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Abstract: With the development of technology, considerable steps have been taken in the last few years on wearable
technology. As a result of these studies, wearable technology products have become accessible to meet the needs of
people in their daily lives. Wearable outer skeleton used as wearable technology products are wearable
electromechanical structures that interact with human structures. These structures are used for people with walking
disabilities or in older people, assisted structure, rehabilitation in paralyzed people and power increase in healthy
people. The fact that the design and control of the exoskeleton robots is very close to the human body's biomechanical
functioning and nerve-muscle control will maximize the performance of these wearable exoskeleton robots. Studies
on wearable exoskeleton The structure and control of exoskeleton robots are listed and explained in this review.
Furthermore, the development of wearable exoskeleton structures is also provided.
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Wearable Exoskeleton: A Review

Ozet: Teknolojinin gelismesiyle beraber son birkag yilda giyilebilir teknoloji konusunda oldukca biiyiik adimlar
atilmistir. Bu c¢aligmalar sonucunda giyilebilir teknoloji {irtinleri insanlarin giinlilk hayatlarindaki ihtiyaclarini
kargilamada ulagilabilir bir hal almistir. Giyilebilir teknoloji lirlinii olarak kullanilan giyilebilir dis iskelet insan yapilari
ile birlikte etkilesim halinde calisan, giyilebilir elektromekanik yapilardir. Bu yapilar, yiiriime engeli bulunan ya da
yasl insanlarda yardimei yapi, felgli insanlarda iyilestirme ve saglikli insanlarda gii¢ artirimi amact ile
kullanilmaktadir. D1s iskelet robotlarin tasariminin ve kontroliiniin insan viicudunun biyomekanik isleyisi ve sinir-kas
kontrolii ile ¢ok yakin olmasi bu giyilebilir dis iskelet robotlarinin performansini en {iist seviyelere g¢ikaracaktir.
Giyilebilir dig iskelet ile ilgili ¢alismalar dig iskelet robotlarin yapisi ve kontrolii bu derlemede listelenmistir ve
aciklanmustir. Ayrica giyilebilir dis iskelet yapilarmin gelistirilebilirligi de ek olarak sunulmustur.

Anahtar Kelimeler: Giyilebilir Teknoloji, Kontrol, Robot, Servo, Emg Sensorii, Mikrodenetleyici.
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1. Introduction

Producers who want to create difference with increasing competition after industrial revolution
give more importance to technology element. Wearable technologies are innovative products
created with the help of technology and it can be considered as one of the most important
technological elements of the 21st century. These technologies, which are integrated with the
clothing used and the accessories used, information and communication technology and the
products that transfer data to the smart devices with the help of sensors in their systems. Wearable
technology products and markets are developing with many disciplines. In addition to important
areas such as health, education, production, and security, it is now taking place in almost all
elements, even in an ordinary field such as performing daily activities [1].

Over the past few years, many attempts have been made the wearable exoskeleton system. The
wearable exoskeleton integrates the human body and a mechanical robot as a single system. The
user wears on the body of this skeletal system and this system works with the body. Today,
wearable exoskeleton robots have begun to develop and become widespread in areas that can
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serve people. In addition, the application areas of these robots are increasing day by day. User-
oriented robots can be used in the field of transport to transport load in the military areas that
require power. In addition, these robots are also used in the healthcare field to provide physical
support to direct the orbit of their movement to assist patients with movement loss [2]. In this
article, wearable exoskeleton systems which are wearable technology products and their controls
and utilization areas are examined.

2. Wearable Technology

Technology is constantly developing as a decisive factor in the lives of individuals and becomes
an integral part of the daily experience of consumers. In the most general sense, there is a fact
about daily devices that can send and receive data over the Internet. Among these new
technologies, the most prominent technology group is wearable technologies. Today, when the
existence of internet technologies of objects is examined, it is seen that the most widely used
devices are wearable technology products. [3]. With the development of technology and
contraction of the electronic circuits, not only computers and smartphones, but also the clothes and
accessories used in daily life, sensors and hardware can be converted into a smart device and can
communicate among themselves. For this reason, the user can easily perform data exchange and
calculation without the need for larger computers, because the electronic circuits installed on his
body or the clothes he can wear can gain the ability of calculation and communication. Integrating
information and communication technologies into a garment or fabric is the most important goal
in the development of wearable systems [6]. Since the 2000s, it has gained a prominent place
among the smart textile, textile and apparel sectors [7]. Wearable technology is becoming more
evident in the market and wearable technology products are now becoming part of everyday life
[8].Use of wearable technology; health, exercise, training, transportation, finance, play and music.
The purpose of these devices is to incorporate functional, portable electronic devices and
computers into their daily lives. Wearable devices are examined before entering the consumer
market, have a major impact on military technology and health. These devices provide information
such as the monitoring of physical functions and the acquisition of biological methods by
technological methods [4]. In addition to developing sensor sizes (Micro Electro Mechanical
Systems, MEMS), with the development of low-power connections and embedded operating
systems, sensor technology has gained a new dimension and networks of sensors that collect
information from different parts. [5]. While the process of creating wearable technology is a purely
technical matter, it requires collaboration between end-users and professionals in many different
fields, such as textile, electronics, fashion, design and manufacturing, and takes into account many
aspects [15].

3. Wearable Exoskeleton

Determination of human walking movement has always been a difficult problem for medical
professionals, engineers and mathematicians. Humanoid robots, which are wearable technology
products in daily life, need to be kept close to human to help human activities. Due to its
complexity, it is very difficult to develop a model of the lower extremity support system in which
human walking patterns can be applied. To achieve this, it is necessary to simplify the high degree
of freedom complex model of gait movement. To overcome these problems, many researchers
have formed a biped robot model in their theoretical and experimental studies. In the design of the
lower extremity support system, there are various constraints such as joint angle range limitation,
limb kinematics, joint angle speed limitation, contact between the connections. The initial process
of walking is examined by biomechanical analysis of mechanical recordings using pressure plates.
Thus, the dynamics of human walking movement can be analyzed. Human
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walking movement is composed of dynamic movements in the side, front and upright planes. To
obtain a complete walking motion of the bipedal gait, gait analysis should be performed in two or
more planes. The walking motion is mainly located in the sagittal plane. The bipedal gait pattern
in the sagittal plane is similar to human gait. All biped robots have the most splices in this plane.
[9]. Exoskeleton robot should have the same structure with human body, and therefore study of
the mechanism of human lower limb movement is essential [20]. Analysis of the most common
daily living activities are used in the construction of exoskeleton robots. By means of this analysis,
the amount of force and movement limits that the wearable exoskeleton robot can produce is
determined. These robots can perform daily living activities with 10 to 15 N of power and free
movement [18]. In addition, these robots change the hardness and damping in the joints they are
connected to provide a flexible and stable movement with minimal energy consumption [19]. With
the developing technology, the size of sensors, actuators and control units used in the exoskeleton
systems diminish and their power increases. Despite the rapid progress in the design and
technology of the exoskeleton system, there is limited data on the human physiological response
to its use. However, it is possible to determine the torque and power requirements by determining
the desired kinematics and range of motion of the joints [9].

3.1. Purpose Of The Wearable Exoskeleton

Exoskeleton robots are wearable electromechanical structures that work in interaction with human
limbs. These robots are now available in many areas. Military, health It is widely used in education
and transportation areas. The sensors that are on the soldier and can be defined as wearable sensors
are the group which includes personal health status, operational environment, combat field
identification, sensors. Passive acoustic firing sensors, health monitoring sensors, directed energy
threat sensors, positioning sensors, active camouflage sensors and shielded exoskeleton structure
are the main examples of this group [12]. Wearable exoskeleton robots are also widely used in
healthcare. Technologies in health care provide two ways to achieve better health outcomes. First
of all, by improving the quality of life and prolonging the life span, it provides a direct
improvement of health outcomes. Secondly, it plays an auxiliary and curative role in the movement
of patients with mobility disabilities [14]. The exoskeleton robot is expressed as a structure that
supports the user and protects it from the outside environment. Exoskeleton robots that can be
worn by the user help increase the ability to provide support and load bearing to the user. Over the
past few years, upper arm training devices have been developed to help patients rehabilitate and
treat patients suffering from loss of arm movement or descending stroke [34]. In addition, these
robots are used in walking disability or elderly persons for assistive limb, rehabilitation in
paralyzed people and for increasing power in healthy individuals. The interaction forces between
the human-exoskeleton robot must be minimized. For this purpose, the dynamic analysis and
kinetics of the human lower limb joints with an exoskeleton robot should be performed
appropriately [21]. The design and control of exoskeleton robots will be similar to the human
body's biomechanical functioning and nerve-muscle control, which will maximize the
performance of these robots. The nerve-muscle system of the human body provides a flexible and
safe mobility with minimal energy consumption by continuously changing the stiffness of the
joints. Nowadays, studies on hardness changeable actuator designs are continuing rapidly. The
major ones of these designs are antagonistic and prestressed actuator designs. Exoskeleton robots
are mobile systems that work with equipment such as batteries and should be energy efficient and
the power requirements of the engines to be used in design should be kept to a minimum. [13].
Thus, an easier movement situation is provided [40].
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The use of wearable exoskeleton robots in different sectors around the world is becoming
widespread. In many countries, especially Japan, these robots are used in the construction sector.
It is widely used in the transport of heavy loads and construction materials [24].

In biomechanical applications, human movements must be measured very precisely.
Biomechanical disease is used to monitor physiological functions and to collect data related to
them, in order to identify malfunctions resulting from aging, accidents, and stresses. On the other
hand, it can be used in the treatment and rehabilitation of living systems, design of prosthesis and
artificial organs, examination of anatomical structures and identification of functions [17].

3.2. Structure of Wearable Exoskeleton Robots

The human body's nerve-muscle system, stiffness-modifying actuators (soft actuators) have
significant advantages in minimizing the impact of sudden high forces on energy storage / release,
safe interaction with elements in their design. Nowadays, studies on the designs of smaller sizes
are continuing. These actuators can be grouped when viewed. These are regulated actuators,
controlled actuators, and mechanical actuators, which are regulated by antagonistic controlled
actuators, equilibrium controlled actuators. It can be changed by changing the hardness of the
actuators can be set [20]. In order to provide movement and power support, the skeleton body
attached to the user from certain points must be compatible with human anatomy as well as
adequate degree of freedom and range of motion in order not to cause any discomfort to the user.
However, the skeleton body must be durable enough to carry the loads. The actuators providing
the forces and moments required to achieve the desired movements at the desired speed should be
as small and light as possible due to the design requirements.In some exoskeleton applications;
electric motors, hydraulic cylinders, pneumatic cylinders etc. Many active actuators can be used
such as spring; damper etc. passive actuators are also used [10]. In some of the studies, it was
evaluated by walking analysis (CGA) which includes angles, torque and power graphs generated
by measurements taken on human to obtain information about human joint movements, limb
lengths and movement characteristics. The motion range and power requirements of each hinge
were examined and preliminary preparation was made for the design phase. Large-capacity
actuators are required for the foot joint due to the large torque requirement in the foot joint during
the walk [22]. In the actuator design arranged by the transmission ratio, the stiffness of the actuator
can be adjusted by changing the transmission ratio between the spring and the outlet and the
balance position of the system can be controlled by a second motor. In this embodiment, no energy
is required to change the hardness as no force is applied to the pedestrian at the equilibrium point.
In this design, the position of the pivot and spring points on the movement arm mechanism is
constant, and the position of the force application point can be controlled by adjusting the hardness.
It is understood that it is more appropriate to use actuators regulated by the transmission rate in
terms of minimum energy consumption and minimum power requirement in the exoskeleton
robots supplied with energy needs [23]. In the different exoskeleton studies, "polycaprolactone"
polymer material which does not contain any toxic substances, which is recyclable in nature (which
is soluble in soil) and which can be resilient with heat is used. Dc servo motor (mini servo) as the
actuator and the "Arduino Uno" card as the control card [16]. Many wearable exoskeleton robots
were examined in the scanned literature. Another exoskeleton robot made in the structure of the
user's back part of the user by powerful dc motor movements were performed. In this structure,
the tendons of the robot transmit the torque generated by the motor. When the motor starts to rotate,
it gives a torque to the connection points on the shoulders and the knees, and a single dc motor is
located on the back and moves on the joints of the person [25].
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3.3. Yield on Wearable Exoskeleton Robots

Performance in exoskeleton robots is an important concept. The availability and efficiency of
these robots should be high. To achieve optimal performance in exoskeleton robots;

+ Exoskeleton robots should be anthropomorphic and ergonomic not only in shape but also
in function. The human lower limb should have a similar structure. Thus, the user should
provide comfortable walking.

4+ The status of the common positions of human movements and the distribution of degrees
of freedom should be examined and formed according to the data obtained.

4+ The number of actuators and sensors must be high enough. Thus, the movement will be
more active.

4+ The cost of the exoskeleton robots should be low.

4+ The length of the limbs in the exoskeleton structure should be adjustable. Both the lower
and upper parts of the robot should be set in a wide range, so users with different physical
properties can use it.

4+ The exoskeleton should be firm and light. The structure of the metal exoskeleton must
support heavy loads.

+ The exoskeleton robot must have a stable control mechanism.
+ The energy of the robot should be long-lasting and self-rechargeable [26].

+ Perform the soft and continuous walking movement which is compatible with clinical
gait analysis data and be able to meet the required speed and torque requirements

+ It should be in a structure that will not harm the user in terms of the risks related to
mechanical and electrical hazards and provide the necessary safety conditions. [11].

3.4. Wearable Exoskeleton Control

The control methods used in the exoskeleton applications vary according to the externals and the
input signals available from the user. Input signals required for the controller; encoders, force
sensors, pressure sensors, EMG sensors, accelerometers etc. many standard measuring elements.
In some applications where standard measuring elements are not sufficient, specially designed
sensors are used to measure the required input signals.

The use of a portable power unit is required to ensure that the power needs of the external
frameworks, actuators and other electronic equipment, which are intended to be used in external
environments, are sufficient for a sufficient period of time [10]. In the design of the exoskeleton
systems, two control methods have been tried. The first one is the control method by ground
response force (PTC) using PID controler. Another is the network-based fuzzy logic control
method. It is calculated by the controller that the force should be applied to the cylinders according
to the measured ground reaction force by means of force sensors placed in the shoe in the intended
ETC control architecture. The force applied by the load cell connected to the
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hydraulic cylinder shaft is measured by the controller and made error correction [22]. In an
exoskeleton development, an effective control strategy and activation scheme is very important. A
successful overall approach at the level of decision-making and execution should be applied to
optimization of control efficiency. The hierarchical control scheme for the control of autonomous
beeping has three stages. These stages are hiking planning, walking choice and walking synthesis
[26]. The design of the exoskeleton should be appropriate to combine the skills of the human and
the exoskeleton and to increase the exoskeleton activity, allowing each to perform tasks in a
simplified manner. There are some basic requirements for control strategy. These;

+ Optimized actuator, number of sensors and control scheme should be as simple as
possible.

+ Machine learning is necessary for adaptation to terrain and external conditions
[27].

The movement of the muscle in the human body consists of three modes. These are active mode,
passive mode and free mode. Active mode also produces muscle contraction. In passive mode,
muscle relaxation occurs. In free mode, the muscular release oscillates. With the pressure sensors
to be added to the user, the pressure signal cannot be measured in free mode and the exoskeleton
can disturb the movement of the user. The joint angular velocity method is used to solve this
problem in free mode. When the pressure sensor detects the contraction of the muscle, it transmits
it to the motor via the control mechanism and starts operating from the motor joints [28]. The
torque generated by the engine is transmitted through the joints [29]. Another important aspect of
these robots is wearability and kinematic compatibility, testing. [35]. The exoskeleton was
constructed using an exoskeleton made of aluminum sheets in a different exoskeleton study due to
the fact that plastic and iron are not extremely heavy. Sensors (EMGQG) are located where muscle
movements are evident [37]. A human body is divided into two main parts: the upper extremities
and the lower extremities. In these regions, the upper extremities DOF (Degrees of Freedom); 1.
DOF wrists, 2.DOF elbows, 3.DOF shoulder. Thus, the upper extremities have a total of 6-DOF
The pluggable robot is connected to the human body through the exoskeleton, and the rotation
centers of the wearable robot must be adapted to the human center rotation centers. In particular,
it is difficult to adapt the shoulder joints of the exoskeleton to the rotational centers of the human
body, because a human shoulder joint is spherical. And, it is difficult to generate the command
signal in the robot, because the collective movement of the human arm has many DOFs. For the
correct placement of the motor placement on the shoulders. it is necessary to select a specific motor
placement parameter. [30]. If the force of the motors in the joints is not sufficient, additional torque
control is required for stronger movement to these zones. [31, 32].

The emergency button is included in the wearable exoskeleton robots in case of emergencies or
when out of control [33]. Another important aspect of these robots is wearability and kinematic
compatibility testing. [35]. Modes are selected to enable the operator to control a robot. Thanks to
these modes, torque is produced according to the required forces and energy efficiency is ensured.
[36] The exoskeleton is constructed using aluminum sheets due to the fact that plastic and iron are
not extremely heavy. Sensors (EMG) are located where muscle movements are evident [37]. In
developed exoskeleton systems, free movement is allowed in cases where robot does not require
active effort. [38] In these robots, muscle activity is derived from the bioelectric signals detected
on the surface of the muscles, and the torque produced by the actuators is calculated from the
estimated joint torque [39]. The local ELM algorithm can be applied to the
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outer frame to determine the desired movements for the elbow joint [41]. The device needs to be
compact and easy to wear. External Motors are small and fixed, the weight of the exoskeleton is
reduced by structural optimization [42]. The robot should not give the user unbearable weight. The
exoskeleton robot must produce natural movements. With the user does not feel any vibration in
the upper limb, jerk or sudden movement change. Small-size high-torque actuators are required to
develop such a high-power-to-weight ratio of exoskeleton systems [46]. The weight of the
exoskeleton systems should be low. To ensure this, units such as sensors, actuators and power
supplies used in exoskeleton systems must be light. It is possible to say that these units can be used
more efficiently by reducing their size. Technological advances that will arise in the measurement
sensitivity for sensors, the increase of the force / mass ratio for the actuators and the increase in
the feed time / mass ratio for the power supplies will enable the development and expansion of the
exoskeleton robots [44]. The traditional neuro-fuzzy control method was used to control the
exoskeleton in different studies [43]. The design of the exoskeleton system is based on the
suitability of the human to the anatomical structure in accordance with the biomechanical rules.
Another important criterion is that the system can stand and the motors and electrical elements that
will be used on the system during the movement do not affect [45].

4. Discussion and Conclusion

In the scanned literature, it was observed that many researchers from different countries were
working on wearable exoskeleton system. These studies were carried out in different areas.
Designed to be used in areas such as military, health construction, exoskeleton robots. In addition,
only the arms, legs and whole body studies were determined in these studies. In the scanned
literature, it was seen that wearable exoskeleton robot, which is a wearable technology product,
performed in different control mechanisms. Structures such as PID control, Fuzzy logic, Neuro-
fuzzy control method are used. It has been determined that different types of engines are used for
different purposes in wearable exoskeleton structures. It is observed that servo motors are preferred
in high power structures and dc motors are preferred in the exoskeleton robots that need to provide
motion only. Microcontrollers such as arduino and pic have also been used to provide control.
When the scanned literature is taken into consideration, the wearable exoskeleton robot can be
worn for easy operation, lengthening of the length of the user according to the user, making it a
light and durable material, having a long-lasting energy requirement and having a self-charging
structure and using light and powerful motors the rate of movement should be high. In addition,
wearable exterior framed robots can be designed to provide full body control in subsequent studies.
A long-lasting structure can occur. Energy can be created with a structure that can renew itself. It
can also be controlled by microcontrollers that can respond more quickly. In addition, these robots
can be made of a lighter and more durable material, considering the application areas.
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Abstract: Increasing energy demand and environmental concerns resulting from the use of fossil fuels have
increased the tendency towards renewable energy sources in electricity generation. Solar energy is one of the
renewable energy sources and share of it’s in energy production is increasing day by day. It has important potential
in energy production. In this study, literature studies on the topic of solar energy have been examined and the studies
have been classified according to their fields. The potential of solar energy has been examined and it has been
evaluated in terms of Turkey and the World. In addition, future term forecasts for solar energy usage are emphasized
in terms of Turkey and the World. The incentives related to solar energy in Turkey have been examined and cost
analysis has been carried out for the installation of an unlicensed small-scale solar power plant for Karabuk. In the
cost analysis, the changes in the amortization period have been evaluated before and after the change in the purchase
prices in 2018.
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Diinyada ve Tiirkiye'de Giines Enerjisi Potansiyeli, Mevcut Durumu,
Tesvikleri, Kurulum Maliyeti Analizi-Karabiik Ili Ornegi

Ozet: Artan enerji talebi ve fosil yakit kullammindan kaynaklanan gevresel kaygilar, elektrik enerjisi iiretiminde
yenilenebilir enerji kaynaklarina yonelimi artirmistir. Yenilenebilir enerji kaynaklarindan biri olan ve enerji
iiretimindeki pay1 giin gectikge artan giines enerjisi, enerji liretiminde dnemli bir potansiyele sahiptir. Bu ¢aligmada,
giines enerjisi alanindaki literatiir caligmalar1 incelenerek, calismalarin hangi alanlarda yogunlastig1 belirlenmistir.
Gilines enerjisi potansiyeli incelenerek bu potansiyelin Diinya ve Tiirkiye’de ne kadar karsilik buldugu
degerlendirilmistir. Bunun yam sira giines enerjisi kullanimima iligkin Diinya ve Tiirkiye’deki gelecek donem
tahminleri tizerinde durulmustur. Tiirkiye’deki gilines enerjisine iliskin tesvikler incelenmis ve Karabiik ili i¢in
lisanssiz kiiciik giiglii bir giines enerjisi santralinin kurulumu i¢in maliyet analizi gerceklestirilmistir. Maliyet
analizinde, 2018 yilinda yapilan alim fiyatlar1 degisikliginin oncesi ve sonrast degerlendirilerek amorti siiresinde
meydana gelen farklilik ortaya konulmustur.

Anahtar Kelimeler:Giines enerji santrali, maliyet analizi, Karabiik,
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(2019), 12-20

1. Giris

Azalan fosil yakit kaynaklar1 ve buna karsin artan g¢evresel endiseler nedeniyle elektrik
enerjisinin arzi1 gliniimiizde en 6nemli konulardan birisi haline gelmistir. Yenilenebilir enerji
kaynaklar1 (YEK) bu sorunlar karsisinda 6nemli bir ¢oziim olarak karsimiza c¢ikmaktadir.
Siirdiiriilebilir enerji diye de adlandirilan yenilenebilir enerji; zamanla kendi kendini yineleyen
enerji olarak diisiiniilmektedir. Baslica YEK’ler hidroelektrik, biyokiitle, jeotermal, hidrojen,
dalga, gelgit, giines ve riizgar olarak verilebilir. 2017 yilsonu itibariyle diinyada YEK’ler Kurulu
giiclerine gore Sekil-1a’da verilmistir.
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Sekil 1a’dan goriilecegi tlizere, YEK’ler arasinda temel yasam kaynagi olarak da bildigimiz
giines enerjisi %17 ile onemli bir potansiyele sahiptir [1].

Cevresel kaygilarin yani sira, enerji talebini biiyiik oranda ithalat ile gerceklestiren Tiirkiye gibi
gelismekte olan iilkeler i¢in enerjide bagimsizlik 6nem arz etmekte ve iilkelerin kendi kendine
yetebilme kabiliyetini biiyiik oranda belirleyebilmektedir. Bu anlamda degerlendirildiginde
Tirkiye gibi iilkeler i¢in YEK ler biiylik 6nem tagimaktadirlar. 2018 yilinda Tiirkiye 6zelinde bu
konu ile ilgili bir calisma yapilmis ve detaylt bir inceleme sunulmustur [2].

Gectigimiz on yilda Tiirkiye ekonomisi ortalama %35 oraninda biiylime kaydetmis ve bu durum
enerji talebine de yansmmistir. Tirkiye’de 1970-2017 wyillar1 arasindaki elektrik {iretimi
incelendiginde 2001 ve 2009 kriz yillar1 haricinde siirekli bir ylikselis egiliminde oldugu
goriilmektedir. 2017 yilina ait iiretim ise 295 TWs olarak ger¢eklesmistir. Ocak 2017-Temmuz
2018 doneminde gergeklesen elektrik iiretiminin kaynaklara gore dagilimi incelendiginde
dogalgaz %35, hidroelektrik %21, ithal komiir %18,3 ve riizgarin %6,22 oldugu goriilmektedir
[3], [4]. Ayrica 2017 y1l sonu itibariyle Tiirkiye’de YEK’lerin kendi aralarinda kiimiilatif kurulu
gii¢c paylasim oranlar1 Sekil-1b ile sunulmustur.

® Hidroelektrik  Hidroelektrik
B Rizgar M Riizgar
® Gines = Giines
Biyokiitle Biyokiitle
o Jeotermal ® Jeotermal
a) b)

Sekil-1. a) Diinya'da, b) Tiirkiye'de YEK'lerin kaynaklara gore kurulu gii¢ paylasgim orani

Hem Diinya hem de Tiirkiye acisindan YEK’ler igerisindeki giines enerjisinin énemi akademik
calismalarda da karsilik bulmustur. Literatiirde yapilan 2018 yili degerlendirme (review)
caligmalarina bakildiginda glines enerjisi iizerine yapilan birgok ¢alismanin oldugunu gérmek
miimkiindiir. Bu c¢aligmalar1 genel olarak; boyutlandirma ve fizibilite [5]-[7], depolama
sistemleri [6]-[8], glnes 1smmim1 kestirimi [9]-[11], degisik tipteki giines enerjisi
uygulamalarinin enerji ve ekserji analizleri [12]-[14], giines takip sistemleri [15]-[19], politik
cerceveler ve gelecek beklentileri [7], [20]-[22], giines enerjisi panellerinin verimleri [23]-[25]
ve maksimum gii¢ noktasinin takibi [26] konular1 olarak siniflandirmak miimkiindiir.

Bu caligmada giines enerjisinin elektrik enerjisi olarak kullanimi1 g6z 6niine alinmig ve termal ya
da diger tip uygulamalar1 kapsam dis1 tutulmustur. Oncelikle, giines enerjisinin potansiyeli
incelenerek bu potansiyelin Diinya ve Tiirkiye’de ne kadar karsilik buldugu degerlendirilmistir.
Bunun yani sira giines enerjisi kullanimia iliskin Diinya ve Tiirkiye’deki gelecek donem
tahminleri lizerinde durulmustur. Tiirkiye 6zelinde giines enerjisine iliskin tegvikler incelenmis
ve Karabiik ili i¢in lisanssiz kii¢lik giiclii bir glines enerjisi santralinin kurulumu i¢in maliyet
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analizi gergeklestirilmistir. Maliyet analizinde, 2018 yilinda yapilan alim fiyatlar1 degisikliginin
oncesi ve sonrasi degerlendirilerek amorti stiresinde meydana gelen farklilik ortaya konulmustur.

2. Diinya’da ve Tiirkiye’de Mevcut Durum

Diinyada elektrik tiretiminde fosil yakitlarin kullanimi %76 iken YEK’lerin kullanim1 %24 ile
sinirli kalmaktadir. Giines enerjinin kullanimi ise bu %24°likk dilimin sadece %?2’lik kismini
olusturmaktadir [27]. Diinyada giines enerjisi ile elektrik liretimi sebeke baglantili sistemler
dikkate alindiginda Cin Halk Cumbhuriyeti 102470MW (Haziran 2017) kurulu giicii ile lider
konumdadir. Ikinci Japonya 42750MW (Aralik 2016) ve iiciincii Almanya 42710 MW (Ekim
2017) kurulu giice sahiptir. Tiirkiye ise 2246 MW (Kasim 2017) kurulu giicii ile 15. sirada yer
almaktadir [28].

Tirkiye’de mevcut ve devreye alinan giines enerji santralleri ile elektrik iiretimi artarak devam
etmektedir. Glines enerjisinden 2014 yili Ocak-Mayis doneminde 4,5 GWs {iretim yapilirken
2015’in aym1 doneminde 32,3 GWs, 2016’nin ayni1 doneminde 266,6 GWs ve 2017’nin ayni
doneminde 844,56 GWs iiretime ulasiimistir [29]. Gilines enerji santralleri sayist incelendiginde
2014 yilinda isletmeye alinan santral sayisindaki biiyiime orani bir 6nceki yila gore %223 olarak
gerceklesirken, bunlarin tamamu lisanssiz iireticiler tarafindan olusmustur [30]. 2018 yili Mayis
ayl sonu itibariyle lisanssiz elektrik kurulu giiciinliin kaynaklara goére dagilimi Cizelge 1°de
verilmigtir [31].

Cizelge 1. Lisanssiz elektrik {iretiminin kaynaklara gore dagilimi

Kaynak tiirii Kurulu giic (MW)Oran (%)
Glines (Fotovoltaik) 4358,51 96,64
Dogalgaz 121,92 2,54
Biyokiitle 79,18 1,65
Riizgar 46,20 0,96
Hidrolik 8,69 0,18
Giines (Yogunlastirilmis) 1 0,02

Tirkiye’de 2016 yilinda cari agik 33,1 milyar dolar ve 2017 yili cari agig1 47,1 milyar dolar
olarak gerceklesmistir. Gergeklesen bu cari agiklarin biiyiik bir bolimiinii enerji ithalati
olusturmaktadir [32]. Ulkemizde enerji ithalatinda kullanilan yakitlar ise petrol, dogalgaz ve ithal
komiir gibi fosil yakitlardan olugsmaktadir. Diger taraftan Tiirkiye’de karbondioksit yayilimlar
1990 yilindan bu yana %141,6 artmis ve biiyiik sehirlerde yerel hava kirliligine neden olabilecek
diizeylere ulagsmistir [33]. Hem cari acigin azaltilmast hem de karbon yayiliminin azaltilmasi
tilkemizde YEK ’lerin kullanimini olduk¢a 6nemli kilmaktadir.

Ulkemizde, enerji sektoriinde dzel sektdr tarafindan gerceklestirilen enerji iiretim tesisleri sayisi
giin gectikge artmaktadir. Ozel sektdriin elektrik {iretimindeki pay1 2002°de %40,2 iken 2016 yili
sonunda yaklasik %83 diizeyindedir [34]. Bu yatirimlarda verilen devlet tesviklerin paynin
biiyiik oldugu kagmilmazdir. Bu yatirimlarla enerji kaynaklarindaki cesitlilik arttirilmis, enerji
giivenligi saglanmis ve enerji ithalati 6nlenerek cari acigin daha fazla biiylimesi engellenmistir.
Ulkemizde 2018 yilinda gerceklestirilen enerji yatirimlari incelendiginde yatirimlarm %355
civarinda hidroelektrik santrallere, %15°nin riizgar enerjisine ve %0,54’nilin de giines enerjisi
tizerine oldugu goriilmektedir [35].
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3. Giines Enerjisinin Gelecegi ve Tiirkiye’deki Tesvikler

Diinya Enerji Konseyi’nin 6ngoriisiine gore 2060 yilina kadar YEK’lerdeki gelisim; giines ve
riizgarin liderliginde elektrik enerjisi iiretimini ydnlendirecektir. lyimser senaryoya gore riizgar
ve glines sistemlerinden elektrik liretiminin payr %39, kotlimser senaryoda ise %20 olarak
Ongoriilmiistiir [36].

Tiirkiye’nin mevcut jeopolitik konumu dikkate alindiginda enerji sektoriinde Avrupa ile Asya
arasinda 6nemli bir enerji kavsagr konumundadir. Dolayisiyla mevcut ekonomik biiylimeyi
stirdiirebilmek, sanayisinin enerji ihtiyacini ve giivenligini karsilamak i¢in 6nemli reformlar
gergceklestirmek zorundadir. Bu baglamda Tirkiye Cumhuriyeti Hiikiimeti Vizyon 2023
hedeflerini goz oniinde bulundurarak 2013 yilinda 6446 nolu kanunu ¢ikarmis ve yenilenebilir
enerji yatirmlarinin oniinii agmistir. Vizyon 2023’e gore Tirkiye enerji alaninda yerli enerji
kaynaklarmin tesvik edilmesini ve yenilenebilir enerjinin paymi %30’a ¢ikarmay1
hedeflemektedir [33]. Tiirkiye’nin 2017 yili sonunda giines enerjisi kurulu giicii 1700MW iken
2019 yilinda 3000 MW ve 2023 yilinda da toplam kurulu giiciin 5000 MW ¢ikmasi
hedeflenmektedir [37]. Tiirkiye’nin gilines enerji potansiyeli diisiiniildiigiinde bu hedefin gayet
gercekei oldugu asikardir. Fakat riizgar, giines vb. siireksiz enerji kaynaklarimin gsebeke
entegrasyonu bir diger problemdir. Bu sebeple artan yenilenebilir enerji liretiminin sebeke ile
entegrasyonu konusunda dikkat edilmelidir.

2023 yilinda Tiirkiye’nin enerji yogunlugunun 2011 yili degerine gore en az %20 azaltilmasi
hedeflenmektedir. Bu amacgla Enerji ve Tabii Kaynaklar bakanligmim 2012-2023 Enerji
Verimliligi Strateji Belgesinde belirtildigi iizere YEK’leri kullanan siirdiiriilebilir ¢evre dostu
binalar1 yayginlastirmak stratejik amag¢ olarak belirlenmistir [38]. Ayrica Ulusal Enerji
Verimliligi Eylem Planina gore, birincil enerji tiiketiminin azaltilmasi ile 2033 yilina kadar
saglanacak kiimiilatif tasarruf 30,2 milyar ABD Dolar1 olup bazi tasarruflarin etkisinin 2040
yilina kadar devam etmesi 6ngoriilmiistiir [39]. Bu stratejik planlara uygun olarak daha 6nceden
elektrik ihtiyacinin biiyiik bir boliimiinti kurdugu 300 kW giiciindeki glines enerji santralinden
saglayan Izmir/Bornova Belediyesi yenilenebilir enerji kaynagi kullanan binalardan her tiirlii
belediye islerinde %25 vergi indirimi saglamaktadir [40]. Tirkiye’de, YEK’lerin Elektrik
Enerjisi Uretimi Amach Kullanimina Iliskin kanun hiikiimlerince tesvik belgesinde KDV ve
giimriik muafiyeti bulunmaktadir. Ek olarak, giines tarlasinin kurulacagi arazi konusunda da
devlet tesviki bulunmaktadir. Ayrica giines enerjisinden liretilen elektrigin birim kWh i¢in 0,133
$ bedel ile devlet alim garantisi mevcuttur [30].

Yenilenebilir Enerji Genel Miidiirliigii, yerli ve milli tiretim hedefleri dogrultusunda hem yerli
kaynaklarin kullanimi hem de yerli iiretim teknolojisine sahip olmak i¢in yenilenebilir enerji
kaynak alanlar1 kullanim hakki yarigmalar1 diizenlenmektedir. Bu yarigmalar ile giines, riizgar
gibi YEK’lerin kullanim1 arttirllarak enerji arz glivenligi ve ¢esitliligi  saglanmasi
amaclanmaktadir.

4. Bulgular ve Tartisma

Bu calismada, Karabiik ili i¢in 10 kW kurulu giiclinde bir gilines enerjisi tesisinin maliyet analizi
yapilmigtir. Asagida verilen hesaplamalar bakim maliyetleri gz ardi edilerek ve c¢ok ince
hesaplar ile karmasiklifa neden olmamak icin kabaca yapilmistir. Avrupa Komisyonu
fotovoltaik cografi bilgi sistemi kullanilarak Karabiik ili 10 kW’lik sebeke baglantili giines
enerjisi tesisi performans analizi alinmistir ve Cizelge 2’°de verilmistir [41].

15



Ediz DELIHASANLAR et al / Elec Lett Sci Eng 15(1) (2019) 12-20

Cizelge 2. Giines enerjisi liretim tahminleri

Hesaplamasi Yapilan Enlem 41.206.037 En Uygun Egim Agis1 33°
Hesaplamas1 Yapilan Boylam 32.659.209 Azimut Agis1 0

PV Teknolojisi Kristal Silikon Yillik PV Enerji Uretimi 13600 kWh
Kurulu Tepe PV Giicii [kWp] 10 kW Yillik Diizlem Radyasyon 1750 kWh/m?
Sistem Kayb1 %14

Karabiik ili i¢in sabit acili PV sisteminden aylik enerji ¢ikis1 (kWh) degerleri, aylik m? basina
diisen ortalama giines radyasyonu (kWh/m?) ve aylik yiizdesel standart sapma degerleri detayl
bir sekilde Cizelge 3’te verilmistir [41].

Cizelge 3. Aylik PV enerjisi ve giines radyasyonu

Aylar Aylik Ortalama Aylik m? Bagina Diisen Aylik Standart
Elektrik Uretimi Ortalama Giines Radyasyonu  Sapma (%)
(kWh) (kWh/m?)
Ocak 613 73,4 14,80
Subat 820 99,6 20,00
Mart 1060 131 6,19
Nisan 1290 165 9,69
Mayis 1410 185 7,59
Haziran 1420 190 9,15
Temmuz 1620 218 4,52
Agustos 1600 215 5,06
Eyliil 1320 173 10,76
Ekim 1020 130 15,69
Kasim 819 101 12,94
Aralik 586 70,5 13,48

Uluslararas1 yenilenebilir enerji ajansi tarafindan yapilan calismada giines enerji tesisi icin
gereken toplam yatirnm Dbedelleri 2010 yilinda 4394 $/kW iken 2017 yilinda
1388 $/kW olarak hesaplanmistir [42]. 2018 yilinda panel hiicreleri fiyatlarinda yaklasik %30
diisme meydana gelmistir [43]. Gelisen teknolojiyle birlikte maliyetin daha da diisecegi
ongoriilmektedir. 10 kW giines enerjisi tesisi i¢in toplam yatirim maliyeti, yaklasik %30 fiyat
diistisii dikkate alinarak hesaplanan 971,6 $/kW bedel kullanilarak (1) denkleminde verildigi gibi
hesaplanabilir.

10x971,6=9716 $ (1)

Uretilen elektrik enerjisinin tiiketim yapilmaksizin tamamiin sebekeye verilmesi halinde;
eskiden 6denen 0,133 $/kWh alim bedeli ve Karabiik ili yillik PV enerji iiretimi 13600 kWh
degerine gore kurulacak sistemin yillik geliri;

0,133x13600=1808 $ ()

olmaktadir. Fakat giines enerji santrallerinin verimi; sicaklik ve zamana baglh olarak
degismektedir. Uretilen elektrik enerjisi verimi, giines modiillerinin ve dizilerinin bozulmasi ile
azalmaktadir. Literatiirde giines panellerinin ilk 10 yillik siirecte etiket degerlerinde belirtilen
giiclin %90°1 ve 10 yildan sonra 25 yila kadar da %80°1 kadar gii¢ {irettigi kabul edilmektedir
[44]. Tlk 10 y1l i¢in %90 gii¢ verimliligi esas alindiginda yillik gelir;
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1808x0,90=1627 $ (3)

elde edilmektedir. Buna gore Karabiik ili i¢in 10 kW giiclinde bir giines santrali diisiiniildiigiinde
sistemin iirettigi elektrik enerjisinin tiiketim olmaksizin sadece sebekeye aktarilmasi ile birlikte
yatirim maliyetini ¢ikarmasi i¢in gereken siire;

9716/1627=5,97 4)

yil olarak hesaplanmigtir. 21.06.2018 Resmi Gazetede yayinlanan YEK’lere dayali iiretim
faaliyeti gosteren tesisler i¢cin uygulanacak fiyat ve siireler ile yerli katki ilavesine iliskin
kararname degisiklige gidilmistir. “Elektrik iiretim tesislerinde {iretilen ihtiyac fazlasi enerjisi
icin Enerji Piyasas1t Denetleme Kurumu (EPDK) tarafindan ilan edilen kendi abone grubuna ait
perakende tek zamanli aktif enerji bedeli, tesisin isletmeye giris tarihinden itibaren on yil ile
uygulanir” hiikmiiyle birlikte destek miktar1 ve siiresi degismistir. Yapilan degisikliklere gore
yatirim maliyeti hesaplamasinda EPDK tarafindan onaylanan 01.01.2019 tarihinden itibaren
uygulanacak faaliyet bazli tarifeler bilgisi ve abone tiirline gore hesaplamalar yapilmistir.
Uretilen elektrik enerjisinin tiiketilmeden sebekeye aktarimi veya iiretilen enerjinin yaklasik
olarak tamaminin tliketilmesi seklinde iki ayr1 senaryo diisiiniilerek maliyet analizi yapilmistir.
[lk olarak iiretilen elektrik enerjisinin iiretici tarafindan yaklasik olarak hig tiiketim olmaksizin
sebekeye verilmesi ve yeni yasa dogrultusunda giincellenen birim kWh alim bedeli dikkate
aliarak abone tiirli bazinda amortisman siiresi Cizelge 4’te verilmistir. Hesaplamalarda USD
dontistimii Tiirkiye Cumhuriyet Merkez bankasi 07.03.2019 verileri baz alinarak yapilmistir (1
USD =5,44 TL).

Cizelge 4. Abone Tiiriine Gore Uretilen Elektrik Enerjinin Sadece Sebekeye Verilmesi
Durumunda Amortisman Siiresi
. Bedeli USD Ik 10 Yillikk 10 Y1l Sonrasi Tesis Maliyet Amorti

Abone Trl o) DéniisiimiiGelir (USD)  Yillik Gelir (USD) (USD) Siiresi (Y1)
Sanayi 38,0866 0,0700 856,95 761,73 9716 11,51
Ticarethane 41,5009 0,0763 933,77 830,02 9716 10,46
Mesken 27,9098 0,0513 627,97 558,20 9716 16,16
Tarmsal 55 1455 0.0688 842,52 748,90 9716 11,72
Sulama

Diger senaryoda ise iiretilen elektrik enerjisinin tamaminin iiretici tarafindan tiiketilmesi durumu
degerlendirilerek amortisman siiresi hesaplanmis ve Cizelge 5 ile sunulmustur.

Cizelge 5. Abone Tiiriine Gére Uretilen Enerjinin Tamaminin Uretici Tarafindan Tiiketilmesi
Durumunda Amortisman Siiresi
Kullanim Yillik Fatura
Abone Bedeli  Miktar1  Miktar1 TL (Biitiin USD

Tesis Amorti
Maliyet Stiresi

Tiird (Kurus)  Yillik vergiler ve Dontigtimii
(kWh) eklentiler dahil) (USD) (Y1)
Sanayi  0,38087 13600 9072,57 1667,75 9716 5,83
Ticarethane 041501 13600 966428 1776,52 9716 5.47
Mesken  0,2791 13600 730871 134351 9716 7,23
Tarmsal = 32445 13600 8961,30 1647.30 9716 5,90
Sulama
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Cizelge 5, iretilen enerjinin tamaminin iiretici kisminda tiiketilmesi sebebiyle hem 2018 alim
bedeli degisikligi oncesi hem de sonrasi i¢in gecerlidir. Yapilan tiim hesaplamalarda abone tiirti,
vergiler ve biitlin eklentiler dikkate alinarak degerlendirilmistir.

5. Sonu¢

Bu calismada giines enerjisi alaninda yapilan akademik ¢aligmalarin hangi alanda yogunlastigini
belirlemek i¢in literatiirdeki birgok degerlendirme caligmalar1 incelenmis ve konu bazinda
caligmalara deginilmistir. Glines enerjisinin elektrik enerjisi potansiyeli, Diinya’da ve Tiirkiye’de
kurulu gii¢ oranlar1 ve gelecek donem igin giines enerjisi kurulu giiciinde meydana gelebilecek
artis iizerinde incelemeler yapilmistir. Ayrica Karabiik ili i¢in lisanssiz kiigiik giiclii bir gilines
enerjisi santralinin kurulumu i¢in maliyet analizi gergeklestirilmistir. 2018 yilinda yapilan alim
fiyatlar1 degisikliginin Oncesinde yatirim ic¢in amorti siiresi; iiretilen enerjinin tamaminin
sebekeye satilmasi durumunda 5,97 yil olarak hesaplanmistir. Enerjinin tamaminin {iretici santral
tarafinda tiiketilmesi durumunda ise abone tiiriine gore 5,47 ile 7,23 yil amorti siiresi oldugu
bulunmustur. Ozellikle mesken abonelikleri igin degisiklik ©Oncesi iiretilen enerjinin,
tilkketilmesinden ziyade sebekeye satilmasi durumunda amorti siiresinin yaklasik 1,26 yil daha az
olacag1 hesaplanmistir. 2018 yilinda yapilan alim bedeli degisikliginin ardindan hesaplan amorti
stiresi ise tamaminin sebekeye aktarilmasi durumunda abone tiiriine gore 10,46 ile 16,16 yil
olurken iiretilen enerjinin tamaminin tiretici tarafindan tiiketilmesi durumunda ise 5,47 ile 7,23
y1l arasinda olacagi belirlenmistir. Dolayisiyla yapilan alim bedeli degisikligi sonrasinda, amorti
siresi bakimindan iiretilen enerjinin tamaminin {iretici tarafindan tiiketilmesi gibi bir zorunluluk
ortaya ¢ikmistir. Aksi halde amorti siiresinin yatirimer bakimindan avantajim1 kaybedecegi
gorilmistir.
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Abstract: In electromagnetic launchers, the projectile location information is required. Particularly in sequential
winding systems, position information is provided by using additional devices for de-energizing a winding and
energizing the next winding. In alternating current powered launcher systems, projectile position can be estimated
from current changes without the need for an additional device. In this study, the design of coil and projectile
suitable for use in electromagnetic launcher systems has been realized with the help of computer aided design
programs. The projectile position is defined as variable and the change of force and winding current on the projectile
is determined by finite element method. The relationship between the current difference and the force is determined
according to the position.

Keywords: Electromagnetic launcher, position detection, finite element method

Bir Elektromanyetik Firlaticida Akim-Kuvvet Iligkisinin Incelenmesi

Ozet: Elektromanyetik firlaticilarda merminin konum bilgisine ihtiyag duyulmaktadir. Ozellikle, ardigik bobinli
sistemlerde bir bobinin enerjisinin kesilip siradaki bobinin enerjilendirilmesi i¢in ek diizenekler kullanilarak konum
bilgisi saglanmaktadir. Alternatif akim ile beslenen firlatict sistemlerinde mermi konumu ek bir diizenege ihtiyag
kalmadan akim degisimlerinden kestirilebilir. Bu caligmada, elektromanyetik firlatici sistemlerinde kullanima uygun
bobin ve mermi tasarimi bilgisayarlt analiz programlar1 yardimiyla gerceklestirilmistir. Mermi konumu degisken
olarak tanmimlanmis ve iizerindeki kuvvet ve sargi akimi degisimi sonlu elemanlar metodu ile tespit edilmistir.
Konuma gore akim farki ile kuvvet arasindaki iligki ortaya konulmustur.

Anahtar Kelimeler: Elektromanyetik firlatici, konum tespiti, sonlu elemanlar metodu

Reference to this paper should be made as follows (bu makaleye asagidaki sekilde atifta bulunulmali):
A. Dalcali, O. Cetin, F. Temurtas ‘Investigation of Current-Force Relationship in an Electromagnetic
Launcher’, Elec Lett Sci Eng , vol. 15 no. 1, (2019), 21-27

1. Giris

Elektromanyetik firlaticilar elektrik makinalarinda oldugu gibi enerjinin bir formdan diger bir
forma doniistiriildigii sistemlerdir. Firlatictya uygulanan elektrik enerjisi bobinde manyetik
enerjiye sonrasinda da hareket enerjisine donistiiriiliir. Elektromanyetik firlaticilarda firlatilacak
nesne, sabit olan bir veya birden fazla sayida bobinde olusturulan manyetik alani takip ederek
hareket saglanir. Klasik sistemlerde mermi hizi sinirlhidir. Elektromanyetik firlaticilarda mermi
hizi, manyetik alanin hizinda bir smir olmadigindan teorik olarak sinirlandirilamaz. Bu durum
elektromanyetik firlaticilarin popiilerligini arttirmaktadir. Elektromanyetik firlaticilar 6zellikle
savunma sanayinde, robotik ve endiistriyel uygulamalarda kullanilmaktadir [1-3].

Literatiirde manyetik firlaticilarin hiz, mermi kiitlesi, stator uzunlugu, yiizey yipranmasi, sarim
sayis1 ve stator akimi {lizerine ¢esitli ¢aligmalar bulunmaktadir [4-11]. Mermi hizinin incelendigi
calismada, mermi ve stator bobininin ortak endiiktansini belirleyen parametrelerin merminin
hizinda etkili oldugu tespit edilmistir. Buna gore hizin arttirtlmasi i¢in mermi boyunun kisa
secilmesi ve aki yogunlastirici tip stator bobini kullanilmasi Onerilmistir [12]. Le ve
arkadaslarinin yaptig1 ¢alismada ¢ok kademeli bir manyetik firlaticinin her bir kademesi i¢in
sarim sayis1t ve tetikleme pozisyonlarimi belirlemek i¢in Taguchi metodunu kullanarak sistem
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verimliligini arttirmaya calismiglardir [13]. Verimin incelendigi diger bir caligmada sarmal tip
bobinli elektromanyetik firlaticilarda bobinin sarim sayisinin az olmasi durumunda verimin
diistiigli ancak hizin arttigina deginilmistir. Enerji doniisiim verimliligini arttirmak amaciyla
genetik algoritma gibi optimizasyon yontemlerinin kullanimi 6nerilmistir [14].

Enerjinin kapasitor gruplarindan saglandigi sistemlerde sarj islemi zaman kaybina neden
olmaktadir. Alternatif akimin (AA) siirekli uygulanabilir olmasindan dolayr bu calismada
AA’nin elektromanyetik firlatict bobinindeki davranist incelenmistir. Calismada, oncelikle bir
elektromanyetik firlatic1 sisteminde kullanilabilecek olan bobin ve merminin 3 boyutlu modeli
olusturulmustur. Daha sonra olusturulan modelin Sonlu Elemanlar Metodu (SEM) kullanilarak
manyetostatik ve zamana bagli analizleri gerceklestirilmistir. Merminin sargidan once, sargi
icerisinde ve sargidan ¢iktig1 siire boyunca lizerinde endiiklenen manyetik alan, konuma gore
akimdaki fark ve kuvvet degisimi profilleri ¢ikarilmistir.

2. Tasarlanan Bobin ve Mermi Modeli

Elektromanyetik firlaticilar i¢in tasarlanan bobin ve merminin 3 boyutlu modeli ve fiziksel
boyutlart Sekil 1’de verilmistir.

Sekil-1 Bobin ve merminin 3 boyutlu modeli

Elektrik makinalarinda SEM kullanilarak makinaya ait niive kayiplari, kuvvet, manyetik aki
yogunlugu, akim yogunlugu gibi parametreler bulunabilir [15]. Bu metodun kullanilmasi ile
tasarimcilar yiiksek dogruluk ile hizli hesaplama gergeklestirebilmektedir. SEM’de ¢oziimii
istenen kisim ag denilen sonlu sayida kiiglik bolgelere ayrilir. Aranan biiyiikliigiin, bu kiigiik
bolgelerde siirekli oldugu ve modellenen temel diferansiyel denkleminde, bdlgedeki her bir
elemanin iizerinde gegerli oldugu varsayilir. Bir noktadaki ¢oziim i¢in, noktayr cevreleyen
aglarin noktaya olan etkisi dikkate alinir. Boylece elemanlarin ag yapisindaki kose noktalarina
ait biyiikliikler birbirine baglanmis olur. Sonugta, ag sayis1 kadar dogrusal denklem takimi
cikartilir ve istenilen biyiiklikler bu denklem takimlarmin ¢oziimi ile elde edilir [16-17].
Tasarlanan sistemin ag (mesh) yapisi Sekil 2°de verilmistir.
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Sekil-2 Sistemin ag yapisi
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3. Analiz Sonuclari

Sistemde mermi malzemesi olarak demir tercih edilmistir. Maxwell denklemleri kullanilarak
mermi Uzerindeki manyetik alan ifade edilebilir [17].

|

<y

VxH =
V)( =—— (1)
x A

m

(oo ]}
<

Denklem 1’de H manyetik alan siddetini, J akim yogunlugunu, E elektrik alan siddetini, B

manyetik aki yogunlugunu ve A manyetik vektdr potansiyelini belirtmektedir. Denklem 2’de
vektor potansiyelinin temel formiilasyonu gosterilmistir.

V(W A)=J )

Burada, kullanilan malzemenin BH egrisinin lineer olmamasindan dolayr v degisken
gecirgenligi belirtmektedir. v=0B/0H olarak ifade edilirse Sekil 3’te verilen manyetik aki

yogunlugu dagilimlar1 Denklem 3 ile hesaplanabilir [17].

i(v%}i(v%}ti(v%j:—j (3)
ox\_ ox) oy\ oy ) oz\ oz

Sargiya 10 V DA iizerine bindirilen 50 Hz’lik 5V AA gerilim uygulanmistir. Merminin giris
pozisyonunda, 62,5 mm’de, 125 mm’de, 187,5 mm’de ve sargidan tamamen ¢iktig1 pozisyondaki
aki dagilimlar sonlu elemanlar analizleri ile elde edilmistir. Sekil 3’te 5 farkli pozisyon i¢in aki
dagilimlar verilmistir. Sekilde hareket diizlemindeki kesit i¢in mermi yiizeyinde elde edilen aki
dagilimi da verilmistir. Aki dagilimi incelendiginde merminin iizerindeki akinin bobin igerisinde

yogunlastig1 goriilebilmektedir.
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Sekil-3 Mermi iizerindeki manyetik aki yogunlugu dagilimi
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Manyetostatik analizlerden sonra zamana bagli analizler gergeklestirilmistir. Analizlerde sargi
konumu 10 mm araliklarla degistirilerek toplam 26 konum (0 mm < x <250 mm) i¢in parametrik
¢oziimler yapilmistir. Akim farklarimin belirlenmesi amaciyla 2 ms, 4 ms ve 6 ms referans
alinarak belirlenen konumlarda akim degerlerinin farklar1 Denklem 4 kullanilarak belirlenmistir.

Al =1, -1 (4)

Burada Al akim farkini, I

i bir sonraki konumdaki akim

degerini ifade etmektedir. Hesaplanan akim farklarinin dalga formu Sekil 4’te verilmistir

ilk konumdaki akim degerini ve |
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Sekil-4 Belirlenen zamanlardaki akim farki degerleri
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2 ms, 4 ms ve 6 ms’de mermi konumu 0-250 mm aralifinda 10 mm hassasiyetle degistirilerek
mermi tizerindeki kuvvetlerin genligi ¢cikartilmistir. Sekil 5°te kuvvetin genligindeki degisimler
sunulmustur.
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Sekil-5 Mermi iizerindeki kuvvet genliginin konuma gore degeri

Merminin iizerindeki kuvvetin konuma gore degisimi ise Sekil 6’da verilmistir. Sekilde negatif
kuvvet mermi zerindeki kuvvetin yon degisimini géstermektedir.
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Sekil-6 Mermiye etkiyen kuvvetin konuma gore degisimi

Sekil 4 ve Sekil 6 birlikte degerlendirildigine konuma gore akim farki ile konuma gore kuvvet
arasindaki iligki agikca goriilmektedir. Bunun yani sira biiyiikliikler agisindan akim fark genligi
ile kuvvet genligi arasinda ters orantisal bir iliski vardir. Bu durum akimin fark degerinin
kullanilmasindan kaynaklanmaktadir.

5. Sonug¢ ve Tartisma

Elektromanyetik firlaticilarda sargiya AA uygulanmasi durumunda analizlerden de gortldigi
gibi mermi lizerinde itme ve ¢ekme kuvveti olusmaktadir. AA beslenen firlatici sistemlerinde
mermi konumunun belirlenmesi sargiya uygulanan gerilimin zamaninda kesilmesi agisindan
onemlidir. Sargi konumu AA’da ek bir diizenege ihtiya¢ kalmadan akim degisimlerinden
pozisyon kestirimine olanak verecegi degerlendirildiginden bobine AA gerilim uygulanmustir.
Analizlerde kuvvet ile akim farki arasinda konuma gore belirli bir iliski oldugu goriilmiistiir.
Dolayistyla akim farkindan kuvvet kestirimi yapilabilir. Akim farkindaki degisimin negatif
oldugu bolgelerde kuvvetin yoniiniin degistigi, akim farkindaki degisiminin tepe degerine
ulastig1 noktalarda kuvvetin de ileri ve ters yonlerde tepe degerine ulastig1 goriilmektedir. Biitiin
bunlar degerlendirildiginde merminin maksimum hizi saglamas: i¢in akim fark degeri bilgisi
yola c¢ikilarak, uygulanan gerilimin kesilme zamanmi tespit edilebilir. Bu calisma ile
elektromanyetik firlaticilarda AA sistem uygulanarak mermi konumunun belirlenmesinin
miimkiin olabilecegi goriilmiistiir. Ileriki alismalarda makine dgrenmesi veya klasik 6grenme
teknikleri kullanilarak mermi konumunun basarili bir sekilde kestirilebilecegi diisiiniilmektedir.
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