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3-(p-klorobenzil)-4-(p-florobenzilidenamino)-4,5-dihidro-1H-1,2,4-
triazol-5-on molekiiliiniin tek kristal X-15m1  kirinimi  yontemiyle
aydinlatilan yapisi, tautomerik izomerizm igin gerekli olan yapisal
ozellikleri agikga tagimaktadir. Bu ¢alismada, bilesigin iki olasi tautomer
formu gaz fazinda yogunluk fonksiyonel teorisi (DFT) kullanilarak,
B3LYP/6-31G(d) diizeyinde optimize edilmistir. iki yapi arasindaki
potansiyel enerji yiizeyinin ayrintili olarak incelenmesi ve gegis durumunun
tanimlanmast  amactyla Intrinsic Reaction Coordinate (IRC)
hesaplamalar1  gergeklestirilmistir. Hesaplamalar sonucunda, enerji
bakimindan belirgin farkliliklarin bulundugu ve gaz fazinda bir tautomerin
digerine kiyasla ¢ok daha kararli oldugu saptanmistir. Ayrica optimize
edilen geometrilerde bag uzunluklari, bag agilar1 ve dihedral acilari
kargilagtirilarak tautomerizasyon siirecine iligkin yapisal degisimler
ayrmtili bigimde tartistlmistir. Elde edilen bulgular, triazol temelli
sistemlerin tautomerik davranigina 11k tutmakta ve onceki kristalografik
verilerle birlikte degerlendirildiginde tamamlayici nitelik tasimaktadir. Bu
calisma, deneysel ve teorik yontemlerin birlikte kullaniminin heterosiklik
bilesiklerde yapi—ozellik iliskilerinin anlasilmasinda ne kadar onemli
oldugunu da gostermektedir.

Article Info

ABSTRACT

Keywords: isomerism, DFT,
IRC

The molecular structure of 3-(p-chlorobenzyl)-4-(p-
fluorobenzylideneamino)-4,5-dihydro-1H-1,2,4-triazol-5-one,

previously determined by single-crystal X-ray diffraction, exhibits
characteristic features suitable for tautomeric isomerism. In this study, two
possible tautomeric forms of the compound were optimized in the gas phase
using density functional theory (DFT) at the B3LYP/6-31G(d) level. To
explore the potential energy surface between the two structures and confirm
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the nature of the transition state, Intrinsic Reaction Coordinate (IRC)
calculations were performed. Theoretical results reveal a distinct energy
difference, demonstrating that one tautomer is considerably more stable in
the gas phase compared to the alternative form. Structural parameters, bond
lengths, and dihedral angles were carefully examined to highlight the
geometrical changes associated with the tautomerization process. This
theoretical investigation provides valuable insights into the tautomeric
behavior of triazole-based systems and complements previous
crystallographic findings. Moreover, the results underline the importance of
integrating experimental and theoretical approaches to obtain a deeper
understanding of structure—property relationships in heterocyclic
compounds.

1. INTRODUCTION

Tautomerism is a well-recognized phenomenon in heterocyclic chemistry, wherein isomeric forms of a molecule
interconvert via proton migration, often resulting in distinct chemical and biological behaviors. Among nitrogen-
rich heterocycles, 1,2,4-triazoles represent a privileged scaffold in medicinal chemistry, exhibiting a wide range
of pharmacological activities including antibacterial, antifungal, anti-inflammatory, anticancer, and CNS-related
effects (Bektas et al., 2010; Jha et al., 2020). The presence of adjacent nitrogen atoms in the triazole ring creates
multiple sites for protonation or hydrogen migration, enabling tautomeric equilibria that can influence the
molecule’s electronic distribution, hydrogen bonding ability, and reactivity.

The compound investigated in this study, 3-(p-chlorobenzyl)-4-(p-fluorobenzylideneamino)-4,5-dihydro-1H-
1,2,4-triazol-5-one, was previously synthesized and structurally characterized by single-crystal X-ray diffraction
(Karakurt et al., 2004) (Scheme I).

Scheme 1. Molecular structure of 3-(p-chlorobenzyl)-4-(p-fluorobenzylideneamino)-4,5-dihydro-1H-1,2,4-
triazol-5-one as determined by single-crystal X-ray diffraction (Karakurt et al., 2004).

The availability of experimental structural data offers a reliable reference point for validating the results of our
theoretical calculations, including geometry optimization and electronic structure analyses. However, although the
crystallographic data confirm the presence of a single tautomer in the solid state, the potential existence and relative
stabilities of alternative tautomeric forms in the gas phase or in solution have not yet been systematically explored.

Given the well-documented influence of tautomerism on biological target recognition, metabolic stability, and
proton-coupled transport mechanisms (Raczynska et al., 2003), theoretical insight into the tautomeric preferences
of such molecules is essential. Compounds structurally related to the title molecule—such as triazole-thione or
triazole-imine hybrids—have been shown to adopt different tautomeric states depending on the environment, and
this has profound implications for their docking performance and ADME profiles (Xu, Zhao & Liu, 2019).

To explore the tautomeric behavior of the title compound, Density Functional Theory (DFT) calculations were
carried out using the B3LYP functional with the 6-31G(d) basis set. The gas-phase approximation was adopted in
this study for two reasons: (1) to examine the molecule's intrinsic energetic and structural preferences without
solvation-induced perturbation, and (2) to ensure consistency with prior DFT studies of related triazole systems,
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where solvent models introduced artificial stabilization of certain tautomers not observed experimentally (Martins
et al., 2009; Mennucci, 2010).

Furthermore, Intrinsic Reaction Coordinate (IRC) calculations were performed to map the minimum energy path
connecting the two tautomeric forms via the identified transition state. This approach enables confirmation of the
kinetic feasibility of tautomerization and provides insights into potential reaction barriers and intermediate
geometries (Fukui, 2006; Schlegel, 2003; Gonzélez & Schlegel, 1990).

Through a comparison of relative energies, bond rearrangements, and hydrogen bonding topology, this study aims
to identify the more stable tautomer in the gas phase and to compare the findings with experimental solid-state
observations. The results contribute to a broader understanding of tautomerism in triazole-based bioactive
compounds and may support future pharmacological design strategies involving this scaffold.

2. MATERIALS AND METHODS

All quantum chemical calculations were performed using the Gaussian 09 software package (Frisch et al., 2009).
Molecular structures were built and input files were prepared using the GaussView 5 graphical interface
(Dennington et al., 2009). Geometry optimizations were carried out in the gas phase using Density Functional
Theory (DFT) (Hohenberg & Kohn, 1964) at the B3LYP/6-31G(d) level of theory (Lee, Yang & Parr, 1988;
Becke, 1993). Frequency calculations at the same level were used to confirm the nature of the stationary points—
i.e., local minima (no imaginary frequencies) and transition states (one imaginary frequency). Intrinsic Reaction
Coordinate (IRC) calculations were conducted to verify that the transition state structure connects the two
tautomeric forms. All computations were performed under standard conditions without the inclusion of any solvent
or continuum solvation model.

3. RESULTS

IRC Analysis

To explore the potential tautomeric interconversion of the investigated molecule, two possible tautomeric forms
were considered as initial geometries. These structures, depicted in Figure 1, represent proton transfer between the
nitrogen and oxygen atoms. Although not yet optimized, they serve as the starting point for locating the transition
state and mapping the reaction pathway. An Intrinsic Reaction Coordinate (IRC) calculation was then performed
starting from the transition state geometry to confirm the connectivity between the two tautomers and validate the
nature of the transition state.

(b)
Figure 1. Initial geometries of the two possible tautomeric forms used in the IRC analysis: (a) tautomer with the
proton on the nitrogen atom, and (b) tautomer with the proton on the oxygen atom, illustrating the positional shift
prior to IRC calculations.

This positional shift of a single proton leads to changes in the hydrogen-bonding pattern and electronic distribution
within the molecule, affecting its stability and reactivity. The structural comparison between the two tautomers
justified further investigation of the interconversion mechanism. The resulting IRC energy profile, which plots the
total energy as a function of the intrinsic reaction coordinate, is presented in Figure 2.
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Figure 2. IRC profile depicting the total energy along the reaction path.

A single imaginary vibrational frequency of —1902 cm™, obtained from the QST2 frequency analysis, confirmed
the presence of a genuine first-order saddle point. The corresponding normal mode involved the migration of a
proton between two adjacent nitrogen atoms in the triazole core, consistent with the mechanistic expectations of
the tautomerization process. The high magnitude of the imaginary frequency indicates a sharp change in bonding
topology—typically observed in proton transfer reactions.

The IRC path smoothly connects the transition state to two distinct local minima, representing the reactant and
product tautomeric forms. At the center of the curve (reaction coordinate = 0.0000), the energy of the transition
state was calculated as —1471.0689 Hartree. On the reactant side (negative coordinate), the total energy decreases
monotonically and reaches a minimum value of —1471.1665 Hartree, indicating the more stable tautomer. On the
product side (positive coordinate), the energy levels off at approximately —1471.1344 Hartree, corresponding to
the less stable tautomer.

The relative energy difference between the two minima was computed as 0.0321 Hartree, which corresponds to
~84.5 kJ/mol. This significant difference clearly favors the reactant tautomer under gas-phase conditions. The
energy barrier between the two forms, as defined by the transition state energy, is consistent with a kinetically
accessible but thermodynamically biased tautomerization process.

Overall, the combination of a single imaginary frequency, a well-behaved IRC path, and distinct energy minima
supports the validity of the transition state and the proposed tautomeric interconversion mechanism.

Expanded IRC-Based Energetic Interpretation

The analysis of the Intrinsic Reaction Coordinate (IRC) profile reveals a strongly asymmetric potential energy
surface for the tautomeric interconversion between confl and conf2. The forward transformation from confl (more
stable) to conf2 (less stable) proceeds through a transition state with an energy barrier of approximately 255.5
kJ/mol, while the reverse conversion from conf2 back to confl requires only 171.3 kJ/mol.

This significant difference in activation energies implies that the reaction is kinetically more favorable in the
reverse direction. In other words, once formed, the conf2 tautomer is likely to undergo rapid back-conversion to
confl unless stabilized by specific external factors (e.g., solvent effects, metal coordination, or crystal packing).

Moreover, the large barrier for the forward reaction suggests that under ambient or low-temperature conditions,
the population of conf2 would be negligible. This aligns with the fact that only one tautomer was observed in the

experimental X-ray crystal structure, most likely corresponding to confl.

4
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From a thermodynamic perspective, the relative energy difference between confl and conf2 (~84.2 kJ/mol) further
reinforces the dominance of confl as the ground-state tautomer. This energy gap is considerable and suggests that
conf? is not only kinetically disfavored but also thermodynamically unstable.

The combination of a high forward barrier, a moderate reverse barrier, and a strong thermodynamic preference
leads to the conclusion that confl is both the kinetically and thermodynamically preferred tautomer under gas-
phase conditions. Therefore, unless external perturbations are introduced, tautomerization from confl to conf2 is
unlikely to occur spontaneously.

These findings have broader implications for the molecule’s potential reactivity and biological function. For
instance, if conf2 were to play a role in a binding interaction or enzymatic mechanism, it would require either an
induced fit or local environment capable of lowering the energy barrier. Hence, the tautomeric profile obtained
here not only defines the inherent stability landscape of the molecule but also provides a predictive basis for its
behavior in more complex environments such as solvated systems or active sites of biomacromolecules.

The combination of a high forward activation barrier, a moderate reverse barrier, and a significant thermodynamic
preference indicates that conf1 is both the kinetically and thermodynamically favored tautomer under gas-phase
conditions. Unless influenced by external factors—such as solvent effects, metal coordination, or crystal
packing—tautomerization from confl to conf2 is unlikely to occur spontancously. Furthermore, all theoretical
calculations including HOMO-LUMO analysis, natural bond orbital (NBO) population, and second-order
perturbation studies were exclusively performed on the confl structure, reinforcing its role as the reference
conformer for electronic and energetic evaluations (Figure 3).

f%“‘
£

Figure 3. Optimized geometry of the confl tautomer used as the reference structure for all quantum chemical
analyses including HOMO-LUMO, NBO, and second-order perturbation studies.

Frontier Orbitals Analysis

The frontier molecular orbital (FMO) analysis, including visual representations of the HOMO (Highest Occupied
Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital), provides valuable insight into the
electronic structure and chemical reactivity of the molecule (Fleming, 1976; Fukui, 1982). The calculated orbital
energies are —0.22485 a.u. (—6.12 eV) for the HOMO and —0.06178 a.u. (—1.68 eV) for the LUMO (Figure 4). This
yields a HOMO-LUMO gap of 4.44 eV, indicative of moderate chemical reactivity and good overall molecular
stability.
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Figure 4. Frontier molecular orbitals of the confl tautomer: Lowest Unoccupied Molecular Orbital (LUMO),
Highest Occupied Molecular Orbital (HOMO).

The HOMO represents the region of the molecule with the highest probability of donating electrons. The electron
density in this orbital is primarily distributed across the conjugated m-system and aromatic ring, highlighting
potential nucleophilic regions. The delocalized nature of the HOMO suggests strong resonance stabilization and
contributes to the planarity and extended conjugation of the molecular framework.

In contrast, the LUMO defines the most probable location for incoming electron density. The LUMO is spatially
localized near electronegative atoms such as oxygen and nitrogen, which marks these areas as susceptible to
electrophilic attack. The n* character of the LUMO further suggests that the molecule may participate in T — 7*
transitions, which are relevant in UV—Vis absorption and photoexcitation processes.

The spatial alignment of HOMO and LUMO also reveals the possibility of effective intramolecular electron
delocalization (Fukui, 2006; Woodward & Hoffmann, 1969). This is particularly important in the context of
tautomerization and proton transfer reactions, where the ability of the system to stabilize charge redistribution is
essential (Parr & Pearson, 1983; Zhan, Nichols & Dixon, 2003). The localization of the LUMO around key
heteroatoms implies that these sites could accommodate extra electron density or facilitate proton acceptance
during such transformations (Fukui, 2006; Fleming, 1976; Sobolewski & Domcke, 2002).

In summary, the HOMO-LUMO analysis provides critical information regarding the molecule’s electron donation
and acceptance capabilities, chemical stability, and reactivity (Fukui, 2006; Woodward & Hoffmann, 1969; Parr,
Szentpaly & Liu, 1999). The moderate HOMO-LUMO gap suggests a balanced profile—chemically stable under
standard conditions, yet reactive enough to participate in tautomeric shifts, charge transfer, or optical excitations
Zhan, Nichols & Dixon, 2003; Parr, Szentpaly & Liu, 1999; (Pearson, 1987)

Population Analysis

The charge distribution reveals extreme polarization in the triazolone core: carbonyl oxygen (023) accumulates
significant electron density (-0.642 ¢), functioning as the primary electron sink, while the adjacent carbonyl carbon
(C21) becomes a potent electrophilic center (+0.766 ¢). This O5 =Cd" polarization creates a reactivity hotspot for
nucleophilic attack or proton exchange. The triazole nitrogen N22 (-0.462 e) exhibits comparable electron density
to oxygen, confirming its role as a dual hydrogen-bond acceptor. Crucially, the N22-bound hydrogen
(H33) displays reduced positivity (+0.443 e vs. +0.25-0.28 e for aliphatic hydrogens), signaling enhanced mobility
for tautomeric proton transfer.

The NBO orbital decomposition (see Table 1) quantifies the electronic framework. Lewis-type orbitals dominate
the electronic structure, containing 161.75 electrons (95.2%) distributed across 27 core orbitals, 41 bonding
orbitals, and 17 lone pairs. In contrast, the non-Lewis component, accounting for 8.25 electrons (4.8%), captures
critical resonance effects that drive tautomerism. This 4.8% non-Lewis electron density is associated with strong
n—n* donor—acceptor interactions, with stabilization energies ranging from 44 to 63 kcal/mol. These interactions
facilitate proton shuttling via the N22—H33 linkage, stabilize charge-separated tautomeric intermediates, and
enhance m-acidity in the p-fluorophenyl ring, as evidenced by the notable NBO charge on fluorine (F16: —0.328

e).
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The halogen contrast is striking: fluorine's charge withdrawal (-0.328 e) versus chlorine's near-neutral state (-0.007
e) highlights fluorine's superior capacity to polarize aryl rings. When analysis thresholds are lowered (e.g., to 1.50
in table cycles 25-33), non-Lewis occupancy artificially decreases (5.24—5.82 e), but this forces delocalized
density into Lewis orbitals—distorting the chemically accurate description.

The synergy is clear: the 4.8% delocalized density acts as an "electronic catalyst," leveraging charge polarization
(023/C21/N22) to enable proton-coupled dynamics. This explains the solid-state planarity while positioning H33
as the tautomeric linchpin—its reduced charge (+0.443 e) lowers kinetic barriers for proton migration in biological
contexts.

Table 1. Summary of NBO analysis parameters for selected SCF cycles.

Non-
Cycle Lewis (¢) Lewis (e)) BD LP Deviation
1 161.7910 8.20902 40 18 0.62
2 161.7538 8.24623 41 17 0.47
3 161.7538 8.24623 41 17 0.47
4 161.7538 8.24623 41 17 0.47
5 161.7538 8.24623 41 17 0.47
6 161.7538 8.24623 41 17 0.47
7 161.7538 8.24623 41 17 0.47
8 161.7538 8.24623 41 17 0.47
9 161.7538 8.24623 41 17 0.47
10 161.3685 8.63146 40 18 0.66
11 161.8106 8.18938 40 18 0.62
12 161.9883 8.01169 40 18 0.47
13 161.9883 8.01169 40 18 0.47
14 161.9883 8.01169 40 18 0.47
15 161.9883 8.01169 40 18 0.47
16 165.7776 4.22236 46 12 0.44
17 165.7223 427775 46 12 0.47
18 165.2196 4.7804 45 13 0.43
19 165.1942 4.80582 45 13 0.44
20 164.6159 5.38407 44 14 0.41
21 1652196 4.7804 45 13 0.43
22 164.6159 5.38407 44 14 0.41
23 165.2196 4.7804 45 13 0.43
24 164.6159 5.38407 44 14 0.41
25 165.3433  4.65675 45 13 0.62
26 1652879 4.71213 45 13 0.62
27 165.2879 4.71213 45 13 0.62
28 164.7852 5.21478 44 14 0.62
29 164.7852 5.21478 44 14 0.62
30 164.7598 5.2402 44 14 0.62
31 164.7598 5.2402 44 14 0.62
32 164.1816 5.81845 43 15 0.62
33 164.1816 5.81845 43 15 0.62
34 165.7776  4.22236 46 12 0.44
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Second-Order Perturbation Stabilization Energy (E(2))

The second-order stabilization energy (E®) is calculated based on second-order perturbation theory and reflects
the energetic contribution arising from electron delocalization between a filled (donor) orbital and an empty
(acceptor) orbital. The magnitude of this stabilization is defined by the equation (Reed, Curtiss & Weinhold, 1988):

2
G

€5 — &g

In this expression, n; is the donor orbital occupancy (typically = 2), Fj; represents the Fock matrix element
(indicative of orbital overlap), and ¢—¢;is the energy gap between the donor and acceptor orbitals. A higher E®
value signifies a stronger interaction and greater energetic stabilization.

The NBO analysis reveals that electronic delocalization is dominated by resonance in the triazolone core (N18—
C19-N20-C21=023). The strongest interactions involve nitrogen lone pairs donating into carbonyl and imine
antibonding orbitals: N22 — *(C21=023) (62.88 kcal/mol), N20 — 7*(C21=023) (52.19 kcal/mol), and N20 —
n*(N18=C19) (44.11 kcal/mol). This triad creates an amide-like resonance system that stabilizes the planar ring
structure and facilitates proton transfer during tautomerism by redistributing electron density across N18-023.

Significant hyperconjugation occurs in aliphatic chains, particularly 6(C3-C4) — ¢*(C5-C6) (22.02 kcal/mol)
and o(C12-C13) — o*(C10-C11) (21.72 kcal/mol), which rigidify benzyl substituents without substantial bond
weakening. The carbonyl oxygen (023) further contributes through polarizing interactions: 023 — o*(N20—
C21) (30.32 kcal/mol) and 023 — o*(C21-N22) (25.84 kcal/mol), enhancing electrophilicity for potential
nucleophilic attacks or keto-enol shifts.

Halogen atoms participate weakly but distinctly: F16 — ¢*(C12—C13) (6.60 kcal/mol) and C117 — =n*(C6) (3.11
kcal/mol) stabilize para-substituted aryl rings via hyperconjugation. Aryl group delocalization, evidenced by
interactions like Core(C13) — o*(C13-F16) (3.75 kcal/mol), reinforces the planarity of benzylidene units.

Collectively, these interactions create a dual stabilization mechanism: the triazolone core drives tautomerism-
ready electronic lability through n—n* resonance, while hyperconjugation in peripheral groups enhances
conformational stability. This electronic profile supports the observed solid-state planarity and suggests
tautomerism proceeds via low-energy proton shifts within the N18-023 framework.

In conclusion, the E® values collectively highlight a well-distributed electron delocalization network, mainly
supported by lone pairs on nitrogen and oxygen atoms. These interactions stabilize the molecular geometry and
electronic configuration, while also indicating reactive sites that may play key roles in tautomeric shifts or chemical
reactions, as summarized in Table 2.

Table 2. Selected Donor—Acceptor Orbital Pairs with Second-Order Stabilization Energies (E®) and Interaction
Types

Donor NBO Acceptor NBO E® kcal/mol) Type

LP(1) N22 T*(C21=023) 62.88 n — m*
LP(1) N20 T*(C21=023) 52.19 n —
LP(1) N20 T*(N18=C19) 44.11 n — m*
BD(2) C3-C4  6*(C5-C6) 22.02 5 — ¥
LP(2) 023 G*(N20-C21) 30.32 n— o
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4. DISCUSSION

In this study, the tautomeric behavior of the target compound was investigated using quantum chemical methods,
focusing on the structural, energetic, and electronic characteristics of both tautomeric forms. Geometry
optimizations and frequency calculations were carried out at the B3LYP/6-31G(d) level in the gas phase, allowing
for identification of the most stable tautomer as well as the transition state (TS) structure connecting the two forms.
The calculated imaginary frequency of —1902 cm™ confirmed the presence of a first-order saddle point
characteristic of a valid transition state.

The Intrinsic Reaction Coordinate (IRC) analysis provided further validation of the connection between the
transition state (TS) and its respective reactant and product minima. The reaction pathway was smooth and
symmetric, with a calculated activation barrier of around 171.3 kJ/mol in the forward direction. This indicates that
tautomerisation requires a significant amount of energy. By contrast, the reverse reaction exhibited a slightly lower
energy demand, suggesting that the reaction is thermodynamically more favourable in the reverse direction. This
energy asymmetry is consistent with the relative stabilities observed between the two tautomers.

Frontier Molecular Orbital (FMO) analysis provided further insight into the molecule's electronic reactivity. The
HOMO and LUMO orbitals, with energies of —6.12 ¢V and —1.68 eV respectively, resulted in a moderate energy
gap of 4.44 ¢V, implying a balance between stability and reactivity. The spatial localization of the HOMO over
the conjugated n-system and the LUMO over electronegative atoms such as oxygen and nitrogen highlights the
dual nucleophilic and electrophilic nature of the molecule, particularly in the context of proton transfer and
tautomeric switching.

Natural Bond Orbital (NBO) analysis provided deeper insight into the electronic structure of the molecule,
highlighting a rich network of donor—acceptor interactions. The most significant delocalizations were found within
the triazolone core, where lone pairs on nitrogen atoms (N22 and N20) strongly donate into antibonding * orbitals
of adjacent C=0 and C=N bonds, forming an extended resonance system that stabilizes the ring planarity. The
high E(2) values for these interactions—such as N22 — n*(C21=023) (62.88 kcal/mol) and N20 — n*(N18=C19)
(44.11 kcal/mol)—underscore the energetic favorability of electron delocalization across the N18—C19-N20—
C21=023 framework. Additionally, the analysis revealed substantial hyperconjugative interactions in aliphatic
and aromatic substituents, particularly 6(C3—C4) — o*(C5—C6) and halogen-involved delocalizations such as F16
— 6*(C12—C13). These interactions rigidify the molecular periphery and contribute to conformational stability
without significantly altering the core reactivity.

Altogether, the combined resonance and hyperconjugation effects not only stabilize the ground-state geometry but
also explain the observed tautomeric preferences and directional feasibility of proton transfer, particularly through
the N18—023 axis.

Overall, the combined computational results support a consistent mechanistic and energetic description of the
tautomeric interconversion. The preferred tautomer is energetically more favorable, while the transition state and
reaction profile align with known intramolecular proton shift mechanisms. These insights could be valuable for
further studies involving reactivity, spectroscopic behavior, or potential pharmacological implications of
tautomeric forms.
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Anahtar Kelimeler:
Lavandula angustifolia ve
Salvia officinalis. Ugucu yag,
Antimikrobiyal aktivite

Geleneksel antimikrobiyal ilaglarin olasi yan etkileri ve bakteriyel direng
gelisimi, halk saglig1 acisindan ciddi bir tehdit olusturmaktadir. Bu durum,
dogal ve bitkisel kaynakli alternatiflerin arastirilmasini giderek daha 6nemli
hale getirmistir. Gliniimiizde birgok aromatik ve tibbi bitkinin, yalnizca
beslenme amaciyla degil, ayni zamanda enfeksiyonlara karst koruyucu
olarak halk tarafindan yaygin bigimde kullanildig1 bilinmektedir Mevcut
calismada, Kirsehir kosullarinda kiiltiire alinan Lavandula angustifolia
(lavanta) ve Salvia officinalis (adagay1) bitkilerinden elde edilen ugucu
yaglarin antimikrobiyal etkileri degerlendirilmisti. Ugucu yaglarin
antibakteriyel aktiviteleri, yedi farkli klinik dneme sahip bakteri susuna
kars1 disk difiizyon yontemi, MiK (Minimum Inhibitér Konsantrasyonu) ve
MBK (Minimum Bakterisidal Konsantrasyon) analizleri ile incelenmistir.
Elde edilen sonuglar, her iki bitkinin de hem Gram-pozitif hem de Gram-
negatif bakterilere karsi anlamli diizeyde antimikrobiyal aktivite
gosterdigini ortaya koymustur. L. angustifolia ugucu yagi, ozellikle B.
cereus (25 mm) ve S. aureus (20 mm) {izerinde genis inhibisyon zonlar1
olusturarak daha yiiksek etki gostermistir. MIC degeri E. coli ve E. faecalis
icin %0.39 olarak belirlenmis, bu da diisiik konsantrasyonda dahi etkili
oldugunu ortaya koymustur. S. officinalis ugucu yagi ise en diigik MIC
degerini S. aureus susunda (%0.39) gostermistir. Sonuglar, Kirsehir
ikliminde yetistirilen bu bitkilerden elde edilen ugucu yaglarin, direngli
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bakterilerle miicadelede potansiyel dogal antimikrobiyal ajanlar olarak
degerlendirilebilecegini gdstermektedir.

Article Info Abstract

Keywords: Lavandula The potential side effects of traditional antimicrobial drugs and the
angustifolia and Salvia development of bacterial resistance pose a serious threat to public health.
officinalis, essential oil, This situation has made the search for natural and plant-based alternatives
antibacterial activity. increasingly important. Today, many aromatic and medicinal plants are

widely used by the public not only for nutritional purposes but also as
protective agents against infections. In the present study, the antimicrobial
effects of essential oils obtained from Lavandula angustifolia (lavender)
and Salvia officinalis (sage), cultivated under the ecological conditions of
Kirgehir, were evaluated. The antibacterial activities of the essential oils
were investigated against seven clinically significant bacterial strains using
the disk diffusion method, MIC (Minimum Inhibitory Concentration), and
MBC (Minimum Bactericidal Concentration) analyses. The results revealed
that both plants exhibited significant antimicrobial activity against both
Gram-positive and Gram-negative bacteria. L. angustifolia oil stood out
with broader inhibition zones and lower MIC values, particularly against L.
angustifolia essential oil showed higher efficacy, particularly forming large
inhibition zones against B. cereus (25 mm) and S. aureus (20 mm). The
MIC value was determined to be 0.39% for E. coli and E. faecalis,
indicating effectiveness even at low concentrations. S. officinalis essential
oil exhibited its lowest MIC value (0.39%) against the S. aureus strain. The
findings suggest that the essential oils obtained from these plants cultivated
in the Kirsehir climate could be considered as potential natural
antimicrobial agents in the fight against resistant bacteria.

1. INTRODUCTION
The increasing prevalence of infections caused by multidrug-resistant (MDR) bacteria has emerged as a serious
global public health concern, particularly as existing treatment options become increasingly limited. The
widespread and often inappropriate use of antibiotics has accelerated the emergence and dissemination of resistant
strains, thereby contributing to a global rise in morbidity and mortality rates (Mohammadinejad et al., 2019). This
alarming situation has heightened interest in novel therapeutic approaches, especially those derived from natural
products with antimicrobial potential.

In today's world, where the search for alternative treatments is on the rise, antimicrobial resistance observed in
both Gram-positive and Gram-negative bacteria continues to challenge modern medicine. In particular, species
such as methicillin-resistant Staphylococcus aureus (MRSA) and Bacillus cereus play a significant role in
healthcare-associated infections such as pneumonia, wound infections, and bacteremia, complicating the treatment
process and increasing the burden on healthcare systems (Mahjabeen et al., 2022). Similarly, multidrug-resistant
(MDR) Gram-negative pathogens such as Escherichia coli and Klebsiella pneumoniae that produce extended-
spectrum B-lactamases (ESBLs) are resistant to key antibiotic groups such as B-lactams, fluoroquinolones, and
carbapenems, and represent significant clinical threats (Jean et al., 2022). Global surveillance studies have
identified pathogens such as Klebsiella pneumoniae, Escherichia coli, Enterococcus faecalis, and Staphylococcus
aureus as the leading causes of hospital-acquired infections (Jean et al., 2022; Santajit & Indrawattana, 2016).

In light of these challenges, natural products, and especially essential oils, are emerging as promising alternatives
in the management of multidrug-resistant infections. Thanks to their antimicrobial properties attributed to their
rich and diverse chemical structures, they have the potential to play an important role in the development of new
therapeutic strategies (Mohammadinejad et al., 2019). Essential oils are secondary metabolites with a certain
phytochemical composition obtained from different parts of various aromatic plants (Alizadeh Behbahani &
Shahidi, 2019; Iscan et al., 2002; Katar et al., 2020; Lal et al., 2020). Plants that have adapted to different ecological
conditions generally exhibit remarkable phytochemical diversity. This chemical richness, shaped by both
environmental and genetic factors, has made aromatic plants important sources of bioactive compounds (Arzani
& Ashraf, 2016; Soleimani et al., 2022). In this context, the species Lavandula angustifolia (lavender) and Salvia
officinalis (sage) belonging to the Lamiaceae family are noteworthy due to their traditional medicinal uses and the
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therapeutic effects of their essential oils. The essential oils of these widely cultivated perennial plants have been
used for centuries in the treatment of conditions such as ulcers, spasms, inflammation, dizziness, and rheumatism
(Abou Baker et al., 2021; Benbrahim et al., 2021; Ezema et al., 2022).

The essential oils of Lavandula angustifolia and Salvia officinalis species generally contain main components such
as 1,8-cineole and borneol; they can exhibit significant chemotypic differences depending on the species,
geographical origin, harvest time, and cultivation conditions (Abou Baker et al., 2021; Andrys et al., 2018; Arnao
et al., 2001). These chemical differences can directly affect the antimicrobial efficacy of essential oils.

In this study, the in vitro antibacterial activities of essential oils obtained from Lavandula angustifolia and Salvia
officinalis plants against various multidrug-resistant bacterial strains will be evaluated. These two plant species
have been cultivated for the first time under the ecological conditions of Kirsehir Province and included in this
study. This situation provides a unique contribution to the literature in terms of revealing the antimicrobial potential
of these plants based on the secondary metabolite profiles they synthesize under the climatic conditions of Kirsehir.

2. MATERIALS and METHODS
Plant Material

The Lavandula angustifolia and Salvia officinalis plants used in this study were cultivated at the AHIGETAM
Medical and Aromatic Plants Application and Research Area of Kirsehir Ahi Evran University. L. angustifolia was
harvested at full bloom, while S. officinalis was harvested at the beginning of flowering. The harvested plants were
dried in a shaded environment at room temperature under conditions that ensured air circulation. The dried samples
were ground in a grinder to achieve homogeneity.

Extraction of Essential Oils

The hydrodistillation method was used to extract essential oils from L. angustifolia and S. officinalis plants. A
Clevenger-type apparatus was used for this process. The distillation process was carried out for approximately 3
hours. The condensed phases were separated due to differences in specific gravity, and the essential oils were
collected. The obtained essential oils were passed through anhydrous sodium sulfate and then stored in amber-
colored glass bottles at 4°C until analysis was performed.

Test Microorganisms

The microorganisms evaluated for antibacterial activity in this study consisted of reference strains obtained from
the Medical Biology Laboratory of the Faculty of Medicine at Kirsehir Ahi Evran University. The bacterial strains
used were as follows: Klebsiella pneumoniae (ATCC 10031), Escherichia coli (ATCC 25922), Yersinia
pseudotuberculosis (ATCC 911), Bacillus subtilis subsp. spizizenii (ATCC 6633), Staphylococcus aureus (ATCC
25213), beta-toxin-positive Staphylococcus aureus (ATCC 25923), Enterococcus faecalis (ATCC 29212), and
Bacillus cereus (709 Roma isolate). All strains were cultured in appropriate media prior to the experiment to
activate them, and pure cultures were used throughout the study.

Antibacterial Activity Test

The antibacterial effects of essential oils were evaluated using the disk diffusion method. The Kirby-Bauer disk
diffusion method, used in the preliminary evaluation of antibacterial activity, is a widely used and standardized
technique for determining the susceptibility of microorganisms to various antibiotics. In this method, antibacterial
activity is evaluated by measuring the diameter of the inhibition zones, and the results are interpreted according to
standards such as CLSI (Yao et al., 2021). Each bacterial strain was prepared to a 0.5 McFarland standard
(approximately 1 x 10®* CFU/mL) and evenly spread on the surface of Mueller-Hinton agar (MHA; Merck,
Germany) plates using a sterile cotton swab. Each sterile 6 mm diameter disc was impregnated with 10 uL of
essential oil prepared at a concentration of 25% (v/v), and these discs were placed on the surface of the inoculated
bacterial layer. Ampicillin at a concentration of 1 mg/mL was used as a positive control, and a 5% DMSO solution
was used as a negative control. To evaluate the antibacterial activity against bacterial growth, the diameters of the
inhibition zones formed around the wells were measured using a standard antibiogram chart after 24 hours of
incubation at 37°C.

Minimum Inhibitory Concentration (MIC) Determination

Minimum inhibitory concentrations (MIC) were determined using the broth microdilution method according to
CLSI guidelines (Weinstein, 2018). Essential oils were serially diluted (12.5-0.098%) in Mueller-Hinton broth
(MHB) containing 5% (v/v) DMSO, and 10° CFU/mL bacterial suspension was added to each well. The bacterial
strains were incubated at 37°C for 24 hours, and growth observations were evaluated visually.
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In order to determine the minimum bactericidal concentration (MBC) values, concentrations equal to or higher
than the previously determined MIC value were selected. To evaluate bactericidal activity against these
concentrations, inoculum was taken from the relevant microdilution wells using a sterile loop and inoculated into
Petri dishes containing fresh medium (Mueller-Hinton agar). After incubation at 37°C for 24 hours, the lowest
concentration at which no colony growth was observed was accepted as the MBC.

3. RESULTS

The antibacterial activity of essential oils obtained from L. angustifolia and S. officinalis plants was evaluated
against pathogenic Gram-positive and Gram-negative bacterial strains. In this context, inhibition zone diameters
and MIC and MBC values are presented in Table 1 and Table 2, respectively. It was determined that DMSO, used
as a solvent in the experiments, did not exhibit any antimicrobial effect on the tested microorganisms. The essential
oils demonstrated moderate to high levels of antibacterial activity, forming inhibition zones ranging from 13 to 25
mm against the seven different pathogenic bacterial strains tested. However, L. angustifolia essential oil exhibited
a stronger antibacterial effect profile than Salvia officinalis essential oil, forming wider inhibition zones against
most of the tested bacterial strains.

Among Gram-negative bacteria, L. angustifolia essential oil produced inhibition zones of 15 mm and 14 mm
against E. coli and K. pneumoniae strains, respectively, while S. officinalis essential oil produced zone diameters
of 14 mm and 13 mm against the same strains, respectively. Against Y. pseudotuberculosis strains, L. angustifolia
essential oil produced a zone of 16 mm, which is higher than the 14 mm zone diameter produced by S. officinalis
essential oil. This result indicates that L. angustifolia essential oil is more effective than S. officinalis essential oil
against all tested Gram-negative bacteria.

When evaluated in terms of Gram-positive bacteria, L. angustifolia essential oil showed the highest antibacterial
effect against B. cereus strain with a zone diameter of 25 mm. S. officinalis essential oil produced a zone diameter
of 16 mm against the same strain. Additionally, L. angustifolia essential oil formed a 20 mm zone against the S.
aureus strain, showing a similar effect to ampicillin (19 mm). In the S. aureus BT strain, both essential oils
produced inhibition zones of equal size (15 mm). Against the E. faecalis strain, L. angustifolia and S. officinalis
essential oils exhibited similar levels of antimicrobial activity, producing zones of 17 mm and 16 mm, respectively.
These findings support that L. angustifolia essential oil generally exhibits stronger antimicrobial activity against
both Gram-negative and Gram-positive bacteria compared to S. officinalis essential oil.

Table 1. Inhibition zone diameters of Lavandula angustifolia ve Salvia officinalis essential oils against tested
bacterial strains

Zone Diameters (mm)

Microorganisms L.angustifolia EO S. officinalis EO Ampicillin
Gram-negative bacteria

E. coli (ATCC 25922) 15 14 20

K. pneumoniae (ATCC 10031) 14 13 22

Y. pseudotuberculosis (ATCC 911) 16 14 21
Gram-positive bacteria

S. aureus (ATCC 25213) 20 15 19

S. aureus BT (ATCC 25923) 15 15 21

E. faecalis (ATCC 29212) 17 16 22

B. cereus (709 Roma) 25 16 21

EO: Essential oil

To support the findings obtained by the disk diffusion method, the antimicrobial activities of L. angustifolia and
S. officinalis essential oils were quantitatively evaluated based on MIC and MBC values (Table 2). This study
reveals that both essential oils possess potential antibacterial properties against bacterial pathogens. L. angustifolia
essential oil exhibited the lowest inhibitory concentration with an MIC value of 0.39% against E. coli and E.
faecalis strains. S. officinalis essential oil exhibited the lowest MIC value of 0.39% against the S. aureus strain.
These values indicate that both essential oils possess high antibacterial potential against the aforementioned strains.

While L. angustifolia essential oil showed efficacy against B. cereus strain with MIC and MBC values of 0.78%
and 3.125%, respectively, the bactericidal effect of S. officinalis essential oil against this strain appeared at a
relatively higher concentration of 6.25%. However, this value still indicates strong activity when considering the
natural structure of essential oils.
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Table 2. MIC and MBC values of Lavandula angustifolia ve Salvia officinalis essential oils against tested bacterial
strains

MIC Values (%) MBK Values (%)
Microorganisms L.angustifolia .o, L.angustifolia S. officinalis
EO S. officinalis EO EO EO
E. coli (ATCC 25922) 0.39 0.78 0.78 1.56
K. pneumoniae (ATCC 10031) 1.56 1.56 1.56 3.125
;/.Hljseudotuberculosts (ATCC 156 156 156 3125
S. aureus (ATCC 25213) 0.78 0.39 3.125 1.56
S. aureus BT (ATCC 25923) 0.78 0.78 3.125 3.125
E. faecalis (ATCC 29212) 0.39 0.78 3.125 3.125
B. cereus (709 Roma) 0.78 1.56 3.125 6.25

EO: Essential oil

4. DISCUSSION
In this study, the antimicrobial effects of essential oils obtained from Lavandula angustifolia and Salvia officinalis
plants were evaluated against both Gram-positive and Gram-negative bacteria, and the results revealed that these
natural compounds have significant antibacterial potential.

The bacteria tested are clinically important infectious agents in terms of human health. E. coli and K. pneumoniae
are Gram-negative strains that cause serious infections such as urinary tract infections, sepsis, and hospital-
acquired pneumonia (Diekema et al., 2019). S. aureus and B. cereus cause a wide range of diseases, from skin and
soft tissue infections to foodborne illnesses (Khan et al., 2015); E. faecalis is a Gram-positive bacterium primarily
responsible for serious diseases such as catheter-related infections and endocarditis (Xie et al., 2024). Y.
pseudotuberculosis is a globally prevalent Gram-negative pathogen that can cause gastrointestinal infections such
as gastroenteritis and mesenteric lymphadenitis in humans (Fredriksson-Ahomaa, 2009).

Disk diffusion analyses have shown that L. angustifolia essential oil exhibits broad-spectrum antimicrobial activity,
particularly against clinically critical strains such as B. cereus (25 mm), S. aureus (20 mm), and E. coli (15 mm).
S. officinalis essential oil produced narrower zone diameters but still exhibited significant antimicrobial activity.
The primary reason for the efficacy of essential oils lies in their biologically active components. Chromatographic
analysis findings in the literature reveal that the main components of L. angustifolia essential oil are linalool and
linalyl acetate, while S. officinalis essential oil contains 1,8-cineole, camphor, and cis-thujone (Mourabiti et al.,
2024). It has been reported that linalool disrupts cell membrane integrity, causing intracellular contents to leak out,
thereby inhibiting the vital functions of bacteria (Eliuz et al., 2016). Similarly, it is known that 1,8-cineole and
camphor disrupt protein synthesis and enzyme activity (Jirovetz et al., 2005).

In MIC/MBC analyses, the fact that L. angustifolia essential oil is effective against . coli and E. faecalis strains
at low concentrations of 0.39% indicates that it has a strong effect profile against both Gram-negative and Gram-
positive bacteria. S. officinalis essential oil, on the other hand, exhibited the lowest MIC value against S. aureus
strains (0.39%), suggesting that it may be more effective against Gram-positive pathogens in particular.

When these data are considered together, it is understood that the antibacterial potential of essential oils depends
on both their content and the structural characteristics of the target bacterial species. The higher effect of L.
angustifolia essential oil is probably due to the synergistic destruction effect of linalool and linalyl acetate on the
cell membrane. The components of S. officinalis essential oil, on the other hand, appear to be particularly effective
against Gram-positive bacteria. The L. angustifolia and S. officinalis plants used in the study were cultivated in the
Kirsehir region, and their essential oils were obtained from these samples. In this regard, the study is significant
in terms of evaluating the antimicrobial potential of essential oils obtained from locally sourced plant material. In
this respect, the study provides an important contribution in terms of revealing the antimicrobial potential of
essential oils obtained from L. angustifolia and S. officinalis plants cultivated in the ecological conditions of
Kirsehir. The findings show that the phytochemical profiles of these plants developing in the Kirgehir climate may
play a decisive role in their antibacterial activities and provide a scientific basis for the potential applications of
these essential oils in the field of health.

5. CONCLUSIONS
This study has demonstrated the antimicrobial effects of essential oils obtained from Lavandula angustifolia and
Salvia officinalis plants cultivated in Kirsehir ecological conditions against both Gram-positive and Gram-negative
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bacteria. As a result of disk diffusion, MIC and MBC analyses, it was determined that especially L. angustifolia
essential oil has a broad-spectrum and strong antibacterial effect. This effect is thought to be due to phytochemical
components such as linalool and linalyl acetate contained in the essential oil. S. officinalis essential oil also showed
a significant effect against some Gram-positive bacteria, especially Staphylococcus aureus. The fact that both
essential oils were effective at low concentrations suggests that these natural compounds can be evaluated as
alternative antimicrobial agents in the fight against multidrug-resistant pathogens. In conclusion, this study; It
contributes to the literature by showing the strong antibacterial potential of the essential oils obtained from L.
angustifolia and S. officinalis plants cultivated in Kirsehir province and also provides a scientific basis for
advanced research on the use of these oils in the field of health.
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Gilinlimiizde insaat sektoriinde yeni yapisal sistemlerin insasina yonelik
artan ihtiyag, ¢esitli yenilik¢i mimari yaklagimlarin ortaya ¢ikmasina neden
olmaktadir. Bununla birlikte, bir yapmin tastyici sisteminin tasariminda
oncelikli kural statik emniyet ilkesidir. Bu nedenle, mimari acidan
avantajlar sunan bir tasarimin statik agidan detayli bir sekilde analiz
edilmesi bilyiik 6nem tasimakta ve yapmnin ekonomik émrii agisindan da
Onem arz etmektedir. Bu makalede, mimari avantajlar sunan kirisli konsol
dosemelerde basing donatisi oraninin uzun siireli deformasyonlara etkisi ele
alinmistir. Ingaat sektdriinde yapi tasarimi ve uygulamalarinda yenilikgi
yaklagimlar gelistirilse de sahada geleneksel yontemlerin daha yaygin
olarak uygulandig1 gézlemlenmektedir. Uzun siireli deformasyonlar belirli
miihendislik yaklagimlariyla tahmin edilebilmekle birlikte, dngoriilemeyen
baz1 belirsizlikler igerebildiginden, giivenli tasarim agisindan dikkate
almmalart  gerekmektedir. Zira birgok parametre, uzun = siireli
deformasyonlar1 onemli Olglide etkileyebilmektedir. Bu ¢alisma
kapsaminda, sahada uygulama karsilig1 olan bir tasarim yaklasimi analiz
edilmistir. Gerekli izinler alinarak, iki katli ve kirigli konsol ¢ikmasi
bulunan bir yap1 modellenmistir. Yapmnin yapisal sistem analizi, sonlu
elemanlar yontemi kullanilarak gergeklestirilmistir. Tasarimda yer alan
kirisli konsol dosemelerin uzun siireli deformasyon degerlendirmesi,
TS500 Betonarme FElemanlarda Kullanilabilirlik bolimiinde yer alan
formiilasyonlar esas alinarak yapilmigtir. Bu formiilasyonlarda, kesitteki
basing donatis1 orani degistirilerek uzun siireli deformasyonlarin hangi
oranda etkilendigi sayisal olarak incelenmistir. Basing donatisi oraninin
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tagima giicii agisindan yeterli oldugu durumlarda dahi, kullanilabilirlik sinir
durumu agisindan tasidigi 6nem degerlendirilmistir. Calisma sonucunda,
TS500 standardinda belirtilen sehim sinirlart gergevesinde; ani sehim ve
uzun siireli sehim yoniinden degerlendirmeler yapilmistir. Bu makaleyle,
giiniimiizde mimari agidan tercih edilebilirligi artmakta olan kirisli konsol
dosemeli yap1 tasarimlarinda, statik emniyetin artirilmasina ydnelik
yaklagimlara katki saglanmasi amaglanmaistir.

Article Info Abstract

Keywords: With the increasing demand for the construction of new structural systems
in today’s construction industry, various innovative architectural
approaches have emerged. Nevertheless, the foremost rule in the design of
a structural system remains the principle of structural safety. Therefore,
Reinforcement  Ratio, Long-  conducting a detailed structural analysis of a design that offers architectural
Term  Deformation,  Finite advantages is of great importance—not only for ensuring safety but also for
Element Analysis maximizing the service life of the structure. This study investigates the
effect of the compression reinforcement ratio on long-term deformations in
cantilever slabs with beams, which offer certain architectural benefits.
Although innovative approaches in design and implementation continue to
develop in the construction industry, traditional methods are still more
commonly used in practice. While long-term deformations can be estimated
using engineering approaches, they may also involve unforeseen
uncertainties, making them a critical consideration for safe design. Many
parameters can significantly influence long-term deformations. In this
context, the study focuses on a design approach that corresponds to real-life
construction practices. A two-story structure featuring cantilever beams was
modeled upon obtaining the necessary permissions. The structural system
was analyzed using the finite element method. Long-term deformation
assessments of the cantilever slabs were carried out in accordance with the
formulations provided in the “Serviceability of Reinforced Concrete
Elements” section of TS500. By varying the compression reinforcement
ratio in the cross-section, the extent to which long-term deformations are
affected was examined numerically. Even if the compression reinforcement
ratio satisfies strength requirements, its significance in terms of
serviceability limit states was also evaluated. As a result, deflection limits
specified in the TS500 standard were used to assess both immediate and
long-term deflections. It is hoped that this study will contribute to
enhancing structural safety in the design of cantilever slab systems, which
are increasingly preferred for their architectural appeal in contemporary
practice.

Reinforced Concrete Cantilever
Slab with Beams, Compression

1. GIiRiS

Betonarme yapilarin tastyici sistemlerinin tasariminda tagima giicii ve kullanilabilirlik &nemli sinir durumlar olarak
tanimlanmaktadir. Yapisal sistemlerin tasariminda yenilikgi mimari yaklasimlarin artmasiyla birlikte,
deformasyonlardan kaynaklanan kullanilabilirlik sinir durumu, tasarimda belirleyici bir faktor haline gelmistir.
TS500 standardinda 13. Boliimde Betonarme Elemanlarda Kullanilabilirlik kavrami ifade edilmistir. Bu tanimda
0zet olarak yapida ve yapi elemanlarinda tasima giicii acisindan yeterliligin saglanmasinin yani sira yapisal
elemanlarda veya yapinin tamaminda sistemin asir1 sekil ve yer degistirmeye neden olmayacak bigimde
tasarlanmasinin gerektigi belirtilmistir (TS500,2020). Bu kapsamda, ani sehim simirlandirmasinda, yapisal
elemanlarda olusan egilmede catlama momenti ve elemanda olusan maksimum moment dikkate alinirken uzun
stireli sehimlerde ani sehime ilave olarak siinme ve biiziilme etkisi ile olusan ilave deformasyonlar da géz dniine
alinmaktadir (Denklem 1, Denklem 2).
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0,=0,+0, Denklem 1 (TS500)
A= 4 Denklem 2 (TS500)
1+50p

0, : Toplam sehim

o, : Ani sehim

o . : Kalic1 yiiklerden olusan ani sehim
v, - Kalic1 yiik stire katsayisi

A : Kalict sehim katsayisi

p : Basing donatis1 orani

Kalic1 yiik etkisinde olusan bu deformasyonlarda, kalic1 yiik siire kat sayisi, kesitte bulunan basing donatist
parametrelerinden olusan A sehim kat say1s1 hesaplanarak toplam sehim belirlenmektedir. Ingaat sektoriinde giincel
tasarimlarin tastyici sistem tizerindeki etkilerinin kisa ve uzun siireli davranis agisindan ortaya konmasi yapinin
ekonomik 6mrii agisindan 6nemli hale gelmistir. Betonarme yapilarda deformasyonlarin dogru bir sekilde tahmin
edilmesi ve analizi, yapmin servis Oomrii ve statik giivenligi agisindan efektiftir. Giiniimiizde bilgisayar
teknolojisinin gelismesi, ileri analiz ve modelleme teknikleri g6z Oniine alindiginda tasarimeci miihendisler
acisindan deformasyonlarin daha gercekei tahmini miimkiin hale gelmistir. Ulkemizde kullanilan statik tasarim
yazilimlar1 deformasyonlar agisindan TS500°de verilen denklemleri esas almaktadir. Bundan dolay1 makalede
sonlu elamanlar analizi sonucu yapilan degerlendirmelerde Denklem 1 ve 2 kullanilmigtir. Betonarme yapilarda
deformasyon sinirlar1 hesabinda uluslararasi standartlara yonelik yapilan aragtirmalarda, uzun siireli sehimler
acisindan siinme ve biiziilme etkilerine bagli deformasyonlarin hesabi igin bir ¢arpanin kullanildig1 goriilmiistiir
(ACL2004). Betonarme elemanlarda ve yapilarda deformasyon analizinin dnemine yonelik yapilan literatiir
taramasinda bu hususun tasarimda 6nemini vurgulayan arastirmalar incelenmistir. (Al-Sunna ve ark.,2012), Fiber
polimerler ile gii¢lendirilmis kiris ve désemelerin deformasyon davranigini arastirdiklart makalede deneysel bir
calisma gerceklestirmiglerdir. Yirmi dort betonarme fiber polimerler ile gii¢lendirilmis kiris ve doseme numunesi
tizerinde gergeklestirdikleri deneysel arastirmada, fiber polimerler ile giiglendirilmis betonarme elamanlarin
tasariminda kullanilabilirlik sinir durumunun nemli oldugu ancak bu kapsamda gerceklestirilen analizlerin uzun
stirdligii ve tasarim i¢in basitlestirilmis yontemlere ihtiya¢ duyuldugu vurgulanmistir. Ayrica ¢aligmada kisa siireli
deformasyonlarin tahmin edilmesinde ¢atlama momentinin hesaplanmasinin da énemli oldugu belirtilmistir. Bu
calismada her ne kadar giiclendirilmis betonarme elemanlarda deformasyon analizleri ele alinmig olsa da
kullanilabilirlik sinir durumu igin yapilan hesaplamalarin basitlestirilmis bir yaklasimla degerlendirilebilecegi
goriilmiistiir (Al-Sunna ve ark.,2012). Makalede konsol kiris-doseme sistemlerinde TS500°de verilen denklemlerin
tasarimcilar agisindan pratik hesaplamaya olanak sagladigi degerlendirilmistir. Ayrica TS500’e gore ani
sehimlerinin hesabinda da ¢atlama-egilme momentinin dikkate alindig1 yukarida detaylandirilmistir. Literatiirde
uzun siiren deformasyonlarin olusumunun siinme ve biiziilme etkisi parametrelerine bagl oldugu belirtilmektedir.
Siinme ve biiziilme etkileri bircok farkli etkene bagli olarak degisebilmektedir. Bu etkiler, uzun siireli
deformasyonlar agisindan olduk¢a 6nemlidir. Uzun siireli deformasyonlar, sadece kullanilabilirlik sinir durumu
acisindan degil tasima giicli agisindan da sorunlar ortaya c¢ikarabilmektedir. Artan deformasyonlar ile 6n
goriilemeyen kesit tesirleri olusabilmekte ve bu durum tagima giiciinii olumsuz etkileyebilmektedir. Bununla
birlikte uzun siireli deformasyonlarda catlaklar gozlemlenebilmektedir. Tiim bu etkiler gozle goriilebilir
deformasyon ile birlesince hem statik emniyet agisindan hem de mimari kullanim agisindan olumsuz sonuglar
ortaya ¢ikarabilmektedir. Baska bir ¢aligmada (Loewe ve ark., 2023), sehim hesaplama yodntemlerinin kesin
sonuglar vermedigini ve bu kapsamda gergeklestirilecek analizlerin uzun siirdiigiinii belirtmislerdir. Buna ragmen
sehim hesaplamalarinin tasarimin erken asamalarinda hesaplanmasinin gerekli oldugunu, egilme etkisi altindaki
betonarme elamanlarin boyutlandirilmasinda bu etkinin dikkate alinmasi gerektigini vurgulamislardir. Désemeler
gibi egilme elemanlarinda; minimum kalinlik, désemenin agiklig1, narinlik oran1 gibi parametrelerin deformasyon
acisindan 6nemli oldugu ifade edilmistir. Calismada, betonarme dosemelerdeki uzun siireli etkilere gére doseme
kalinliginin belirlenebilmesine yonelik yaklagimlarin oldugu ancak farkli yontemlerle giiclendirilmis dosemelerde
pratik hesaplamaya yonelik yaklasimlarin yeterli olmadigi belirtilmistir (Loewe ve ark., 2023). Ayrica literatiirde,
uzun siireli deformasyon etkilerinin dikkate alindigi egilme altindaki elemanlarin tasarimina yonelik ¢esitli
deformasyon formiilasyonlar1 da mevcuttur. Bu yontemlerle uzun siireli deformasyon parametresi
hesaplanabilmektedir. Literatiirde Rangan-Scanlon yontemi olarak ifade edilen bu yaklagimda kalic1 yiikler igin
uzun siireli deformasyon c¢arpani elde edilmektedir. Uzun siireli deformasyon ¢arpaninin, TS500’de verilen
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denklemde oldugu gibi siire faktorii ve basing donatisi oranina bagli oldugu goriilmiistiir. Ancak bu yontemde
toplam deformasyon hesabinda sinir sartlarina bagli deformasyon kat sayisi, efektif atalet momenti, ilave hareketli
yik gibi parametreler de hesaplamalarda dikkate alinmaktadir (Loewe ve ark., 2024),. Baska bir calismada
(Ahmadi-Nedushan ve ark.,2024), tek yonlii ddsemelerde malzeme maliyeti optimizasyonu yapmislardir. Sehim
siirlandirmalarinin désemelerin servis yiikleri altindaki ani ve uzun siireli deformasyonlarini kontrol ederek
yapisal biitiinligiin korunmasinda 6énemli oldugunu belirtmislerdir. Caligmada kullandiklar1 optimizasyon yontemi
ile konsol dosemelerde; doseme kalinligi, donati ¢ap1 ve donati araligi parametreleri dikkate alinarak maliyet
optimizasyonunu etkili bir sekilde yapabildiklerini gdstermisglerdir. Siirekli mesnetlenen désemelerin yiik dagilimi
ve azaltilmig egilme momentleri etkisine bagl olarak ekonomik tasarimin yapilabilecegini ortaya koymuslardir
(Ahmadi-Nedushan ve ark.,2024). Dolayisiyla konsol dosemelerin davraniginda, ddseme kenarlarinin
mesnetlenmesinin yiik dagilimi agisindan 6nemli oldugu anlasilmaktadir. Makalede 6rnek olarak segilen tasarimda
konsol dosemelerin dort kenar1 da kiriglere mesnetlenmektedir.

Doéseme caligma yonii dogrultusundaki kenarlari konsol kirislere mesnetlenmeyen tek dogrultulu konsol
doésemelerin kisa ve uzun siireli deformasyonlar agisindan daha hassas oldugu séylenebilecektir. Makalede yapilan
analizlerde sonlu elemanlar yontemi kullanilmis, ancak sadece ani deformasyonlarin belirlenebilmesine yonelik
dogrusal analiz yapilmistir. Literatiirde gatlak etkilerinin de dikkate alindig1 dogrusal olmayan analiz yaklagimlari
ile uzun siireli deformasyonlar daha gercekei belirlenebilmektedir. Ancak gatlak etkilerinin de géz oniine alindig1
dogrusal olmayan analiz yaklagimlari uzun vakit alabilmekte ve yiiksek bilgisayar kapasitesini
gerektirebilmektedir. Bu sebeple uzun siireli deformasyonlar agisindan giivenli tarafta kalan pratik hesap
yaklagimlarinin efektif oldugu belirlenmistir. (Pecic, Masovic & Stosic,2023) yapmis olduklar1 calismada
betonarme elemanlarin deformasyon kontroliinde acgiklik/yiikseklik oraninin etkisini incelemislerdir.
Makalelerinde deformasyon kontrolii i¢in yeni bir yaklasim sunmusglardir. Bu parametrik formiilasyon icerisinde;
kesit boyutlarini, cekme ve basing donatilarinin pozisyonlarini, betonun uzun siire ve mekanik parametrelerini esas
aldiklarii belirtmislerdir. Ayrica dnerdikleri bu parametrik formiilasyona yonelik 6rnek analizler yapmislardir.
Bu formiilasyonun tasarim agisindan basit ve uygulanabilir oldugunu gdstermislerdir. Calismada, uzun siireli
deformasyonlarin sadece betonun siinme ve biiziilme etkileri gibi uzun siire parametrelerine bagli olmadigy;
tasarimin, donatilandirmanin ve egilme elemani1 geometrik 6zelliklerinin sonucu degistirebildigi goriilmiistiir
(Pecic, Masovic & Stosic,2023). Makalede uzun siireli sehimler agisindan TS500°de verilen denklemlerde kalici
yiik siire katsayisi (yy) tablo olarak verildigi i¢in hesaplamalarda tasarima bagli olan basing donatisi orani degisken
olarak secilmistir. (y,) kalict yiik siire katsayisi ise TS500°de 5 yil ve daha fazla yiikleme siiresi igin “2” olarak
dikkate alinmigtir. Makale kapsaminda déseme basing donatist orani degistirilerek uzun siireli deformasyon hesabi
yapilmistir. Sehim smirlarinin karsilagtirilmasinda ise TS500°de verilen Cizelge 13.3 esas alinmigtir. Basing
donatisi oraninin uzun siireli deformasyonlara olan etkisi 6rnek bir modelleme ¢alismasi {izerinden incelenmistir.
Bu deformasyonlar literatiir caligmalarindan da goriilecegi iizere sadece konsol dosemelerle ilgili degildir. Bircok
parametreye bagli olan bu etkinin matematiksel olarak ortaya konulmasi olduk¢a kompleks bir problemdir. Uzun
stireli deformasyonlarin yapinin biitiinii agisindan 6énemi dikkate alindiginda, bu analizin yapisal tasarimda statik
emniyet acisindan basitlestirilmis yaklagimlarla gbz oniine alinmasi oldukca 6nemlidir. Makalede, giiniimiizde
mimari agidan kullanimi yayginlagan kirigli konsol dosemeler dikkate alinmistir. Literatiir aragtirmalarinda konsol
kirigli dosemelerde uzun siireli deformasyon etkilerinin irdelendigi ve basing donatisinin uzun sireli
deformasyonlara yonelik etkisinin analitik olarak ele alindig1 ¢aligmalarin oldukga sinirlt oldugu belirlenmistir. Bu
kapsamda makale ile tasarim yapan miihendislere ve betonarme elemanlarda uzun siireli deformasyonlar
inceleyen arastirmalara katki sunabilmesi amaglanmgtir.

2. MATERYAL VE YONTEM

Calisma kapsaminda zemin + 1 normal kattan olusan ve iki yonde kirigli konsol désemelere sahip bir tasarim
gerekli izinler alinarak modellenmistir (Sekil 1).
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Sekil 1. Kirigli konsol désemeli drnek yap1 modeli (CSI,2025)

Modellemede sonlu eleman yontemi kullanilmistir. Konsol dosemeler, farkli genislik ve yiikseklige sahip kiriglere
mesnetlenmektedir (Sekil 2).

T kizs 2080 E S50 K103 30/80 2 ; K136 30/80 R
\&=19/ =1/ ¢=15/
§
= 279 = 565 =) 275 25
© © =
3 § |z g 2 g 2
= = < g
~— ~— <, ©
< < S108 100130 =
K137 25785 T : & 5 &
D1\ 304 2
=15
o o
- = Y
o~
o § =
G o <
= b S109 10030
K140 25/855, 55 K115 25/85 3 K139 25/85 o
&9 &9 &
¢
&
3 79 (=3 585 o ’CID.) 275 254
e § g 3 S o
o I o ©
2 8 = 8
= © = o
= i 5107 2080 E
| K14130/80 5 K122 30/80 8 K142 30/80 8
815

Sekil 2. Ornek yap1 kalip plam

Yazilim olarak SAP2000 V.26.2.0 (License owner, Kirsehir Ahi Evran Universitesi) kullanilmistir (CSI,2025).
Zemin etkileri i¢in yay tanimlamasi yapilmis, sistem yap1 zemin etkilesimli olarak analiz edilmistir (Sekil 2).
TS498 e gore doseme yiikleri tanimlanmis (konsollarda hareketli yiik 500kg/m?), duvar yiikleri ise projeye uygun
sekilde kirisler {izerine etkitilmistir. Yap1 yatay yiikler, diisey yiikler ve TS500 1.4G + 1.6Q ve G + Q + E yiik
kombinasyonlarina gore analiz edilmistir. Deprem parametreleri, zemin 6zellikleri, malzeme 6zellikleri ve kesit
ozellikleri tanimlandiktan sonra sonlu eleman modeli analiz edilmistir (Sekil 3-4).
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Analiz sonuglarinda konsol dosemelerin u¢ noktalarindaki maksimum deformasyon degerleri belirlenmistir.
TS500’de siinme ve biiziilme etkisini dikkate alan ek deformasyonlarin hesabi Denklem 1 ile yapilmaktadir.
TS500’de daha kesin hesaba gerek duyulmayan durumlarda bu denklemin kullanilabilecegi belirtilmektedir.

6,=0,+6,4 Denklem 1 (TS500)
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Sekil 4. Yap1 modelinin farkli yiik kombinasyonlarindaki analiz deformasyon sekilleri (CSI,2025).

Denklem 1°de uzun siireli etkileri dikkate alan toplam deformasyonun, kalic1 ve hareketli yiiklerden olusan ani
deformasyon (d;) ve kalict yiiklerden olusan deformasyonun (d;) kalici sehim kat sayisi ile (L) garpiminin
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toplamindan olustugu goriilmektedir. Caligmada ani sehim ve kalici yiiklerden olusan sehim degerleri i¢in
SAP2000 analizi sonuglart esas alinmistir. Bu sehim degerleri yap1 elemanlarinin geometrik ve malzeme
ozelliklerine, yiik seviyesine gore degismektedir. Burada donat1 detay tasarimu ile ilgili parametre ise A ¢arpanidir.
A garpani kalici yiik siire kat sayisina ve kesitte bulunan basing donatisi oranina gére degiskenlik gostermektedir.
Denklem 2’de A ¢arpamnin kalic1 yiik siire kat sayisinm (y,) 1 + 50 x p’ (kesitte bulunan basing donatis1 oran1)
boliimiinden elde edildigi gorilmiistiir.

A= 7 , Denklem 2 (TS500)
1+50p

Makale kapsaminda deformasyon hesab1 yapilan dosemelerin basing donatisi orani tagima giicii agisindan yeterli
olsa da bu oranin ve degisiminin uzun siireli deformasyonlara etkisi sayisal olarak incelenmistir. Burada kalic1 yiik
siire kat say1si1 (y;), 2 olarak 5 y1l ve daha fazla yiikleme siiresi i¢in belirlenmistir. {1k olarak basing donatisi orani
i¢in 0,0021 degeri dikkate alinarak SAP2000 (CSI,2025)sonucunda elde edilen deformasyon degerleri kullanilarak
toplam deformasyonlar konsol déseme uglarinda hesaplanmistir. Bu deformasyonlar TS500°de sehim sinirlari igin
verilen ¢izelge 13.3’teki /,/240 degeri ile kiyaslanarak sinirlar icerisinde olup olmadigi kontrol edilmistir. Burada
1,/240 secilmesinin sebebi deformasyon analizi yapilan dosemenin “biiyiik sehimden etkilenebilecek elemanlar
tasiyan” kategorisinde yer almamasi seklindedir. Eger doseme biiyiikk sehimlerden etkilenebilecek elemanlar
tasiyan ve bolme duvar bulunan bir déseme ise sinir degerin /,/480 secilmesi gerekmektedir. Makalede referans
olarak belirlenen basing donatisi orani ilave mesnet donatilari ile %50, %75, %100, %150, %200 artirilarak uzun
stireli deformasyonlar belirlenmistir. Basing donatisi oraninin, tagima giicii agisindan yeterli olsa da uzun siireli
deformasyonlar agisindan yeterli olamayabilecegi ve bu deformasyonlar dikkate alinarak TS500°de verilen
hesaplama yaklasimi ile analiz edilip artirilmasinin gerekli olabilecegi goriilmiistiir.

3. BULGULAR

Analiz sonucunda deformasyonlar agisindan kritik Gneme sahip yapimin 1. ve 2. katinda 20 noktada hareketli (Q)
ve kalict yiiklerden (G) olusan ani sehim, sadece kalic1 yiiklerden olugan ani sehim, kalic1 sehim kat sayis1 A degeri
dikkate alinarak uzun siireli sehim degerleri hesaplanmistir. Dosemelerin net agiklik /, degerleri dikkate alinarak
toplam sehim ile bu deger kiyaslanmustir. ilk olarak basing donatisinin 0,0021 degeri icin A degeri 1,81 olarak
hesaplanmistir. Kiyaslama sonucu Tablo 1°de verilmistir.

Tablo 1. 0,0021 basing donatist oraninda toplam sehim ve kiyaslama.

Doseme/ (G+Q) (G) A Uzun Siireli Toplam lh(mm) 1.,240
Diigiim Ani Sehim  Ani Sehim Sehim Sehim
Noktasi
DZ02 (22) 3,71 3,12 1,81 5,65 9,36 2600 10,83
DZ02 (30) 3,88 3,13 1,81 5,67 9,55 2600 10,83
DZ09 (325) 3,97 3,21 1,81 5,81 9,78 2850 11,88
DZ14 (31) 3,66 3,08 1,81 5,57 9,23 2600 10,83
DZ14 (28) 3,94 3,17 1,81 5,74 9,68 2600 10,83
DZ12 (327) 4,07 3,29 1,81 5,95 10,02 2850 11,88
DZ06(21) 4,72 3,90 1,81 7,06 11,78 2650 11,04
DZ06(23) 2,78 2,32 1,81 4,20 6,98 2650 11,04
DZ17(26) 2,80 2,34 1,81 4,24 7,04 2650 11,04
DZ17(33) 4,64 3,83 1,81 6,93 11,57 2650 11,04
D102 (244) 3,81 3,18 1,81 5,76 9,57 2790 11,63
D102 (248) 3,92 3,08 1,81 5,57 9,49 2790 11,63
D109 (252) 3,95 3,10 1,81 5,61 9,56 3040 12,67
D114 (262) 3,76 3,14 1,81 5,68 9,44 2790 11,63
D114 (258) 3,97 3,11 1,81 5,63 9,60 2790 11,63
D112 (254) 4,03 3,15 1,81 5,70 9,73 3040 12,67
D106(264) 4,87 3,94 1,81 7,13 12,00 2750 11,46
D106(268) 2,84 2,31 1,81 4,18 7,02 2750 11,46
D117(269) 2,84 2,32 1,81 4,20 7,04 2750 11,46
D117(273) 4,83 3,91 1,81 7,08 11,91 2750 11,46

24



Ahi Evran Miihendislik Bilimleri Dergisi (AHIJES)
Birdal' ve ark.

Tablo 1°den goriilecegi iizere 0,0021 basing donatisi orant bazi diigliim noktalarinda tagima giicii agisindan yeterli
olmasina ragmen uzun siireli deformasyonlar agisindan sinir degeri asmistir. Basing donatist orani degeri %25
artirilarak 0,0026 degeri i¢in hesaplama yapildiginda ayni diigiim noktalarinda sinir degerin asildig1 goriilmiistiir.
Sonrasinda sirastyla %50 (p'=0,0032), %75 (p'=0,0036), %100 (p'=0,0042) degerleri igin de denenmis ancak sehim
smirt ayni diigiim noktalarinda saglanamamistir. Ancak basing donatist oran1 %150 artirildiginda uzun siireli
deformasyonlari sehim sinirt altinda kaldigi belirlenmistir (Tablo 2). Bu durum tasarimda ©12/400 olarak
belirlenen mesnet donatisina ilave olarak ©12/200 oraninda mesnette basing donatisinin artirilmast ile
saglanabilmistir.

2025, 1(1), 18-27

Tablo 2. 0,0052 basing donatist oraninda toplam sehim ve kiyaslama.

Doéseme/ (G+Q) (G) A Uzun Siireli Sehim Toplam In (mm) In /240
Dugiim Noktasi Ani Sehim Ani Sehim Sehim

DZ02 (22) 3,71 3,12 1,59 4,95 8,66 2600 10,83
DZ02 (30) 3,88 3,13 1,59 4,97 8,85 2600 10,83
DZ09 (325) 3,97 3,21 1,59 5,10 9,07 2850 11,88
Dz14 (31) 3,66 3,08 1,59 4,89 8,55 2600 10,83
DZ14 (28) 3,94 3,17 1,59 5,03 8,97 2600 10,83
DZ12 (327) 4,07 3,29 1,59 5,22 9,29 2850 11,88
DZ06(21) 4,72 3,9 1,59 6,19 10,91 2650 11,04
DZ06(23) 2,78 2,32 1,59 3,68 6,46 2650 11,04
DZ17(26) 2,80 2,34 1,59 3,71 6,51 2650 11,04
Dz17(33) 4,64 3,83 1,59 6,08 10,72 2650 11,04
D102 (244) 3,81 3,18 1,59 5,05 8,86 2790 11,63
D102 (248) 3,92 3,08 1,59 4,89 8,81 2790 11,63
D109 (252) 3,95 3,10 1,59 4,92 8,87 3040 12,67
D114 (262) 3,76 3,14 1,59 4,98 8,74 2790 11,63
D114 (258) 3,97 3,11 1,59 4,94 8,91 2790 11,63
D112 (254) 4,03 3,15 1,59 5,00 9,03 3040 12,67
D106(264) 4,87 3,94 1,59 6,25 11,12 2750 11,46
D106(268) 2,84 2,31 1,59 3,67 6,51 2750 11,46
D117(269) 2,84 2,32 1,59 3,68 6,52 2750 11,46
D117(273) 4,83 3,91 1,59 6,21 11,04 2750 11,46

Bu kapsamda deformasyonlar a¢isindan kritik dneme sahip yapisal elamanlarda analiz sonucu elde edilen donatilar
tasima giicii agisindan yeterli olsa dahi, uzun siireli deformasyonlar agisindan analiz edilmesi gerektigi makalede
gosterilmistir. Bununla birlikte Tablo 2 incelendiginde basing donatisi oran1 %150 artirilmasina ragmen uzun siireli
toplam deformasyonlarin sinir deger igerisinde ancak bu degere ¢ok yakim olarak hesaplanmasi, uzun siireli
deformasyonlarin hesabinda kritik 6neme sahip yapisal elemanlar agisindan daha ileri hesaplama yaklagimlarinin
gerekebilecegini gostermistir. Tablo 3’te kat planinda maksimum deformasyon olusan désemeler igin basing
donatisi oranina gére degisen deformasyon degerleri ve Sekil 5’te bunun grafiksel gosterimi verilmistir. Calismada
uzun siireli deformasyonlar ag¢isindan giiniimiiz mimarisinde sik¢a rastlanilan kirisli konsol désemeler 6rnek olarak
secilmigtir. Ancak makalenin giris bolimiinde de belirtildigi {izere uzun siireli deformasyonlarin hesabi tiim
yapisal elemanlar ve yapmin tamami agisindan 6nemli olabilmektedir.

Tablo 3. Basing donatisi oranina gore degisen deformasyon degerleri.

Basin¢ Donatisi Orani (p)
Doseme
0,0021 0,0026 0,0032 0,0036 0,0042 0,0052 0,0063
DZ06 § 11,78 11,62 11,44 11,33 11,17 10,91 10,65
g8 @ .
DZ17 %g g3 11,57 11,42 11,24 11,13 10,97 10,72 10,47
D106 a E 5 12 11,84 11,66 11,55 11,38 11,12 10,86
3
D117 /[ 11,91 11,75 11,57 11,46 11,29 11,04 10,78
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Sekil 5. Toplam Deformasyon — Basing Donatis1 Orani degigimi.

4. TARTISMA

Makale kapsaminda betonarme kirigli konsol désemelerde basing donatisi oraninin uzun siireli deformasyonlar
acisindan onemi 6rnek bir modelleme ve analiz ¢aligmasi ile ortaya konmustur. Gerekli izinler alinarak 6rnek bir
yap1 modellenmis, bu yapisal modelde deformasyonlar (sehim) agisindan kritik diigiim noktalari belirlenmistir. Bu
diigiim noktalarindaki uzun siireli toplam deformasyon hesab1 TS500’¢ gore gergeklestirilmistir. Degisen basing
donatisi oranlarinda TS500°de verilen deformasyon smirmnin saglanip saglanmadigi incelenmistir. Tasarimda
verilen mevcut basing donatist oranina gore hesaplanan kalici sehim katsayisi degerinde yapisal sistemin
ddsemelerinin bazi diiglim noktalarinda sinir degerin asildig1 goriilmiistiir. Basing donatis1 %25, %50, %75, %100
artirildiginda yine sehim sinirlarinin agildigr tespit edilmistir. Ancak basing donatist oran1 %150 artirildiginda ise
sehim simirlarinin altinda kalan degerler elde edilebilmistir. Bu oran makaleye konu olan yapisal tasarim igin elde
edilmistir. Tasarimin, konsol déseme boyutlarinin, yap: yiiklerinin ve diger parametrelerin degisiminde basing
donatisindaki artig orani da degisebilecektir. Makalede 6rnek bir yapisal tasarimda bulunan konsol désemelerde
uzun siireli deformasyonun basing donatisi ile degisimi incelenmistir. Calismada uzun siireli deformasyonlar
acisindan basing donatisi oraninin dnemi yapilan analizler ile belirlenmistir. Yenilik¢i mimari tasarimlarda yapisal
sistemin tagima giicii a¢isindan analizi yaninda, kullanilabilirlik sinir durumu agisindan da énemi goriilmistiir.
Uzun siireli deformasyonlar bazi durumlarda statik emniyet ve yapmin ekonomik omrii agisindan olumsuz
sonuglar ortaya cikarabilecektir. TS500 yonetmeligi g¢ercevesinde pratik bir yontemle bu deformasyonlar
hesaplanabilmektedir. Ancak uzun siireli deformasyon degerlerinin ¢ok daha kritik dneme sahip oldugu yapisal
sistemler agisindan ileri modelleme ve analiz yontemlerinin kullanilabilecegi diistiniilmiigtiir. Makalenin insaat
sektoriinde tasarim asamasinda calisan ve saha uygulamalarinda yetkili mithendislere, betonarme yapilarda uzun
stireli deformasyonlarin analizinde ileri modelleme ve hesaplama konularini esas alan bilimsel arastirmalara katki
sunabilmesi amaglanmistir.
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CONTROLLED BY A MICROCONTROLLER AND PROTECTS AGAINST
COLLISIONS FOR VISUALLY IMPAIRED INDIVIDUALS

GORME ENGELLI BIREYLER ICIN MIKRODENETLEYICI KONTROLLU
ENGELLI YOLU (SARI SERIT) TAKIP EDEN VE CARPMALARDAN KORUYAN
AKILLI BASTON

Mustafa AKSU™ & 0000-0001-8077-6383

Article Info ABSTRACT

Keywords: Microcontroller, Visually impaired people are a part of society. It is important to make life
Robotic Coding, Smart Cane, ecasier for them, integrate them into society, and ensure they can navigate
Color Sensor safely on their own. In this study, a microcontroller-controlled smart cane

application was implemented to enable these individuals to navigate streets,
sidewalks, and pavements without colliding with obstacles, pedestrians,
vehicles, etc. In this study, unlike other classical smart cane applications, in
addition to the features of the cane that alert against collisions with
obstacles, an automatic warning system has been added that allows walking
without stepping outside the disabled path (yellow strip) designed for
disabled individuals. In this way, it is aimed to ensure the safe navigation
of visually impaired individuals by enabling them to follow the disabled
path on sidewalks and streets. To prevent collisions with the cane, an
ultrasonic distance sensor (HC-SR04) has been added, and to follow the
disabled path (yellow strip), a color sensor (TCS series) has been included.
The data from these sensors are processed by the microcontroller, and the
necessary alerts are provided audibly and vibrationally, ensuring the safe
navigation of the disabled individual.

Makale Bilgileri OZET

Anahtar Kelimeler: Gorme engelli insanlar toplumun bir pargasidir. Hayati onlar igin
Mikrodenetleyici, Robotik kolaylastirmak, onlar1 topluma kazandirmak ve kendi baslarina giivenli
kodlama, Akilli Baston, sekilde gezintilerini temin etmek Onemlidir. Yapilan bu g¢aligmada, bu
Renk Sonsiirii bireylerin caddelerde, sokaklarda ve kaldirimlarda engellere, yayalara,

araglara v.b. carpmadan gezinebilmesi i¢cin mikrodenetleyici kontrollii
akilli baston uygulamasi gergeklestirilmistir. Yapilan calismada diger
klasik akilli baston uygulamalarindan farkli olarak, engellere carpmalara
kars1 uyaran bastonlarin ozelliklerine ek olarak, engelli bireyler icin
tasarlanmis olan engelli yolu (sar1 renkli serit) disina ¢ikilmadan yliriimeyi
saglayan otomatik uyarici sistem eklenmistir. Bu sayede gorme engelli
bireylerin kaldirimlardaki ve caddelerdeki engelli yolunu takip etmeleri
saglanarak giivenli gezintilerinin saglanmasi hedeflenmistir. Baston
iizerine ¢arpmalar1 6nlemek icin ultrasonik mesafe sensorii (HC-SR04) ve
engelli yolunu (sar1 gerit) takip etmek icin ise renk sensorii (TCS serisi)
cklenmigtir. Bu sensdrlerden gelen veriler mikrodenetleyicide islenerek
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gereken uyarilar sesli ve titresimsel olarak yapilip engelli bireyin giivenli
gezintisi saglanmaktadir.

1. INTRODUCTION

With the development and advancement of technology, autonomous systems have become a part of our lives, and
their facilitative effects are increasing day by day. These effects have become even more significant recently with
the rapid advancement and intertwining of the fields of robotics and artificial intelligence.

Artificial intelligence and robotics have been widely used recently, especially in the healthcare field for diagnosis
and treatment purposes. Additionally, daily life is becoming easier thanks to smart and autonomous systems. These
can be multiplied in the form of automatic systems in industrial fields, smart home systems, irrigation systems,
autonomous vehicles, service robots, and smart vacuums.

Individuals with disabilities are a part of society. It is possible to remove barriers using science and technology to
integrate them into society. For people who are blind or have low vision, walking and finding their way around on
their own is either very hard or impossible. At this point, we need studies and designs that will help people who
can't see or hear.

Nowadays, classic white canes are insufficient in ensuring the safe navigation of visually impaired individuals,
which is an important activity for them. For this reason, many studies and innovations have been made to help
visually impaired individuals, facilitate their lives, and meet their needs by providing them with the ability to
navigate without human assistance. These studies are generally focused on protecting individuals with disabilities
from accidents, collisions, and getting lost, enabling them to navigate safely without assistance, and meeting their
needs.

This study was conducted to ensure that visually impaired individuals can navigate safely on streets, avenues, and
even within their homes.

Generally, many smart canes are designed solely to avoid obstacles for individuals. In this study, in addition to
this, the individual's navigation is made safer by tracking the disabled paths (yellow strips) made for the disabled
on streets and sidewalks.

Nowadays, there are many smart cane designs available. The costs of these canes vary depending on the technology
used. In these canes, basic obstacle detection sensors can be used with Arduino, while higher-cost single-board
computers like Jetson Nano BO1, STM32, and Raspberry Pi can be integrated with devices such as 2D LiDAR,
RGB-D camera, IMU, GPS, GSM, and Wi-Fi. Additionally, using machine learning algorithms such as YOLO
and SLAM technology in software will not only add extra features to the cane but also incur additional costs. As
a result, while such enhancements increase the features of the canes, the associated cost increases make access to
smart canes more difficult.

In this study, materials with low design costs have been selected specifically for an effective solution at a low cost.
Thanks to the lower cost, access to and usage of these smart canes will be greater. In this regard, the study was
conducted using an Arduino microcontroller instead of a Raspberry Pi single-board computer.

2. LITERATURE REVIEW

Numerous studies have been conducted to help visually impaired individuals recognize obstacles and reach their
destinations smoothly. In these efforts, various sensors and schemes, including ultrasonic sensors, infrared sensors,
cameras, LIDARs, laser distance scanners, color sensors, RFID (Radio Frequency Identification), and GPS, along
with artificial intelligence algorithms, have been extensively integrated into the research and development of smart
canes. Some of these studies aim not only to help users avoid obstacles but also to guide them to their desired
destinations. However, some of these projects are high-cost and not feasible for mass production.
The existing body of work can be categorized as follows:

* Classic Smart Cane Applications and Obstacle Detection

+ Lane Following and Navigation-Focused Smart Canes

* Advanced Features, [oT Integration, and Machine Learning

Initial and most common studies on smart canes for the visually impaired have primarily focused on detecting
environmental obstacles and alerting the user. These systems typically utilize distance-sensing technologies like
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ultrasonic or infrared sensors, providing auditory or vibrational feedback based on the detected obstacle's
proximity.

A significant emerging approach in smart cane technology, also highlighted in this study, is the lane following
feature (specifically, the yellow tactile paving). Such systems often aim to track a specific path or pattern using
technologies such as color sensors, image processing techniques, or RFID (Radio Frequency Identification).

Beyond conventional designs, a distinct category of smart canes has emerged, focusing on integrating diverse
sensors and advanced technologies to develop more sophisticated and user-friendly solutions. The evolution of
technologies like the Internet of Things (IoT) and machine learning has significantly enhanced the capabilities of
these assistive devices.

(Kocamaz et al.,2006) aimed to provide a superior solution compared to traditional white canes by developing a
smart cane that measures the distance to an obstacle using ultrasonic sound waves and transmits this information
to the visually impaired user through audible or vibrational alerts.

(Wahab et al.,2011) presented research on a smart cane prototype, termed "Smart Cane," designed to help visually
impaired individuals walk more safely. Their objective was to create a cane capable of detecting objects or
obstacles in the user's path and relaying warnings via voice messages and vibrations. A series of tests on this
prototype demonstrated its effective functionality in alerting users to front-facing obstacles.

(Cakir et al.,2015) addressed the limitations of classic white canes in obstacle detection with a low-cost smart cane
and smart hat application. Their primary goal was to overcome these disadvantages and enable the detection of
head-level obstacles. They utilized an Arduino Nano board as the control mechanism to process data from sensors.
Based on data from the ultrasonic distance sensor, the user is guided with audible and vibrational cues, thereby
facilitating obstacle avoidance.

(Halim et al.,2018) developed an electronic white cane augmented with GPS to extend the navigation range for
visually impaired individuals without distance limitations. Their design incorporated ultrasonic distance sensors
for measurement and servo motors as actuators to form a radar system. If an obstacle is nearby, notifications are
provided through vibrations, with the intensity increasing as the obstacle approaches. They also aimed to enable
easy location of visually impaired individuals by tracking their position via the cane's GPS and transmitting it to
their families when assistance is needed.

(In their study, Chinchai et al.,2022) replaced the insufficient obstacle-detection sensor at the tip of classic white
canes with two ultrasonic distance sensors mounted on the cane, facing upwards and downwards. This innovation
protects the user by alerting them to obstacles near the ground within their walking area, as well as those at chest
and head levels. Experimental findings indicated that users were more satisfied with their modified cane compared
to traditional white canes.

(Khan et al.,2018) conducted a survey-based review to understand the potential role of white canes in developing
user-friendly navigation tools. Their objective was to identify current trends from articles published between 2010
and 2017 and contribute to future research directions.

(Mai et al.,2023) introduces and classifies smart canes, then investigates vision sensing-based, laser sensing-based,
and laser vision sensing-based smart canes, detailing the current research status of laser vision sensing smart canes.
The advantages and disadvantages of various laser vision sensing smart canes are summarized, with particular
emphasis on research and development focusing on laser vision fusion as the core of next-generation smart canes.
This paper also provides an overview of future development prospects for laser vision sensing smart canes, aiming
to accelerate their advancement and ensure safe and efficient travel for the visually impaired.

(Sipos et al.,2022) proposed a smart assistant comprising a smart cane and a central unit, where communication
between the user and the assistant occurs through voice messages. The assistant is equipped with GPS, an
electronic compass, Wi-Fi, ultrasonic sensors, an optical sensor, and an RFID reader to aid safe navigation. The
system supports daily activities by providing features such as physical condition monitoring, medication
reminders, shopping assistance, and weather information. Preliminary tests demonstrated promising results,
suggesting the prototype's potential to significantly enhance the independence of visually impaired individuals in
their daily lives.

(Ramisetti et al.,2022) designed a smart cane capable of detecting obstacles and alerting visually impaired

individuals with buzzer sounds, enabling them to move forward. The cane also incorporates fire and water sensors
that emit warning sounds of varying intensities to draw the user's attention. If the user forgets the cane somewhere,
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an alert is sent to their mobile phone. Additionally, a vibration sensor on the cane sends messages to the user's
relatives via an Arduino board with GPS and GSM connectivity in case of an accident.

(Abu-Abdoun et al.,2022), in their developed cane, utilized a Global Positioning System (GPS) and a water
detector. Their smart cane features various charging methods, including a lithium battery and a piezo element that
generates power from pressure. This developed smart cane is expected to enable visually impaired individuals to
move more easily, interact more with the community, reduce their fear of walking alone, and move safely.

(Mai et al.,2024) developed an intelligent guide system for visually impaired people utilizing 2D LiDAR and RGB-
D camera sensing onboard of a smart cane. The intelligent guide is completely reliant on hardware, specifically a
2D LiDAR, RGB-D camera, IMU, GPS, Jetson Nano BO1, and STM32. The smart cane measures the distance to
obstacles with the 2D LiDAR enabling SLAM. The intelligent guide uses the YOLOVS algorithm, allowing the
intelligent guide to fastly and accurately detect pedestrians, vehicles, crosswalks, traffic lights, warning posts,
stone piers, tactile paving, and other objects in front of a visually impaired person. The intelligent guide system is
able to effectively lead the visually impaired anywhere and avoid obstacles and arrive safely to their destination
and help identify obstacles along the way with speed and precision.

WeWalk (Smart Cane) (WeWalk, 2025) is a smart cane designed with systems by Turkish engineers for people
with visual impairments. The smart cane has the following features to be of significant assistance.
Obstacle Detection: Detects obstacles (vehicles, people, trees, signs) in walking paths of people with visual
impairments and alerts the individual.
Phone Integration: By connecting to a mobile phone via Bluetooth wireless technology, it allows control of
both the phone and the cane.
Open Platform: It has the ability to integrate with many mobile applications. This way, new features can be
added.
Artificial Intelligence: It offers the possibility of a smart voice assistant with GPT integration.

3. MATERIALS AND METHODS

Microcontroller (Arduino / Raspberry Pi)

In this study, an Arduino Uno microcontroller was used to receive data from sensors and process this data to avoid
obstacles and automatically follow the disabled path on the streets.

Arduino has digital and analog input/output (I/O) pins that can interact with other circuits. Thanks to these pins,
sensors, drivers, etc., can be controlled, and data can be received from environmental components. Arduino can
be programmed in a computer environment using the IDE (Integrated Development Environment). Power can be
supplied to Arduino via USB, and it can also be powered by an external battery. In the studies to be conducted,
considering the space it occupies, cost, and features, a suitable microcontroller/single-board computer like
Arduino/Raspberry Pi should be selected and used.

Sensors

Sensors are used to detect data or changes in the environment and transfer this information to other electronic
devices. In this study, in addition to software, values such as environmental objects and color information are also
needed to establish a smart cane system. The way to obtain information about these values is to collect or measure
environmental data with appropriate sensors. The Arduino microcontroller used in this study can easily process
the data received from the sensors as input.

Sensor Types

Sensors are like sensory organs for autonomous systems, just as in humans. Autonomous systems generate
responses based on the data they receive from sensors. In this context, an ultrasonic distance sensor (HC-SR04)
and a color sensor (TCS3200 or TCS34724) have been used in the study. If distinguishing between black and white
is sufficient for the project, the CYN70 color sensor should be used for faster measurements.

A) Ultrasonic Distance Sensor and Working Principle: Ultrasonic distance sensors (Figure 1.a) measure
distance using high-frequency sound waves (Figure 1.b).
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a) b)

a) Ultrasonic distance sensor ~ b) Working principle

The ultrasonic distance sensor works by following these steps:
* The sensor produces ultrasonic waves at a specific frequency.
» These waves are sent towards an object or surface.
» Waves reflect off the object and return.
* The sensor detects the returning waves.
* The distance is calculated by finding the echo time from these perceived sound waves.
In the HC-SR04 ultrasonic distance sensor (Figure 1.a), there are 4 pins: Trig, Echo, VCC, and GND.
Ultrasonic sensors are used in various fields such as distance measurement, presence detection, obstacle detection,
and robotic applications.

B) TCS Series Color Sensors (TCS3200): TCS3200 is a color sensor used for color detection applications (Figure
2). This sensor can detect the RGB (red, green, blue) components of colors and can be used in various electronic
projects for color recognition, color classification, or detection of colored objects.

TCS3200 can be used in many application areas such as robotics, industrial automation, color object classification
systems, and control of colored light effects.

To select the color read by the sensor, the S2 and S3 control pins should be used. Since the photodiodes are
connected in parallel, different combinations of S2 and S3 (LOW and HIGH) are used to select different

photodiodes (Table 1). Thus, color selection is made.

Table 1. Filter Selection

Photodiode Type S2 S3
Red LOW LOW
Blue LOW HIGH
Green HIGH HIGH
No Filter HIGH LOW

[ooecsesesnssssssasasencse 1
i : Photodiode Currentto | | Output

light || Array Frequency ':> Square wave
| Converter | ! n

R 1T

$2 83 S0 S1

TCS3200 Color Sensor and Working Principle
Smart Cane Design and Implementation

The design of the smart cane begins primarily with the connections of the necessary hardware (circuit components)
in the simulation environment and the coding. From this perspective, simulations are very important. After all test
phases are tried and any problems are resolved, the actual circuit (physical circuit) is designed and operated.

The following equipment is required for physical design:
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* An approximately 1-meter-long hollow tube, which can be made of plastic, will serve as the main body of
the cane. The hollow interior of the pipe is preferred to ensure that the microcontroller and inter-device cables
are not exposed.
* The microcontroller should be selected from the Arduino/Raspberry Pi family based on the specific needs of
the project. At this point, the microcontroller to be selected should be chosen based on the project to be
implemented and the additional circuit connection elements (for sufficient pin count).
* Sensors: In this study, an ultrasonic distance sensor (HC-SR04) and a color sensor (TCS3200 or TCS34724)
were used as sensors. If the strip consists of black and white colors, the CYN70 color sensor can be used for
faster measurements.
* Vibration motor and buzzer: They will be used for guidance to ensure that visually impaired individuals can
navigate their desired environment without any problems. If the individual also has a hearing impairment,
guidance can be provided through vibrations.
* Power Source: A 9-volt battery will be used to power the circuit.
* Wheel: It will be placed on the end of the cane.
* Protective plastic boxes.
The physical design of the cane is shown in Figure 3.

Vibration Sensor
or Buzzer

Ultrasonic Distance
Sensor (HC-SR04)

Smart Cane Design for Obstacle Path Tracking and Collision Prevention

The coding and implementation steps of the cane are shown in the flowchart in Figure 4. First, data is received
from the ultrasonic distance sensor and checked. If there is an obstacle, the cane stops and changes direction;
otherwise, data is received from the left color sensor, which is placed near the tip of the cane, and the color
information is checked. If it is not yellow, guidance is given to turn right, and data is received again from the
distance sensor to continue to the next steps. If the color is yellow, the same steps are performed for the right
distance sensor. If the data received from the right color sensor is yellow, guidance is given to move forward. After
each movement, these steps are repeated. Thus, both the obstacle condition and the yellow line tracking condition
are checked to ensure the visually impaired individual can proceed safely.
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In the design of the cane, both a buzzer for audible alerts and a vibration sensor for tactile notifications have been
added to the handheld grip. The purpose here is that the visually impaired individual may also have a hearing
problem. For this reason, instead of holding the smart cane with the hand, a vibration sensor has been added in
addition to the buzzer. In this way, when encountering an obstacle or deviating from the disabled path, both
auditory and tactile notifications have been provided as a solution.

Arduino microcontroller coding has been carried out in the Arduino IDE environment. Previously, the system was
set up as a prototype in a virtual environment, and the written codes were tested. Later, it was uploaded onto the
microcontroller.

HC-5R04 Sensor(s)

Get Data from ]

I

Is there an
Obstacle ?

Stop
Change Direction

Get Data from Left
TC53200 Color Sensor

Forward
A

Is Left Color Sensor
Data "Yellow™?

Stop
Turn Right

Get Data from rigth
TCS3200 Color Sensor

Is Right Color Sensor
Data "Yellow"?

r
Stop
Turn Left

Flowchart of the Smart Cane Operation Steps

a) b)
a) Obstacle testing  b) Obstacle path (yellow strip on sidewalks and streets)
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4. CONCLUSIONS AND RECOMMENDATIONS

One of the most important things in the travel of a visually impaired individual is to ensure they avoid obstacles. At
this point, infrared sensors, ultrasonic distance sensors, and laser sensors (LiDAR) are important for obstacle
detection. From a cost perspective, using ultrasonic distance sensors results in lower costs. Using Raspberry PI for
line tracking, color tracking, object classification, and distance measurement is more effective but increases the cost.

In addition to obstacle-detecting sensors for a visually impaired individual's travel, sensors measuring
moisture/water conditions for wet surfaces or puddles can be added to help the individual avoid such terrains.
Additionally, if the visually impaired individual also has a hearing problem, auditory feedback for guidance will not
be useful. In this case, vibrational feedback should be added to the cane, and design and coding should be done
accordingly. Again, if location information feedback is needed (such as in the case of getting lost), a smart cane
design that includes GPS should be prioritized. The use of GPS in the design will incur an additional cost, which
needs to be considered.

In this study, the obstacle avoidance steps were first implemented and tested as shown in Figure 5.a. Then, a color
sensor was added to follow the yellow color and alert the disabled individual. Line following and object tracking
are used in vehicles and robots. In this study, in addition to avoiding obstacles, a color sensor was used to follow
the yellow lines (Figure 5.b) that already exist (have been made) on sidewalks, streets, and avenues. Color sensors
detect many colors. According to the data obtained from the color sensor, the visually impaired individual is kept
on the yellow line. Thus, the individual is able to navigate safely along the disabled lane.

In this study, coding and calibration processes were carried out to follow the disabled lane (yellow line) on the
streets and sidewalks. If the smart cane is to be used to guide a disabled individual indoors, it can be easily used
with a small adjustment in the code. In this case, a strip of the desired color (for example, a black strip) is created
on the floor of the building/apartment (concrete, tiles, laminate flooring, etc.). Then, the coding and calibration can
be adjusted according to this color, allowing it to be used in indoor spaces as well.

In the case of line following, unfavorable conditions such as uneven surfaces, faded colors, strips with excessively
different color tones, lighting conditions, and dark environments can cause problems in color perception. In cases
of lighting-related issues, a solution can be to add an illuminating LED next to the color sensor. In areas without a
strip or where the sensor does not detect, the yellow line tracking can be disabled with a button placed on the smart
cane.

This study involves creating a colored strip for the indoor navigation of individuals with disabilities, and data related
to that color (for example, black) can be obtained from a color sensor, allowing the coding to be adapted accordingly.

This study is particularly suited to fill the gap in the existing literature with its automatic warning system feature
that enables walking without stepping outside the disabled path (yellow strip). In addition to the obstacle detection
capabilities of classic smart canes, the ability to follow a designated path can enable visually impaired individuals
to move more safely and independently, especially in organized areas (such as disabled paths on sidewalks). The
device aims to enhance the user's orientation and safety by going beyond the tactile feedback provided by the
traditional white cane, digitally detecting and converting visual cues.

The smart cane designed in this study has the most significant advantage of being very low-cost compared to other
cane designs. In the literature, there are many cane designs with high-cost additional features, but access to these is
difficult due to their cost. In the cane design of this study, cost-performance has been prioritized. Another
advantageous aspect is that energy consumption will be low because no additional equipment has been added.
Additionally, the maintenance and repair costs will be lower.

The implementation of such studies is important for the integration of individuals with disabilities into society and
for their ability to live independently without support. It is important to diversify designs according to individuals'
different disability conditions and to address their needs.
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Bu ¢aligmada, BeFeSi yart Heusler alagiminin elektronik, yapisal, elastik
ve termal 6zellikleri, Yogunluk Fonksiyonel Teorisi (DFT) yontemiyle ilk
kez teorik olarak detayli bir sekilde incelenmistir. Literatiirde daha 6nce
kapsamli bir c¢alismast bulunmayan BeFeSi alasimma yonelik
hesaplamalar, bu malzemenin ileri teknoloji alanlarindaki potansiyelini
ortaya koymaktadir. Yapisal analizler sonucunda, alagimin en kararli orgii
parametresi 5.032 A olarak hesaplanmistir. Bu deger, alasimin mekanik
olarak dengeli ve kararli bir kristal yaprya sahip oldugunu gostermektedir.
Bant yapisi ve durum yogunlugu (DOS) analizleri, BeFeSi'nin yar1 metalik
karakter tagidigini ve Fermi seviyesinde spin bagimli bir bant yapisina sahip
oldugunu ortaya koymustur. Spin-asagi yoneliminde yaklagik 0.2 eV
civarinda kiigiik bir bant boslugu bulunmasi, malzemenin spintronik
uygulamalarda kullanim potansiyeline isaret etmektedir. Fe 3d ve Si 3p
orbitalleri arasindaki hibritlesme, bant yapisinin olusumunda kritik bir rol
oynamaktadir. Mekanik analizler sonucunda, Bulk modiilii 147.88 GPa,
kayma modili 23.62 GPa ve Young modili 67.28 GPa olarak
hesaplanmistir. B/G oraninin 6.26 olmasi, alagimin yiiksek siineklik
sergiledigini gostermektedir. Poisson oraninin 0.424 olmasi, baglanma
yapisinin metalik karakter i¢erdigini ve Fe-Si baglarinin metalik-kovalent
hibrit baglanma gosterdigini isaret etmektedir. Termal analizlerde, titresim
enerjisi, serbest enerjisi, entropisi ve 1s1 kapasitesinin (C,) sicakliga bagh
degisimi degerlendirilmistir. Serbest enerjinin sicaklik arttikga azalmasi,
alasimin yiiksek sicakliklarda kararliligmin azaldigini gostermektedir.
Entropi artigi ise atomik hareketliligin yiikseldigine isaret etmektedir.
Yapilan hesaplamalar ve analizler, BeFeSi alasiminin termoelektrik,
spintronik ve enerji doniisiim sistemleri gibi ileri teknoloji alanlarinda
kullanilabilecek potansiyele sahip oldugunu gostermektedir. Elektronik
bant yapisinin manyetik 6zelliklerle birlesmesi, malzemenin diisiik giicli
manyetik  hafiza ve manyetik sensorler gibi uygulamalarda
degerlendirilebilecegini ortaya koymaktadir.

™ Kursehir Ahi Evran University, erol.albayrak@ahievran.edu.tr
Sorumlu yazar: erol.albayrak@ahievran.edu.tr
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Article Info Abstract
Keywords: In this study, the electronic, structural, elastic, and thermal properties of the

BeFeSi semi-Heusler alloy have been theoretically investigated in detail for

Spintronic applications, the first time using Density Functional Theory (DFT).The calculations for

Heusler alloys the BeFeSi alloy, which has not been extensively studied in the literature
before, reveal the potential of this material in advanced technology fields.
DFT approximation, The structural analysis yielded a lattice parameter of 5.032 A, indicating a

mechanically stable and stable crystal structure.The band structure and
density of state (DOS) analyses revealed the semi-metallic character of
BeFeSi and its spin-dependent band structure at the Fermi level. The
presence of a modest band gap of approximately 0.2 eV in the spin-down
orientation suggests the material's suitability for spintronic applications.The
hybridization between Fe 3d and Si 3p orbitals plays a pivotal role in
shaping the band structure. Bulk modulus, shear modulus, and Young's
modulus were calculated to be 147.88 GPa, 23.62 GPa, and 67.28 GPa,
respectively, through mechanical analysis. The B/G ratio of 6.26 indicates
that the alloy exhibits high ductility. The Poisson's ratio of 0.424 suggests
the presence of metallic bonding and Fe-Si bonds exhibiting a metallic-
covalent hybrid bonding character.In the thermal analysis, the temperature-
dependent variation of vibration energy, free energy, entropy, and heat
capacity (C,) were evaluated.The decrease in free energy with increasing
temperature indicates that the alloy's stability decreases at high
temperatures, while the increase in entropy indicates an increase in atomic
mobility. The calculations and analysis demonstrate that the BeFeSi alloy
has the potential to be utilized in advanced technology areas such as
thermoelectricity, spintronics, and energy conversion systems. The
combination of electronic band structure with magnetic properties suggests
that the material can be used.

Semi-metallic materials.

1. GIRIS

1903 yilinda kesfedilen Heusler alagimlari, genis kullanim alanlar1 ve sahip olduklar1 Gstiin manyetik, elektronik,
yapisal ve termal 6zellikler nedeniyle malzeme bilimi ve ileri mithendislik uygulamalarinda 6nemli bir arastirma
konusu olmustur. Bu alagimlar, tam Heusler (X2YZ) ve yar1 Heusler (XYZ) bilesikleri olarak siniflandirilmaktadir
(Kawasaki, 2019; Elphick ve ark., 2021; Yadav ve ark., 2020; Fortunato ve ark., 2023; Marathe ve ark., 2023;
Chernov ve Lukoyanov, 2023). Ozellikle BeFeSi yar1 Heusler alasimi, bilesimindeki elementlerin kendine 6zgii
ozellikleri sayesinde dikkat cekmektedir. Bu alasim, yapisal stabilitesi ve elektronik iletkenligi agisindan
termoelektrik, spintronik ve enerji doniisiim sistemlerinde potansiyel bir malzeme olarak degerlendirilebilir.
Manyetik anizotropi ve yogunluk, siineklik, dayaniklilik gibi 6zellikleri, onu hafif ve dayanikli malzemeler
arasinda 6nemli bir konuma getirmektedir (Otrokov ve ark., 2019). Ayrica, belirli Heusler bilesiklerinin gosterdigi
topolojik faz oOzellikleri, BeFeSi alagiminin kuantum malzemeleri ve ileri elektronik sistemlerde
degerlendirilmesine de olanak taniyabilir (Qi ve Zhang, 2011). Modern hesaplamali modelleme yontemleri ve
gelismis spektroskopik teknikler, Heusler alasimlarinin atomik yapilari, manyetik faz gegisleri ve elastik 6zellikleri
hakkinda daha ayrintili veriler sunmaktadir (Bansil ve ark., 2016; Berry ve ark., 2017; Singh ve ark., 2020;
Aravindan ve ark., 2022; Tavares ve ark., 2023; Zhao ve ark., 2025). Alagim igerisindeki Be elementi, yiiksek
termal iletkenligi ve sertligi ile bilinirken, Fe manyetik o6zellikleri ile 6ne ¢ikmaktadir. Si ise yar1 iletken yapist
sayesinde elektronik ve termoelektrik malzemelerde kritik bir rol iistlenmektedir. Bu {i¢ elementin birlesimi,
BeFeSi alasimina hem manyetik hem de elektronik agidan iistiin 6zellikler kazandirarak, yeni nesil enerji ve bilgi
teknolojileri uygulamalar i¢in alagimi umut verici bir malzeme haline getirebilir. Literatiirde BeFeSi alasimi
iizerine detayli deneysel ve teorik caligmalar heniiz simurlidir. Ancak, diger yart Heusler bilesikleri ile
karsilagtirildiginda, BeFeSi’nin diisiikk yogunluk, iyi mekanik dayanim ve uygun elektriksel iletkenlik gibi
dzelliklere sahip olmasi beklenmektedir. Ozellikle BeFeSi alasiminin bilesenlerine bakilarak, {istiin mekanik
performans ve yiiksek termal iletkenlikleri sayesinde malzemenin genel 6zellikleri agisindan genis bir uygulama
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alan1 bulabilecegi tahnin edilmektedir. Bu ¢alismada, literatiirde hakkinda arastirma bulunmayan BeFeSi yari
Heusler alasimiin yapisal, elektronik, manyetik ve termodinamik ozellikleri Yogunluk Fonksiyonel Teorisi
(DFT) yaklagimi kullanilarak detayli bir sekilde incelenmis, potansiyel kullanim alanlari degerlendirilmistir.
Ozellikle enerji doniisiim sistemleri ve elektronik bilesenler agisindan tasidig1 potansiyel iizerinde durularak,
malzemenin performansimi artirabilecek parametreler tartisilmistir. Bu tiir alagimlarin sentezlenmesi ve
ozelliklerinin deneysel olarak ¢aligilmasi zaman ve maliyet gerektirdiginden alagimlar hakkinda 6nceden yapilacak
teorik hesaplamalar 6nemli avantajlar saglar. Calismanin amaci da teknolojide uygulama alanlari bulmasi
muhtemel BeFeSi alasimin teorik olarak 6zelliklerinin belirlenmesi ve bu teorik ¢alismanin yapilacak deneysel
caligmalara yol gdstermesidir.

2. MATERYAL VE YONTEM

Bu calismada, BeFeSi yar1 Heusler alagimimin yapisal, elektronik, elastik ve termal 6zellikleri analiz edilerek
teknolojik uygulamalar agisindan potansiyel kullanimi arastirilmistir. Bu amag¢ dogrultusunda, Yogunluk
Fonksiyonel Teorisi (DFT) tabanli hesaplamalar i¢cin Quantum Espresso (QE) paket programi kullanilmistir. QE,
diizlem dalga yontemine dayali hesaplamalar yapabilen agik kaynakli bir yazilimdir ve malzeme bilimi alaninda
genis bir kullanim alanina sahiptir (Giannozzi ve ark., 2020). Sistemin kararli durumuna ulagabilmesi i¢in en diigitkk
enerji yapilandirmasmin belirlenmesi gerekmektedir. Bunun i¢in, malzemenin elektronik taban durum yiik
yogunlugu ve degis-tokus korelasyon potansiyeli incelenmistir. Bu ¢alismada degis-tokus korelasyon potansiyeli
i¢in Perdew-Burke-Ernzerhof genellestirilmis gradyent yaklasimi (PBE-GGA) kullanilmistir (Perdew ve ark.,
1996). Atomik kor ve degerlik elektronlari arasindaki etkilesimleri modellemek icin Rappe grubuna ait pseudo
potansiyeller tercih edilmistir. Hesaplamalar sirasinda dalga fonksiyonlar1 i¢in kinetik enerji kesme degeri 40 Ry,
elektronik yiik yogunlugu kesme degeri ise 400 Ry olarak belirlenmistir. Fermi ylizeyine yakin bolgelerdeki
hesaplamalarin dogrulugunu artirmak i¢in Smearing parametresi 0.05 Ry olarak se¢ilmistir. BeFeSi yar1 Heusler
alasimi, kiibik kristal yapiya sahip olup F-43m uzay grubunda yer almaktadir. Bu yapi, tipik yart Heusler
bilesiklerine 6zgii ylizey merkezli 6rgii diizenine sahiptir. BeFeSi kristal yapisindaki atomik yerlesimler; Fe atomu:
(0,0,0), Si atomu: (0.75, 0.75, 0.75), Be atomu: (0.25, 0.25, 0.25) seklinde se¢ilmistir. Aslinda alagimin birim
hiicresine ait atomik pozisyonlarmin farkli kombinasyonlar1 da denenmis fakat burada bu kombinasyonlardan
mekanik kararli duruma karsilik gelen durum se¢ilmis ve ona ait atomik pozisyonlar verilmistir. Alagimin elastik
ozelliklerinin belirlenmesi i¢in Thermo PW (TP) programi kullanilmistir. Elastik sabitlerin hesaplanabilmesi i¢in
sistemin belirli bir basing altinda tepkisi incelenmis, kristal yapidaki degisimler géz oniine alinarak elastik
modiiller hesaplanmistir (Corso, 2016; Ornek ve ark., 2021). Bu veriler dogrultusunda malzemenin siinekligi,

kullanilarak 1s1 kapasitesi, termal genlesme ve 1sil iletkenlik gibi parametreler hesaplanmistir.

3. BULGULAR
3.1 Yapisal Ozellikler/Structural Features

BeFeSi alasimi F-43m uzay grubunda bir atomik dizilime sahip olup Cly yapida kristallesir. Bu calismada
modellenen alagim igerisindeki atomik konumlar alasimin mekanik kararliligini saglamak amaciyla; Fe (0,0,0), Be
(1/4, 1/4, 1/4), Si (3/4, 3/4, 3/4) olarak tercih edilmistir. Sekil 1’de Vesta programina ¢izdirilen BeFeSi’nin birim
hiicre yapist gosterilmektedir.

Sekil 1. F-43m uzay grubunda atomik dizilime sahip BeFeSi alagiminin temsili birim hiicre yapisi.
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Alagimm en diisiik enerji seviyesi hesaplanarak bu duruma karsilik gelen optimize 6rgii parametresi a, = 5.032 A
olarak belirlendi.

3.2 Elektronik Ozellikler
Alasimin elektronik bant ve durumlarin yogunlugu (DOS) grafikleri Sekil 2 ve Sekil 3’te verilmistir.
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Sekil 2. BeFe81 alaslmlna ait elektronik bant grafigi.
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Sekil 3. BeFeSi alagimina ait durumlarin yogunlugu (DOS) grafigi.

Alasimin elektronik bant yapisindaki spin yukar1 ve spin asag1 yiiksek simetri eksenlerinde iletim band1 ve valans
bandina ait egrilerin birbirlerini ve Fermi enerji seviyesini kestigi goriiliir. Bununla birlikte her iki yiiksek simetri
ekseninde, 6zellikle de spin asagi yoneliminde Fermi enerji seviyesiyle kiigiik bir enerji boslugu oldugu ve
hibritlesmis bantlar mevcut oldugu anlagildi. Bu durum malzemenin yari metalik bir karakter tasidigini
gostermektedir. Bu bulgu, BeFeSinin spintronik uygulamalar i¢in ilging bir malzeme olabilecegini gosterir. Spin
secici iletim saglayabilir, bu da manyetik sensorler ve spintronik cihazlar i¢in 6nemli bir dzellik olabilir. Ayrica
DOS grafiginde Fermi enerji seviyesinde diisiik bir yogunluk g6zlemleniyor, bu da tam metal yerine yar1 metalik
bir davranis sergileyebilecegine baska bir isarettir. Elektronik bant grafiginde Fe 3d ve Si 3p orbitallerine ait
egrilerin Ortlistiigli gozlemlendi. Bu durum bu iki orbitale ait gii¢lii bir hibritlesmenin oldugunu anlamamizi
sagladi. Fe 3d orbitalleri ve Si 3p orbitalleri arasindaki giiclii etkilesim, bant yapisinda spin bagimli gegislerin
olugmasina neden olmakta ve malzemenin spintronik uygulamalarda degerlendirilmesini miimkiin kilmaktadir.

3.3 Elastik Ozellikler

Bir malzemenin mekanik kararliligini belirlemek ve sertlik, siineklik gibi 6zelliklerini anlamak igin elastik
sabitlerinin hesaplanmasi gereklidir. Bu baglamda, BeFeSi alagiminin Ciy, Ci2 ve Ca4 elastik sabitleri belirlenmis
ve mekanik kararliligi degerlendirmek icin Born kararlilik kriterleri kullanilmistir (Born ve Huang 1965). Bu
kriterlere gore alasimi mekanik olarak kararli olup olmadig test edilmistir:
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Elde edilen sonuglara gore BeFeSi alasiminin mekanik olarak kararli oldugu goriilmiistiir. Hesaplanan elastik
sabitler Tablo 1’de sunulmaktadir.

Tablo 1. BeFeSi alagimi i¢in hesaplanan elastik sabitleri (Ci1, Ciz ve Ca4; GPa)

Malzeme Cu Ciy Cys

BeFeSi 175.89 133.86 25.54

Tablo 1°de verilen elastik sabitleri ve denklem 2,3,4,5,6 da verilen formiiller kullanilarak alagima ait Bulk modiilii,
Young modiilii, Kayma modiilii, Anizotropi faktdrii ve Poisson orani hesaplanarak Tablo 2’de hesaplanan degerler
verilmistir.

2C,+C
p =t 11 (2)
3
_ 9BG (3)
" 3B+G
G = 5(Cy1 = 2C15)Cyy (4)

"~ 3(C11 — 2C13) + Cyy

L1, E (5)
o=5;0-3p

_ 20y, (6)
€11 = Cpz

Tablo 2. BeFeSi alagimi i¢in hesaplanmig Bulk Modiilii (B; GPa), Kayma modiilii (G; GPa), Young modiilii (E;
GPa), B/G orani, poisson orant (o), Anizotropi faktorii (4).
Malzeme B G E B/G o A

BeFeSi 147.88 23.62 67.28 6.26 0.424 1.22

Alagimin B/G orani olduk¢a biiyiiktiir bu da alasimin oldukga siinek bir karaktere sahip oldugunu gosterir.
Alasimin siinekliginin bir teyidi de sertligin dl¢iitlerinden biri olan Young modiiliidiir. Bu modiiliin diisiik olmasi
alagimin sert olmayan ama deformasyona karst dayanikli bir dogaya sahip oldugunu anlamamizi sagladi. Bu
ozelligi sayesinde alagim 6zellikle mekanik stabilite gerektiren ancak asir1 sertlik gerektirmeyen uygulamalar igin
uygun olabilir. Kayma modiiliiniin diisiik olmasi, bu malzemenin yiiksek kesme gerilmeleri altinda sekil
degistirmeye yatkin olabilecegini gosterir. Bu yiizden alasimimn yiiksek kesme yiikleri altinda calistirilacak
uygulamalar i¢in dikkatli degerlendirilmesi gerekir. Bulk modiiliiniin 100 GPa’dan yiiksek olmasi alasimin
sikismaya kars1 direngli yani sikisabilirliginin az olduguna isaret eder. Bununla birlikte kayma modiiliiniin diisiik
degerde olusu da Bulk modiilii ile birlikte degerlendirildiginde alasimin sikigabilirliginin az olmasi yaninda sekil
degisimine uyum saglayan bir yapida oldugu da anlasildi. Poisson oranmin metalik baglanmalara isaret eden
aralikta olmasi da alagim igerisindeki atomik baglanmalarin 6nemli 6l¢iide Be ve Fe atomlari arasinda oldugunu
ve bu baglanmalarinda metalik baglanma karakterinde olduguna isaret eder. Ayrica Fe ve Si atomlar1 arasindaki
baglar da bu elementlerin karakteristigi geregi metalik-kovalent baglanma hibritligine sahiptir. Bu hibrit baglanma
farklidir. Bu bilgi alagimin bize anizotropik oldugunu gosterir. ELATE kodlar1 kullanilarak alagima ait bazi modiil
ve oranlarin ve dogrusal sikisabilirligin x, y ve Z eksenlerine bagli olarak degisimlerinin ii¢ boyutlu gosterimleri
Sekil 4, 5, 6 ve 7°de gosterilmistir (Gaillac vd. 2016).
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Sekil 6. BeFeSi alagiminin Kayma modiiliiniin yone bagimli degisimi.
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Sekil 7. BeFeSi alasiminin Poisson oraninin yone bagimli degisimi.

3.4 Termal Ozellikler

BeFeSi yar1 Heusler alagiminin 1s1l ve termodinamik 6zellikleri, Debye modeli temel alinarak incelenmistir.
Thermo Pw yazilimi kullanilarak gergeklestirilen hesaplamalar sonucunda Sekil 8, 9, 10 ve 11'de gdsterilen
grafikler olusturulmustur. Bu grafikler, toplam titresim enerjisi, serbest titresim enerjisi, 1s1 kapasitesi (Cy) ve
entropi gibi termal parametrelerin sicakliga bagli degisimini sunmaktadir. Elde edilen bu veriler, malzemenin
sicaklik karsisindaki tepkisini ve termodinamik stabilitesini degerlendirmek agisindan kritik 6neme sahiptir.
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Sekil 8. BeFeSi alagiminin titresim enerjisinin sicaklikla degisimi.
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Sekil 9. BeFeSi alagiminin serbest titresim enerjisinin sicaklikla degisimi.
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Sekil 10. BeFeSi alasiminin entropisinin sicaklikla degisimi,
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Sekil 11. BeFeSi alasiminin 1s1 kapasitesinin (Cv) sicaklikla degisimi.

Katilarin i¢ enerjisi, sicaklik arttikga yiikselir ve bu durum, BeFeSi i¢cin de gozlemlenmektedir. Malzeme
atomlarinin daha fazla titresmesi, enerji seviyesinin artmasina neden olur. Bu egilim, malzemenin yiiksek
sicakliklarda daha fazla termal genlesme gosterebilecegini isaret eder. Serbest enerji, malzemenin kararlilig
acisindan Onemli bir parametredir. Sicaklik yiikseldik¢e serbest enerjinin azalmasi, malzemenin yiksek
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sicakliklarda daha az stabil hale gelebilecegini gosterir. Diisiik sicakliklarda ise serbest enerjinin yiiksek olmasi,
BeFeSi'nin bu sicaklik araliklarinda daha kararli bir yap1 sergiledigini gostermektedir. Sistemdeki diizensizligin
0l¢iisii olan entropi, sicaklik arttik¢a ylikselmektedir. Bu artis, atomik hareketliligin arttigini ve malzemenin termal
enerjiye karsi hassasiyetinin yiikseldigini gosterir. Entropinin belirli bir seviyeye ulasmasi, malzemenin yiiksek
sicakliklarda yapisal degisiklikler gecirme potansiyelini de gosterebilir. Malzemenin sicaklik karsisinda ne kadar
enerji absorbe edebildigini gosteren 1s1 kapasitesi, belirli bir sicaklik degerine kadar artarak daha sonra sabit bir
noktaya ulagmaktadir. Bu davranis, katt malzemelerde goriilen tipik bir 6zellik olup, Debye modeline uygun bir
termal egilim sergilemektedir. Yiiksek sicakliklarda C,nin plato yapmasi, malzemenin belirli bir enerji
seviyesinden sonra ek enerji alimina karsi daha az duyarli hale geldigini gosterir. BeFeSi alagimi, diigiik
sicakliklarda oldukg¢a kararli bir yap1 gosterirken, sicaklik arttikga kararliliginda azalma egilimi gdstermektedir.
Titresim enerjisi ve entropideki artig, yiiksek sicakliklarda daha fazla atomik hareketlilik olustugunu isaret
etmektedir. Serbest enerjinin azalmasi, malzemenin belirli bir sicaklik seviyesinin {izerinde termodinamik olarak
daha az dengeli hale gelebilecegini gosterir. Is1 kapasitesinin belli bir noktada sabitlenmesi, malzemenin yiiksek
sicakliklarda belirli bir enerji seviyesinden sonra daha stabil hale gelebilecegini diisiindiirmektedir.

4. SONUCLAR VE TARTISMA

Bu calismada, BeFeSi yar1 Heusler alagiminin elektronik, mekanik ve termal 6zellikleri literatiirde ilk kez detayli
olarak incelenmistir. Yapilan hesaplamalar, malzemenin 6rgii parametresinin 5.032 A oldugunu ve mekanik olarak
kararli bir yapiya sahip oldugunu ortaya koymustur. Bant yapist analizleri, malzemenin Fermi seviyesinde bant
kesisimleri gosterdigini, ancak spin-asagi yoneliminde 0.2 eV civarinda kii¢iik bir bant boslugu bulundugunu
gostermektedir. Bu durum, BeFeSi'nin tam bir metal degil, yar1 metalik karakter sergiledigini ve spin bagimli
elektronik ozellikler tasidigini kanitlamaktadir. Mekanik ozellikler agisindan, malzeme yiiksek siineklik ve
sikismaya karsi direng sunarken, kesme kuvvetlerine karsi daha hassas olabilir. Bulk modiilii 147.88 GPa, kayma
modiilii 23.62 GPa ve Poisson orani 0.424 olarak hesaplanmistir. Bu degerler, alasimin mekanik olarak dengeli ve
siinek karakterde oldugunu kanitlamaktadir. Termal analizlerde, 1s1 kapasitesinin (Cv) sicaklik arttikg¢a plato
yaptig1 ve entropinin sicaklikla yiikseldigi gozlemlenmistir. Bu egilim, malzemenin diigiik sicakliklarda stabil,
ancak yiiksek sicakliklarda atomik hareketlilige bagl olarak daha kararsiz hale gelebilecegini gostermektedir.
Sanayi ve teknoloji agisindan degerlendirildiginde, BeFeSi yar1 Heusler alasimi, spintronik cihazlar, manyetik
sensorler, termoelektrik malzemeler ve enerji doniisiim sistemleri gibi ileri mithendislik uygulamalar1 i¢in umut
vadeden bir adaydir. Spin-bagimli bant yapisinin varligi, malzemenin manyetik hafiza ve diisiik gii¢ tiiketimli
elektroniklerde degerlendirilebilecegini gostermektedir. Genel olarak, BeFeSi yar1 Heusler alagimi, yar1 metalik
elektronik dzellikleri, yiiksek siinekligi ve termal kararlilig1 sayesinde ileri teknoloji alanlarinda degerlendirilmesi
gereken bir malzeme olarak 6ne ¢ikmaktadir. Bununla birlikte, Be elementinin zehirli dogasi da géz ardi edilmeden
yapilacak deneysel ¢aligmalarla elektronik ve manyetik 6zelliklerin dogrulanmasi ve optimizasyonu alagimin
gercek uygulama potansiyelini ortaya koyabilecektir.

Yazar Katkisi
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Cikar Catismasi

Yazarlarin bu makalenin igerigiyle ilgili olarak beyan edecekleri higbir ¢ikar ¢atigmasi yoktur.

Veri Kullanilabilirligi

Bu ¢alisma sirasinda olusturulan veya analiz edilen tiim veriler, yayinlanan bu makaleye dahil edilmistir. Veri
kiimeleri istek {izerine mevcuttur. Bu makalenin sonuglarini destekleyen ham veriler, yazarlar tarafindan herhangi
bir ¢ekince olmaksizin sunulacaktir.

KAYNAKCA

Bansil, A., Lin, H., & Das, T. 2016. Colloquium: Topological band theory. Reviews of Modern Physics 88:021004.
DOI: 10.1103/RevModPhys.88021004.

Berry, T., Fu, C., Auffermann, G., Fecher, G.H., Schnelle, W., Serrano-Sanchez, F., et al. 2017. Enhancing
thermoelectric performance of TiNiSn half-Heusler compounds via modulation doping. Chemistry of Materials
29:7042-7048. DOI: 10.1021/acs.chemmater.7b02685.

45


https://doi.org/10.1103/RevModPhys.88021004
https://doi.org/10.1021/acs.chemmater.7b02685

Ahi Evran Journal of Engineering Sciences (AHIJES) 2025, 1(1), 37-46
Albayrak!

Born, M., & Huang, K. 1965. Dynamical Theory of Crystal Lattices. Oxford: Clarendon Press. DOI:
10.1093/0s0/9780192670083.001.0001.

Chernov, E.D., & Lukoyanov, A.V. 2023. Effect of electron correlations on the electronic structure and magnetic
properties of the full Heusler alloy Mn:NiAl. Magnetochemistry 9:185. DOI: 10.3390/magnetochemistry9070185.

Corso, A.D. 2016. Elastic constants of beryllium: A first-principles investigation. Journal of Physics: Condensed
Matter 28:075401. DOI: 10.1088/0953-8984/28/7/075401.

Elphick, K., Frost, W., Samiepour, M., Kubota, T., Takanashi, K., Sukegawa, H., et al. 2021. Heusler alloys for
spintronic devices: Review on recent development and future perspectives. Science and Technology of Advanced
Materials 22(1):235-271. DOIL: 10.1080/14686996.2020.1812364.

Fortunato, N.M., Li, X., Schonecker, S., Xie, R., Taubel, A., Scheibel, F., Opahle, 1., Gutfleisch, O., & Zhang, H.
2023. High-throughput design of all-d-metal Heusler alloys for magnetocaloric applications. Chemistry of
Materials 36:6765. DOI: 10.1021/acs.chemmater.4c00345.

Giannozzi, P., Andreussi, O., Brumme, T., Bunau, O., Buongiorno Nardelli, M., Calandra, M., et al. 2020.
Advanced capabilities for materials modelling with Quantum ESPRESSO. Journal of Physics: Condensed Matter
29:465901. DOI: 10.1088/1361-648X/aa8179.

Kawasaki, J.K. 2019. Heusler interfaces—Opportunities beyond spintronics? APL Materials 7:080907. DOI:
10.1063/1.5099576.

Marathe, M., & Herper, H.C. 2023. Exploration of all-3d Heusler alloys for permanent magnets: An ab initio based
high-throughput study. Physical Review B 107:174402. DOI: 10.1103/PhyRevB.107.174402.

Otrokov, M.M., Klimovskikh, I.I., Bentmann, H., et al. 2019. Prediction and observation of an antiferromagnetic
topological insulator. Nature 576:416—422. DOI: 10.1038/s41586-019-1840-9.

Perdew, J.P., Burke, K., & Ernzerhof, M. 1996. Generalized gradient approximation made simple. Physical Review
Letters 77:3865. DOI: 10.1103/PhyRevLett.77.3865.

Singh, A K., Ramarao, S.D., & Peter, S.C. 2020. Rare-earth based half-Heusler topological quantum materials: A
perspective. APL Materials 8:060903. DOI: 10.1063/5.0006118.

Tavares, S., Yang, K., & Meyers, M.A. 2023. Heusler alloys: Past, properties, new alloys, and prospects. Progress
in Materials Science 132:101017. DOI: 10.1016/j.pmatsci.2022.101017.

Yadav, D.K., Bhandari, S.R., & Kaphle, G.C. 2020. Structural, elastic, electronic, and magnetic properties of
MnNbZ (Z = As, Sb) and FeNbZ (Z = Sn, Pb) semi-Heusler alloys. Materials Research Express 7:116527. DOI:
10.1088/2053-1591/abcc86.

Zhao, W., Zhang, Y., Yin, Y., Xing, K., Zhou, S., Bake, A., et al. 2025. Giant Berry curvature in amorphous
ferromagnet Co-MnGa. Matter. DOIL: 10.1016/j.matt.2025.101988.

Qi, X.L., & Zhang, S.C. 2011. Topological insulators and superconductors. Reviews of Modern Physics 83:1057—
1110. DOI: 10.1103/RevModPhys.83.1057.

46


https://doi.org/10.1093/oso/9780192670083.001.0001
https://doi.org/10.3390/magnetochemistry9070185
https://doi.org/10.1088/0953-8984/28/7/075401
https://doi.org/10.1080/14686996.2020.1812364
https://doi.org/10.1021/acs.chemmater.4c00345
https://dx.doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1063/1.5099576
https://doi.org/10.1103/PhyRevB.107.174402
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1103/PhyRevLett.77.3865
https://doi.org/10.1063/5.0006118
https://doi.org/10.1016/j.pmatsci.2022.101017
https://doi.org/10.1088/2053-1591/abcc86
https://doi.org/10.1016/j.matt.2025.101988
https://doi.org/10.1103/RevModPhys.83.1057

Ahi Evran Journal of Engineering Sciences (AHIJES)

aanijes

Derleme Makalesi

2025, 1(1), 47-58

Ahi Evran
MUhendislik
Bilimleri Dergisi

OPTIMAL GUC AKISI PROBLEM COZUMLERINDE META-SEZGISEL

YONTEMLERIN iINCELENMESI

INVESTIGATION OF META-HEURISTIC METHODS IN OPTIMAL POWER

Mustafa SIRAKAYA!

FLOW PROBLEM SOLVING
0000-0002-7964-4399,

Bahtiyar TASDEMIR? © 0000-0001-7335-5185
Makale Bilgileri OZET
Anahtar Kelimeler: Glintimiiz elektrik enerji sistemlerinin artan karmasiklifi ve optimum
) . isletme ve planlama gereksinimleri, optimal gii¢ akist (OGA)
Optimal giig akist, meta- problemlerinin  ¢6ziimiinde daha etkin ve esnek yaklagimlarin

sezgisel algoritmalar, giic
sistemleri, ¢ok amagl
optimizasyon, yapay zeka.

kullanilmasimi zorunlu kilmaktadir. Geleneksel deterministik yontemler,
ozellikle dogrusal olmayan, ¢ok amagli ve kisitli problemlerde kiiresel
optimuma ulagmada yetersiz kalabilmektedir. Bu baglamda, son yillarda
meta-sezgisel  (metaheuristic) algoritmalar, OGA  problemlerinin
¢coziimiinde giiclii alternatifler olarak 6ne ¢ikmistir. Bu ¢alismada, elektrik
gii¢ sistemlerinde OGA problemlerine yonelik olarak gelistirilen baslica
meta-sezgisel yontemler kapsamli bir sekilde incelenmistir. Genetik
algoritma (GA), pargacik siirli optimizasyonu (PSO), yapay ar1 kolonisi
(ABC), Ogretme-Ogrenme tabanli optimizasyon (OOTO), farkli evrim
(FE), Jaya ve hibrit algoritmalar gibi yaklagimlar, performans kriterleri,
avantajlari, sinirliliklar: ve uygulama alanlari agisindan degerlendirilmistir.
Ayrica bu yontemlerin karsilagtirmali analizleriyle sagladigi iyilestirme
diizeyleri de detayli bigimde ele alinmistir. Ayrica, ¢ok amagh
optimizasyon, yenilenebilir enerji entegrasyonu ve belirsizlik altinda OGA
gibi gilincel arastirma egilimlerine de yer verilmistir Bu derleme
arastirmasi, meta-sezgisel tabanli ¢oziim yOntemlerinin giic sistemleri
alanindaki potansiyelini ortaya koymakta ve gelecekteki ¢aligmalar igin yol
gosterici olmay1 amaglamaktadir.
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optimization, artificial ~algorithms have emerged as powerful alternatives for solving OGA
intelligence. problems. In this study, the main meta-heuristic methods developed for
OGA problems in electric power systems are comprehensively reviewed.
Approaches such as genetic algorithm (GA), particle swarm optimization
(PSO), artificial bee colony (ABC), Teaching-Learning based optimization
(TLBA), differential evolution (FE), Jaya and hybrid algorithms are
evaluated in terms of their performance criteria, advantages, limitations and
application areas. In addition, the comparative analysis of these methods
and the level of improvement they provide are also discussed in detail.
Current research trends such as multi-objective optimization, renewable
energy integration and OGA under uncertainty are also included. This
review research demonstrates the potential of meta-heuristic-based solution
methods in the power systems domain and aims to provide guidance for
future work.

1. GIRIS

Elektrik gii¢ sistemlerinin giivenli, ekonomik ve siirdiiriilebilir bir sekilde isletilmesi, modern enerji yonetiminin
temel hedeflerinden biridir (Dommel & Tinney, 1968). Bu hedeflere ulagabilmek icin sistemdeki iiretim
birimlerinin uygun sekilde koordinasyonu, gerilim diizeylerinin sinirlar i¢inde tutulmasi ve enerji kayiplariin en
aza indirilmesi gerekmektedir. Bu baglamda, Optimal Gii¢ Akisi (OGA) problemi, sistemin belirli kisitlar altinda
isletme kosullarini optimize etmeyi amaglayan kritik bir miithendislik problemidir (Sulaiman ve ark., 2021).

OGA problemleri genellikle dogrusal olmayan, ¢ok degiskenli ve ¢ok kisitlt yapilari nedeniyle ¢6ziim agisindan
olduk¢a karmagiktir. Geleneksel ¢oziim yontemleri (Newton-Raphson, Lagrange ¢arpanlari, dogrusal
programlama vb.), baz1 6zel durumlar diginda yerel ¢oziimlere takilabilmekte veya yiiksek boyutlu problemlerde
yetersiz kalabilmektedir (Abou El Ela, Abido, & Spea, 2010; Gao ve ark.,2017). Ayrica, bu yontemlerin tiirev
bilgisi gerektirmesi, sistemde belirsizliklerin artmasi ve yenilenebilir enerji kaynaklarmin entegrasyonu gibi
giliniimiiz gii¢ sistemlerindeki yeni dinamikler karsisinda etkinligini sinirlamaktadir (Zamzam & Baker, 2020).

Bu sorunlarin asilmasi amaciyla son yillarda meta-sezgisel algoritmalar, OGA ¢dziimlerinde yaygin olarak
kullanilmaya baslanmistir. Meta-sezgisel yontemler; rastgelelik, popiilasyon temelli arama ve dogadaki ¢esitli
mekanizmalardan esinlenen yapilarina dayanarak, karmasik optimizasyon problemlerinde kiiresel ¢dziime yakin
sonuglar elde etme potansiyeline sahiptir (Devarapalli, Bhattacharyya, & Sinha, 2020). Genetik algoritma (GA),
pargacik siirii optimizasyonu (PSO), yapay ar1 kolonisi (ABC), farkli evrim (DE), Jaya, 6gretmen-6grenci temelli
algoritmalar (TLBO) ve gesitli hibrit yaklagimlar, literatiirde siklikla OGA ¢6ziimiinde uygulanmis ve basarili
sonuglar vermistir.

Bu derleme ¢alismasimin amaci, OGA problemlerinde kullanilan baglica meta-sezgisel yontemleri sistematik bir
sekilde incelemek, yontemlerin giighii ve zayif yonlerini degerlendirmek ve gelecekteki arastirmalara 151k tutacak
kapsamli bir bakis acis1t sunmaktir. Calisma kapsaminda hem tek amagli hem de ¢ok amagli OGA problemleri ele
alinmis, ayrica yenilenebilir enerji entegrasyonu, belirsizlik modellemeleri ve dinamik yiik degisimleri gibi giincel
uygulama alanlarina da deginilmistir.

2. OGA PROBLEMi FORMULASYONU

Optimal Gili¢ Akist (OGA) problemi, elektrik enerji sistemlerinin giivenli, ekonomik ve verimli sekilde
isletilmesini amaclayan 6nemli bir optimizasyon problemidir (Cain, O’neill, & Castillo, 2012). OGA, sistemin
fiziksel ve operasyonel kisitlarini dikkate alarak belirli bir amag fonksiyonunu (6rnegin iiretim maliyeti, gili¢ kayb1
veya emisyon miktari) optimize etmeyi hedefler. Bu baglamda OGA problemi, hem siirekli hem de ayrik karar
degiskenleri igeren dogrusal olmayan kisitli bir optimizasyon problemi olarak formiile edilir (Niu, Wan, & Xu,
2014).

2.1.Amac¢ Fonksiyonu

OGA probleminin temel amaci, agagida 6rneklenen kriterlerden biri veya birkaginin optimize edilmesidir:
. Toplam {iretim maliyetinin minimizasyonu
. Aktif gii¢c kayiplarinin minimizasyonu
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. Cevresel emisyonlarin minimizasyonu

. Gerilim profilinin iyilestirilmesi
Genel bir amag fonksiyonu asagidaki gibi ifade edilebilir:

Minimize : f(x,u) (1)

Burada, f(x,u), secilen optimizasyon hedefini temsil eden amag fonksiyonu, x, durum degiskenleri (6rnegin gerilim
biiyiikliikleri ve agilari, reaktif gii¢ler), u, kontrol degiskenleri (6rnegin jenerator g¢ikiglari, gerilim seviyeleri,
transformatdr kademe oranlari)

2.1.1 Durum degiskenleri
Gii¢ sisteminde belirli smirlar altinda mevcut durumu hakkinda bilgi vermek icin optimize edilen degerlerdir.
Durum degiskeni x olarak tanimlanmis ve Es. 2 ile belirtilmistir.

X = [PGl’ VLl ...VLNL, QGl ...QGNG, Sll "'Slnl] (2)

Burada, P_G1 segilen slack bara, Q G generatérlerin reaktif giic degeri, V_L yiik baralarinin gerilim degeri, and
S_liletim hattinin yiikii olarak tanimlanmigtir.

2.1.2. Kontrol degiskenleri

Giig¢ sisteminde ama¢ fonksiyonuna uygun olarak optimize edilmesi i¢in degiskenlere sahip karar degerleridir.
Durum degiskeni u olarak tanimlanmis ve Es. 3 ile belirtilmistir.

uT = [[’G2 ...PGNG, VGl ...VGNG, QCl e QCNC' T1 "'TNT] (3)
Burada, taransformator tap ayarlari T, paralel reaktif giic kompanzatorleri Q C olarak tanimlanmaigtr.
2.1.3 Kisitlamalar

OGA c¢alismalarinda, gii¢ sisteminin giivenli ve verimli calismasi i¢in bazi kisitlamalarin belirlenmesi
gerekmektedir. bu kisitlamalari esitlik ve esitsizlik kisitlamalari olarak siniflandirilmaktadir. Kisitlamalar sistemin
¢aligma sinirlarini belirler.

Esitlik kisitlamalari: burada amag sistemdeki gii¢ tiretimi, tiiketimi ve kayiplar arasinda olusturulan dengeyi
belirleyen kisitlamalardir. Giig sistemlerinde aktif ve reaktif gii¢c kisitlamalar1 Es. 4ve 5°de verilmistir.

Pg; — Pp; — Vi 232, Vj[Gyjcos (8; — &) + Byjsin(8; — 6;)] = 0, 4
Qci — Qpi — Vi 232, Vi [Gyjsin (8; — 6;) + Byjcos(6; — 6;)] = 0 (%)
Burada, P;;, i. baradaki jeneratorlerin irettigi aktif giig. Pp;, i. baradaki aktif giic talebi. Qg;, i. baradaki
jeneratorlerin tirettigi reaktif glic. Qp;, i. baradaki reaktif giic talebidir. G;; ve B;; i. ve j. baralar arasindaki iletim
hattinin iletkenlik ve susceptance degerleridir.

Esitsizlik kisitlamalari: burada generatorlerin, baralarin, trafolarin gii¢ gerilim gibi degerlerinin belirli sinirlar
icinde kalmas belirlenir.

PE™ < Py S PG, 1<i<Ng (6)
Q™ < Qe < QF™, 1<i<Ng (7)
V™ S Ve SVE™, 1Si<Ng (®)
Q™ < Qu < QA , 1<i< N )
T < T, <T/M* , 1<i<Nyp (10)
V<V, S VMY 1<i< N, (11)
Sy <SP, 1<i<N, (12)

3. KLASIK OGA COZUM YONTEMLERI

Optimal Gii¢ Akis1 (OGA) problemi, karmasik, dogrusal olmayan ve kisith bir optimizasyon problemidir. Bu
problemin ¢6ziimii i¢in uzun yillardir gelistirilen klasik (deterministik) ¢oziim yontemleri, ozellikle sistemin
kararliligini ve giivenilirligini saglamak amaciyla yaygin olarak kullanilmaktadir. Klasik yontemler, genellikle
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tiirev bilgisi gerektiren matematiksel tekniklere dayali olup, hizli yakinsama 6zelliklerine sahiptir. Ancak, yerel
optimuma saplanma egilimleri ve ¢ok amacli hedeflere sinirlt uyumluluklar1 nedeniyle bazi kisitlamalar1 da
beraberinde getirirler.

Klasik OGA ¢oziim yontemleri genel olarak asagidaki bagliklar altinda siniflandirilabilir:
3.1. Newton-Raphson Tabanh Yéntemler
Newton-Raphson (NR) yontemi, giic sistemleri analizinde siklikla kullanilan hizli yakinsayan bir niimerik

yontemdir. OGA’ye uyarlanmig haliyle bu yontem, Lagrange carpanlari ile amag¢ fonksiyonunu ve kisitlar
birlestirerek ¢dziim iiretir iiretir (Sun ve ark., 1984). Denklem sistemi su sekilde olusturulur:

L(x, 1) = f(x) + 2Tg(x) (13)
Burada f(x) amag fonksiyonunu, g(x) ise gii¢ akis denkliklerini temsil eder. NR tabanli yontemlerde dogrusal
olmayan denklem sistemi Jacobian matrisi yardimiyla ¢ozilir. Bu yontem 6zellikle kiigiik ve orta 6lgekli
sistemlerde yiiksek dogruluk saglar, ancak baslangi¢ noktasina duyarlidir.

3.2. Dogrusal Programlama (LP)

Dogrusal programlama, hem amag fonksiyonunun hem de kisitlarin dogrusal oldugu problemlerde kullanilir. OGA
problemleri genellikle dogrusal olmadigindan, LP ancak bazi varsayimlar altinda (6rnegin sabit gerilim
biiytikliikleri, dogrusal kayiplar) yaklasik ¢dziimler sunabilir (Stott & Marinho, 1979). Hizl1 ve kararli calismasina
ragmen, gergek¢i OGA problemleri icin sinirlt bir uygulama alanina sahiptir (Capitanescu, 2016).

3.3. Dogrusal Olmayan Programlama (NLP)

Dogrusal olmayan programlama, hem amag¢ fonksiyonunun hem de kisitlarin dogrusal olmayan fonksiyonlarla
ifade edildigi durumlar1 kapsar (Frank, Steponavice, & Rebennack, 2012). Lagrange carpanlari veya Karush-
Kuhn-Tucker (KKT) kosullart kullanilarak ¢dziim elde edilir. NLP yontemleri, problem boyutuna gore etkili
sonuglar iretebilir ancak ¢dziim siiresi uzayabilir ve yerel minimuma saplanma riski vardir (Wei, ve ark. 1998).

3.4. Artirllmis Lagrange Yontemi (Augmented Lagrangian Method)

Bu yontem, klasik Lagrange yaklasiminin bir uzantisi olup, ceza terimleriyle gii¢ akis denkliklerini daha etkili
sekilde uygular. Amag fonksiyonuna eklenen ceza terimleri sayesinde kisitlarin ihlal edilmesi engellenir:

La(,2,0) = () +27() + 2 lg()II? (14)
Burada p, ceza katsayisidir. Bu yontem, kisitlarin daha hassas kontroliinii saglar.

3.5. i¢c Nokta Yontemleri (Interior Point Methods)

I¢ nokta yéntemleri, bilyiik 6lgekli optimizasyon problemlerinde etkili performans sergileyen modern klasik
yontemlerdendir (Yan & Quintana, 1999). Kisith optimizasyon problemlerinde bariyer fonksiyonlart kullanarak
¢oziim uzayinda i¢ noktalardan ilerlenmesini saglar. Ozellikle yiiksek boyutlu OGA problemlerinde tercih
edilmektedir (Momoh & Zhu, 1999).

I¢ nokta yontemiyle amag fonksiyonu genellikle su sekilde formiile edilir:

Min f(x) = uX;1In (s;) (15)

Burada p, bariyer parametresi; s;, esitsizlik kisitlarina iligkin bosluk degiskenleridir. Hem ¢6ziim hassasiyeti hem
de algoritmik verimlilik a¢isindan ileri diizey avantajlar sunar.
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3.6. Kuadratik Programlama (QP)

Amag fonksiyonunun kuadratik, kisitlarin ise dogrusal oldugu durumlarda kuadratik programlama kullanilabilir.
Ozellikle ikinci dereceden iiretim maliyet fonksiyonlarinin optimize edilmesinde etkilidir. Ancak, giic akis
denkliklerinin dogrusal hale getirilmesi gerektiginden, ¢dziim hassasiyeti bazi durumlarda azalabilir (Reid &
Hasdorff, 2007).

Tablo 1. Klasik Yontemlerin Avantaj ve Dezavantajlari

Ozellik Avantaj Dezavantaj

Newton-Raphson Hizli yakinsama Baslangi¢ noktasina duyarlilik
LP Hizli ve kararlt Gergekgilikten uzaklagabilir
NLP Dogrusal olmayan sistemlerde etkili Yerel minimuma saplanabilir

I¢c Nokta Biiyiik sistemlerde giiclii performans Karmasik algoritma yapist

QP Maliyet fonksiyonlarinda uygundur Kisit dogrusal varsayimi gerekir

Sonug olarak, klasik ¢oziim yontemleri, OGA probleminin deterministik yapisini temel alarak yiiksek ¢oziim
dogrulugu ve hizli hesaplama avantajlar1 sunmaktadir. Ancak, bu yontemlerin karmasik, ¢ok amacli ve cok modlu
yapiya sahip modern enerji sistemlerinde bazi sinirlamalari bulunmaktadir. Tablo 1°de klasik yontemlerin avantaj
ve dezavantajlari tablo halinde gosterilmistir. Bu nedenle son yillarda klasik yontemler, evrimsel algoritmalar ve
yapay zeka tabanli yaklagimlarla tamamlanarak daha esnek OGA ¢ozlimleri elde edilmektedir.

4. META-SEZGISEL YONTEMLERIN SINIFLANDIRILMASI
Meta-sezgisel algoritmalar, genel olarak dogadan ilham alan ve deterministik olmayan arama mekanizmalar1
kullanan sezgisel yaklasimlar olarak tanimlanabilir. OGA problemi baglaminda kullanilan baglica meta-sezgisel

yontemler asagidaki bagliklar altinda siniflandirilabilir:

4.1 Evrimsel Algoritmalar

. Genetik Algoritma (GA): Evrim teorisine dayali, kromozom temelli arama yontemidir. Caprazlama
ve mutasyon operatorleri ile ¢oziim uzayinda dolasir.
. Farkh Evrim (DE): Vektor tabanli mutasyon ve yeniden kombinasyon siirecleri ile ¢dziimleri

gelistirir. Stirekli degerli problemler i¢in uygundur.

4.2 Siirii Zekas1 Tabanh Yontemler

. Parcacik Siirii Optimizasyonu (PSO): Kus ve balik siiriilerinin hareketinden ilham alan, ¢6ziim
adaylarini hiz ve konum vektorleri ile giincelleyen bir yontemdir.
. Yapay Ari Kolonisi (ABC): Arilarin nektar arama davranigina dayanir. Calisan, gdzlemci ve kesifci

ar1 fazlari ile ¢6ziim gelistirilir.

4.3 Fiziksel ve Sosyal Davranis Tabanh Yontemler

. Cekimsel Arama Algoritmas1 (GSA): Kiitle ¢ekimi yasasina dayanarak ajanlar arasi etkilesimle
¢OzUm aranir.

. Jaya Algoritmasi: En iyi ¢6zlime yaklagma ve en kotili ¢oziimden uzaklasma prensibine dayali sade
bir algoritmadir.

. Ogretme-Ogrenme Temelli Optimizasyon (TLBO): Bir 6gretmen ve dgrenciler arasinda bilgi

transferi modeliyle ¢aligir. Parametre ayar1 gerektirmemesi avantaj saglar.

4.4 Hibrit ve Uyarlanabilir Yontemler

. GA-PSO, DE-ABC, TLBO-Jaya gibi hibrit yontemler, birden fazla algoritmanin giiclii yonlerini
birlestirerek daha dengeli bir arama siireci sunmay1 hedefler.

. Uyarlanabilir algoritmalar ise parametrelerini probleme gére otomatik olarak ayarlayarak esneklik
kazandirr.
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5. COK AMACLI OPTIMiZASYON VE PARETO YAKLASIMI

Giig sistemlerinde optimal gii¢ akisi (OGA) problemleri genellikle tek bir hedefle sinirli degildir. Minimum iiretim
maliyeti, minimum gii¢ kaybi, voltaj kararliligi, ¢evresel emisyonlar ve giivenilirlik gibi birgok kriter ayn1 anda
optimize edilmek istenir. Bu nedenle ¢ok amagli optimizasyon (Multi-Objective Optimization - MOO)
yaklagimlari, OGA problemlerinin ¢6ziimiinde daha gergekgi ve etkili bir alternatif sunar.

Meta-sezgisel algoritmalarin ¢ok amagl versiyonlari, Pareto optimalite prensibini esas alarak birden fazla hedef
fonksiyon arasinda denge kurmay1 amaglar. Bir ¢6zlimiin Pareto optimal olmast, baska bir ¢6ziimiin tiim hedeflerde
daha iyi olamayacag1 anlamina gelir. Bu yaklagimla elde edilen Pareto 6n cepheleri (Pareto fronts), karar vericilere
farkli tercihleri degerlendirme olanagi saglar.

Literatiirde en ¢ok kullanilan ¢ok amacli meta-sezgisel yontemler arasinda NSGA-II (Non-dominated Sorting
Genetic Algorithm ITI), MOPSO (Multi-Objective Particle Swarm Optimization), MOABC, MODE, MOJaya ve
MO-TLBO yer almaktadir. Bu yontemler ile yakit maliyeti vs. kayiplar, emisyon vs. gerilim sapmas1 gibi farkli
hedef ¢iftleri dengeli sekilde optimize edilmistir. Pareto tabanli analizler, sistem planlamacilari ig¢in ¢ok kiymetli
karar destek araglar1 sunmaktadir.

6. META-SEZGISEL YONTEMLERIN GUC SISTEMLERINE UYGULANMASINDAKI
ZORLUKLAR

Meta-sezgisel yontemlerin OGA ¢oziimlerinde sundugu avantajlara ragmen, uygulamada gesitli zorluklar da
mevcuttur:

. Kiiresel optimum garantisi yoktur: Meta-sezgisel yontemler, kiiresel optimuma yakin ¢dziimler
iiretebilse de, ¢6ziimiin gercekten kiiresel optimum olup olmadig1 garanti edilemez.

. Parametre hassasiyeti: Bir¢ok algoritma, uygun parametre ayar1 yapilmadiginda diisiik performans
gosterebilir. Bu durum kullanict deneyimine baghdir.

. Yavas yakinsama ve hesap yiikii: Ozellikle biiyiik 6lgekli sistemlerde, ¢dziimiin hesaplama siiresi
artabilir. Yiiksek islem giicli gereksinimi s6z konusu olabilir.

. Kisitlarim ele alinmasi: Karmasik kisit setlerinin (voltaj, reaktif gii¢, hat kapasiteleri vb.)
algoritmalara entegrasyonu bazen zordur.

. Gercek zamanh uygulama kisitlari: Meta-sezgisel algoritmalarin dogasi geregi iteratif yapilari,

bazi gergek zamanli uygulamalarda kullanimini sinirlayabilir.
7. GELECEK CALISMALAR iCiN ONERILER

Meta-sezgisel yontemlerin gii¢ sistemlerinde daha etkin kullanilabilmesi ve mevcut sinirlamalarin agilmasi igin
asagidaki oneriler dikkate alinabilir:

* Uyarlanabilir ve parametresiz algoritmalar: Kullanic1 miidahalesini azaltan, algoritma i¢i 6grenmeye
dayali yapilar gelistirilebilir (6rnegin Jaya, TLBO gibi).

*  Hibrit yaklasimlar: Birden fazla algoritmanin giiclii yonlerini birlestiren yapilarla ¢6ziim kalitesi ve
yakinsama siiresi iyilestirilebilir.

* Veri temelli yontemlerle biitiinlesme: Yapay sinir aglari, derin 6grenme ve makine 6grenmesi
teknikleriyle algoritmalar desteklenerek daha akilli optimizasyon yapilar gelistirilebilir.

+  Gercek zamanh ve dagitik ¢oziimler: Ozellikle mikro sebekeler ve akilli sebekelerde kullanilabilecek,
dagitik ve hizli ¢alisan versiyonlar tasarlanabilir.

*  Enerji doniisiim teknolojileri ile entegrasyon: Yenilenebilir enerji, enerji depolama, elektrikli araglar
gibi yeni sistem unsurlarimin dahil edildigi OGA modelleriyle ¢alismalar genisletilmelidir.

*« Benchmark test sistemleriyle karsilastirmah analiz: IEEE 14, 30, 57, 118 gibi yaygin test
sistemlerinde standartlagtirilmig karsilastirmalar yapilmasi onerilir.

Tablo 2’de yillar icinde OGA problemlerinin ¢oziimiinde kullanilan meta-sezgisel algoritmalar secilen test
sistemlerine gdre incelenmis, amac¢ fonksiyonlari, tekli veya ¢oklu amag fonksiyonlarma gore siralanmistir.
Incelenen ¢alismalarda test sistemi olarak IEEE 30 barali test sistemi yaygin olarak kullanilmistir. Hemen hemen
tiim ¢alismalarda maliyet amag fonksiyonu optimize edilmistir. Klasik GA, PSO gibi yontemlerden biyolojik ve
sosyal davranis temelli (Krill, Squirrel, Goose, Manta ray vb.) yontemlere gec¢is olmus. 2010 sonrast Cok Amaglt
OGA (MO-OGA) modelleri 6n plana ¢ikmis. 2024 yili itibartyla DRL (Deep Reinforcement Learning), QIGA gibi
yapay zeka ve kuantum esinli modeller de kullanilmaya baslanmus.
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Tablo 2. Literatiirdeki OGA ¢alismalarinda kullanilan meta-sezgisel algoritmalar.
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Amag Fonksiyonu
YIL Ref. Algoritma Amag T?St .
Fy Sistemi
(Bakirtzis,
2002 Biskas, Enhanced genetic algorithm (EGA) X T IEEE 30
Zoumas, & g g
Petridis, 2002)
2006 Particle swarm optimization (PSO) T IﬁgE 30-
(Vlachogiannis . .
2010 & Lee, 2006) Genetic Algorithm (GA) X T IEEE 30
2010 Differential evolution (DE) X T IEEE 30
(Todorovski & . .
2010 Rajicic, 2006) Enhanced Genetic Algorithm (EGA) X IEEE 30
2011 Particle swarm optimization (PSO) X T/C II]?SE 30-
(Abou El Ela . Y IEEE 30-
2011 ve ark., 2010) Particle swarm optimization (PSO) X 118
2011 Biogeography-based optimisation (BBO) x T IEEE 30
(Kumari &
2011  Maheswarapu, Harmony search (HS) X T/C IEEE 30
2010)
Honey Bee Mating Optimisation IEEE 14-
2011 (HBMO) X T 30-118
(Hazra & . .
2012 Sinha, 2011) Genetic Algorithm (GA) X T IEEE 30
2012 Particle swarm optimization (PSO) X T IIFII;E 30-
(Liang ve ark., . . IEEE 30-
2012 2011) Bacterial foraging (BF) X T 118
2013 Artificial bee colony (ABC) X T II]TEE 30-
fg]?hattacharya IEEE 6-
2013 Chattopadhyay, Harmony search method (HS) X T 1411;0-57-
2011)
2014 Artificial bee colony (ABC) X T/C IEEE 30
(Sivasubramani Teaching—learning based optimization IEEE 30-
2014 & Swarup, (TLBO) X T 118
2011)
Teaching—learning based optimization IEEE 30-
2014 (TLBO) X T 57
(Niknam ve Modified imperialist competitive IEEE 30
2014  ark.,2011) algorithm-teaching learning X T 57 i
algorithm (MICA-TLBO)
. . IEEE 9-
2014 Krill herd algorithm (KHA) X T/C 30-57
(Attia, Al-
Turki, & . . . IEEE 30-
2015 Abusorrah, Differential evolution (DE) X T/C 118
2012)
2015 Artificial bee colony (ABC) X T ISF;EE 30-
(Niknam, ve . N IEEE 30-
2015 ark., 2012) Biogeography-based optimization (BBO) x T 57
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2015

2015

2016

2016

2016

2016

2016
2017
2017

2017

2018

2019

2019

2019

2019

2019

2020

2020

2020

2021

2021

2022

2023

2023

(Amjady,
Fatemi, &
Zareipour,
2012)

(Khorsandi,
Hosseinian, &
Ghazanfari,
2013)

(Sinsuphan,
Leeton, &
Kulworawanich
pong, 2013)

(Chen, Bo, &
Zhu, 2014)

(Bouchekara,
Abido, &
Boucherma,
2014)

(Shabanpour-
Haghighi, Seifi,
& Niknam,
2014)

(Ghasemi, ve
ark., 2014)

(Roy & Paul,
2015)

(El-Fergany &
Hasanien,
2015)

(He, ve ark.,
2015)

(Kumar &
Premalatha,
2015)

(Ghasemi, ve
ark., 2015)

Teaching—learning based optimization
(TLBO)

Krill herd algorithm (KHA)

Particle swarm optimization (PSO)

Differential evolution (DE)

Harmony search algorithm (HSA)

Grenade explosion method (GEM)

Glowworm Swarm Optimization (GSO)

Differential evolution (DE)

Differential evolution (DE)

Artificial bee colony (ABC)

Modified Sine-Cosine algorithm (MSCA)

Moth Swarm Algorithm (MSA) ve
Gravitational Search Algorithm (GSA)

JAYA

Novel improved social spider
optimization algorithm (NISSO)
Grasshopper optimization algorithm
(GOA)

Artificial bee colony (ABC), Wind Driven

Optimization (WDO), Gravitational
Search Algorithm (GSA)

Particle swarm optimization (PSO)

Differential-based harmony search
algorithm (DH)

JAYA

Improved Wind-Driven Algorithm
(IWDA)

GOA Grasshopper Optimization
Algorithm (GOA),

Manta ray foraging optimizer (MRF)

Teaching—learning based optimization
(TLBO)

Wild Horse Optimizer (WHO)
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T/C

T/C

T/C

T/C

T/C

T/C

T/C

T/C

IEEE 30-
57

IEEE 57

IEEE 30

IEEE 30-
57

IEEE 30-
57-118

IEEE 30

IEEE 30
IEEE 30
IEEE 57

IEEE 30-
118

IEEE 30-
118

IEEE 30-
57-118

IEEE 30,
118-bus
IEEE 30-
57-118
IEEE 30-
57-118

IEEE 9-
30-57

IEEE 30

IEEE 57-
118

IEEE 30-
118

14-124

IEEE 30

IEEE 30

IEEE 30-
57

IEEE 30
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Turbulent flow of water-based
2023 optimization) TFWO x X x x T IEEE 30
(Mukherjee &  Deep Reinforcement Learning (DRL) ve

2024  Mukherjee, Quantum Inspired Genetic Algorithm X X X T/C IEEE 30
2015) (DRL-QIGA).
Self-adaptive wild goose algorithm IEEE 30-
2024 (SAWGA) xoxoxox T 118
2024  (Ravi, 2016) Squirrel search algorithm (SSA) X x x T/C IEEE 30
2024 Democratic political algorithm (DPA) X x T/C IEEE 30

Fi: Maliyet Optimizasyonu, F2: Gii¢ Kayb1 Optimizasyonu, F1: Gerilim Sapmas1 Optimizasyonu, F1:
Emisyon Optimizasyonu, T: Tekli Amag¢ Fonksiyonu, C: Coklu Amag Fonksiyonu

8. SONUC

Bu derleme ¢aligmasinda, elektrik gii¢c sistemlerinde optimal gii¢ akist (OGA) probleminin ¢éziimiinde meta-
sezgisel yontemlerin kullanimi detayli bir sekilde incelenmistir. Meta-sezgisel algoritmalar, geleneksel
yontemlerin karsilagtigi hesaplama zorluklarini agsmak ve karmasik sistem kosullarinda kiiresel ¢6ziime yakin
sonuglar elde etmek icin etkili araglar sunmaktadir. Genetik algoritma, parcacik siirii optimizasyonu, yapay ari
kolonisi, Jaya ve TLBO gibi algoritmalarin tek basina veya hibrit yapilarla kullanimi sayesinde hem tek hem ¢ok
amagli OGA problemlerinde basarili uygulamalar gergeklestirilmistir. Literatiirden elde edilen bulgular, bu
yontemlerin ¢éziim kalitesi, esneklik ve ¢ok amachilik konularinda &nemli avantajlar sundugunu ortaya
koymaktadir. Ancak, parametre bagimliligi, uzun hesaplama siireleri ve ger¢cek zamanli uygulama sinirlamalart
gibi bazi zorluklarin da var oldugu goriilmektedir. Bu baglamda, gelecekte gelistirilecek arastirmalarin
parametresiz algoritmalar, yapay zeka destekli hibrit ¢ozlimler, dagitik ve uyarlanabilir yapilar gibi alanlara
yonelmesi Onerilmektedir. Sonu¢ olarak, meta-sezgisel yontemlerin OGA ¢oziimlerinde sundugu yiiksek
potansiyel, bu alanda siirdiiriilebilir, giivenilir ve ekonomik enerji yonetimi stratejileri gelistirmek isteyen
aragtirmacilar ve mithendisler i¢in gii¢lii bir ara¢ olmaya devam etmektedir.
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