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ANALYSIS OF OUTPUT POWER IN
PHOTOVOLTAIC SYSTEMS BASED ON SOLAR
PANEL CONNECTION CONFIGURATIONS

Suleyman ADAK!

1. INTRODUCTION

The increasing global demand for clean and sustainable
energy has accelerated the deployment of photovoltaic (PV)
systems as a key alternative to conventional fossil fuel based
power generation. Among renewable energy technologies,
photovoltaic systems stand out due to their scalability, low
environmental impact, and ease of installation. As PV
installations continue to expand across residential, commercial,
and utility-scale applications, improving their efficiency and
energy yield has become a critical area of research.

One of the fundamental factors influencing the
performance of a photovoltaic system is the electrical
configuration of its solar panels. PV modules can be connected
in series, parallel, or hybrid (series—parallel) arrangements, each
of which directly affects system voltage, current, and overall
power output. These connection configurations not only
determine the electrical characteristics of the PV array but also
influence its behavior under varying environmental conditions
such as solar irradiance, temperature fluctuations, and partial
shading. The types of solar panels PV systems are shown in Fig.
1.

1 Dog. Dr., Department of Electrical and Energy, OSB MYO, Mardin Artuklu,
University, Mardin, Turkey, ORCID: 0000-0003-1436-2830.
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Fig. 1 An array of solar panels convert sunlight to electricity

In series connections, the output voltage increases while
the current remains constant, making such configurations
suitable for applications requiring higher voltage levels.
Conversely, parallel connections maintain a constant voltage
while increasing current, which is advantageous for systems
demanding higher current output. Hybrid configurations
combine both approaches to achieve a balance between voltage
and current requirements. However, these configurations also
introduce challenges, particularly under non-uniform conditions,
where mismatches between panels can lead to power losses and
reduced system efficiency.

Understanding the relationship between panel connection
types and output power is therefore essential for optimizing PV
system design. Accurate analysis enables engineers and
researchers to select appropriate configurations that maximize
energy production while minimizing losses. Furthermore,
advancements in power electronics, such as maximum power
point tracking (MPPT) techniques, have enhanced the ability of
PV systems to operate efficiently under diverse conditions,
making the study of connection configurations even more
relevant.
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This study aims to analyze the output power
characteristics of photovoltaic systems based on different solar
panel connection configurations. By examining the performance
of series, parallel, and hybrid arrangements, the research seeks
to provide insights into their advantages, limitations, and
suitability for various applications. The findings are expected to
contribute to the design and optimization of more efficient and
reliable photovoltaic energy systems.

These study, provides significant practical and technical
benefits by demonstrating how different solar panel connection
configurations influence the overall power output of a
photovoltaic (PV) system. By comparing series, parallel, and
series-parallel  connections under varying environmental
conditions, the research helps identify the most efficient
configuration for maximizing energy production. This
contributes to improved system performance, particularly in
situations involving partial shading, temperature variations, or
unequal panel characteristics.

Furthermore, the findings support the design of more
reliable and cost-effective photovoltaic installations. Optimizing
panel connections can reduce power losses, enhance energy
conversion efficiency, and increase the overall lifespan of the
system by minimizing electrical stress on components. The
study also provides valuable guidance for engineers, researchers,
and system designers in selecting appropriate connection
strategies for residential, commercial, and industrial solar energy
applications. Ultimately, these improvements lead to greater
energy yield, lower operating costs, and a higher return on
investment, while promoting the broader adoption of renewable
energy technologies and supporting sustainable electricity
generation.
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2. TYPES OF CONNECTION FOR
PHOTOVOLTAIC PANELS IN A SOLAR
SYSTEM.

The connection types of photovoltaic panels are
important because they determine the electrical behavior and
performance of the solar system. Different connections change
the voltage, current, efficiency, and reliability of the PV array.
In a series connection, the voltage increases while the current
remains constant, which helps reduce cable losses and improves
inverter operation. In a parallel connection, the current increases
while the voltage stays constant, improving system reliability
and reducing the effect of shading on individual panels. A
series—parallel connection combines both advantages to provide
balanced voltage and current for larger solar installations.

The correct connection type also affects inverter
compatibility, battery charging, energy efficiency, system safety,
and overall power output. Improper panel connections can cause
overheating, energy loss, poor performance, or damage to
system components. Therefore, selecting the proper PV
connection configuration is essential for achieving maximum
efficiency, safe operation, and long-term reliability in a solar
power system. PV panels can be connected in several ways
depending on the system’s voltage, current, and performance
requirements. The three main types of connections are:

2.1. Series Connection

The first method to be considered for interconnecting
solar panels is known as ‘series wiring.” The electrical series
connection of solar panels increases the total system output
voltage. “Series-connected solar panels are typically employed
when a grid-tied inverter is used or when the charge controller
requires an input of 24 volts or higher. To connect panels in
series, the positive terminal of each panel is connected to the
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negative terminal of the subsequent panel until only a single
positive and a single negative connection remain.

Panels are connected positive to negative in a chain.
Voltage adds up, current stays the same.
Electrical Impact: Voltage increases

Vtutal = V1 + V2 + e + Vn (1)

current remains constant

Liotal = Ipanel 2)

The active power value is found using the following

formula.
P = Vigtal * liotal (3)
Example:

If each panel IS 40V and 10A:

3 panels in series = 120V, 10A

The series panel connection for these panels is shown in

Fig. 2.
&+
V=150V=(3X50V)
.-
+ - + - - - F10A
o Solar : " Total Power
B panel I P=1500 W=(3X500W)
50V 10A 50V 10A 50V 10A
500 W Sow 500 W

Fig. 2. Series connection of PV panels



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

This type of connection is mainly used when a higher
DC voltage is required for inverters or charge controllers.
Because the voltage increases, transmission losses in cables are
reduced and the system becomes more efficient for long wire
distances. However, if one panel is shaded, dirty, or damaged,
the performance of the whole series string decreases because the
same current must pass through every panel. Series-connected
systems are widely used in residential and commercial solar
installations due to their simplicity and compatibility with
modern solar inverters.

Advantages of connecting panels in series:

e Increases voltage for long-distance transmission (reduces
losses).

o Useful for grid-tied systems and inverters that require
higher voltage.

Disadvantages of connecting panels in series:

« If one panel is shaded or faulty, it affects the entire string
(due to the principle of Kirchhoff's VVoltage Law).

In this configuration, all solar panels must be of the same
type and power rating. The total voltage output is equal to the
sum of the voltage outputs of each individual panel. Using the
same three panels rated at 50 volts and 10 amperes, as
mentioned above, when these PV panels are connected in series,
the array produces an output voltage of 150 volts (50 + 50 + 50)
at 10 amperes. Consequently, the total power of the system,
under series connection, corresponds to the combined power of
all panels.

For example, 500 W + 500 W + 500 W results in a total
power output of 1500 W.

As the number of panels increases, the voltage rises
proportionally to the number of panels. A critical consideration
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in this context is the maximum voltage tolerance of the inverter
and charge controller; exceeding this limit may result in damage
to the equipment.

Moreover, once the voltage exceeds 100 V, there is an
increased risk of electric shock. We now consider the series
connection of solar panels with different nominal voltages but
identical current ratings. In a series-connected configuration,
solar panels contribute additively to the array’s total output
voltage, with the overall voltage equal to the sum of the voltages
generated by each individual panel, as illustrated. Using the
series wiring method, the panels are connected sequentially, one
after another. In this configuration, the system voltage is equal
to the sum of the voltages of all panels.

For example, if there are four panels, each with a voltage
rating of 24 V, multiplying 24 by 4 yields a total of 96 V.
Regardless of the number of panels connected in series, the
current (amperage) remains constant. Accordingly, increasing
the number of panels connected in series results in a higher
system voltage. For example, EcoFlow’s 550 W rigid solar
panel has a relatively high open-circuit voltage of 50 V,
indicating that a voltage exceeding 100 V can be achieved with
only two panels.

2.2. Parallel Connection

The next method to be considered for interconnecting
solar panels is known as ‘parallel wiring.” The parallel
connection of solar panels is employed to increase the total
system current and constitutes the inverse configuration of a
series connection.

In a parallel configuration of solar panels, all positive
terminals are interconnected (positive-to-positive) and all
negative terminals are interconnected (negative-to-negative)
until a single positive and a single negative connection remain,
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which can then be connected to the charge controller and battery
system.

Electrical Impact: Current increases
Itotal = 11 + 12 + e + ITL (4)

Voltage remains constant

Viotar = Vpanel (%)
Threfore, tge total power becomes:
Protar = Vpanel * (L + 1L+ + 1) (6)

Thus, in a parallel configuration, the system increases
current capacity while maintaining constant voltage, making it
suitable for low-voltage and high-current solar energy
applications. When solar panels are interconnected in parallel,
the total voltage output remains equal to that of a single panel,
whereas the output current corresponds to the sum of the
currents produced by each individual panel, as illustrated.

In this method, correct operation is ensured when all
solar panels are of the same type and power rating. Using the
same three panels rated at 50 V, 10 A, and 500 W as described
above, when they are connected in parallel, the output voltage
remains at 50 V, while the total current increases to 30 A (10 +
10 + 10), yielding 1500 W under full solar irradiance.

If the newly acquired solar panels are not identical, it is
important to consider how this may affect the overall system. As
noted, currents are additive in parallel configurations; therefore,
provided that the panel voltages are matched and the output
voltage remains constant, no significant issue arises.
Nevertheless, there are specific guidelines governing the parallel
connection of solar panels with differing nominal voltages and
current ratings.
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o Panels are connected positive to positive and negative
to negative.

e Current adds up, voltage stays the same.

Example:
3 panels of 40V and 10A:
Parallel = 40V, 30A

The parallel panel connection for these panels is shown

in Fig 3.
4+
V=50V
| ® =30 A=(3X10 A)
+ - + - -

P=1500 W=(3X500W)

Solar ™ Solar =

Panel Panel

S0V 10A 50V 10A 50V 10A
s00w 500 W 500 W

Fig. 3. Parallel connection of PV panels

This type of connection is mainly used when higher
current output is required while maintaining a constant system
voltage. Parallel-connected PV panels are more reliable under
partial shading conditions because if one panel is shaded or
damaged, the other panels continue operating with less effect on
the overall system performance. It is commonly used in low-
voltage solar systems, battery charging applications, and
standalone installations. Since the current increases in parallel
systems, thicker cables are usually needed to reduce power
losses and overheating.

Advantages of connecting panels in Parallel:

o System is less affected by shading (one panel
underperforming doesn’t drag all others down as much).
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e Good for low-voltage systems (like battery charging
setups).

Disadvantages of connecting panels in Parallel:

o Higher current means thicker cables and more losses
over distance.

Solar panels connected in parallel form a solar panel
‘array.” This is achieved by interconnecting all positive
terminals into a single node and all negative terminals into
another node, thereby producing two conductors that carry the
combined positive and negative outputs of all panels. In a
parallel wiring configuration, the total system voltage remains
equal to the voltage of each individual panel; that is, the voltage
does not change. However, the current is obtained by summing
the currents produced by each panel connected in parallel.

2.3. Series-Parallel (Hybrid) Connection

Both series and parallel connections result in higher
power output; however, this performance may be reduced to
varying degrees when solar panels with different electrical
ratings are interconnected. If a hybrid configuration is adopted,
it is generally practical for the solar array to consist of an even
number of panels, such as four panels (two in series and two in
parallel) or six panels (three in series and two in parallel).

In practice, this depends on the maximum total output
voltage and the maximum total output current of the solar array,
both of which are limited by the maximum input voltage and the
maximum input current of the charge controller in off-grid
systems or the inverter in grid-connected systems. If system
sizing calculations result in an odd number of panels (e.g., 3 or
5), and no future expansion is anticipated, it is generally more
practical to implement either a series or parallel wiring
configuration accordingly.

10
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For a hybrid PV configuration:

Viotar = Vpaner * N (7)
Total current value:

Liotar = Ipaner * Np (8)
Where:

e Ns =number of panels connected in series per string
e Np = number of parallel strings

Therefore, the total array power becomes:

Piotar = (Vpanel * Ns) * (Ipanel * Np) )
Piotar = Ppanel * Ng * Np (10)

Thus, the series—parallel configuration increases both
voltage and current simultaneously, providing balanced
electrical characteristics, improved efficiency, reduced
transmission losses, and better compatibility with modern hybrid
solar inverters.

When connecting different solar panels, the following
measures should be taken to minimize losses:

e Only series connections should be used for panels
from different brands that have the same current
rating.

e Only parallel connections should be used for panels
from different brands that have the same voltage
rating.

e Connecting dissimilar solar panels within the same
PV array is generally not recommended, as it may
lead to voltage or current mismatch. This results in
reduced output power and consequently lower
electricity generation. Therefore, when different

11
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panels must be used, those with similar voltage and
current characteristics should be selected whenever
possible.

Each distinct panel in a solar array has its own
optimal operating point at any given moment.

Assuming the use of an MPPT charge controller,

mismatched solar panels can reduce the controller’s
effectiveness in tracking the maximum power point.

An MPPT (Maximum Power Point Tracking) solar
charge controller is a more advanced device compared to a
PWM controller, as it is capable of extracting more energy by
continuously tracking the optimal operating point of the PV
array. However, when the optimal operating points of different
panels vary significantly, the controller may not efficiently
manage rapid transitions between these distinct maximum power

points.

Essential features for hybrid panel connection:

Example:

Solar panels should have identical characteristics
(voltage and current ratings).

The system design must comply with the input
operating range of the MPPT inverter.

Fuses and protective devices should be properly
implemented.

Blocking diodes may be used to prevent reverse
current flow.

Appropriate cable cross-sectional area should be
selected to ensure safe operation.

2 panels in series (19V, 8A)

4 such strings in parallel — 38 V, 8A

12
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The hybrid panel connection for these panels is shown in

Figure 4.
152w + it eescsssssssel- - ‘e84 — 152W
19VI8A reOLIVEEOT YT B P EOBULEIOTBOE b 19viBA
152W [ 152W
19V/IBA 19VIBA
152W : A 152w
19VIBA :33 91 33 19VIBA
-4
= sesssses -
152 w + Eqmmm!cm!!o’:mr - -+ :::::’mpgu ITT nm::x: - 152 w
19V/8 A _Em mm;mn reE e e 1233803082 ++ 19VI/8 A
Total Voltage: 19 V+19 V=38 V |

Total Current: 4x8 A=32 A
Total Power :38 VX32 A=1216 W=8X152 W

Fig. 4. Combination of series and parallel connections.

This type of connection is widely used in practical solar
power systems because it provides flexibility in system design
and helps match the voltage and current requirements of
inverters, batteries, and electrical loads. It also improves the
overall power output of the PV array while reducing
transmission losses through higher voltage operation. In large
installations, combining series and parallel connections makes it
possible to expand the system easily and achieve higher
efficiency. However, differences in shading or panel
performance between strings can affect the balance and output
of the system, so proper design and protection devices are
important.

13
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Advantages of connecting panels in series and
parallel:

« Balances voltage and current.

o Flexible design for matching inverter or charge
controller requirements.

Disadvantages of connecting panels in series and
parallel:

e More complex design and wiring.

3. ANALYSIS OF PHOTOVOLTAIC PANEL
CONFIGURATIONS IN SOLAR ENERGY
SYSTEMS BASED ON CONNECTION
TOPOLOGIES

The analysis of photovoltaic panel configurations in solar
energy systems based on connection topologies focuses on how
different electrical arrangements influence the performance,
efficiency, reliability, and power output of photovoltaic arrays.
Connection topology determines the electrical characteristics of
the system by controlling the relationship between voltage and
current within the PV array. The most common configurations
include series, parallel, and series—parallel topologies, while
advanced structures such as total cross-tied, bridge-linked, and
honeycomb configurations are used to improve performance
under non-uniform environmental conditions.

In a series topology, photovoltaic modules are connected
sequentially so that the voltages add while the current remains
constant. This arrangement is suitable for high-voltage
applications and reduces transmission losses, but it is highly
sensitive to shading because the performance of the entire string
depends on the weakest module. Parallel topology increases
current while maintaining constant voltage, providing improved

14
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reliability and better tolerance to partial shading, although
higher current levels increase conductor losses and cable
requirements. The series—parallel configuration combines the
advantages of both methods by balancing voltage and current
levels, making it one of the most widely used structures in
hybrid and grid-connected solar systems.

Advanced photovoltaic array topologies are developed to
overcome mismatch losses caused by partial shading, dust
accumulation, aging, and non-uniform irradiance. Research
shows that total cross-tied and bridge-linked configurations
distribute current more effectively across the array, reducing
power degradation and improving maximum power point
tracking performance under varying environmental conditions.
These topologies increase energy extraction efficiency and
system stability compared with conventional series—parallel
structures.

The selection of photovoltaic connection topology also
affects inverter operation, converter design, thermal behavior,
and grid integration capability. In modern grid-connected and
hybrid systems, inverter topologies are designed according to
the arrangement of photovoltaic modules and the level at which
maximum power point tracking is implemented. Centralized,
string, multistring, and microinverter architectures each provide
different operational advantages in terms of efficiency,
scalability, reliability, and fault tolerance.

Therefore, the analysis of photovoltaic panel
configurations based on connection topologies is essential for
optimizing solar energy conversion, minimizing power losses,
improving system reliability, and ensuring efficient integration
with modern electrical grids and hybrid renewable energy
systems.

15



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

Table 1. Specifications of PV panels according to their connection

type.
Connection Type Voltage Current Usage
Series Increases Same High voltage
Parallel Same Increases High current
Hybrid Adjustable Adjustable Large system

Additional Considerations

e Shading & mismatch losses: Modern systems often use
technologies like microinverter or power optimizers to
reduce losses.

o System type: Off-grid systems often favor parallel or
hybrid setups, while grid-tied systems often use higher-
voltage series strings.

o Protection: Proper fusing and blocking diodes are
needed, especially in parallel configurations.

The connection topology of photovoltaic panels is
strongly influenced by the installed power capacity of the solar
energy system because electrical characteristics such as voltage,
current, efficiency, and power losses vary with system size. In
low-power installations, simpler connection topologies are
generally sufficient to meet energy requirements while
maintaining low installation costs and ease of maintenance. As
the installed power increases, the need for higher operating
voltages, reduced transmission losses, and improved
compatibility with inverters makes more advanced connection
topologies preferable. Medium- and high-capacity photovoltaic
systems commonly employ combinations of series and parallel
connections to achieve an optimal balance between voltage and
current while ensuring reliable operation under changing
environmental conditions.

The selection of an appropriate connection topology
according to the installed power also affects the system's ability

16



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

to tolerate partial shading, module mismatch, and future
expansion. Larger systems require configurations that maximize
energy yield, facilitate fault detection, and minimize the impact
of individual panel performance variations on the entire array.
Therefore, analyzing photovoltaic panel configurations based on
installed power provides valuable guidance for designing
efficient, scalable, and economically viable solar energy systems
that deliver stable output power and enhanced long-term
performance.

The connection topology of photovoltaic panels is
strongly influenced by the installed power capacity of the solar
energy system because electrical characteristics such as voltage,
current, efficiency, and power losses vary with system size. In
low-power installations, simpler connection topologies are
generally sufficient to meet energy requirements while
maintaining low installation costs and ease of maintenance. As
the installed power increases, the need for higher operating
voltages, reduced transmission losses, and improved
compatibility with inverters makes more advanced connection
topologies preferable. Medium- and high-capacity photovoltaic
systems commonly employ combinations of series and parallel
connections to achieve an optimal balance between voltage and
current while ensuring reliable operation under changing
environmental conditions.

The selection of an appropriate connection topology
according to the installed power also affects the system's ability
to tolerate partial shading, module mismatch, and future
expansion. Larger systems require configurations that maximize
energy yield, facilitate fault detection, and minimize the impact
of individual panel performance variations on the entire array.
Therefore, analyzing photovoltaic panel configurations based on
installed power provides valuable guidance for designing
efficient, scalable, and economically viable solar energy systems

17
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that deliver stable output power and enhanced long-term
performance.

4. CONCLUSION AND RECOMMENDATIONS

This study examined how different solar panel
connection configurations primarily series, parallel, and hybrid
(series-parallel) affect the output power of PV systems. The
analysis shows that connection topology plays a critical role in
determining system performance under varying environmental
conditions, especially irradiance and temperature fluctuations.

Series configurations tend to increase system voltage
while Kkeeping current constant, making them suitable for
applications requiring higher voltage levels. However, they are
highly sensitive to partial shading, as the performance of the
entire string is limited by the weakest panel. Parallel
configurations, in contrast, maintain constant voltage while
increasing current, offering better resilience to shading but
requiring thicker conductors and more complex current
management. Hybrid configurations provide a balanced
approach, combining the advantages of both series and parallel
connections, and are commonly used in practical installations to
optimize both voltage and current levels.

The findings highlight that no single configuration is
universally optimal; rather, the choice depends on site-specific
conditions, system size, and performance priorities. Factors such
as shading patterns, installation area, inverter compatibility, and
maintenance  considerations  significantly influence the
effectiveness of each configuration. To maximize output power
and system efficiency, the following recommendations are
proposed:

18
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a) Configuration Selection Based on Environment

o Use series connections in uniformly illuminated
environments with minimal shading.

o Prefer parallel or hybrid configurations in areas
prone to partial shading or uneven sunlight
distribution.

b) Integration of Power Electronics

o Incorporate technologies such as maximum
power point tracking (MPPT), microinverters, or
power optimizers to mitigate mismatch losses
and improve overall system performance.

c) Shading Analysis Before Installation

o Conduct detailed site assessments, including
shading analysis, to determine the most suitable
panel arrangement and configuration.

d) System Scalability and Flexibility

o Design PV systems with scalability in mind,
allowing for future expansion or reconfiguration
without major losses in efficiency.

e) Regular Monitoring and Maintenance

o Implement monitoring systems to track
performance and quickly identify faults or
underperforming panels, especially in series-
connected arrays.

f) Further Research

o Future studies should explore advanced
configurations combined with smart control
systems and real-time optimization algorithms to
further enhance energy yield.
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By carefully selecting and optimizing panel connection
configurations, PV system designers and engineers can
significantly improve energy output, reliability, and long-term
system performance.
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GUC DONUSTURUCULERI
(CONVERTERLER): KARSILASTIRMALI BIR
INCELEME

Sude KART!?

1. GIRIS
1.1. Tarihsel Arka Plan

Elektrik enerjisinin retilmesi, iletilmesi ve tlketilmesi
(gerilim seviyesi, akim sekli, frekans) ¢ogu zaman birbirinden
farklidir. Bu farkli enerji bi¢imlerini birbirine baglayan devrelere
gli¢ doniistiiriiciileri (power converters) denir. Bir gilines paneli
disiik gerilimli dogru akim iiretirken, sebeke 50/60 Hz'lik
alternatif akim saglar. Buna karsilik olarak ise bir mikroislemci
genellikle 1 V civarinda kararli bir gerilime ihtiyag duyar
(Erickson ve Maksimovi¢, 2001; Mohan, Undeland ve Robbins,
2003).

Gii¢ elektroniginin gelisimi, 19. yiizyilin sonlarinda
alternatif akim (AC) ile dogru akim (DC) sistemleri arasinda
yasanan rekabete kadar uzanmaktadir. Ancak bugiin
kullandigimiz modern gii¢ elektronigi teknolojilerinin ortaya
cikmasmi saglayan asil doniim noktasi, yar1 iletken gii¢
anahtarlama elemanlariin gelistirilmesi olmustur. Diyot, tristor,
gii¢ transistori, MOSFET ve IGBT gibi elemanlarin kullanima
girmesiyle  birlikte  elektrik  enerjisinin ~ kontroli  ve
dontstiirilmesi ¢ok daha verimli ve esnek bir hal almustir.
Ozellikle 1950'li yillarda tristdriin gelistirilmesi, kontrollii
dogrultucularin endiistride yaygin olarak kullanilmasinin 6niinii

L Dr. Ogr. Uyesi, Karabilk Universitesi, TOBB Teknik Bilimler MYO, Karabiik,
TURKIYE. ORCID: 0000-0001-6631-7316.
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acarken, 1970'li yillarda glic MOSFET'lerinin ticarilesmesi
yiiksek frekansta calisan anahtarlamali gili¢ kaynaklarinin
(SMPS) hizla yayginlasmasini saglamistir (Mohan, Undeland ve
Robbins, 2003; Rashid, 2013).

Bu gelismeler yalnizca yeni gii¢ doniistiiriicii yapilariin
ortaya ¢ikmasini saglamamis, ayn1 zamanda geleneksel dogrusal
transformator tabanli giic kaynaklarinin yerini daha kiiclik
boyutlu, daha hafif ve daha yiiksek verime sahip anahtarlamali
doniistiiriiciilerin almasina da olanak tanimistir. Giiniimiizde ise
gii¢ elektronigi, cep telefonu sarj adaptorlerinden elektrikli arag
sarj istasyonlarina, veri merkezi gilic dagitim sistemlerinden
rlizgar tiirbini inverterlerine kadar ¢ok genis bir kullanim alanina
sahiptir.  Kisacasi, giinlik hayatta farkinda olmadan
kullandigimiz pek ¢ok elektronik sistemin giivenilir ve verimli
caligmasinin  arkasinda giic elektronigi teknolojileri yer
almaktadir (Erickson ve Maksimovi¢, 2001).

1.2. Gii¢ Elektroniginin Modern Sistemlerdeki Rolii

Yenilenebilir enerji kaynaklarinin hizla yayginlasmasi,
giic elektronigini modern enerji sistemlerinin vazgecilmez
bilesenlerinden biri haline getirmistir. Ornegin, fotovoltaik
panellerden elde edilen degisken dogru akim (DC), sebekeye
aktarilmadan once uygun gerilim seviyesine yukseltilmeli ve
alternatif akima (AC) doniistiirtilmelidir. Bu siirecte maksimum
glic noktas1 izleme (MPPT) amaciyla kullanilan DC-DC
doniistiiriiciiler ile DC-AC inverterler temel gorev Ustlenmektedir
(Kjaer, Pedersen ve Blaabjerg, 2005).

Benzer sekilde, elektrikli araglarda bataryanin sarj
edilmesi, c¢ekis motorunun siiriilmesi ve 12 V yardimci
sistemlerin beslenmesi gibi bircok kritik islev farkli giic
dontstiiriiciileri tarafindan yerine getirilmektedir. Hizli sarj
istasyonlariin yiiksek giic gereksinimleri de gii¢ elektroniginin
ulasim sektoriindeki stratejik onemini daha da artirmaktadir
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(Chan, 2007). Bunun yaninda, veri merkezlerinde yiiksek verim
ve glic yogunlugu ihtiyact ¢ok kademeli gii¢ doniistiiriicii
mimarilerinin ~ gelistirilmesini  tesvik ederken, endiistriyel
otomasyonda kullanilan degisken hizli motor siiriiclilerinin
temelini de AC-DC-AC doniistiiriicii yapilar1 olusturmaktadir
(Bose, 2006).

Bu boliimde, miithendislik uygulamalarinda yaygin olarak
kullanilan giic doniistliriicii  topolojileri ele alinacaktir.
Dontistiirticiiler calisma prensipleri, verimleri, maliyetleri,
tasarim karmasikliklari, gerilim ve akim stresleri ile kullanim
alanlart agisindan karsilagtirilacak; ayrica temel kontrol
yontemleri, pasif eleman se¢imi ve tasarim siirecine iliskin
onemli noktalar 6rnek uygulamalar esliginde aciklanacaktir.

2. GUC DONUSTURUCULERININ
SINIFLANDIRILMASI

Gli¢ doniistiirticiileri, giris ve ¢ikislarindaki enerji tiiriine
gore dort temel tlrde toplanir: AC-DC, DC-AC, DC-DC ve AC-
AC (Mohan, Undeland ve Robbins, 2003).

Tablo 1. Gii¢ doniistiiriiciilerinin temel simiflandirmasi

Tipik Uygulama

AC-DC Alternatif Adaptoérler, sarj cihazlari,

(Redresor) akim Dogru akim DC bara besleme
DC-AC Dogru . Giines enerjisi inverterleri,
(inverter) akim Alternatif akim motor siiriiciileri, UPS
- - Batarya yonetimi, POL

DC-DC Dogru Dogru akim (farkh | o i12t6rler, LED

akim seviye) SY

surtictleri

Alternatif | Alternatif akim (farkli | Dimmer devreleri, frekans
AC-AC - T,

akim genlik/frekans) doniistiiriiciiler

Kaynak: (Mohan, Undeland ve Robbins, 2003; Rashid, 2013).
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3. DOGRUSAL REGULATORLER VE
ANAHTARLAMALI GUC KAYNAKLARININ
KARSILASTIRILMASI

Dogrusal regiilatorlerin ¢alisma mantig1 aslinda oldukga
basit: seri bagl bir transistor, tipki ayarlanabilir bir direng gibi
davranarak fazlalik gerilimi 1siya doniistiiriir. Bu sadelik, diisiik
cikig giirtiltiisii gibi giizel bir avantaj getirse de, bedeli genellikle
diisiik verimdir. Anahtarlamali regiilatorler ise farkli bir yol izler;
bir anahtarlama elemanini yiiksek frekansta hizlica acip kapatarak
enerjiyi bir bobin ya da kapasitor iizerinden hedefe tasir. Bu
yaklasim verimi ciddi Ol¢iide artirir, ancak beraberinde devre
karmagikligin1 ve elektromanyetik girisim (EMI) sorununu da
getirir (Erickson ve Maksimovi¢, 2001; Hart, 2010).

Anahtarlama frekansimi yiikseltmenin de kendine has bir
mantig1 var: frekans arttikca gerekli bobin ve kapasitor degerleri
kiiciiliir, bu da doniistiiriiciniin daha kiicliik ve hafif olmasini
saglar. Ne var ki bu kazanimin bir bedeli vardir — ylksek
frekans, anahtarlama kayiplarim1i da beraberinde artirir.
Dolayistyla miihendis, pratikte verim ile boyut arasinda bir denge
kurmak zorunda kalir; frekans se¢imi tam olarak bu 6diinlesimin
tizerine kuruludur (Erickson ve Maksimovi¢, 2001).

Tablo 2. Dogrusal ve anahtarlamah regiilatorlerin

karsilastiriimasi
Ozellik Dogrusal Regiilator Anahtarlamal Regiilator
Verim Genellikle %30-60 Genellikle %85-98
Is1 tiretimi Yiksek Diisiik
Cikig giirtiltiisiic | Cok diigiik Anahtarlama frekansi giiriiltiisit mevecut
Maliyet Diistik Orta-yiiksek
Gegis yonii Yalnizca disiiriicti Disiiriict, yiikseltici veya her ikisi
Tipik kullanim | Analog/RF hassas devreler | Adaptorler, batarya sarj, POL doniistiiriiciiler

Kaynak: (Erickson ve Maksimovié, 2001; Hart, 2010).
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Pratik not: Giris-¢ikis gerilim fark: kiigiikse ve akim diisiikse, dogrusal regiilator (LDO) basitlik ve diisiik
giiriiltii avantaji saglayabilir. Fark biiyiidiikce anahtarlamali ¢oziimler zorunlu hale gelir.

4, ANAHTARLAMALI DONUSTURUCULERDE
TEMEL CALISMA ILKELERI

Anahtarlamali doniistiiriiciilerin  biiyilk c¢ogunlugunda
kontrol isi, darbe genislik modiilasyonu (PWM) adi verilen
yontem ile yapilmaktadir. Mantig1 su sekildedir: anahtarlama
periyodu (T) sabit tutulurken, anahtarin ne kadar siire iletimde
kaldig1 (ton) degistirilir. Bu ikisinin oran1 gorev dongiistinti (D =
ton/T) verir ve cikis gerilimi tam olarak bu oran {izerinden
duzenlenmektedir (Erickson ve Maksimovi¢, 2001).

Isin arka planinda iki temel fizik kurali yatar. Kararl
durumda bobin iizerindeki ortalama gerilimin sifir olmasi1 gerekir
— buna volt-saniye dengesi denir — ve benzer sekilde kapasitor
tizerindeki ortalama akim da sifira esitlenmelidir; bu da yiik
dengesi olarak bilinir. Aslinda her doniistiiriicii topolojisinin
Vout/Vin doniisiim orani, tam olarak bu iki ilkeden yola ¢ikilarak
turetilmektedir (Erickson ve Maksimovi¢, 2001).

Doniistiiriiciiler calisirken de iki farkli  davranig
sergileyebilir. Siirekli iletim modunda (CCM) bobin akimi higbir
zaman sifira inmezken, slireksiz iletim modunda (DCM) akim her
anahtarlama periyodunda sifira diiser. CCM'nin sundugu avantaj,
daha diistik tepe akimlar1 ve daha sade bir kontrol dinamigidir.
DCM ise genellikle hafif yiik kosullarinda kendiliginden devreye
girer. Ama ne var ki bu durumda ¢ikis geriliminin dinamigi daha
karmagik bir hal almaktadir (Erickson ve Maksimovi¢, 2001;
Mohan, Undeland ve Robbins, 2003).
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5. IZZOLASYONSUZ DC-DC DONUSTURUCU
TOPOLOJILERI

Izolasyonsuz déniistiiriiciiler, giris ve ¢ikis topraklari
arasinda galvanik ayrim olmayan ve tek bir bobin zerinden
enerji aktarabilen topolojilerdir. Diisiik-orta gii¢c uygulamalarinda
yaygin olarak kullanilirlar (Erickson ve Maksimovi¢, 2001).

5.1. Buck (Diisiiriicii) Doniistiiriicii

Buck dontistiiriicti, ¢ikis gerilimi girig geriliminden her
zaman daha disiik olan yaygm bir topolojidir. Anahtar
iletimdeyken bobinden gegcen akim yiikselir; anahtar
kesimdeyken bobin, diyot (veya senkron anahtar) tzerinden yuki
beslemeye devam etmektedir (Erickson ve Maksimovi¢, 2001).

Sekil 1. Buck (diisiiriicii) doniistiiriicii devre topolojisi.
Vout=D X Vip (1)

Bobin akim dalgalanmasi AIL = (Vin — Vout) X D/ (L % fsw)
ile, ¢ikig gerilim dalgalanmasi ise AVout= AlL / (8 X fsw x C) ile
yaklagik olarak hesaplanmaktadir. Ayrica bu ifadeler bobin ve
kapasitor degerlerinin se¢iminde temel alinmaktadir (Erickson ve
Maksimovi¢, 2001).

29



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

5.2. Boost (Yiikseltici) Doniistiiriicii

Boost doniistiiriictide bobin dogrudan girise baghdir.
Anahtar iletim  modundayken bobinde enerji  birikir.
Kesimdeyken ise bu enerji giris gerilimine eklenerek c¢ikisa
aktarilmaktadir (Erickson ve Maksimovi¢, 2001).

=

Sekil 2. Boost (yiikseltici) doniistiiriicii devre topolojisi.
Vout = Vin / (1 - D) (2)

Batarya gerilimini yiikseltmek (6rnegin tek hiicreli 3,7 V
lityum bataryadan 5 V USB c¢ikist iiretmek) tipik bir uygulamadir.
Boost dontistiiriiciilerde giris akimai stirekli oldugundan giris filtre
gereksinimleri buck'a gére daha hafiftir. Buna karsilik ¢ikis akimi
darbeli oldugundan ¢ikis kapasitorii izerindeki RMS akim stresi
daha yuksektir (Mohan, Undeland ve Robbins, 2003).

5.3. Buck-Boost (Ters Cevirici) Doniistiiriicii

Klasik (inverting) buck-boost topolojisi, ¢ikista girise
gore ters isaretli bir gerilim tretmektedir (Erickson ve
Maksimovic, 2001).
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Sekil 3. Buck-Boost (ters cevirici) doniistiiriicii devre topolojisi.
Ciks, ortak hatta (Vi,—) gOre negatiftir.

Vout = _D/(]_D) X Vin (3)

Giris gerilimi ¢ikistan biiyiik de kiigiik de olabilir. Bu
esneklik ona batarya gerilimi genis bir aralikta degisen taginabilir
cihazlarda kullanilmasi avantajimi saglamaktadir. Ters isaret
gerektirmeyen uygulamalarda, dort anahtarli (4-switch) buck-
boost topolojisi tercih edilmektedir. Bu yap1 giris gerilimi ¢ikisin
altinda da olsa Ustinde de olsa pozitif ve kararli bir ¢ikis
uretebilmektedir (Rashid, 2013).

5.4. Cuk Déniistiiriicii

Cuk doniistiiriiciide, enerji aktarimi bobinler yerine seri
bir kapasitor iizerinden gergeklestirilmektedir. Hem giris hem
cikis akimi siireklidir (darbeli degildir). Bu da giris/cikis
filtrelemesini kolaylastirarak EMI'yi azaltmaktadir. Cikista ters
polarite Uretir ve Vou/Vin iliskisi buck-boost ile aynidir (Erickson
ve Maksimovi¢, 2001; Kazimierczuk, 2008).
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S ¢1
L1 L2 -Vout

1 K T ;

Vin T

=

Sekil 4. Cuk déniistiiriicii devre topolojisi. Enerji L1-C1-L2
zinciri iizerinden aktarilir; cikis negatiftir.

5.5. SEPIC (Single-Ended Primary-Inductor
Converter)

SEPIC’te, Cuk'a benzer sekilde iki bobin ve bir seri
kapasitor kullanilmaktadir. Ancak ¢ikista, girisle ayni polariteyi
korur. Girig gerilimi c¢ikistan biiyilk veya kiiclik olabilir.
SEPIC’in bu &zelligi, gerilimi genis aralikta de@isen batarya
beslemeli sistemlerde onu one ¢ikarmaktadir (Erickson ve
Maksimovic, 2001).

L1 o v

—+ N c2 )

Vin

-

Sekil 5. SEPIC doniistiiriicii devre topolojisi. L, topraga sont
baghdir; cikis girisle aym polaritededir.
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Tablo 3. izolasyonsuz DC-DC déniistiiriicii topolojilerinin
karsilastirilmasi (D: gorev dongiisii)

Cikis Giris Tipik

el Polaritesi ~ Akim Verim I e
. Islemci/cekirdek
0, -
Buck D(<1) | Aym Darbeli %90-98 besleme, POL
1/(1- ,
T Batarya yiikseltme,
0, -
Boost E))) (& Ayni Strekli %85-96 PFC &n kat1
Buck- .
Boost DI | ers Darbeli | %g0-92 | NNegatif yardimer
. D) raylar
(inv.)
) e Diisiik EMI
Cuk D) Ters Siirekli 9%80-90 | gerektiren negatif
cikis
SEPIC DI | pym Sirekli | %g0-90 | Genis aralikli batarya
D) besleme

Kaynak: (Erickson ve Maksimovi¢, 2001; Kazimierczuk, 2008).

6. IZOLASYONLU DC-DC DONUSTURUCULER

Giris ve ¢ikis arasinda galvanik izolasyon gerektiginde bir
transformator iceren topolojiler kullanilir. Transformatdr aym
zamanda gerilim doniisiim oranim1 sarim orani ile serbestce
ayarlama imkan1 saglar (Mohan, Undeland ve Robbins, 2003).

6.1. Flyback Doniistiiriicii

Flyback, disik giicli (tipik olarak 100 W'a kadar)
izolasyonlu uygulamalarda en yaygin kullanilan topolojidir; tek
bir anahtar ve birlesik bir transformator (aslinda c¢ift sargili bir
bobin) ile enerji aktarimi saglar. Telefon sarj adaptorleri ve diisiik
gucli harici giic kaynaklar1 tipik orneklerdir (Erickson ve
Maksimovi¢, 2001; Mohan, Undeland ve Robbins, 2003).
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6.2. Forward Doniistiiriicii

Forward doniistiiriicli, enerjiyi transformatdr {lizerinden
anahtar iletimdeyken dogrudan ¢ikisa aktarir; bu nedenle orta gii¢
seviyelerinde (50-500 W) flyback'e gére daha iyi verim ve daha
disiik c¢ikis dalgalanmasi sunar. Buna karsilik transformator
manyetik akisinin sifirlanmasi i¢in ek bir sargr veya devre
gerektirir (Erickson ve Maksimovi¢, 2001; Mohan, Undeland ve
Robbins, 2003).

6.3. Push-Pull, Yarim Képrii ve Tam Koprii
Doniistiiriciiler

Gii¢ seviyesi yiikseldikge, iki anahtarli push-pull, dort
anahtarli yarim koprii ve tam koprii topolojileri tercih edilir. Bu
yapilar transformatorii her iki yonde de siirerek manyetik
cekirdegi daha etkin kullanir ve daha yiiksek giiclerde yiiksek
verim saglar (Mohan, Undeland ve Robbins, 2003; Rashid, 2013).

Tablo 4. izolasyonlu DC-DC déniistiiriicii topolojilerinin
karsilastirilmasi

Anahtar Tipik Gug
Sayisi Araligi

Topoloji

Tipik Uygulama

%75- Sarj adaptorleri, yardimcei
Flyback 1 <100 W 88 kaynaklar
1(+ %80- .

Forward sifirlama) 50-500 W 90 Telekom gii¢ kaynaklar1

i ) %82- Diisiik gerilimli/yiiksek
Push-Pull | 2 100-1000 W 90 akimh DC girisler
Yarim 2(+2 200 W -2 %85- — .
Koprii Kapasitor) KW 92 Endiistriyel gii¢ kaynaklart
Tam 4 500 W -10 | %88- Sunucu/telekom yiiksek giic
Kopri kW+ 95 raftlar

Kaynak: (Erickson ve Maksimovi¢, 2001; Mohan, Undeland ve Robbins,
2003; Rashid, 2013).
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7. AC-DC DONUSTURUCULER (REDRESORLER)

AC-DC dontstiiriiciiler, sebeke veya diger AC
kaynaklardan gelen alternatif gerilimi dogru gerilime
cevirmektedirler (Rashid, 2013; Hart, 2010).

7.1. Yarim Dalga Redresor

Yarim dalga dogrultucu, tek bir diyot kullanilarak AC
gerilimin yalnizca pozitif (veya negatif) yarim periyodunun yiike
aktarilmasi prensibiyle ¢alisir. Basit yapisi ve diisiik maliyeti en
onemli avantajlar1 olsa da, giris geriliminin yalnizca yarisi
degerlendirildigi icin enerji kullanim verimi dugiiktiir. Ayrica
cikis gerilimindeki dalgalanmanin (ripple) yliksek olmasi, bu
dogrultucu tipinin hassas gilic kaynagi uygulamalarinda
kullanimini sinirlandirmaktadir (Rashid, 2013).

7.2. Tam Dalga Kopri Redresor

Tam dalga koprii dogrultucu, dort diyottan olusan koprii
yapist sayesinde AC gerilimin hem pozitif hem de negatif yarim
periyotlarini ¢ikista ayni polaritede elde eder. Boylece yarim
dalga dogrultucuya kiyasla daha diisiik ¢ikis gerilim
dalgalanmasi saglanirken, transformator kapasitesi de daha etkin
bir sekilde kullanilabilir. Basit yapisi, giivenilirligi ve daha iyi
performansi nedeniyle gii¢ kaynaklarinda en yaygin tercih edilen
dogrultucu topolojilerinden biridir (Rashid, 2013).

7.3. Kontrollii Redresorler (Tristor Tabanl)

Kontrollii dogrultucularda diyotlar yerine tristorler (SCR)
kullanilir ve tristorlerin tetikleme agis1 degistirilerek c¢ikis
gerilimi kontrol edilebilir. Bu 6zellik sayesinde 0Ozellikle DC
motor siiriiciilerinde ve ¢ikis geriliminin ayarlanmasinin gerekli
oldugu yiiksek giiglii endiistriyel uygulamalarda yaygin olarak
kullanilmaktadir. Bununla birlikte, faz kontrollii c¢alisma
nedeniyle giris akiminda harmonikler olusmasi ve gii¢ faktoriiniin
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diismesi gibi baz1 olumsuzluklar da s6z konusudur (Mohan,
Undeland ve Robbins, 2003; Rashid, 2013).

7.4. Gug Faktoru Duzeltmeli (PFC) AC-DC
Doniistiiriiciiler

Klasik koprii dogrultucular, giris akimini gerilim dalga
seklinin yalnizca tepe noktalarina yakin bolgelerde ¢ektikleri igin
sinlizoidal olmayan bir akim profili olusturur. Bunun sonucu
olarak giic faktorii diiserken, sebekeye yayilan harmonik
bilesenler de artar. Bu sorunu azaltmak amaciyla kullanilan giic
faktori duzeltme (Power Factor Correction, PFC) devreleri,
cogunlukla boost doniistiiriicii yapisiyla gerceklestirilir. PFC kati,
giris akimini sebeke gerilimiyle ayni fazda ve siniizoidal bir
forma yaklastirarak gii¢ faktoriinii bire yakin degerlere ytikseltir
(Hart, 2010).

Giliniimiizde 6zellikle orta ve yiiksek giiclii anahtarlamali
glic kaynaklarinda, harmonik akim sinirlarin1 karsilamak ve
uluslararasi standartlara uyum saglamak amaciyla PFC devreleri
yaygin olarak kullanilmaktadir. Bu nedenle bir¢ok ticari giic
kaynagi ve adaptorde PFC kati tasarimin ayrilmaz bir pargasi
haline gelmistir (IEC, 2018).

Tablo 5. AC-DC redresor topolojilerinin karsilastirilmasi

.. . - Cikis .

Topoloji Gug¢ Faktori PR e Tipik Uygulama

- . Basit diisiik giiglii
Yarim dalga Cok diisiik Cok ylksek devreler
Tam dalga Diisiik (~0,5- .
KSpri 0.7) Orta Genel amach adaptorler
ant_r_ollu Diistik-orta Ayarlanabilir DC motor surlcileri
(tristdr)
PFC'li (boost Yuksek Diisiik Modern anahtarlamali
tabanlr) (~0,95-0,99) st gii¢ kaynaklar1

Kaynak: (Rashid, 2013; Hart, 2010; IEC, 2018).
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8. KONTROL TEKNIKLERI

Bir giic doniistiiriiclisliniin giris gerilimi veya yiikte
meydana gelen degisimlere ragmen istenen c¢ikis gerilimini
koruyabilmesi, etkili bir kapali ¢evrim kontrol sistemine baglhdir.
Bu amagla kullanilan kontrol yontemleri arasinda en yaygin
olanlar1 gerilim modlu kontrol ve akim modlu kontroldiir
(Erickson ve Maksimovi¢, 2001; Mohan, Undeland ve Robbins,
2003).

8.1. Gerilim Modlu Kontrol

Gerilim modlu kontrolde yalnizca c¢ikig gerilimi geri
beslenir ve referans deger ile karsilastirilarak bir hata sinyali elde
edilir. Bu hata sinyali, PWM modulatorini strerek anahtarlama
elemaninin gorev dongiisiinii belirler. Yapisinin sade olmasi ve
uygulanmasinin kolaylig1 6nemli avantajlar1 arasinda yer alsa da,
giris gerilimindeki ani degisimlere verdigi tepki akim modlu
kontrole gore daha yavastir. Bu dezavantaj, baz1 uygulamalarda
ileri besleme (feed-forward) teknigi kullanilarak
azaltilabilmektedir (Erickson ve Maksimovi¢, 2001).

8.2. Akim Modlu Kontrol

Akim modlu kontrolde, ¢ikis gerilimine ek olarak bobin
veya anahtar akimi da geri beslenir. Bu yapida i¢ akim dongiisti,
dis gerilim dongiistinden daha hizli ¢alistig1 icin doniistiiriicli giris
gerilimindeki degisimlere daha kisa siirede uyum saglayabilir.
Ayrica giris gerilimi degisimlerine karsi dogal bir ileri besleme
etkisi sunmasi, asirt akim korumasini kolaylastirmasi ve paralel
calisan doniistiiriiciiler arasinda akim paylasimini iyilestirmesi
nedeniyle bir¢ok giic elektronigi uygulamasinda tercih
edilmektedir (Erickson ve Maksimovié¢, 2001; Mohan, Undeland
ve Robbins, 2003).
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8.3. Geri Besleme Dongiisii Tasariminin Temelleri

Kapali ¢evrim bir giic doniistiirliciisiiniin  kararl
calisabilmesi ve yeterli faz ile kazang payina sahip olabilmesi i¢in
oncelikle gii¢ katinin kii¢iik sinyal modeli elde edilir. Bu model
temel aliarak, sistemin dinamik davranigini iyilestirecek uygun
bir kompanzatér (¢ogunlukla Tip-1l veya Tip-III) tasarlanir.
Ozellikle boost ve buck-boost gibi sag yar1 diizlem sifir1 (Right
Half Plane Zero, RHPZ) iceren topolojilerde kontrol bant
genisliginin bu sifirin altinda secilmesi biiyiik 6nem tagir. Aksi
durumda sistemin kararlilig1 olumsuz etkilenebilir ve istenmeyen
saliimlar ortaya ¢ikabilir (Erickson ve Maksimovi¢, 2001).

9. PASIF ELEMAN SECIiMi VE KAYIP
MEKANIZMALARI

9.1. Bobin Se¢imi

Bobin degeri, izin verilen akim dalgalanmasi ve secilen
anahtarlama frekansi dikkate alinarak belirlenir. Daha biiyiik
endiiktans degerleri akim dalgalanmasini azaltirken, bobinin
fiziksel boyutunu, agirligini ve maliyetini artirabilir. Tasarim
stirecinde bobin akiminin ¢ekirdegin doyum sinirinin altinda
kalmasina dikkat edilmeli; ayn1 zamanda ¢ekirdek kayiplar ile
bakir kayiplar1 arasinda uygun bir denge kurulmalidir (Erickson
ve Maksimovi¢, 2001).

9.2. Kapasitor Sec¢imi

Cikis kapasitorli, doniistiiriciiniin ¢ikis gerilimindeki
dalgalanmay1 azaltmanin yani sira yiik degisimlerine verdigi
gecici tepki iizerinde de Oonemli bir etkiye sahiptir. Tasarim
asamasinda yalnizca kapasitans degeri degil, kapasitoriin esdeger
seri direnci (Equivalent Series Resistance, ESR) de dikkate
alimmalidir. Ozellikle yiiksek anahtarlama frekanslarinda ESR,
cikis gerilimindeki yiiksek frekansl dalgalanmanin olusmasinda
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belirleyici bir rol oynayabilir. Bu nedenle, yiiksek frekansh giic
doniistiiriiciilerinde diisik ESR degerine sahip seramik veya
polimer  kapasitdrler  yaygin  olarak  kullanilmaktadir
(Kazimierczuk, 2008).

9.3. Iletim ve Anahtarlama Kayiplan

Gii¢ yan iletkenlerinde olusan toplam gii¢ kaybi, iletim
kayiplar1 ile anahtarlama kayiplarindan olusur. iletim kayiplari,
anahtarlama elemani iletimdeyken tizerindeki gerilim diistimii ve
tizerinden gecen akim nedeniyle meydana gelirken, anahtarlama
kayiplar1 agma ve kapama gecisleri sirasinda gerilim ile akimin
kisa bir siire ayn1 anda sifirdan farkli olmasindan kaynaklanir.
Anahtarlama frekansi yiikseldikge anahtarlama kayiplari da artma
egilimi  gosterir.  Bu nedenle yiiksek frekansh  gii¢
doniistiriiciilerinde  kisa  anahtarlama  slrelerine  sahip
MOSFET'ler ile yumusak anahtarlama (soft-switching)
teknikleri, verimi artirmak ve 1s1l kayiplar1 azaltmak amaciyla
yaygin olarak kullanilmaktadir (Erickson ve Maksimovi¢, 2001,
Kazimierczuk, 2008).

10. UYGULAMA ALANLARI VE SISTEM
DUZEYINDE DEGERLENDIRMELER

10.1. Yenilenebilir Enerji Sistemleri

Fotovoltaik sistemlerde panel gerilimi, giines 1s1mnimi1 ve
sicaklik  kosullarima bagli olarak siirekli  degistiginden,
maksimum gii¢ noktasinin izlenebilmesi i¢in genellikle MPPT
(Maximum Power Point Tracking) algoritmasiyla ¢alisan bir DC-
DC doniistiiriicti kullanilir. Sebekeye bagli uygulamalarda ise bu
doniistiiriiciiniin ardindan, tiretilen DC enerjiyi sebekeyle uyumlu
AC gerilime doniistiiren bir inverter kademesi yer alir (Kjaer,
Pedersen ve Blaabjerg, 2005).
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10.2. Elektrikli Araclar

Elektrikli araglarda giic elektronigi, motor siiriicii
inverterinden batarya sarj sistemine ve yiiksek gerilim
bataryasindan 12-48 V seviyesindeki yardimei sistemlere enerji
aktaran izole DC-DC donistiriiciilere kadar birgok farkli
bilesenden olusur. Bu doniistiiriictilerin verimi, enerji kayiplarini
dogrudan etkiledigi i¢in aracin toplam enerji tiiketimi ve
dolayistyla siiriis menzili iizerinde énemli bir rol oynar (Chan,
2007).

10.3. Telekomunikasyon ve Veri Merkezleri

Telekomunikasyon sistemleri ve veri merkezlerinde
kullanilan gii¢ kaynaklari, yiiksek verim ve kesintisiz ¢aligma
gereksinimlerini karsilayabilmek i¢in ¢ogunlukla ¢cok kademeli
dontistiiriicti mimarileriyle tasarlanir. Bu yapilarda genellikle gii¢
faktori dizeltme (PFC) katina sahip bir AC-DC déniistiiriicii
giriste yer alirken, cikista ise forward, yarim koprii veya tam
koprii  topolojilerine dayali izole DC-DC doniistiiriiciiler
kullanilir. Bu mimari, yiiksek giic yogunlugu, giivenilir ¢alisma
ve daha iyi enerji verimliligi saglamas1 nedeniyle yaygin olarak
tercih edilmektedir (Mohan, Undeland ve Robbins, 2003; Rashid,
2013).

10.4. Endustriyel Motor Suruculeri

Degisken hizli motor siiriiciilerinde sebekeden alinan AC
gerilim, once bir dogrultucu ile DC gerilime doniistiirtliir.
Ardindan inverter kademesi bu DC gerilimi, motorun ihtiyag
duydugu frekans ve genlikte AC gerilime ¢evirerek hiz ve torkun
hassas bir sekilde kontrol edilmesini saglar. Bu sayede motor
yalnizca ihtiya¢ duyulan hizda galistirilabildiginden, o6zellikle
pompa, fan ve kompresor gibi uygulamalarda 6nemli 6lcude
enerji tasarrufu elde edilebilmektedir (Bose, 2006).
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11. DONUSTURUCU SECIM KRITERLERI

Uygun gili¢ doniistiiriicii topolojisinin sec¢imi, yalnizca
istenen gerilim doniisiimiine degil, ayn1 zamanda uygulamanin
teknik gereksinimlerine de baglidir. Tasarim siirecinde gerilim
donilistim yonli ve orani, galvanik izolasyon gereksinimi, gii¢
seviyesi, hedeflenen verim, termal smnirlar, izin verilen ¢ikis
gerilim dalgalanmasi, elektromanyetik girisim (EMI/EMC)
gereksinimleri, maliyet ve devre karmagiklig1 gibi bircok kriter
birlikte degerlendirilmelidir. Ayrica giris kaynaginin kararlilig
ve yiik karakteristiZi de uygun doniistlirlicii topolojisinin
belirlenmesinde 6nemli rol oynar (Erickson ve Maksimovié,
2001; Mohan, Undeland ve Robbins, 2003; Rashid, 2013).

Uygulama gereksinimleri g6z oniinde
bulunduruldugunda, diisiik giiclii ve galvanik izolasyon
gerektirmeyen sistemlerde ¢ogunlukla buck veya boost
dontstiiriiciiler tercih edilir. Girig geriliminin ¢ikis geriliminden
zaman zaman daha ylksek, zaman zaman ise daha dusiik
olabildigi uygulamalarda SEPIC veya dort anahtarli buck-boost
topolojileri daha uygun ¢oziimler sunar. Sebekeden elektriksel
izolasyonun gerekli oldugu diisiik ve orta giiclii uygulamalarda
flyback doniistiiriiciiler yaygin olarak kullanilirken, daha yiiksek
guc seviyelerinde forward, push-pull, yarim koprii ve tam koprii
topolojileri 6ne ¢ikmaktadir. Bunun yaninda, harmonik akimlarin
sinirlandirilmasinin ve yiiksek gii¢ faktoriiniin 6nemli oldugu
AC-DC gii¢ donustiiriiclilerinde ise PFC kat1 glinlimiizde standart
tasarim yaklagiminin bir parcasi haline gelmistir.

12. SAYISAL ORNEK: BiR BUCK
DONUSTURUCU TASARIMI

Asagidaki 6rnek, teorik iligkilerin pratik bir tasarima nasil
uygulandigin1t gostermektedir. Tasarim hedefleri: Vin = 12 V,

41



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

Vout=5YV, Iout =2 A, anahtarlama frekansi fsw =200 kHz, izin
verilen bobin akim dalgalanmasi1 AlL = %30 x lout.

Gorev dongiist, ideal (kayipsiz) durum igin Vout = D X Vin
iliskisinden hesaplanir (Erickson ve Maksimovi¢, 2001).

D=Vout/Vin=5/12=0417 (4)

Bobin akim dalgalanmasi hedefi AIL=0,3 x2 A=0,6 A
olarak alinirsa, gerekli bobin degeri bobin dalgalanma
denkleminden bulunur (Erickson ve Maksimovi¢, 2001).

L=(Vin— Vouw) XD/ (AL X fsw) = (12—15) X 0,417/
(0,6 x 200.000) = 24,3 uH 5)

Cikis gerilim dalgalanmasinin %1'in altinda (AVout < 50
mV) tutulmasi hedeflenirse, gerekli cikis kapasitorii yaklasik
olarak asagidaki gibi hesaplanir (Erickson ve Maksimovi¢, 2001).

C = AILI (8  fsw X AVou) = 0,6 / (8 x 200.000 x 0,05)
~ 7,5 uF (6)

Pratikte, bilesen toleranslari, ESR etkisi ve gegici yiik
tepkisi gereksinimleri nedeniyle hesaplanan degerlerin {izerinde
standart bir bobin (6rnegin 33 pH) ve kapasitor (6rnegin 22 pF,
diisiik ESR seramik) secilmesi yaygin bir tasarim pratigidir.
Anahtar ve diyot (veya senkron MOSFET), en az Vin kadar
gerilime ve yeterli giivenlik payiyla oyt + AlL/2 tepe akimina
dayanacak sekilde secilmelidir.

13. SONUC

Bu boliimde gili¢ donistiiriiciilerinin  temel c¢alisma
prensipleri ve modern enerji sistemlerindeki yeri kapsamli bir
bakis agistyla ele alinmistir. Oncelikle gii¢ elektroniginin gelisim
stireci 0zetlenmis, ardindan doniistiiriicliler giris ve ¢ikis enerji
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tiirlerine gore siniflandirilarak dogrusal ve anahtarlamali yapilar
arasindaki temel farklilhiklar agiklanmustir. Izolasyonsuz ve
izolasyonlu DC-DC donistiiriiciiler ile AC-DC dogrultucu
topolojileri ¢alisma prensipleri, kullanim alanlar1 ve performans
Ozellikleri bakimindan karsilastirilmis; gerilim ve akim modlu
kontrol yontemleri, pasif eleman se¢imi ve gii¢ kayiplarini
etkileyen  temel  mekanizmalar da bu  kapsamda
degerlendirilmistir.

Bunun yaninda, yenilenebilir enerji sistemleri, elektrikli
araglar, telekomiinikasyon altyapilar1 ve endiistriyel motor
striciileri gibi farkli uygulama alanlar1 incelenerek gii¢
doniistiiriiciilerinin yalnizca enerji doniistiiren devreler olmadig,
aynm1 zamanda sistem performansini, enerji verimliligini ve
giivenilirligi  dogrudan etkileyen temel bilesenler oldugu
gosterilmistir. Boliim sonunda verilen sayisal tasarim 6rnegi ise
teorik bagintilarin gercek tasarim siirecinde nasil kullanildigini
somut bir uygulama tizerinden ortaya koymustur.

Incelenen  topolojiler  degerlendirildiginde,  tiim
uygulamalar i¢in en uygun tek bir giic doniistiiriiciisiinden s6z
etmek miimkiin degildir. Her topoloji; gerilim doniisiim
gereksinimi, galvanik izolasyon ihtiyaci, gii¢ seviyesi, verim
beklentisi, elektromanyetik uyumluluk ve maliyet gibi tasarim
Olciitleri agisindan kendine 6zgii avantaj ve sinirlamalara sahiptir.
Bu nedenle basarili bir gii¢ elektronigi tasarimi, belirli bir
topolojiyi ezbere secmekten  ziyade uygulamanin
gereksinimlerini dogru analiz ederek bu Olgiitler arasinda en
uygun dengeyi kurabilmeye dayanir.
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FROM MEMORY-EFFECT PASSIVE ELEMENTS
TO NEUROMORPHIC CIRCUIT BLOCKS: A
COMPARATIVE ASSESSMENT OF ANALOG

EMULATOR APPROACHES

Fatih TULUMBACI!

1. INTRODUCTION

Classical lumped circuit theory relates voltage v, current
1, charge q, and flux linkage ¢ through the resistor, capacitor, and
inductor. Chua (1971) introduced the memristor through the
missing charge—flux relation, do = M(q) dq, with v(t) = M(q) i(¢).
Because M(q) depends on accumulated charge, the terminal
resistance carries information about earlier excitation. Chua and
Kang (1976) later generalised this principle to memristive
systems with one or more internal state variables.

Interest in memristive systems increased sharply after
Strukov and colleagues linked a nanoscale TiO2 resistive-
switching structure to memristive theory (Strukov, Snider,
Stewart, & Williams, 2008), stimulating extensive device
research (Yang, Strukov, & Stewart, 2013). Real devices
nevertheless depart from the ideal model through temperature
sensitivity, stochastic ion motion, thresholds, asymmetry,
leakage, and ageing.

The same principle was extended to memcapacitive and
meminductive systems, forming a broader family of memory
circuit elements (Di Ventra, Pershin, & Chua, 2009). In this
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framework, memory follows from the evolution of internal ionic,
electronic, structural, or magnetic states rather than from a single
material mechanism (Pershin & Di Ventra, 2011).

Physical-device studies often depend on specialised
fabrication and materials-characterisation facilities. Circuit
research poses a different problem: how can a two-terminal
element with a prescribed state equation, operating range, and
memory duration be implemented with laboratory components?
Analog emulators address this need by combining op-amps,
OTAs, current conveyors, multipliers, MOS transistors, and
capacitors to realise selected mem-element models (Kim, Sah,
Yang, Cho, & Chua, 2012; Yesil, Babacan, & Kagar, 2014, 2019;
Abuelma’atti & Khalifa, 2016; Pal, Kumar, Aishwarya, Nayak, &
Islam, 2020; Gozikiciik, Menekay, & Ozenli, 2022; Wu et al.,
2024; Kumar, Kumar, Pandey, & Minaei, 2025; Saydam & Kagar,
2026).

This chapter treats analog emulators as controllable circuit
blocks rather than temporary substitutes for physical devices. In
neuromorphic electronics, memory duration, nonlinearity,
forgetting rate, threshold, gain, and update dynamics can be
exposed as design parameters. Their usefulness is therefore better
judged by the required computational dynamics than by exact
reproduction of a material device.

2. THEORETICAL FRAMEWORK OF MEMORY-
EFFECT CIRCUIT ELEMENTS

2.1. Memristor and the memristive system

A general voltage-controlled memristive system is
expressed as (Chua & Kang, 1976):

dx

i(t) =G(x,v,t)v(t), i flx,v,t)

46



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

Here x denotes the internal state variable(s) and G the
state-dependent memductance; the current-controlled form is
v(t) = R(x,i,t)i(t). In an emulator, x may be represented by a
capacitor voltage, an integrator output, or a controlled current.
This correspondence is important because it converts an abstract
state equation into a directly adjustable electrical variable.

The best-known experimental signature is a pinched
current-voltage hysteresis loop under periodic bipolar excitation.
Adhikari and colleagues identified three commonly cited
fingerprints: a pinched loop, reduction of hysteresis area with
increasing frequency, and convergence toward a single-valued
relation at high frequency (Adhikari, Sah, Kim, & Chua, 2013).
A pinched loop by itself is not sufficient, since memoryless
nonlinear circuits can produce similar traces (Biolek, 2018). The
state equation and frequency dependence should therefore be
reported together with the v—i curve.

2.2. The memcapacitive system

A voltage-controlled memcapacitive system is described
by q(®) = Cy(ev,t)v(®), o =f(xv,t) (Di Ventra, Pershin, &
Chua, 2009; Pershin & Di Ventra, 2011). Unlike a conventional
capacitor, its effective capacitance depends on internal state, so
the same instantaneous voltage can correspond to different charge
values. This behaviour is relevant to adaptive filtering, temporal
integration, and state encoding. Because realistic systems may
also exhibit negative or singular effective capacitance (Di Ventra
& Pershin, 2013), their analysis cannot simply reuse memristor-

specific criteria.
2.3. The meminductive system

For a meminductive system, ¢(t) = Ly(x, i, t) i(t) with % =
f(x,i,t) (Di Ventra, Pershin, & Chua, 2009). Emulation is
attractive because state-dependent inductive behaviour can be
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synthesised without either a meminductive material or a physical
coil. Across memristive, memcapacitive, and meminductive
systems, the common feature is the coupling between terminal
variables and internal state. For neuromorphic circuits, the
practical issue is how that state can be used for storage,
adaptation, and temporal processing.

3. THE CASE FOR ANALOG EMULATION AND
DESIGN CRITERIA

Physical memristive devices have advanced considerably,
but device variability, limited access, specialised fabrication, and
measurement requirements still complicate circuit-level studies
(Yang, Strukov, & Stewart, 2013; Zidan, Strachan, & Lu, 2018;
Xia & Yang, 2019). Analog emulators remove part of this barrier
by reproducing selected terminal behaviour with standard
components. Kim and colleagues, for example, demonstrated
real-time off-the-shelf emulators that could be connected in
series, parallel, or reversed polarity (Kim, Sah, Yang, Cho, &
Chua, 2012).

An emulator should therefore be evaluated by more than
the appearance of its hysteresis curve. Five practical criteria are
especially relevant:

e Grounded or floating operation, with incremental or
decremental behaviour suited to the intended circuit.

e Electronic control of memory coefficient, initial state,
or nonlinearity, preferably through bias variables rather
than repeated component changes.

e Usable frequency range, supply voltage, and power
consumption, which directly affect system- and array-
level scalability.

e Component count and expected silicon area.
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e State-retention time and robustness to leakage, offset,
process variation, and temperature.

Neuromorphic applications add task-specific
requirements. A synapse may prioritise linear and repeatable
weight updates, whereas a reservoir node benefits from controlled
fading memory and sufficient nonlinearity. No single emulator
topology is therefore optimal for all uses.

4. ANALOG MEMRISTOR EMULATOR
APPROACHES

4.1. Off-the-shelf-component and  op-amp-based
emulators

Early emulators reproduced memristive behaviour
without a physical device by integrating input voltage or current
into a state variable and converting that state into terminal
conductance. Kim and colleagues’ TiO2-model emulator became
a widely used laboratory reference (Kim, Sah, Yang, Cho, &
Chua, 2012). Pershin and Di Ventra later used an emulator as an
artificial synapse in associative memory (Pershin & Di Ventra,
2010b), demonstrating a network-level role beyond device
imitation.

CFOA- and op-amp-based structures remain convenient
for bench experiments. Abuelma’atti and Khalifa proposed a
floating CFOA emulator that avoided ADC/DAC stages and
reduced multiplier requirements, and demonstrated frequency-to-
voltage conversion (Abuelma’atti & Khalifa, 2016). Their main
drawback is the reliance on several commercial I1Cs, often with
dual supplies and comparatively high power.

4.2. Current-conveyor-based approaches

Current-conveyor approaches offer wide bandwidth and
low-impedance current-mode nodes. The DDCC emulator of
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Yesil, Babacan, and Kacar targeted compact CMOS-compatible
implementation (Yesil, Babacan, & Kacar, 2014), while CCII
structures are useful for floating operation and mutator circuits
(Pershin & Di Ventra, 2010a). Kumar and colleagues later
reported a capacitorless floating CCIl emulator with GHz-range
behaviour in 180 nm CMOS simulation (Kumar, Kumar, Pandey,
& Minaei, 2025); this frequency range was simulated rather than
experimentally measured.

4.3. OTA- and transconductance-based emulators

OTA-based emulators are  attractive  because
transconductance g,, is bias-controlled, allowing gain and state
dynamics to be tuned electronically. Representative VDTA
circuits include the single-VDTA design of Yesil, Babacan, and
Kacar (2019), the multi-VDTA topology of Pal and colleagues
(2020), and the fully floating structure of Gézlkicik, Menekay,
and Ozenli (2022). Saydam and Kacar reported a 0.5 V, 209 nW
bulk-driven OTA emulator (Saydam & Kacar, 2026), illustrating
the move toward low-power neuromorphic interfaces.

4.4. MOS-only and passive emulators

The overhead of active blocks has encouraged simpler
MOS-only solutions. Wu and colleagues proposed a passive
floating emulator with two NMOS transistors, one PMOS
transistor, and one capacitor, reporting operation around 50 MHz
with process, temperature, and Monte Carlo analyses in 0.18 um
CMOS (Wu et al., 2024). Compactness, however, may come at
the cost of tunability, state observability, or independent time-
constant control.
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Table 1. Comparison of representative memristor emulator

approaches
Representative Main Main Neuromorphic
Approach Lo
work advantage | limitation relevance
Off-the-shelf | Kim et al. (2012) Ease o_f Large area/ |Education, small
prototyping power nets
Current- 1 » ctive-block
DDCC  |Yesil etal. (2014) mode, complexit Analog synapse
CMOS plextty
Abuelma’atti & | Floating |Commercial-IC
CFOA Khalifa (2016) | operation dependence Lab prototype
Low .
Single VDTA |Yesil et al. (2019)| component St(;"te'cadpac'tor Integrated
count ependence synapse
Multi-VDTA | Pal et al. (2020) | Tunability |Multiplier cost| Parametric cell
Gozukigtk et al. | Control via | . S Adaptive
OTA (2022) Im Bias sensitivity synapse
Passive MOS | Wu et al. (2024) Very IO\.N Limited control| Large arrays
complexity
Capacitorless| Kumar et al. High Complex active| High-speed
CcCll (2025) frequency block network
Bulk-driven | Saydam & Kacar |Very low V /|Reduced linear | Ultra-low-power
OTA (2026) power range cell

5. MEMCAPACITOR, MEMINDUCTOR, AND
UNIVERSAL MEM-ELEMENT EMULATORS

Memcapacitor and meminductor emulation is especially
useful because corresponding physical devices are far less
common than resistive-switching memristors. Pershin and Di
Ventra showed that memcapacitive and meminductive behaviour
can be obtained through terminal transformations of memristive
circuits (Pershin & Di Ventra, 2010a). Yu and colleagues later
proposed a floating memcapacitor emulator using four current
conveyors and demonstrated it in an RC frequency-selective
network (Yu, Liang, Chen, & lu, 2013).

For meminductors, OTA/CCII combinations can realise
state-dependent inductance without a coil. Shukla, Kumar, and
Paul presented a two-OTA, two-CCIl structure supporting
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grounded or floating and incremental or decremental
configurations (Shukla, Kumar, & Paul, 2023). Ersoy and Kagar
developed an electronically tunable, charge-controlled OTA-
based meminductor that does not require a physical memristor
(Ersoy & Kagar, 2023). A broader approach is the universal mem-
element emulator of Zhao, Wang, and Zhang, which can be
reconfigured as a memristor, memcapacitor, or meminductor
while largely retaining the same topology (Zhao, Wang, & Zhang,
2019).

These element classes need not play identical
computational roles. Memristive conductance is well suited to
weight storage, memcapacitive behaviour to transient charge
accumulation and adaptation, and meminductive behaviour to
feedback that depends on current history. Heterogeneous mem-
element cells may therefore offer more flexibility than a uniform
memristor array in some analog neuromorphic systems.

6. FROM ANALOG EMULATOR TO
NEUROMORPHIC CIRCUIT BLOCK

6.1. The meaning of the state variable

Neuromorphic engineering does not seek a transistor-by-
transistor copy of the nervous system. Mead instead used
biological computation as inspiration for analog VLSI (Mead,
1990), and later silicon-neuron circuits implemented integrate-
and-fire, conductance-based, and adaptive dynamics (Indiveri et
al., 2011). In the same spirit, an emulator state x can represent
synaptic weight, adaptation, threshold, or reservoir state, shifting
the objective from device imitation to controlled neural dynamics.

6.2. Artificial synapses

The most direct neuromorphic use of a memristive
element is an artificial synapse, where conductance G represents
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synaptic efficacy and i, = G(x) v, COmbines storage and
multiplication. Memristive devices have demonstrated STDP-like
behaviour with CMOS neurons (Jo et al., 2010), emulator-based
networks have shown associative memory (Pershin & Di Ventra,
2010b), and memristor-bridge synapses have enabled signed
weights (Adhikari, Yang, Kim, & Chua, 2012). Tunable
emulators can therefore test update rules before a device
technology is fixed.

6.3. Memristive neurons and adaptive dynamic blocks

Memristive state can also control neuronal leakage,
threshold, refractory response, or feedback gain. Volatile
behaviour is unsuitable for long-term storage but useful for
adaptation and fading memory. A relation such as rx%= —x +
ku(t), combined with i(t) = (G, + ax + x?)v(t), provides finite
memory and nonlinear transformation in one cell, the two central
requirements of a reservoir node.

7. MEMORY-EFFECT EMULATORS FROM A
RESERVOIR-COMPUTING PERSPECTIVE

Reservoir computing (RC) trains only the readout layer,
while internal nodes retain finite input history, transform signals
nonlinearly, and create diverse states. Dynamic memristors have
been used for temporal processing (Du et al., 2017), classification
and forecasting (Moon et al., 2019), spoken-digit recognition and
Hénon-map prediction (Zhong et al., 2021), and later fully analog
arrhythmia and gesture processing (Zhong et al., 2022). These
studies establish memristive dynamics as a practical reservoir
mechanism.

A useful distinction is that physical-device memory and
nonlinearity are often coupled by device physics, whereas an
OTA- or VDTA-based reservoir cell can assign them to separate
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controls, for example z,,, = gL andy = % Bias currents can then
mi m3

adjust memory depth and nonlinear gain independently. Relating
these controls to task-level reservoir performance is more
informative than optimising hysteresis area alone.

8. COMPARATIVE ASSESSMENT FOR
NEUROMORPHIC APPLICATIONS

Physical memristive devices have a density advantage
because memory and computation are co-located. Crossbars
implement matrix—vector multiplication through Ohm’s and
Kirchhoff’s laws (Xia & Yang, 2019), and metal-oxide networks
have demonstrated dense learning hardware (Prezioso et al.,
2015). Emulators cannot match nanoscale arrays in density; their
stronger role is as observable, controllable dynamic cells.

The technologies therefore offer different strengths.
Physical devices provide density, nonvolatile storage, crossbar
compatibility, and in-memory computation; emulators provide
tunability, direct state access, repeatability, and independence
from a particular material platform. Memristive hardware
increasingly relies on device—circuit-algorithm co-design (Zidan,
Strachan, & Lu, 2018; Huang et al., 2024), and emulator
evaluation should likewise focus on the computation enabled
rather than hysteresis shape alone.
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Table 2. Desired emulator properties by neuromorphic

application
Application Dn(:?n:r:)?m DESITEE Persistence Eilerii7
PP Y nonlinearity parameter
property
Analog synapse | Weight storage |Low /moderate] Long  |Update linearity|
Timing Pulse
STDP synapse dependence Moderate Long integration
Adaptive neuron Slow state Moderate Transient Adaptation time
change constant
Threshold- |0 lative state High Transient | | veshold and
switching neuron reset
Reservoir node | Fading memory High Short/ Tm and_
moderate | nonlinearity
History-
Analog filter dependent  |[Low / moderate Task- Frequency
o dependent response
coefficient
Qhaotlc/ State feedback High Task- Bifurcation
oscillator cell dependent | parameters

There is no application-independent “best” memristor or
emulator. Long retention may favour synaptic storage, whereas
excessive retention can weaken the fading memory required by a
reservoir. Circuit metrics must therefore be matched to
computational function.

9. LIMITATIONS OF EMULATORS

Emulators also have clear limitations. Area and power
scale poorly when each mem-element requires several active
blocks or capacitors, which becomes decisive in large arrays. In
addition, offset, leakage, and mismatch can alter the intended
state equation, so neither retention nor stability follows
automatically from the presence of a pinched hysteresis loop.

A second difference is variability. The stochastic device-
to-device variation of physical memristors does not naturally
appear in a well-matched analog emulator. This can be useful for
controlled experiments, because variability can be introduced
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deliberately and independently. More generally, a pinched v-i
curve should not be treated as proof of memristive behaviour
(Biolek, 2018); emulator studies should also report the state
equation, initial-condition dependence, and frequency response.

10. FUTURE RESEARCH DIRECTIONS

Future work should place less emphasis on transistor
count or maximum frequency as isolated targets and more on
controllable dynamics, robustness, and task-level performance.

10.1. Independent tuning of memory and nonlinearity;
dual-timescale cells

In many circuits, the same parameter affects both
hysteresis area and state-evolution rate. Separating these
effects—for example with 7, = f(Iz;) and ny. = g(Iz,)—would
make reservoir cells easier to tune. Synaptic circuits may also
benefit from two time scales, x = xgr + x.1, combining a fast
short-term state with a more persistent component.

10.2. Programmable variability and emulator-CMOS
co-design

Variability can also be treated as a controlled design
variable. Bias-current perturbations or deliberate mismatch allow
robustness to be studied without changing device technology.
This fits the broader device—circuit-algorithm co-design
approach (Huang et al., 2024). For reservoir cells, prediction or
classification performance should ultimately carry more weight
than hysteresis area.

10.3. An analytical link between memory capacity and
circuit parameters

A further challenge is to connect standard circuit
parameters directly to reservoir memory capacity. For the discrete
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state equation x,,, = ax, + bu,, the forgetting coefficient of an
analog first-order cell can be approximated by:

(=)
a=exp|——

Tm
This relation makes the dependence on sampling interval
T, and memory time constant z,, explicit. It provides a simple
starting point for linking adjustable quantities such as C, g,,, bias
current, and input scaling to task-level memory metrics rather
than treating them only as circuit parameters.

11. GENERAL DISCUSSION

Memory-effect elements connect circuit theory (Chua,
1971), device research that accelerated after 2008 (Strukov,
Snider, Stewart, & Williams, 2008; Yang, Strukov, & Stewart,
2013), and neuromorphic computation in crossbar and reservoir
architectures (Du et al., 2017; Xia & Yang, 2019; Zhong et al.,
2021; Huang et al., 2024). Analog emulators bridge these areas
by implementing state equations in hardware while keeping their
parameters accessible to circuit-level control.

Most emulator papers still report mainly circuit-centred
metrics such as component count, supply voltage, operating
frequency, floating or grounded configuration, and hysteresis
shape. Neuromorphic evaluation would be more informative if it
also included:

e effective  memory time constant, initial-state
adjustability, and short- versus long-term retention;

e a nonlinearity metric, weight-update symmetry, and
state separability;

e stability under noise, energy per state update, and
reservoir memory capacity on a benchmark task.
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Reporting these quantities would make it easier to
compare emulators as computational building blocks rather than
only as alternative implementations of a mem-element
characteristic.

12. CONCLUSION

This chapter reviewed memristive, memcapacitive, and
meminductive systems from the joint perspective of analog
emulation and neuromorphic electronics. Their common principle
is an internal state that links past excitation to present terminal
behaviour, enabling storage, adaptation, filtering, and temporal
processing.

Analog emulators remain useful because they offer
experimental  accessibility, model flexibility, electronic
tunability, and direct observation of internal state. The field has
progressed from discrete op-amp circuits to DDCC-, CCIlI-,
OTA-, VDTA-, and CMOS-based structures with lower voltage
and power, higher frequency, and better integration prospects.
Passive-MOS and bulk-driven OTA designs illustrate this
transition toward compact circuit blocks.

For neuromorphic electronics, the target depends on the
application: synapses favour long retention and repeatable
updates, whereas reservoir nodes require finite memory and
stable nonlinearity. Emulators are most valuable when these
properties can be controlled independently. Designing them
around measurable computational requirements rather than
hysteresis reproduction alone provides a clearer route toward
programmable analog neuromorphic blocks.
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ANALYSIS OF PID-BASED AVR
PERFORMANCE FOR DIFFERENT
OBJECTIVE FUNCTIONS USING DOA, DO AND
CHIO METHODS!

Ahmet KUCUKKOCAK?
Mustafa SAKA?3

1. INTRODUCTION

To ensure power quality and extend the lifespan and
reliability of the components in the system, voltage and frequency
fluctuations must be effectively damped and continuously
maintained within nominal limits (Moschos & Parisses, 2022;
Gozde & Taplamacioglu, 2011). In power systems, voltage
control is a fundamental requirement due to the strong
relationship between active power and frequency, as well as
reactive power and voltage. The Automatic Voltage Regulator
(AVR) is employed to regulate the terminal voltage of
synchronous generators (Chatterjee & Mukherjee, 2016; Gozde
et al., 2017). The primary function of the AVR is to keep the
generator terminal voltage within specified limits to maintain a
constant voltage (Chadar et al., 2022).
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2 Department of Electrical and Electronics Engineering, Institute of Graduate
Studies, Iskenderun Technical University, Hatay, Turkiye,ORCID: 0009-0000-
7265-4829

3 Assoc. Prof. Dr., Department of Electrical and Electronics Engineering, Faculty of
Engineering and Natural Sciences, Iskenderun Technical University, Hatay,
Tirkiye, ORCID: 0000-0003-4157-2980.

64



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

The AVR can be used in combination with various
controllers. In the literature, many studies have investigated
different control structures for AVR systems, including the, PID
Acceleration (PIDA) controller (Mosaad et al., 2019),
Proportional-Integral-Derivative (PID) controller (Saka, 2025),
Sliding Mode controller (Cimrin Aktug & Furat, 2022), Filtered
PID (PID-F) controller (Ozgenc et al., 2022), Fractional-order
PID controller (Tang et al., 2012), Fuzzy PID controller (Al Gizi,
2019) and PID plus second-order derivative (PIDD?) controller
(Sahib, 2015) etc.. Given the simplicity and high applicability of
the PID control structure, this controller was utilized in this study.
Proper tuning of the PID parameters (K, K;, K;) is critical for
system stability. Traditional and metaheuristic optimization
methods are commonly used to determine these parameters.
Classical tuning methods such as Ziegler—Nichols (ZN) and
Cohen-Coon (CC) often result in high overshoot and oscillations
(Bingul & Karahan, 2018). Therefore, metaheuristic algorithms
have been frequently applied in recent years for PID parameter
tuning in AVR systems. Some examples include Particle Swarm
Optimization (PSO) (Gozde & Taplamacioglu, 2011), Many
Optimizing Liaisons (MOL) (Panda et al., 2012), Ant Lion
Optimizer (ALO) (Ekinci et al., 2018), Sine Cosine Algorithm
(SCA) (Hekimoglu, 2019), Ant Colony Optimization (ACO)
(Yurdusever & Danayiyen, 2023), and Golf Optimization
Algorithm (GOA) (Saka, 2025).

In this study, Dhole Optimization Algorithm (DOA)
(Mohammed et all, 2025), Dandelion Optimizer (DO) (Zhao et
all, 2022) and Coronavirus Herd Immunity Optimizer (CHIO)
(Al-Betar et all, 2021) meta-heuristic techniques have been
selected in order to examine of AVR system performances. For
these selected methods, Integral Absolute Error (IAE), Integral
Square Error (ISE) and Integral Time Absolute Error (ITAE)
functions have been used as objective functions.
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The main contributions of this study are summarized as
follows:

e PID controller parameters for the AVR system have
been tuned using three different metaheuristic
algorithms: DOA, DO and CHIO.

e The effects of three different time-domain objective
functions (IAE, ISE, and ITAE) on AVR transient
performance have been comparatively analyzed.

e The system performances have been evaluated with
respect to overshoot, undershoot and settling time
criteria.

e The comparative analysis demonstrated the superiority
of the Dandelion Optimizer (DO) for AVR PID tuning
applications.

The rest of this chapter is organized as follows: Section 2
describes the materials and methods used in the study. Section 3
briefly summarizes the Dhole Optimization Algorithm (DOA),
Dandelion Optimizer (DO), and Coronavirus Herd Immunity
Optimizer (CHIO). Section 4 presents the computed results and
discussions. Finally, Section 5 provides the Conclusions.

2. MATERIAL AND METHOD
2.1. Automatic Voltage Regulator (AVR)

Automatic Voltage Regulators (AVRs) control the
terminal voltage of synchronous generators by adjusting the field
current. An AVR system can be defined as a closed-loop control
system designed to maintain the terminal voltage at the desired
reference value (Kilig & Ozdemir, 2019). A typical uncontrolled
AVR model consists of four basic components: sensor, generator,
exciter and amplifier. Each of these components is modeled with
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a first-order transfer function characterized by a gain (K) and a
time constant (T). The block diagram of the generator system
controlled by the PID controller is shown in Figure 1.

Ka Ke Kg 1 AViGs)
14sT, | | 14sTe | | 1+sT, |
t Generator

Amplifier Excitor

AVref(s)

PID Controller

K
l+ssTS

Sensor

Figure 1. Schematic illustration of an AVR system having PID
based controller

In the block diagram, Ks is the sensor gain, and Ts is the
sensor time constant, Ke is the exciter gain, Te is the exciter time
constant, Ka represents the amplifier gain, Ta is the amplifier time
constant, Kg is the generator gain, Tg is the generator time
constant,. In this study, the gain AVR components have been
chosenas 1.0, 1.0, 10.0, 1.0 respectively and time constant values
of the AVR components have been chosen as 0.01, 0.4, 0.1, 1.0,
respectively, based on values commonly used in previous
literature studies (Yurdusever & Danayiyen, 2023; Bal et al.,
2023).

2.2. PID Controller

PID controllers are widely preferred in industrial control
systems due to their simple structure and ease of implementation.
PID controller transfer function can be expressed by Equation (1)
(Glveng et al., 2016):

K;

In Equation (1), K, K; and K, denote the proportional,
integral and derivative gains, respectively. While the proportional
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gain increases the overall gain of the control loop, the derivative
gain improves the transient response of the system. The integral
gain is effective in reducing the steady-state error. The PID
controller have been used in the AVR systems to enhance
dynamic performance and eliminate steady-state error (Eke,
2022).

2.3. Objective Function

The minimization of error is primary goal in the objective
function used in the metaheuristic methods. Defining a suitable
objective function is essential for effectively tuned the PID
controller parameters. In this study, the error was evaluated using
three different time-domain objective functions. The Integral of
Absolute Error is given in Equation (2), the Integral of Squared
Error in Equation (3) and the Integral of Time-weighted Absolute
Error in Equation (4) (Burnaz & Ayas, 2020):

IAE = fT|e(t) | dt 2
0
ISE = f T[e(t)]z dt (3)
0
T
ITAE =j tle(t)| dt 4)
0

3. OPTIMIZATION ALGORITHMS

This section provides brief information about the Dhole
Optimization Algorithm, Dandelion Optimizer and Coronavirus
Herd Immunity Optimizer which were used for tuning the PID
parameters.
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3.1. Dhole Optimization Algorithm (DOA)

Dhole Optimization Algorithm (DOA) is a novel nature-
inspired optimization method (Mohammed et all, 2025). The
algorithm is designed by mimicking the social behaviors of
dholes (Asian wild dogs), particularly their pack living,
communication, and cooperative hunting strategies (Mohammed
et all, 2025). DOA is a population-based algorithm in which each
individual (dhole) represents a potential solution to the
optimization problem. The main strength of the algorithm lies in
its ability to maintain a dynamic balance between exploration and
exploitation throughout search process. One of the most
distinctive characteristics of DOA is its vocalization mechanism,
through which individuals make decisions according to a
randomly generated signal. If the signal falls below a certain
threshold, exploration, search, and encircling behaviors are
emphasized; otherwise, exploitation and attack strategies become
dominant. The algorithm models the hunting process in three
main phases: the search phase, where the pack moves over a wide
area to locate and approach the target solution (prey); the
encircling phase, in which the members surround the target to
restrict its escape routes; and the attack phase, where different
attack strategies are applied depending on the quality of the target
position. In addition, the target position is updated in each
iteration by calculating the average of the local best and global
best positions (Mohammed et al., 2025). This algorithm's
modeling and detailed information can be found in (Mohammed
et al., 2025).

3.2. Dandelion Optimizer Algorithm (DO)

The Dandelion Optimizer (DO) is a population-based
optimization techique inspired by nature and developed by Shijie
Zhao and colleagues in 2022 (Zhao et all, 2022). The algorithm is
modeled after the dispersion behavior of dandelion seeds, which
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are carried over long distances by the wind when mature (Zhao et
all, 2022). It simulates the flight process of the seeds in three main
phases: the rising phase, the descending phase, and the landing
phase. In the rising phase, the seeds spread over a wide search
area through spiral movements or local drifts. In the descending
phase, Brownian motion is used to achieve a continuously
changing descent. In the landing phase, the Levy flight
mechanism is employed to enable the seeds to settle into new
positions in a random yet effective manner. This structure allows
the algorithm to demonstrate strong global exploration capability
in the early iterations, while shifting toward local exploitation in
later iterations, thereby maintaining a natural balance between
exploration and exploitation. Thanks to its simple structure, high
robustness and strong global search capacity, the Dandelion
Optimizer has achieved successful results in many benchmark
functions and real-world engineering problems (Zhao et al.,
2022). This algorithm's modeling and detailed information can be
found in (Zhao et al., 2022).

3.3. Coronavirus Herd Immunity Algorithms (CHIO)

The Coronavirus Herd Immunity Optimizer (CHIO) is a
human-based, nature-inspired optimization techique developed
by Mohammed Azmi Al-Betar and his team between 2020 and
2021 (Al-Betar et all, 2021). The algorithm draws inspiration
from the concept of “herd immunity” that emerged during the
COVID-19 pandemic (Al-Betar et all, 2021). It operates by
dividing the population into three groups: susceptible, infected,
and immune (recovered) individuals. The algorithm
mathematically models the processes of infection spread and
immunity acquisition to update the positions of individuals. This
structure enables dynamic management of the balance between
exploration and exploitation. Due to its simple implementation,
good performance and robustness, CHIO has produced successful
results in numerous benchmark functions, feature selection
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problems, power system optimization, and various other
engineering applications (Al-Betar et al., 2021). This algorithm's
modeling and detailed information can be found in (Al-Betar et
al., 2021).

4. RESULTS AND DISCUSSIONS

In this section, PID controller parameters have been
determined via DOA, DO and CHIO techniques. The obtained
controller parameters have been applied to the AVR system for
unit step input, and the results have been analyzed for dynamic
responses in terms of overshoot, undershoot, and settling time
criteria. Performance of each algorithm was comparatively
evaluated across the three different objective functions. The lower
bounds for the K,,, K; and K, parameters were set to [0.2, 0.2, 0.2]
while the upper bounds were set to [2, 2, 2]. In the optimization
process, the population number and iteration number have been
selected as 60.

Time-domain simulation results are visualized through
graphs, while the optimized parameters and performance metrics
are summarized in tables.

4.1. Case 1: DOA Performances

In this section, DOA performances have been examined
for AVR system with three different objective functions. Table 1
shows the PID parameters obtained with the DOA algorithm.

Table 1. Obtained PID parameters with DOA

Objective function K, K; K,
IAE 1.9324 | 0.3390 | 0.3928
ISE 2.0000 | 0.3996 | 0.3432
ITAE 2.0000 | 0.3269 | 0.4187

The highest proportional gain (K,=2) was obtained with
the ISE and ITAE objective functions, while the integral and
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derivative gains varied depending on the selected objective
functions.

Figure 2 presents the step responses of the AVR system
optimized under different objective functions using the DOA
algorithm.
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Figure 2. Obtained AVR performances with DOA

All three responses exhibit highly stable behavior. The
ITAE-based response showed the smoothest and fastest
convergence performance among the DOA results. The superior
performance of the ITAE objective function is attributed to the
time-weighted error penalty. Since ITAE imposes a heavier
penalty on errors occurring in the later stages of the transient
response, it guides the optimization algorithm toward controller
parameters that provide better damping characteristics, reduce
oscillations, and achieve a faster approach to steady-state
conditions.

The numerical results obtained via DOA have been given
in Table 2.

72



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

Table 2. Calculated AVR performance with DOA

Objective function | Overshoot | Undershoot | Settling Time
IAE 1.0239 0.9335 0.9852
ISE 1.1199 0.9267 1.2953
ITAE 1.0088 0.9260 0.9643

Table 2 is summarized the performance metrics
(overshoot, undershoot, and settling time) of the AVR system
optimized using DOA. The best settling time across the study
(0.9643 s) has been obtained with the DOA + ITAE objective
function.

4.2. Case 2: DO Performances

In this section, DO performances have been analyzed for
AVR system with three different objective functions. Table 3 lists
the PID parameters found by the Dandelion Optimizer algorithm.

Table 3. Obtained PID parameters with DO

Objective function K, K; K,
IAE 2.0000 | 0.3440 | 0.4090
ISE 2.0000 | 0.3957 | 0.3443
ITAE 1.8596 | 0.3213 | 0.3929

Similar to DOA, the K, value reached its upper limit (2.0)
in the IAE and ISE objective functions.

Figure 3 shows the step responses of the AVR system
optimized using the DO algorithm.

12
1.1
1 \ﬁ ——
09
0.8
0.7
408
05
0.4
03

o2+

DO-IAE
——— DO-ISE
DO-ITAE

o1}/

0
o 05 1 1.5 2 25
Time (s)

Figure 3. Obtained AVR performances with DO
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The ITAE objective function stands out by providing the
closest tracking of the reference signal and the lowest overshoot
value.

The numerical results determined via DO have been
presented in Table 4.

Table 4. Calculated AVR performance with DO

Obijective function | Overshoot | Undershoot | Settling Time
IAE 1.0178 0.9297 0.9663
ISE 1.1177 0.9268 1.2904
ITAE 1.0066 0.9339 0.9954

Table 4 presents the AVR performance criteria obtained
using the Dandelion Optimizer (DO) algorithm. The DO + ITAE
combination achieved the lowest overshoot value (1.0066) among
all test cases.

4.3. Case 3: CHIO Performances

In this section, CHIO performances have been analyzed
for AVR system with three different objective functions. Table 5
contains the PID parameters optimized with the CHIO algorithm.

Table 5. Obtained PID parameters with CHIO

Objective function K, K; K,
IAE 1.6463 | 0.3344 | 0.314
ISE 2.0000 | 0.4268 | 0.2939
ITAE 2.0000 | 0.4181 | 0.3149

CHIO produced lower K,,values in the IAE case compared
to DOA and DO, while it reached the upper limit in ISE and
ITAE.

Figure 4 shows the step responses of the AVR system
obtained using the CHIO algorithm.

74



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

CHIO-IAE |+
CHIC-ISE
CHIO-ITAE | |

| 1.5 2 2.5
Time (s)

Figure 4. Obtained AVR performances with CHIO

It can be clearly seen from the Figure 4 that better
response have been determined via IAE objective function than
ISE and ITAE objective functions.

The numerical results calculated via CHIO have been
illustrated in Table 6.

Table 6. Calculated AVR performance with CHIO

Objective function | Overshoot | Undershoot | Settling Time
IAE 1.0656 0.9491 1.0940
ISE 1.2055 0.8990 1.7320
ITAE 1.1682 0.9135 1.3693

In this case, maximum overshoot value and settling time
value have been found with ISE objective function. On the other
hand, lower overshoot value and settling time value have been
found with 1AE objective function.
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5. CONCLUSIONS

In this study, the PID controller parameters have been
tuned using DOA, DO, and CHIO metaheuristic algorithms with
the 1AE, ISE, and ITAE objective functions for an AVR system.
The obtained results demonstrate that the Dandelion Optimizer
(DO) algorithm generally exhibits the best performance. In
particular, the DO algorithm provided the most balanced behavior
in terms of low overshoot and fast settling time when used with
the ITAE and ISE objective functions. The lowest overshoot
value (1.0066) has been achieved with the DO + ITAE
combination. The ITAE objective function, which applies a
stronger penalty to errors occurring in the later stages of the
transient response, played a significant role in achieving better
damping and a smoother system response.

The DOA algorithm also produced competitive results and
achieved the best settling time (0.9643 s) especially with the
ITAE objective function. In contrast, the CHIO algorithm showed
lower performance compared to the other two methods,
producing higher overshoot and longer settling times particularly
under the ISE objective function.

Overall, the results indicate that among the three
algorithms examined, the Dandelion Optimizer (DO) is effective
and recommended method for PID parameter optimization in
AVR systems.
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PERFORMANCE ANALYSIS OF POWER
SYSTEM STABILIZERS IN SMIB HAVING
TIME DELAY USING CHIO FOR DIFFERENT
CONTROLLERS!

Mehmetcan GORILE?
Mustafa SAKA?3

1. INTRODUCTION

Power system stability is defined as the ability of a system
to remain in a stable state when subjected to a disturbance (Ekinci,
2018). Low-amplitude, low-frequency oscillations occur when
load is removed from or added to a system operating under
normal conditions (Eke & Temel, 2020). An increase in these
oscillations can lead to system damage or even a total collapse.
Therefore, Power System Stabilizers (PSSs) are used to suppress
oscillations (Kaymaz, Guvenc, & Dosoglu, 2024).

In systems with varying load conditions, if traditional
integer-order controllers fail to provide sufficient damping,
system performance degrades (Ekinci, 2018). To mitigate this
performance degradation, advancements in technology led to the
use of simple, PID-based integer-order controllers that require
few parameters. Subsequently, fractional-order controllers
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(FOPID), which offer greater freedom and flexibility, have also
been employed (Hattabi, Kheldoun, Bradai, & Khettab, 2024).

To enable Power System Stabilizers (PSSs) to suppress
oscillations, quantities such as voltage, frequency, active power,
and rotor angle are measured via measurement systems and
transmitted to control centers through communication networks.
However, time delays arise due to the measurement system and
communication infrastructure, adversely affecting the system's
dynamic behavior and stability (Sonmez & Ayasun, 2022).

There are a limited number of studies in the literature
related with time-delayed PSS and some of them are as follows:
Sonmez and Ayasun investigated the effect of time delay under
various loading conditions (Sonmez & Ayasun, 2016). In another
study, Sonmez and Ayasun analyzed the stability region
associated with time delay (Sonmez & Ayasun, 2022). Basel and
Mete designed a wide-area damping control system (Basel &
Mete, 2023). Pathak and Sambariya compared the results of
computer simulations with those of real-time simulator
experiments (Pathak & Sambariya, 2023). Zhang et al. performed
optimization using the Exponential Distribution Optimization
(EDO) algorithm (Zhang et. all, 2025). Chen et al. developed a
new method to determine the delay margin (Chen et. all, 2024).
Jain et al. conducted an analysis using a Fuzzy Logic-based PSS
(Jain et. all, 2023). Sahu et al. performed optimization using the
Grasshopper Optimization Algorithm (GOA) (Sahu et al., 2022).

In this study, the Coronavirus Herd Immunity Optimizer
(CHIO) (Al-Betar et. all, 2021) method was employed to
determine optimal Lead-Lag, PID, and FOPID controller
parameters. In addition to this, ITAE (Integral of Time-weighted
Absolute Error) selected as objective function for Coronavirus
Herd Immunity Optimizer technique. The obtained results have

82



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

been evaluated with respect to overshoot, undershoot and settling
time values of the output of power system.

2. MATERIAL AND METHOD

The Single Machine-Infinite Bus (SMIB) model
represents a configuration in which a generator is connected to an
infinite bus via a transmission line characterized by external
reactance (Xe) and resistance (Re In this study, a version of the
Philips-Heffron model that accounts for time delay was adopted
for analysis and this model has been used for small-signal stability
analysis.

2.1. Power System Stabilizer (PSS)

The Power System Stabilizer (PSS) is a control structure
used to ensure the damping of low-frequency oscillations
occurring in power systems. The control action within the system
iIs achieved through an appropriate signal applied to the
generator's excitation system. Effective regulation of the
excitation signal makes it possible to reduce oscillations in the
generator rotor and improve the system's dynamic stability. The
system model having time delay under this study is presented in
Figure 1.
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Figure 1. Heffron-Phillips block diagram for a time-delayed SMIB
power system

The block diagram in Figure 1 is considered from the
study by Ali and Daud (Ali A. R. S. A. & Daud K. R., 2019),
while the Time Delay block is considered from the study
conducted by S6nmez and Ayasun (Sonmez & Ayasun, 2016).

2.2. Proposed Controller Structures

In this study, in order to examined the power system
stabilizer performances, three different controller type has been
applied. These are Lead-Lag controller type, PID controller type
and FOPID controller type.

2.2.1.Lead-Lag Controller

The Lead-Lag controller design incorporates the Kpss
gain, T1 and T2 time constants (for phase compensation) and the
Tw circuit time constant.

It can be noted that Tw exhibits high-pass filter
characteristics, varying within the 1-20 s range (Eke & Temel,
2020). The mathematical expression for the Lead-Lag controller
can be given in Equation 1 as follows:
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STy, 1+4sTp (1)

Ciread— s) = K,
lead lag( ) pSs 1+5T,, 1+sT,

2.2.2.PID Controller

The mathematical expression for the PID controller is
given in Equation (2). This equation includes the gains for the
proportional operator coefficient (Kp), the integral operator
coefficient (Ki), and the derivative operator coefficient (Kb).

Cpip(s) = Kp + % + Kps 2
2.2.3.FOPID Controller

In the FOPID type controller, there are five tunable
operator gain. These are proportional gain (Kp), integral gain (Ki),
derivative gain (Kp), derivative operator order p and integral
operator order A. Additional two order parameters (A and p)
supply high flexibility to this controller. Transfer function of
FOPID type controller can be given as follows:

Cropip(s) = Kp + f_;{ + Kps* 3)
2.3. Objective Functions

In order to reach to desired solutions, various objective
functions have been used in the meta-heuristic optimization
techniques. When examined the literature studies, four different
objective functions commonly preferred.

2.3.1.Integral of Squared Error (ISE)

ISE is obtained by integrating the square of the error.
Since negative and positive errors would cancel each other out,
squaring the error renders the entire error positive. Its
mathematical expression is given in Equation 4.

ISE = [ (e*(t))dt (4)
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2.3.2.Integral of Time-weighted Squared Error (ITSE)

ITSE is obtained by multiplying the integral of the squared
error by time. Since small errors can be difficult to detect,
multiplying by time in real-time allows us to proportionally
magnify the error and observe it more effectively. Its
mathematical expression is given in Equation 5.

ITSE = [ t(e*(t))dt ()
2.3.3.Integral of Absolute Error (1AE)

IAE is obtained by integrating the absolute value of the
error. Its mathematical expression is given in Equation 6.

IAE = [ |e(t)|dt (6)

2.3.4.Integral of Time-weighted Absolute Error
(ITAE)

ITAE is obtained by multiplying the integral of the
absolute value of the error by time. Its mathematical expression
is given in Equation 7.

ITAE = [] tle(t)|dt (7

In this study, ITAE is preferred as objective function for
CHIO.

3. CORONAVIRUS HERD IMMUNITY
OPTIMIZER ALGORITHM (CHIO)

The Coronavirus Herd Immunity Optimizer (CHIO) was
proposed by Al-Betar et al. in 2021 (Al-Betar et al., 2021). As a
nature-inspired, human-based algorithm, CHIO draws inspiration
from the concept of herd immunity, which is used as a strategy to
combat the coronavirus pandemic (Al-Betar et al., 2021). Herd
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immunity refers to the state in which a population possesses a
sufficient number of individuals immune to an infection to halt
the spread of the disease (Al-Betar et al., 2021).

There are three types of individuals in the population
regarding herd immunity: Susceptible (at-risk) individuals—
those who have not yet been infected; infected individuals—those
who are currently infected and capable of infecting susceptible
individuals; and immune individuals—those who have acquired
immunity (and cannot be infected by infected individuals). In
CHIO, the concept of social distance is derived by calculating the
difference between a selected individual from the population and
another individual who may be immune, susceptible, or infected
(Al-Betar et al., 2021).

Initially, the majority of the population consists of
susceptible individuals. In the second phase, a small portion of
the population becomes infected; subsequently, if social
distancing rules are not observed, the number of infected
individuals in the population rises until all infected individuals
either acquire immunity or succumb to the disease. In the final
phase, the majority of individuals become immune, and the
pandemic comes to end (Al-Betar et al., 2021).

Figure 2 presents the flowchart of the CHIO algorithm.
Detailed information and mathematical expressions related with
CHIO can be found in reference (Al-Betar et al., 2021).
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Figure 2. Flowchart of CHIO algorithm

RESULTS AND DISCUSSION

In this section, the Coronavirus Herd Immunity Optimizer
has been applied to tune the parameters of the proposed
controllers for various time delays and to improve the power
system's performance by reducing oscillations. Additionally,
Lead-Lag, PID and FOPID controllers have been considered to
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evaluate the PSS performance associated with the proposed
algorithm.

4.1. Analyzes for Lead-Lag Controller

In this section, the structure and application of the Lead-
Lag controller are examined. The parameters for the Lead-Lag
controller determined via CHIO for the Single-Machine Infinite-
Bus system. The founded controller parameters have been
presented in Table 1.

Table 1. Lead-Lag Parameters

Kepss T T

Delay 0 16.509 | 8.0121 | 3.3483
Delay 0.047 | 17.626 | 4.9601 | 3.5088
Delay 0.057 | 15.326 | 5.6826 | 4.2564
Delay 0.060 | 23.274 | 3.8006 | 5.2681

Table 2 presents the findings obtained from the
implementation of the Lead-Lag controller designed for the
Single Machine Infinite Bus system.

Table 2. Lead-Lag Result

Overshoot | Undershoot |  Settling Time
(%5 Band width)
Delay 0 0.2797 -8.4592 1.4218
Delay 0.047 | 1.8611 -12.4701 1.5632
Delay 0.057 | 3.7436 -14.1585 2.1219
Delay 0.060 | 5.3879 -15.2222 2.4067

Figure 3 presents a graphical representation of the results
obtained for the non-optimized lead-lag controller used on the
Single-Machine Infinite-Bus system.
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Figure 3. Time delays not optimized for lead-lag

Figure 4 graphically illustrates the results obtained from
the implementation of the optimized Lead-Lag controller
designed for the Single-Machine Infinite-Bus (SMIB) system.
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Figure 4. Time delays optimized for lead-lag
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It is clearly seen from Figure 3 that as the time delay
increases, the output performances of the system having Lead-
Lag controller deteriorate in terms of maximum, minimum, and
settling time values. However, these negative situations have
been corrected via CHIO. Moreover, system outputs settled to
desired limits lower than 2.5000 sec. for all time delay values.

4.2. Analyzes for PID Controller

In this section, PID Controller has been considered. The
founded PID controller parameters via CHIO for Single Machine
Infinity Bus power system given in Table 3.

Table 3. PID parameters

Kp Ki Kb N

Delay 0 30 0.6953 | 1.6987 | 167.35
Delay 0.090 30 25.08 | 3.5967 | 356.66
Delay 0.100 | 27.184 | 29.484 | 3.6887 | 454.96
Delay 0.108 | 26.01 | 12.259 | 3.9569 | 443.38

The obtained numerical results via CHIO and PID
controller for Single Machine Infinity Bus power system
presented in Table 4.

Table 4. PID Result

Overshoot | Undershoot Settling Time
(%5 Band width)
Delay 0 0.3856 -7.5555 1.3818
Delay 0.090 | 1.9854 -7.9401 2.9168
Delay 0.100 | 2.4039 -8.3226 3.0563
Delay 0.108 | 2.8303 -8.4141 3.2760

Fig. 5 graphically presents the results obtained with the
non-optimized PID controller used for the Single Machine
Infinite Bus system.
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Figure 5. Time delays not optimized for PID

Fig. 6 graphically presents the results obtained with the
optimized PID controller used for the Single Machine Infinite
Bus system.
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Figure 6. Time delays optimized for PID
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It is clearly seen from Figure 5 that as the time delay
increases, the output performances of the system having PID type
controller deteriorate in terms of maximum, minimum, and
settling time values. However, these negative situations have
been corrected via CHIO. Moreover, system outputs settled to
desired limits lower than 3.5000 sec. for all time delay values.

4.3. Comparison for FOPID Controller

In this section, the FOPID controller is considered. FOPID
controller parameters for the SMIB system have been determined
using the CHIO method and these parameters are presented in
Table 5.

Table 5. FOPID parameters

Kp K| KD 7x 9
Delay 0 29.729 | 23.948 | 1.6796 | 0.9881 | 0.775
Delay 0.067 | 23.11 | 23.081 | 0.5952 | 0.2639 | 1.38
Delay 0.073 30 1.0717 | 0.6977 | 1.1631 | 1.3982
Delay 0.077 | 23.012 | 3.684 | 0.1756 | 0.2193 | 1.7085

The performance results of the FOPID controller tuned
using the CHIO method for the SMIB system are presented in

Table 6.
Table 6. FOPID Result
Overshoot | Undershoot Settling Time
(%5 Band width)
Delay 0 0.5746 -8.0781 0.9332
Delay 0.067 | 0.5841 -9.8681 1.3855
Delay 0.073 | 1.8492 -10.1486 1.8907
Delay 0.077 | 3.7903 -13.0574 1.9574

The performances of the non-optimized FOPID controller
for the SMIB are shown in Figure 7.
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The performances of the FOPID controller optimized for
the SMIB are shown in Figure 8.
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Figure 8. Time delays optimized for FOPID
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It is clearly seen from Figure 7 that as the time delay
increases, the output performances of the system having FOPID
type controller deteriorate in terms of maximum, minimum, and
settling time values. However, these negative situations have
been corrected via CHIO. Moreover, system outputs settled to
desired limits lower than 2.0000 sec. for all time delay values.

5. CONCLUSION

In this study, the CHIO algorithm was selected to improve
PSS performances for single machine infinite bus power system
having time delay. For this purpose, this method applied to three
different controllers: Lead-Lag, PID, and FOPID. The ITAE
function was designated as the objective function for the CHIO
algorithm. As the value of time delays in the system increases,
system performance deteriorates. In fact, at high time delay
values, the system becomes unstable. These drawbacks have been
overcome through controllers optimized with CHIO. When the
computed system performance results have been examined in
terms of settling time values for all selected controllers, it can be
concluded that the FOPID controller exhibits better performance
results compared to the other two controllers.
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STATISTICAL COMPARISON OF
METAHEURISTIC ALGORITHMS FOR
FRACTIONAL-ORDER PID TUNING INAN
INTEGRATING TIME-DELAY SYSTEM

Miinevver Mine OZYETKIN!?

1. INTRODUCTION

The control of systems containing both time delay and
integral action is challenging for conventional tuning methods
because of low damping, long transients, and narrowed stability
margins. Although the classical PID (Proportional Integral
Derivative) controller is widely used in industry, the flexibility
provided by its three tuning parameters may be insufficient to
balance speed and robustness, particularly in systems with large
delays.

The fractional-order PID (FOPID) controller expands the
design space by also making the orders of the integral and
derivative actions adjustable (Monje, Chen, Vinagre, Xue, &
Feliu, 2010; Podlubny, 1999). The resulting five-dimensional,
nonlinear, and often nondifferentiable objective function
complicates the use of classical gradient-based methods.
Consequently, PSO, GA, and related metaheuristic methods have
been widely employed for PID and FOPID tuning (Joseph, Dada,
Abidemi, Oyewola, & Khammas, 2022; Nassef, Abdelkareem,
Maghrabie, & Baroutaji, 2023). Bingul and Karahan (2018)
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compared PID and FOPID controllers tuned by PSO and ABC for
unstable and integrating time-delay systems.

The objective of this chapter is not to propose a new
metaheuristic method, but to evaluate six methods with different
search mechanisms under the same system, parameter bounds,
objective function, and computational budget. Its main
contribution is a fair comparison protocol comprising 30 repeated
runs, model validation against published results, and
nonparametric statistical analysis rather than a ranking based on
a single best run.

2. SYSTEM AND CONTROLLER STRUCTURE

The system used by Bingul and Karahan (2018) was
adopted as a representative benchmark for the class of integrating
time-delay systems:

G(s) =0.5e7*/[s(s + 1)] (1)

The system in (1) contains one integrator, one stable pole,
and a time delay of 15 s. The parallel structure of the FOPID
controller is defined as follows:

C(s) = K, + Ki/s* + Kys# (2)

In (2), Kp, Ki, and Kq denote the proportional, integral, and
derivative gains, respectively, while A and p denote the integral
and derivative orders. The order A shapes the frequency
distribution of integral action and therefore affects low-frequency
tracking, whereas p provides additional freedom in shaping
derivative action and the transient response. The choice A=p=1
yields the classical PID structure. The combination of an
integrator and a long time delay is demanding because the
integrator contributes phase lag and unbounded low-frequency
gain, while the delay introduces further phase loss and narrows
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the available stability margins. Because fractional powers of s are
not finite-order rational transfer functions, they must be
approximated over a selected frequency interval for time-domain
simulation. Since transient-response metrics may depend on this
interval, the Oustaloup band was fixed at 0.01-100 rad/s in all
comparisons (Oustaloup, Levron, Mathieu, & Nanot, 2000;
Vinagre, Podlubny, Hernandez, & Feliu, 2000). A third-order
approximation was used during optimization, whereas a fifth-
order approximation was used for final validation and Monte
Carlo analysis. The time delay was implemented by an exact
discrete delay buffer corresponding to the sampling interval
rather than by a Padé approximation. The unit-feedback
configuration is shown in Figure 1.

r + e u y
—»O—»| C(s) [—| G(5) [——>

Figure 1. Unit-feedback control configuration.

Here, C(s) denotes the FOPID controller and G(s) denotes
the system in (1).

3. OPTIMIZATION PROBLEM
3.1. Objective Function

To obtain a measure that is comparable with the source
study and independent of subjective weighting coefficients, the
mean squared error (MSE) was minimized:

J =MSE=~31 e* (k) 3)
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In (3), e(k)=r(k)-y(k) is the tracking error. During
optimization, the simulation horizon was 200 s, the sampling
interval was 0.2 s, and the Oustaloup order was 3. The selected
solutions were revalidated over 200 s using a sampling interval of
0.1 s and a fifth-order Oustaloup approximation. Rise time, 2%
settling time, maximum overshoot, and the control signal were
reported as performance measures independent of the objective
function. The search bounds of the five parameters are given in
Table 1.

3.2. Search Bounds
Table 1. Search bounds of the FOPID parameters

Parameter Symbol Range
Proportional gain K, [0.001, 0.2]
Integral gain Ki [1075, 1071]
Derivative gain Ky [0.001, 1.2]
Integral order A [0.01, 1.2]

Derivative order n [0.1,1.2]

The experimental results showed no pronounced
accumulation at the selected bounds for Kp and Kd. Because Ki
spans a wide numerical range, it was optimized on a logarithmic
scale to ensure adequate exploration of small values.

3.3. Comparison Protocol

Six methods representing different search mechanisms
were selected: simulated annealing (SA) (Kirkpatrick, Gelatt, &
Vecchi, 1983), genetic algorithm (GA) (Goldberg, 1989), particle
swarm optimization (PSO) (Kennedy & Eberhart, 1995),
gravitational search algorithm (GSA) (Rashedi, Nezamabadi-
pour, & Saryazdi, 2009), imperialist competitive algorithm (ICA)
(Atashpaz-Gargari & Lucas, 2007), and invasive weed
optimization (IWQO) (Mehrabian & Lucas, 2006). SA attempts to
escape local optima through temperature-dependent probabilistic
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transitions around a single candidate. GA uses tournament
selection, arithmetic crossover, Gaussian mutation, and elitist
survivor selection. In PSO, each particle velocity is updated
according to its personal best and the swarm best positions, while
the inertia weight decreases linearly over the evaluation budget.

In GSA, candidates are modeled as masses determined by
their objective values and move under mutual gravitational
forces. In ICA, the best candidates are assigned as imperialists
and the remaining candidates as colonies; the colonies are
updated by assimilation and low-probability revolution
operations. In IWO, the number of seeds produced by a candidate
depends on its fitness, while the standard deviation of normally
distributed dispersal decreases throughout the evaluation budget.
Thus, the methods represent evolutionary, swarm-based, physics-
based, sociopolitical, and plant-inspired search families.

Because the algorithms generate different numbers of
candidates per iteration, equalizing iteration counts would not
provide a fair computational comparison. The termination
condition was therefore defined as the total number of objective-
function evaluations. The convergence history of each algorithm
was updated after the simulation of every new candidate, and the
median convergence curves were plotted against the same
horizontal axis.

SA, GA, PSO, GSA, ICA, and IWO were executed with
identical initial bounds. Each method received 600 objective-
function evaluations and was repeated with 30 recorded,
algorithm-specific independent random seeds; corresponding run
indices were not paired by common seeds. The independent run
distributions were compared globally using the Kruskal-Wallis
test, followed by pairwise Mann-Whitney U tests with Holm
correction; effect sizes were reported using the Vargha-Delaney
A12 measure (Vargha & Delaney, 2000). The significance level
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was 0.05. In the result tables, the median run is the actual run
whose MSE is closest to the median of the 30 runs for that
method. The protocol follows recommended nonparametric
practices for comparing metaheuristic algorithms (Derrac,
Garcia, Molina, & Herrera, 2011).

3.4. Model Validation

The simulation model was validated by reimplementing
the MSE-based FOPID-PSO and FOPID-ABC controllers
reported by Bingul and Karahan (2018). As shown in Table 2, the
calculated settling-time and overshoot values are close to the
published results. The small differences may be attributable to
differences in numerical discretization and fractional-order
realization.

Table 2. Simulation validation against the source results

Controller T, source T, this study M,, source M,, this study
FOPID-PSO 85.47 89.50 14.76 15.00
FOPID-ABC 59.13 61.70 10.97 9.54

3.5. Algorithm Settings

An individual in GA, particle in PSO, agent in GSA,
country in ICA, and plant in IWO all represent candidate
solutions with the same mathematical role. SA operates with one
candidate; GA, PSO, GSA, and ICA use 20 candidates; and IWO
starts with 10 plants and limits its population to the best 20 plants.
Arithmetic crossover is applied to every offspring in GA, and the
20 individuals with the best objective values are selected from the
combined parent-offspring pool. The remaining numerical
settings are listed in Table 3.
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Table 3. Experimental and algorithm settings

Setting Value

Independent runs
/ budget

Oustaloup order  N=3 (search); N=5 (validation and MC)

30 runs; 600 evaluations per run

SA T: 0.1—107%; relative neighborhood scale: 0.20—0.01

Population=20; tournament=3; crossover probability=1;
GA pm=0.25 per offspring; Gaussian mutation
scale=0.10xrange

PSO Swarm=20; w: 0.9—0.4; ¢1=c2=2; Vmax=0.20xrange
GSA Agents=20; Go=20; a=15
ICA Countries=20 (3 imperialists+17 colonies); f=1.7;

p=0.08; random deviation=0.03xrange

Plants=10—20; seeds per plant=1-5; 6m.—0.205%range;
IWO _ . -
omin=0.005%range; exponent=3

4. RESULTS

Table 4 reports the median, interquartile range
(IQR=Q3—QI), and minimum of the MSE distributions obtained
from 30 independent runs. A smaller MSE indicates better
tracking performance.

Table 4. Distribution summary of the 30-run MSE results

Method Median IQR Minimum
SA 0.086337 0.000830 0.085054
GA 0.086632 0.000426 0.085350

PSO 0.085996 0.000578 0.085480
GSA 0.095371 0.008777 0.086226
ICA 0.086056 0.000744 0.085289
IWO 0.086367 0.000521 0.085531

The Kruskal-Wallis test indicated a significant difference
among the methods (H=88.44, p<0.001). PSO achieved the
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lowest median MSE (0.085996), followed by ICA (0.086056) and
SA (0.086337). Holm-corrected Mann-Whitney U comparisons
showed no significant differences between PSO and either SA or
ICA. PSO significantly outperformed GA, GSA, and IWO; SA
and ICA significantly outperformed GA and GSA; and IWO
significantly outperformed GA and GSA. GSA performed
significantly worse than every other method and also exhibited
the largest IQR. For example, PSO showed very large stochastic
superiority over GSA (A12=0.99). The 30-run MSE distributions
are shown in Figure 2.

0.110 4

0.105 4

0.100

M5

0.095 4

0.090 4 o

*‘—i:'?zf::l@?

SA GA PSO GSA ICA wo

0.085

Figure 2. MSE distributions over 30 runs of the algorithms.
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o 100 200 300 400 500 600
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Figure 3. Median best-so-far convergence curves.
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The median convergence curves in Figure 3 show that
most methods reached a favorable region within the first 50-100
evaluations, whereas the median GSA curve remained at a higher
error level. A common large penalty was assigned to invalid
initial candidates, which were excluded from performance-metric
calculations. The comparatively weak GSA performance may be
associated with early clustering and reduced late-stage search
diversity as the gravitational constant decreases, particularly
along the logarithmically scaled Ki dimension. However, because
the experimental design did not isolate this mechanism, it should
be regarded as a plausible interpretation rather than a
demonstrated cause. The controller parameters of the median runs
are listed in Table 5.

Table 5. FOPID parameters of the median runs

Method K, Ki Kad Iy n
SA 0.0902 2.86e-04 0.7912 0.5259 0.9196
GA 0.0912 4.42e-05 0.8055 0.2865 0.9170
PSO 0.0816 1.32e-03 0.8522 0.6819 0.9054

GSA 0.0655 2.25e-05 0.4718 0.0278 0.6457

ICA 0.0700 1.02e-02 0.8088 0.2431 0.9025

IWO 0.0887 1.33e-04 0.8152 0.8260 0.9156
) f{_ T T o
TN

00 =

Figure 4. Step responses of the median-run controller for each
algorithm.
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Although the median solutions in Figure 4 attain similar
error levels, their transient characteristics differ. Minimizing
MSE alone favored solutions with approximately 22-26%
overshoot. This observation indicates that overshoot, settling
time, or robustness measures should be introduced as explicit
constraints in subsequent work.

Table 6 presents the rise time (10-90% after the delay),
2% settling time, and maximum overshoot calculated from the
unit-step responses of the median controllers. SA produced the
shortest settling time (79.0 s), followed by ICA (82.3 s). Although
PSO provided the lowest median MSE, it had the longest settling
time (120.6 s) and the largest maximum overshoot (26.38%). This
result shows that MSE alone does not represent transient
performance. Figure 5 displays the same data in the settling-time-
overshoot plane. The values in Table 6 and Figure 5 were
obtained by resimulating the median controllers over 200 s with
a 0.1 s sampling interval, a fifth-order Oustaloup realization, and
an exact discrete delay buffer.

Table 6. Transient-response metrics of the median controllers

Method t (5) ts () M, (%)
SA 9.1 79.0 22.42
GA 8.8 99.1 24.14
PSO 8.4 120.6 26.38
GSA 9.4 117.5 2411
ICA 8.9 82.3 23.78
IWO 8.8 92.3 23.71
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Figure 5. Settling-time—maximum-overshoot trade-off of the
median controllers (lower-left is better).
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Figure 6. Control signals of the median runs.

The high-amplitude impulses at the beginning of the
reference change in Figure 6 arise primarily from the high-
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frequency gain of the rational fractional-derivative realization and
the derivative jump produced by the step input (the initial
transient of the Oustaloup filter), rather than solely from the
magnitude of p. Because the control signal was not included in
the objective function, the algorithms did not directly penalize
this behavior. A control-energy term or an actuator saturation
constraint should be considered in an implementation-oriented
design.

4.1. Discussion of the Findings

Although PSO achieved the lowest median MSE, its lack
of a significant difference from SA and ICA shows that method
selection should not rely solely on the smallest median value. The
median MSE of PSO was approximately 0.00034 lower than that
of SA, but the practical effect of this difference on the step
response was limited. In contrast, both the median and IQR of
GSA were markedly higher than those of the other methods.
Therefore, the strongest conclusion under these experimental
conditions is the low convergence reliability of GSA rather than
the definitive superiority of a single method.

GA had a higher median error than PSO but a narrower
between-run distribution. This suggests that GA converged
consistently to a similar solution region but did not exploit that
region sufficiently within the available evaluation budget. IWO
generally produced results close to SA, PSO, and ICA, although
one run yielded a distinctly higher MSE. This isolated result does
not characterize its typical performance, which is more
appropriately represented by the median and IQR.

For controller design, algorithm selection should follow
the intended performance criterion rather than a universal
ranking. PSO is attractive when MSE minimization is primary,
whereas SA and ICA gave more favorable settling times among
the tested median solutions. If overshoot or actuator limits are
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important, the corresponding measures must be added to the
objective or to explicit feasibility constraints before
implementation.

The main limitations are the use of one system, one
objective function, and a finite-band realization of the fractional
operators. The close reproduction of two published controllers
supports the simulation framework for this benchmark, but
broader generalization requires other system models, delay ratios,
objectives, uncertainty levels, and fractional-operator
realizations. Computational effort was equalized by 600
objective-function evaluations per run rather than by execution
time, which could be affected by parallel processing.

4.2. Robustness under Parametric Uncertainty

For fractional-order controllers applied to time-delay
systems, robustness under parametric uncertainty should be
assessed in addition to nominal performance (Luo & Chen, 2012,
Ozyetkin, 2018; Ozyetkin & Birdane, 2023). The median-run
controller of each algorithm was tested over a common
uncertainty set around the nominal model G(s)=0.5¢'%/[s(s+1)].
The system gain K € [0.4, 0.6], time constant T € [0.8, 1.2], and
delay L € [12, 18] were sampled independently from uniform
distributions. All algorithms were evaluated on the same 500
parameter triples, and the results are summarized in Table 7.
Monte Carlo simulations used a 240 s horizon, a 0.1 s sampling
interval, a fifth-order Oustaloup approximation, and an exact
discrete delay buffer. A simulation was considered successful
when the output entered the +2% reference band and remained
there until the end of the simulation without violating the
numerical limits |y(t)|<10 and [u(t)|<10¢. This analysis was a post-
design test of the nominal controllers and was not part of the
optimization.
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Table 7. Monte Carlo results for 500 samples under £20%
uncertainty in K, T,and L

Method S&?:Z‘;;"(iz) Ml\j’ldsi;” gsaé%"t' 95th-pet. T
SA 100.0 0.07363 0.08870 147.6
GA 100.0 0.07356 0.08989 156.3
PSO 100.0 0.07305 0.08941 172.7

GSA 96.4 0.08055 0.10210 2226
ICA 100.0 0.07323 0.08866 146.7
IWO 100.0 0.07346 0.08895 152.0

100 4

80

60 4

40

Observed successful simulation rate (%)

20

SA GA PSO G5A ICA wo

Figure 7. Observed successful simulation rates over the
uncertainty samples.
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Figure 8. MSE distributions under parametric uncertainty.

The SA, GA, PSO, ICA, and IWO controllers succeeded
in all 500 samples, whereas GSA achieved an observed successful
simulation rate of 96.4% (Figure 7). GSA also produced the
highest median and 95th-percentile MSE values (Figure 8).
Although PSO had the lowest median uncertain MSE, its 95th-
percentile settling time increased to 172.7 s, which was longer
than those of SA, GA, ICA, and IWO. Thus, a low MSE is not
synonymous with a short settling time under uncertainty. The
findings support treating settling time, overshoot, and the stability
region as explicit constraints in the next design stage. The lower
uncertain median MSE should be interpreted cautiously: the
uncertainty set includes more favorable parameter combinations,
and its 240 s horizon is longer than the 200 s nominal horizon.
Because MSE is averaged over the complete interval, additional
post-settling samples can reduce it; the two MSE levels are
therefore not directly comparable. The more informative
uncertainty summaries are the 95th percentiles and observed
success rate. The latter is a finite-sample frequency, not proof of
stability.
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5. CONCLUSION

Six metaheuristic FOPID tuning methods were compared
under an equal evaluation budget and 30 independent runs. PSO
achieved the lowest median MSE, but its differences from SA and
ICA were not significant. The low convergence reliability of GSA
demonstrated that a single favorable run cannot represent the
overall performance of an algorithm. In the 500-sample
robustness analysis, the observed successful simulation rate was
96.4% for GSA and 100% for the other methods. Nevertheless,
MSE performance did not fully agree with settling time and
overshoot. Therefore, the next stage will incorporate the stability
region, overshoot, and robustness measures into the optimization
as hard feasibility constraints.
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FOTONIK KRIiSTAL FIBERLERIN
TEMELLERI, TASARIM PRENSIPLERI VE
OPTIiK OZELLIKLERI

Ahmet YASLI*

1. GIRIS

Optik haberlesme ve fotonik sistemlerin hizla gelismesi,
geleneksel optik fiberlerin fiziksel sinirlarinin 6tesine gecilmesini
zorunlu kilmistir. Geleneksel fiberler, ¢ekirdek ve kabuk olmak
tizere iki farkli kirilma indisine sahip homojen cam yapilarindan
olusurken; Fotonik Kristal Fiberler (Photonic Crystal Fibers -
PCF), optik dalgalarin iletiminde ¢igir agan mikro-yapili
tasarimlartyla one ¢ikmaktadir. Fotonik kristal fiber (FKF) yapisi,
fiber boyunca uzanan periyodik hava deliklerinden olusan bir
kabuk katmani ve genellikle silika veya havadan olusan bir
cekirdekten meydana gelir. Bu hava delikleri, malzemenin efektif
kirtlma indisini diisiirmek ve 15181 ¢ekirdek bolgesinde hapsetmek
icin ideal kosullar1 saglamak amaciyla kullanilir.

Fotonik kristal fiberler, geleneksel adim indisli fiberlerle
(step-index) elde edilmesi neredeyse imkansiz olan benzersiz
optik  Ozelliklerin  tasarlanmasina olanak tanir. Isigin
manipulasyonu ve kontrold, FKF'lerin geometrik
parametrelerinin (hava deliklerinin sekli, boyutu ve dizilimi)
esnek bir bicimde ayarlanmasiyla saglanir. Bu boliim, fotonik
kristal ~ fiberlerin temel c¢alisma prensiplerini, yapisal
parametrelerini, 151k kilavuzlama mekanizmalarin1t ve bu

L Dogent Dr., Lefke Avrupa Universitesi, Mihendislik Fakiiltesi, Elektrik ve
Elektronik Miihendisligi Boliimii, ORCID 0000-0003-4654-3222.
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yapilarim sundugu iistiin optik 6zellikleri giincel literatiir 1s181nda
derinlemesine incelemeyi amaglamaktadir.

2. FOTONIK KRISTAL FIBERLERIN TARIHSEL
GELISIMI

Fotonik kristal fiber teknolojisinin temelleri, 1996 yilinda
Knight ve arkadaglar1 tarafindan mikro-yapili optik fiberlerin
(Micro-structured Optical Fiber - MOF) literatiire tanitilmasiyla
atilmistir ~ (Knight ve  Ark.,, 1996). Geleneksel fiber
teknolojilerinde kullanilan iki farkli cam malzemenin (katkil
silika ve saf silika) birlesimiyle saglanan 151k kilavuzlama
mekanizmasi, FKF konseptiyle tamamen degismis; bunun yerine
tek bir malzemenin (genellikle saf silika) icerisine periyodik
olarak yerlestirilen hava bosluklari kullanilmaya baslanmistir.

Tarihsel siirec icerisinde FKF'ler, 6ncelikle kat1 ¢ekirdekli
(solid core) yapilarla optik haberlesme alanindaki dispersiyon
sorunlarin1 ¢ézmek amaciyla tasarlanmis, ardindan fotonik bant
aralig1 (photonic band gap) prensibiyle ¢alisan i¢i bos ¢ekirdekli
(hollow core) tasarimlarla ¢ok daha diisiik kayip degerlerine
ulagsmay1 hedeflemistir. 2000'li yillarin baglarinda yapilan
caligmalar, kare, dikddrtgen ve eliptik hava deliklerinin 151k
propagasyonu Uzerindeki geometrik etkilerini inceleyerek FKF
tasarimlarina devasa bir esneklik kazandirmustir. 2020-2026
yillar1 arasindaki donemde ise fotonik kristal fiberlerin tarihsel
yolculugu, yapay zeka (makine 6grenmesi) destekli optimizasyon
algoritmalarmin tiretime dahil edilmesi ve ultra diisiik kayiph
anti-rezonant fiber yapilarma gecis yapilmasiyla yeni bir boyut
kazanmistir.
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3. FOTONIK KRIiSTAL FiBERLERIN YAPISI

Fotonik kristal fiberlerin yapisi, 1s18in  kilavuzlanma
bicimini belirleyen en kritik unsurdur. Geometrik 6zelliklerin
titizlikle kurgulanmasi, fiberin optik davranisint dogrudan
sekillendirir.

3.1. Yapisal ozellikler

Bir FKF temelde iki ana kisimdan olusur: merkezde yer
alan ¢ekirdek (core) ve bu cekirdegi cevreleyen, fiber boyunca
uzanan periyodik hava deliklerinin bulundugu kabuk (cladding)
bolgesi (Sekil 1). Kati ¢ekirdekli FKF'lerde ¢ekirdek camdan
(silika) olusurken, kabuk bolgesindeki hava delikleri bu alanin
genel kirilma indisini diisiirerek 15181n igeride hapsolmasini
saglar. Mikro-yapil1 bu kabuk tasarimi sayesinde, belirli bir dalga
boyundaki 15181 ¢ekirdek iginde minimum sagilimla ilerlemesi
giivence altia alinir.

3.2. Hava delikleri

Hava deliklerinin varligi, FKF'yi geleneksel fiberlerden
ayrran temel faktordiir. Kabuk bdlgesinde yer alan deliklerin
yerlesimi (kare, altigen, sekizgen, ongen dizilimler), tipi
(dairesel, eliptik, kare) ve boyutundaki farkliliklar, 11k
propagasyonunu dogrudan etkiler (Yasli ve Ark., 2018). Ozellikle
eliptik veya farkli boyutlardaki hava deliklerinin kullanilmasi,
fiber ¢ekirdegindeki yapisal simetriyi kasitl olarak kirarak 6zel

polarizasyon durumlarinin (¢ift kiritlim) elde edilmesine olanak
saglar (Yasli ve Ark., 2016).

3.3 Pitch (A)

Hava delikleri arasindaki merkezden merkeze mesafe olan
pitch (A), fotonik kristal fiberlerin tasariminda 15181n
kilavuzlanma  o6zelliklerini  belirleyen bir diger hayati
parametredir. Pitch degeri, ¢ekirdegin efektif boyutunu tanimlar
ve fiberin tek modlu (single mode) mu yoksa ¢ok modlu
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(multimode) mu ¢alisacagini dogrudan etkiler. Ayn1 zamanda, A
parametresindeki kiiclik degisimler fiberin dispersiyon profilini
tamamen farkli bir spektral bolgeye kaydirabilir.

3.4 Air Filling Fraction (d/A)

Hava doldurma orani veya hava dolum kesri (Air Filling
Fraction), hava deligi capinin (d) pitch degerine (A) bolinmesiyle
elde edilen boyutsuz bir parametredir. Bu oran, kabuk
bolgesindeki efektif kirilma indisinin ne kadar disiiriildiigiini
belirler. Kati ¢ekirdekli yapilarda bu oranm optimize edilmesi
toplam i¢ yansima mekanizmasini giiglendirirken, fotonik bant
araligtyla c¢alisan (i¢i bos c¢ekirdekli) tasarimlarda 15181n
hapsedilmesi i¢in bu oranin genellikle %90'm ilizerinde olmasi
gerekmektedir.

3.5 Kullanilan malzemeler

Fotonik kristal fiberlerin liretiminde ¢ogunlukla saf silika
cam (SiO2) kullanilmaktadir (Knight, J.C., 2003). Saf silikanin
tercth edilmesinin ana nedenleri; dogada bol bulunmasi,
maliyetinin diisiik olmasi ve oOzellikle kizilotesi dalga boyu
bandinda ¢ok diisiik sogurma (absorpsiyon) 6zelliklerine sahip
olmasidir. Silikaya alternatif olarak, polimer malzemeler
kullanilarak  plastik optik fiber yapisinda FKF'ler de
uretilebilmektedir. Guncel uygulamalarda, orta-kizilotesi iletisim
ve yiksek nonlineer etkiler igin kalkojenit (chalcogenide) camlar,
telliirit camlar ve floriir bazli yumusak cam malzemeleri de aktif
olarak kullanilmaya baslanmistir (Ma ve Ark., 2022, Seddon,
A.B., 2011).
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Sekil 1. Fotonik Kristal Fiber (Yasli, A., 2026).

4. ISIK KILAVUZLAMA PRENSIPLERI

Fotonik kristal fiberlerde c¢ekirdek tasarimi kilavuzlama
prensibini belirler. Tasarim yaklagimina gore 151k, temelde iki
klasik mekanizma ve bir modern giincel mekanizma ile tasimnir.

4.1. Toplam i¢ yansima

Toplam i¢ yansima (Total Internal Reflection - TIR),
151810 yogun bir ortamdan daha az yogun bir ortama gegerken
smir yiizeyinden geri yansimasi prensibidir. Geleneksel fiberlerin
aksine, fotonik kristal fiberlerde bu prensip, "modifiye edilmis
toplam i¢ yansima" olarak c¢alisir. Clinkii kabuk bolgesi homojen
bir malzeme degil, silika ve havanin mikroskobik bir karisimidir.
Cekirdekteki yiiksek kirilma indisi ile kabuktaki yapay olarak
diisiirtilmiis efektif kirilma indisi arasindaki fark, Snell yasalarina
gore TIR" tetikler.

4.2. Efektif indis Kilavuzlamasi

Efektif Indis Kilavuzlamas:1 (Effective Index Guidance),
kat1 ¢ekirdekli (solid core) FKF'lerde goriilen kilavuzlama
tiriidiir. Cekirdek saf silikadan olusurken, kabuk kisminda
periyodik olarak dizilmis hava delikleri bulunur. Cekirdek ile
kabuk (hava ve silika karisimi) arasindaki kirilma indisi farki,
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geleneksel optik fiberlerdeki iletim mantigiyla benzer bir sekilde
toplam i¢ yansima yasasi araciligiyla 15181 yonlendirir. Saf silika
ve havanm kirilma indislerinin ortalamasi, kabuk bolgesinin
efektif kirilma indisini (nefr) olusturur. Tasarimin sundugu
esneklik sayesinde; yiiksek ¢ift kiritlim, sonsuz tek modlu
(endlessly single mode) galisma ve kromatik dispersiyon kontrolii
gibi geleneksel fiberlerle ulagilamayan benzersiz 6zellikler elde
edilir (Knight, J.C., 2003).

4.3. Fotonik Bant Arahg1 Kilavuzlamasi

Fotonik Bant Aralig1 Kilavuzlamasi (Photonic Band Gap),
ici bos cekirdekli (hollow core) FKF'lerde goriilen mekanizmadir.
Bu fiber yapisinda, ¢ekirdek ve kabuk bolgeleri yapisal olarak
aynt malzemeden olusur. Fotonik bant araligi tabanli FKF'lerde
hava doldurma orani genel olarak %90'm iizerindedir ve bu
yiksek hava-silika karisimi, kabuk bolgesinin kirilma indisini
cekirdek (hava) bolgesine kiyasla yiikselttigi i¢in standart toplam
i¢ yansima (TIR) uygulanabilirligini yitirir. Bunun yerine, Bragg
kirinimi benzeri bir etkiyle yalnizca belirli dalga boyu bantlari
fiber igerisinde hapsedilerek kilavuzlanir. Tiim optik gii¢ (kiiciik
iletim kayiplar1 haricinde) silika cam yerine dogrudan hava
icerisinde yayilir. Havanin camdan ¢ok daha diisiik nonlineer
katsayiya sahip olmasi ve daha diisiik malzeme kayiplari sunmasi,
bu kilavuzlamay1 sensor ve yiiksek giiglii lazer uygulamalarinda
cazip kilar (Knight, J.C., 2003).

4.4. Anti-Rezonant Kilavuzlamasi (Guncel Literatur)

Son yillardaki giincel literatiirde en ¢ok One ¢ikan 151k
kilavuzlama yontemlerinden biri Anti-Rezonant Kilavuzlamadir
(Anti-resonant Guidance). i¢i bos cekirdekli FKF varyantlarmdan
olan Anti-Rezonant Fiberler (ARF) ve I¢ Ice Gegmis Anti-
Rezonant Diigiim-siiz Fiberler (Nested Antiresonant Nodeless
Fibers - NANF), fotonik bant araligi (PBG) prensibinden farkli
olarak Fabry-Pérot rezonatér mantigina dayanan ince cam tiip
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ceperleriyle 15181 merkeze hapseder. Kilavuzlanan modlar ile
kabuk bdlgesindeki tliplerin rezonans frekanslar1 arasindaki
"engellenmis eslesme" (inhibited coupling) sayesinde 151k hava
cekirdeginde muazzam diisiik optik kayiplarla (geleneksel
Rayleigh sagilma limitinin altinda) ilerler (Debord, ve Ark., 2017,
Sanders, ve Ark., 2020, Zhang, ve Ark., 2024).

5. FOTONIK KRISTAL FIiBERLERIN OPTIiK
OZELLIKLERI

Mikro-yapili geometrileri sayesinde FKF'ler, iletim
parametreleri Gzerinde benzersiz bir hakimiyet kurar. Konfinman
kayiplarindan efektif mod alanina kadar bir¢cok ozellik, hava
deliklerinin ¢ap1 ve araligi ile hassas bir sekilde diizenlenebilir.

5.1. Efektif Kirilma indisi

Fotonik kristal fiberlerde sizintili modlarin (leaky modes)
kompleks matematiksel temsili Gzerinden hesaplanan Efektif
Kirlma Indisi (Effective Index) (ner), gercek (Real) ve sanal
(Imaginary) kisimlardan olusur. lyi hapsedilmis (well-confined)
bir temel mod igin, sonlu kabuklu bir FKF'de sanal kisim Im(nefr)
miimkiin olan en kiigiik degere sahip olmali; gergek kisim Re(nefr)
ise efektif kirilma indisini maksimum seviyede tutmalidir. FKF
tasarimlarinda  efektif indis, dalga boyuna ve yapisal
parametrelere (pitch, delik ¢ap1) siki sikiya baghdir ve fiberin
genel karakteristigini (tek modlu calisma simir1 vb.) tayin eder
(Saitoh, ve Ark., 2005).

5.2. Smirlandirma Kaybi

Toplam i¢ yansima tabanli kat1 ¢ekirdekli FKF'lerde 151k,
yuksek indisli ¢ekirdek bolgesinden; sonlu sayidaki hava deligi
katmanlar1 ile indisi diislriilmiis kabuk bdlgesine dogru
ilerlerken, hava delikleri arasindaki silika bosluklarindan sizarak
dis ortama kacar. Bu sizinti, Hapis veya Sinirlandirma Kayb1
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(Confinement Loss) olarak adlandirtlir.  Saf malzeme
absorpsiyonu bu orana ufak bir katki yapsa da genellikle ihmal
edilebilecek diizeydedir. yayilim kaybi (Confinement loss),
efektif kirilma indisinin sanal kismindan Im(nefr) elde edilir ve
matematiksel olarak su denklem kullanilarak hesaplanir (Knight
ve Ark., 1996):

yayilim kayb1 = [40x/ (In(10)-1)] * Im(nex) x 10* [dB/cm]

Burada Im(nefr) efektif kirilma indisinin sanal bilesenini,
A ise calisma dalga boyunu temsil etmektedir. Fotonik dalgalar
yonlendirmede verimliligi saglamak icin bu kayip degerinin
minimize edilmesi veya algilama operasyonlarinda dogru bir
sekilde ince ayarmin yapilmasi kritik 6neme sahiptir (Russell, P.
S. J., 2006).

5.3. Kromatik Dispersiyon

Fiber optik iletimde, 151k hizinin dalga boyuna bagli olarak
degismesi neticesinde sinyal bilesenlerinin farkli zamanlarda
hedefe ulagsmasi kromatik dispersiyon (Chromatic Dispersion)
sorununu dogurur. Bu durum materyal dispersiyonu ve dalga
kilavuzu  dispersiyonunun  bir  birlesimidir. =~ Materyal
dispersiyonu, 1s18in malzeme igerisindeki elektronlar, iyonlar
veya molekiillerle etkilesiminden dogar ve geleneksel olarak
disaridan kontrol edilmesi miimkiin degildir. Ancak, dalga
kilavuzu dispersiyonu, g¢ekirdek capi ve kirilma indisi farkina
baghdir; 15181in farkli dalga boylarinda c¢ekirdek ve kabuk
bolgelerinde farkli giic dagilimlar gostermesine (¢ekirdekte daha
hizli, kabukta daha yavas) neden olur. FKF teknolojisi geometrik
parametrelerin (hava deliklerinin boyutlar1 ve araliklarr)
yapilandirilmasi ile dalga kilavuzu dispersiyonu tizerinde tam bir
kontrol yetenegi sunar, bu sayede sistemin toplam kromatik
dispersiyonu istenilen dalga boyunda sifirlanabilir veya yuksek
pozitif/negatif degerlere ayarlanabilir (Ferrando, ve Ark., 2000).
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5.4. Cift Kirthm

Cift Kirilim (Birefringence), fiber ¢ekirdegi kusursuz bir
dairesel yapida olsa dahi, iki ortogonal lineer polarize modun
(HEw* ve HE1Y) fiber iginde ayni anda ancak birbirinden farkl
hizlarda yayilmasi1 (propagate) olgusudur. Fiber iiretimi
sirasindaki geometrik sapmalar (biikiilme, kivrilma, i¢ veya dis
mekanik stresler) simetriyi bozarak istemsiz ¢ift kirilima neden
olabilir. Ote yandan, FKF tasarimlarinda  geometrik
modifikasyonlar (6rnegin hava deliklerinin kasitl olarak farkli
boyutlarda yerlestirilmesi veya eliptik yapida tasarlanmast)
kullanilarak fiber c¢ekirdeginin simetrisi kontrollii olarak
kirillabilir ve yiliksek dereceli ¢ift kirilim (high order
birefringence) elde edilebilir. Bu polarizasyona bagl 1sik iletim
ozellikleri, ¢ok yonlii optik aygitlarin temelini olusturur
(Ademgil, ve Ark., 2008).

5.5. Efektif Mod Alani

Efektif Mod Alani (Effective Mode Area) (Aetr), temel
modun (fundamental mode) fiber igerisinde hapsolup ilerledigi
etkin alan1 ifade eder. Haberlesme uygulamalarinda standart adim
indisli fiberler icin Aefr genellikle 80 um? seviyesindedir. FKF
teknolojisinde, degisken hava deligi caplart ve A degerleri
sayesinde ¢ok daha dar mod alanlar1 olusturularak 15181 giiclii bir
bicimde smirlandirilmas: saglanabilir. Tam tersi bir senaryoda
ise, yiiksek giiclii lazer uygulamalar1 i¢in nonlineer etkilerin
minimize edilmesi gerektiginde c¢ekirdek ¢ap1 devasa boyutlara
cikarilarak oldukga biiylik Aefr degerlerine ulagsmak da yine FKF
mimarisi ile mimkandir (Russell, P. S. J., 2006).

5.6. Dogrusalsizhk

Dogrusalsizlik  (nonlineerite), fiberden ¢ikan optik
sinyalin giris giicliyle orantil1 olarak lineer (dogrusal) bir artig
gostermemesi durumudur. Fiber optikte nonlineerite, farkli dalga
boylarindaki gii¢ doniigiimleri veya stiperkontinuum iiretimi gibi
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stiregler icin arzu edilen bir 6zelliktir. FKF'lerin mikro yapilari
sayesinde elde edilen ¢ok kiiciik ¢ekirdek alanlari, 1518in uzun
mesafeler boyunca ¢ok daha iyi hapsedilmesini saglayarak
yiksek dizeyde nonlineer etkiler Gretilmesine imkan verir.
Nonlineerite etkisi matematiksel olarak, ortamin kirilma indisi

katsayisinin efektif mod alanina (Aeff) orani ile hesaplanir
(Agrawal, G.P., 2008).

5.7. Sonsuz Tek Mod

Fotonik kristal fiberlerin en Unli karakteristiklerinden biri
Sonsuz Tek Mod (Endlessly Single Mode - ESM) davranisidir.
Geleneksel fiberlerde tek mod/¢ok mod sinir1 V-parametresine
dayanir. FKF yapilarindaki mikro delikler, dalga boyu kisaldik¢a
(yiksek frekanslarda) 1s1¢in kabuk kismina niifuz etmesini
engeller; efektif kabuk indisi dylesine dinamik bir bicimde degisir
Ki V-parametresi limiti teorik olarak higbir zaman asilmaz.
Baoylelikle uygun d/A (genellikle < 0.406) tasarimlariyla tim
dalga boylarinda saf bir tek mod iletimi elde edilebilir (Birks, ve
Ark., 1997).

6. MODLAR

Makroskopik fizige ait olan Maxwell denklemleri, fiber
cekirdeginin kesit alani 15181in dalga boyundan c¢ok biiyiik
oldugunda elektromanyetik dalganin keyfi, yansimali yollar
izledigini gosterir. Ancak fiber c¢ekirdegi dalga boyu
mertebelerine kiigiiltiildiigiinde, belirli iletisim patikalari (modes)
olusur.

6.1. LP Modlar

Cogu FKF modelinde polarizasyon neredeyse dogrusaldir
ve zayif kilavuzlu (weakly guiding) yaklasim cergevesinde bu
modlar LP (Linear Polarization - Lineer Polarizasyon) modlari
olarak etiketlenebilir. Temel mod LPO1, birinci dereceden (first
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order) mod LP11 ve ikinci dereceden mod LP21 olarak
isimlendirilir.
6.2. HE Modlan

Elektrik alanlar Ex, Ey ve E;, elektromanyetik dalganin
alan dagilimi i¢in temel modun sifir olmayan bilesenleridir ve
ilerleme yoniinde genellikle x veya y elektrik alani (transverse
elektrik ve manyetik etkiler) hakimdir. Geleneksel adim indisli
fiberlerde elektrik alan dagilimi1 HE11 olarak gosterilir; FKF'lerde
de alan dagilimi benzer oldugu i¢in sizintili modlar x ve y
cksenleri baz alinarak HE1:* ve HE1Y temel (fundamental)
modlar olarak yeniden yazilabilir.

6.3. Sizintih Modlar

Geleneksel fiberlerin kilavuzlanmis (guided) modlarinin
aksine, fotonik kristal fiberler yapilar1 geregi sizintilidir (leaky).
Isik c¢ekirdekte ilerlerken bir kismi hava delikleri arasindaki
bosluklardan kabuk bdlgesine dogru sizar (confinement loss
mekanizmas1). Delikli yapisi nedeniyle kacinilmaz olan bu
sizintilar modlarin bozulmasina yol agar ve FKF fiberler, guided
(kilavuzlanmis) modlar yerine Leaky (s1zintil1) modlar terimi ile
analiz edilir. Leaky modlar matematiksel olarak kompleks
sayilardir; efektif kirilma indisinin gergek kismi Re(nerr) faz
hizini, sanal kism1 Im(nefr) ise sizintidan kaynaklanan optik kaybi
(veya aktif kazanci) ifade eder (Ferrarini, ve Ark., 2002).

6.4. Tek mod ve ¢cok mod davranisi

FKF yapili fiberlerin modal davranisi, tasarima ait V-
parametresine baghdir. Eger yapmin V-parametresi 2.405
degerinden biiyiikse fiber Cok Modlu (Multimode - MMF)
davranir; eger bu degere esit veya kiigiikse Tek Modlu (Single
Mode - SMF) davranis sergiler.

Bu  hesaplama igin  kullanilan  V-parametresi
modifikasyon formiilii su sekildedir (Mortensen, ve Ark., 2003):
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27 5
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Burada r ¢ekirdek yaricapi, A ¢alisma dalga boyu, ncore
cekirdegin kirilma indisi ve nciadding ise kabuk bolgesinin kirilma
indisini temsil eder. Haberlesme amaciyla SMF tercih edilirken,
biiylik yiizey etkilesim alan1 gerektiren 6l¢iim ortamlarinda MMF
yapilar kullanilmaktadir.

7. URETIM YONTEMLERI

Fotonik kristal fiberlerin tasarim asamasindaki karmasik
mikroyapilarini gergege doniistiirmek son derece hassas imalat
(fabrication) teknikleri gerektirmektedir. Ozellikle nano ve mikro
diizeydeki hava bosluklarinin biitiinliigiinii liretim siirecinde
korumak temel zorluktur.

Istifleme ve Cekme (Stack and Draw): FKF (iretiminde
en ¢ok bilinen ve uygulanan klasik ydntemdir. Ik asamada
cekirdek icin silika cubuk (rod) ve kabuk boélimindeki hava
delikleri icin silika kilcal borular (capillaries) ¢ekilir. Istenen
boyuta getirildiklerinde bir araya getirilip hedeflenen dizilim
modeline (altigen, sekizgen vb.) gore istiflenir ve hava
deliklerinin formunu korumak amaciyla geleneksel optik fiber
tiretim siireglerine kiyasla biraz daha diisiik sicakliklarda fiber
cekim kulesinde gekilir (Pysz, ve Ark., 2014).

Delme Yoéntemi (Drilling): On kalibin (preform) matkap
yardimiyla delinmesi esasina dayanir. Hava delikleri istenilen
ebat ve aralikta kalip boyunca oyulur. Ancak mekanik delme
islemi i¢ yiizeylerde piirtizliiliige (roughness) neden oldugundan
ek parlatma ve asindirma islemleri gerektirir; ayrica yalnizca
dairesel (circular) delik sekillerinin {iretimine imkan tanir (Zhang,
ve Ark., 2015).
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Sol-Jel (Sol-gel): Istifleme veya delme islemi ile iiretimi
olduk¢a zor (6rnegin eliptik veya kare sekilli) hava deliklerine
sahip tasarimlar igin gelistirilmis ileri bir metottur. Siireg,
istenilen sekle sahip ¢ekirdek kaliplarmin (mandrel elements) bir
dokim haznesine yerlestirilmesiyle baslar. igeriye silika ¢ozeltisi
doldurulur ve pH diisiiriilerek soliisyonun jellesmesi saglanir. Jel
halen 1slakken kalip pargalar1 ¢ikarllarak hava delikleri
olusturulur ve ardindan jel firinlanip yiiksek sicakliklarda fiber
olarak gekilir (Wang, ve Ark., 2013).

Camur DOkim (Slurry Casting): Sol-jel metoduna
benzeyen bir diger alternatiftir. Silikon kloriir bazli bir ¢amur
(slurry), icerisinden paslanmaz ¢elik tellerin gegirildigi metal bir
kaliba dokiiliir. Paslanmaz teller hava deliklerinin yerini tutar; 6n
kalip (preform) katilastiktan sonra teller ¢ekilerek cikarilir ve
yapi yiiksek sicaklikta isitilarak fiber gekimi tamamlanir (Yajima,
ve Ark., 2013).

3B Baski (3D Printing - Guincel Literatr): 2020-2026
yillar1 arasinda one ¢ikan eklemeli imalat teknolojileri (SLA veya
FDM bazli optik regine baskisi) sayesinde artik tasarlanan en
karmasik FKF kesitleri bile polimerik materyallerle tek asamada
basilarak fiber kaliplar1 elde edilebilmektedir (Bertoncini, ve
Ark., 2020).

8. FOTONIK KRIiSTAL FiBERLERIN
UYGULAMA ALANLARI

Mikro-yapili  geometrinin  kazandirdigr  olagandistii
yetenekler, FKF'lerin giinimuzde bilimsel ve endustriyel bircok
uygulamada basrol oynamasini saglamistir. Genel uygulama
alanlar1 su sekilde siralanabilir:

Optik Haberlesme: Standart fiberlerin dispersiyon
limitlerinin (yaklasik 1.55 um dalga boyu) ¢ok otesine gegilerek
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istenilen spektrumda sifir dispersiyon profilleri ve daha ytiksek
bit hizlarina ulasilabilmesi iletisim altyapilarinda devrim
yaratmistir. Fotonik bant araligi tabanli (i¢i bos c¢ekirdekli)
FKF'ler sayesinde, sinyal camdaki yerine havada iletildigi i¢in
sistem gecikmesi minimuma inmistir (Halder, ve Ark.,2024).

Fiber Lazerler ve Yuksek Gugli Lazerler: Coklu
modlu veya ¢ekirdek ¢ap1 devasa boyutlara ulasabilen genis mod
alanli (Large Mode Area - LMA) FKF'ler, ylksek enerji
lazerlerinin gilivenli ve deformasyon olmaksizin aktarilmasini
saglar. Termal hasar esikleri ¢ok yiiksek oldugu i¢in endiistriyel
kesim ve lazer cerrahisi prosedurleri icin uygundur (Zuo, ve
Ark.,2022).

Superkontinuum Uretimi: Lazer sinyallerinin son
derece genis bir bant aralima yayilarak "beyaz 151k" lazerine
doniistiiriilmesi islemidir. FKF'lerin minik efektif mod alanlari
Uzerinden elde edilen muazzam nonlineerite  etkisi,
stiperkontinuum 151k kaynaklarinin tasarimi i¢in paha bigilmez bir
zemin hazirlar (Dudley, ve Ark.,2006).

Kuantum Fotonigi: Dolasik (entangled) foton ¢iftlerinin
uretiminde faz uyumunu ve dispersiyon limitlerini harfi harfine
tayin edebilmek esastir. Holey (delikli) fiberlerin nonlineer optik
etkileri, kuantum kriptografi ve haberlesmesinde yayginlikla
kullanilmaktadir (McGarry, ve Ark.,2024).

Sensor Teknolojileri: FKF yapilari, dis ortamdan veya
¢ekirdek bosluklarina doldurulan herhangi bir numuneden
(analyte) gelen parametrik degisimlere karsi asir1 duyarlidir.
Basing, sicaklik, akustik veya ¢evresel nem degisimlerinin aninda
algilandig1 interferometrik veya yogunluk tabanli yapisal saglik
izleme sensdrleri olarak muazzam islevsellige sahiptirler
(Ademgil, ve Ark., 2023, Yasli, ve Ark., 2022).

Biyomedikal Uygulamalar: FKF'lerin igerisindeki mikro
hava delikleri dogrudan sivi  analiz  numuneleriyle
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doldurulabilmekte ve 1sik ile numune (analyte) molekdllerinin

mikro hacimde st diizey fiziksel etkilesime girmesi
saglanabilmektedir (Yasli, A., 2021, Sawraj, ve Ark. 2024).

9. GUNCEL ARASTIRMA TRENDLERI

2020-2026 periyodu, fotonik kristal fiberlerin konsept
olmaktan c¢ikip ticarilesmeye ve extrem ug¢ kosullara dogru
evrildigi bir donemdir. Geleneksel hesaplamali elektromanyetik
yontemlerin (FEM, FDTD) getirdigi devasa simiilasyon stirelerini
ve islemci yiiklerini hafifletmek i¢in arastirmacilar, optik tasarim
dongiisiine Yapay Zeka (Al) ve Makine Ogrenmesi modellerini
entegre etmeye baslamiglardir. Yapay sinir aglar1 (YSA) ve
genetik algoritmalar, FKF hava delik ¢aplari, pitch oranlar1 ve
eliptik deformasyon yapilarin1 "inverse design" (tersine tasarim)
prensibiyle insan tahmini Otesinde optik parametreler Ureterek
optimize etmektedir (Zelaci, ve Ark., 2020).

Bunun yani sira Hollow-Core (I¢i Bos Cekirdekli) Fiber
Gelismeleri yeni kirtlimlar yasamistir. Optik haberlesmede iletim
kayiplar1 standart saf silikanin teorik sinir1 olan 0.14 dB/km
Rayleigh sacilma limitinin altina diisiiriilmiistiir. Bunu miimkiin
kilan gelisme; I¢c Ice Gegmis Anti-Rezonant (NANF) Yapili
Fiberlerdir. Kilavuzlanan modlar ile rezonans ¢eperleri arasindaki
engellenmis eslesme sayesinde optik sinyalin %99.99'dan fazlasi
camin igerisine hi¢ temas etmeden (dolayisiyla 1sinma veya
malzeme absorpsiyonu olmadan) ilerlemektedir. Modern
disiplinler arasi ¢aligmalar, yonga i¢i fotoniklerle uyumlu tek
modlu ultra dar banth FKF ¢ip baglantilar1 (interconnects)
tasarlamaya yonelmistir (Borzycki, K., 2026).
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10. SONUC

Geleneksel optik fiberlerin fiziksel sinirlamalari iletisim
ve algilama (sensing) kapasitesini bir noktada doygunluga
ulastirmigken, Knight ve ekibi (1996) tarafindan literatiire
kazandirilan Fotonik Kristal Fiberler (FKF) ezber bozan
tasarimlariyla optik fizigin seyrini degistirmistir. Mikro yapili
hava deliklerinin (pitch, hole diameter, eliptik formasyonlar vs.)
esnek varyasyonlari, efektif kirilma indisinin hassasiyetle
kontroliine imkan vererek toplam i¢ yansima veya fotonik bant
araligi mekanizmalar1 iizerinden benzersiz bir iletim saglar.
Sonsuz tek mod davranisi, devasa veya mikroskobik boyutlara
ayarlanabilen efektif mod alanlari, iistiin ¢ift kirtlim 6zellikleri ve
genisletilmig  kromatik  dispersiyon manipiilasyonu  gibi
yetenekleri; FKF yapilarin1 fotonik sistemlerin yapi tasi haline
getirmistir. Istifleme/cekme ve giincel 3B baski teknikleriyle
uretim Kaliteleri giderek artan FKF'ler, yapay zekad destekli
analizlerle ¢agimizin (ve Otesinin) en inovatif dalga kilavuzu
¢ozlimlerinden biri olmaya devam etmektedir.
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FROM VELOCITY OBSTACLES TO SAFETY-
CRITICAL CONTROL: COLLISION
AVOIDANCE AND COORDINATION OF
MULTIPLE MOBILE ROBOTS!

Onur AKBATI?

1. INTRODUCTION

Collision avoidance is a common requirement in multi-
robot systems operating in shared environments. A mobile robot
must reach its assigned target while respecting its kinematic limits
and reacting to other moving agents while maintaining sufficient
separation from obstacles. In a multi-robot environment, this
problem becomes coupled: each robot changes the future motion
constraints perceived by the others. Consequently, a locally
reasonable command may produce oscillation, deadlock, or an
unsafe encounter when communication and perception delays are
not considered.

The velocity-obstacle (VO) family of methods provides a
geometric language for identifying controls that may lead to a
future collision (Fiorini & Shiller, 1998). Its principal strength is
computational transparency: predicted collisions are represented
directly in wvelocity space. Reciprocal variants distribute

1 This chapter is derived from the author's doctoral dissertation entitled
“Coordination of Multiple Mobile Robots” (Yildiz Technical University, 2013;
supervisor: Prof. Dr. Galip Cansever; Council of Higher Education Thesis No.
355711). It reorganizes and extends the dissertation's collision-avoidance, TCP-
based communication, experimental mobile-robot coordination, and parking/final-
orientation results within a contemporary safety-critical control framework.

2 Assistant Professor, Istanbul Technical University, Faculty of Electrical and
Electronics Engineering, Control and Automation Engineering Department.
ORCID: 0000-0001-6729-1277.

138



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

responsibility for avoidance among the agents (van den Berg, Lin,
& Manocha, 2008), while hybrid constructions reduce oscillatory
conditions (Snape, van den Berg, Guy, & Manocha, 2011).
Nevertheless, geometry alone does not guarantee safety under
discrete sampling, packet delay, model uncertainty, actuator
saturation, or the nonholonomic motion constraints of
differential-drive robots.

This chapter connects classical VO reasoning to safety-
critical control. The chapter first reviews differential-drive and
relative-motion models, VO, reciprocal VO (RVO), hybrid
reciprocal VO (HRVO), and optimal reciprocal collision
avoidance (ORCA), and then reconsiders the low-complexity
grid-based coordination approach developed in the author’s
doctoral research. The discussion incorporates practical
observations  from  camera-based  localization, TCP
communication, QBot implementation, cooperative motion, and
parking with a predefined final orientation. Finally, control
barrier functions (CBFs) are used to express collision avoidance
as a forward-invariance condition, clarifying how geometric and
optimization-based methods can be combined.

2. MULTI-ROBOT MOTION MODEL
2.1. Differential-Drive Kinematics

For robot i, let qi=[x;,yi,0i]" denote planar position and
heading. With linear velocity vi; and angular velocity wi, the
kinematic model becomes

J'Cl- = UiCOSHi, yi = UiSingi, éi = wi. (1)

The avoidance layer produces a planar velocity vector,
whereas a differential-drive platform can realize motion only
through the coupled action of its two wheels. Accordingly, the
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selected translational and angular command must be converted
into left- and right-wheel speeds and checked against the
platform’s velocity, acceleration, turning-rate, and sampling
limits. The dynamically reachable set can be constructed in
velocity space, as in the dynamic-window approach (Fox,
Burgard, & Thrun, 1997). Without this feasibility step, a
command that is collision-free in velocity space may remain
impossible for the physical robot to execute.

2.2. Relative Motion and Collision Condition

For disc-shaped robots i and j with radii r; and rj, define
relative position pi=p;—pi, relative velocity uj=ui—u;, and
combined safety radius Ri=ri+ritds, where d, is an additional
safety margin. Assuming constant velocity over a prediction
horizon 1, a collision is predicted when

dt € (O,T]: Il pij — tuij < Rij 2

This condition defines a truncated cone in relative-
velocity space. Enlarging Rj; or t increases conservatism;
reducing both improves mobility but weakens robustness to
latency and uncertainty. In experimental systems the effective
margin should therefore reflect localization error, communication
delay, braking capability, and the tracking bandwidth of the low-
level controller. Equation (4) below includes bounded delay, one
sampling interval, and localization uncertainty; an additional
stopping-distance term is required when the platform cannot be
assumed to maintain the stated velocity bounds. Figure 1 shows
the resulting relative-velocity geometry.
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Figure 1. Relative-velocity geometry of the finite-horizon VO.

3. VELOCITY-OBSTACLE-BASED COLLISION
AVOIDANCE

3.1. Classical Velocity Obstacles

The velocity obstacle VOi|i(t) is the set of velocities for
robot i that, relative to the predicted motion of robot j, lead to an
intersection within t. If V; denotes the dynamically reachable
velocity set and u;P™f the preferred goal-directed velocity, classical
VO control selects a feasible velocity outside the union of
pairwise forbidden regions:

VOiUT = {u: u-— u] € VOLJT}

u;* = arg miny, ||[u — u;P7¢ |3,

ueE Vi \ U];thO,_UT

@)

If the admissible set in (3) is empty, the controller must
select a minimum-violation command under explicit supervisory

141



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

logic or transition to a predefined safe stop. The method is
intuitive but may overreact when every robot assumes that the
others will maintain their velocities. Symmetric encounters can
produce alternating commands, especially when observations
arrive asynchronously.

3.2. Reciprocal and Hybrid Formulations

In RVO, the correction needed to leave the collision
region is divided between two cooperating agents rather than
assigned entirely to one robot (van den Berg et al., 2008). HRVO
modifies this reciprocal construction by selecting boundaries that
discourage the mirrored, alternating maneuvers known as
reciprocal dances (Snape et al., 2011). This cooperation-based
interpretation is most appropriate when agents have comparable
behavior and timely information; heterogeneity, noncooperative
motion, packet loss, or unequal priority can invalidate its
assumptions.

3.3. ORCA as a Convex Local Program

ORCA expresses the avoidance condition associated with
each neighboring robot as a linear constraint on the candidate
velocity (van den Berg, Guy, Lin, & Manocha, 2011). Intersecting
these constraints with the platform’s feasible velocity set
produces a convex admissible region, from which the command
nearest to the preferred motion is chosen. This construction
supports efficient local computation in dense interactions;
however, practical safety still depends on state-estimation
accuracy, reciprocal agent behavior, and faithful execution of the
commanded velocity.
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4. LOW-COMPLEXITY GRID-BASED
COORDINATION

The doctoral study developed a low-complexity method
suitable for multiple mobile robots coordinated through a
supervisory computer (Akbati, 2013). The workspace is
represented by occupancy and reservation information; free cells
encode traversable regions, while robot footprints and safety
margins are expanded to account for finite dimensions. Global
routes provide progress toward assigned goals, and local
decisions resolve conflicts where planned routes overlap.

Instead of solving a large centralized continuous
optimization problem at each cycle, the method decomposes the
task into route generation, conflict detection, priority assignment,
and short-horizon motion execution. This reduces online
computation and makes the behavior easier to inspect. A robot
can proceed, wait, or reschedule based on occupancy and
reservation status. The crucial requirement is that reservations
and status updates remain temporally consistent across the team.

At each supervisory cycle, the grid coordinator (1) updates
occupied and reserved cells from the timestamped robot states,
(2) generates or refreshes each route over the finite cell horizon,
(3) detects overlapping space-time reservations, (4) resolves each
conflict using the fixed priority rule, and (5) issues proceed, wait,
or replan decisions before the continuous safety filter is evaluated.
For N robots and at most L reserved cells per horizon, reservation-
table updates require O(NL) operations; a naive all-pairs overlap
check requires O(NZ2L), although indexed cell reservations reduce
this cost in sparse workspaces.

The grid-based method and VO reasoning are
complementary. The grid supplies global structure and avoids
static obstacles; VO-type constraints manage short-horizon
interactions among moving robots. A hierarchical
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implementation can therefore use discrete planning to determine
preferred motion and a continuous safety layer to filter the
corresponding velocity commands.

5. COMMUNICATION, PERCEPTION, AND
IMPLEMENTATION

5.1. Camera-Based Localization and TCP
Communication

In the experimental design, an overhead vision system
estimates robot positions and orientations, while a supervisory
computer communicates commands and state information over
TCP. TCP provides ordered and reliable delivery, which
simplifies application-level consistency. Reliability, however,
does not imply bounded delay. Retransmission, buffering, image-
processing time, and operating-system scheduling create latency
and jitter. Therefore, even if a control package is correct, it may
have lost its validity by the time it is applied.

For each received state, the controller should retain a
timestamp and estimate information age. Prediction over the
measured age can partially compensate for delay, while a
watchdog must reject excessively old commands. A conservative
effective safety radius is

Rij,eff = Rij + (Ui,max + Uj,max)(Td +T;) + Epi 4)
+ & ;
where T_d bounds the sensing-to-actuation delay, T_s is
the sampling interval, and ¢ {p,i} and & {p,j} bound the
localization errors of the two robots. This relationship shows the
cost of delay: greater latency reduces the collision-free velocity
set and can eliminate narrow passages.
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5.2. QBot Experimental Platform

In earlier single-robot QBot experiments with an on-board
camera, the residual overshoot and steady-state error were
attributed to wireless communication delay and numerical
quantization (Akbati & Cansever, 2013). Wheel slip, actuator
dead zones, unequal motor response, quantized localization, and
limited angular acceleration are known to affect tracking and
should therefore be considered when interpreting terminal
accuracy. Commands must be subject to speed limits and checked
for feasible motion. Experimental validation should report not
only path completion but also minimum separation, command
smoothness, stopping behavior, and recovery from delayed or
missing updates.

6. COOPERATIVE CONTROL AND TASK
COORDINATION

Collision avoidance prevents unsafe contact but does not
by itself define team behavior. Coordination additionally requires
assignment of targets, management of shared passages, and
resolution of priorities. A communication graph G=(V,E) models
which robots exchange information. Collision-cone avoidance
has also been combined with consensus control for mobile-agent
teams (Akkaya, Akbati, & Ergeng, 2018), while distributed CBF
formulations can combine several safety constraints in multi-
robot operation (Fernandez-Ayala, Tan, & Dimarogonas, 2023).
For a simple consensus variable z;, distributed coordination may
be written as

Z == Z a;j (z — z) 5)

JEN;

145



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

Consensus supports agreement, but safety and liveness
remain separate concerns. Priority rules can break deadlocks;
reservation mechanisms can serialize access to bottlenecks; and
replanning can recover when the preferred route is persistently
blocked. Priority should not be switched too frequently because
repeated reversals recreate the oscillations observed in purely
reactive avoidance.

A practical hierarchy consists of a task layer that assigns
goals, a planning layer that generates preferred paths or velocities,
a coordination layer that manages reservations and priorities, a
safety filter that enforces separation, and low-level wheel
controllers that execute feasible commands. Instead of silently
proceeding with outdated assumptions, each layer should report
error conditions to the layer above it.

7. PARKING AND FINAL-ORIENTATION
CONTROL

Arrival at a target position is insufficient when the robot
must park with a predefined orientation. Near the target, direct
position regulation for a nonholonomic platform can become ill-
conditioned, and collision-avoidance corrections may leave the
robot at the correct position but with an undesired orientation.
Therefore, the controller must distinguish between the approach,
alignment, and final stabilization phases. Following the standard
polar-coordinate posture controller described by Siegwart,
Nourbakhsh, and Scaramuzza (2011), let the position error be
pi=Ipi—pi,gl, the bearing error be ai=atan2(yi,g—yi,Xi,g—xi)—0;, and
the final-heading error be Bi=0i,g—0i—ai. A representative local
posture-control law is

v = kppi, wi = kqa; + kgpP (6)
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With a; and B; wrapped to (—=,xt], the equilibrium is locally
exponentially stable when

k>0, kg <0, ke—k,>0.

The negative sign of kB is essential under the stated
definition of Bi. The polar-coordinate transformation is undefined
exactly at pi=0, and the stability statement is local rather than
global. When |oij>n/2, the forward direction is redefined and the
robot approaches the target in reverse, which keeps the effective
bearing error within the selected approach interval and avoids an
unnecessary large turn (Siegwart et al., 2011).

The gains must additionally respect the platform velocity
and acceleration limits. During terminal alignment, the safety
layer must remain active, and the reserved parking footprint
should include the swept area generated by rotation. A hysteresis
band around phase transitions reduces repeated switching caused
by measurement noise; it is an implementation measure and does
not by itself constitute a stability proof for the switched system.

8. CONTROL BARRIER FUNCTIONS FOR
SAFETY-CRITICAL CONTROL

8.1. Pairwise Safety Constraint

For clarity, the CBF formulation is first introduced at the
virtual planar-velocity level, where pi=ui. Because a differential-
drive robot cannot directly realize an arbitrary planar velocity
vector, the virtual command must subsequently be transformed
into admissible linear and angular velocities. The look-ahead-
point transformation introduced below establishes this connection
while preserving the affine structure required by the CBF-QP.
The construction follows the forward-invariance framework of
Ames, Xu, Grizzle, and Tabuada (2017).
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hij(p) =l p; — p; I~ R}; ©)

The safe set is C={p:hij(p)=>0 for all i#j}. A sufficient CBF
condition for forward invariance of the safe set is

hl]+}/hl] 20, ]/>0 (8)

Since hi=2(pi—p)T(ui—u;), the condition is affine in
velocity commands and can be included in a quadratic program.
With nominal command u™™ supplied by the planner, a
centralized safety filter can be stated as

minvilwi % ||A(9i)[vl~, a)i]T - uinom”z such that

dhyf/dt+vhif 20, vl < Viax ©)

|(‘)i| < Wmax-

8.2. Differential-Drive Realization Through a Look-
Ahead Point

To apply the planar CBF command to the differential-
drive model in (1), define a look-ahead point located at a fixed
distance £>0 from the robot center:

cos 0,

sin 6, (10)

e _
ri=pt? [
Its velocity is related to the differential-drive inputs by

¢ _ |cosB; —£sin Bi] Vi1 _ N[V
P = sin@; £ cos6; [wi] =A%) [wi] (11)

Since det A(0:)=t#0, every virtual look-ahead-point
velocity command can be mapped to admissible differential-drive
inputs according to
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(o] = 47 @)ust (12)

The safety constraint is therefore evaluated using the look-
ahead points rather than assuming that the robot center can
execute an arbitrary planar velocity. Here, ui! denotes the virtual
look-ahead  velocity = command.  This  near-identity-
diffeomorphism construction follows the multi-robot barrier-
certificate treatment of Wang, Ames, and Egerstedt (2017). A
conservative pairwise barrier function is

M n2 2
hii* =l —p;°ll" — (Ryj + 2¢) (13)

Enforcing the constraint in (13) provides a conservative
center-to-center separation guarantee by the triangle inequality.
Its derivative is affine in the physical inputs (vi,®;), so the CBF-
QP can account explicitly for the nonholonomic differential-drive
kinematics. The transformed velocity constraints remain linear in
(vi,;), as written in (9). Loss of feasibility must trigger a
predefined safe-stop or supervisory action.

The look-ahead construction guarantees safety under the
stated assumptions, but it does not guarantee liveness. In a
symmetric encounter, minimally modifying both nominal
commands can bring the robots to a mutual stop. The coordination
layer described in Sections 4 and 6 must therefore break the
symmetry through a consistent priority assignment, a reservation
decision, or a small rule-based lateral bias in the nominal
command. The safety filter then enforces separation while the
coordination layer restores progress.

The choice of { creates a practical trade-off. Increasing {
enlarges the conservative radius Ri+20, whereas decreasing
amplifies angular commands through the 1/¢ term in A~'(;).
Accordingly, ¢ should be selected as a small fraction of the
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available passage width and checked against the platform’s
angular-velocity limit. Because look-ahead feedback does not
directly regulate the center orientation, the parking controller in
Section 7 remains a distinct terminal mode.

8.3. Robustness to Delay and Uncertainty

A CBF inequality is only as reliable as the state and model
used to evaluate it. Robust variants tighten the constraint using
bounds on localization error, delay, disturbance, and tracking
error. Recent collision-cone and velocity-obstacle CBF
formulations place dynamic collision geometry directly in the
safety constraint, reducing conservatism and extending the
approach to acceleration-controlled and multi-robot systems
(Huang et al., 2025; Tayal et al., 2026). Alternatively, predicted
states may be used with an enlarged safety radius. Slack variables
may preserve numerical feasibility, but safety slack must carry a
very large penalty and trigger a supervisory response because a
feasible optimization problem is not equivalent to a physically
safe system. Equation (9) is centralized; a distributed
implementation may instead allocate pairwise barrier
responsibility between neighboring robots, following the
reciprocal barrier-certificate construction of Wang et al. (2017).

9. COMPARATIVE ASSESSMENT AND
INTEGRATED ARCHITECTURE

Table 1 summarizes the complementary properties of the
principal approaches. The comparison is qualitative because
performance depends strongly on sensing rate, robot density,
dynamic limits, and communication conditions.
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Table 1. Qualitative Comparison of Collision-Avoidance and
Coordination Approaches

Representatio

Method n Strength Limitation Role
Forbidden Simple Oscillation; Reactive
e velocity set eomet assumes avoidance
y g Y constant motion
Reciprocal Reduced Needs Symmetric
RVO/HRVO eon?et reciprocal cooperation er)1/counter5
g Y dances assumptions
ORCA Velocity half- Eg{:\‘;:&m Execution and Dense local
planes - latency limits interaction
solution
. Low
Grid/reservatio Discrete  cells complexity  Resolution and Globa_l -
and ) coordinatio

n synchronization

time/priority n

inspectable
Invariant-set Splicit Model/feasibilit  Final safety
CBF-QP . . safety e .
inequality condition y sensitivity filter

An integrated architecture uses the thesis-derived grid and
reservation layer to supply globally meaningful, conflict-aware
preferred commands. VO or ORCA can serve as a fast geometric
predictor and candidate generator. A CBF-QP formulated at the
look-ahead-point level modifies the nominal command when
necessary and maps the resulting virtual velocity to admissible
differential-drive inputs. Pairwise safety is retained when the
barrier constraints remain feasible and the stated modeling and
uncertainty bounds are satisfied. Terminal parking is handled as
a mode with position and final-orientation objectives while
retaining the same safety layer. TCP timestamps, watchdogs, and
conservative uncertainty margins connect the mathematical
conditions to the physical implementation.

Evaluation should include at least task-completion time,
path length, minimum inter-robot distance, number of stops or
replans, peak and total control correction, terminal
position/orientation error, optimization time, and sensitivity to
injected latency or packet loss. Comparing methods under
identical initial conditions and dynamic constraints is essential;

151



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

otherwise, a shorter path may merely reflect a smaller safety
margin. Figure 2 shows the resulting layered architecture.

Task and grid Preferred command . Look-ahead mapping and
" [ CBF-QP safety fiiter —H " jitterential drive robor

planning and VO/ORCA
/ ./mursmeﬂts

Perception. TCP communication, timestamps,
state estimation, and uncertainty margins

feedback

Figure 2. Layered architecture combining planning, geometric
prediction, and safety-critical control.

10. CONCLUSION

The progression from velocity obstacles to safety-critical
control is not a replacement of one method by another but a
clarification of their roles. VO-based methods efficiently expose
imminent geometric conflicts; reciprocal variants improve
cooperative behavior; grid-based planning and reservation
provide global structure and low-complexity coordination; and
CBFs translate minimum-separation requirements into explicit
control constraints.

The  doctoral implementation  illustrates  why
communication, perception, platform dynamics, and terminal
parking must be treated as part of the control problem. TCP
reliability cannot remove delay, vision data require time-aware
prediction, and a collision-free planar velocity may be infeasible
for a differential-drive robot. The most defensible design is
therefore layered: task and grid planning generate progress,
geometric methods anticipate local interactions, and a model-
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consistent safety filter constrains the look-ahead-point motion
and maps the resulting commands to attainable differential-drive
inputs. This layered formulation preserves the practical
contributions of the original multi-robot coordination study and
provides a structured basis for safety-critical implementation,
subject to the stated feasibility, sensing, and uncertainty
assumptions.
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BiYOSENSORLER: TEMEL YAPI, CALISMA
PRENSIPLERI VE GUNCEL GELiSMELER
UZERINE DERLEME

Ahmet Enes KARACA!
Sila KOROGLU?

Yunus Emre CALISKAN?®
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teknolojilere olan gereksinimi artirmistir. Biyosensorler, hedef
analiti tanityan biyolojik eleman ile bu etkilesimi Olgiilebilir
sinyale doniistiiren transdiiseri birlestirir. Biyoreseptor ve
doniistirme yontemlerinin ¢esitlenmesi, saglik, c¢evre, gida,
tarim, savunma ve ila¢ gelistirme alanlarinda farkli hedeflerin
analizini saglamistir. Bu derlemede biyosensdrlerin temel yapisi,
caligma prensibi, gelisimi, tiirleri ve uygulamalari; nanomalzeme
destekli, mikroakiskan, giyilebilir ve yapay zeka ile biitlinlesmis
platformlar iizerinden incelenmis, mevcut sinirliliklar ve gelecek
perspektifi degerlendirilmistir.

2. BIYOSENSORLERIN TEMEL YAPISI VE
CALISMA PRENSIBI

2.1. Biyosensor Nedir?

Biyosensorler; hedef  bir  analitin varligini,
konsantrasyonunu veya miktarin1 tayin etmek amaciyla
tasarlanmig, yapisinda biyolojik  bir tanima elemani
(biyoreseptor) ile fizikokimyasal bir doniistiirticiiyii (transdiiser)
bir arada barindiran entegre analitik cihazlardir (Ali, Najeeb, Ali,
Aslam, & Raza, 2017; Bollella & Katz, 2020). Bu sistemlerin
temel felsefesi, canli organizmalarin veya biyolojik bilesenlerin
sahip oldugu essiz molekiiler secicilik yetenegini, modern
elektronigin nicel sinyal isleme giiciiyle bir araya getirmektir
(Turner, 2013). Biyosensorler, karmasik matrisler icerisindeki
spesifik kimyasal veya biyolojik degisimleri dogrudan dlgiilebilir
bir sinyale dontistiirerek hizli, hassas ve dogrudan analiz imkani
sunarlar (Kulkarni, Ayachit, & Aminabhavi, 2022).

2.2. Biyosensorlerin Temel Mimarisi

Bir biyosensoriin yapisal biitiinliigii, islevsel olarak
birbirini takip eden ve entegre bir zincir olusturan bes temel
bilesenden meydana gelir: analit, biyoreseptdr, arayiiz
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(immobilizasyon  katmani), doniistiirticii.  ve  sinyal
isleme/gosterge iinitesi (Chadha et al., 2022; Kulkarni et al.,
2022).

2.2.1. Analit

Analit, incelenen veya Ol¢iim yapilmak istenen karmasik
numune ortami igerisinde nicel (miktar) veya nitel (varlik) olarak
tespiti hedeflenen 6zgiil kimyasal ya da biyolojik bilesendir (Ali
et al,, 2017). Analit, biyosensoriin algilama mekanizmasin
tetikleyen temel girdidir (Kulkarni et al., 2022).

2.2.2. Biyoreseptor (Biyolojik Algilama Elemani)

Biyoreseptor, biyosensoriin segiciliginden ve hedef
molekiilii tanima kabiliyetinden sorumlu olan biyolojik veya
sentetik kokenli unsurdur (Ali et al., 2017; Bollella & Katz,
2020). Ortamdaki diger yabancit molekiiller arasindan yalnizca
hedef analiti secip ona baglanarak biyosensoriin dogrulugunu
saglar (Chadha et al., 2022). Literatiirde biyoreseptor olarak
enzimler, dokular, hcreler, antikorlar, nukleik asit dizilimleri
(DNA/RNA), aptamerler veya antikorlar1 taklit eden sentetik
yapilar (Molekiiler Baskilanmig Polimerler-MIP)
kullanilmaktadir (Chadha et al., 2022; Kulkarni et al., 2022).

2.2.3.Biyoreseptor-Doniistiiriicii Arayiizii
(immobilizasyon)

Biyolojik algilama elemaninin, kendi dogal yapisini,
konformasyonunu ve ii¢ boyutlu iglevini kaybetmeden transduser
ylizeyine entegre edilmesi/sabitlenmesi iglemidir (Ali et al.,
2017). Sinyalin kayipsiz iletilebilmesi i¢in bu arayiiz katmamn
hayati onem tasir ve sabitlenme islemi fiziksel adsorpsiyon,
kovalent baglama veya matris igerisine hapsetme (kapsiilasyon)
gibi kimyasal/fiziksel yontemlerle gerceklestirilir (Ali et al.,
2017; Turner, 2013).
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2.2.4. Doniistiiriicii (Transdiiser)

Dontistiiriicti, analit ile biyoreseptor arasindaki etkilesim
sonucunda ylizeyde meydana gelen biyokimyasal veya
biyoanalitik degisimi dogrudan yakalayan ve bunu 6l¢iilebilir bir
fiziksel sinyale doniistiiren kalici cihaz bilesenidir (Ali et al.,
2017; Kulkarni et al., 2022). Doéniistiiriici, biyolojik diinyadaki
(reaksiyon, kiitle artisi, 151k emilimi, elektron hareketi veya 1s1
degisimi gibi) olaylari, elektronik diinyanin anlayabilecegi bir
dile (elektrik akimi, voltaj, direng veya optik veri) terciime eden
kopru vazifesindedir (Ali et al., 2017; Chadha et al., 2022).

2.2.5. Sinyal isleme ve Gosterge Unitesi

Doniisgtlirtici  tarafindan iiretilen ham fiziksel sinyal
genellikle olduk¢a zayif, mikro veya nano diizeyde ve dis
giiriiltiilere aciktir (Kulkarni et al., 2022). Sinyal isleme iinitesi,
bu ham veriyi alir; amplifikatorler (ylikselticiler) vasitasiyla
kuvvetlendirir, analog sinyali dijital veriye dontistiiriir ve giiriiltii
filtreleme islemlerinden gegirir (Kulkarni et al., 2022; Sumitha &
Xavier, 2023). islenen bu kararli veri, kullanicinmn dogrudan
okuyabilecegi nicel bir konsantrasyon degeri, sayisal veri veya
grafik olarak nihai ekran modiiliine aktarilir (Chadha et al., 2022).

2.3. Genel Calisma Prensibi ve Sinyal Doniisiim
Mekanizmasi

Biyosensorlerin ¢aligma prensibi, molekiiler tanimadan
sayisal ¢iktrya uzanan ardigik bir siirece dayanir (Ali et al., 2017).
Sekil 1°de gosterildigi gibi biyosensorler, analitin taninmasini
Olgiilebilir bir sinyale doniistiiren bilesenlerden olusur. Analit,
numuneden diflizyonla biyoreseptdor katmanma ulasir ve
molekiiler uyum veya kimyasal afinite yoluyla taninir. Bu
etkilesim; biyoreseptdriin dogasma gore elektron veya yan liriin
olusumu, ylizeyde kiitle birikimi, 1s1 degisimi ya da optik
Ozelliklerin farklilasmasi gibi fizikokimyasal degisiklikler iretir.
Doniistiirticti, bu degisiklikleri algilayarak akim, potansiyel farki
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veya frekans kaymasi gibi Ol¢iilebilir sinyallere doniistiiriir. Ham
sinyal elektronik devrelerde yikseltilir, filtrelenir ve kalibrasyon
iliskisi kullanilarak konsantrasyon degerine c¢evrilir; sonug
gosterge ekraninda kullaniciya sunulur (Ali et al., 2017; Chadha
et al., 2022; Kulkarni et al., 2022).

o, o
/ h \\ o ’—
@
O : O Biyoreseptor
@ e _
\ @ o
0 O /—Immoblllzasyon
Numune
o—— Doniistiiriicii
O Analit

Sinyal igleme Sonuq

Sekil 1. Biyosensoriin temel bilesenleri ve sinyal olusum siireci

3. BIYOSENSOR TEKNOLOJISININ GELISIiM
SURECI

Biyosensor teknolojisinin baglangici, Clark ve Lyons’un
1962 yilinda gelistirdigi enzim tabanl glikoz sensoriine dayanir.
Glikoz  oksidazin  kullanildigt  bu  yaklasim, biyolojik
reaksiyonlarmm  elektrokimyasal = olarak  izlenebilecegini
gostermistir (Chadha et al., 2022). Ardindan farkli enzimlerle
klinik tani, gida giivenligi ve cevresel izlemeye yonelik sistemler
gelistirilmis; ancak enzimlerin g¢evresel kosullara duyarliligi,
kararlilik ve kalibrasyon sorunlarin1 beraberinde getirmistir
(Vigneshvar, Sudhakumari, Senthilkumaran, & Prakash, 2016).
Elektrokimyasal ve optik doniistiiriiciilerin geligmesi, hassas
Ol¢timleri ve bakim noktast uygulamalarii desteklemistir (Kurt,
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Yavuz Alagdz, & Bereli, 2026). Biyolojik tanima elemanlarinin
cesitlenmesiyle aptamer tabanli sistemler de gelismis ve farkl
hedeflerin tespitinde kullanilmaya baglanmistir (Sequeira-
Antunes & Ferreira, 2023). Nanomalzemelerin kullanimi ise
sinyal guclendirme ve analitik performansin gelistirilmesinde
onemli bir asama olusturmustur (Kumar, Purohit, Maurya,
Pandey, & Chandra, 2019). Sonraki gelismeler, tasabilir ve
giyilebilir  biyosensorler ile mikroakiskan platformlarin
yayginlagmasini saglamis; biyolojik sivilardan ornekleme ve
stirekli izleme olanaklarini genisletmistir (Pour et al., 2024; Tu,
Torrente-Rodriguez, Wang, & Gao, 2020). Giincel asamada
yapay zeka destekli veri analizi ve Nesnelerin Interneti (IoT)
baglantilari, akilli ve uzaktan izlenebilir sistemlerin gelisimini
desteklemektedir (Wang, He, Zhou, Zhang, & Lee, 2023).
Biyosensor teknolojisinin  tarihsel gelisimi  Sekil 2’de
Ozetlenmistir.

l 1962 - Clark-Lyons % &7
02 Enzim elektrodu
\» P

Tanima cesitliligi
° cesitliug

o il -

Nanomalzemeler

SN

N\
Giyilebilir sistemler Baglantili platformlar
@ @ >

Sekil 2. Biyosensor teknolojisinin tarihsel gelisimindeki baslhca
asamalar

162



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

4. BIiYOSENSOR TURLERI

Biyosensorler, kullanilan biyolojik tanima elemanina ve
analit-biyoreseptor  etkilesiminin  Olgiilebilir  bir  sinyale
doniistiiriilme yontemine gore smiflandirilmaktadir (Sekil-3*te
gostertmistir). Biyolojik tanima elemanina gore enzim, antikor,
niikleik asit, aptamer, hiicre ve molekiiler baskilanmis polimer
tabanli biyosensdrlerden sz edilebilir. Bu sistemlerin segiciligi,
kullanilan tanima elemaninin hedef analitle kurdugu o6zgiil
etkilesime baghdir. Transdiiksiyon mekanizmasina gore ise
biyosensorler baslica elektrokimyasal, optik, piezoelektrik veya
kiitle tabanli ve termal sistemler seklinde incelenmektedir. Her bir
yaklagim, biyolojik tanima sonucunda meydana gelen akim,
potansiyel, empedans, 151k siddeti, kirilma indisi, kiitle veya
sicaklik degisimini farkli bir fiziksel prensip araciligiyla
Olgmektedir. Bu nedenle biyosensorlerin analitik performansi;
biyoreseptoriin segiciliginin yani sira kullanilan doniistiirme
yonteminin hassasiyeti, Ol¢iim araligi ve hedef uygulamaya
uygunluguna gore degismektedir (Ali et al., 2017; Katey,
Voiculescu, Penkova, & Untaroiu, 2023).

Tanima elemani o
a
e YW ™iv
Enzim Antikor Niikleik asit

Mip*

Dénlistirme mekanizmasi

Aptamer Hilicre / doku

\ x
N L
Elektrokimyasal Optik
Mekanik
* Biyomimetik tarema

Sekil 3. Biyosensorlerin tanima elemanlari ve sinyal doniistiirme
mekanizmalarina gore siniflandirilmasi

163



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

4.1. Optik Biyosensorler

Optik biyosensorler, 11k ile madde arasindaki etkilesime
dayali calisir. X-1511, ultraviyole, goriiniir 151k, kizilotesi ve gama
isilart  spektrumunu  kapsayan bu yontemde; liiminesans,
floresans, kolorimetri veya absorpsiyon gibi optik sinyaller analiz
edilerek hedef bilesigin konsantrasyonu belirlenir. Bu sensorler;
saglik hizmetleri, klinik tani, ila¢ kesfi, biyomedikal arastirma,
cevre izleme ve gida proses kontrolil basta olmak {izere genis bir
uygulama yelpazesinde kullanilmaktadir. Analitlere hizli yanit
verme kapasiteleri, yiiksek ozgiilliikkleri ve giiclii duyarliliklar
sayesinde arastirmacilar ve klinisyenler arasinda yaygin bicimde
tercih edilmektedirler (Chadha et al., 2022; Kulkarni et al., 2022).

4.2. Elektrokimyasal Biyosensorler

Elektrokimyasal biyosensorler, biyokimyasal strecleri
Olciilebilir elektriksel sinyallere doniistiiren sistemlerdir. Enzim-
substrat reaksiyonlar1 ve antijen-antikor etkilesimleri gibi
biyolojik olaylar; voltaj, akim veya empedans bigiminde
elektriksel ¢iktilara ¢evrilir. Bu kategori kendi iginde bes alt sinifa
ayrilir (Katey et al., 2023; Sumitha & Xavier, 2023):

4.2.1. Amperometrik Biyosensorler

Bir oksidasyon reaksiyonu sonucunda {retilen akimi
Olger. Kesin kantitatif analitik veriler retebilmeleri ve yuksek
duyarliliklar1 ile 6ne ¢ikarlar. Sonuclar, sensoriin kendi akim
c¢ikisinin analiz edilmesiyle elde edilir (Sumitha & Xavier, 2023).

4.2.2. Voltammetrik Biyosensorler

Degisen voltajin ardindan akim1 6lgen elektro-analitik bir
yonteme dayanir. Diisiik maliyetleri, yliksek se¢icilikleri ve iistiin
duyarliliklar1 nedeniyle biyosensor sistemlerinde siklikla tercih
edilmektedir (Sumitha & Xavier, 2023).
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4.2.3. Empedimetrik Biyosensorler

Biyoalic1 molekiillerin elektrot yiizeyine immobilize
edilmesiyle Tretilir. Hedef analitin segici baglanmasi
gerceklestikce sensor ylizeyindeki iletkenlik ve kapasitans
degisikliklerini 6l¢er. Bu sayede hem biyolojik molekdlleri hem
de canli hiicrelerin davraniglarii tespit edebilir (Katey et al.,
2023; Sumitha & Xavier, 2023).

4.2.4. Potansiyometrik Biyosensorler

Calisma elektrodu ile referans elektrodu arasindaki
potansiyel farkinin  Olclilmesine  dayanir.  Amperometrik
sistemlerin aksine bu teknik, 6lculen tirleri tiketmez (Sumitha &
Xavier, 2023).

4.2.5. Konduktometrik Biyosensorler

Iyon duyarli silikon alan etkili transistérler (FET) kullanr.
Biyo-duyarl tabaka, transistoriin kapisi (gate) tizerindeki iyon

duyarli membran yiizeyine yerlestirilerek ¢alisir (Chadha et al.,
2022).

4.3. Kiitle Tabanh Biyosensorler

Kiitle tabanli biyosensorler, hedef analitin reseptore
baglanmasiyla sensor yilizeyinde olusan kiitle degisimini
genellikle rezonans veya salinim frekansindaki kayma tizerinden
Olcer. Bu gruptaki piezoelektrik kuvars sensorler, diger adiyla
kuvars kristali mikrotarazi sistemleri, antijen-antikor baglanmasi
gibi etkilesimleri rezonans frekansindaki degisimle belirler.
Ylzey akustik dalga sensorleri, piezoelektrik malzemeler
tizerinde olusturulan akustik dalgalardaki degisimleri izleyerek
ylizey etkilesimlerini degerlendirir. Manyetoelastik
biyosensorler, manyetik alan altinda meydana gelen mekanik
titresim ve gerilim degisimlerini 6lgerken, mikro konsol sensorler
nano Olcekteki kiitle degisimlerini konsol yapisindaki sapma veya
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rezonans degisimi lizerinden tespit eder (Chadha et al., 2022;
Katey et al., 2023).

5. BIYOSENSORLERIN UYGULAMA
ALANLARI

Glikoz algilama sistemlerinden gelisen biyosensorler,
tanima elemani, transdiiser ve sinyal isleme iinitesini birlestirerek
hastalik taramasindan ¢evre izlemeye, tarimdan savunmaya kadar
Sekil-4’te gosterildigi gibi genis bir alanda kullanilmaktadir (Ali
et al., 2017; Kulkarni et al., 2022).

Saghk Cevre ve su Gida

Glikoz Metal iyonlar Salmonella

Tarim Biyogiivenlik Ilac gelistirme

Pestisitler Botulinum toksini  Hedef etkilesimi

Sekil 4. Biyosensorlerin baslica uygulama alanlari ve bu alanlara
iliskin 6rnek analiz hedefleri

5.1. Saghk Hizmetleri

Saglik hizmetleri alani, biyosensorlerin en yaygin
uygulama alanlarindan biridir. Bulasict hastalik taramasi, erken
tani, kronik hastalik yoOnetimi ve hasta takibinde; timor ve
patojen tespiti, kan glikozu izleme, idrar yolu enfeksiyonlarinin
tanis1 ve antibiyotik duyarliligimin belirlenmesi amaciyla
kullanilmaktadir. Kalp hastaliklarinin tanisi, retina protezleri ve

166



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

MRI kontrast maddeleriyle iligkili ileri uygulamalar da literatiirde
ele alinmaktadir (Haleem, Javaid, Singh, Suman, & Rab, 2021).
Giyilebilir cihazlar; kalp atis hiz1 ve degiskenligi, solunum ve
uyku gibi fizyolojik parametreleri izler. Ter tabanl glikoz
sensoOrleri ise ignesiz izleme ve kullanict konforu agisindan
arastirllmaktadir (Haleem et al., 2021; Katey et al., 2023).
Pandemi ddneminde SARS-CoV-2 tespiti icin yapay zek& ve
Nesnelerin Tibbi Interneti (AI-IoMT) ile biitiinlesen bakim
noktas1 (POC) biyosensorleri gelistirilmistir (Sumitha & Xavier,
2023).

5.2. Cevre ve Su Kalitesi izleme

Endiistriyel ve tarimsal faaliyetlerden cevreye salinan
sentetik kimyasallar, agir metaller ve pestisitler ¢cevresel saglik
riskleri olusturmaktadir. Biyosensorler; kimyasal ajanlarin,
organik kirleticilerin, toksik elementlerin ve patojenlerin hava, su
ve topraktaki varliginin siirekli ve duyarli bigimde izlenmesinde
kullanilmaktadir (Chadha et al., 2022; Kulkarni et al., 2022).
Ozellikle uygunsuz atik yonetimi sonucunda suya karisan toksik
bilesikler, su kalitesini ve ekosistemleri olumsuz etkilemektedir.
Biyosensorler, su ortamindaki patojen mikroorganizmalari, agir
metal iyonlarin1 ve organik kirleticileri hizli ve gilivenilir bigimde
saptayarak su kalitesinin degerlendirilmesine katki saglamaktadir
(Katey et al., 2023; Kulkarni et al., 2022).

5.3. Gida ve icecek Endiistrisi

Gida sektoriinde biyosensorler; karbonhidratlar, amino
asitler ve vitaminler gibi besin etiket  bilgilerinin
dogrulanmasindan, gida giivenliginin ve kalitesinin izlenmesine
kadar genis bir islev yelpazesinde kullanilmaktadir.
Biyosensorler ayrica, bozulmus gidalardan salinan gazlarin
tespitinde, kontaminasyon izlenmesinde ve taze gidalarda bakteri
ile mantar gelisiminin kontroliinde etkin bi¢cimde devreye
girmektedir. Gida isleme tesislerinde otomasyon amagh

167



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

kullanimlar1; siire¢ siiresini ve maliyetini Onemli dlglide
azaltmaktadir (Ali et al., 2017; Chadha et al., 2022).

5.4. Tarm

Tarim sektoriinde {iriin  kalitesi geleneksel olarak
mikrobiyolojik veya kimyasal yontemlerle kontrol edilmektedir.
Bu yontemler hem pahali hem de zaman alicidir. On islem ve
ekstraksiyon gibi ek adimlar gerektiren bu geleneksel
yaklagimlarin aksine, biyosensorler iiriin kalitesi izlemesi i¢in
hizli, tahribatsiz ve uygun maliyetli ¢6ziimler sunmaktadir.
Tarimsal arastirmalarda niikleik asit tabanli molekiiler
goriintiileme ve dizileme teknolojileriyle entegre ¢alisan
biyosensorler, bitki bilimi alaninda da énemli ilerlemelere katki
saglamaktadir (Chadha et al., 2022; Kulkarni et al., 2022).

5.5. Glvenlik ve Savunma

Biyosensorlerin milyonda bir (ppm) ve milyarda bir (ppb)
diizeyindeki son derece diisiilk konsantrasyonlarda bile g¢oklu
analit tiirlerini dogru bi¢imde tespit edebilme yetenegi,
biyogiivenlik ve savunma alaninda krittk bir avantaj
saglamaktadir. Bu sistemler, botulinum toksini, Francisella
tularensis, Salmonella typhimurium ve Yersinia pestis gibi
biyoterdrizm ajanlarinin tespitinde kullanilmaktadir. Askeri
uygulamalarda ise vejetatif bakteriler, sporlar, toksinler ve
viriisler dahil olmak iizere ¢esitli biyolojik savas ajanlarinin

(BWA) anlik ve dogru tanimlanmasi birincil hedef olarak 6ne
cikmaktadir (Ali et al., 2017; Chadha et al., 2022).

5.6. Ila¢ Gelistirme ve Izleme

Biyosensorler, ilag tasarimi ve gelistirme siire¢lerinde de
giderek artan bir dnem kazanmaktadir. Bir biyosensor, hedef
molekiilii algilayarak sinyal tiretebilme kapasitesiyle; ilag aday1
kimyasal bilesikler ile hedef molekiiller arasindaki etkilesimlerin
incelenmesine dogrudan katki saglar. Bu 6zellik, ilag etkinliginin
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degerlendirilmesinde ve yeni farmasotik ajanlarin kesfinde
arastirmacilara giiglii bir ara¢ sunmaktadir (Haleem et al., 2021;
Kulkarni et al., 2022).

6. YENI NESIL BiYOSENSOR PLATFORMLARI

Bu  bolimde, temel  biyosensor  sistemlerinin
performansini, tagimnabilirligini ve klinik uygulanabilirligini
gelistiren  nanomalzemeler, = CRISPR/Cas, mikroakigkan
platformlar, giyilebilir cihazlar ve yapay zeka destekli veri isleme
yaklasimlar1 incelenmektedir.

6.1. Nanomalzemelerle Performansin Gelistirilmesi

Nanoteknoloji, biyosensdr performansini artiran en
onemli gelismelerden biri olarak kabul edilmektedir. Karbon
nanotiipler, grafen, MXene yapilari, metal nanopartikiiller ve
metal siilfiir bazli nanomalzemeler yiliksek ylizey alani, istiin
elektriksel iletkenlik ve biyouyumluluk o6zellikleri sayesinde
sensor duyarliligini 6nemli 6l¢iide artirmaktadir (Bollella & Katz,
2020; Khan & Andreescu, 2020; Li, Wang, Jiang, & Wang,
2020). Ozellikle grafen ve karbon nanotipler, elektrot yiizey
alanimi genigleterek biyomolekiillerin daha etkin baglanmasii
saglamaktadir. Benzer sekilde MXene olarak adlandirilan iki
boyutlu nanomalzemeler yuksek iletkenlikleri ve kolay yizey
modifikasyonlar1 sayesinde biyolojik analizlerde umut vadeden
materyaller olarak dne ¢ikmaktadir (Bollella & Katz, 2020; Khan
& Andreescu, 2020). Nanomalzemelerin kullanimi sayesinde
biyobelirteclerin femtomolar hatta attomolar diizeylerde tespit
edilmesi miimkiin hale gelmistir. Bu durum 0zellikle erken evre
kanser tanisi, enfeksiyon hastaliklarinin hizli teshisi ve

kisisellestirilmis tip uygulamalar1 agisindan biiyliik 6nem
tagimaktadir (Kim, Joe, Mitchell, & Gu, 2023).
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6.2. CRISPR Tabanh Molekiiler Tam Platformlari

Son yillarin en dikkat c¢ekici gelismelerinden biri
CRISPR/Cas sistemlerinin biyosensor teknolojilerine entegre
edilmesidir. Baslangicta gen diizenleme amaciyla gelistirilen bu
sistemler, giliniimiizde ylksek 0Ozgiillikte molekiiler tam
platformlar1 olarak kullanilmaktadir (Kim et al., 2023;
Santhanam, Algov, & Alfonta, 2020). CRISPR tabanh
biyosensorler, hedef DNA veya RNA dizilerini ¢ok diisiik
konsantrasyonlarda tespit edebilmekte ve geleneksel PCR
yontemlerine alternatif olusturmaktadir. SHERLOCK ve
DETECTR gibi sistemler viral enfeksiyonlarin hizli teshisinde
basaril1 sonuglar vermistir (Kim et al., 2023). Bu teknolojinin en
Oonemli avantajlarindan biri, karmasik laboratuvar ekipmanlarina
ithtiya¢ duymadan ytiksek dogrulukta analiz yapabilmesidir.

6.3. Mikroakiskan, Kagit Tabanh ve Tasinabilir
Sistemler

Mikroakiskan teknolojiler biyosensorlerin tagmabilir hale
gelmesinde kritik rol oynamaktadir. Laboratuvar ortaminda
gerceklestirilen birgok analiz artik "lab-on-a-chip” sistemleri
sayesinde tek bir ¢ip lizerinde gergeklestirilebilmektedir (Kim et
al., 2023). Kagit tabanli analitik cihazlar ise diisiik maliyetleri ve
kolay {retilebilirlikleri nedeniyle oOzellikle gelismekte olan
iilkelerde 6nemli avantajlar sunmaktadir. Lateral akis testleri
(LFA), COVID-19 hizhi testleri ile genis kitleler tarafindan
taninmustir. Gelistirilen yeni nesil kagit tabanli sensorlerde akill
telefonlarla  entegre c¢alisan gorlinti  1sleme  sistemleri
kullanilmakta ~ve  bdylece sonuglarmm  sayisal  olarak
degerlendirilmesi miimkiin olmaktadir (Kim et al., 2023).

6.4. Giyilebilir ve Siirekli izleme Platformlar

Saglik teknolojilerindeki en 6nemli doniistimlerden biri
giyilebilir biyosensorlerin gelisimidir. Akilli saatler, deri iizerine
yapistirilabilen sensorler ve mikro igne tabanli sistemler,
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bireylerin saglik verilerinin gergek zamanli olarak izlenmesine
olanak saglamaktadir (Falk, Psotta, Cirovic, & Shleev, 2020).
Giliniimiizde diyabet hastalarinda kullanilan siirekli glikoz izleme
sistemleri  (Continuous Glucose Monitoring-CGM), bu
teknolojinin en bagarili 6rneklerinden biridir. Bu sistemler, giin
boyunca glikoz diizeylerini siirekli Olgcerek hastalarin saglik
durumlarin1 daha yakindan takip etmelerine ve yasam kalitelerini
artirmalarina katki saglamaktadir (Falk et al., 2020). Yeni nesil
giyilebilir biyosensorler yalnizca glikozu degil; laktat, kortizol,
elektrolitler, alkol, inflamasyon belirtecleri ve kanser
biyobelirtecleri gibi birgcok parametreyi de izleyebilmektedir. Ter,
tikiirtik, gozyast ve interstisyel sivi gibi biyolojik Orneklerin
invaziv olmayan veya minimal invaziv yontemlerle analiz
edilmesi, kullanict konforunu artirmakta ve stirekli saghk
izlemini mimkun hale getirmektedir (Falk et al., 2020).

6.5. Yapay Zeka ve IoT Destekli Akilh Biyosensorler

Artan biyosensOr verilerinin yorumlanmasi i¢in yapay
zekd ve makine 6grenmesi algoritmalart kullanilmaktadir. Bu
algoritmalar; giiriiltii filtreleme, hatal1 6lgtimlerin belirlenmesi ve
diizeltilmesi, erken tani ve kisiye 0Ozgli saglik tahminlerini
destekler. Ozellikle giyilebilir sensdrlerin siirekli iirettigi biiyiik
veri setlerinin analizinde yararhidir ve dijital saglik sistemlerinde
daha fazla kullanilmas1 beklenmektedir (Kim et al., 2023). Sekil
5’te orneklenen sistemde ter, mikroakiskan kanallarla algilama
bolgesine taginir; Ol¢iim verileri elektronik olarak okunarak
kablosuz baglantiyla aktarilir.
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Ter Mikroakiskan kanal  Enzimli elektrot
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Okuma Veri analizi

Sekil 5. Mikroakiskan giyilebilir biyosensorlerde ter 6rnekleme,
biyokimyasal algilama ve kablosuz veri aktarim siireci

7. BIYOSENSOR TEKNOLOJILERINDE GUNCEL
ZORLUKLAR VE SINIRLILIKLAR

Her ne kadar biyosensor teknolojilerinde 6nemli
ilerlemeler kaydedilmis olsa da uzun donem kararlilik, biyolojik
kirlenme (biofouling), dizenli kalibrasyon gereksinimi, klinik
dogrulama siireclerinin uzunlugu, iiretim maliyetleri ile veri
giivenligi ve mahremiyet gibi c¢esitli sorunlar giincelligini
korumaktadir (Campuzano et al., 2020; Vadgama, 2020). Bu
zorluklar Sekil 6’da &zetlenmistir. Ozellikle viicut icine
yerlestirilen veya biyolojik sivilarla uzun siire temas eden
sensorlerde proteinlerin, hiicrelerin ve diger biyolojik bilesenlerin
sensOr ylizeyinde birikmesi, sinyal kararliliini ve olglim
dogrulugunu olumsuz etkileyebilmektedir. Bu nedenle biyolojik
kirlenmeyi azaltan ylizey kaplamalarinin ve biyouyumlu
malzemelerin gelistirilmesi, biyosensor arastirmalarmin dncelikli
alanlarindan biri olarak degerlendirilmektedir (Campuzano et al.,
2020; Vadgama, 2020).
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Sekil 6. Biyosensorlerin uygulamaya aktarilmasinda karsilasilan
bashca zorluklar

8. GELECEK PERSPEKTIFi

Biyosensorlerin gelisiminin minyatiirlesme, akilli veri
isleme ve kisisellestirilmis saglik dogrultusunda siirmesi
beklenmektedir. Nanomalzemeler, CRISPR platformlar1 ve
yapay zeka entegrasyonu; hassasiyetin, klinik uygulanabilirligin
ve surekli izleme olanaklarinin gelistirilmesini desteklemektedir
(Bollella & Katz, 2020; Kim et al., 2023; Wang et al., 2023).
Elektronik dovmeler, kablosuz biyosensor aglari, kendi enerjisini
ireten sensorler ve akilli telefon baglantili platformlar
gelecekteki uygulamalar arasinda o6ne ¢ikmaktadir. Bu
sistemlerin erken wuyar1 yaklagimlariyla biitiinlestirilmesi,
hastaliklarin belirtiler olugsmadan saptanmasma ve kisiye 6zgii
tedavilerin gelistirilmesine katk1 saglayabilir (Kim et al., 2023).
Gelecek caligmalarda bu potansiyelin biyouyumluluk, kullanim
kolaylig1 ve o6l¢iim giivenilirligiyle birlikte degerlendirilmesi
Onem tagimaktadir.
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9. SONUC

Biyosensorler, biyolojik tanmimay1 Olgtilebilir sinyale
dontistiirerek saglik, cevre ve gida glivenligi basta olmak iizere
cesitli alanlarda hizlih ve hassas analiz saglamaktadir.
Nanomalzeme destekli, mikroakiskan, CRISPR tabanli ve
giyilebilir platformlar, algilama performansini ve tasinabilirligi
gelistirmistir. Yapay zekad ve IoT ise veri analizini ve uzaktan
izlemeyi desteklemektedir. Bununla birlikte yaygin kullanim;
biyolojik kirlenme, uzun donem kararlilik, kalibrasyon, klinik
dogrulama, maliyet ve veri giivenligi sorunlarinin ¢oziilmesine
baghdir. Bu nedenle laboratuvar basarisinin gercek kullanim
kosullarinda siirdiiriilebilmesi temel bir gerekliliktir. Giivenilir ve
erisilebilir sistemlerin gelistirilmesi, biyosensorlerin erken tani,
koruyucu saglik ve gevresel izlemeye katkisini gii¢lendirecektir.

174



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

KAYNAKCA

Ali, J., Najeeb, J., Ali, M. A., Aslam, M. F., & Raza, A. (2017).
Biosensors: Their fundamentals, designs, types and most
recent impactful applications: A review. Journal of
Biosensors & Bioelectronics, 8(1), 235.
d0i:10.4172/2155-6210.1000235

Bollella, P., & Katz, E. (2020). Biosensors—Recent advances and
future challenges. Sensors, 20(22), 6645.
d0i:10.3390/s20226645

Campuzano, S., Pedrero, M., Gamella, M., Serafin, V., Yéfez-
Sedefio, P., & Pingarron, J. M. (2020). Beyond sensitive
and selective electrochemical biosensors: Towards
continuous, real-time, antibiofouling and calibration-free
devices. Sensors, 20(12), 3376. doi:10.3390/s20123376

Chadha, U., Bhardwaj, P., Agarwal, R., Rawat, P., Agarwal, R.,
Gupta, I., ... Chakravorty, A. (2022). Recent progress and
growth in biosensors technology: A critical review.
Journal of Industrial and Engineering Chemistry, 109,
21-51. doi:10.1016/j.jiec.2022.02.010

Falk, M., Psotta, C., Cirovic, S., & Shleev, S. (2020). Non-
invasive electrochemical biosensors operating in human
physiological ~ fluids.  Sensors,  20(21), 6352.
d0i:10.3390/s20216352

Haleem, A., Javaid, M., Singh, R. P., Suman, R., & Rab, S.
(2021). Biosensors applications in medical field: A brief
review. Sensors International, 2, 100100.
doi:10.1016/j.sintl.2021.100100

Katey, B., Voiculescu, I., Penkova, A. N., & Untaroiu, A. (2023).
A review of biosensors and their applications. ASME
Open Journal of Engineering, 2, 020201.
doi:10.1115/1.4063500

175



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

Khan, R., & Andreescu, S. (2020). MXenes-based bioanalytical
sensors: Design, characterization, and applications.
Sensors, 20(18), 5434. d0i:10.3390/s20185434

Kim, E. R, Joe, C., Mitchell, R. J., & Gu, M. B. (2023).
Biosensors for healthcare: Current and future
perspectives. Trends in Biotechnology, 41(3), 374-395.
doi:10.1016/j.tibtech.2022.12.005

Kulkarni, M. B., Ayachit, N. H., & Aminabhavi, T. M. (2022).
Biosensors and microfluidic biosensors: From fabrication
to application. Biosensors, 12(7), 543.
doi:10.3390/bios12070543

Kumar, A., Purohit, B., Maurya, P. K., Pandey, L. M., & Chandra,
P. (2019). Engineered nanomaterial assisted signal-
amplification strategies for enhancing analytical
performance of electrochemical biosensors.
Electroanalysis, 31(9), 1615-1629.
doi:10.1002/elan.201900216

Kurt, Z. T., Yavuz Alagoz, H., & Bereli, N. (2026). The role of
electrochemical and optical biosensors in the detection of
chemical and biological agents: A critical review.
Analytical and Bioanalytical Chemistry, 418(1), 75-90.
d0i:10.1007/s00216-025-06162-x

Li, C., Wang, Y., Jiang, H., & Wang, X. (2020). Biosensors based
on advanced sulfur-containing nanomaterials. Sensors,
20(12), 3488. doi:10.3390/s20123488

Pour, S. R. S., Calabria, D., Emamiamin, A., Lazzarini, E., Pace,
A., Guardigli, M., ... Mirasoli, M. (2024). Microfluidic-
based non-invasive wearable biosensors for real-time
monitoring of sweat biomarkers. Biosensors, 14(1), 29.
doi:10.3390/bios14010029

176



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

Santhanam, M., Algov, I., & Alfonta, L. (2020). DNA/RNA
electrochemical biosensing devices a future replacement
of PCR methods for a fast epidemic containment. Sensors,
20(16), 4648. doi:10.3390/s20164648

Sequeira-Antunes, B., & Ferreira, H. A. (2023). Nucleic acid
aptamer-based biosensors: A review. Biomedicines,
11(12), 3201. doi:10.3390/biomedicines11123201

Sumitha, M. S., & Xavier, T. S. (2023). Recent advances in
electrochemical biosensors - A brief review. Hybrid
Advances, 2, 100023. doi:10.1016/j.hybadv.2023.100023

Tu, J., Torrente-Rodriguez, R. M., Wang, M., & Gao, W. (2020).
The era of digital health: A review of portable and
wearable affinity biosensors. Advanced Functional
Materials, 30(29), 1906713.
d0i:10.1002/adfm.201906713

Turner, A. P. F. (2013). Biosensors: Sense and sensibility.
Chemical Society Reviews, 42(8), 3184-3196.
doi:10.1039/c3cs35528d

Vadgama, P. (2020). Monitoring with in vivo electrochemical
sensors: Navigating the complexities of blood and tissue
reactivity. Sensors, 20(11), 3149. doi:10.3390/s20113149

Vigneshvar, S., Sudhakumari, C. C., Senthilkumaran, B., &
Prakash, H. (2016). Recent advances in biosensor
technology for potential applications — An overview.
Frontiers in Bioengineering and Biotechnology, 4, 11.
doi:10.3389/fbioe.2016.00011

Wang, C., He, T., Zhou, H., Zhang, Z., & Lee, C. (2023).
Artificial intelligence enhanced sensors — Enabling
technologies to next-generation healthcare and
biomedical platform. Bioelectronic Medicine, 9, 17.
doi:10.1186/s42234-023-00118-1

177



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

UCAKLAR ICIN RADAR TABANLI TRAFIK
UYARI VE CARPISMA ONLEME SISTEMI

Cihan DOGUSGEN ERBAS!

1. GIRIS

Hava ftrafiginin yogunlastigi giliniimiizde, ugaklarin
emniyetinin saglanmasi son derece Onemlidir. Hava Trafik
Kontrol (Air Traffic Control-ATC) merkezlerindeki kontrolérler,
yogun olan bu hava trafigini yonlendirirler ancak bazen ugaklar
arasinda kontrol dis1 yakinlagmalar, karsilagmalar meydana gelir.
Bu tehdit durumlarinda ugaklarin havada ¢arpismalarini 6nleyen
sistem Hava Carpisma Onleme Sistemi (Airborne Collision
Avoidance System-ACAS) sistemidir. ACAS, sistemin genel
adidir. Kullamilan cihaz ise Trafik Uyar1 ve Carpisma Onleme
Sistemi (Traffic Alert and Collision Avoidance System-TCAS)
olarak adlandirilir. Bu ylzden ACAS ve TCAS terimleri
birbirlerinin yerine kullanilabilmektedir.

TCAS, ucak c¢arpigmalarint 6nlemede son ¢are olarak
kullanilir. Ugak seyriisefer ekipmanlar1 ve hava trafik
hizmetlerinde kullanilan yer sistemlerinden bagimsiz olarak
caligmaktadir. TCAS, iki ugak arasindaki mesafeye gore degil
olas1 ¢arpisma zamanina gore ikazlar Uretir. Guncel dizenleyici
cergevede TCAS 11 Version 7.1 ve ACAS Xa, hava araci ¢arpisma
onleme sistemlerinin baslica ACAS II uygulamalar arasinda yer
almaktadir (FAA, 2024; EUROCONTROL, 2025).

TCAS cihazina sahip olan ugaklar, belirli bir yakinlasma
durumunda birbirlerini 1030 MHz frekansindan yaym yaparak

L Doktor Ogretim Uyesi, Istanbul Universitesi-Cerrahpasa, Miihendislik Fakiiltesi,
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sorgular. 1030 MHz frekansindan yapilan sorguya 1090 MHz
frekansindan karsilik verilir. Bu dongii saniyede birka¢ defa
tekrarlanir. Bu iletisim sayesinde TCAS cihaz diger trafiklerin
pozisyonlarini ii¢ boyutlu bir harita {izerinde mesafeleri, irtifalari
ve istikametleri dahil olmak Gzere belirler. Mevcut irtifa, mesafe,
istikamet, pozisyon ve olmasi muhtemel durum bilgilerini
degerlendirerek muhtemel ¢arpisma riskleri ve tehlikelerinin olup
olmadigini hesaplar (EUROCONTROL, 2025). Carpigsma riski
durumunda, dikey yonde kagmma(lar) tavsiyesinde bulunarak
kazay1 onler. TCAS’in verdigi komut ATC’nin verdigi talimata
gore onceliklidir.

2. TCAS
2.1. Kisa Tarih

1950’11 yillarin baglarinda hava araglarinin ¢arpismalarini
onlenmesinde son ¢are olarak basvurulmak iizere TCAS ile ilgili
arastirmalara baglanmistir.

Amerika Birlesik Devletleri’nde olusan c¢arpigmalar
TCAS fiizerindeki g¢aligmalari hizlandirmistir. Bu ¢arpigsmalar
(DHMI, 2013);

1956 yilinda iki yolcu ugagmin Grand Canyon lizerinde
carpismasi sonucu, havacilik otoriteleri ile havayolu sirketlerinin,
carpisma onleme sistemi konusundaki ¢aligmalart hizlanmastir.

1978 tarihinde kiigiik bir ucak ile bir yolcu ucgagi San
Diego tizerinde ¢arpismistir. Bu carpismadan 3 yil sonra Federal
Havacilik Kurulu (FAA) tarafindan TCAS sistemi gelistirilmistir.

Son olarak 1986 senesinde 06zel bir ucak ile DC-9
(Douglas DC-9) tipi bir ugagin Cerritos lizerinde carpismalari
sonucunda, 1989 tarihinden itibaren bazi tiplerdeki Amerikan ve
yabanci ugaklarin, Amerikan hava sahasinda TCAS’in taginmast
ve kullanilmas1 zorunlu hale getirilmistir.
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TCAS cihaz1 iizerindeki bu c¢alismalarin yaninda, 1980
yilinin baslarinda da Uluslararas: Sivil Havacilik Organizasyonu
(ICAO), Havada iken Carpisma Onleyici Sistem (ACAS)
konusundaki standartlar1 gelistirmeye baslamistir.

2.2. TCAS Turleri

TCAS; yer radarindan bagimsiz, ugaga monte edilmis
radar sistemi ile ¢alisan bir sistemdir. Sistemin genel olarak dort
tipi vardir. Bunlar; TCAS I, TCAS II, TCAS III ve TCAS IV tiir.

2.2.1. TCASI

En eski TCAS tipidir. TCAS I, en ucuz olanidir ama
modern TCAS II’in yaninda neredeyse hicbir seydir. Ozellikle
genel havacilikta kullanilmak tizere tasarlanmistir.

TCAS 1 sistemleri, 40 millik bir diizlem cevresinde trafik
durumunu izler ve diger ucaklarin yaklasik mili ve yiiksekligi
hakkinda bilgi sunar. Ayni1 zamanda trafik tavsiyesi Uretir.
Sistem, yakin ¢evredeki ugaklari pilota bildirir. Ancak ugagin, ne
tarafa manevra yapilmasi gerektigini  bildirmemektedir.
Avrupa’da TCAS I kullanimi gerekli degildir.

2.2.2. TCAS II

TCAS I sistemi yeterli olmayinca ikinci nesil sistemlere
yani TCAS II’ye gecildi. TCAS II, hem trafik tavsiyesi hem de
¢OzUm tavsiyesi Uretir. Bu cihazda verilen ¢dzim tavsiyesi sadece
dikey istikamettedir.

TCAS II Version 7.1, Avrupa hava sahasinda uzun siiredir
zorunlu ve yaygin olarak kullanilan ACAS II uygulamasidir.
ICAO standartlart kapsaminda TCAS II Version 7.1’e ek olarak
ACAS Xa da uyumlu bir ¢arpigsma 6nleme sistemi olarak kabul
edilmektedir; ACAS Xa/Xo’nun Avrupa operasyonlarma onay1
2025 yilinda verilmistir (EUROCONTROL, 2025).
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2.2.3. TCAS I

TCAS IlI, TCAS II’'nin tim yeteneklerine sahiptir. Ek
olarak cihaz, herhangi bir tehdit durumunda yatay bir manevra
(sola veya saga) tavsiyesi vermektedir. Bu sistem ucagin gosterge
panelinde, carpigsma tehdidini algilamak ve yatay konumlandirma
¢Oziiniirliiglinii saglamak i¢in radar kullanmaktadir. Ancak TCAS
anteninin dogruluk diizeyi smirhdir. Bu teknik zorluklar
nedeniyle TCAS III sisteminin gelistirilmesi iptal edilmistir.

2.24. TCAS IV

TCAS 1V cihazi, gerekli bilgiyi kodlamak i¢in hedef ugak
tarafindan alinan yanitla(yani hedef sinyal i¢ine kendi konumunu
kodlama), yatay tavsiye olusturmak i¢in kullanilir. Cihazin hedef
ucaklarda kodlama yapabilmesi icin buna ek olarak Ataletsel
Seyrisefer Sistemi (INS) veya Kiresel Konumlama Sistemi
(GPS) gibi baz1 giivenilir kaynaklara ihtiya¢ duyulmaktadir.

TCAS 1V, 1990’larin ortalarinda TCAS III kavrammm
yerini almigtir. TCAS III deneyimlerinden biri; alinan bir cevap
icin TCAS islemci tarafindan kullanilan yonlii anten, dogru yatay
pozisyonu belirtmek icin giivenli olmadig1 anlasilmigtir. TCAS
IV, kodlanmis konum bilgilerine ek olarak hava-hava veri
baglantis1 olusturulup bilginin taginmasi saglanir. Boylece yonli
anten dogrulugu bir faktor olmaz.

TCAS IV i¢in calismalar birkag yi1l devam etti. Fakat
hava-hava veri baglantisinda farkli egilimlerin gériilmesiyle
sistemin yetersiz oldugu anlasilmistir. Bu sorunlarin bir sonucu
olarak TCAS IV c¢aligmalar1 iptal edilmistir.

2.3. TCAS Cahsma Prensibi

TCAS cihazi, Trafik ikaz1 (TA) ve Kaginma ikazi (RA)
olmak iizere iki cesit ikaz iiretir.
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2.3.1. Trafik ikaz1 (TA)

TA, tehdit olusturan hava tasitinin tespit edilmesine
yardim eder ve olusabilecek bir RA’nin hazir duruma gelmesini
gerceklestirir. TA’lar, hava tagitinin irtifasina bagh olarak, CPA
olas1 ¢arpisma bolgesine (CPA) 20-48 saniye kala devreye girer.
TA'’lardan sonra hava aracinda RA olusumu gézlemlenmeyebilir.
Bazen ise henliz TA olusmamis iken RA olusabilir
(EUROCONTROL, 2025).

Hava aracindaki pilotlar, TA’ya dayanarak herhangi bir
manevrada bulunmamalidirlar. Bu durumu, ATC merkezlerine
rapor etme zorunlulugunu tagimazlar.

Eger tehdit durumunda bulunan bir hava tasiti TA
olusturmamissa ve kendi (TCAS II tasiyan) hava tasitina gore
yatay 6 deniz mili (NM), dikey +/-1200 ft’lik bir sahada ise, boyle
bir hava tasit: yakm trafikte goriiniir (DHMI, 2013).

TCAS Il TA durumunda iken ‘Traffic, traffic!’sesli
uyarist devreye girer. Sekil 5’te gorildigi gibi TCAS II
ekraninda tehdit durumundaki hava tasit1 sar1 daire ile gosterilir.

2.3.2. Kacinma ikaz1 (RA)

RA, hava aracimin ugus yiiksekligine gore, tehdit
durumundaki hava tasitiyla giivenli bir dikey (300 ila 700 ft aras1)
kagimmma gerceklestirmeyi amaglar. RA carpisma zamaninin 15-
35 saniye oncesinde devreye girer.

TCAS II cihazi RA durumunda iken pilot, s6z konusu RA
talimatin1 gergeklestirmelidir. Yoksa hava tasitinin glivenliginin
tehdidine neden olabilir. Kesinlikle mevcut RA talimatinin tersi
bir manevra yapmamalidirlar (EUROCONTROL, 2025).
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Sekil 5. TCAS II ekraninda tehdit durumundaki hava tasitinin
sar1 daire ile gosterilmesi (Kuchar & Drumm, 2007).

Sesli ikazlar, var olan RA’ya gore farklilik gosterebilirler.
Sekil 6’da da gorildigi tlizere TCAS II ekraninda tehdit
durumundaki hava araci kirmizi kare ile goriintiillenmektedir.

Sekil 6. Tehdit olusturan hava aracimin kirmizi kare seklinde
olmasi (Spitzer et al., 2015).

Pilotlar, ilk belirtilen RA’y1 yerine getirmek i¢in 5 saniye
icinde manevra gergeklestirmeli, ilave RA’larda ise 2,5 saniye
icinde manevra degistirmelidirler.

Pilotlar hava aracinin asir1 sapmalarin1 engellemek i¢in
TCAS 1II cihazinin meydana getirdigi sesli ve goriintiilii ikazlar
uygulamalidirlar  (DHMI, 2013). Asir1  sapmalar tehdit
durumunda olmayan hava tasitlarina yonelik risk olusturup, ilgili
dikey suratin altinda kalindigindaysa; TCAS 1I cihazinin
hesapladigi CPA (olasi ¢arpigma bdlgesi)’daki ayirma degerinin
altinda kalinmasina neden olur.
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TCAS cihaz1 bir tehdit algiladiginda, RA’nin
olusturulmasi iki adimda gergeklestirilir. Bu islemler yon se¢imi
ve direng secimidir:

2.3.2.1.YOn Secimi

RA’nin yukarn veya asagi yonde manevra yapmasinin
belirlenmesine yonelik ilk asamadir.

Sekil 7’°de tehdit durumunda olan iki ug¢ak goriilmektedir.
Soldaki ucagin asaglr yonde manevra yaptiginda diger ucagin
olasi yeri ile mesafesi, yukari yonde manevra yaptig1 mesafeden
blylk (ALIM-Tehdit olusturan hava aracinin olasi ¢arpigsma
bolgesindeki konumunun, tehdidi algilayan ugagin yiikseldiginde
geldigi nokta ile alcaldiginda geldigi nokta arasindaki mesafedir
- A>B) oldugundan dolay1 TCAS asag1 yonde kacinma tercihini
yapmaktadir.

AL A>B — Agaf yonde RA segilir
C;A
Sekil 7. Asag yonde RA secilmesi (DHMI, 2013).

Sekil 8’de tehdit durumunda olan iki ugak goriilmektedir.
Soldaki ugak icin TCAS asag1 m1 yukar1 m1 manevra yapmasini
secme durumundadir. Burada soldaki ugagin asagi yonde
manevra yapmasiyla sagdaki u¢agin olasi yeri ile mesafesi, yukari
yonde manevra yaptig1 mesafeye esit (A=B) oldugundan TCAS,
tehdit durumundaki hava tagitinin ugus yoniinde degil tirmanma
yoniinde RA olusturmaktadir.
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\

ALIM A=B — seviye kat edigini
onlemek igin yukan
yonde RA seqilir

CPA
Sekil 8. Yukar1 yonde RA secilmesi (DHMI, 2013).

Sekil 9°da da TCAS tarafindan asagrya mu yukartya mi
manevra  secilmesi  durumu  gorilmektedir. TCAS’1n
uygulanacagi hava araci, tehdit hava aracina gore daha algakta
bulunacagindan, algalma olacak sekilde RA olugmaktadir.

Yukan yonde ALIM yeterli olmadijindan

it
seviye kat ederck agadi yonde RA segilir
CPA

Sekil 9. Al¢alma yoniinde RA olusmasi (DHMI, 2013)
2.3.2.2. Direng Secimi

RA i¢in gereken iki adimdan, yon se¢iminden sonraki
adim ise RA’nin direncinin secilmesidir. Direng, dikey siiratin
siirlandirilmasi,  ugus  rotasinda  ayarlanacak  sinirin
belirlenmesidir (EUROCONTROL, 2025). TCAS 1I cihaz,
verdigi RA’nin direncini, ugus rotasini minimum sapmayla
saglayacak bicimde tasarlanmistir.

Sekil 10°da soldaki ucagin asagi yonde kacinma yaptigi
goriilmektedir. Sapma degerinin fazla olmamasi i¢in direncin en
diisiik degere sahip olmasi gerekir. Bu direng; TCAS II v7.0
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cithazinda dikey olarak 500 ft/dk iken, TCAS II v7.1 cihazinda
diiz ucus biciminde olmaktadir.

ALM

Takviye RA segimi:
w7.0: dikey surat 500 fUdi.
¥T.1: diiz uguy (0 fudic)

Sekil 10. RA direng secimi (DHMI, 2013).

Yasanan bir¢cok hadisede pilotlar, TCAS II displayinde
belirtilen dikey hiz1 (0, 500, 1000 veya 2000 ft/dk) yapmalari
gerekirken, dikey hizi1 arttirdiklar1 ve diger hava araglarma tehdit
olusturduklar1 gozlenmistir. Bu karmasiklik TCAS II v7.1 de diiz
ucus komutuyla giderilmistir.

2.4. TCAS Bilesenleri

TCAS ugaklarin havada carpigsmasini1 onleyen aktif bir
elemandir.  Birbirleriyle  baglantili  olan  bilesenlerden
olusmaktadir. TCAS II’in asagidaki bi¢imdedir:

S Mod Transponder (Mode S Transponder)
TCAS Bilgisayar Unitesi (TCAS computer unit)
Anten (Antenna)

Kontrol Paneli Unitesi (Control Panel Unit)
TCAS Trafik Ekran1 (TCAS traffic display)

Sekil 11°de TCAS 1II bilesenlerinin blok diyagrami
gorulmektedir.
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YONLT YUKSEKLIK BASING
ANTEN RADARI IRTIFA
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| EKRANLAR [ SMODICAS
OSTERILEN KONTROL
GOSTERILEN = :
YONLU ANTEN, isiTsEL PANELI
ISTEGE BAGLI ARIZA
ANTEN BILDIRDMI
“Lh »| TA

Sekil 11. TCAS blok diyagram (Henely, 2001).
2.4.1. S Mod Transponder

S Mod Transponder, spesifik olarak hava alanindaki
araglarin yerini sorgulayabilen ikincil gozetim radarlarmin bir
bilesenidir. S Mod Transponder’a sahip olan hava araglarina,
ICAO tarafindan 24 bitlik kimlik bilgisi verilmektedir. ikincil
radar tarafindan yapilan genel sorgulamanin ardindan hava
aracindan alman kimlik bilgileri kullanilarak sadece ilgili ugak
sorgulanabilmektedir. Bu sayede hava alanindaki araglar, trafik
kontrolii ~ tarafindan  ayr1  ayr1  izlenebilmekte  ve
yonlendirilebilmektedir.

Transponder’in temel islevleri; ugaklarin tehdit bolgesine
dogru geldigini gostermek ve bu tehdit olusturan ugaklar arasinda
iletisim kurmak olarak belirtilebilir. Par¢ca numarasi 066-01127-
xxxx olan bir Transponder i¢in asagidaki 6zellikler siralanabilir:
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Glig girisi: 97 —-134 VAC, 380 - 420 Hz, 60 — 90 Watt
Uzunluk : 14,20 in¢ (36,07 cm)

Genislik : 4,29 in¢ (12,5 cm)

Yukseklik : 7,68 in¢ (19,51 cm)

Agirhik : 13,90 pound (6,3 kg)

Transponder’in iki tip kullanim sekli vardir: Hava Trafik
Kontrol Radar Isaret Sistemi (ATCRBS) ve S Mod. Bu kullanim
sekilleri agagida ayrintili olarak agiklanmistir.

2.4.1.1. ATCRBS

ATCRBS transponder ilk nesil olan tiptir ve bugiin hala
kullanilmaktadir. ATCRBS, 1030 MHz frekansla sorgulama
yapmaktadir.

ATCRBS, Mod A ve Mod C olmak tizere iki sekilde
calismaktadir.

Mod A, 8 ps i¢inde ucaklarin kimliklerini kontrol eder.
Mod C de 21 ps iginde diger irtifalar1 kontrol eder.

Iki ucak arasindaki mesafe 2 mil (3,218 km) oldugunda
Transponder erisimi yetersiz olmaktadir. Bu mesafe iginde
ATC’den alan veri, kafa karigtiric1 olmaktadir.

2.4.1.2. SMod

S Mod transponder, ATCRBS smirlamalarin1 kapatmak
icin gelistirilmistir. S Mod, ugak ¢arpismalarini engellemek igin
pilotlara yardim amaciyla TCAS bilgisayarlarina bilgi aktarir. S
Mod transponder tek bir adres verir. Sorgulayicilar tahmin eder,
hedefleri izler ve pozisyonlar giincellestirir.

2.4.2. TCAS Bilgisayar Unitesi

TCAS 1I cihazi, ATC sisteminden bagimsiz olarak
calismaktadir. Bu sistem, bir transponder ile donatilmis ¢evredeki
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diger ucaklarmn varligini algilar. TCAS sistemi, herhangi bir
tehdide karst TCAS donanimlh diger ugagi her zaman izleyip
degerlendirme yapar.

Sekil 13. TCAS Bilgisayar Unitesi (DHMI, 2013).

Parca numaras1 066-50000-xxxx olan TCAS II islemcisi
asagidaki 6zelliklere sahip olabilir:

Gii¢ kaynagi : 115 volt, 400 Hz, 150 Watt
+28 VVDC, 150 Watt

26 VAC veri tertibati

Agirlik : TCAS islemcisi 28 pound (12.7
kg)

Montaj tablas1 4,5 pound(2,05 kg)

Sicaklik : Caligma -67 ile 158° F (-55 ile
+70° C)

Depolama -67 ile 185° F (-55 ile +85° C)

2.4.3. Anten

TCAS ile donatilmis ugaklarda bir verici bir de alict olmak
tizere iki anten bulunmaktadir. Sekil 14’te de goriildiigii tizere
Diizlemin {istiinde ve altinda monte edilen 2 anten vardir.
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TCAS anten sinyalleri, diizenli araliklarla sorgulama
yaparak her 10 saniyede 1 sinyalleri yayarlar. Bu sinyal
cevresinde bolgedeki diger ucaklara TCAS durum bilgilerini
vermek i¢in hizmet vermektedir. Antenler, Sekil 15’te de
goriildiigii  lizere elektronik olarak kontrol edilen 4 adet
elemandan meydana gelmektedir.

Ust TCAS Anteni |

Alt TCAS Anteni

Sekil 14. Ucakta TCAS anten konumu (Spitzer et al., 2015).

Dirt Elemanh Dizi

Es Eksenli 4 Konnektor

Sekil 15. Anten elemanlar1 (Spitzer et al., 2015).
2.4.4. Kontrol Paneli Unitesi

Kontrol paneli Unitesi, TCAS ve Transponder’i kontrol
eden iinitedir. Asagidaki fonksiyonlar bu iiniteden yapilir:

a) S Mod Transponder’i etkinlestirme ve devre disi birakma,
b) TCAS isleyis modunun seg¢ilmesi,

c) ATC (Hava Trafik Kontrolu) transponder kimlik kodunun
secilmesi,

190



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

d) TCAS fonksiyon testlerinin baglatilmasi,

e) Transponder ikili sisteminin aktif olup olmadiginin
secimi.
Kontrol panel iinitesinin 6zellikleri asagidadir:

Giig kaynag1 : 115 VAC, 400 Hz

Ekran ve aydmlatma paneli : 0 -5 VAC 400 Hz, 10.5
Watt

Monitor 1siklig1 biitiinliighic  : 12 - 28 VDCya da5 VAC
400 Hz, 0.3 Watt

Veri ¢ikisi: ARINC 429 (veri iletisimi), 12,5-14
Kbit / sn

Havacilik Radyo Kurulusu (ARINC) 429, ucak avyonik
(hava araci tlizerinde bulunan biitiin elektronik sistemleri
tanimlamak i¢in kullanilir) sistemlere yonelik bir veri formatidir.
Bu format, hava aracinda bulunan dijjital bilgi sistemleri i¢in
destekleyici fiziksel ve elektriksel ara yiliz fonksiyonlarinin temel
tanimin1 yapar. ARINC 429 giiniimiizde bir¢ok ugak i¢in temel
avyonik veri yoludur (Honeywell, 2000).

Sekil 16’daki kontrol panel iinitesi yardimiyla mekanik
aciklamasi agagidaki gibi yapilabilir.
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| Déner Anahtar

\

ATC Basansiz

Sekil 16. Kontrol Paneli Unitesi (Honeywell, 2004).
1) DOner anahtar

Doner anahtar, calisma modunu se¢mek i¢in kullanilir. Bu
calisma modlar1 asagidadir.

Test modu: Bu c¢alisma modu ile ugak, bir saniye
icerisinde TCAS Il ile S Mod transponderi kendi kendine test
eder. Fonksiyonel test sirasinda, iyi durumunda, ‘TCAS
RA’bayragi ekranda goziikiir. Basarisizlik durumunda ise
‘TCAS’yazis1 ekranda siirekli goriintiilenir (Honeywell, 2000).

Bekleme Modu: Ugagin havada ya da pist iizerinde iken
TCAS Il ile S Mod Transponder’in bekleme moduna alinmasidir.
Bekleme modunda transponderin giicii agiktir. Ancak sorguya
cevap verilmemektedir.

Alt Kapali (Alt Off) modu: Alt Off modu aktif
edildiginde, TCAS sistemi bekleme moduna girip S Mod
Transponder tarafindan irtifa raporlamasi yapilamaz

Alt Agik (Alt On) modu: Alt Off modunda oldugu gibi bu
modda da TCAS II sistemi bekleme durumundadir. Ama mod A
ve mod C’den irtifa bilgisi alinabilir.

TA modu: Ekranda trafik bilgileri verilir ama RA’lar
belirtilmez. Bu modda, S Mod Transponder ve dolayisiyla irtifa
raporlama aktiftir.
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TA/RA modu: Ekran tzerinde trafik bilgileri verilir ve bir
tehdit durumunda sesli ikazlar ve goruntili RA’lar Uretilir. Bu

modda da S Mod Transponder ve dolayisiyla irtifa raporlama
aktiftir.

2) Ekran

ATC kodu secimini ve Transponder No. 1 veya No. 2
numarali etkin olup olmadigini1 gosterir.

3) ATC secimi

ATC 1-2 secimleri transponderi aktif eder.

4) ATC IDENT digmesi

ATC IDENT diigmesi, ATC i¢in INDENT o&zelligini
baslatmak icin kullamilir. Bu 6zellik SPI (Ozel bir pozisyon
tanimlayicis1)’dir (Honeywell, 2000).

5) ALT segimi

ALT 1-2 secimleri ile Mode S Transponder kaynaklar1
secilir.

6) ATC basarisiz (ATC fail)

ATC Fail lambasi yandiginda segilen transponderin
basarisizligini gosterir.

2.4.5. TCAS Trafik Ekram

TCAS’a sahip olan wugaklarin konumlarma gore
yakinlarindaki trafiklerin ugus ekranlarinda goriintiilenmesi
saglanir. Bu goriintli, diger ucaklarin sahip olduklar
transponderlerinden  gelen sinyallere goére, kendi ugak
pozisyonuna gore yatay ve dikey konumu seklindedir.

Ekranda, etraftaki diger ugaklarin yakiligi ile TA ve RA
halleri de belirtilmektedir. Ugus ekranlarinda trafigin
gosterilmesinin amaci; ucus ekibinin transpondere sahip olan
ucaklardan, gorsel olarak trafik bilgisi almalaridir. Ayrica, TCAS

193



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

RA durumunda kaginma yapabilmeleri i¢in yeterli zamani
saglanmasi agisindan ugus ekibine yardimci olunur. Sekil 17°de
iki farkli TCAS gosterge cihazlar goriilmektedir.

(b)

Sekil 17. (a) Anlik Dikey Hiz Gostergesi (b) Elektronik Ucus Bilgi
Sistemi (EUROCONTROL, 2004).

2.5. TCAS Analog Araylzi

TCAS analog ara yiiziinde, TCAS’in asagidaki ara
birimler ile iliskisi vardir.

Sekil 24. PFD (Birincil Ugus Ekrani) (b) ND (Seyriisefer Ekrani)
(FAA, 2011).
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2.5.1. Anten

TCAS’a sahip hava araclarinda, altta ve iiste olmak {izere
iki tane anten bulunmaktadir. TCAS anten sinyalleri ile TCAS
durum bilgileri verilmektedir.

2.5.2. inis Takimlar1 Kolu Anahtar

Inis takimlar1 kolu anahtar;, TCAS’a asag1 inis oldugunu
bildirir. TCAS bu bilgiyi almak i¢in iki tane antene sahiptir.

2.5.3. Yakinhk Anahtar1 Elektronik Unitesi (PSEU)

PSEU, ucak havada ya da pistte iken TCAS bilgilerini
dagitir. Herhangi bir engelde TCAS’in kendi kendine sinamasi

gerceklestirilir. Buna ek olarak TCAS i¢in kalict bir bellek
eklenmesi denetlenir (IVAO, 2015).

2.5.4. Yer Yakinlasma Uyan Bilgisayar1 (GPWC)

Ugak havada iken yere yaklastiginda, sesli ve gorsel
olarak TCAS’a bilgi gonderen Unitedir (Spitzer et al., 2015).

2.5.5. Hava Radan

Hava radart sayesinde, TCAS’a hava bilgileri
verilmektedir. Boylece TCAS’in firettigi TA ve RA da, hava
radarinin riizgar hizlarinda yaptig1 uyarilar ile degisecektir.

2.5.6. Bastirma Giris-Cikis

Transponder’den gelen bilgiler TCAS’a aktarilir. TCAS’a
aktarildiginda da transponder icin TCAS tarafindan darbe
bastirma gonderilir.

2.5.7. Elektronik Ekran Unitesi (DEU)

TCAS ekrani, gosterme yetenegini kaybettiginde, DEU ile
TCAS ekranina bilgi girilir. Boylece diger hava araglar1 ile veri
koordinasyonu TCAS tarafindan saglanmis olur (Honeywell,
2004).
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2.5.8. Uzaktan Elektronik Unitesi (REU)

TCAS, REU’ya trafik bilgilerini génderir. REU da ucagin
kokpit icindeki hoparlore sesli bilgi génderir. Bdylece TCAS
tarafindan tiretilen TA ve RA gii¢lendirilir (Honeywell, 2004).

3. SONUC

TCAS, hava araglarinin, ¢arpismalarmin Oonlenmesinde
son ¢Oziim olarak diisiiniilmelidir. TCAS sisteminin sagladig:
teknik destek sayesinde, hava araglarinin ugus emniyeti 6nemli
Olgiide artmistir. Ancak TCAS sistemi heniiz kesin bir ¢oziim
degildir. Ciinkii halen carpisma risklerini tamamen ortadan
kaldiramamustir.

TCAS tarafindan iiretilen TA ve RA’lar ucaga herhangi
bir manevra islemi yapmaz. Sadece ikaz verir. Gereken iglemi
pilotlarin yapmasi beklenir. Bunun i¢in pilotlarin 6zel bir egitim
almalar1 gerekmektedir. Bununla beraber, ucakta TCAS cihazi
olmasina ragmen pilotlar, ¢carpismalarin énlenmesi igin digariya
bakmalidirlar. Ciinkii bazi ugaklarin Transponder’leri irtifa bilgisi
vermez. TCAS cihaz1 yalniz TA tavsiyesi liretir. Yani TCAS 11
cihazi, transponderi diizgiin ¢alismayan ugaklari géormeyip ikaz
uretememektedir.

Transponder’lerin iirettigi irtifa bilgisi sayesinde TCAS
cthazinin drettigi RA wuyarilari, pilotlarin gerekli egitimi
almalariyla ATC ve RA talimatlarmi diizglin ayut etmeleri
halinde TCAS 1I cihazi ile hava ugusu giivenligi biiylik oranda
saglanmaktadir.
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VOLTAGE-CONSTRAINED EV HOSTING CAPACITY
IN INTEGRATED EV-PV-BESS DISTRIBUTION
SYSTEMS: EXPLAINABLE MACHINE LEARNING
AND SURROGATE-ASSISTED MULTI-OBJECTIVE
OPTIMIZATION

Sevket CANTURK!
Oktay KARAKAYA?

1. INTRODUCTION

The widespread adoption of electric vehicles (EVS) is an important
pathway for reducing transport-related emissions, yet the addition of
charging loads to distribution systems introduces new operational
challenges. Uncontrolled or intensive EV charging can lead to lower bus
voltages, higher active power losses and increased loading of network
components (Karmaker, Prakash, Siddique, Hossain, & Pota, 2024; Nutkani,
Toole, Fernando, & Andrew, 2024). Therefore, the EV level that a
distribution system can accommodate should be evaluated not only in terms
of additional demand but also in relation to the network's technical limits.

Photovoltaic (PV) systems and battery energy storage systems
(BESSSs) can help balance the additional demand from EV charging through
local generation and flexibility resources. PV generation reduces the power
drawn from the grid, while the charging and discharging capability of BESSs
can provide power support under different operating conditions. However,
simultaneous variations in EV, PV and BESS levels create a large number
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of possible operating points. This makes it useful to combine detailed power-
flow simulations with data-driven prediction methods.

In this context, hosting capacity (HC) is a key planning indicator
that quantifies the amount of new load or generation that can be connected
to the grid without violating predefined technical limits. Voltage limits,
thermal loading, power quality and operating conditions can all affect EV
hosting capacity. Recent reviews indicate that HC depends strongly on
network structure, load profile, charging behavior and the constraints used
in the assessment (Fatima, Pivi, Lehtonen, & Pourakbari-Kasmaei, 2024;
Mousa, Mahmoud, & Lehtonen, 2024; Zenhom, Abdel Aleem, Zobaa, &
Boghdady, 2024).

Applications across different distribution systems further confirm
this dependence. In low-voltage networks, EV hosting capacity varies with
network and operating conditions, including background voltage, load level,
charging power and equipment loading (Mulenga, Bollen, & Etherden,
2021; Then, Agalgaonkar, & Muttagi, 2024). In addition, coordinated
optimization of PEV placement, distributed-generation allocation and
charging/discharging strategies can increase EV hosting capacity while
reducing active power losses (Memon et al., 2023). Therefore, rather than
referring to a single fixed EV capacity, it is more appropriate to clearly state
the operating point and technical criterion under which the capacity is
obtained.

The impact of PV and BESS support on HC has also been widely
studied. The combined use of smart EV charging and PV curtailment can
help manage surplus local generation and mitigate voltage issues (Fachrizal,
Ramadhani, Munkhammar, & Widén, 2021). Similarly, controlled BESS
operation and appropriate integration into the network can increase hosting
capacity, particularly at high PV and EV levels (Filip, Puvi, Paar, &
Lehtonen, 2022). These studies show that EV capacity should be assessed
not only as an EV load issue but also in conjunction with simultaneous PV
generation and BESS support. For example, combining short-term PV
forecasting with coordinated P\V-BESS operation under high EV penetration
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showed that network losses and voltage unbalance could be reduced while
PV utilization was improved (Rashid et al., 2026).

When a large number of operating points must be evaluated,
repeated conventional power-flow analyses increase the computational
burden. In recent years, machine-learning-based HC approaches have used
data from detailed simulations to predict quantities such as voltage, losses
and admissible capacity more rapidly (Karahan & Bagriyanik, 2026;
Qammar, Arshad, Miller, Mahmoud, & Lehtonen, 2024). However, high
predictive accuracy alone is insufficient. ldentifying which input variables
drive model predictions makes it easier to interpret the results in physical
terms, particularly in planning studies. Explainable artificial intelligence
therefore provides a complementary tool for making the decision process of
data-driven models more transparent.

The environmental dimension of EV integration should not be
considered separately from the technical assessment of the grid. The overall
emissions impact of electric vehicles varies with the generation mix
supplying charging energy and the carbon intensity of the electricity system
(Hawkins, Singh, Majeau-Bettez, & Stremman, 2013; International Energy
Agency, 2024). Accordingly, achieving a high EV hosting level is not, by
itself, an indicator of sustainability; technical performance and grid-related
indirect carbon emissions should be evaluated together.

Overall, the literature indicates that EV hosting capacity, PV-BESS
support, data-driven prediction and environmental performance are often
treated as separate research lines. Recent studies show that forecast-assisted
PV-BESS coordination can improve grid performance under high EV
penetration (Rashid et al., 2026). However, studies that integrate detailed
power-flow simulation, explainable machine-learning-based surrogate
modeling and multi-objective Pareto optimization within the same decision
chain, while jointly evaluating EV hosting capacity, minimum bus voltage,
active power loss and grid-related carbon emissions, remain scarce. These
observations motivate a framework in which detailed power-flow results can
be evaluated efficiently without losing their physical interpretability.

201



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

To address this need, an OpenDSS-based analysis framework was
developed in this chapter using the IEEE 123-bus distribution system. A total
of 8000 scenarios, representing different combinations of EV, PV and BESS
operating variables, were generated. For each scenario, the minimum bus
voltage (Vmin), total active power loss (Piss) and grid-related carbon
emissions (CO2) were computed. The resulting dataset was evaluated using
CatBoost, LightGBM, XGBoost and Random Forest models, and the factors
driving the predictions of the best-performing model were examined using
SHAP. In the final stage, the CatBoost prediction models served as
surrogates within an  NSGA-II-based multi-objective optimization
framework.

The approach’s main contribution is that it evaluates EV-PV-BESS
interactions not through a single technical output but jointly across voltage,
active power loss and carbon emissions. Detailed OpenDSS simulations
provide the physics-based reference, while machine learning enables rapid
evaluation of a large number of candidate operating points. SHAP analysis
identifies which operating variables drive the predictions, whereas NSGA-II
exposes trade-offs among EV capacity, technical performance,
environmental impact and relative investment requirements through Pareto
solutions. The resulting workflow links OpenDSS simulations with
explainable surrogate models and Pareto-based planning in a single analysis
framework.

2. TEST SYSTEM AND DATASET GENERATION

This section outlines the distribution-system model and data-
generation process used in the numerical analysis. First, the locations of the
EV, PV and BESS units in the IEEE 123-bus system are specified. The
operating variables, the OpenDSS-based scenario-generation procedure and
the model outputs are then presented. This establishes the physical data
structure used in the subsequent machine-learning and optimization stages.
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2.1. Test System and Integration Structure

The IEEE 123-Bus Test System was used in the numerical analyses.
Its unbalanced single- and three-phase loads, radial feeder structure and
branches with varying electrical distances make it a suitable test environment
for examining the effects of EV, PV and BESS integration on distribution-
system performance. The basic network structure was preserved, and
additional sources and loads were connected to selected buses to create
different operating conditions.

EV loads were distributed among buses 47, 83 and 108 in
proportions of 30%, 40% and 30%, respectively. PV systems were
connected to buses 60, 83 and 108 and BESS units were placed at buses 83
and 108. This arrangement allows sources and loads to affect different
electrical regions of the network and enables multiple flexibility resources to
be evaluated within the same operating scenario.

The test system and the EV, PV and BESS integration points are
illustrated in Figure 1.
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Figure 1. IEEE 123-bus test system and EV, PV and BESS integration points.
2.2. Operating Variables and Scenario Space

The scenario space was defined by five key operating variables:
load-level coefficient (kv), total EV load (Pev), total installed PV capacity
(Pev), PV generation coefficient (kev) and BESS active power (Psess).
Negative PBESS values indicate charging, whereas positive values indicate

203



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

discharging. To capture the combined effect of installed PV capacity and
instantaneous generation conditions, the derived variable in equation (1) was
also used. The ranges and physical meanings of the variables are
summarized in Table 1.

Ppyesr = Ppy x kpy (1)

Table 1. Input variables and variation ranges used to generate the
dataset.

Variable Description Range Rationale
Load level 0.80- Representing different loading

it 0, 0,
ke coefficient 150 conditions from 80% to 150% of

nominal load
P Examining a broad scenario range
EV Total EV load  0-8000 from low to very high EV
(kw) .
penetration
Ppv Total installed 0-4000 Representing different installed PV
(kW) PV capacity capacity levels
P\ generation Modeling PV generation from
Kpv gener 0-1 night/low-irradiance conditions to
coefficient :
full generation
Evaluating the BESS effect with
Psess BESS active  -1500- negative values representing
(kW) power 1500 charging and positive values

representing discharging
Representing the actual PV
generation level through the
0-3938 combined effect of installed PV
capacity and the generation
coefficient

Ppv eff Effective PV
(kW) generation

2.3. OpenDSS-Based Scenario Generation and Outputs

Latin Hypercube Sampling (LHS) was used to sample the input
variables evenly across their defined ranges (McKay, Beckman, & Conover,
1979). This method generated 8000 distinct operating scenarios, each
evaluated as a separate power-flow solution in OpenDSS. The dataset
therefore represents a broad EV-PV-BESS operating space rather than a
single nominal operating point.
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After each scenario was solved, the minimum bus voltage was used
as the first indicator of technical performance. Vmin Was calculated as the
lowest per-unit voltage magnitude across all buses in the system:

Vmin = mln(Vl) (2)

Where, Vi denotes the per-unit voltage magnitude of the ith bus.
This indicator was used to track, with a single quantity, the voltage drop that
may occur, particularly under high EV loading.

The second technical output, Pioss, was defined as the sum of active
power losses across the lines and other relevant network components during
the power-flow solution:

N
Pioss = Z Ploss,k (3)
k=1

Where, Pissk denotes the active power loss in the kth system
component, and N is the total number of components included in the loss
calculation. For the environmental assessment, energy consumption was
determined from the active power drawn from the grid and the grid energy
for a representative one-hour operating interval was computed as follows:

P .
_ tgrid
Egria = 7000 )

Where, Pgrid is the active power drawn from the grid (kW) and Egrig
is the corresponding grid energy for the same operating interval (MWh).

Grid-related indirect carbon emissions were calculated as the
product of the imported energy and the average emission factor:

CO: = Egrid x EF (5)
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The emission factor was set to EF = 0.485 tCO2/MWh (Bastos,
Monforti-Ferrario, & Melica, 2024). This approach does not represent
vehicle life-cycle emissions; rather, it represents the indirect emissions
associated with the energy drawn from the grid by the distribution system at
the operating point under study.

2.4. Physical Characteristics of the Dataset

The main relationships in the generated dataset are shown in Figure
2. The decrease in Vmin and the nonlinear increase in Ploss as EV load rises
are consistent with the expected impact of additional charging demand on
the network. By contrast, higher effective PV generation reduces energy
drawn from the grid and therefore lowers CO. emissions. BESS operation in
discharge mode provides a similar form of grid support. These trends
indicate that the dataset provides a physically meaningful basis for the
subsequent prediction and explainability analyses.

PEV - Vmin PEV - Ploss

5 H H L . H o . e h
0 1000 2000 3000 4000 S000 6000 7000 BODD 3000 4000 5000 600D
PEV (kW) PEV (kW)

PPVeff . CO2 PBESS - CO2

co,

A00
PPYeff (kw) FBESS (kW)

Figure 2. Distribution relationships between input and output variables.
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3. DATA-DRIVEN PREDICTION AND
EXPLAINABILITY FRAMEWORK

Although OpenDSS simulations provide detailed, physics-based
solutions, repeatedly solving a large number of candidate operating points
increases the computational burden, especially during optimization. Data-
driven models were therefore developed to provide rapid predictions from
the simulation results, and an explainable artificial-intelligence approach
was added to support interpretation of model decisions. This section
describes the analysis chain and the model-evaluation scheme used in the
study.

3.1. Integrated Analysis Workflow

The analysis framework consists of four connected stages. First, the
LHS-generated scenarios were solved in OpenDSS to obtain Vmin, Piess and
CO:2. Second, different machine-learning models were trained and compared
using these outputs. Third, the variable sensitivities of the best-performing
model were examined using SHAP. Finally, the same prediction models
were used as surrogates within NSGA-II. This structure enabled rapid
evaluation of a large number of candidate solutions during optimization
without rerunning OpenDSS for each candidate point.

3.2. Model Training and Validation Scheme

The dataset was split 80/20 for training and testing, with a random
seed of 42 for reproducibility. In addition, five-fold cross-validation with
shuffling was also applied to the full dataset to assess how sensitive model
comparisons were to different data subsets. CatBoost, LightGBM and
XGBoost were configured with 1500 trees, a learning rate of 0.03 and a
maximum depth of 8, whereas Random Forest used 500 trees. The same data
splits and performance metrics were used for all models.

3.3. Machine-Learning Models Compared

CatBoost, LightGBM, XGBoost and Random Forest were
compared for predicting Vmin, Pioss and CO2. Their tree-based structures can
capture nonlinear relationships and provide a strong comparative framework
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for tabular data (Breiman, 2001; Chen & Guestrin, 2016; Ke et al., 2017,
Prokhorenkova, Gusev, Vorobev, Dorogush, & Gulin, 2018). Rather than
assuming one algorithm was superior from the outset, the objective was to
identify the most suitable model under the same data and evaluation scheme.

3.4. Performance Evaluation Metrics

Prediction performance was evaluated using the coefficient of
determination (R?), mean absolute error (MAE), root mean square error
(RMSE) and mean absolute percentage error (MAPE). R? indicates the
proportion of output variability explained by the model, whereas MAE,
RMSE and MAPE quantify prediction error from different perspectives. R?
has been reported to be particularly informative for interpreting regression
performance (Chicco, Warrens, & Jurman, 2021).

3.5. Explaining Variable Effects with SHAP

For tree-based models, accurate prediction alone is insufficient; it is
also important to understand which variables drive the predictions. To this
end, SHapley Additive exPlanations (SHAP) was used (Lundberg & Lee,
2017). SHAP values indicate the direction and magnitude by which each
input variable changes the model output relative to the baseline value,
enabling interpretation of both global variable importance and individual
prediction behavior within a common framework.

The SHAP analysis jointly evaluated the effects of ki, Pev, Pev, kv,
Psess and the derived variable Ppv,eff 0N Vmin, Ploss and CO2. Because Pev eff
is computed as the product of Pev and kev, the SHAP magnitudes of these
three variables were not interpreted as fully independent physical effects but
rather as different representations of the same PV-generation mechanism.

4. EVALUATION OF PREDICTION PERFORMANCE
AND VARIABLE EFFECTS

This section evaluates the quantitative predictive performance of
the developed models alongside the explainability findings. The models are
first compared using cross-validation results, after which the SHAP
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distributions of the best-performing model are interpreted in terms of the
system’s physical behavior.

4.1. Comparison of Prediction Performance

The five-fold cross-validation results are presented in Table 2. All
four models achieved high agreement for Vmin, Ploss and CO2; however,
CatBoost produced the highest mean R? values and the lowest error for all
three outputs. This result indicates that, within the same scenario space,
CatBoost represented the nonlinear input-output relationships more
consistently than the other models considered. For CatBoost, the mean R?
values for Vmin, Pioss and CO2 were 0.9965, 0.9996 and 0.9997, respectively.
The low standard deviations across folds indicate that performance was not
strongly dependent on any particular data subset. CatBoost was therefore
selected as the surrogate model for the subsequent explainability and
optimization stages.

Table 2. Five-fold cross-validation performance of the machine-learning
models for Viin, Piess and CO,.

Model Output R2 MAE RMSE MAPE (%)

CatBoost Vin 0.9965 0.0021 0.0026 0.221
+0.0002 +0.0000 +0.0000 +0.003

LightGBM Vrin 0.9945 0.0025 0.0033 0.271
+0.0004 +0.0000 +0.0001 +0.005

XGBoost Vin 0.9937 0.0026 0.0035 0.285
+0.0004 +0.0000 +0.0001 +0.004

Random Vmin 0.9907 0.0031 0.0043 0.342
Forest +0.0004 +0.0001 +0.0001 +0.010
CatBoost Ploss 0.9996 7.57 11.31 191
+0.0001 +0.31 +1.24 +0.06

LightGBM Ploss 0.9980 17.89 26.23 3.87
+0.0001 +0.30 +0.66 +0.10

XGBoost Ploss 0.9958 25.04 37.94 5.04
+0.0003 +0.87 +1.56 +0.04

Random Ploss 0.9922 35.47 51.70 7.69
Forest +0.0003 +0.67 +0.71 +0.23
CatBoost CO; 0.9997 0.0198 0.0293 0.95
+0.0000 +0.0004 +0.0022 +0.23

LightGBM CO; 0.9984 0.0534 0.0694 2.16
+0.0001 +0.0016 +0.0020 +0.15

XGBoost CO, 0.9964 0.0789 0.1050 3.21
+0.0001 +0.0011 +0.0024 +0.18

Random CO, 0.9929 0.1114 0.1476 461
Forest +0.0003 +0.0024 +0.0033 +0.31
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4.2. Physical Interpretation of SHAP Results

The SHAP beeswarm distributions in Figure 3 indicate that Pev is
the dominant variable across all outputs. High Pev and kv values tend to
reduce Vmin While increasing Pioss and CO2. By contrast, high effective PV
generation and positive BESS power support in the discharge direction
improve the voltage profile and reduce grid power import, along with the
associated losses and emissions. These associations are consistent with the
general trends observed in the OpenDSS results. However, because Pev, kev
and Peverr are structurally related, the PV effect is more meaningfully
interpreted from their joint behavior than from their individual SHAP

rankings.
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Figure 3. SHAP beeswarm analyses for Viin, Piess and CO,.
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5. MULTI-OBJECTIVE PLANNING AND SUSTAINABLE
EV HOSTING CAPACITY

The high predictive accuracy and low computational cost of the
machine-learning models make them suitable as surrogate models for the
multi-objective planning problem. This section examines, using a Pareto-
based approach, the trade-off between increasing EV capacity and reducing
active power loss, carbon emissions and relative investment requirements.

5.1. Multi-Objective Problem Formulation and NSGA-II

The optimization problem simultaneously seeks to increase EV
integration capacity and reduce technical, environmental and capacity-
related investment indicators. To this end, the CatBoost prediction models
were integrated into the NSGA-II optimization. Rather than rerunning the
detailed OpenDSS power flow for every candidate solution, Vmin, Pioss and
CO2 were obtained directly from the surrogate models. This approach
enables the optimization to explore a much larger candidate solution space.

The objective vector was defined to maximize the total EV load Pev
while minimizing active power l0oss Pioss, carbon emissions CO2 and the
investment capacity index ICI.

F = [ Max(Pev), Min(Pioss), Min(COz2), Min(ICI) ] (6)

ICI was defined as follows to combine PV and BESS capacity
requirements into a single relative indicator:

ICI = a-Ppv + f+|Peess| (7)

In the index, o = 1 and B = 2 were assigned to PV and BESS
capacity, respectively. The absolute value |Psess| was used because the
installed power requirement is independent of the charging or discharging
direction. ICI represents a relative capacity indicator rather than a direct
monetary cost. The decision variables were Pev (0-8000 kW), Ppv (04000
kW) and Pgess (1500 to 1500 kW). Optimization was performed at ki =
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1.0 and kev = 0.7, with Pevefi = Ppv X kpv. The constraint Vimin > 0.95 pu
defined the voltage-constrained EV hosting capacity; upper-voltage and
thermal-loading limits were excluded.

NSGA-II was applied with 250 individuals, 500 generations and a
random seed of 42 (Deb, Pratap, Agarwal, & Meyarivan, 2002). Duplicate
solutions were removed, and CatBoost models predicted Vmin, Pioss and COx.
Small negative CO:2 predictions were clipped to zero (CO2 = max(0,
COzpred)) to prevent nonphysical values from affecting the optimization.

5.2. Evaluation of the Pareto-Optimal Solution Space

The Pareto-optimal solution set from CatBoost-assisted NSGA-11 is
shown in Figure 4. As EV capacity increases, Ploss and CO2 generally rise
and a substantial share of high-EV solutions requires greater PV and/or
BESS support. The maximum-EV solution occurs very close to the Vmin =
0.95 pu limit, whereas low-loss and low-emission solutions are characterized
by more limited EV loads. This distribution clearly shows that no single
solution is superior across all four objectives.
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Figure 4. Pareto-optimal solutions for EV integration capacity, power loss
and carbon emissions.
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The solutions on the Pareto set offer different planning options
aligned with the decision maker's priorities. When high EV capacity is
prioritized, PV and BESS requirements and technical losses increase,
whereas solutions focused on low emissions or low losses have markedly
lower EV hosting levels. The value of the Pareto front therefore lies not in
identifying a single 'best' point, but in making the trade-offs among technical,
environmental and capacity-related investment objectives visible.

5.3. Representative Pareto Solutions and the Compromise Point

Five representative Pareto solutions were compared in Table 3. To
identify the compromise point, the four objectives were normalized to the 0-
1 range, treating PEV as a benefit and Ploss, CO2 and ICI as costs. The
solution with the shortest Euclidean distance to the equally weighted ideal
point [1, 1, 1, 1] was selected as the compromise point.

The maximum-EV solution reached Pev = 7752.851 kW, with Vmin
= 0.950 pu, Pioss = 484.467 kW, CO2 = 3.612 tons and ICI = 6874.796. In
contrast, the minimum-ICI solution accommodated 2210.770 kW of EV
load with negligible PV and BESS capacities, resulting in Piess = 278.040
kW and CO2 = 2.865 tons. The corresponding PBESS value of —0.011 kW
was considered zero within numerical tolerance. The compromise solution
provided 2273.230 kW of EV capacity, 2956.113 kW of PV and 14.923 kW
of BESS support. Its operating values were Vmin = 0.973 pu, Ploss = 124.879
kW, CO2 = 1.814 tons and ICI = 2985.960. Compared with the maximum-
EV solution, it accommodated less EV demand but achieved substantially
lower losses and emissions. This point represents a balance among the four
objectives rather than the optimum of any single objective.
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Table 3. Pareto-optimal solutions corresponding to different optimization
objectives.

Metric Min. CO: Min. Ploss Max. PEV I\I/ICIT Compromise
Pev (kW)  245.797 99.186 7752.851 2210.77  2273.230
Pev (KW)  3725.273 1499.061 3917.461  0.000 2956.113

Peess (KW) 1479.234  1466.453  1478.667 -0.011 14.923

ICI 6683.740 4431.967 6874.796 0.022  2985.960
Vimin (PU)  0.992 0.992 0950  0.958 0.973
Poss (KW)  63.768  30.170  484.467 278.04  124.879
CO; (tons)  0.000 0.567 3612  2.865 1.814

6. CONCLUSIONS AND GENERAL ASSESSMENT

This chapter jointly evaluated voltage, active power loss and grid-
related carbon emissions in a distribution system with EVs, PV and BESS.
The 8000 OpenDSS scenarios generated for the IEEE 123-bus system
bridged detailed power-flow analysis and data-driven prediction. Among the
models compared, CatBoost achieved the highest cross-validation
performance, with mean R? values of 0.9965, 0.9996 and 0.9997 for Vi,
Pioss and COz, respectively. The SHAP results showed that EV load and load
level were the primary drivers, while PV generation and BESS support
played balancing roles for voltage, losses and emissions.

Using the CatBoost models within NSGA-II enabled the trade-off
among EV capacity, technical performance, carbon emissions and relative
investment requirements to be examined directly via Pareto solutions. At the
operating point k. = 1.0 and kev = 0.7, the maximum voltage-constrained
EV capacity under Vmin > 0.95 pu was 7752.851 kW. The compromise
solution, selected based on the distance of the equally weighted, normalized
objectives from the ideal point, provided 2273.230 kW of EV capacity,
124,879 kW of active power loss and 1.814 tons of CO, representing a more
balanced operating point. These results demonstrate that detailed simulation,
explainable machine learning and multi-objective optimization can be
integrated within the same decision-support chain.
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The scope of the study should be considered when interpreting these
values. The optimization is based on static operating points and a minimum-
voltage constraint; it does not include upper-voltage limits, line and
transformer thermal loading, BESS energy capacity and state-of-charge
dynamics, or the time-varying electricity-generation mix. The reported HC
values should therefore be interpreted not as a general network limit, but as
the capacity under the defined operating condition and voltage criterion.
Future work can extend the framework to include time-series EV charging,
dynamic PV generation, BESS energy management and time-varying
carbon intensity to improve its representativeness for planning applications.
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CIFT EKSENLI GUNES TAKIP SISTEMI
TASARIMI VE SABIT PANEL iLE
KARSILASTIRMALI PERFORMANS ANALIZI:
BURDUR ORNEGI

Yildiray CELIKKOL!
Sertag GORGULU?

1. GIRIS

Enerji, iilkelerin gelismiglik diizeyini belirleyen temel
etkenlerden biridir. Artan enerji talebi, fosil yakitlara bagimlilig
ve bunun doga iizerindeki olumsuz etkileri giindeme getirmis;
elektrik {iretim kaynaklarinin secilmesinde siirdiiriilebilirlik ve
cevresel etki Olciitlerini 6ne ¢ikarmistir (Cengiz, 2016). Bu
egilimle birlikte yenilenebilir ve siirdiiriilebilir teknolojiler hizla
yayginlagsmaktadir. Nitekim Tiirkiye’de giines enerjisinin toplam
kurulu gii¢ i¢indeki pay1 2014°te binde 1 diizeyindeyken 2026
basinda %20,9’a ulasmistir (AA, 2026).

Tirkiye, cografi konumu nedeniyle giiclii bir gilines
enerjisi potansiyeline sahiptir (Cengiz, 2016; AA, 2026). Ancak
giines 1s1m1m1 giin boyunca degisir ve siireklilik gostermez; bu
durum hem depolama ihtiyacin1 hem de panel yilizeyinin giinese
gore konumlandirilmasin1  6nemli kilar. Panel veriminin
artirtlmasinda en yaygin ¢oziimler tek eksenli ve ¢ift eksenli
giines takip sistemleridir; sabit panellere gore enerji kazancinin
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yaklasik %25-35 diizeyinde olabilecegi bildirilmektedir (Cengiz,
2016).

Calismanin amaci, ¢ift eksenli takip yapan hareketli bir
panel ile sabit bir panelin iirettigi giic arasindaki farki dlgerek
hangi ¢6ziimiin daha avantajli oldugunu ortaya koymaktir.
Benzer bicimde, 30° egimli ve giineye bakan sabit bir panelle
karsilagtirilan, 151k sensorlii ¢ift eksenli bir sistemde %24,6 ek
enerji elde edildigi bildirilmistir (Shang ve Shen, 2023).
Gelistirilen sistemde Arduino UNO kart1 dort LDR sensoriinden
gelen 151k bilgisine gore iki step motoru ydnlendirmektedir.
Motorlar kendi sdrict kartlar1 iizerinden bir aki ile
beslenmektedir. Tasarim, elektrik-elektronik miihendisliginin
temel bilesenlerini, yazilim, ii¢ boyutlu tasarim ve {iretim
yontemleriyle birlestirerek diisiik maliyetli ve gelistirilebilir bir
uygulama sunmaktadir.

2. GUNES ENERJISI VE TAKIP SISTEMLERINE
GENEL BAKIS

2.1. Giines Enerjisi Potansiyeli

Diinya atmosferinin disinda toplam giines 1s1n1mi yaklasik
1361 W/m2’dir (Kopp ve Lean, 2011); yeryizlnde ise atmosferik
sogurma ve sacilma nedeniyle agik havada 1simim en fazla
yaklasik 1000 W/m? diizeyine ulasir, bulutluluk ve giin saatine
bagl olarak sifira kadar diisebilir (Duffie ve Beckman, 2013).

Turkiye 36°-42° kuzey enlemleri ile 26°-45° dogu
boylamlar1 arasinda yer almaktadir. Yillik ortalama toplam giines
1sintim1 1303 kWh/m?, yillik ortalama giineslenme siiresi 2623
saattir; bu degerler gilinlilk ortalama 3,6 kWh/m? 1sinima ve
yaklagik 7,2 saatlik giineslenmeye karsilik gelir (Celik, 2006).
Enerji ve Tabii Kaynaklar Bakanligi Elektrik Isleri Genel
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Miidiirligi tarafindan hazirlanan gilines enerjisi potansiyel atlasi
Sekil 1°de verilmistir (EIGM, 2025).

Sekil 1. Tiirkiye giines enerjisi potansiyeli atlas1 (GEPA).

Calismanin yiritiildiigli Burdur ilinde yillik toplam
giineslenme siiresi yaklagik 2636 saat, giinlik ortalama
giineslenme siiresi 7,22 saat ve giinliikk ortalama 1s1nim yaklasik
4,66 kWh/m?’dir (Kirbas vd., 2013; EIGM, 2025). GEPA verileri
incelendiginde, Haziran-Agustos aylar1 arasinda giinliik
gilineslenme siiresinin 11 saati agtif1 goriilmektedir. Bu veriler,
Burdur’un fotovoltaik (FV) uygulamalar i¢in elverisli oldugunu
gostermektedir.

2.1. Fotovoltaik Hiicrelerin Calisma Prensibi ve
Turleri

Bir FV giines paneli, silikon benzeri yari iletkenlerden
olusan ¢ok sayida giines pilinden olusur. Giines hiicreleri, giines
1sinlarindan gelen fotonlarin enerjisini aktararak calisir; daha
sonra bu fotonlar elektrotlardan ve harici devreden akan elektrik
akimu Ureterek enerji dretir (Shang ve Shen, 2023).

Giines pilleri dort ana grupta incelenebilir. Monokristalin
(tek kristal) silisyum hiicrelerin atomik yapis1 homojendir ve bu
hiicreler giines pili teknolojileri arasinda en yiiksek verimi sunar.
Bagimsiz olarak dogrulanmig en yiiksek hiicre verimi,
LONG:i’nin n-tipi HTBC (hibrit arka kontakl1) hiicresiyle 139,70
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cm? tasarlanmis aydinlatma alaninda %28,1; 175,37 cm? toplam
alan esasinda ise %27,8’dir. Ticari boyutlu hiicrelerde toplam
alan esasina gore en iyi sonuglar n-tipi TBC i¢in %27,0, HJT igin
%26,9, n-tipi TOPCon icin %26,55 ve p-tipi PERC igin
%?24,1'dir. Ayni teknoloji modiil Olceginde %?26,4 verime
ulagsmistir. Polikristalin hiicreler bir¢ok kiiciik kristalden olusur
ve daha diisiik maliyetle Gretilir. Amorf silisyum hticreler kristal
yapida degildir ve ince film teknolojisiyle firetilir; stabilize
edilmis en yliksek hiicre verimi %10,2 olup amorf/nanokristal
silisyum tandem modiillerde %12,3'e ¢ikmaktadir. Bakir-
indiyum-(galyum)-selenyum esasli CIS/CIGS hiicreleri de ince
film teknolojisiyle dretilir; kadmiyumsuz CIGS hcresi igin
dogrulanmis en yiiksek verim %?23,35, alt modil i¢in %20,3,
modul i¢in %19,2’dir (Green vd., 2026).

2.3. Giines Takip Sistemleri

FV hicreleri giines 1smlan yiizeye dik geldiginde en
yiiksek verimi verir. Sabit panellerde 1sinlarin gelis agist giin
boyu degistiginden verim kaybi kaginilmazdir. Sabit sistemlerin
giineye yoOnlendirilmesi bu kaybi azaltsa da, giines takip
sistemleri paneli giin boyunca giinese dik tutarak {liretimi %25’e
kadar artirabilmektedir (Cengiz, 2016; Shang ve Shen, 2023).
Takip sistemleri eksen sayisina ve kontrol ydntemine gore
smiflandirilir (Mousazadeh vd., 2009; Hafez vd., 2018; Awasthi

vd., 2020).

Tek eksenli sistemlerde panel kuzey-giiney hattina
yerlestirilir ve dogu—bati yoniinde dondiiriiliir; iiretimde %20-25
artis bildirilmektedir. Cift eksenli sistemlerde giinesin konumu
azimut ve zenit olmak iizere iki agiyla izlenir ve %30-40 artig
mimkunddr (Awasthi vd., 2020). Bildirilen 6l¢iim sonuglar1 da
buna yakin diizeydedir: Tiirkiye’de PLC kontrollii cok eksenli bir
sistemle sabit panele gore %42,6 (Sungur, 2009), 1518a duyarl
direnglerle calisan iki eksenli bir sistemle %30 (Kentli ve Yilmaz,
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2015) ve 30° egimli sabit panele karsi fotoelektrik yontemle
%24,6 (Shang ve Shen, 2023) ek enerji elde edilmistir.

Kontrol yontemine gore ise sensor geri beslemeli (kapali
¢cevrim) ve matematiksel modele dayali (agik ¢evrim) sistemler
s0z konusudur. Sensor geri beslemeli sistemlerde 1518a duyarli
sensorler 1518in en yogun oldugu yoni algilar; sinyal
denetleyicide islenir ve panel bu yone bir ya da iki eksende
dondiirtiliir. Matematiksel modele dayali sistemlerde giinesin
yillik ve giinliik hareketine dayali modellerle konumu hesaplanir;
enlem, boylam ve yerel saat bilgisi yeterlidir. Bu sistemler,
bulutlanma, kirlenme ve yagmur gibi etkilerden kaynaklanan
algilama hatalarindan etkilenmez; ancak daha karmasiktir
(Awasthi vd., 2020).

3. MATERYAL VE YONTEM
3.1. Sistemin Donanim

Arduino UNO denetleyici, dort LDR 151k sensortl, iki step
motor ve siiriiclilerden olusmaktadir. Kullanilan temel sistem
bilesenleri Sekil 2°de gosterilmistir. Arduino, mikrodenetleyici
ve programlama ortamini bir arada sunan bir gelistirme kartidir;
giris pinleriyle algilayict verilerini alir, ¢ikis pinleriyle motor
strtculerine en fazla 5 V’luk sinyaller verir.

LDR (Light-Dependent Resistor), iizerine diisen 1s1k
siddeti arttikca direnci azalan pasif bir optik sensordiir. Caligmada
4 pinli LDR sensor kartlart kullanilmistir (Robotistan, 2025a).
Sistemin ylik kapasitesini karsilayan tork ve enerji verimliligi
nedeniyle iki eksen icin NEMA 17 serisi step motorlar
kullanilmistir; motorlar ¢ift kutuplu olup calisma gerilimi 12 V,
adim agis1 1,8°, agirlhigi 130 g’dir (Robotistan, 2025b). Motorlarin
devir ve akim denetimi A4988 siiriicli kartlartyla yapilmistir
(Robotistan, 2025c¢). Sirlcl devrelerine koruma amaciyla direng
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ve kondansator baglanmistir. Yukari—asagi hareket, step motora
bagli 8 mm g¢apli, 2 mm hatveli trapez mil ve somunla
saglanmustir.

Sekil 2. Sistemde kullanilan bashca bilesenler

Kullanilan iki panel 6zdestir; her birinin maksimum giicii
12 W, maksimum ¢ikis gerilimi ise 22 V’dir. Etiket degerleri
Sekil 3’te verilmistir. Panellerden biri, yatayla 30° ac1 yapacak
sekilde glineye bakacak bicimde sabitlenmis; digeri ise doner
mekanizmaya yerlestirilmistir.

Sekil 3. Panel etiket degerleri.
3.2. Mekanik Tasarim

Sistemi kendi ekseni etrafinda dondiiren parca ile onu step
motora baglayan disli ¢ark ii¢ boyutlu tasarim programinda
cizilmis ve {li¢ boyutlu yaziciyla iretilmistir. Motorlari, mil
baglantilarim1 ve paneli tasiyan iskelet ise ii¢c boyutlu ¢izim
programinda tasarlanmis, 5 mm kalinligindaki MDF malzemeden
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lazer kesimle imal edilmistir (Sekil 4). Akii, mikrodenetleyici ve
stirticii kart1 iskeletin alt kisminda yer almaktadir.

(a) (b} {c)

)

Sekil 4. Mekanik tasarim: (a) donen eksen dislisi, (b) disli parca,
(c) sistem iskeleti.

3.3. Yazilim ve Calisma Prensibi

Denetleyici yaziliminda yatay eksen motoru H, diisey
eksen motoru V Onekleriyle tanimlanmig; LDR’ler {ist-sag, iist-
sol, alt-sag ve alt-sol olmak iizere dort analog girise baglanmustir.
Program dongusiinde dort sensér okunur; Ustteki, alttaki, soldaki
ve sagdaki sensor ciftlerinin ortalamalart almr. Ust ile alt
ortalamalar1 arasindaki fark diisey hata, sol ile sag ortalamalari
arasindaki fark ise yatay hata olarak degerlendirilir. Hata tanimli
tolerans degerinin disindaysa ilgili motor, 1s18in daha yogun
oldugu yoéne dogru kiiciik bir adim grubu kadar dondiiriiliir;
tolerans icinde ise hareket etmez. Adim sayaglari, mekanik
sinirlarin agilmamast igin alt ve st limitlerle karsilagtirilir;
acilista sinir anahtarlart yardimiyla her iki eksenin baglangic
konumu belirlenir. Bu yontem literatiirde fotoelektrik izleme
olarak anilmakta ve diisiik maliyetli ¢ift eksenli sistemlerde
Arduino ile kullanilmaktadir (Kaur vd., 2016; Laseinde ve
Ramere, 2019; Shang ve Shen, 2023).

Bdylece her motor, ilgili eksendeki iki sensor ciftinden
gelen verilerle yonlendirilmekte ve daha saglikli bir konum karar1
verilmesi amaclanmaktadir. Panel gilin boyunca agisini
degistirerek glinese dik kalmaya calisir; giines battiktan sonra
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konumunu korur ve ertesi giin giines dogdugunda yeniden giinese
yonelir.

3.4. Olgum Yoéntemi
Karsilastirma i¢cin Burdur’da 12, 15 ve 22 Mayis

tarihlerinde, 12:00, 13:00, 13:30, 14:00, 15:00 ve 17:00
saatlerinde her iki panelden degerler okunarak kaydedilmistir.

4. BULGULAR

Tablo 1’de ¢ 6l¢lim gunu igin sabit ve takipli panellerin

giic degerleri verilmistir. Ug giiniin tamaminda takipli panel sabit
panelden daha yiiksek gii¢ liretmistir. Fark, sabit panelin 6gleden

sonra

glinese giderek daha egik kaldigi saatlerde

belirginlesmistir: 12 Mayis’ta sabit panelin giicii 13:30°daki
11,35 W’tan 17:00°de 5,80 W’a diiserken takipli panel 11,65
W’m iizerinde kalmustir. Ogle saatlerinde ise giines paneli zaten
yaklasik dik aciyla 151k aldigindan, iki sistemde de birbirine yakin
degerler Olctilmiistir.

Tablo 1. Sabit ve Takipli Panellerin Olciilen Gii¢c Degerleri (W)

Saat

12 Mayis 15 Mayis 22 Mayis
Sabit  Takipli Sabit  Takipli Sabit  Takipli

12:00
13:00
13:30
14:00
15:00
17:00

8,10 10,84 7,75 12,27 7,25 9,45
10,70 11,73 9,47 11,87 7,69 9,52
11,35 12,98 9,71 12,43 8,25 9,83
9,06 12,50 10,84 11,93 8,90 10,53
7,37 12,12 9,65 11,52 8,75 10,45
5,80 11,65 8,74 10,76 8,45 9,49

22 Mayis’ta alinan degerlerin diger giinlere gore diisiik

olmasi, havanin yagmurlu olmasindan kaynaklanmis olabilir;
gilinesin Oniline bulut gelmesi durumunda da benzer bir diisiis
beklenebilir. Isik sensorlii takip sistemlerinin bulut ve golge gibi
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bozucu etkilere duyarli oldugu da bildirilmektedir (Shang ve
Shen, 2023).

5. TARTISMA VE SONUC

Bulunan artiglar literatiirde bildirilen degerlerle genel
olarak uyumludur. Ancak sonuclar tek bir ayda, Uc¢ gunluk
Olcimden ve alt1 zaman noktasindan elde edilmistir; bu nedenle
yillik kazang hakkinda dogrudan ¢ikarim yapilamaz. Isinim
siddeti ayrica Olgiilmedigi i¢in bulutlanma etkisi nicel olarak
ayrigtirllamamais; takip mekanizmasinin kendi enerji tiiketimi de
hesaba katilmamustir. Ilerideki ¢alismalar ic¢in kullanilan
motorlarin tiiketiminin hesaba katilmasi ve farklt mevsimleri
kapsayan uzun sireli verilerin toplanmasi 6nerilmektedir.

Takip sisteminin ilk yatirim maliyeti sabit sisteme gore
yiiksek olmasina ragmen, sagladigi ek ftretim ve bilesen
maliyetlerinin diigme egilimi birlikte disiiniildiigiinde, sistemin
ekonomik agidan da avantaj saglama potansiyeli bulunmaktadir;
bu konu ayr1 bir maliyet—-fayda analiziyle desteklenmelidir.

228



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

KAYNAKCA

AA, .(2026). Anadolu Ajanst. (2026, 21 Mart). Tiirkiye’nin giines
enerjisi kurulu giici 25 bin megavati gecti. Milliyet.
Erisim tarihi: 10.07.2026,
https://www.milliyet.com.tr/ekonomi/turkiyenin-gunes-
enerjisi-kurulu-gucu-25-bin-megavati-gecti-7558132.

Awasthi, A., Shukla, A. K., Manohar, S. R. M., Dondariya, C.,
Shukla, K. N., Porwal, D., & Richhariya, G. (2020).
Review on sun tracking technology in solar PV system.
Energy Reports, 6, 392-405.
https://doi.org/10.1016/j.egyr.2020.02.004.

Cengiz, M. S. (2016). Stirling motorlu giines takip sisteminin
tasarimi ve fotovoltaik panel sistemiyle verim yoniinden
karsilastiriimasi [Doktora tezi, Inonii Universitesi].

Duffie, J. A. & Beckman, W. A. (2013). Solar engineering of
thermal processes (4. bs.). John Wiley & Sons.

EIGM. (2025). Elektrik Isleri Genel Miidiirliigii. Giines enerjisi
potansiyel atlast (GEPA). Erigim tarihi: 21.12.2025,
https://gepa.enerji.gov.tr/

Green, M. A., Dunlop, E. D., Yoshita, M., Kopidakis, N., Bothe,
K., Siefer, G., & Jiang, J. Y. (2026). Solar cell efficiency
tables: Version 68. Joule, 10, 102494.
https://doi.org/10.1016/j.joule.2026.102494.

Hafez, A. Z., Yousef, A. M., & Harag, N. M. (2018). Solar
tracking systems: Technologies and trackers drive types—
A review. Renewable and Sustainable Energy Reviews,
91, 754-782. https://doi.org/10.1016/j.rser.2018.03.094.

Kaur, T., Mahajan, S., Verma, S., Priyanka, & Gambhir, J.
(2016). Arduino based low cost dual axis solar tracker.
2016 IEEE 1st International Conference on Power
Electronics, Intelligent Control and Energy Systems

229


https://www.milliyet.com.tr/ekonomi/turkiyenin-gunes-enerjisi-kurulu-gucu-25-bin-megavati-gecti-7558132
https://www.milliyet.com.tr/ekonomi/turkiyenin-gunes-enerjisi-kurulu-gucu-25-bin-megavati-gecti-7558132
https://doi.org/10.1016/j.egyr.2020.02.004
https://gepa.enerji.gov.tr/
https://doi.org/10.1016/j.joule.2026.102494
https://doi.org/10.1016/j.rser.2018.03.094

Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

(ICPEICES), 1-5.
https://doi.org/10.1109/ICPEICES.2016.7853108.

Kentli, F. & Yilmaz, M. (2015). Mathematical modelling of two-
axis photovoltaic system with improved efficiency.
Elektronika ir  Elektrotechnika, 21(4), 40-43.
https://doi.org/10.5755/j01.eee.21.4.12780.

Kirbas, 1., Cifci, A., & Isyarlar, B. (2013). Burdur Ili Giineslenme
Orani ve Gilines Enerjisi Potansiyeli. Mehmet Akif Ersoy
Universitesi Fen Bilimleri Enstitiisii Dergisi, 4(2), 20-23.
https://izlik.org/JA87CJ79JS.

Kopp, G. & Lean, J. L. (2011). A new, lower value of total solar
irradiance:  Evidence and climate significance.
Geophysical ~ Research  Letters, 38, L01706.
https://doi.org/10.1029/2010GL045777.

Laseinde, T. & Ramere, D. (2019). Low-cost automatic multi-
axis solar tracking system for performance improvement
in vertical support solar panels using Arduino board.
International Journal of Low-Carbon Technologies, 14,
76-82. https://doi.org/10.1093/ijlct/cty058.

Mousazadeh, H., Keyhani, A., Javadi, A., Mobli, H., Abrinia, K.
& Sharif, A. (2009). A review of principle and sun-
tracking methods for maximizing solar systems output.
Renewable and Sustainable Energy Reviews, 13, 1800—
1818. https://doi.org/10.1016/j.rser.2009.01.022.

Robotistan (2025a). 4 Pinli LDR Isik Sensori Karti.
https://www.robotistan.com/ldr-isik-sensoru-karti-4-pin.
Erisim tarihi: 21.12.2025.

Robotistan (2025b). NEMA17 Step Motor.
https://www.robotistan.com/bipolar-unipolar-nemal7-
200-adim-34x42-mm-13a-step-motor-17hs3401. Erisim
tarihi: 21.12.2025.

230


https://doi.org/10.1109/ICPEICES.2016.7853108
https://doi.org/10.5755/j01.eee.21.4.12780
https://izlik.org/JA87CJ79JS
https://doi.org/10.1029/2010GL045777
https://doi.org/10.1093/ijlct/cty058
https://doi.org/10.1016/j.rser.2009.01.022
https://www.robotistan.com/ldr-isik-sensoru-karti-4-pin
https://www.robotistan.com/bipolar-unipolar-nema17-200-adim-34x42-mm-13a-step-motor-17hs3401
https://www.robotistan.com/bipolar-unipolar-nema17-200-adim-34x42-mm-13a-step-motor-17hs3401

Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

Robotistan ~ (2025¢). A4988/DRV8825  Kontrol  Kart.
https://www.robotistan.com/a4988drv8825-kontrol-Kkarti.
Erigim tarihi: 21.12.2025.

Shang, H. & Shen, W. (2023). Design and implementation of a
dual-axis solar tracking system. Energies, 16 (17), 6330.
https://doi.org/10.3390/en16176330.

Sungur, C. (2009). Multi-axes sun-tracking system with PLC
control for photovoltaic panels in Turkey. Renewable
Energy, 34, 1119-1125.
https://doi.org/10.1016/j.renene.2008.06.020.

231


https://www.robotistan.com/a4988drv8825-kontrol-karti
https://doi.org/10.3390/en16176330
https://doi.org/10.1016/j.renene.2008.06.020

Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

TWO AUSCULTATION POINTS SUFFICE:
PROTOCOL REDUCTION FOR AUTOMATED
HEART MURMUR SCREENING

Erdogan OZEL!

1. INTRODUCTION

Cardiac auscultation remains the cheapest front line of
screening for structural heart disease, and the recent availability
of annotated phonocardiogram (PCG) corpora has made
automated murmur detection a well-studied problem (Clifford et
al., 2016; Liu et al., 2016; Oliveira et al., 2022; Reyna et al.,
2023). The CirCor DigiScope dataset (Oliveira et al., 2022) and
the George B. Moody PhysioNet Challenge 2022 built on it
(Reyna et al., 2023) both adopt the clinical four-point protocol:
aortic (AV), pulmonary (PV), tricuspid (TV) and mitral (MV)
valve areas are each recorded, and a patient-level decision is
formed from all of them. That protocol is an assumption inherited
from the bedside examination, not a requirement of the algorithm.
It is also the most expensive part of the acquisition in exactly the
settings where automated screening would matter most: a
primary-care visit, a school screening campaign, or a tele-
auscultation session in which a non-specialist places one
stethoscope once. If most of the detectable signal lives at one or
two points, then the cost of deployment falls sharply, and
knowing which points matter tells the operator where to place the
device.

1 Assist. Prof., Van Yiiziincii Y1l University, Faculty of Engineering, Department of

Electrical and Electronics Engineering, Van, Tirkiye, ORCID: 0000-0002-4366-
7257.
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The question is not answered by the dataset’s own
statistics. Of the 179 patients annotated with a murmur, it is
audible at a single point in 34 cases (19%) and at all four in 71,
S0 a one-point protocol must structurally miss part of the Present
population. Whether that loss is large enough to matter for a
detector is an empirical question, and it is the one this chapter
answers.

Our contribution is threefold. First, we measure murmur
detection under all fifteen non-empty subsets of the four
auscultation points with a design that isolates the protocol from
every other factor: one model, one set of weights, one set of folds,
and the subset applied only at inference. Second, we avoid the
decision-threshold confound that makes such comparisons
fragile, by scoring the threshold-free area under the ROC curve.
Third, rather than reporting the best subset, a quantity biased
upward by the selection itself, we report the marginal contribution
of each auscultation point, averaged over every subset of the other
three. That is a fixed question asked of every point.

2. RELATED WORK

Automated heart sound analysis was given its first large
public benchmark by the PhysioNet/Computing in Cardiology
Challenge 2016, which asked for a normal/abnormal decision on
single recordings drawn from several corpora (Clifford et al.,
2016; Liu et al., 2016). The entries that did best there combined a
segmentation front end with either engineered features or a
convolutional classifier (Potes, Parvaneh, Rahman, & Conroy,
2016; Rubin et al., 2016). That front end was most often the
logistic-regression hidden semi-Markov model of Springer,
Tarassenko, and Clifford (2016), which locates the first and
second heart sounds and thereby the systolic and diastolic
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intervals. The 2016 task was framed per recording, so the question
of how many recordings to take, and from where, did not arise.

The CirCor DigiScope dataset (Oliveira et al., 2022)
changed that framing. It records each patient at the four standard
valve areas, annotates the murmur at each area separately, and
asks for a patient-level decision; the PhysioNet Challenge 2022
built its murmur task and its weighted accuracy metric on that
structure (Reyna et al., 2023). Entries accordingly aggregate over
a patient’s recordings, but they aggregate over all of them: the
protocol is treated as given, and to our knowledge no published
study measures what happens when only part of it is available.

Methodologically we follow the now-standard practice of
applying one-dimensional convolutional networks directly to raw
or lightly filtered physiological waveforms, which has displaced
hand-crafted features across biosignal tasks. Electrocardiography
is the clearest case: end-to-end networks match expert readers on
arrhythmia detection (Hannun et al., 2019; Ribeiro et al., 2020),
and public benchmarks have made model comparison routine
(Strodthoff, Wagner, Schaeffter, & Samek, 2021; Wagner et al.,
2020). Our network is deliberately small and unremarkable. What
this chapter contributes is the experimental design; the model
exists to hold everything else fixed while the recording protocol
varies.

3. DATA AND LABELS
3.1. Dataset

We use the CirCor DigiScope Phonocardiogram Dataset
v1.0.3 (Goldberger et al., 2000; Oliveira et al., 2022), which is the
public training split of the PhysioNet Challenge 2022 (Reyna et
al., 2023): 942 patients, murmur labelled Absent in 695, Present
in 179 and Unknown in 68. Recordings are sampled at 4 kHz; we
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retain the 3 159 recordings made at the four main auscultation
points and discard the small number taken at other spots.

The cohort is paediatric, and this matters for how the
results below should be read: the age field records 664 children,
126 infants, 72 adolescents and 6 neonates, with 74 unrecorded,
and no adults at all. The recordings come from screening
campaigns rather than from a cardiology clinic, so the murmurs
present are those of a screening population.

3.2. Labels

The dataset annotates murmur at the patient level and
additionally lists the points at which the murmur is audible. A
recording is therefore labelled Present only when its own point is
in that list; a Present patient can, and often does, contribute
Absent recordings. Patients labelled Unknown pass that label to
all of their recordings.

3.3. Cohort

Comparing recording protocols requires that every
protocol be scored on the same people. We therefore restrict
evaluation to the 598 patients who have all four points recorded;
the remaining patients are still used for training. Within this
cohort the Unknown class holds only 13 patients, too few for its
per-class statistics to carry an argument. The primary analysis is
therefore binary: Present against Absent, 585 patients (120
Present, 465 Absent). The three-class weighted accuracy of
Reyna et al. (2023) is reported separately for comparability.

4, METHOD
4.1. Preprocessing

Each recording is resampled to 1 kHz, band-pass filtered
to 25-400 Hz with a zero-phase fourth-order Butterworth filter,
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standardised and clipped at eight standard deviations to suppress
the contact artefacts common in this corpus. It is then cut into 4-
second windows with a 2-second hop; windows with negligible
energy are dropped. This yields 31 372 windows.

4.2. Network and Training

The classifier is a small one-dimensional convolutional
network, given in Table 1: five blocks of convolution, batch
normalisation (loffe & Szegedy, 2015), ReLU and max pooling,
widening from 16 to 96 channels, followed by concatenated
global average and max pooling and a linear layer, 75 603
parameters in total. The wide first kernel and the aggressive first
pooling stage set a receptive field of the order of a cardiac cycle,
which is what a murmur has to be judged against; the
concatenated global pooling lets the head read both the average
character of the window and its loudest moment, the latter
mattering because a murmur may occupy only part of the cycle.

Table 1. The Classifier

Stage Operation C Output length
Input — 1 4000
Block 1  Conv(k=15), BN, ReLU, Pool(p=4) 16 1000
Block2  Conv(k=9), BN, ReLU, Pool(p=2) 32 500
Block3  Conv(k=9), BN, ReL U, Pool(p=2) 64 250
Block4  Conv(k=5), BN, ReLU, Pool(p=2) 64 125
Block5  Conv(k=5), BN, ReLU, Pool(p=2) 96 62
Pooling  Global average @ global max 192 1

Head Dropout(0.3), Linear 3 1

Note: C is the channel count, k the kernel width and p the pooling factor. Input
is one 4-second window at 1 kHz.

Two properties of this design are deliberate. First, the
network consumes a single window and is given no indication of
which auscultation point that window came from, so one set of
weights serves every experimental condition. Second, it is small
enough to train in minutes, which is what makes a fifteen-
condition study affordable at all; no attempt was made to tune it
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for absolute performance, since every condition is affected
equally by whatever is left on the table.

Training uses AdamW (Loshchilov & Hutter, 2019) at
102 with cosine decay over 25 epochs, batches of 128, and a
cross-entropy loss weighted by inverse class frequency scaled by
the clinical weights of Reyna et al. (2023). Amplitude jitter and
additive noise are applied to training windows. The checkpoint
with the best window-level weighted accuracy on the validation
split is retained; this averaged 0.705 across folds. Window-level
performance is well below the patient-level figures reported in
Section 5, which is expected: many windows of a Present patient
contain no murmur at all, and the aggregation step is where that
noise is averaged out.

4.3. Cross-Validation and Protocol Restriction

We use 5-fold stratified cross-validation over the cohort,
split by patient so that no patient’s windows straddle a split.
Within each fold, 20% of the training pool is held out for
validation; it selects the checkpoint and, where a threshold is
needed, calibrates it.

Window probabilities are averaged within a recording. A
condition S € {AV, PV, TV, MV} is then realised by allowing
only the recordings made at the points in S to contribute to the
patient decision. Because the network never saw the point
identity, the fifteen conditions differ in nothing but which
recordings are permitted to vote.

4.4. Patient Score and Evaluation

The patient score is the maximum p(Present) over the
permitted recordings. This choice matters. The two conventional
alternatives are both biased by how many recordings a condition
permits, in opposite directions: an any-Present vote gives a four-
point patient four chances to raise a false alarm where a one-point
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patient gets one, while averaging probabilities dilutes a murmur
audible at a single point with the silence at the other three. Either
would let subset size masquerade as a protocol effect. The
maximum matches what the label asserts, a murmur audible
somewhere, and, being used through a rank-based metric, needs
no threshold at all.

The primary metric is therefore the area under the ROC
curve (Hanley & McNeil, 1982). Confidence intervals and all
contrasts come from a bootstrap over patients with 2000
resamples (Efron & Tibshirani, 1993); because every condition is
scored on the same patients with the same model, the same
resample indices are applied to both sides of each contrast, which
makes the comparison paired and considerably more sensitive
than comparing fold means.

For readability we also report sensitivity and specificity at
a per-fold operating point chosen on the validation patients by
Youden’s index, and the three-class weighted accuracy W.acc =
(5tp + 3tu + ta) / (5Cp + 3cu + Ca) of Reyna et al. (2023) at a threshold
calibrated per condition on the validation split.

5. RESULTS
5.1. The Subset Grid

Table 2 and Figure 1 give the AUROC of all fifteen
subsets. The best single point is PV at 0.923, against 0.941 for the
full four-point protocol. The paired difference is +0.0174 with a
95% interval of [-0.0061, +0.0436]: the interval includes zero, so
a single pulmonary recording is not measurably worse than four
recordings on this cohort. The interval does, however, admit a real
loss of up to about 0.04.
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Table 2. Murmur Detection Under Every Subset of the Four
Auscultation Points

Points S| AUROC 95% CI Sens. Spec.
PV 1 0.923 [0.891, 0.950] 0.667 0.974
TV 1 0.898 [0.857, 0.935] 0.750 0.916
AV 1 0.882 [0.841, 0.919] 0.725 0.918
MV 1 0.881 [0.839, 0.918] 0.683 0.935
PV-TV 2 0.940 [0.913, 0.964] 0.750 0.970
PV-MV 2 0.937 [0.906, 0.961] 0.767 0.938
TV-MV 2 0.925 [0.893, 0.954] 0.817 0.892
AV-TV 2 0.925 [0.890, 0.955] 0.842 0.910
AV-PV 2 0.917 [0.881, 0.947] 0.767 0.892
AV-MV 2 0.912 [0.878, 0.944] 0.808 0.901
PV-TV-MV 3 0.951 [0.927,0.971] 0.825 0.942
AV-TV-MV 3 0.934 [0.903, 0.961] 0.875 0.862
AV-PV-TV 3 0.934 [0.901, 0.959] 0.842 0.935
AV-PV-MV 3 0.929 [0.897, 0.957] 0.850 0.880
AV-PV-TV-MV 4 0.941 [0.912, 0.964] 0.867 0.910

Note: AUROC is given with its 95% bootstrap interval; sensitivity and
specificity are given at the validation-calibrated operating point. N = 585
patients.
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Figure 1. AUROC of every subset of the four auscultation points,
with 95% bootstrap intervals. The dashed line marks the full
four-point protocol.

The best pair, PV-TV, reaches 0.940, which is the four-
point figure to three decimal places; the paired difference is
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+0.0001 (95% CI [-0.0163, +0.0173]). Figure 2 shows the
corresponding ROC curves, which are visually indistinguishable
over the clinically useful range.

1
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0 . 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1
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Figure 2. ROC curves for the best single point, the best pair, the
best triple and the full protocol, with AUROC in parentheses.

5.2. Marginal Contribution of Each Point

Reading the best subset off Table 2 and then testing it
would be a winner’s curse: with four triples to choose from, the
maximum is biased upward. We therefore ask a fixed question of
each point L. By how much does adding L change the AUROC,
averaged over all seven non-empty subsets of the other three
points? Nothing is selected after the fact.

Table 3 and Figure 3 give the answer. The pulmonary,
tricuspid and mitral points each contribute a significant amount
of information, improving every one of the seven subsets they are
added to. The aortic point does not: its mean contribution is

240



Elektrik-Elektronik ve Haberlesme Miihendisligi Alaninda Giincel Konular ve Akademik Degerlendirmeler

+0.0052 with a 95% interval of [-0.0086, +0.0197], and it
improves only 3 of the seven subsets. Consistently, the best triple
PV-TV-MV attains 0.951, slightly above the full four-point
protocol.

Table 3. Marginal Contribution of Each Auscultation Point

Point AAUROC 95% CI Subsets improved
PV +0.0274* [+0.0124, +0.0420] 717
TV +0.0243* [+0.0105, +0.0402] 717
MV +0.0156* [+0.0026, +0.0318] 717
AV +0.0052 [-0.0086, +0.0197] 3/7

Note: Change in AUROC when the point is added, averaged over all seven
non-empty subsets of the other three. *Interval clear of zero.

0.05
0.04
0.03
n.5.
0.02
0.01

0 1

-0.01

AAUROC when added

PV TV MV AV

Figure 3. Marginal contribution of each auscultation point,
averaged over all seven subsets of the other three, with 95%
bootstrap intervals. Only the aortic point’s interval includes zero.

5.3. Three-Class Weighted Accuracy

Table 4 reports the challenge metric for comparability.
The full protocol reaches 0.829. The ordering of the single points
differs from Table 2: the weighted accuracy depends on a
threshold estimated on roughly 165 validation patients per fold,
and the Unknown class contributes only 13 patients in this cohort,
so small differences in this table should not be over-read.
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Table 4. Three-Class Weighted Accuracy at the Validation-
Calibrated Threshold

Points W.acc Recall Present  Recall Absent
PV 0.768 + 0.055 0.750 0.849
TV 0.795 + 0.046 0.775 0.882
AV 0.753 £ 0.069 0.742 0.824
MV 0.763 £ 0.074 0.758 0.819
PV-TV 0.822 £ 0.020 0.808 0.895
PV-TV-MV 0.835 +0.032 0.858 0.856
AV-PV-TV-MV 0.829 + 0.062 0.875 0.826

Note: Weighted accuracy as defined by Reyna et al. (2023); values are mean
+ standard deviation across folds.

6. DISCUSSION

Two findings stand out. A two-point protocol at the
pulmonary and tricuspid areas matched the full four-point
protocol to within one ten-thousandth of AUROC, and the aortic
recording made no measurable contribution to detection once the
other three points were available. Both point the same way. For
the screening question of whether a murmur is present at all, the
four-point protocol carries substantial redundancy, and the
acquisition can be halved without a detectable cost.

The aortic result deserves care. It does not say that the
aortic area is clinically uninformative; aortic stenosis is precisely
the lesion it is auscultated for, and murmur characterisation is a
different task from murmur detection. In this dataset the murmur
was audible at the aortic point in 60% of Present patients, the
lowest of the four, and was the loudest point in only 19 of them,
the lowest by a wide margin. What the result says is that in a
population screened for any murmur, the aortic point contributes
little that the other three do not already carry.

That the surviving pair is pulmonary and tricuspid is
consistent with the composition of this cohort, which is a
paediatric screening population (Oliveira et al., 2022): innocent
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and small-shunt murmurs in children are typically best heard at
the left sternal border, which the pulmonary and tricuspid points
straddle, whereas the aortic area is most informative for the
degenerative valve disease of older adults. Read the result, then,
as protocol advice for this setting. It is no universal ranking of
auscultation points, and the same analysis on an adult cohort
might well promote the aortic area. The method transfers
unchanged either way: the grid, the marginal contribution and the
paired bootstrap need only a multi-point corpus and a model that
can be held fixed across conditions.

One further observation is methodological. The ordering
of the single points under the three-class weighted accuracy of
Table 4 disagrees with the threshold-free ordering of Table 2: TV
appears best under the former, PV under the latter. The two tables
do not contradict each other; the disagreement is a warning about
the metric. Weighted accuracy is read at one operating point, that
point has to be estimated from a few hundred validation patients,
and the estimate is noisy enough to reorder conditions separated
by a few thousandths. Studies that compare acquisition protocols,
or for that matter architectures, on a thresholded metric alone are
therefore reporting a quantity that partly reflects how well the
threshold happened to be calibrated. Where the question is about
information rather than about a deployed decision rule, a rank-
based metric answers it more directly. The same concern, that a
comparison is informative only when everything except the factor
under study is held fixed, has been raised in controller
benchmarking, where unequal tuning effort can masquerade as an
algorithmic advantage (Hatas & Silahtar, 2026a, 2026b).

Several limitations bound these conclusions. The cohort is
a single dataset of 585 patients, of whom 120 carry a murmur; the
intervals are correspondingly wide, and an absent effect here
means an effect too small to detect at this sample size, not an
effect of zero. The bootstrap resamples patients but not model
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training, so variation from retraining is not represented in the
intervals. Restricting evaluation to patients with all four points
recorded is necessary for a like-for-like comparison, but those
patients may differ systematically from those with incomplete
recordings. Finally, the finding is stated for one model family; a
larger or spectrogram-based model might extract more from the
aortic signal than this one does.

7. CONCLUSION

Measuring murmur detection under all fifteen subsets of
the four auscultation points, with a single location-agnostic
network and a threshold-free metric, we find that two points
suffice: PV-TV reaches 0.940 against 0.941 for the full protocol.
Of the four points, three contribute significant independent
information and the aortic point does not. For automated
screening in settings where acquisition is the binding cost,
recording the pulmonary and tricuspid areas appears to be
enough, and the aortic recording is the first that can be dropped.

Future work should repeat the analysis on an independent
cohort, extend it from murmur detection to the clinical-outcome
task, and test whether a model trained specifically for a single
point recovers what the location-agnostic model leaves on the
table.
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