by its
topological structure optimization. It leads to the resulting kinematic performance are improved.

(1) The analytical solutions for the direct kinematics of the CRM can be obtained because of
k=0. Its path planning, position control, and input-output motion decoupling properties are simpler.

(2) Based on the inverse kinematics, it can be obtained that the reachable workspace of the
CRM is symmetric and continuous. Moreover, the dexterous workspace of it is bigger than typical
mechanism’s.

(3) Three kinds of singular configurations of this CRM are easier to be got. The singularity
analysis of this mechanism is simpler than typical mechanism’s.

In summary, the comprehensive kinematic performance of the coupling-reduced mechanism is
superior. Structural decoupling-reducing is an effective approach for improving topological structure
and its kinematic performances.
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Abstract: The combination of the established synthesis methods for finite positions and path-points leads to a
hybrid dimensional synthesis method that is presented within this paper. This hybrid method combines the
advantages of the established synthesis methods so that an adjustable definition of a synthesis task as well as
a high performance of the algorithm can be ensured. To realize this combination, the established algorithms
have to be modified as shown within this paper. Depending on the synthesis task and its degree of freedom, a
solution can be found analytically or numerically. Both of these algorithms as well as the algorithm for the
calculation of the synthesis degree of freedom is treated in this contribution. The shown approaches are
validated by two examples.

Keywords: Dimensional Synthesis, Planar Mechanisms, Finite Position, Path-Point

Introduction.

The process of mechanism synthesis can be divided into the two main tasks: structural synthesis
and dimensional synthesis [1]. Based on several boundary conditions, the type synthesis process
determines the most suitable structure of a mechanism. That includes the determination of the number
and kinds of joints and links. The task of the dimensional synthesis is to identify the kinematic
parameters of a chosen structure. So, based on a specific motion task or other specifications, the
dimension of each link can be determined.

Both, the structural and the dimensional synthesis highly depend on the definition of the
synthesis task. A synthesis task of a guidance mechanism can consist of finite positions or path-points
[2]. For a linkage that is based only on revolute or prismatic joints the number of finite positions or
path-points is limited. Such a four-bar-mechanism for instance can be synthesized with a maximum
number of five finite positions. To determine the maximum number of synthesis task elements that
can be realized by a specific mechanism, the value of the synthesis task (SDOF) can be calculated by
[2]. Mechanisms can fulfill a synthesis task if their value is greater or equals to the value of this task.
A four-bar mechanism with four revolute joints can theoretically fulfill up to five finite positions or
nine path-points. This number of possible positions or points decreases if specific joint locations are
prescribed. Nowadays, dimensional synthesis methods mostly focus on either the specification of
finite positions or the definition of path-points. Only few, such as [3], developed a method to combine
both specifications. The main disadvantage of the developed algorithm in [3] is, that it does not allow
the specification of joint locations. A hybrid dimensional synthesis, that allows the definition of finite
positions, path-points as well as the location of joints combines the advantages of both established
synthesis methods and allows a more adjustable but still robust way to design mechanisms. Some
tasks in application, such as pick and place tasks, only require a limited number of finite positions
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[3-5]. For those tasks a hybrid dimensional synthesis gives the possibility to add additional
specifications such as joint locations instead of arbitrary angles of a finite position.

Established Dimensional Synthesis Methods. The two most established dimensional
synthesis methods are the finite position synthesis based on Burmester [6] and the definition of
path-points.

Finite Position Synthesis. In 1888 Burmester published his approach to synthesize four-bar
linkages for the maximum number of five precision positions [6]. Ever since, this approach has been
modified and used for the dimensional synthesis of dyads and linkages [7-13].

The basic concept of this approach is the determination of the center-point curve and the
corresponding circle-point curve based on the relative displacement poles [9]. Figure 1 shows an
example of these curves for four finite positions. Every point on the center-point curve kv belongs to
an RR chain that reaches all four positions and hence can be used as a stationary revolute joint of a
four-bar mechanism. Every center-point has a corresponding circle-point on the circle-point curve ki1
which defines the location of the non-stationary revolute joint of the RR chain.

vy

n

d
y(]r— o.

M

>y

Figure 1: Circle-point curve and center-point curve [2]

To solve the synthesis task for five finite positions algebraically Dittrich, Braune et al.
developed in [7; 14] the nonlinear system of equations (2). This system of equation formulates
the relation between the coordinates of the center-points (x,, y) and the coordinates of the circle-
point (x,n) in relation to the given finite positions. The coefficients A4; - G; simply depend on these
finite positions (2).

Aj + Biég + Cing + Djxy + Ejyy + Fj(xyéx + yunk) + Gi(yméx — xunk) = 0/ = 1,2,3 1)

Aj .G = f(Xcis Xciv1 Yeir Yeivr Yo Vie) 2
Since this approach leads to a cubic equation shown in [7], the solving algorithm is performant.

The problem of this approach is that the synthesis task has to consist of finite positions. So even if a
specific angle y; is not desired, it has to be defined to use the algorithm based on the Burmester
theorem. That limits the solution space and reduces the number of additional boundary conditions.
Synthesis of Path-Points. The approach of the dimensional synthesis based on the definition
of points of a coupler curve provides a relatively adjustable way of synthesis task definition. Here a
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four-bar linkage can be synthesized by specifying up to nine points of the coupler curve [11; 15;16].
The unknown locations of the revolute joints can be calculated with the parameters shown in
Onmoka! UcToOYHHNK CCHIJIKH He Hal/leH..

Figure 2: Four-bar mechanism for the path-point synthesis

This approach is based on the motion of joint A respectively joint B in reference to the first
path-point Py (3).

(xp,j - xA/B,j) _ COS((pZ,lj) —sin(<p2'1j) (xP,l - xA/B,l)_ 3)
Yp,j — Ya/Bj) sin(@z1j)  cos(@z1j) J\YP1 ~ Ya/Ba
The property that the length of each link does not change can be expressed by equation (4).
2 2 2 2
(xA/B,j - on/Bo) + (}’A/B,j - yAO/BO) = (xA/B,l - on/Bo) + (yA/B,l - yAO/BO) (4)

The specification of nine path-points leads to eight equations. These eight equations can be used
to calculate the eight unknown locations of the revolute joint.

In comparison to the finite positions synthesis the performance and the chance to find a suitable
solution is quite bad. The advantage is that the synthesis task and the boundary conditions can be
specified adjustably.

Hybrid Dimensional Synthesis. The aim of the hybrid dimensional synthesis is the
combination of the advantages of both mentioned approaches to create an adjustable as well as
performant synthesis method. Unlike the approach described in [3], the following algorithm allows
the specification of joint locations. Furthermore, an analytical synthesis algorithm is shown.

Value of the synthesis task Since this hybrid approach will also have limitations concerning
the maximum number of finite positions, points of a coupler curve and joint locations, it is
necessary to consider the value of the synthesis task. The approach used here is distinguished from
the approach mentioned in [2] to fit the special requirements of the hybrid dimensional synthesis.
The used approach will be explained by the synthesis task in Figure 3.

This synthesis task consists of three finite positions (L1 - L3), one point of a coupler curve (P1)
and three specifications about the location of the joints (x4, Y40, Xgo)- BY the definition of at least
one finite position or one point of the coupler curve, the remaining synthesis degree of freedom
(sDOF) of a four-bar linkage is equal to the number of joints times two.

Since the finite position synthesis based on the Burmester theorem provides a synthesis method
for dyads, the algorithm of identifying the SDOF has to check if the synthesis of one dyad is
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over-determined. The regulation for the SDOF calculation can be seen in Table 1.
| ‘\rf
L3
*‘L L2
i “pl

L1 X

Figure 3: Synthesis task for a four-bar mechanism

A dyad based on two revolute joints (n1 = 2) has the SDOF equals four. Each joint specification
such as an x- or y-coordinate reduces the sSDOF by one. The specification of the first finite position
nz does not influence the sDOF since it defines the relative position of the coupler point. Each
additional specification of a finite position ns reduces the SDOF by one as well.

Table 1: Calculation of the sDOF for a dyad

Dyad sDOF
ni No. revolute joints +2n1
n No. Prismatic joints +1'nm2
(n3-1)  No. finite positions -1+(n3-1)
n4 No. joint specifications -1'n4

The four-bar linkage of the synthesis task shown in Figure 3 consists of the two dyads AcAC
and BoBC where C represents the coupler point, that has to move through the three finite positions
(L1 - L3) and point (P1).

Table 2: sDOF specifications for A;AC and BoBC

AoAC sDOF BoBC sDOF
n =2 +4 n =2 +4
mn=0 0 mn=0 0
n=3 -2 n;=3 -2
=2 -2 ns=1 -1
) 0 X 1

It can be seen that the final SDOF of dyad AocAC is equal to zero. There are no additional
specifications possible for this dyad. The sDOF of dyad BoBC is equal to one. The sDOF of the
complete four-bar linkage is calculated by the sum of the dyads and so it is equal to one, too. Since
the complete mechanism is underdetermined, there is the possibility of one additional specification
concerning a desired path-point. So the overall SDOF of the synthesis task in Figure 3 is equal to zero
and can be solved exactly.

Table 3 shows the property of a synthesis task related to the SDOF. Overdetermined synthesis
tasks cannot be solved exactly. They only can be approximated via an optimization. Underdetermined
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synthesis tasks have an infinitive number of possible solutions. They can be optimized concerning
different criterions such as installation space, length of linkages, dynamical properties, transmission
properties and so forth. This contribution deals with hybrid dimensional synthesis where the SDOF is
equals to zero. If the synthesis task is solvable by linkages based on revolute and prismatic joints,
there are always a limited number of solutions which exactly fulfill the synthesis task.

Table 3: Properties of the synthesis tasks

sDOF Property

sDOF < 0  Overdetermined
sDOF = 0  Exact solution possible
sDOF > 0 Underdetermined

Algorithm for the synthesis. The algorithm explained within this chapter shows a new
approach to synthesize these exact solutions for an SDOF equal to zero. It is necessary to distinguish
between two different cases of synthesis tasks, the analytically solvable and the numerically
solvable synthesis task.

Case 1: Analytically solvable synthesis task

Synthesis of Synthesis of
the dyad the dyad
with with
sDOF =0 sDOF >0

o
Calculation
of the
missing
angles

Figure 4: Algorithm for analytically solvable synthesis tasks

The first case is the analytically solvable synthesis task. An algorithmic overview of such a task
is given in Figure 4. The specialty of this case is, that the SDOF of one dyad is equal to zero and hence
can be synthesized via the finite position synthesis mentioned in chapter 0. The second dyad has to
be underdetermined.

© k ¢, A

\ —o=<

Figure 5: Sketch of the algorithm based on [2]
To synthesize the second dyad the approach displayed in Figure 5 based on [2] can be used.
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The coupler point of the synthesized dyad has to be moved in the desired path-points. Therefore it is
necessary that the path-point can be reached by the dyad. Thus, the required angles of the coupler link
in each point can be determined. These angles are the additional input for the synthesis of the second
dyad.

To fulfill one point of the coupler curve C; there are two possible angles yi of the coupler linkage
(compare to Figure 6 left).

% X" %
Figure 6: Calculation of the missing angles

The angle yi can be calculated in subject to the already synthesized dyad AcAC. Therefore, the
angle 6 can be calculated related to the position of the revolute joint A in the n,&-coordinate system
of the coupler link:

6 = atan2 (;’:—2) 5)

The angles 1 and B2 can be calculated via equation (6)

and (7) where Ic is the distance between the joint Ao and the
path-point C;.

B, = atan2 (yx—z:z 2) (6)

B, = acos (—_l%;l-zlf:l%) (7)

The angle Bges NOW can have the two possible solutions (8 to calculate the global coordinates
(9) of joint A.

.Bges =p1 B (8)
(xA) _ <11 cos(Bges) + x0> ©
Ya l1 Sin(ﬁges) + Yo
The resulting i can be calculated via equation (10).
y; = atan2 (M) =) (10)
XA—Xci

Since now every path-point of the synthesis task has at least one angle vyi, the sSDOF of the
second dyad is equal to zero and can be synthesized with the finite position synthesis. This approach
uses the same algorithms as the finite position synthesis and so it is as performant as the established
approach. Besides, it allows a more adjustable input for the synthesis task.

3.2.2. Case 1: Example of the analytical algorithm

The synthesis task shown in Figure 3 is an example for a analytically solvable motion task. Here
the synthesis of dyad AoAC has the sDOF equal to zero so the finite position synthesis from section
0 can be used. Input for this synthesis is the location of joint Ao and the three finite positions L1 - L3.
With this information the grey dyad in Figure 7 can be synthesized.
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Figure 7: Synthesis of case 1

In the next step the two possible angles yi of the coupler link in point P1 can be calculated via
equation (5) - (10). Afterwards the next dyad can be
synthesized via the input of xg,, the finite positions L1 - L3 as well as the Postion P1 with the
calculated angles vi. So this dyad is not underdetermined anymore. The black dyad in Figure 7 shows
one solution of the synthesis task for the underdetermined dyad.

Since there are two possible angles of the coupler linkage in each point, there is more than one
solution for this task. Subsequently it is possible to choose from a set of solutions the best for the
given synthesis task. This could be the property that all finite positions and path-points belong to the
same coupler curve and thus can be reached without disassembling. This example shows the
advantages of the new approach. Instead of the classical synthesis method the hybrid dimensional
synthesis ensures that not only three finite positions can be specified for a given location of Ao.

3.2.3 Case 2: Numerically solvable synthesis task

If the SDOFs of both dyads are underdetermined the algorithm explained in chapter O is not
applicable anymore. Here the recommended approach is still based on the finite position synthesis to
fulfill the performance requirements. The difference is that the dyads of the linkage cannot be
synthesized separately. So, the four-bar mechanism has to be considered in its entirety. For the
specification of a finite position, equation (1) can be solved according to the finite position
synthesis explained in section 0.

For the specification of a desired point of a coupler curve, the angle y;,, is not specified. Since
each parameter A; - G; is a function of the finite positions (2) this equation

system now changes if just a point of a coupler curve (xcj+1,ycj+1) is desired. The parameter Aj, D;
and E;j do not depend on the angle y;.,. All other parameters have to be itemized as shown in equation
(12).

Aj + Djxy + Ejym + [x¢; cos(y;) + Yei sin(yi) — Xciv1 €0S(¥ig1) — Yeivr SIN(Yip 1)1k +
[—xci sin(y;) + yei cos(¥y) + Xciv1 SIn(¥Vit1) — Yeivrr1 COSWir1)Ink + [—cos(yy) + cos(yip 1) (xpéx +
ymulk) + [=sin(yy) + sin(yiz 1)1 méx — xung) =0 (11)

This equation can be categorized by the terms cos(y;;1) and sin(y;,;) with the unknown angle
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Yi+1- This leads to the equation (12) with the coefficients according
to equation (13) - (15).
a; = az sin(¥i41) + azcos(¥it1) (12)
a; = —A; — Djxy — Ejyy — [x¢i cos(yy) + yei sin(y) 1€ — [—x¢i sin(y;) + yei cos(yi)Ing +
cos(y;) (xpéx + ymmg) + sin(yy) mék — XmMk) (13)
a; = —Yci+1$x + Xcie1Mk + $kYM — Nk Xm (14)
az = —Xci+1$k — Yci+1Mk + $kXm + Mg Ym (15)
Equation (12) has to be formulated for both dyads of the four-
bar mechanism and thus leads to a linear equation system (16) with

two equations and the two unknowns cos(y;,1) and sin(y;,,). This linear equation system can be
solved with Cramer’s rule.

azq, A4z Sin(yi+1)) (M1

(az,z a3,z) (cos(yiﬂ) N (al,Z) (16)
The combination of the solution of (16) with

(17) leads to the final equation (18).
sin®(¥i41) + cos®(yi1) = 1 (7)

2 2 2

(a1,1a3,2 - a3,1a1,2) + (a2,1a1,2 - a1,1a2,2) - (a2,1a3,2 - a3,1a2,2) =0 (18)
Each specification of a finite position leads to a total of two equations of type (1) (one for
each dyad). Each specification of a path-point leads to one equation of type (18). Since this

system of equation is no longer analytically solvable, a numerical optimization method such as a
particle swarm algorithm can be used. To increase the performance at this point, the optimization
algorithm will use just as many joint locations as is necessary to solve all equations of type (D).
The output of this equation system is the input for the objective function (18).

3.2.4Case 2: Example of the numerical algorithm
To show an example of the numerical algorithm the task of Figure 8 should be synthesized.

d - P4O
s
Ll OQp1

L2

A 4

4q

Figure 8: Example for a numerically solvable synthesis task
This synthesis task consists of the definition of both joint co-ordinates of Ao, two finite positions

L1 and L2 as well as four desired points of the coupler curve P1 - P4. Analogously to section 0 the
sDOF specifications for the two dyads of this synthesis are calculated in Table 4. Each dyad has an
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sDOF greater than zero, so no analytical approach is possible. The sum of the SDOF of both dyads is
equal to four. That enables the definition of the four desired points of the coupler curve P1 — P4.

For the two finite positions L1 and L2 one equation of type (1) per dyad can be formulated.
With the information of joint Ao the mechanism now has the SDOF of 4. Thus four parameters have
to be optimized via an optimization algorithm to fulfill the four equations of type (18). A
solution of the synthesis task shown in Figure 4 can be seen in Figure 9.

Table 4; sDOF specifications for A;AC and B,BC

AoAC sDOF BoBC sDOF
n=2 +4 n=2 +4
n=0 0 n=0 0
n3=2 -1 n3=2 -1
=2 -2 ns=0 0

X 1 ) 3

@ 4o
Figure 9: Solution of the numerically solvable synthesis task

The used algorithm ensures that even if no mechanism can fulfill the synthesis task exactly, the
algorithm finds an optimal solution that fulfills the finite positions exactly. The given points of the
coupler curve then are just approximated as good as possible.

Conclusion.

The shown hybrid dimensional synthesis method combines the advantages of the Burmester
theorem for the synthesis of finite positions and the synthesis of path-points. This approach ensures
an adjustable way of defining a synthesis task as well as a high performance of the algorithm.

By calculating the value of a synthesis task, the maximal number of finite positions, points of
the coupler curve as well as joint locations can be determined. For a synthesis task that includes finite
positions it is important to check the synthesis degree of freedom (sDOF) for each dyad so that no
dyad is overdetermined and thus can be synthesized.

It is also shown that if one dyad of a four-bar-linkage has an sDOF equal to zero, it is possible
to synthesize the mechanism analytically. Therefore the first step is the synthesis of the dyad with the
sDOf equal to zero. The coupler point of this dyad now can be moved in the desired points of the
coupler curve. By doing so, the possible coupler angles at these points can be calculated. They are
the input for the calculation of the other dyads.
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If no dyad has an sDOF equal to zero, no analytical synthesis is possible. Then the equation
system based on the Burmester theorem can be modified. This modified equation system is the input
for a numerical optimization algorithm. This algorithm ensures that an approximated solution can be
found if no exact solution of the synthesis task is possible. The so synthesized mechanism fulfills the
finite positions exactly.
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Abstract: Violation of the density between the housing and the cover of gear reducers can lead to gaps, noise
and impacts from gear engagement, an increase in the load on the teeth, and in many cases, to their failure.
Therefore, the presented report assessed the reliability of bolted connection connecting the housing and the
cover of parallel-shaft reducers according to various failure criteria. It was found that the probability of a
violation of the density between the parts is many times higher than the probability of loss of bolt strength.
Keywords: parallel-shaft reducers, reliability, threaded connections, endurance, joint density

Introduction.

Gear reducers are one of the main components of modern machines and equipment, and the
correct assessment of their reliability, increasing their durability and maintainability are of great im-
portance. Bolted or screw connections connecting the casing and the cover of gear reducers belong
to the elements, the risk of failure of which is not too great. The failure of the elements of the con-
nection with the loss of its strength is rare. But deformation of the connecting elements, spontaneous
unscrewing of the nut and, as a result, a violation of the tightness between the casing and the cover
can lead to disruption of the normal operation of the gearbox as a whole. A violation of the tightness
between the casing and the gearbox cover can lead to errors, noise and shocks in the engagement of
the wheels, an increase in the load on the gears, and in many cases, to their total failure.

In the presented work, as the main criteria for the functionality of the casing-cover connection
of parallel-shaft reducers, the tensile strength condition of the threaded part of the bolt, the condition
of tightness between the casing and the cover and the condition of non-slip between the casing and
the cover were taken as a basis.

In the existing literature [1 - 5], the calculation of bolted connections that attach the gear hous-
ing with its cover is performed mainly by empirical formulas.

In [6] by applying the finite element method to analyse a gear reducer housing, were studied
the influence of the retaining bolts tightening force magnitude on the stress state and nodal displace-
ments of the housing, for the specified input parameters.

In [7], the problem of optimizing the gearbox housing using numerical analysis is considered.

In [8-10], the question of increasing the service life of spur gearboxes by activating the non-
working flank was considered.

An analysis of the literature on bolted connection connecting the housing and the cover reducers
has shown that a comparative analysis of their reliability for various failure criteria has not yet been
considered. Such an analysis can be of great practical significance, and therefore, this paper is devoted
to this important task.
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Determination of bolt loads.

To assess the reliability of the connection, it is necessary to determine the load on the most
loaded bolt. Using the example of a single-stage cylindrical gearbox, we will consider the problem of
determining the loads on the housing-cover connections. The reactions of the support F, and F, arise
in the bearing supports of the shaft from the action of the full normal force F, arising in the parallel-
shaft reducer (Fig. 1). These forces are transmitted directly to the bolts connecting the housing and the
gearbox cover. We can also divide the force F, acting on a more loaded bolt into two components.
Firstly, the sliding force Fg is transmitted not only to the bolts, but also to the outer ring of the bearing.
Therefore, this force does not significantly affect the reliability of the connection. Another component
of the F, is transmitted directly to the bolts and tries to detach the gearbox housing from the cover.
The gaping force acting on the most loaded bolt, based on the figure, can be determined as follows:

Fb — Fla — Fa(O,za+e) — Fa(a+§:inaw)' (1)
where a - the distance between the bolts; D - outer diameter of the bearing; e - the distance between
the axis of the shaft and the line of action of the force Fa; aw - engagement angle.

For standard gears, a,=20° is accepted [2]. Taking p,=D/a, we can write expression (1) as fol-

lows:

1 .
F, = EFa(l + U, - sina,,). 2)

Structurally, it is possible to accept pn.=0,65+0,7 for existing gearboxes of cylindrical gears.

Figurel. Design scheme of the housing-cover connection of a parallel-shaft reducers

Given the equal load on the supports (i.e. F’=F, =0.5 F,) in a single-stage cylindrical gearbox
and the dependence of the normal force generated by the engagement on the torque transmitted by
the driven shaft (Fi=F¢/cosaw=2T2/d>"cosaw, [1]), we can determine the force Fa, which tries to break
the connection of the housing and cover, as follows:

63



Iftikhar CHALABI
Reliability analysis of the housing-cover connections of parallel-shaft reducers

, Fe _ Ty
F, = E, rcosa,, = EFn ‘cosay,, = > = d_z
where F; - circumferential force arising from cylindrical straight-tooth transmission; Tz - torque on
the driven shaft of the gearbox; d> - dividing diameter of the driven wheel.

Considering the last expression in the formula (2), we can write:

Fp = %(1 + ug - sinay,). 3)
2

As can be seen from the last expression, the external dividing force falling on the bolt directly
depends on the torque on the driven shaft of the gearbox, inversely proportional to the diameter of
the dividing circle of the driven wheel. First, let's consider the issue of assessing reliability by the
condition of bolt strength. To ensure the density between the parts of the housing-cover connection
of the gearbox, the bolt is tightened by a certain initial tension force Fo, and thus the force Fy is not
transferred to the bolt completely (Fig. 2, a). Part of the load is perceived by the deformed housing
and the flanges of the cover. In this case, the calculated force acting on the bolt in the direction of its
axis should be calculated according to the following formula (Mocunesuu I'.b., 1988):

Fy = Fy + xFp. (4)
Where is Fo - preliminary bolt tightening force; y - external load factor.

The external load factor takes into account which part of the external force is perceived by the
bolt. This coefficient becomes dependent on the geometric dimensions and elastic modulus of the
materials of the connected parts and the bolt. Calculations show that when metal elements are con-
nected, it receives values in the range y=0.2+0.4 [3].

Fu Fr
0,5Fs l Fﬂ_‘ |a, 5F ﬂ’m’| l "—‘ i
| ' I F{! T . | | H g:éih | )
0.5 L [o.5E :
a —
ﬂ,SFnT 4, Ta, 5Fi iy
it it
Fﬂi 1

a) l 7 b)

Figure 2. Design scheme of the bolted connection of the parallel-shaft reducers

Reliability analysis.
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In practical calculations, it can be assumed that the load and bearing capacity of the connection
parts obey the normal distribution (Fig. 3). Then for the case under consideration, the survival prob-
ability of the connection according to the condition of bolt strength can be calculated by the following
formula [11]:

% or Ry =@ iVb i —
Oyp TO0p, \/(VWb'Wb)z"'(VFh'Fh)

Where W, - Mathematical expectation of the bearing capacity of the bolt;

Fy, - Mathematical expectation of the calculated load on the bolt;

owp - Standard deviation of the bearing capacity of the bolt

oy - Standard deviation of the calculated load on the bolt;

Vwp - Coefficient of variation of the bearing capacity of the bolt;

Vpp- Coefficient of variation of the calculated load on the bolt.

R =0

()

fi™)
fiF) B

—

f(F)
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Figure 3. Normal distribution of load values and load-bearing capacity
of the elements of the housing-cover connection of gearbox

When the joint is opened for some reason in the housing-cover connection (for example, as a
result of an increase in external force or self-unscrewing of the thread), Fo=0 and y=1 occur, so that
the bolt is only under the action of force Fy (Fig. 3, b). In this case, the probability of trouble-free
operation of the housing-cover connection of the gearbox according to the condition of bolt strength
can be calculated as follows:

W, — £, W, - F,

Wy Ly R —d 7 _ . ©)
Vo-lszb +G;b o \/(VWb Wb)2 + (VFb 'F;;)z

where F,, - mathematical expectation of the force acting on the bolt when the density is violated;
orp - Standard deviation of the force acting on the bolt when the density is violated;
Vrp- Coefficient of variation of the force acting on the bolt when the density is violated.
To ensure the condition of density in the housing-cover connection of the gearbox, the residual
force arising at the contact of the connected parts must satisfy the condition Fx=Fo-F¢>0 [3]. Where

R =0
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Fq is the part of the force acting on the connection perceived by the details, which can be defined by
the following expression:
Fy =1~ X)Fp. (7
Thus, in the housing-cover connection, the density condition can be written as Fo>Fq, and the
probability that the connection will work without failure in accordance with this condition can be
determined by the following expression:

Fo-F | R -0 h-F, ®)
\ O-;o + O-;d \/(VFO '170)2 + (VFd 'F_:i)z .

Where F, is the mathematical expectation of the preliminary tightening force;

F, is the mathematical expectation of the force perceived by the connected parts;
oro 1s the mean square deviation of the preliminary tightening force;

0rq 18 the mean square deviation of the force perceived by the connected parts;
Vro 18 the coefficient of variation of the preliminary tightening force;

Viq 1s the coefficient of variation of the force perceived by the connected parts.

R, =@

Number of connections
under consideration

LLLLLELRY LLLLL LR l..'I'l-.
e number of bolts t H
Hue to insufficientistrengthy

-

Ri=1-- Ri=1--L
\ A4
| Re=Ru(R: - R¥) + Ry

v
=;;.-{,=

Figure 4. Scheme for the reliability analysis of the connection
between the casing and the cover of reducer

Let's use the classical methods of probability theory to determine the ratio between reliability
indexes according to various criteria for the survival probability of the housing-cover gearbox con-
nection. Suppose that a test was carried out on the housing-cover connection with the number m, and
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after a certain period of operation, the bolt with the number n failed, losing strength. Of these, the
bolt n; of the number failed, provided there is no breach of tightness, and the bolt n, of the number
failed as a result of loss of tightness. Suppose that with the number of bolts m as a whole, there was
no density violation on the number of bolts mi, and with the number of bolts m», density violations
occurred. The probabilities of uptime or failure according to various criteria can be described sche-
matically in accordance with Fig. 4.
The survival probability of the bolt according to the strength condition can be determined by
the following expression:
Ry=1-=. 9)
Similarly, we can determine the survival probability by the density condition (Rk) and the prob-
ability of density violation (Px) by the following formulas:
Rk=%; Pk=1—Rk=%. (10)
The survival probabilities of the bolt according to the strength condition in cases of absence
and presence of density, respectively, can be determined by the following expressions:
ni

Rp=1-2% Ry =1-2% (11)

1 m;

By solving expressions (9-11) together, we can obtain the following expression to determine
the probability that the bolt will work without failure due to the strength condition:

Ry, = R (R, — Ry") + R} (12)

As already mentioned, a breach of tightness in the housing-cover connection of the gear reducer
should also be considered as a transmission failure. Because the violation of tightness also leads to
the fact that the gearbox loses its function. Given this, the probability that the housing-cover gearbox
connection will work according to both criteria without failure can be determined as follows:

R=1- 1202 (13)

Having made some simplifications in the last expression, given expressions (10) and (11), we
can write the following expression:

R =Ry 'R;. (14)

An assessment of the reliability of the casing-cover connection of a cylindrical gearbox with a
gear ratio u=4, an axial distance ay=224 mm, a diameter of the division of the bearing wheel d>=360
mm at the location of the bearings is considered. Standard M 12 bolts with a thread pitch of P=1,5 mm
and an internal diameter of di=10,16 mm were selected for connecting the housing-cover gearbox.
Since there were no special requirements for the design, the bolt material was selected steel 20, which
corresponds to strength class 4.6. The yield strength of the bolt material was adopted as the bearing
capacity. The yield strength of the selected material is assumed to be 6y=240 N/mm2. Depending on
the magnitude and fluctuation of the torque acting on the bearing shaft of the gearbox, as well as on
the bearing capacity of the bolt material, the survival probability of the housing-cover connection was
calculated.

Since the connection of the housing and the gear reducer cover is designed with a large margin
factor according to all failure criteria, it is practically impossible for the connection to fail at rated
load. The loss of operability of this connection occurs due to accidental overloads or shocks that occur
during operation. Therefore, it is important to assess the reliability of the housing-cover connection
depending on the load according to various performance criteria. To this end, on the basis of the
methodology described above, an assessment of reliability indicators was carried out according to
various criteria for the operability of the connection in question. In these calculations, the coefficient
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of variation of the bearing capacity Vwv=0,05, the coefficients of variation of the calculated and ex-
ternal forces acting on the bolt, Vein=Vrr= 0,07, the coefficients of variation of the initial tightening

force and compression forces created on the part, Vrog=Vrs=0,1 are adopted. The results are graph-
ically shown in Fig. 5.
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Figure 5. Dependence of the reliability indicators of the housing-cover
gearbox connection on the transmitted torque

Conclusions.

As can be seen from the graph in Fig. 5, the reliability of the casing-cover connection of a
parallel-shaft reducer is mainly determined by the condition of joint density. Since the bolts are de-
signed with a large margin factor, even with a load many times higher than the nominal one, the
indicator of their reliability gets the maximum value. And with a load exceeding the nominal by about
two times, the probability of trouble-free operation drops sharply due to the tightness condition. And
violation of the tightness condition can lead, as already mentioned above, to the occurrence of gaps
in the engagement and shaft supports. This can eventually lead to the appearance of sound and vibra-
tion, as well as to increased impacts during engagement. Therefore, it is very important to control the
initial tension force created on the bolts in order to increase the tightening in the housing-cover con-
nection.

REFERENCES
[1] Abdullayev A.H., Giimoyev M.H., Mommoadov H.S. (2014) Taotbiqi mexanika. Dars vosaiti. —
Baki: “Tohsil” NPM.
[2] Hymnaes IL.B., Jlenukos O.I1. (2013) Jemanu mawun. Kypcosoe npoekmuposanue. YdeOHOE
nocobue. — MockBa: «MalImHOCTPOCHHUEY.
[3] HWocunesuu I'.b. (1988) /Jemanru mawun. YaeOuuk. — MockBa: «MalmHOCTPOCHUEY.
[4] Khurmi R.S., Gupta J.K. Machine Design. Eurasia Publishing House, Ram Nagar, New Delhi,
2005.
[5] Decker K. —H. Maschinenelemente: Funktion, Gestaltung und Berechnung Carl Hanser Ver-
lag, Miinchen, Wien, 2018.
[6] MiklosI. Zs., Miklos C. C., Alic C. 1., Ratiu S. Analysis of gear reducer housing using the finite
element method. International Conference on Applied Sciences (ICAS2017). IOP Publishing. Series:
Materials Science and Engineering 294 (2017) 012034 doi:10.1088/1757-899X/294/1/012034.

68



Iftikhar CHALABI
Reliability analysis of the housing-cover connections of parallel-shaft reducers

[7] KorkaZ.-1., Cojocaru V., Miclosina C.-O. Modal-based design optimization of a gearbox hous-
ing. RIAV, vol. 16, issue 1/2019.

[8] L Chalabi, Comparative Service Life Analysis for Gears According to Different Failure Crite-
ria. Journal of Failure Analysis Prevention 20. p. 2137-2144 (2020. https://doi.org/10.1007/s11668-
020-01029-y

[9] [Iftikhar Chalabi, Beyali Ahmedov, Shahin Charkasov, Shahid Yusubov. Comparative service
life analysis for Novikov gears of mechanical drives of sucker-rod pumps. Journal SOCAR Proceedings.
2022. Special Issue 2. Pp. 53-59. DOI: 10.5510/0GP2022S1200776

[10] Chalabi 1., Ahmedov B., Hajiyev A. Comparative analysis of gears service life of mechanical
drive for sucker-rod pumps//Oil Qas European Magazine. -2021. 47. Edition, Issue 1, p. 39-45.

[11] Tschalabi 1., Jager P. (2005) Systematische Sicherheits- und Zuverldssigkeitsanalyse fiir
Schraubenverbindungen//Konstruktion. Nr.1-2, S. 59-64.

Received: 16.03.2023
Accepted: 19.11.2023

69



P~ ISSN: 2227-6912
e 3 E-ISSN: 2790-0479
2023, Ne 2 Pages 70-77

EFFECT OF GAMMA IRRADIATION ON ELECTRICAL AND
PHOTOELECTRICAL PROPERTIES OF CdixMnxTe THIN FILMS

Metanet MEHRABOVA!®, Amdulla MEKHRABOV?3P

* Department Engineering Physics and Electronics, Azerbaijan Technical University, Baku, Azerbaijan
2Novel Materials and Nanotechnologies Institute, Azerbaijan Technical University, Baku, Azerbaijan
3Faculty of Metallurgy and Materials Science, Department of Metallurgy and Materials Technologies,

Azerbaijan Technical University, Baku, Azerbaijan

E-mail: ¥metanet.mehrabova@aztu.edu.az; "emdulla.mehrabov@aztu.edu.az
http://dx.doi.org/10.61413/GDKV8772

Abstract: A'BY! groups of compound semiconductors, their solid solutions, bulk and thin films on their base
have wide application possibilities in modern microelectronics. Creation of photosensitive elements and
structures on the base of these semiconductors and investigations of their usage potentials in various fields of
optoelectronics is one of the most actual problems of modern materials science and engineering. Recently,
A'"(TM= Mn, Fe, Co, etc)BY' based semimagnetic semiconductors (SMSC) compounds has attracted
increasing interest since they considered a promising material for the fabrication of high-performance room-
temperature y- and x-ray detectors. Such detectors offer great potential for nonproliferation applications,
medical imaging, astrophysics research, and monitoring industrial processes, because they are able to operate
at ambient temperatures, while providing a high detection efficiency and good energy resolution. The aim of
the work is to determine of photosensitivity range of Cdi;xMnyTe SMSC thin films, to investigate their
sensitivity to y- irradiation and to study the creation possibility of y- ray detectors on the base these thin films.
In these respect, VAC and photoconductivity, as well as effect of y- ray irradiation on these properties has been
studied. Results of current investigation reveal that, Cd;xMnxTe (x=0.07) epitaxial films of compounds are
sensitive to y-ray irradiation, indicating that these materials can be considered as a good candidate for y-ray
detector applications.

Keywords: A"B"' compounds, CdMnTe, electrical and photoelectrical properties, y-ray irradiation

Introduction.

In undertaking national security and nonproliferation inspections, radiation detectors mainly
serve to locate and identify special radioactive nuclear materials. These applications especially
demand portable, lightweight radiation detectors with high resolution. For more than four decades,
CdTe has been known as a good candidate material for radiation detection. Detectors on the base of
CdTe offer high conversion efficiency of photons to electronic charge carriers as compared to
scintillators; consequently, for high-quality CdTe detectors, the energy resolution is expected to be
considerably better than scintillators [1, 2]. More importantly, CdTe radiation detectors operate at
room temperature, thereby obviating the need for a complicated cooling system and, accordingly,
affording greatly enlarged application fields. However, a relatively high leakage current has proven
to be a limiting factor during the development of large volume CdTe radiation detectors. In addition,
CdTe detectors are relatively expensive, because it is difficult to grow large-volume CdTe crystals of
acceptable quality, yield and difficult mechanizm of crystal catting [1,2]. On the basis of the utility
of CdTe, the CdZnTe (CZT) compounds was explored carefully, because the introduction of Zn
increases the band gap and reduces the leakage current (and noise) of radiation detectors [3-7]. It also
is less expensive and easier to produce large-volume single crystals with CZT than with CdTe. Since
the first practical CZT gamma-ray detector reported in 1992 [8], there have been many advances in
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the performance of the devices. The high-resistivity CZT crystals required for radiation detection
initially were grown using the high-pressure Bridgman method (HPB). In recent years, other methods
were employed, such as the travelling heater method (THM) and the modified Bridgman method
(MB). Today, large-volume CZT single crystals up to hundreds of cubic centimeters can be produced
due to improvements in the growth techniques [1, 2, 9]. Such progress in bettering the quality of the
CZT material for CZT radiation detectors and electron-transport-only device designs, as well as
improving the related electronics greatly have enlarged their application fields and accelerated their
commercial marketing [1,2].

The International Atomic Energy Agency (IAEA) has used CdTe and CZT detectors for over
three decades [10, 11]. Recently, their usage significantly increased, stimulated by the improvement
of material properties, their improved availability, and the development of improved detector-
specific, low-noise integrated circuits for electronic readouts. Large-volume CZT detectors also are
needed in nonproliferation inspections, because they potentially reduce the measurement time
significantly. This is especially important in verifying unirradiated nuclear material where count rates
are low and typical gamma lines of uranium or plutonium gamma spectra must be resolved. However,
the large-volume CdTe/CZT detectors required for these inspections presently are limited by the lack
of CZT single crystals whose active volume is more than about 500 mm?. The dearth of larger volume
CdTe/CZT single crystals must be resolved before their widespread application in nonproliferation
inspections [1,2]. Recently, scientists at Brookhaven National Laboratory (BNL) developed a hand-
held gamma-ray spectrometer for nonproliferation inspections based on virtual Frisch-grid CZT
detectors [1,2, 12-16]. The whole system achieves an effective detection volume of 19.2 cm?, that is,
10 times larger than commercial co-planar grid (CPG) CZT detectors. Consequently, detection
efficiency is improved significantly. The system employs an 8x8 virtual Frisch-grid CZT detector
array; each detector is 5x5x12 mm?3. By using front-end application-specific integrated circuits
(ASICs) developed at BNL, this spectrometer has a small profile and high energy-resolution. Further,
its relatively simple configuration greatly lowers the cost. This achievement has allowed to build an
inexpensive, large-volume detector array with high energy resolution and high detection efficiency,
so affording wide application potentials in national security and nonproliferation inspections.
Moreover, the detector modules are scalable to address a larger range of efficiency requirements [2].

The CdMnTe (CMT) SMSC compound is a relatively novel material for radiation detection.
CMT is a diluted magnetic compound semiconductor, previously used as Faraday rotators, optical
isolators, solar cells, lasers, magnetic field sensors, and infrared detectors [1,2]. In 1999, Burger et al.
first investigated the potential application of this material as radiation detector [17]. They proposed
that CMT has two main advantages over CZT, namely, better homogeneity and the lower amount of
Mn needed to reach the desired band gap, so making it a good competitor to CZT. Most problems
with CMT radiation detectors center on the poor quality of the crystals. Until now, it was difficult to
obtain CMT single crystals with high resistivity and acceptable carrier transport properties [1,2].
Some recent progress suggests the possibility of a breakthrough in this field, leading to large
improvement in the performance of CMT radiation detectors [8-26]. However, several material
properties must be improved before CMT can be practically employed for X-ray and gamma-ray
detections. First, compared to CZT, the bond ionicity of CMT is higher, entailing a greater tendency
for crystallization into a hexagonal structure, but not in the expected zinc-blende structure [8-26].
Also, higher ionicity can generate twins easily in crystals. Second, the resistivity of CMT crystals
must be improved. Normally, CMT crystals grown by the Bridgman methods are p-type materials
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due to their high concentration of cadmium vacancies (Vcq) the dominant acceptors, and the resistivity
of as-grown crystals can be as low as 10-10° Q cm, thus not satisfying the resistivity requirement of
X-ray and gamma-ray radiation detectors. Recently, detector-grade CMT crystals were grown, and
the first CMT detector was fabricated Cdo.gsMnoosTe doped with Vanadium 5x10°cm=. However,
compared with the performance of CZT detector, there still is much room to improve CMT detectors
before they can to be applied as practical radiation detectors. The limited availability of CMT crystals
to researchers also inhibits its development as a radiation detector. As a result, they remain at the
stage of laboratory development and have not been incorporated practically in commercial detection
systems [8-26].

In order to overcome the problems arising in the design and development of X- and gamma-ray
detectors on the base of defect-free massive CMT single crystals we are offering, in this present study,
fabrication of these detectors on the base of epitaxial thin films of Cdix(TM)xTe SMSC compounds
for the first time. The development of molecular beam epitaxy (MBE) in the 1970s for arsenic I11-V
semiconductors has allowed to produce high-quality epitaxial layers with very abrupt interfaces, good
control of thickness, doping, and composition. In recent years small-size semiconductors are
successfully applied in microelectronics, spintronic, optoelectronics, integral optics, astrophysics,
medicine and other fields. One of these semiconductor materials is Cd1.x(TM)xTe SMSC thin films
which are considered to be very perspective and unique for making of detectors of y- and x-ray [27-
31]. Cd1x(TM)xTe SMSC thin films have been studied less in comparison with other semiconductors,
therefore obtaining of their perfect samples with high crystal perfection, clean and glossy surface,
study of surface morphology and crystal structure and investigate of its application perspectives in
device-building is one of the scientific problems and of great importance.

Therefore, the aim of the work is determination of photosensitivity range of Cdi.xMnxTe SMSC
thin films; investigation the photosensitivity of samples, irradiated by y- ray; to study creation
possibility of y- ray detectors, operating at room temperature and without scintillation material.

In these respect, VAC and photoconductivity, effect of y- ray irradiation on these properties, as
well as possibilities of fabrication y-ray detectors on the base of Cdi.xMnxTe thin films has been
studied.

Material and Methods. The powder of synthesized Cd;-xMnxTe solid solutions were used to
obtain thin films. The crystal structure of synthesized solid solutions has been studied by X-ray
diffraction (XRD) method on Bruker D8 Advance XRD. CdixMnxTe (x=0.07) SMSC compounds
thin films were grown on glass substrates by molecular beam condensation (MBC) technique in the
vacuum evaporation equipment YBH-71I1-3 with steam-oil pumping and nitrogen trap at working
pressure of residual gas (1+2)10*Pa. Glass substrates (1x1 cm) were cleaned with acetone, methanol
and distilled water. The powder of Cd;—xMnxTe solid solutions (purity 99.999%) was used to obtain
thin films. The thisckness of the obtained films was controlled with a micro interferometer
microscope MMM-4. The optical spectra were recorded on a UV-Visible SPECORD 210 PLUS
spectrophotometer in the wavelength range 4 = 190-1100 nm. Samples irradiated by y-quanta on Co®°
isotopes with energies E = 1.17MeV and E = 1.33MeV.

Results and discussions. In order to grow CdixMnxTe (x=0.07) epitaxial films it has been used
synthesized samples of Cdi.xMnxTe solid solutions of corresponding compositions. The crystal
structure of synthesized solid solutions has been studied by XRD method, Fig. 1. The spectra showed
that solid solutions of Cdi.xMnxTe crystallize on the zinc-blende type crystal lattice structure of CdTe
(cubic, sphalerite) with lattice parameters of @1=6.4785, a>=6.4775 and az= 6.4745.
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Figure 1. XRD spectrum of Cdi«MnyTe (x=0.07) SMSC solid solution
Cd1-xMnxTe (x=0.07) epitaxial films were obtained on glass substrates by MBC method. By
using additional source of Te vapor and controlling temperature, it has been determined the optimum
conditions for obtaining CdixMnyTe (x=0.07) epitaxial films with a perfect structure, clean and
smooth surface and also without inclusion of the second phase. The temperature of substrate,
temperature of source, condensation rate and film thickness were determined as: Tsup = 300+670 K,
Tsour = 1000 1100 K, v = 16+19 A /s and d = 0.5+22 um, respectively.
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Figure 2. XRD spectra of CdixMn,Te (x=0.07) thin films obtained at substrate temperatures of
a) Tsw =300 Kand b) Tsuw = 675K
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The crystal structure of films was studied by XRD method, which revealed that CdixMnyTe
epitaxial films grow on glass substrates at the (111) plane of face-centered cubic lattice having lattice
parameter of a=6.481A [32, 33]. It was determined that, at the substrate temperature of Tsuy=300K,
thin films of Cdi.xMnyTe have an amorphous structure. Moreover, the increase in Tsu, (>470K) leads
to the formation of polycrystalline films with a cubic crystal structure (a=6,481A) and only at
substrate temperatures higher than 570 K epitaxial films starts to growth, Fig. 2.

The effect of y-radiation on the electrophysical, photoelectrical and optical properties of Cds-
xMnyTe thin films obtained on glass substrates were studied. VAC of the initial and y-irradiated
samples of Cd1.xMnxTe epitaxial films has been studied. In J=f(U) dependences of the initial samples
of Cd1.xMnyTe there was observed a linear part J~U corresponding to Ohm’s law and quadratic part
J~U?[33]. After irradiation of samples by y-quanta at a dose of D, < 400 Gy, a parallel shift of the
curve occurs towards the decrease in current. The nature of the dependence does not change, an ohmic
and quadratic trap region is observed. The observed pattern shows that when Cdi.xMnxTe films are
irradiated by low doses, a number of deep levels are formed in the band gap, which accept part of the
electrons and leads to a decrease in conductivity. At an irradiation dose of D, = 400 Gy, the
conductivity increases, the ohmic part of the VAC lengthens, the quadratic part decreases, a rapid
increase is observed behind it and a trapless quadratic part appears. Further irradiation at high doses
D, > 1.5 kGy leads to a decrease in conductivity, Fig. 3 [34-36].
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Figure 3. VAC of Cd;-xMn,Te (x=0.07) epitaxial films on glass substrates having thickness of d=75um:
1)D,=0, 2) D,= 100 Gy, 3) D,= 400 Gy, 4) D,= 1.5 kGy and 5)D, = 25 kGy

The effect of y-radiation on the photoconductivity (PC) of Cd1.xMnxTe (x=0.07) epitaxial films
with a thickness of d=1 pm and d=15 um, on glass substrates has been studied. In the initial samples,
the PC spectrum of Cdi.xMnxTe epitaxial films has a wide band, the spectral range covers the
wavelength region 2=400 nm-1400 nm. The PC maximum corresponds to A=780 nm for x = 0.05, and
A = 768 nm for x=0.07. As the film thickness increases, the PC increases, Fig. 4. Irradiation of
epitaxial Cdi-xMnyxTe films at low doses D, = 100 Gy leads to an increase in the PC, as well as a slight
shift in the PC maximum. This behavior is associated with an increase in the concentration of slow
recombination centers (r-centers), which include defects such as Te vacancies, and the influence of
shallow-level centers on the lifetime of non-equilibrium holes. Electrons captured by fast
recombination centers (s-centers) move to r-centers and increase the lifetime of holes, which leads to
an increase in the photocurrent.
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Figure 4. PC of Cd;xMnTe (x = 0.07) epitaxial films on glass substrates,
d = ]5,um, U = 4 I/, Tsub: 653K, Tsourz 1173K,
1)D,=0, 2)D,= 100 Gy, 3)D, = 200 Gy, 4)D, =300 Gy, 5)D, = 2.5 kGy, 6)D, = 25 kGy

A further increase in the irradiation dose of y-quanta up to D, = 25 kGy led to a decrease in the
photosensitivity of epitaxial films. A decrease in photosensitivity at higher doses indicates to the
emergence of a large number of recombination centers in the band gap with a large capture cross
section for current carriers. This change in photosensitivity after irradiation with y-rays is mainly
associated with the restructuring of intrinsic defect levels in the band gap and a change in the degree
of hole filling of sensitivity centers. When irradiated with a dose of D, = 25 kGy, the PC increases
[34-36]. A significant change in the photoconductivity of Cdi.xMnxTe epitaxial films at room
temperature after irradiation with ionizing radiation makes it possible to create ionizing radiation
detectors based on them.

Conclusions.VAC and photoconductivity, as well as effect of y- ray irradiation on these
properties for epitaxially grown thin films of CdixMnxTe (x=0.07) compound has been studied.
Results of current investigation reveal that, epitaxial films of Cdi.xMnxTe (x=0.07) compounds are
sensitive to y-ray irradiation, indicating that these materials can be considered as a good candidate for
y-ray detector applications.
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Abstract: Solar panels, as an important source of renewable energy, are exposed to external factors such as
dust accumulation and environmental pollution, which reduces their efficiency. To ensure timely cleaning of
panels from contamination, monitoring of their condition is required. Monitoring can be carried out directly
by a person or using visual detectors. This paper examines the second case, namely the use of Al to assess
panel contamination. The Al used to assess the condition of the panels may be trained on images captured by
cameras with a different resolution than the surveillance system in which it is embedded, which may result in
the Al's inability to produce results under new conditions. This work evaluates the impact of changing the
guality of images processed by Al on its effectiveness. To do this, a CNN (Convolutional Neural Network)
model was used and a set of images of clean and dirty solar panels was taken, followed by their separation by
resolution. The model was trained on a set of images of one quality and tested on others, and this approach
was applied for each resolution. As results were obtained, elements from other sets were added to each set to
stabilize the training of the neural network. During the work, the importance of using images of different
qualities for training a neural network was assessed, as well as the minimum set to prevent overtraining due to
the lack of quality differences. Taking into account the results obtained, it is possible to prevent the creation
of inflexible neural networks, as well as save on using the minimum required data to stabilize training.
Keywords: CNN; solar panels; green energy; artificial intelligence; contamination detection

Introduction.

Nowadays, when environmental and development issues are becoming increasingly relevant,
the gradual use of green energy will inevitably attract the attention of researchers and the public [1].
In recent years of green energy, solar panels have played an important role in generating electricity
from renewable sources. Research shows that the use of solar panels helps reduce greenhouse gases
and create sustainable energy sources [2]. However, despite their appearance, solar panels are exposed
to external factors such as pollution and dust accumulation on their surface [3]. Contamination on the
surface of solar panels causes light to pass through, which ultimately reduces the amount of energy
they can produce [4]. Some studies show that external influences can reduce the performance of
photovoltaic panels by an astonishing 85% [5].

The purpose of this research is to develop a method to improve the efficiency of identifying
dirty solar panels using artificial intelligence.

Inclusion aside, the rest of the article is organized as follows. Section 2 provides an overview
of actual research in this area. Section 3 describes the proposed method based on convolutional neural
networks. The experimental results are presented in Section 4. Section 5 “Conclusions” presents the
main conclusions and prospects for future research.

Related works.

In the field of research devoted to optimizing energy production using solar panels, several key
areas are emerging related to the problem of dust accumulation on the surface of photovoltaic
modules. The paper, which analyzes image processing techniques for detecting dust on solar panels,
highlights that the orientation and angle of the panels relative to the horizontal plane have an impact
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on performance. In this context, special attention is paid to the effects of environmental conditions,
such as dust accumulation, on energy production.

The use of image processing methods has been proposed to detect dust on solar panels in order
to optimize their cleaning processes [6]. The review reveals that despite the low cost and high
efficiency of the proposed methods, the number of relevant studies is limited.

Another work based on computer vision examined the impact of aggressive climate conditions
on the efficiency of renewable energy sources. In particular, it has been argued that the accumulation
of soil and dust on the surface of photovoltaic panels reduces their energy performance. The proposed
method, based on computer vision, has demonstrated high accuracy in detecting contamination and
can be an effective tool for automated cleaning [7].

Another work covered the topic of color sensing to detect dirt accumulation on solar panels [8].
The proposed method uses TCS3200 and Arduino Uno to detect dirt quickly and accurately. The need
for additional research was noted, including increasing the sensitivity of the color sensor and using
multiple sensors to improve contamination detection efficiency. A method using a new CNN design
has also been proposed [9]. According to the author's experience, it has shown a high accuracy of
98%. Another work used artificial intelligence again, but with a much lower probability of
recognizing panel contamination [10].

These studies collectively highlight the importance of using advanced imaging, computer
vision, and color sensing techniques to address problems associated with dust and dirt accumulation
on solar panels. They also highlight the need for greater adoption of these techniques in the solar
energy industry, which could potentially improve energy generation efficiency and reduce
maintenance costs.

Suggested method.

Advantages of CNN

This study proposes to implement artificial intelligence based on convolutional neural networks
(CNNSs) to solve the problem of recognizing dirty solar panels. CNN is a type of neural network
specifically designed for processing and analyzing structured mesh data such as images [11]. CNN is
capable of automatically extracting important features from images. In addition, they provide
automatic detection and analysis of complex patterns and textures. The CNN architecture (Figure 1)
allows the model to hierarchically learn features at different levels of abstraction. For example, the
first layers may study simple textures, while the deeper layers may study more complex structures.
CNN has the property of being invariant to small changes in the image, such as shifts and scaling.
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Figure 1. CNN architecture
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Input layer is the entry point of our CNN, this layer represents the raw pixel values of the input
image. It initiates the flow of information into the network, serving as the canvas upon which features
will be extracted. Feature Extraction is pivotal phase is dedicated to capturing and highlighting
relevant patterns from the input data. Convolutional layers employ learnable filters to perform
convolutional operations on the input image. Filters act as feature detectors, recognizing spatial
hierarchies and intricate details. Positioned after convolution, pooling layers downsample and
condense the extracted features. Techniques like max or average pooling retain essential information
while reducing computational load. Following feature extraction, the network transitions to the
classification phase. Fully connected layer transforms high-level features into a vector, connecting
every neuron and preparing for final classification. It encapsulates the consolidated knowledge
acquired during feature extraction. An activation function, such as ReLU, introduces non-linearity,
allowing the network to discern complex patterns and relationships. Output layer layer generates final
predictions. Utilizing an appropriate activation function (e.g., softmax for classification), this layer
aligns with the number of classes in the task. In this figure, the CNN seamlessly progresses from input
to feature extraction and ultimately to classification, leveraging convolutional and pooling layers for
nuanced feature recognition and a fully connected layer for comprehensive understanding,
culminating in precise predictions at the output layer.

Mathematical background of CNN

The mathematical rationale behind CNN is based on the concepts of linear algebra and
convolution.

Convolutional operation is the process of applying a filter (kernel) to the input data to extract
certain features. If | is the input data, K is the filter, then the convolution operation S can be
represented mathematically as follows:

S(, 1) =(1-K)(i, ) =2y 2, H(m,mK(i—m, j—n) 1)

This operation allows you to extract local features of an image, taking into account their spatial
location.

The pooling operation is used to reduce data dimensionality and improve computational
efficiency. Typically, the max pooling operation is used. If X is the input data, then the maximum
pooling operation P can be represented as:

P(i,j):rrgﬂ%xX(Zi+m,2j+n) @)

This allows you to reduce the dimensionality of the data while preserving key features.

After feature extraction using convolutional and subsampling layers, the resulting data is fed
into fully connected layers for classification or regression. If X is the output of the previous layer,
W and b are the weights and biases, respectively, then the operation of a fully connected layer F
can be represented as:

F(X)=0(WX +b) 3)

Where o is the activation function (for example, ReLU or sigmoid). These operations allow
CNN to learn hierarchical features from data and operate efficiently on images while preserving
spatial information.

Experiments. In scientific study focusing on solar panel performance, we meticulously curated
a dataset of images featuring both dusty and clean panels, categorizing them into high, medium, and
low resolutions. This deliberate stratification allowed us to conduct a comprehensive analysis of the
impact of image quality on our findings. For images of dusty solar panels, we prioritized capturing
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the granularity of dust distribution with varying resolutions. High, medium and low-resolution images
were included, broadening our dataset to encompass different levels of visual detail. Similarly, for
clean panels, we ensured a diverse range of resolutions to capture the pristine conditions with varying
levels of clarity. This multi-resolution approach not only enriched dataset but also allowed us to
explore the correlation between image quality and the accuracy of our analyses.

For the experiment, we used a standard CNN model. Two convolutional layers that take
3x32x32 input images and apply 32 filters with a 3x3 kernel, a max pooling layer (MaxPool2d), a
layer (fc3) with 512 neurons and RelLU activation, a regularization layer (Dropout) after the fully
connected layer fc3, a fully connected layer (fc4) with access to 3 classes. Used optimizer adam.

To begin with, images of different quality were separated into different datasets. Images have
been spaced out and cut off in the middle to unify all possible resolutions (Figure 2).

Figure 2. A set of cropped images of high (a), medium (b) and low quality (c)

In the first set (Figure 2, a), you can see that padding and then cropping the center did not help
in most cases, since the solar panels were not in the center of the image. In the future it is planned to
correct this defect.

For initial training, we divided the sets strictly by resolution (up to 1 million pixels - low, from
1 to 4 million pixels - medium, from 4 million - high quality images). The numbers of images (clean
and dirty) of solar panels for small, medium and high resolutions were: 98 and 23, 509 and 367, 886
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and 679, respectively. Having trained them on different images of the same quality, we tested its
capabilities on others. Below are tables that demonstrate changes in the performance indicators of the
neural network depending on the part of the image sets of two other qualities added to the training
set. Precision, Recall and F1-score were used for evaluation. The table also contains the number of
incorrectly classified (False Negative (FN), False Positive (FP)) images for clarity. To understand the
table, it is worth considering three at a time.

Table 1. Low on low

Metrics 0 0.1 0.2 0.3 0.4 0.5
Precision 100% | 99% | 100% | 99% | 100% | 99%
Recall 100% | 100% | 100% | 99% | 100% | 100%
F1-score 100% | 99% | 100% | 99% | 100% | 99%
False Negative 0 0 0 1 0 0
False Positive 0 3 0 5 0 2
Table 2. Low on medium
Metrics 0 0.1 0.2 0.3 0.4 0.5
Precision 0% | 100% | 100% | 100% | 100% | 100%
Recall 0% | 19% | 28% | 25% | 10% | 25%
F1-score 0% | 31% | 44% | 40% | 19% | 40%
False Negative | 876 | 639 503 460 469 328
False Positive 0 0 0 0 0 0
Table 3. Low on high
Metrics 0 01 | 02| 03| 04 | 05
Precision 0% | 84% | 88% | 77% | 92% | 66%
Recall 0% | 21% | 24% | 21% | 16% | 22%
F1-score 0% | 33% | 38% | 33% | 28% | 32%
False Negative 121 | 83 71 63 60 43
False Positive 0 4 3 5 1 6

In the first three tables (Table 1, Table2, Table 3), the neural network trained on 0.9 of the entire
set of low-quality images gradually absorbed 0.1, 0.2, 0.3... from the sets of two other qualities. The
first table (Table 1) is needed to understand how adding new data to the training set affects its initial
effectiveness. In it we are only interested in the loss of indicators. Tables Table 2 and Table 3 show
that the best performance was achieved when the set was expanded by 0.2. F1-score rose from 31%
to 44% and from 33% to 38%, respectively. At 0.2 there were also better results for Recall 28% and
24%, despite the fact that the number of FNs decreased with increasing training data. Precision began
to falter when expanding to high-quality images When expanded to medium quality sets, it remained
stable at 100%. The indicators in Table 1 did not change; the expansion of training data did not worsen
the initial indicators.

Table 4. Medium on Low

Metrics 0 0.1 0.2 03 ] 04 | 05
Precision 0% | 12% | 86% | 32% | 50% | 96%
Recall 0% | 100% | 100% | 98% | 89% | 99%

F1-score 0% | 21% | 92% | 49% | 64% | 98%
False Negative | 1565 | 1238 0 5 52 1
False Positive 0 0 170 | 736 | 437 | 24

The following tables are shown (Table 4, Table 5, Table 6) with the performance of a neural
network trained on images of average quality, followed by expanding the set to two others. Here
Table 5 shows the change in the initial efficiency.
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Here, the best performance was shown at an expansion of 0.5 (98% at low and 89% at high),
although the F1-score changed abruptly throughout the data increase. It is also worth noting the good
performance of the 0.2 extension: F1-score 92% and 81% on low and high, respectively. Precision
progressed when expanded to both data sets, up to 96% on the small data sets and 86% on the high
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data sets. In Table 5, the maximum deterioration in F1-score did not exceed 2%.

Lastly, a neural network was tested, trained on high-quality images and expanded to two others.
Below are tables (Table 7, Table 8, Table 9) with the results, where Table 9 is an indicator of changes

in initial efficiency.

In this case, the best indicators for the two data sets came from different extensions. When
expanding the set towards low-quality images, the variable indicators stabilized and improved by
expanding by 0.5 (F1-score 99%). In the case of expansion into average quality, the indicators were

Table 5. Medium on medium

Metrics 0 0.1 0.2 0.3 0.4 0.5
Precision 100% | 100% | 100% | 100% | 100% | 100%
Recall 100% | 99% | 99% | 98% | 97% | 99%
F1-score 100% | 99% | 99% | 99% | 98% | 99%
False Negative 0 3 1 7 11 2
False Positive 0 0 0 0 0 0
Table 6. Medium on high
Metrics 0 01 | 02 | 03|04 ] 05
Precision 0% | 8% | 68% | 19% | 57% | 86%
Recall 0% | 90% | 98% | 80% | 95% | 92%
F1-score 0% | 15% | 81% | 31% | 72% | 89%
False Negative 121 1 1 4 2 4
False Positive 0 99 30 65 30 8

Table 7. High on low

Metrics 0 01 | 02| 03| 04 | 05
Precision 0% | 54% | 97% | 47% | 89% | 99%
Recall 0% | 45% | 96% | 89% | 98% | 99%
F1-score 0% | 49% | 96% | 61% | 93% | 99%
False Negative 876 | 559 | 42 56 16 4
False Positive 0 |38 | 31 | 552 | 99 1
Table 8. High on medium
Metrics 0 0.1 0.2 0.3 0.4 0.5
Precision 0% | 100% | 100% | 100% | 100% | 100%
Recall 0% | 36% | 97% | 52% | 14% | 77%
F1-score 0% | 53% | 98% | 68% | 25% | 87%
False Negative | 1565 | 499 22 292 451 100
False Positive 0 0 0 0 0 0
Table 9. High on high
Metrics 0 0.1 0.2 0.3 0.4 0.5
Precision 100% | 95% | 100% | 76% | 100% | 100%
Recall 100% | 97% | 100% | 98% | 83% | 98%
F1-score 100% | 96% | 100% | 85% | 91% | 99%
False Negative 0 3 0 1 12 1
False Positive 0 5 0 20 0 0
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also variable and reached their peak at 0.2 (F1-score 98%). Precision progressed to 99% when
expanding to medium data, while on small data it remained stable at 100%. Table 9 as an indicator of
performance degradation varied more than 85%~99%, in contrast to the first two cases (Tablel and
Table 5), but this is due to the total number of images accepted as “high quality”. Their number is
several times less than the others.

Discussion.

This study examined the impact of image quality on the performance of neural network training,
starting with a variety of low-quality image sets. In the first three tables (Table 1, Table 2, Table 3)
we expanded the training set by adding images of medium and high quality.

An interesting aspect was that the optimal expansion of the training set differed for different
image qualities. For example, the best results for a medium quality set were achieved by adding 0.2
data fractions, while for high quality, an expansion of 0.5 was found to be optimal.

The impact of adding data on performance metrics is also noticeable.

Stability and variability of metrics were also considered. In some cases, the metrics changed
more smoothly, while in other cases they were more variable, which may be due to the characteristics
of the training set and the quality of the added images.

It is interesting to note that the best performance for each image quality was achieved with
different data addition values. This can highlight the importance of taking into account the specifics
of the training set when choosing a data augmentation strategy for training a neural network.

Conclusion.

The present study examined the influence of image quality on the learning process of neural
networks, highlighting this issue in the context of expanding the training set by adding data of
different quality. The experimental results highlight the importance of choosing a data expansion
strategy wisely to optimize the efficiency of a neural network.

In the process of training on low-quality images, optimal values of the expansion parameter
were identified, at which the best metrics were achieved, such as Precision, Recall and F1-score. It
was found that adding medium and high quality data improves the generalization ability of the neural
network, but the optimal parameter values may vary depending on the initial quality of the training
set. It is important to note that our study emphasizes not only the importance of qualitatively
expanding the training set, but also the impact of this process on the final metrics of the neural
network. Changes in metrics with the addition of data of varying quality were discussed, as well as
the stability and variability of these metrics depending on the amount of expansion.

Based on the results, researchers and practitioners are advised to carefully analyze the
characteristics of their training sets and carefully select data enhancement parameters to achieve
maximum neural network performance in image classification tasks of varying quality. Additional
research in this area, including the use of larger datasets (also equal in size for all three categories)
and a variety of neural network architectures, can deepen the understanding of the impact of image
quality on the learning processes of neural networks and contribute to the development of effective
methods for learning from data of various characteristics.
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