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ABSTRACT

The aim of this thesis is to design an adaptive sliding mode controller for a multi input
multi output quadruple tank system developed for liquid level control. Sliding mode control is a
robust control approach designed to control complex nonlinear systems. The sliding mode control
method is an efficient control technique in the presence of external disturbances and parametric
uncertainties. This control method offers adaptability and can be combined with other control
techniques to achieve enhanced outcomes. In this thesis, both the sliding mode control and adaptive
sliding mode control methods are applied to the coupled tank system. The stability of the
controllers is mathematically proven using the Lyapunov theorem. The implemantation of the
adaptive sliding mode control method for the multi input multi output coupled tank system
demonstrates the success of the designed controller in achieving more effective control performans
for the system. In addition, the applicability of the proposed method for demanding complex
systems such as coupled tanks has been verified. Although both methods achieved successful
results, the proposed adaptive sliding mode control method offers better tracking performance
compared to the conventional sliding mode method.

Keywords: Coupled Tank System, Sliding Mode Control, Adaptive Sliding Mode Control, Sliding
Surface.
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0z

Bu tezin amaci, sivi seviye kontrolii igin gelistirilen ¢ok girisli ¢ok ¢ikighi dortlii tank
sistemi i¢in adaptif bir kayan kipli kontrolor tasarlamaktir. Kayan kipli kontrol, olduk¢a karmasik
dogrusal olmayan sistemleri kontrol etmek i¢in tasarlanmis giiclii bir kontrol yaklasimidir. Kayan
kipli kontrol yontemi, dis etkenlerin ve parametrik belirsizliklerin varliginda etkili bir kontrol
teknigidir. Bu kontrol yontemi adaptif olabilecegi gibi diger kontrol yontemleri ile birlikte
kullanilarak daha etkili sonuglar alinabilir. Bu tezde, hem kayan kipli kontrol hem de uyarlamali
kayan kipli kontrol yontemleri, baglantili tank sistemine uygulanmistir. Kontrolorlerin kararliligi
Lyapunov teoremi ile kanitlanmistir. Adaptif kayan kipli kontrol yonteminin ¢ok girigli ¢ok ¢ikislt
birlestirilmig tank sistemi icin uyarlanmasi, daha efektif sonuglar elde etmek igin tasarlanan
kontroloriin sistem iizerindeki bagarisint gdstermistir. Ayrica dnerilen yontemin baglantili tank gibi
zorlu karmasgik sistemler i¢in uygunlugu dogrulanmistir. Her iki yontem de basarili sonuglar elde
etmesine ragmen, onerilen adaptif kayan kipli kontroldr geleneksel kayan kipli kontrol yontemi ile
karsilastirildiginda daha iyi izleme performansi sunmustur.

Anahtar Kelimeler: Baglantili Tank Sistemi, Kayan Kipli Kontrol, Adaptif Kayan Kipli Kontrol,
Kayma Yiizeyi.
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GENISLETILMIiS OZET

Bu tezde lineer olmayan ¢ok degiskenli sistemlerin kontrolii i¢in adaptif kayan kipli kontrol
yontemi kullanilarak bir kontrolor tasarlanmistir. Lineer olmayan sistemlerin kontrolii zorlu ve
karmasik bir problemdir. Bu sistemler i¢in uygun kontrol metodlarina karar vermek oldukca
mesakkatli bir istir. Son donemlerde ¢ok degiskenli sistemlerin kontrolii 6nem kazanmaya devam
etmektedir. Bu tarz sistemler i¢in ¢ok sayida kontrol metodu gelistirilmistir ve hala hem var olan
tekniklere yeni yaklagimlar kazandirilmaya hem de literatiire yeni yaklasimlar eklenmeye devam
edilmektedir.

Baglantili tank sistemleri {initesi miihendislik uygulamalarinda yaygin bir sekilde
kullanilan sistemlerdir. Bu sistemler basta icecek ve kimya sektorii olmak iizere bir ¢ok endiistriyel
alanda siklikla farkli amaglar icin kullanilmaktadir. Baglantili tank sistemi genellikle laboratuvar
ortamlarinda sivi seviyelerini kontrol etmek i¢in kullanilmaktadir. Bu sistemler yapisi ve kullanilan
tank sayisi ile farkli gesitlere sahiptir. Baglantili tank sistemleri tek girisli tek ¢ikislh ve ¢ok girisli
cok cikish yapida kullanilabilmektedir. Bu tezde kullanilan bagl tank sistemi ¢ok girisli ¢ok ¢ikish
yapidadir ve 4 tanka sahiptir. Iki katli bir sistem gibi goriinen bu diizenekte altta iki adet ve iistte iki
bir gecit sayesinde etkilesim halindedir. Ayn1 zamanda iist kattaki tanklar da birbirleri arasinda bir
gecit bulundugu igin etkilesim halindedir. Gegitler tizerinde manuel kapatma vanalar
bulunmaktadir. Bu ¢aligmada vanalar agik kullanildigi i¢in kullanilan sistemin modeli ¢apraz
baglantili tank sistemi olarak adlandirilmaktadir.

Sistem rezervuar igerisine daldirilmis iki pompa ile beslenir. Sivi akis1 pompadan tanklara
dogrudur. Sivi1 ilk olarak yukaridaki tanklara dolar, borular araciligiyla da alt tanklara akar. Amag
alt tanklardaki sivi seviyelerinin istenen seviyeye gelmesi ve sonrasinda sivi seviyesinin
korunmasidir. Bu siirecin ger¢eklesmesi i¢in sivi akigiin sisteme uygun kontrolorler ile kontrol
edilmesi gerekir.

Literatiirde baglantili tank sistemlerinin kontrolii i¢in bir ¢ok farkli yontem onerilmistir.
PID kontrol, zaman-optimal kontrol, kayan kipli kontrol ve dogrusal olmayan geri adimlamali
kontrol yontemleri baglantili tank sistemlerinde sivi seviyesini kontrol etmek igin siklikla
kullanilan tekniklerdendir.

Bu calismada kayan kipli kontrol adaptif bir yaklasimla birlikte kullanilmistir. Sistemin
belirsiz parametreleri ve bazi dogrusal kabul edilen dinamikler sonugta farkliliklara sebep
olmaktadir. Kayan kipli kontrol metodu literatiirde yapilan bir¢ok ¢alismadan da 1spatlandig lizere
sistem belirsizlikleri ve harici bozuculara kars1 dayaniklidir. Kayan kipli kontrol karmasik ve lineer
olmayan sistemlerin kontroliinde kullanilan etkinligi ¢ok sefer kanitlanmis bir metoddur. 1950lerin
basinda Sovyetler Birligi'nde Emelyanov tarafindan onerilen ve Utkins ve Itkis gibi arastirmacilar

tarafindan detaylandirilan, o donemden beri kullanilmaya baslanilan giin gectikge popiilerlesen
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kayan kipli kontrol belirsizlik ve bozucu etkisine kars1 dayanikli olmasindan dolayi siklikla tercih
edilen dogrusal olmayan giirbliz bir kontrol yontemidir. Kayan kipli kontrol yontemi, dogrusal
olmayan sistem, ¢ok girisli ¢cok ¢ikislt sistemler, ayrik zamanli modeller, biiyiik 6lgekli ve sonsuz
boyutlu sistemler ve stokastik sistemler dahil olmak iizere bir ¢ok farkli sisteme uygulanmistir.

Kayan kipli kontrol yaklasimi, bir tiir degisken yapi1 kontroliidiir. Temel olarak, lineer
olmayan sistemin durumlarini durum uzayinda kayma veya anahtarlama yiizeyi olarak adlandirilan
belirli ve kullanici tarafindan segilen bir yiizeye siirmek ve bu yiizeyde tutmak i¢in yliksek hizli bir
anahtarlama kontrol kanunu kullanir. Bu yilizeye anahtarlama yiizeyi denir, ¢linkii tesisin durum
yoriingesi yiizeyin "lizerinde" ise, kontrol yolunun farkli bir kazanci ve yoriinge yiizeyin "altina"
diismesi durumunda farkli bir kazanci vardir.

Giirbiiz bir kontrolor tasarlarken belirsizlik araligi belirlemek zorludur bu nedenle
genellikle genis araliklar secilir ve bu durum istenmeyen etkilere sebep olur. Bu etkiler yiiksek
kontrol sinyalleri liretilmesine ve catirt1 problemine sebebiyet verebilir.

Adaptif kayan kipli kontrol teknigi bu sorunun istesinden gelmek i¢in kullanilmistir.
Adaptif kayan kipli kontrol yaklasiminin amaci, sistemdeki belirsizliklerin {ist siir1 hakkinda
herhangi bir 6n bilgi yoklugunda denetleyici kazancini uyarlamali olarak ayarlamaktir. Bu
uyarlamali kontrol kazanct miimkiin oldugu kadar kiigiik olmali, ayn1 zamanda bozulmalar1 ve
sistem belirsizliklerini ortadan kaldirmak i¢in yeterli olmalidir. Uyarlama, degisen dis etkilere ve
parametrelere gore sistemin kendini degistirme durumu olarak tanimlanabilir. Uyarlama yaklagimi
gercek zamanli olarak gergeklesir. Adaptif kayan kipli kontrol teknigini kullanarak cesitli
kontrolorler tasaralanmig olsa da kontrol kazancinin adaptasyon orani hala bazi kisitlamalari
barmdirir.

Bu caligmadaki amaca istinaden geleneksel kayan kipli kontrol kullanimiyla elde edilen
istenmeyen etkiler adaptif kontrol yaklasimiyla en aza indirilmeye ¢alisilmustir. ilk olarak sistemin
tam matematiksel modeli hazirlanmistir. Matematiksel modeli hazilanan sistemin simiilasyon
ortaminda tasarimi gerceklestirilmistir. Oncelikle sisteme uygun gelenecksel kayan kipli bir
denetleyici tasarlanmis ve test edilmistir. Sonrasinda adaptif kayan kipli kontrol ydntemi
kullanilarak 6nerilen kontrolor baglantili tank sistemi icin tasarlanmistir ve simiile edilmistir. Hem
geleneksel kayan kipli kontrol ve hem de adaptif kayan kipli kontrol simiilasyon sonuglar1 sistemi
kontrol etmede basarili olmustur. Her iki methodun etkinligi sayisal ve grafiksel olarak
gozlemlenmistir. Her iki methodun da kararliligini ispatlamak i¢in Lyapunov kararlilik teorisinden
yararlanilmigtir. Lyapunov teoremi belirsizlik ve bozucular varliginda kontrolorlerin kararliliklart
i¢in kullanilan bir ¢dziimdiir. Onerilen adaptif kayan kipli kontrol yontemi ve geleneksel kayan
kipli kontrol yontemi yerlesme zamani, asim orani ve kararli hal hatas1 gibi performans olgiitleri
bakimindan karsilagtirilmistir.  Adaptif kayan kipli kontrol yontemi geleneksel kayan kipli kontrol

yontemine gore daha iyi izleme performansi sunmustur.
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Sonug olarak kayan kipli kontrol yontemi altinda adaptif bir yasa kullanilarak elde edilen
kontrol sinyali daha etkili sonuglar elde edilmesini saglamigtir. Adaptif kayan kipli kontrol yontemi
ile kontroldriin tasarim asamasinda sistem parametrelerinin tam olarak bilinmesine gerek yoktur
clinkii uyarlamali bir yapt mevcuttur. Catirti problemi olduk¢a soniimlenmisgtir ve kontroldriin

harici bozulmalara kars1 dayaniklilig1 ispatlamistir.
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1. INTRODUCTION

In modern control systems, the control of both linear and non-linear systems has become an
increasingly significant. Among the various systems used for testing and implementing control
strategies, coupled tank systems hold a notable position due to their non-linear structure. Control
experiments have been carried out on these systems in the past and are still being developed today.
Coupled tank systems are commonly used in various industries for different purposes (Vhora and
Patel, 2016). These systems, which have become widespread in industrial environments where
liquid distribution equipment is used, especially in the pharmaceutical industry, chemical industry,
and food sectors can be used in quite different ways. In the coupled tanks systems, the number of
tanks can be adjusted according to the purpose, allowing for the connection of 2, 3 or more tank
parts. The number of inputs and outputs of the system, as well as the way the tanks are connected,
varies accordingly, resulting in different system structures, such as single input single output
(SISO) and multi input multi output (MIMO) systems.

The coupled tank setup is a chemical plant unit that can be configured in different ways
offering varying system dynamics depending on the couplings in the mechanism. The flow
direction of the liquid can be changed by means of these couplings, which can be operated
manually.

The setup used in this study is the MIMO quadruple cross coupled tank (QCCT) model.
The system consists of 4 tanks, with 2 tanks placed at the top and 2 tanks at the bottom. There are
open valves between the upper tanks and the lower tanks, when these valves are open the liquid
passage can be provided from here. At the same time, there is an open liquid passageway between
the two upper tanks which connects them and allows liquid to flow between them. Therefore, the
model is called the cross coupled tank (CCT) model. Two pumps are present in the system to carry
out the liquid flow. The liquid flowing from these pumps to the tanks needs to be controlled in real-
time (Feedback Instruments Ltd.).

Liquid level control applications are commonly tested and implemented in laboratory
environments using the coupled tanks systems. These systems belong to the class of multivariable
systems. The control of multivariable systems, which are widely used today, has gained
importance. Choosing the appropriate control approach for a given systems can indeed be a
challenging task that requires careful consideration. Nevertheless, various controllers are applied
and compared in practice. The primary purpose of using coupled tank systems is to bring the liquid
level to the targeted level and use it as an automatic liquid distribution mechanism, which is
frequently used in many industrial facilities. To achieve this, controllers are used to maintain the
liquid level at the targeted level. For this reason, the liquid flowing towards the tank should be
controlled with the most accurate methods. Fluid flow control is a challenging task and the

controller design must be entirely compatible with the system.



Numerous remarkable control approaches have been developed, and are still being
developed, using this coupled tank system, from the past to the present. In almost every study
carried out in the literature, the aim is to achieve more stable and high quality results.

To control the liquid level of the coupled tank system with 2 identical tanks, the sliding
mode controller (Alam et al., 2013), second order sliding mode controller (Khan et al., 2006), the
backstepping controller (Pan et al., 2003), the proportional integral derivative (PID) controller (Roy
et al., 2016), model predictive controller (Essahafi, 2014), fuzzy logic controller (Gupta and
Verma, 2012) methods were used.

To control the liquid level of the MIMO structured coupled tank system with 4 identical
tanks, sliding mode controller (Aksu and Coban, 2017), sliding mode PI controller with
backstepping (Aksu and Coban, 2018), second order sliding mode controller, and brain emotional
logic based intelligent controller (Debnanth and Mija, 2016) methods were used.

After Lyapunov and Poincare's approach, which brought a new idea to dynamic modeling
studies in the 1950s, modern control techniques began to develop with a rising graphic. In an article
published by Vadim Utkin in the 1970s, a relay-based control method was presented and this article
formed the first step of the sliding mode theory (Ferrara, 2015). After these years, sliding mode
theory has been used in many different fields and studies (Zhao et al., 2016; Fali et al., 2018).

The sliding mode controller is a popular controller widely used for controlling highly
complex and non-linear systems. The Sliding Mode Control (SMC) approach is an easy to adjust
and implement a control method that is insensitive to parametric uncertainties and external
disturbances (Qureshi et al., 2018).

The SMC is a two-stage control method. The aim of the first stage is to drive the trajectory
of the nonlinear system onto a surface called the sliding surface. The sliding surface is pre-designed
by the user in accordance with the system. The purpose of the second stage is to ensure that the
system trajectory, which is delivered to the sliding surface, remains here (Utkin, 1977).

The SMC method has both advantages and disadvantages. The most significant advantages
are that the system dynamics can be adapted to the sliding surface, and the SMC is insensitive to
system uncertainties. However, a notable disadvantage of the SMC is the chattering problem,
which is still an active area of research (Utkin and Lee, 2006).

The chattering problem can have a detrimental effect on control stability, and therefore,
different approaches have been developed to minimize or eliminate this problem. Several
innovative approaches have been studied in the context of SMC such as decoupled backstepping
sliding mode, high order sliding mode, integral sliding mode, and adaptive sliding mode controller
(ASMC) (Ata and Coban, 2019; Utkin et al., 2020; Adhikary and Mahanta, 2013). One approach to
overcome the chattering problem is to adapt switching gain. Adaptation refers to the ability of the
system to adjust itself based on parametric changes within the system. The adaptation technique

involves modifying the adaptation parameters based on the state of the applied system. In



engineering applications, systems that can protect their own behavior against external influences
and changes are known as adaptive systems. The adaptation technique that makes automatic
adaptations works in real-time (Leyla et al., 2021).

By applying this technique to the sliding mode controller, both the chattering problem and
the discontinuity issues can be reduced (Leyla et al., 2021). Moreover, the ASMC method provides
more effective results in terms of performance compared to the conventional method (Huang et al.,
2008).

The Lyapunov stability theorem is used to guarantee the system’s stability. The Lyapunov
stability theorem is a widely used method in the literature to demonstrate the stability of
controllers. The Lyapunov stability theorem offers a robust solution for indicating the stability of
the controller applied to a system in the presence of external disturbances and uncertainties.

The aim of this thesis is to design an adaptive sliding mode control law for a MIMO QCCT
system. In order to analyze the suitability, efficiency, and performance of the proposed method, the
conventional SMC technique has also been applied to the system for comparison purpose. The
liquid level in the lower tanks is the part that is controlled on the system. In the installation
consisting of four tanks, there are two tanks at the bottom and two tanks at the top. The objective is
to maintain the liquid flowing into the two tanks at the bottom at the specified level. The complete
mathematical model of the MIMO QCCT system has been examined and simulated. A law and an
ASMC law are designed for a MIMO QCCT system. The stability of the system is guaranteed as
both controllers are based on Lyapunov theory. The SMC and the ASMC methods were applied to
the tank system through simulation tests. After analyzing the test results, both methods were
compared in terms of performance. The results of the ASMC method and the conventional SMC
are presented. The graphs obtained from the results and the table of the numerical results are
included in the results and discussions section of the thesis for comparison purposes. Although both
controllers yield robust results, the findings show that the proposed method provides more effective
results against the conventional SMC method in terms of performance.

The structure of the thesis is as follows: In the 2nd chapter, preliminary works are
discussed. In Chapter 3, the mathematical model for the MIMO QCCT system is presented and the
SMC and the ASMC methods are explained theoretically. In Chapter 4, graphical results obtained

from the tests are presented and various numerical analyses are provided.






2. PRELIMINARY WORK

The coupled tank system has been the subject of numerious studies conducted by
researchers across the field. This chapter provides a foundation for the thesis by presenting the
conceptual background related to the study.

Roy et al. carried out their experiments on the MIMO model of the two-tank setup. In
general, in these setups, the liquid level in the first tank is maintained at a certain level, while the
other tank follows the reference signal, which changes over time. Since some feed-forward
controllers such as PID, PI, and 3DOF-PI could not maintain the liquid level in the first tank, the
Fractional Ordered Proportional Integral (FOPI) controller was developed and tested to give better
results than the PID family. The new controller is planned to use a reference field approach (Roy et
al., 2016).

Pan et al., designed a backstepping method for precise liquid level control problem on
coupled two tanks setup. First, a model-based control was proposed for liquid level control, and
then an adaptive control was designed to alleviate the uncertainty in the orifice cross-sectional
areas at the tank outputs. The proposed method has been tested experimentally and the performance
results are compared in detail with the conventional PI control. With the Lyapunov theorem, it has
been observed that the backstepping control approach gives a tracking response for trajectories up
to the second order (Pan et al., 2003).

Gupta and Verma have worked on fuzzy logic controllers (FLCs). They designed FLC to
control the liquid level of a coupled tank system (Gupta and Verma, 2012).

In the study by Alam et al., the conventional SMC technique and the integral SMC
technique were applied to two identical tanks connected to each other. The system they use has a
SISO structure. The experimental results obtained from the two control techniques were compared
and it was observed that the chattering problem was reduced to a lesser extent in the experiment
using the integral sliding mode control (ISMC) (Alam et al., 2013).

In the study of Khan et al., a second order sliding mode control (SOSMC) method was
proposed in a twin tank setup with a MIMO structure that they used in the laboratory environment.
The algorithm used introduces a new approach to sliding mode control and does not derive the
sliding surface, in consequence terminating the need to create an observer or vertex detector. The
algorithm produced a dynamic control signal and robust results were obtained and the proposed
theory was confirmed. Results were also obtained by using PI control on the same mechanism, and
the results of the quadratic sliding mode controller in terms of contextualization are presented
together with the results of the PI controller (Khan and Spurgeon, 2006).

In 2017, Aksu and Coban applied the conventional sliding mode control method on the
MIMO CCT mechanism, which is a non-linear and uncertain system. This mechanism, which

consists of 4 tanks, is connected to each other through valves. The purpose here is to generate the



signal that reaches the output tanks at the desired liquid level and ensures that it is maintained at the
desired level. The method applied to this mechanism, which is in the cross structure, has been
tested experimentally and has given quality tracking performance despite external disturbances.
The durability of the method used has been proven (Aksu and Coban, 2017).

In their study in 2019, Aksu and Coban proposed an innovative approach to their previous
work. They used the proportional-integral (PI) controller to avoid the steady-state error and
combined this method with the backstepping technique of the sliding mode, which is insensitive to
parameter and system uncertainties. This approach has been applied for the first time to this
challenging and complicated system. During the experimental applications, this method was
compared and analyzed with the results of sliding mode PI, backstepping sliding mode, and
conventional SMC methods. After the analysis, it was observed that the proposed new approach
achieved more effective results in many ways. The new approach offered both faster ascent and
better tracking performance while reducing tracking error and overshoot rates (Aksu and Coban,
2019).

In the study by Datta et al., Decentralized Internal Model Control based Proportional
Integral (IMC-PI) controllers are designed for MIMO 4-tank unit. In this unit there is a transition
between the top two tanks, so the tanks behave interactively with each other. When this is the case,
it is very difficult to control such processes. In this study, two IMC-PI controllers were designed to
maintain the liquid level at the desired level. However, the interaction between the tanks prevented
the controllers from achieving the desired level of success. After this experiment, a decoupler was
placed between the tanks. Thus, the performance of the designed controllers in the presence and
absence of the decoupler was compared. After the experiments, it was observed that the IMC-PI
controller gave better results in maintaining the desired liquid level in the presence of the decoupler
(Datta et al., 2015).

Debnath and Mija designed a SOSMC and Brain Emotional Logic Based Intelligent
Controller(BELBIC) for a non-linear MIMO system with 4 equivalent tanks and presented a
detailed performance review. SOSMC based on the super-twist algorithm is a method introduced to
eliminate the chattering problem in the conventional SMC. The BELBIC, on the other hand, is a
control technique based on emotional learning, a computational method based on the limbic system
in the mammalian brain. Described as model-independent, the BELBIC learns from external
sources, making it an intelligent controller. In the study, these two methodologies were designed
for the liquid level controls of the two tanks located at the bottom of the 4-tank system. After the
simulation, the effectiveness of both techniques was investigated comparatively. Both techniques
were effective and yielded tremendous results, but the BELBIC outperformed the SOSMC in terms
of performance (Debnath and Mija, 2016).

In the study of Mahapatro et al., an adaptive fuzzy sliding mode controller was designed

for liquid level control of a MIMO coupled tank system. A fuzzy variable is placed on the sliding



surface to minimize the chattering effect. To see the effectiveness of the proposed method, the
results of the linear matrix inequality (LMI) based proportional integral (PI) controller are
compared with the results. The proposed method showed superior control performance (Mahapatro

etal., 2019).






3. MATERIAL AND METHOD

3.1. Coupled Tank System

Coupled tank systems are installations with common uses for industrial purposes in
chemical plants (Pan et. al., 2005). The tanks are usually connected to each other by pipes, and the
fluid flow can be adjusted by the couplings on the pipes. The liquid flowing into the tanks is
provided by the pump or pumps (Feedback, 2006). Different algorithms can be developed,
implemented on the coupled tanks and implemented on a real system to control the flow of the
liquid and the liquid level in the tanks. The coupled tanks are available in different setups that serve
a variety of purposes. These units can be used in single input single output (SISO) and multi input

multi output (MIMO) structures (Aksu and Coban, 2017).

3.1.1. Single Input Single Output Coupled Tank System

SISO structured installations are usually consist of 2-tank system, with the tanks are
connected to each other either upside down or side by side and being identical. In such
installations, the first tank is fed by a pump and water flows to other tanks through the orifices
between the tanks. A tank called the reservoir is located below the equipment, and the liquid fills
this tank through the out orifices. Since these systems have a single output, the liquid fills the
reservoir from this output, and the pump that feeds the first tank is submerged in the reservoir
(Abbas et. al., 2012).

The aim is to maintain the liquid at a certain level, and to achieve this, the flow of liquid
flowing from the pump needs to be controlled. The primary control objective can be defined as to
managing the liquid level of the second tank (Malmborg and Eker, 1997; Almutairi and Zribi,
2006). The coupled tank systems are non-linear and complex, which makes them challenging to
control. The tank systems shown in Figures 1 and 2 are examples of systems with the SISO

structured systems.



Reservoir

Figure 3.2. SISO Coupled Tank System
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3.1.2. Multi Input Multi Output Coupled Tank System

The way the tanks are connected to each other can result in different system configurations.
Installations with a MIMO structure have more than one input and one output in the system. In
such installations, more than one pump feeds may be used to feed more than one tank. The orifices
between the tanks allow for the flow of liquid. A tank called the reservoir is located under the
equipment to collect the liquid flowing from the out orifices, and the pumps that feed the tanks are
submerged in the reservoir (Feedback Instruments Ltd.).

The aim is to maintain the liquid at a certain level by controlling the flow of the liquid from
the pumps. The flow of the liquid from the pumps should be controlled to achieve the desired
conditions (Aksu and Coban,2017; Prusty et. al., 2016). The MIMO structured coupled tanks with
complex structures are more difficult to control. The tank systems shown in Figures 3 and 4 are

examples of systems with the MIMO structure.

]
l- Pump .
Reservoir

Figure 3.3. MIMO Coupled Tank System
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Figure 3.4. MIMO Coupled Tank System

Multi Input Multi Output Quadruple Cross Coupled Tank System

The quadruple cross-coupled tank (QCCT) system with a multi input and multi output
structure, which is widely used in the industry, was utilized in this study. This system consists of
four tanks, a reservoir, and two pumps submerged in the reservoir. T1 - T2 tanks and T3 - T4 tanks
are interconnected by a pipe, and T1 and T3 tanks are also connected by a pipe with a valve on it.

In this setup, the valve is opened to allow fluid passage between the T1 and T3 tanks. The system

model used in the study is illustrated in Figure 5.
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When designing and adapting the definitions used by Almutairi and Zribi (2006) for the
MIMO quadruple tank system, the following parameters can be defined: the inflow rate from T1 to
T2 fi12 , the outflow rate of T2 f;, , the inflow rate between T1 and T3 f;;3, the inflow rate from
T3 to T4 f;34 and the outflow rate of T4 f;, as follows (Almutairi and Zribi, 2006):

firz = a124/29(l = 1) 3.1
fiz = a/29(13) 3.2)
firs = a131/29(l = 5) (33)
fiza = azay29 (5 — L) (3.4)



fia = asJ29l4 (3.5)

where [, l,, I3 and [, are the liquid level in T1, T2, T3, and T4, respectively; g is the acceleration
due to gravity, a,, is the area of the pipe connecting T1 and T2, a, is the area of the T2 out, a3 is
the area of the pipe connecting Tland T3, as, is the area of the pipe connecting T3 and T4, and a,
is the area of the T4 out.

Using Equations (3.1), (3.2), (3.3), (3.4) and (3.5), the flow equilibrium between all tanks
can be written as (Almutairi and Zribi, 2006; Geylani and Ata, 2022):

dly

A—" = fix = fuz — firs (3.6)
ASE=fi,— f (3.7)
AZ2=fy, — fiau = fus (3.8)

ASE= fiaa = fis (3.9

where f;, and f;,, are inflow rates and; A is the cross-sectional area of four tanks.

The dynamic equation of the coupled tank system can be written as (Almutairi and Zribi,

2006; Geylani and Ata, 2022):

dl Jix
&1 = by Iy — bssign(ly — 1)1 — )]+ (3.10)
d_lz_ Iz — byy/T; (3.11)

dl fz
=2 = —bs\[l; = bysign(ls — 1Yz — LI + =2 (3.12)

% = byl — bay/ls (3.13)

where
__ Q12429
b = ——
A
_ as./29
b, = 0
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by = @ (3.14)

b _a‘l-\/ﬁ
=T
b _a13\/ﬁ
5T a4

and the sign function can be defined as

1 l,—1,>0
sign(ly — 13) = 1-1 I —1;<0 (3.15)
0 ll - l3 = 0

When the liquid levels reach balance, the derivatives of the liquid levels are equal to zero

as below:
=0
w=k=0 (3.16)
Ll=0
L, =0.

For this reason, the flow rates f;, and f;,, can be rewritten as:

fix = A(byJ1; + bssign(ly — L)1, — L)) (3.17)

fiy = A(bsy[Ts + bssign(ls — 1,){/1(s — D). (3.18)

Because of the difference in input rate, when I; > [3, the dynamic equation of the system

should have sign(l; > I3) = 0, therefore [; and I3 can be rewritten as:

L = by — bsy[T( — )]+ (3.19)
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: fi
ls = =bs\/ls + bs[1(s = 1D + =~ (3.20)

The flow rates in Equations (3.17) and (3.18) can be expressed as follows:
Uy = fix 3.21)
U = fiy, (3.22)

The liquid levels of the T2 and T4 can be considered as the output of the system. The

outputs can be defined as follows:

3.2. Design Method
3.2.1. Sliding Mode Control

SMC is a robust control technique that is frequently preferred in modern control systems
that are insensitive to disturbances and uncertainties (Utkin, 1992). This technique, which can
control linear and nonlinear systems, is a type of VSC method (Utkin, 1977).

The SMC uses a discontinuous control and applies a sliding function on a predefined
sliding surface.

The conventional SMC is divided into two main stages; reaching the sliding surface and
sliding on this surface. During the reaching stage, a suitable surface is selected by the user, and the
system is shifted from the initial state to this surface. After reaching the surface, the sliding stage
starts begins there the system is forced to stay on this surface and the system states are limited
accordingly. Figure 3.6 shows the reaching and sliding stages; where e represents the tracking error

of the system and é represents the derivative of the tracking error.
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Figure 3.6. Reaching and sliding stage

The SMC includes two control laws; equivalent and switching control. The switching
control is responsible for forcing the system trajectory to the predefined sliding surface and this is
the most important function of the controller. Properly designing the switching control has a direct
impact on the performance of the controller. The signum function sign() is used in the literature

when creating the switching control. The sign() function can be defined as follows:

-1 for s<0
sign(s) =40 for s=0
1 for s>0

and Figure 3.7 shows the sign() function.

17



A
¢
o ¥ s
< >
0
4 -1

v

Figure 3.7. The signum function

Once the system reaches the sliding surface, the equivalent control is employed. Contrary
to the advantages it offers, the SMC also has a significant disadvantage which is the chattering
phenomenon. The chattering problem impacts the accuracy of the control technique. The chattering
is an undesired oscillating phenomenon with a finite frequency and amplitude (Utkin and Lee,
2006).

Two main reasons can cause the chattering. The first reason is due to neglected system
dynamics which means the dynamics with small time constants that are not modeled are generally
ignored (Utkin and Lee, 2006). The second reason is the limited switching frequency. The SMC
requires an infinite switching frequency, but in practice, the switching frequency is limited, leading

to chattering (Young et al., 1999). Figure 3.8 illustrates the chattering phenomenon.
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Figure 3.8. Chattering problem in the SMC

Various methods have been presented to avoid this zigzag movement on the sliding
surface, which adversely affects the accuracy of the SMC method (Yasien and Kadhim, 2009). One
of the most preferred techniques used to dampen the chattering effect is the boundary layer
solution. (Slotine and Sastry, 1983; Burton and Zinober, 1986). The sign function sign() in the

switching control law is used with an approximation.

Figure 3.9 shows the boundary layer solution for the chattering phenomenon.
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Figure 3.9. Boundary layer solution for the chattering phenomenon
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A saturation function has finite upper and lower bounds. It is a response function that
converts an input in the range (—oo, +o0) to the range (0, 1) and (-1, 1), respectively. In this
solution, the saturation function is used instead of the signum function. The saturation function is

defined as:

_ (s for |s| <1
sat(s) = {sign(s) for |s| =1

and the saturation function is shown in Figure 3.10.

sat(s)

A

Figure 3.10. Saturation function

The single input single output nonlinear system is defined as (Shtessel et al., 2014)

X1(t) = x(t)
X(t) = f(x,t) + g(x, Hu(t) + 6(t) (3.25)
y() = x,(¢)

where x;(t) and x,(t) are state vectors, f(x,t) is a nonlinear function, g(x,t) is an uncertain

function; §(t) is the sum of uncertainty and disturbances, u(t) is the control vector and y(t) is the

output.

When designing a sliding mode control, the sliding surface is defined as (Shtessel et al.,

2014)

s(t) = pe(t) +é(t) (3.26)
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where e(t) is tracking error, é(t) derivative of tracking error and f is a positive constant.

The tracking error can be written as

e(t) =y() —ya(®) (3.27)

where y;(t) is the desired output.

The control law is described as

U(t) = Ueq(t) — Ugy (1) (3.28)
where

Ueq (8) = o (= (0, 0) = BE(D)) (3.29)

U, () = "“;gT“g(t” (3.30)

A Lyapunov function can be considered to examine the stability of the control system. This

function can be selected as
V(s) =35%(t). (3.31)

The derivative of the Lyapunov function V(s) can be writtten as

V(s) = s(t)s(t) (3.32)
with

s(t) = Be(t) + é(t)

=B —ya(®) + () = ya(®) (3.33)
and

$(t) = pe(t) +é(t)
=BO®) = ya(®) + (F() = Fa(D)). (3.34)
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Derivative of the Lyapunov function can be rearranged as

V(s) = s)(Be(t) +3(t) — Ja (1))
=s(O)(Be(t) + x2(t) — Va(t))
s)(Bé(t) + f(x,t) + g(x, Hu(t) +6(t) — Ja(t))

=s(®)(Be) + f(x,t) + g(x, ) (Ueq (t) + usy (t)) + 6(t) — Ja (1)) (3.35)
=s@®)(Be) + f(x, ) +g(x, 0)( : (—=f(x,t) — Be(t) + M) +6(t)
g9(x,t) g(x,t)
—Ya(t))
= s(t)(—ksign(s(t)))
= —kl|s(t)|
< 0.

Here, when the positive value from s(t) in the absolute value is processed with the positive
k value, -k|s(t)| obtained as a result of solving the equation will give a negative value. According
to the Lyapunov theorem, the fact that V(s) is less than zero, then the stability of the system is

proven and it confirms the motion of the system orbit towards the sliding surface.

MIMO Sliding Mode Control
A MIMO system can be defined as follows

x(t) = f(x,t) + g(x, Hu(t) (3.36)

where x(t) = [x1(t)...x4(t)]" is the a-dimentional state vector; f(x,t) is a nonlinear function;

g(x,t) is an uncertain function; u(t) is the c-dimentional control vector (Benamor et al., 2011).

u(t) = [ug (®)...uc(0)]" (3.37)

In order to design a sliding mode controller for MIMO systems, the sliding surface can

be defined as (Benamor et al., 2011)
s(t) = [s1(0)...s.(D]T (3.38)

where

si(0) = X155 (B (eu(®))) , fori=1, ...c. (3.39)
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Considering n; is the notional degree of the error value e;(t), (.Bnl-—1)i =1 and (e;(t)) is the jt*

order derivative of the error value ¢;(t). The tracking error can be defined as

e;(t) = yi(t) = yia(t) . fori=1,..m; — 1

(3.40)

where y;(t) is the output, y;4(t) is the desired output. The derivative of s;(t) can be written as

5i(0) = 25 (BN (&(®) + Bfeey €)% (0))

Substituting x (t) in Equation in (3.36), the Equation in (3.41) becomes:

5i(0) = 275 B () () + Tfter 6O fie + Tbo1 Diem €(O) rertte (1)
which can be written as

$i(t) = my + Xfoq ripue (B)

with
i—1 i/ .
m; = Z;-l:o (B GSi(t) + =1 35:(Df)
and
i—1 i .
UTS E}l:o (B D=1 3:1(t) Gke)-
The derivative of the sliding surface can be written as
si(H) =m+ru
with:
m
= [ s ]
mC
and
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The control law can be defined as

kysign(s.(t))
u(t) =-r"(m+ : ]

kes ign:(sc (t)

1

where ™" is an invertible matrix, k; is a positive constant.

(3.49)

To implement the sliding mode control to the cross coupled tank system, the sliding surface

for this system can be written as (Aksu and Coban, 2017):

s1(t) = Br(la — L2q) + Iz — 1240)

$2(8) = Bo(ly — Lya) + (L4 — L4a).

Also, m vector Equation in (3.46) can be defined as:

g . JIli=13]
mp; = ﬂ1b1\/ 2gly — ﬁ1b2\/ 2gl; — B1lyq — bib1g — bibsgsign(ly — 13)1T13 -

bib,g % +bybyg — Lra
and
mp; = ﬁZbB\/M - ﬁzbm/ﬂ — Bzlag — b3bsg — bsbsgsign(ls — 1)
bsbag S+ babag = lra
Then, vector m can be given as
-
Similarly, r vector Equation in (3.46) can be defined as:
1 = P12
241,
and
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(3.50)

(3.51)

(3.52)

(3.53)

(3.54)

(3.55)



_ bs2g
= e, (3.56)

Vector r can be given as

r =

m 0 ] (3.57)

0 1y

The control law for the conventional SMC method of the cross coupled tank system is

defined as (Aksu and Coban, 2017):
uy (t) = =1y~ H(my + kysign(s; (1)) (3.58)
Uy (t) = =157 (M + kysign(s,(t))). (3.59)

Considering a Lyapunov function for the stability of the control system (Benamor et al.,

2011):
V(s) = 5 (s3(t) + s3 (1)) (3.60)

and the derivative of the Lyapunov function V(s) can be writtten as

V(s) = s1(£)$1(t) + s2(£)$2(t)
(3.61)
= sT(®)(31(t) + $2(D)).

Using Equation (3.46)
V(s) = sT(t)(m + ru(t)), (3.62)

replacing the control vector u(t) by Equation (3.49) into Equation (3.62) yields

V() = sT@m o+ r(-rm o+ [ A5y

o keysign(s1(¢))
= —sT(t) kzsign(sz(t))]

= —kyls; ()| <0
- _k2|52(t)| < 0.

(3.63)

25



With the Lyapunov theorem, V(s) is calculated as negative definite since k; and k, are
positive, in this case the system trajectory is tended to the sliding surface and will remain on this

surface. According to the theorem, the stability of the control system has been proven.

3.2.2. Adaptive Sliding Mode Control

Adaptation law is one of the methods used to overcome the chattering, which negatively
affects the stability of classical sliding mode control, and to improve the stability and performance
of the system. The most challenging part of classical SMC design is adjusting the control gain to
the upper limit of the uncertainties in the system. The adaptive sliding mode control method
(ASMC) is one of the techniques frequently used to overcome this difficult step. In the ASMC
method, the control gain is adjusted adaptively in real-time there is uncertainty in the system or a
lack of upper-bound information. The adapted control gain should also be effective in removing
system uncertainties and disturbances. Adaptation refers to the ability of a controller to adjust itself
against the changes in system parameters and external influences. Although there are considerable
studies with the ASMC method in the literature, there are still limitations regarding the rate of
adaptation. Nevertheless, ASMC reduces both chattering and discontinuity by adapting the control
gain based on the system used (Leyla et al., 2021).

The adaptive sliding mode controller, which is a dynamic controller, is designed to
strengthen the performance and minimize the defects of the controller of the systems controlled by
the conventional sliding mode controller.

In ASMC, the sliding surface can be defined as (Shtessel et al., 2014):

Sa(t) = Baeq(t) + é4(t) (3.64)

where e, (t) is the tracking error, é,(t) derivative of the tracking error, and S, is a positive
constant.

The tracking error and its derivative can be described as e, (t) = I, — I, and é,(t) = I, —
I,4, respectively for cross coupled tank system. To design an adaptive sliding mode controller for

cross coupled tank system two different sliding surfaces can be defined using the tracking errors as

follows (Aksu and Coban, 2017):

a1 (t) = Pr(la — 12q) + Iz — 120) (3.65)

Sa2(t) = Bally — lag) + (s — lag). (3.66)

The adaptive control law is described by
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ug(t) = —r(m+

ka15ign(5a1(t))]
: . (3.67)

KacSign(Sac(£)
Two control vectors are available for the cross coupled tank system 1,4 (£) and uq, (t),

Ugy (t) = =111 71 (Mg + kg15ign(Sa1 ())) (3.68)
Uz () = —T25 71 (Mg + kg25ign(saz () (3.69)

where k,, and k,, are the adaptive term. k.4 and k,, can be calculated according to the adaptation

law as follows
ka1 = @lsq1(O)Isign(lsq (D (3.70)
kaz = @lsaz(O)Isign(lsq2 (D)) (3.71)
where ¢ is positive constant. ¢ is used to adjust the adaptation rate k,;. The adaptation law
changes the gain k,; according to the situation between the system trajectory and the sliding
surface. The gain decreases when the trajectory is on the sliding surface (Huang et al., 2008).

The consistency of this adaptation law can be proved by the Lyapunov function.

Considering the Lyapunov function as follows (Huang et al., 2008; Benamor et al., 2011):
1 1 -~ ~
Va(s) =5 (s&1(t) + 55,(8)) + 5 A(k2s + ki) (3.72)

where A is a positive constant, used to avoid high control signals. k,; is the adaptation error and it

can be defined as follow
kg =ky — kom (3.73)

where k,;, is the maximum value of k,.

Presenting the derivative of the Equation (3.72) (Benamor et al., 2011)

Vo () = Sa1(©)$a1 () + 5a2()3az(8) + A(Rarkar + Kazkaz), (3.74)

V,(s) can be written by simplifying
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V,(s)=A+ AB
with:
A =5q1(0)Sq1(t) + 5a2(8)Sq2(t)

and

atkar + kazkao-

oo]
Il
&

Equation (3.76) can be rewritten as

A = 5T (1) (Sqa(B) + $q2(D))

Substituting s(t) in Equation (3.46) into Equation (3.78) yields

A=sI{t)(m+ru(t))

and replacing the control vector u(t) by Equation (3.49) into Equation (3.79) gives

. k
A=sg(®)(m+r(=r7H(m+ [kazsign(saz(t))

alSign(Sal(t))]
a25tgn(Sq2(t))

k
= _S(’{(t) k
<0.

Similarly, Equation (3.77) can be rearranged as

B = Ealkal + kazkaz

= (kg1 — kaml)];al + (ka2 — Kamz) I;az

a1Stgn(sq1 (1)) »)

(3.75)

(3.76)

(3.77)

(3.78)

(3.79)

(3.80)

(3.81)

= (kay = ka11Sa1 (©)Isign(Isay (D) kar + (kaz = kazlSaz ©)Isign(Isaz(©)])) Kaz

< 0.
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The fact that Equation (3.80) and Equation (3.81) are less than zero shows that V,(s) is
negative, so the stability of the system is proven according to the Lyapunov theory and the motion

of the system orbit towards the sliding surface is confirmed.
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4. RESULTS AND DISCUSSIONS

In this thesis, conventional SMC and ASMC methods are employed to design controllers
for a cross coupled tank system. The adaptation law is incorporated in order to improve the
performance of the classical method.

For both methods used, the same values were used as the system parameters of the system
designed in the simulation. The results obtained after the simulation of the controllers designed

using SMC and ASMC techniques were examined comparatively.

4.1. Simulation Result for Sliding Mode Control Method

The simulation setup and results are presented in this subsection for the conventional SMC.

4.1.1. Simulation Setup for Sliding Mode Control Method

The cross coupled tank system model described in Equation (3.10), Equation (3.11),
Equation (3.12) and Equation (3.13) is simulated using MATLAB and Simulink software. The
parameters of the tank model and the controller used in the simulations are given in Table 4.1 and
Table 4.2, respectively. The controller described in Equation (3.58) and Equation (3.59) modeled
to control the system in the simulation. Figure 4.1 shows the block diagram of the sliding mode
controller that will control the cross coupled tank system. The reference value (R) is set as the

desired liquid level. The simulation time for the simulation is selected as t=1000 sec.

Table 4.1. Parameters of Coupled Tank System (Feedback Instruments, 2006)

Symbols Values Meaning
l 25 cm The initial liquid level in T1
[, 0cm The initial liquid level in T2
I3 25 cm The initial liquid level in T3
Iy 0 cm The initial liquid level in T4
La Lug 15 cm Desired liquid level for T2 and T4
g 981 cm/s? Gravitational acceleration
A 138.9 s2 The cross-sectional area of the tanks
a; 50.2658 x 1072 cm? Area of the 2nd tank out
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Table 4.2. Parameters of Sliding Mode Controller

Figure 4.1. Block Diagram of the Sliding Mode Controller Simulation

4.1.2. The Sliding Mode Control Method Simulation Result

This simulation is designed to test the stability and performance of the sliding mode
controller for a cross coupled tank system. The purpose of this simulation is to examine the effects

of the classical sliding mode controller on the system used and compare the results obtained with

the results of the proposed method versus the classical method.

In the simulation, the conventional SMC method is tested on the cross coupled tank system
described in Equation (3.10), Equation (3.11), Equation (3.12) and Equation (3.13). The outputs
from the system are the liquid levels of T2 and T4. The initial liquid level of T1 and T3 was set at
25 cm, and the initial liquid level of T2 and T4 was set at O cm. The intended liquid level target
should be 15 cm for T2 and T4. The evolution of the liquid level in T2 and T4 is plotted in Figure

4.2. and Figure 4.3., respectively for the SMC method.
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Symbols Values Meaning
B 10 Positive constant for sliding surface 1
B 10 Positive constant for sliding surface 2
kq 25 Positive constant for control vector 1
ko 28 Positive constant for control vector 2
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Figure 4.2. Evolution of the liquid level on T2 for SMC
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Figure 4.3. Evolution of the liquid level on T4 for SMC

In a finite time, the controller drives the system orbit to zero and tries to keep the orbital at
the zero point. Errors el(t) for T2 and e2(t) for T4 and their initial derivatives are shown for T2 and

T4 in Figure 4.4 and Figure 4.5, respectively.
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The sliding surfaces of the sliding mode controller depend on the error and its derivative,
so the sliding surfaces are expected to approach zero. Considering the first sliding surface s1 and
the second sliding surface s2, the time-dependent graphs of the sliding surfaces are shown in Figure

4.6 and Figure 4.7, respectively.
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4.2. Simulation Result for Adaptive Sliding Mode Control Method

The simulation setup and results are presented in this subsection for ASMC.

4.2.1. Simulation Setup for Adaptive Sliding Mode Control Method

The parameters of the tank model used in the simulation were used identical to the
parameters of the SMC method explained in the previous title. The values of the parameters used
for the controller parameters are given in the Table 4.3. The tank system and the adaptive controller
modeled for the system are simulated in the simulation program. Figure 4.8 shows the block

diagram of the adaptive sliding mode controller that will control the cross coupled tank system. The

simulation time for the simulation was set as t=1000 sec.

Table 4.3. Parameters of Adaptive Sliding Mode Controller

Symbols Values Meaning
B 10 Positive constant for sliding surface
B- 10 Positive constant for sliding surface
4 | : ]
I."l r-; : L >
Tank Model / ; | >
f —u— F )
R—»  /ASMC 2 s :3 ol W T
) ¥, 7 7 i
|/ C L L
> = I - I >
L .I,|':I l
dl,/ dt M
Adaptation Law _“ vq__(- -
£ )

P
—
A -
dl,/ dt

Figure 4.8. Block Diagram of the Adaptive Sliding Mode Controller Simulation

4.2.2. The Adaptive Sliding Mode Control Method Simulation Result
This simulation is designed for the proposed adaptation law to improve the performance of
the conventional sliding mode control method for a cross coupled tank system. The purpose of this

simulation is to examine the performance effects of the adaptive sliding mode controller on the

system used.
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In this simulation, the ASMC method is tested on the cross coupled tank system described
in Equation (3.10), Equation (3.11), Equation (3.12) and Equation (3.13). The evolution of the
liquid level in T2 and T4 is plotted in Figure 4.9 and Figure 4.10 for the ASMC method.
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Figure 4.9. Evolution of the liquid level on T2 for ASMC
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Figure 4.10. Evolution of the liquid level on T4 for ASMC
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Errors for output of tanks and their derivatives are shown in Figure 4.11 and Figure 4.12,

respectively. The system trajectory is forced to zero and is tried to be kept there by the controller.
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Figure 4.11. Motion of the system orbit for T2 with ASMC
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Figure 4.12. Motion of the system orbit for T4 with ASMC
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The sliding surfaces, which depend on the error and the derivative of the error, approach
zero. Considering the first sliding surface s; and the second sliding surface s,, the time-dependent

graphs of the sliding surfaces are shown in Figure 4.13 and Figure 4.14, respectively.
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Figure 4.14. Second sliding surface for ASMC

39



4.3. Comparison Results for Simulation

Both SMC and ASMC methods were applied to the cross coupled tank system described in
Equation (3.10), Equation (3.11), Equation (3.12) and Equation (3.13). The evolution of the liquid
level in T2 and T4 are shown in Figure 4.15 and Figure 4.16.

1 8 T T T T T T T T T

—

=
c:'
d

— —
(= %]
T T
L L

12 {liquid level - cm)
oo

! ——SMC
——ASMC

D 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

t(sec)
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Figure 4.16. Evolutions of the liquid levels on T4
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Table 4.4. Performance Results

Settling Time Overshoot Steady State Error
SMC 141.0819 14.0662 0.3241
ASMC 51.8341 0 0.0177

liquid level states of T2 obtained from the conventional SMC method and the ASMC method are
presented in Figure 4.15. The liquid level states of T4 obtained from the conventional SMC method
and the ASMC method are shown in Figure 4.16. It should be clearly understood from the Figures
4.15 and 4.16 that the proposed method has reached the desired level faster than the conventional
method and has achieved a more effective result in terms of performance. The performance results
of the tested controllers are shown in Table 4.4. The settling time of the controller designed using
the ASMC method is shorter than the controller designed using the SMC method. The overshoot
value obtained when testing the conventional sliding mode controller was not obtained in the

adaptive sliding mode controller test. The steady state error of the controller designed using the

Both methods are successfully managed to control the liquid level at the desired level. The

ASMC method resulted in a more minimized value compared to the conventional controller.
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5. CONCLUSIONS

In this study, it is aimed to control the liquid level of a MIMO cross coupled tank system.
The controller designed using the adaptive sliding mode control method was applied to a coupled
tank system. The system was simulated to examine the performance and effectiveness of the
controller obtained using the adaptation law for a MIMO cross coupled tank system. The
simulation results show that the proposed controller has managed to control the liquid level for the
coupled tank system.

To compare the performance of the proposed controller, the coupled tank system is tested
with the control signal obtained using the conventional sliding mode control method.. The
comparison of the two methods showed that the ASMC method offers a more efficient control law
in terms of both time and performance when compared to the conventional SMC law. In addition,

the simulation results prove that the proposed controller produces a more accurate control signal.
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