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ABSTRACT

CONTROL MULTIVARIABLE SYSTEM USING A FULL DECOUPLED
ACTIVE DISTRUBANCE REJECTION CONTROLLER
Alyaseh Nagi M Askir
PhD in Modeling and Design of Engineering Systems (MODES)
Supervisor: Assist. Prof. Dr. Bülent İrfanoḡlu
Co-Supervisor: Prof. Dr. Sedat Nazlıbilek
Jan 2019, 188 pages

The research presented in this thesis concern a new application for the linear and
nonlinear Active Disturbance Rejection Control (LADRC, NLADRC) strategies, in
which the control of the non-linear quadruple-tank system (QTS) in its minimum phase
mode. It is a nonlinear multi-input-multi-output (MIMO) system utilize as a platform
to verify the effectiveness of the nonlinear multivariable control strategies. Firstly, the
structure of the quadruple-tank process has arranged in terms of hierarchy, a nonlinear
mathematical model was used that properly represented the dynamic behaviour of the
process. Then, the linear active disturbance rejection control (LADRC) strategy is
proposed to control the quadruple-tank process (QTP). The control law of the LADRC
technique has designed through the combination between linear state feedback (LSF)
controller and the linear extended state observer (LESO) which plays an important role
in the estimate of the overall disturbances and compensation of model uncertainty, to
be subsequently rejected by the control law. The control loop of the quadruple-tank
system (QTS) is usually vulnerable to the issues of the system uncertainties and
external disturbances that affect the stabilization of the process negatively. Therefore,
the non-linear active disturbance rejection control strategy is also designed for a
ii

quadruple-tank system to increase system robustness. The state feedback controller
that is the sliding mode controller has combined with nonlinear extended state observer
(NLESO). For the purpose increasing the accuracy of the estimation process, the
nonlinear integrated optimal control function has included in the structure of the
nonlinear active disturbance rejection controller (NLADRC). Finally, In order to
assess the performance of the suggested control schemes, the proposed methods are
compared with a nonlinear feedback linearization with proportional (NLFL-P)
controller. It is worth mentioning that the controllers have carried out straightforwardly
on the non-linear differential equations of the quadruple-tank process (QTP) in
Matlab®Simulink® environment. The simulation results have shown that despite the
presence of the parameters' uncertainties as well as external disturbances, however, the
proposed NLADRC technique in this thesis possessed a high degree of efficiency to
achieve the main objective of the control process which is, keeping up of the liquid
level within bottom tanks of the quadruple-tank system at desired operating points
compared to the other strategies.

Keywords: feedback linearization controller; linear active disturbance rejection
control (LADRC); non-linear active disturbance rejection control (NLADRC);
nonlinear extended state observer (NLESO); proportional controller (P); quadruple
tank (QT) system; robust tracking control system; sliding mode control (SMC).
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ÖZ

ÇOK DEĞİŞKENLİ BİR SİSTEMİN AKTİF BOZUCU DIŞLAMA
KONTROLCÜSÜ İLE DENETİMİ
Alyaseh Nagi M Askir
Doktora, Mühendislik Sistemlerinin Modellenmesi ve Tasarımı (MODES)
Tez Yöneticisi : Assist. Prof. Dr. Bülent İrfanoḡlu
Ortak Tez Yôneticisi : Prof. Dr. Sedat Nazlıbilek
Ocak 2019, 188 sayfa

Bu tezde sunulan araştırma, minimum evre modundaki doğrusal olmayan dördül tank
sisteminin (DTS) denetiminde, doğrusal ve doğrusal olmayan Aktif Bozulum Dışlama
Denetimi (DABDD ve DOABDD) için yeni bir uygulama ile ilgilidir. Bu, doğrusal
olmayan çok girişli çok çıkışlı ir sistemdir ve doğrusal olmayan çok değişkenli denetim
stratejilerinin etkinliğini kanıtlamak için kullanılan bir platformdur. İlk olarak, dördül
tank sürecinin yapısı hiyerarşi açısından düzenlenmekte, sürecin dinamik davranışını
uygun şekilde temsil eden doğrusal olmayan matematiksel bir model kullanılmaktadır.
Daha sonra, dördül tank sürecini denetlemek için doğrusal aktif bozulum dışlama
denetim stratejisi önerilmektedir. DABDD tekniğine ilişkin denetim yasası, doğrusal
durum geribesleme (DDG) denetleyicisi ile toplam bozulumların kestiriminde ve
model belirsizliklerinin düzeltilmesinde önemli bir rol oynayan doğrusal genişletilmiş
durum gözleyicisinin (DGDG) bir bileşimi olarak tasarımlanmıştır. Bu belirsizliler
denetim yasası tarafından müteakiben ortadan kaldırılacaktır. Dördül tank sisteminin
denetim döngüsü genellikle sürecin kararlılığını olumsuz yönde etkileyen sistem
belirsizlikleri ve dış bozucular gibi hususlara maruzdur. Bu nedenle, doğrusal olmayan
aktif bozulum dışlama denetim stratejisi keza sistemin gürbüzlüğünün artırılması için
iv

dördül tank sistemi olarak tasarımlanmaktadır. Kayıcı moda bir denetleyici olan durum
geribesleme denetleyicisi doğrusal olmayan genişletilmiş durum gözleyicisi
(DOGDG) ile birleştirilmiştir. Kestirim sürecinin doğruluğunu artırmak maksadıyla,
doğrusal olmayan aktif bozulum dışlama denetleyicisi yapısına doğrusal olmayan
entegre optimal denetim fonksiyonu ilave edilmiştir. Son olarak, önerilen denetim
yöntemlerinin performansını değerlendirmek için önerilen yöntemler oransal
denetleyicili doğrusal olmayan geribesleme doğrusallaştırıcı ile kıyaslanmıştır. Ayrıca
denetleyici dördül tank sürecinin doğrusal olmayan türevsel denklemlerinin
Matlab®Simulink®

ortamında oluşturulmasıyla gerçeklenmiştir. Simülasyon

sonuçları, parametre belirsizliklerine ve ayrıca harici bozucu etkilerin bulunmasına
rağmen, bu tezde önerilen DOABDD tekniği, diğer stratejilere kıyasla, dördül tank
sisteminin alttaki tankların içindeki sıvı seviyesini arzu edilen çalışma noktalarında
tutarak, denetim sürecinin ana hedeflerini başarmada yüksek derecede bir etkinliğe
sahip olduğunu göstermiştir.

Anahtar Kelimeler: geribesleme doğrusallaştırma denetleyici, doğrusal aktif bozulum
dışlama denetimi (DABDD), doğrusal olmayan aktif bozulum dışlama denetimi
(DOABDD), doğrusal olmayan genişletilmiş durum gözleyicisi (DOGDG), oransal
denetleyici (OD), dördül tank (DT) sistemi, gürbüz tarayıcı denetim sistemi, kayıcı
mod denetim (KMD).
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CHAPTER 1

INTRODUCTION

1.1

Prologue and Motivation

In practically, most of the industrial processes are systems contain multiple controlled
and manipulated variables and the ratio between them is not necessarily same which
makes them multivariable systems. The major dynamic characteristics of these
systems are high non-linearity dynamic behaviour, parameters uncertainties with
external disturbances, and limitations in their performance due to alteration of the
zeros locations from left half to right half of s-plane. In order to develop robust control
strategies against the above mentioned drawbacks, there is a need for laboratory
equipment to understand the dynamic characteristic of such industrial processes. In
this context, the quadruple-tank process well known the multi-variable laboratory
process consisting of four interconnected tanks as shown in Fig.1.1 [63] is presented.
Since this system has an adjustable multivariable transition zero, which means the
location can be placed on both the left and the right half-plane during the operation by
changing valve positions. Also, because of the ability of the QTP to illustrating
formidable control issues in the multivariable processes, it has been used to understand
control limitations due to interactions between system variables by changing two flow
rations in the process and operating points. This is the main reasons for selecting the
QTP for this research work.

1

Figure 1.1 The quadruple tank laboratory process [63]

1.2

Problem Definition

The multivariable control techniques are an important part of industrial processes and
have received increased great attention over the past decades. Because in the most of
these systems, there exist cross-coupling or interactions where one of the input
variables affect some or all output variables. Moreover, in the event one of the control
loops is exposed to the disturbance, the other control loops will be affected too (loop
control interaction) which may lead instability for the entire system. Furthermore, the
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Multi-input Multi-output systems are suffering from limitations in their performance
due to alteration of the zeros locations from left half to right half of s-plane. The place
and the movement of the zero significantly influence the performance of the system.
Another major problem is the uncertainty of the system variables and it appears in
different forms such as model mismatch because of design errors or unmeasured
disturbances, changes in the values of physical parameter which results from
equipment degradation over many years of usage or by linearizing the nonlinear
system around specific operating point. These challenges make extremely difficult the
design and the development of a suitable control strategy for multivariable systems.

1.3

Review of Lectures Concerned on Liquid Level Control Strategies

This section includes the works of literature interested in the pertinent established
concepts and techniques related to liquid level control strategies design for the
quadruple-tank process. The research was conducted on conventional and intelligent
control techniques besides to optimization techniques involved in optimizing the gains
of controllers purposed which had been implemented on the model of the quadrupletank system.
The quadruple-tank system was first introduced in 1996 at Lund Institute of
Technology. Since that time, the laboratory equipment received a great attention by
those interested to find appropriate and effective control strategies for complex
industrial systems. This interest is reflected in the growing number of literary works
that present a lot of control technics for control the liquid level in the quadruple-tank
process. The four interconnected tanks process is referred as a benchmark control
problem because its ability to operate in both minimum and non-minimum phase mode
and which impose restrictions on the performance of the system. Therefore, finding
the accurate mathematical model of coupled tank systems that specify properties of the
desired control system is one of the main reasons for the success of multi-variables
control strategies especially in the presence of uncertainty and disturbances. In [1-2],
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a brief description for the main concepts of the quadruple-tank process has been
provided. In [3-11], the control strategies were designed to dominate the quadrupletank system which represented mathematically by the linear mathematical model
derived based on mass balance equation and Bernoulli’s principle and the linearization
were done through using Taylor series followed by Jacobian matrix transformation
around specific operating points. But this type of model structures usually fails to
provide appropriate representation level thereby weakening the controller's ability to
beat the uncertainty issue that exists in the process and resulting of that the system's
parameters are not completely known all times because of the nonlinearity nature of
the quadruple-tank process in addition to disturbances. Therefore some literature took
another linearization approach for the nonlinear model has the ability to solve both
classification and regression problems called system identification technique. In [12],
the transfer function of the quadruple-tank system has been identified through using
semi physical modeling techniques. The identification of linear models for the
quadruple-tank systems by using statistical model identification, process reaction
curve method, AutoRegressive with eXogenous inputs (ARX) model and genetic
algorithm has been presented in [13]. The intelligent identification method, which is
SVR structure and MIMO Linear Multi Stage Auto Regressive Moving Average with
eXogenous input (LMS-ARMAX) have been employed in [14-15] to identify the
Nonlinear ARX model for the nonlinear quadruple-tank process around an operating
point. The authors in [16], applied subspace identification technic (empirical method)
to represent the variables parametric of the quadruple-tank system. This method
characterized by lack of need to know the structure of the controller that designed for
the process. Auto regressive exogenous-dynamic inner partial least squares (ARXDIPLS) model has been proposed in [17] to deal with model mismatch problem. In
this method, the partial least squares structure is used in order to build the ARX
dynamic model for quadruple-tank system. The PLS has the capability to dissociate
the MIMO system into numerous subsystems. In [18], the quadruple-tank system has
been modeled by utilizing three different soft computing techniques namely neural,
fuzzy and NF.
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Despite the passage of many years, the conventional PID controller remains the most
preferred choice by control designers to deal with a matter of liquid level control in
the quadruple-tank process comparing to other control strategies and often chosen due
to the simplicity of the configuration and its principles easy to understand. In [19-20]
inverted decoupling technique was presented to eliminate the effect of the interaction
between manipulate variables and control variables of the plant. In this strategy the
authors designed a robust decentralized PID controller for quadruple tanks (QT)
system in non- minimum phase mode by Root Locus Technique. The multi loop PID
controller based on the iterative linear matrix inequalities (LMI) for TITO system
in both non-minimum and minimum phase mode was presented in [21] and in order to
increase the robustness of the system against effects of interaction in process the closed
loop stabilizable performance was granted by a single Lyapunov function, as the
parameters of controller were designed without additional computations once the
SOF matrix is achieved. In [22] the parameters of PI controller were reduced through
using Phase Margin Specifications strategy but when try to apply this method in the
presence of strong cross-coupling issue in the system a lot of weakness will appear.
Generalized predictive control principles are used in [23] to design predictive PID
controller for quadruple tank system concentrated in minimum phase as well as nonminimum phases. In [24], the design of PID controller based on CRA method for
interconnected system was presented. The proposed control scheme has been
presented in [25] that is a two degree of freedom control for liquid level control based
on a load estimation scheme instead of measuring the inlet flow rate. This strategy
consists of a feed-forward constant and a proportional control (P) for feedback control
loop and it works as P controller in state of absence the load disturbance and like a PI
control when it occurs changing in the disturbance.
Furthermore, the Quadruple Tank process is regarded as a suitable test for comparing
the performance of different control systems therefore comparative studies have been
conducted between the family of PID controller and other strategies in order to
improve its efficiency. In [26-27] various controllers were implemented for the
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quadruple-tank process to deal with difficulties such as inaccuracy of the process
model, limitation in operating points and nonlinearity dynamic behavior of the system.
In those works, a comparative study has been made between conventional PID, fuzzy
and fuzzy-PID control. In [28], the comparison between the performances of the
conventional Proportional Integral (PI) controller tuned through ZN approach and
Internal Model Control (IMC) based on Skogestad’s setting was analyzed. In [29], the
authors implemented a conventional PI controller for the quadruple-tank laboratory at
a real-time and then its performance for liquid level control has been compared with
two controllers that are fuzzy PI + fuzzy PD. Also, a comparison of the PI controller
with the numerous tuning approaches for gains has been done and discussed at [3031]. Many advanced control technique have been designed and implemented in [3240] separately on the coupled-tank system such as robust tubed-based MPC, High Gain
Output Feedback Control, H∞ Loop Shaping Control, back stepping controller,
Discrete time Model Predictive Control as well as Decentralized Fuzzy Controller. In
presence of explicit constraints on the quadruple-tank process, internal model control
and dynamic matrix control have been employed in [16] where IMC applied to the
non-minimum phase process firstly and then DMC has been used to ensure level
control. Anew decentralized control system design considered in [54]. This novel
strategy depending on combination between decoupling method with Fuzzy-neural
generalized predictive control. The proposed controller implemented on nonlinear
quadruple tank process, which is presented by utilizing Takagi-Sugeno model in order
to tune the controller parameters adaptively in online mode. In the multiple tank
system, the passive flow interconnection is an impediment to most of approaches to
control liquid level. The control of the liquid levels in each tank would no longer be
available if the fluid between tanks were to fail. At best, the passive flow scheme will
allow for a common fluid level in each tank, but if discharge is involved then all tanks
will eventually drain out which makes the associated control issue very challenging.
Many researches have dealt with flow between tanks through gravity, and pressure
differentials [60-62].
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On the other hand, the strength coupling among variables of MIMO system causes to
the difficulty in adjusting the conventional controllers parameters where regulating of
one controller gains affects the performance of another therefor, provide an effective
tuning strategy became required. Several metaheuristic intelligence techniques have
been proposed for multi loop controller tuning due to its capability to solving
parameter optimization problems. The authors in [41] utilized Bat algorithm to
calculate the global optimum values of PID controller parameters to be used afterwards
in design multi loop fractional order PID control for quadruple tank system. Also, online auto tuning of the PID parameters of multi-loop PID controller for TITO
quadruple tank system in [42-43] were tuned by employing GA and PSO techniques.
The Model Reference Adaptive reference Control was utilized in [3 and 44] to adjust
the parameters of decentralized PI controller automatically by adapting the controller
parameters with assistance of the reference model in order to handle the interactions
among inputs and outputs variables and disturbance that may occur suddenly in the
quadruple-tank process. In [45-46] the following techniques: direct synthesis,
Sequential Relay with ZN settings and IMC based PI method were used to determine
the gains of PI controller for multivariable system in both minimum and non-minimum
phase. In this paper, the Relative gain array technique is considered to measure the
degree of interaction between controlled and manipulated variables (input-output
pairing) in order to check if the multi loop control design can achieved desired
efficiency.
During last two decades, the sliding mode or variable structure control had spread
widely worldwide in the field of control systems theories. The SMC laws are designed
to deals systematically with the problem of maintaining stability and constant
performance of the variable structure systems. The sliding mode control is a nonlinear
control technique featuring numerous properties most important their insensitivity to
parameter variations and disturbances thereby decreasing the necessity exists of an
exact model for the process and accordingly increasing the rejection capabilities for
disturbances in presence of uncertainties issues [47-48]. The researchers in [49-50]
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have been provided study related to the main principles of this strategy beside to the
most fundamental issues and which may cause limitation in the performance of the
sliding mode control in the real time. A feedback linearization-sliding mode controller
combined with NDO for nonlinear quadruple tanks system presented in [51] to
increase the system robustness against uncertainties exerted to the system. In order to
overcome the tracking error issue in TITO nonlinear quadruple tanks system, the
authors in [52] have combined an adaptive Proportional Derivative controller with
sliding mode controller. The proposed controller has provided optimized stability of
the process in existences of the disturbances. The sliding mode controller has main
drawback presented in chattering action therefor to reduce this phenomenon, state
feedback strategy combined with sliding mode by utilizing fuzzy logic intelligence
method has been introduced in [53 and 55-56] to treat this problem beside to get
insignificant steady state errors as well as fast response of the system in presence of
disturbances. Also in order to smooth the control signal, a nonlinear switching surface
has been outlined by a fixed boundary layer and then this technique has been utilized
to design a neuro-fuzzy-sliding mode controller for a coupled tank system in [57]. A
static and dynamic sliding mode control schemes have been proposed by the authors
in [58] for a coupled tank process in order to minimize the chattering issue.
Active disturbance rejection control (ADRC) has protruded as an alternative control
approach that combines easy applicability which characterized the conventional
proportional-integral-derivative (PID) control schemes with the strength of modern
model-based techniques. The ADRC strategy does not depend on existing of the
accurate mathematical model of the plant where only basic information about the
system is required in order to design a control loop while its robustness and adaptive
strength relies on the selection of observer gains and state feedback controller
bandwidth settings. The idea of active disturbance rejection control (ADRC) was first
presented by J.Han at the Chinese Academy of Science in1988 [69], it is based on
inclusion the system uncertainty, the cross-coupling and external disturbances and that
cannot be included in the mathematical description of the process, as an additional
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state variable (denoted as a total disturbance) in the system and then the online
estimation of this a new state is performed by using a state observer named Extended
State Observer (ESO) who is the foundation for ADRC and this estimated
perturbations will cancel later by using a feed-forward cancellation technique. Due to
a large number of tuning parameters of ADRC strategy and to facilitate its application,
the author in [81] has proposed the linearized version for ADRC, which was
characterized by simplified the controller structure and paucity of controller
parameters. The parameters of the proposed controller have tuned based on scaling and
bandwidth-parameterization for the ADRC controller. In 1995 J. Han [82] has
proposed a magnificent observer design for the active disturbance rejection control
structure named it nonlinear extended state observers (NESO). This style of ADRC
strategy has the ability to work independently of the mathematical model significantly
and dealing with fast varying signals. The both presented technics were evaluated and
verified through test its performance in key multivariable systems control problems.
Active disturbance rejection control has had many successful applications in industry
[83-87].

1.4

Objective of the Present Work

In the present research, the main objective is to design and implement different control
approaches on the QTP in order to maintain the level liquid in the system at the desired
level. The main purpose of the implemented control strategies is the capability to
handle the multivariable system effectively and overcome the process issues. The
performance indices of control strategies that are the non-linear feedback linearization
control based on Proportional controller, decentralized linear active disturbance
rejection control and decentralized non-linear active disturbance rejection controller
would be analysed.
And then the main objectives of the present research are:
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a) To develop an appropriate mathematical model represent the
quadruple-tank level process through benefit from mass balance
equation and Bernoulli’s principle and then simulate the model of the
process.
b) To design and implement non-linear feedback linearization control
based on proportional control (NLFL-P) for the above system through
the results from the simulation.
c) To design decentralized linear active disturbance rejection control
(LADRC) and study the performance by simulation.
d) To design a proposed Non-linear active disturbance rejection control
(NLADRC) and implement for QTP.
e) To do a comparative among all control strategies based on the servo
and regulatory responses for the system in order to select the best
control structure.
f) To verify the effectiveness of the controllers directly on the non-linear
model of the quadruple-tank process in Matlab®Simulink®
environment.

1.5

Research Approach

The main feature of the quadruple-tank process is its flexibility to operate in both
minimum and non-minimum phase modes. Due to that, it has been widely employed
to analyse and examine the multivariable control techniques for Multi-input Multioutput systems. First in this study, we provide an appropriate nonlinear mathematical
model for the quadruple-tank process that represents the real dynamic behaviour of the
quadruple-tank level process through applying first principle law and utilizing the
10

actual parameters of laboratory plant which are available in many research papers. In
order to design any controller algorithm, the knowledge of the controllability and the
observability properties of the system are necessary, therefore the linear model of the
QTP has been created and then simulate the nonlinear model by Matlab Simulink to
observe and investigate the dynamic behaviour characteristics of the system at
different range of operating conditions. Secondly, design and implement of NLFL-P
controller on the model that obtained above. After analysing the results coming from
the simulation for the servo (set point changes) and regulatory (sudden load
disturbances) responses of NLFL-P and for the purpose of increasing the performance
of the system against the challenges, we designed and implement the decentralized
LADRC strategy on the quadruple-tank system through the simulation and then study
the servo and regulatory responses of the controller. Finally, design a proposed
controller which is Non-linear active disturbance rejection control (NLADRC) for the
process and implementation is made through simulation. The validation of the control
strategies is done through comparing the servo and regulatory responses among the
controllers under a wide range of operating conditions such as tracking references,
sinusoidal disturbance rejection (external disturbance) and the changing in system
parameters (load disturbance) which is considered as an internal disturbance.

1.6 Contributions of the Thesis
The quadruple-tank process (QTP) is considered the best representation for the
problems that occur in multi-variable systems such as zeros position, the coupling
between system parameters, the high nonlinearity and sensitivity for disturbances etc.
Therefore, a robust controller is required for this kind of systems given for its
importance in an industrial process. The implementation of active disturbances
rejection control strategy on the quadruple-tank is still not handled. This thesis presents
a novel control strategy for level control of the quadruple-tank process in the presence
of system uncertainties and external disturbances through the use of both decentralized
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linear active disturbance rejection control method and the non-linear active disturbance
rejection control strategy.

1.7

Outline of Thesis

This thesis is divided into seven chapters and organized as follows. The description of
Quadruple-Tank Process and the corresponding mathematical model based on mass
balance law and Bernoulli’s principle are described in chapter 2. Non-linear feedback
linearization combined with proportional controller, decentralized linear active
disturbance rejection controller, and sliding mode technique based on non-linear active
disturbance rejection controller are designed and implemented on the nonlinear QTP
mathematical model in chapters 3, 4 and 5 respectively. Chapter 6 contains analysis
and comparisons of simulation results obtained from the implementation of control
strategies designed in the previous chapters for the quadruple tank process under a
wide range of operating conditions that mentioned above. Finally, the conclusions of
the research and further work are presented in Chapter 7.
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CHAPTER 2

THE QUADRUPLE-TANK PROCESS

2.1 Introduction
The main objective of this chapter is describing a multivariable laboratory (Quadruple
Tank process) which was proposed in [1] and constructed at Lund Institute of
Technology in detail. The nonlinear mathematical model for QTP is derived through
utilizing the Bernoulli’s and mass balance law also, the linearize of the above nonlinear
model is obtained by using Taylor series method [5] around some operating points.

2.2 Description of Quadruple-Tank Process (QTP)
This section includes a detailed description of the quadruple-tank process. The system
consists of four coupled tanks, two level sensors connected to the two lower tanks, two
of three-way valves, a basin and two electrical pumps as shown in Figure.2.1. At the
base of each tank there is discharge hole and through them, the liquid will be flow
from upper tanks 3,4 into lower tanks1,2 respectively and then to the basin by means
of pressure and gravity force.
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Figure 2.1 The schematic of the quadruple tank process
The pumps are used in order to pump the liquid from the basin to the tanks. The output
of each electrical pump is distributed diagonally opposite so that the flowing liquid is
divided between tank 1 and tank 4 by a split friction of γ1and among tank 2 and tank
3 through a split friction of γ2. If the sum of both flow ratios γ1 and γ2 is bigger than
one (1 < γ1 + γ2 < 2), then most of the liquid will go directly into the lower tanks (the
minimum phase) and in case the sum is smaller than one (0 < γ1 + γ2 < 1), the liquid
will get into the upper tanks firstly before dropping into the lower tanks (the nonminimum phase). It is clear from the above that the first pump indirectly fills out tank
2 and the second pump fills tank 1 indirectly. These splits cause a strong interacting
among tanks and which makes the quadruple-tank system is treated as a benchmark
system and accordingly required robust control strategy. The proportion of fluid flow
is determined manually through a three-way valve and with the possibility of
14

modification in the place of valves, the framework of the system can be either in the
minimum phase or in the non-minimum phase mode. In Table2.1, the valve positions
setting for QTP are summarized [1]. In this thesis, just minimum phase mode of the
quadruple tank system was considered.
Table 2.1 The Valve positions for QTP
Valve setting

If (0 < γ1 + γ2 < 1)

Zeros Location (z1,z2)

Description

Z1 (Positive)

Non-minimum phase

Z2 (Negative)

(P+)

Z1 (Negative)
If (1 < γ1 + γ2 < 2)

Z2 (Negative)

Minimum phase (P-)

Z1 (Origin)
If (γ1 + γ2 = 1)
Z2 (Negative)

Boundary

2.3 Development the Mathematical Model of the Process
In order to utilize the physical data of the quadruple-tank process for modelling the
system. The mathematical model of the process will represent the relationship between
manipulated variables and controlled variables through a set of nonlinear differential
equations. The system inputs are U1 and U2 (voltages applied to the pumps), and the
outputs are y1 and y2 (the liquid level of the two lower tanks). The main control
objective for the quadruple-tank process is to maintain the level of tank 1 and tank 2
respectively at desired levels as well as to reject the external disturbance and the
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uncertainty which may arise during the process control by using two decentralized
nonlinear active disturbances rejection control (NLADRC) strategy.
Note: in order to derive the mathematical equations of the quadruple-tank process let's
consider the following assumptions,
1) The dynamics of the pumps is much faster than the response of the
process, therefore we do not provide any specific dynamics equation to
represent the relation between pumps and control signals.
2) The control valve is intelligent enough so that its dynamics can be
neglected.

3) The imperfections in the control valve are ignored by assuming it as an
unknown nonlinearity in the system.
A nonlinear mathematical model of the QT system in continuous time can be acquired
by considering the Mass Balance law and Bernoulli’s equation of incompressible
liquids as reported in [1].

1.

Model of Tank 1

Figure 2.2 Diagram of Tank 1
16

As it is clear from the Figure 2.2 that the inflow of liquid to the tank1, comes from the
flow generated through a pump1 (𝑞𝑖𝑛1 ) and in addition to that, there is also the flow
coming from the upper tank3 (𝑞𝑜𝑢𝑡3 ) which depends on the gravity and acceleration.
The mass balance equation can be derived for tank 1 as:

𝜌∗

𝑑𝑉1 (𝑡)
= 𝜌 ∗ (𝑞𝑖𝑛1 + 𝑞𝑜𝑢𝑡3 − 𝑞𝑜𝑢𝑡1 )
𝑑𝑡

(2.1)

Where
𝑉1

is the volume of liquid in the tank1.

𝜌

is the density of the liquid.

𝑞𝑖𝑛1

is the inflow rate of tank1.

𝑞𝑜𝑢𝑡1 is the outflow rate of tank1.
𝑞𝑜𝑢𝑡3 is the outflow rate of tank3.

Since the liquid used throughout the system is same and by using

𝑑𝑉1 (𝑡)
𝑑𝑡

= 𝐴1

𝑑ℎ1 (𝑡)
𝑑𝑡

,

(2.1) can be written as:
𝐴1

𝑑ℎ1 (𝑡)
𝑑𝑡

(2.2)

= (𝑞𝑖𝑛1 + 𝑞𝑜𝑢𝑡3 − 𝑞𝑜𝑢𝑡1 )

By employing Bernoulli’s law,
𝑞𝑜𝑢𝑡1 = 𝑎1 √2𝑔ℎ1

(2.3)

𝑞𝑜𝑢𝑡3 = 𝑎3 √2𝑔ℎ3

(2.4)

𝑞𝑖𝑛1 = 𝛾1 𝐾1 𝑈1

(2.5)

And by substituting (2.3), (2.4) and (2.5) in (2.2) we get,
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𝑑ℎ1 (𝑡)
1
=
(𝛾 𝐾 𝑈 + 𝑎3 √2𝑔ℎ3 − 𝑎1 √2𝑔ℎ1 )
𝑑𝑡
𝐴1 1 1 1

(2.6)

Where
𝐴1

is the cross section area of tank 1.

𝑎1 , 𝑎3 is the cross section area of orifice hole of tank 1, 3.
ℎ1 , ℎ3 is the liquid levels in the tank1 and tank3 respectively.
𝛾1

is the flow coefficient for valves 1.

𝐾1

is the pump gain.

𝑈1

is the voltage applied to the pump1.

𝑔

is the acceleration of gravity.

2.

Model of Tank 2

The same goes for tank2, the inflow of liquid to the tank2, comes from the flow
generated through a pump2 (𝑞𝑖𝑛2 ) and there is also flow coming from the tank4 (𝑞𝑜𝑢𝑡4 )
which depends on the gravity and acceleration.

Figure 2.3 Diagram of Tank 2
The mass balance equation can be derived for tank 2 as:

𝜌∗

𝑑𝑉2 (𝑡)
𝑑𝑡

(2.7)

= 𝜌 ∗ (𝑞𝑖𝑛2 + 𝑞𝑜𝑢𝑡4 − 𝑞𝑜𝑢𝑡2 )
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Where
𝑉2

is the volume of liquid in the tank2.

𝜌

is the density of the liquid.

𝑞𝑖𝑛2

is the inflow rate of tank2.

𝑞𝑜𝑢𝑡2 is the outflow rate of tank2.
𝑞𝑜𝑢𝑡4 is the outflow rate of tank4.

Since the liquid used throughout the system is same and by using

𝑑𝑉2 (𝑡)
𝑑𝑡

= 𝐴2

𝑑ℎ2 (𝑡)
𝑑𝑡

,

(2.7) can be written as:

𝐴2

𝑑ℎ2 (𝑡)
𝑑𝑡

(2.8)

= (𝑞𝑖𝑛2 + 𝑞𝑜𝑢𝑡4 − 𝑞𝑜𝑢𝑡2 )

By employing Bernoulli’s law,
𝑞𝑜𝑢𝑡2 = 𝑎2 √2𝑔ℎ2

(2.9)

𝑞𝑜𝑢𝑡4 = 𝑎4 √2𝑔ℎ4

(2.10)

𝑞𝑖𝑛2 = 𝛾2 𝐾2 𝑈2

(2.11)

By substituting (2.9), (2.10) and (2.11) in (2.8) we get,
𝑑ℎ2 (𝑡)
1
=
(𝛾 𝐾 𝑈 + 𝑎4 √2𝑔ℎ4 − 𝑎2 √2𝑔ℎ2 )
𝑑𝑡
𝐴2 2 2 2
Where
𝐴2

is the cross section area of tank 2.

𝑎2 , 𝑎4 is the cross section area of orifice hole of tank 2, 4.
ℎ2 , ℎ4 is the liquid levels in the tank1 and tank3 respectively.
𝛾2

is the flow coefficient for valves 2.

𝐾2

is the pump gain.

𝑈2

is the voltage applied to the pump2.
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(2.12)

3.

Model of Tank 3

Figure 2.4 Diagram of Tank 3
Figure 2.4 shows the inflow of liquid to the tank 3 where it comes from the flow
generated through a pump 2 (𝑞𝑖𝑛3 ) and in addition to that, the outflow of the liquid
from the tank3 (𝑞𝑜𝑢𝑡3 ) into tank 1 and this flow dropping depends on the gravity and
acceleration. The mass balance equation can be derived for tank 3 as:

𝜌∗

𝑑𝑉3 (𝑡)
= 𝜌 ∗ (𝑞𝑖𝑛3 − 𝑞𝑜𝑢𝑡3 )
𝑑𝑡

(2.13)

Where
𝑉3

is the volume of liquid in the tank3.

𝜌

is the density of the liquid.

𝑞𝑖𝑛3

is the inflow rate of tank3.

𝑞𝑜𝑢𝑡3 is the outflow rate of tank3.

Since the liquid used throughout the system is same and by using

𝑑𝑉3 (𝑡)
𝑑𝑡

= 𝐴3

𝑑ℎ3 (𝑡)
𝑑𝑡

,

(2.13) can be written as:

𝐴3

𝑑ℎ3 (𝑡)
= (𝑞𝑖𝑛3 − 𝑞𝑜𝑢𝑡3 )
𝑑𝑡

(2.14)

20

By employing Bernoulli’s law,
𝑞𝑜𝑢𝑡3 = 𝑎3 √2𝑔ℎ3

(2.15)

𝑞𝑖𝑛3 = (1 − 𝛾2 )𝐾2 𝑈2

(2.16)

And by substituting (2.15) and (2.16) in (2.14) we get,
𝑑ℎ3 (𝑡)
𝑑𝑡

1

= 𝐴 ((1 − 𝛾2 )𝐾2 𝑈2 − 𝑎3 √2𝑔ℎ3 )
3

(2.17)

Where
𝐴3

is the cross section area of tank 3.

𝑎3

is the cross section area of orifice hole of tank 3.

ℎ3

is the liquid levels in the tank3.

(1 − 𝛾2 ) is the flow rate of the pump 2 to the tank 3.
𝐾2

is the pump gain.

𝑈2

is the voltage applied to the pump 2.

𝑔

is the acceleration of gravity.

4.

Model of Tank 4

Figure 2.5 Diagram of Tank 4
Figure 2.5 shows the inflow of liquid to the tank 4, it comes from the flow generated
through a pump 1 (𝑞𝑖𝑛4 ) and the outflow of the liquid from the tank 4 (𝑞𝑜𝑢𝑡4 ) into tank
2 and this flow dropping depends on the gravity and acceleration.
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The mass balance equation can be derived for tank 4 as:

𝜌∗

𝑑𝑉4 (𝑡)
= 𝜌 ∗ (𝑞𝑖𝑛4 − 𝑞𝑜𝑢𝑡4 )
𝑑𝑡

(2.18)

Where
𝑉4

is the volume of liquid in the tank 4.

𝜌

is the density of the liquid.

𝑞𝑖𝑛4

is the inflow rate of tank 4.

𝑞𝑜𝑢𝑡4 is the outflow rate of tank 4.

Since the liquid used throughout the system is same and by using

𝑑𝑉4 (𝑡)
𝑑𝑡

= 𝐴4

𝑑ℎ4 (𝑡)
𝑑𝑡

,

(2.18) can be written as:

𝐴4

𝑑ℎ4 (𝑡)
= (𝑞𝑖𝑛4 − 𝑞𝑜𝑢𝑡4 )
𝑑𝑡

(2.19)

By employing Bernoulli’s law,
𝑞𝑜𝑢𝑡4 = 𝑎4 √2𝑔ℎ4

(2.20)

𝑞𝑖𝑛4 = (1 − 𝛾1 )𝐾1 𝑈1

(2.21)

And by substituting (2.20) and (2.21) in (2.19) we get,

𝑑ℎ4 (𝑡)
1
=
((1 − 𝛾1 )𝐾1 𝑈1 − 𝑎4 √2𝑔ℎ4 )
𝑑𝑡
𝐴4

Where
𝐴4

is the cross section area of tank 4.

𝑎4

is the cross section area of orifice hole of tank 4.

ℎ4

is the liquid levels in the tank 4.
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(2.22)

(1 − 𝛾1 ) is the flow rate of the pump1 to the tank 4.
𝐾1

is the pump gain.

𝑈1

is the voltage applied to the pump 1.

𝑔

is the acceleration of gravity.

Finally, the nonlinear state-space equation for the quadruple-tank system is given
through combining the equations (2.6), (2.12), (2.17) and (2.22) as follows:

−𝑎1 √2𝑔ℎ1 + 𝑎3 √2𝑔ℎ3
𝐴1
−𝑎2 √2𝑔ℎ2 + 𝑎4 √2𝑔ℎ4
ℎ̇1
̇ℎ2
𝐴2
=
+
ℎ̇3
−𝑎3 √2𝑔ℎ3
[ℎ̇4 ]
𝐴3
[

−𝑎4 √2𝑔ℎ4
𝐴4

]

𝑦1
𝐾
[𝑦 ] = [ 𝑐
0
2

𝛾1 𝐾1
𝐴1

0
𝛾2 𝐾2
𝑈
𝐴2
[ 1]
(1 − 𝛾2 )𝐾2 𝑈2
𝐴3

0
0
(1 − 𝛾1 )𝐾2
[
4

0
𝐾𝑐

0
0

0

(2.23)

]

ℎ1
0 ℎ2
][ ]
0 ℎ3
ℎ4

Where 𝑎𝑖 , ℎ𝑖 and 𝐴𝑖 (i =1, 2, 3, 4) are the cross-sectional of orifice hole of tanks, the
liquid level in tanks and the cross sectional area of the tanks, respectively. 𝛾𝑖 , 𝐾𝑖 and
𝑈𝑖 (i= 1, 2) are the flow coefficient for the two valves, the pump gains and the voltage
applied to two pumps, respectively, g is the gravitational constant. The flow rate of the
pump1 to the tank 1 and 4 are (𝛾1 𝐾1 𝑈1), ((1 − 𝛾1 )𝐾1 𝑈1) respectively, and in the same
way, the flow rate of the pump 2 to tanks 2&3 are (𝛾2 𝐾2 𝑈2) & ((1 − 𝛾2 )𝐾2 𝑈2)
respectively. The level signals of tank1 and tank2 are (𝐾𝑐 ℎ1 ,𝐾𝑐 ℎ2 ) respectively, 𝐾𝑐
presents the sensor Gain.
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With regard to the physical data of quadruple tank system that utilized in this thesis is
obtained from [1 and 64] and illustrated in Table 2.2.
Table 2.2 Specification of the quadruple tank process
Parameter Description

Value

Cross section area of tank 1 and tank 3

[𝐴1 , 𝐴3 ]

32 𝑐𝑚2

Cross section area of tank 2 and tank 4

[𝐴2 , 𝐴4 ]

28 𝑐𝑚2

Cross section area of orifice hole of
tank 1,3

[𝑎1 , 𝑎3 ]

0.071 𝑐𝑚2

Cross section area of orifice hole of
tank 2,4

[𝑎2 , 𝑎4 ]

0.057 𝑐𝑚2

Gain of sensor

𝐾𝑐

The acceleration due to gravity

g

0.5
981 𝑐𝑚/𝑠𝑒𝑐 2

2.4 Steady State Analysis of the Model
At steady state conditions, all steady state variables (ℎ1𝑜 , ℎ2𝑜 , ℎ3𝑜 , ℎ4𝑜 , 𝑈1𝑜 and 𝑈2𝑜 ) that
varying with time are settled to constant value in order to linearize the non-linear
model and to enhance the stability analysis. Since the objective of the control process
is control the level of the tank 1 and tank 2, so it was selecting ℎ1𝑜 and ℎ2𝑜 and solving
the Equation (2.23) in section 2.3 as:
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−𝑎1 √2𝑔ℎ1𝑜 + 𝑎3 √2𝑔ℎ3𝑜 + 𝛾1 𝐾1 𝑈1𝑜
=0
𝐴1
−𝑎2 √2𝑔ℎ2𝑜 + 𝑎4 √2𝑔ℎ4𝑜 + 𝛾2 𝐾2 𝑈2𝑜
=0
𝐴2
−𝑎3 √2𝑔ℎ3𝑜 + (1 − 𝛾2 )𝐾2 𝑈2𝑜
=0
𝐴3
−𝑎4 √2𝑔ℎ4𝑜 + (1 − 𝛾1 )𝐾1 𝑈1𝑜
=0
𝐴4
}

(2.24)

Thus the steady state equation for the four tanks can be presented as:

𝑎1 √2𝑔ℎ1𝑜 = 𝑎3 √2𝑔ℎ3𝑜 + 𝛾1 𝐾1 𝑈1𝑜

(2.25)

𝑎2 √2𝑔ℎ2𝑜 = 𝑎4 √2𝑔ℎ4𝑜 + 𝛾2 𝐾2 𝑈2𝑜

(2.26)

𝑎3 √2𝑔ℎ3𝑜 = (1 − 𝛾2 )𝐾2 𝑈2𝑜

(2.27)

𝑎4 √2𝑔ℎ4𝑜 = (1 − 𝛾1 )𝐾1 𝑈1𝑜

(2.28)

Accordingly on the foregoing, the steady state values of liquid levels are expressed
as:
2

ℎ1𝑜

(1 − 𝛾2 )𝐾2 𝑈2𝑜 + 𝛾1 𝐾1 𝑈1𝑜
= (
) /(2𝑔)
𝑎1

ℎ2𝑜

(1 − 𝛾1 )𝐾1 𝑈1𝑜 + 𝛾2 𝐾2 𝑈2𝑜
= (
) /(2𝑔)
𝑎2

ℎ3𝑜

(1 − 𝛾2 )𝐾2 𝑈2𝑜
= (
) /(2𝑔)
𝑎3

ℎ4𝑜

(1 − 𝛾1 )𝐾1 𝑈1𝑜
= (
) /(2𝑔)
𝑎4

(2.29)

2

(2.30)

2

(2.31)

2

(2.32)

Also,
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𝑈𝑂
𝛾1 𝐾1
[ 1𝑂 ] = [
(1
−
𝛾1 )𝐾1
𝑈2

(1 − 𝛾2 )𝐾2 −1 𝑎1 √2𝑔ℎ1𝑜
] [
]
𝛾2 𝐾2
𝑎2 √2𝑔ℎ𝑜

(2.33)

2

Note: in case of zero location at origin (𝛾1 + 𝛾2 = 1) the steady state voltage
( 𝑈𝑂1 𝑎𝑛𝑑 𝑈𝑂2 ) cannot be calculated with the above expression, since the matrix in
equation (2.33) is not invertible and its determinant is equal to zero.

2.4.1 Linearization of the Model
In section 2.3 the nonlinear mathematical model of the QTP has been described to
analysis the control problem of the system. Therein 4 state variables in our quadruple
tank

process,

two

controlled

variables

[𝑢1 , 𝑢2 ]𝑇 and

two

manipulated

variables [ℎ1 , ℎ2 ]𝑇 . The linearization model of a quadruple tank process will be done
by employing the Taylor series expansion at a given steady-state operating points as
shown in Equation (2.34) to acquire a linear state space form of QTP.

𝑓(ℎ, 𝑢) = 𝑓(ℎ0 , 𝑢0 )+

𝜕𝑓
𝜕𝑓
|
. (ℎ − ℎ0 )+ 𝑇 |
. (𝑢 − 𝑢0 )
𝑇
𝑑ℎ (ℎ0 ,𝑢0)
𝑑𝑢 (ℎ0 ,𝑢0)

(2.34)

Here the parameters ℎ0 and 𝑢0 are the initial values and considering to be known and
furthermore, the higher order terms will be neglected in order to simplification.
The non-linear model of the system obtained in above section can be represented in
the general form of differential equation by,
ℎ̇𝑛 = 𝑓(ℎ1 , ℎ2 , … . , ℎ𝑛 , 𝑢1 , 𝑢2 , … . . 𝑢𝑛 )

(2.35)

The general vector form representation is,
ℎ̇ = 𝑓(ℎ, 𝑢)

(2.36)
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Where
ℎ ∈ ℝ𝑛 is state vector.
𝑢 ∈ ℝ𝑟 is control input vector.
Let
(2.37)

𝑓(ℎ0 , 𝑢0 )
(ℎ − ℎ0 ) = ∆ℎ,

(𝑢 − 𝑢0 ) = ∆𝑢

And
𝜕𝑓
|
𝑑ℎ𝑇 (ℎ0 ,𝑢0)

𝜕𝑓1
𝑑ℎ1
= ⋮
𝜕𝑓𝑛
[𝑑ℎ1

𝜕𝑓
|
𝑑𝑢𝑇 (ℎ0 ,𝑢0 )

𝜕𝑓1
𝑑𝑢1
= ⋮
𝜕𝑓𝑛
[𝑑𝑢1

𝜕𝑓1
𝑑ℎ𝑛
⋯
⋮ =𝐴
𝜕𝑓𝑛
⋯
𝑑ℎ𝑛 ]

(2.38)

𝜕𝑓1
𝑑𝑢𝑛
⋮ =𝐵
𝜕𝑓𝑛
𝑑𝑢𝑚 ]

(2.39)

⋯

⋯
⋯
⋯

Where (A and B) are the Jacobian matrices of݂ function (f) with respect to h and u,
evaluated at the equilibrium point.
Thus, the linearized state space equation can be written through offset the Equations
(2.37), (2.38) and (2.39) in Equation (2.35) as follow,
∆ℎ̇ = 𝐴∆ℎ + 𝐵∆𝑢
Similarly for the outputs of non-linear model of the system,
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(2.40)

𝑦𝑝 = 𝑔(ℎ1 , ℎ2 , … . , ℎ𝑛 , 𝑢1 , 𝑢2 , … . . 𝑢𝑚 )

(2.41)

The general vector form representation is,
(2.42)

𝑦 = 𝑔(ℎ, 𝑢)
Where
𝑦 ∈ ℝ𝑚 is output vector.
𝑢 ∈ ℝ𝑟 is control input vector.
By using Taylor series, the linear approximation will yields as the following,
𝜕𝑔

𝜕𝑔

𝑦 = 𝑔(ℎ0 , 𝑢0 )+ 𝑑ℎ𝑇 |

(ℎ0 ,𝑢0 )

. ∆ℎ+ 𝑑𝑢𝑇 |

(ℎ0 ,𝑢0 )

. ∆𝑢

(2.43)

Let,
𝜕𝑔
|
𝑑ℎ𝑇 (ℎ0 ,𝑢0)

𝜕𝑔1
𝑑ℎ1
= ⋮
𝜕𝑔𝑛
[ 𝑑ℎ1

⋯
⋯
⋯

𝜕𝑔1
𝑑ℎ𝑛
⋮ =𝐶
𝜕𝑔𝑛
𝑑ℎ𝑛 ]

(2.44)

And
𝜕𝑔
|
𝑑𝑢𝑇 (ℎ0 ,𝑢0 )

𝜕𝑔1
𝑑𝑢1
= ⋮
𝜕𝑔𝑛
[ 𝑑𝑢1

𝜕𝑔1
𝑑𝑢𝑛
⋯
⋮ =𝐷
𝜕𝑔𝑛
⋯
𝑑𝑢𝑚 ]
⋯

(2.45)

Where (C and D) are the Jacobian matrices of݂ function (𝑔) with respect to h and u,
evaluated at the operating point.
Thus, the linearized state space equation can be written through offset the Equations
(2.44) and (2.45) in Equation (2.43) as follow,
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∆ℎ̇ = 𝐶∆ℎ + 𝐷∆𝑢

(2.46)

Finally, the linearized state space form for the nonlinear mathematical model of a
quadruple tank process is given as below,
ℎ̇ = 𝐴ℎ + 𝐵𝑢

(2.47)

𝑦 = 𝐶ℎ + 𝐷𝑢
Where

−

1
𝑇1

0
𝐴=

[

0
−

1
𝑇2

𝐴3
𝐴1 𝑇3

0

𝛾1 𝐾1
𝐴1

0

𝐴4
𝐴2 𝑇4

0

0

0

1
−
𝑇3

0

0

0

, 𝐵=
0

0
−

1
𝑇4 ]

𝐶=[

𝐾𝑐
0

0
𝛾2 𝐾2
𝐴2
,
(1 − 𝛾2 )𝐾2
𝐴3

(1 − 𝛾1 )𝐾1
[
𝐴4
0
𝐾𝑐

0 0
],
0 0

0

]

𝐷=0

The time constants are calculated using Equation (2.48) and there chosen parameters
values listed in Table (2.3).

𝑇𝑖 =

𝐴𝑖 2ℎ𝑖0
√
,
𝑎𝑖
𝑔

𝑖 = 1, … … . ,4

29

(2.48)

Table 2.3 The time constants values of QTP
Parameter

Minimum Phase

Non-minimum Phase

𝑇1 , 𝑇2 (s)

(62, 90)

(63, 91)

𝑇3 , 𝑇4 (s)

(23, 30)

(39, 56)

2.5 Stability Analysis
In order to make the analysis of control strategy easier, the study of system stability is
important. However, we will briefly discuss about the operating point, controllability
and the observability of the model and validate it.

2.5.1 The Operating Points
As we mentioned in section (2.2), it was clear that the QTP has an ability to work in
both at the minimum and non- minimum phase characteristics through changing the
location of the valves.
Note: the setting for the position of the valves and input-output voltage is tuned till
the state variables of the process become steady.
The parameter values of the chosen operating points for the system identification of
the model are collected from [1] and listed in Table 2.4 as the following,
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Table 2.4 Operating parameters of minimum-phase and non-minimum-phase system
Parameter

Minimum Phase

Non-minimum Phase

ℎ1 0 , ℎ2 0

12.4, 12.7 𝑐𝑚

12.6, 13 𝑐𝑚

ℎ3 0 , ℎ4 0

1.4, 1.7 𝑐𝑚

4.8, 4.9 𝑐𝑚

𝐾1 , 𝐾2

(3.33,3.35) 𝑐𝑚3 /𝑉𝑠

(3.14, 3.29) 𝑐𝑚3 /𝑉𝑠

𝑈1 0 , 𝑈2 0

(3.00,3.00) V

(3.15,3.15) V

𝛾1 , 𝛾2

(0.70,0.60)

(0.43,0.34)

2.5.2 Controllability and Observability of the Model
Based on what was stated in the reference [65], the system is said to be controllable
if and only if the controllability matrices (A, B) holds the rank n.
𝐶𝑛 = [𝐵 𝐴𝐵 𝐴2 𝐵 . .. 𝐴𝑛−1 𝐵] ∈ ℝ𝑛𝑥𝑛.𝑟

(2.49)

Rank (𝐶𝑛 ) = n
The Equation (2.49) has been calculated for quadruple tank system and the result
showed that (𝐶𝑛 ) = 4. This procedure is valid for both continuous and discrete time
models.
As checking of the controllability for the system is necessary the checking the
observability of the system is also significantly important, as it allowed to know the
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possibility of measuring the state vector elements h (t) or not, by using the system
output vector y (t) and the known system input vector u (t). The system is said to be
observable if and only if the observability matrices (A, C) holds the rank n.
𝑂𝑛 = [𝐶 𝐶𝐴 . .. 𝐶𝐴𝑛−1 ]𝑇 ∈ ℝ𝑛.𝑚𝑥𝑛

(2.50)

Rank (𝑂𝑛 ) = n
It is also calculated for our system and it shows that (𝑂𝑛 ) = 4. This procedure is valid
for both continuous and discrete time models.

2.6 Chapter Summary
This chapter had dealt with everything related to the quadruple-tank process, starting
with its important characteristics and the stability analysis of the system as well as
identification process of the system which has been applied to represent the quadrupletank system by employing mathematical modelling approach. In next chapters, the
structures of the proposed controllers have been designed based on this model.
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CHAPTER 3

DESIGN OF NON-LINEAR FEEDBCK LINEARIZATION CONTROL
COMBINED WITH (P) CONTROLLER

3.1 Introduction
In this chapter, a combination of a nonlinear feedback linearization with proportional
mode controller has been designed and then implemented to the quadruple-tank
process as in [67]. The feedback linearization technique is used to improve the
performance of the conventional controllers.
The feedback linearization method is a class of nonlinear control techniques have the
ability to provide an algebraically linear model that is an exact representation of the
original nonlinear model at a wide range of operating points consequently, the linear
control theories can easily be applied. Accuracy of the linear model is obtained by
using the exact transformation of nonlinear state feedback and nonlinear change of
coordinates and this differs entirely from linearization approximations technique of the
dynamics around specific operating points which it adopted by conventional
(Jacobian) linearization. Therefore, the effectiveness and the accuracy of the control
strategy will not be limited to the specified working points [63]. The schematic graph
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for implementation the nonlinear feedback linearization controller on the for quadruple
tank system illustrated in Figure. 3.1.

Figure 3.1 The Scheme of Feedback Linearization with two proportional controllers
for quadruple tank system

3.2 NLFL-P Control Design
In the feedback linearization control theory, the inputs are utilized to linearize the
differential equations of the system partly or completely. The nonlinear model of the
quadruple-tank system (2.23) can be presented in scalar shape as:
ℎ̇1 = 𝑓1 (𝑋) + 𝑔11 (𝑋)𝑢1

(3.1)

ℎ̇2 = 𝑓2 (𝑋) + 𝑔21 (𝑋)𝑢2

(3.2)

ℎ̇3 = −

𝑎3 𝑔√ℎ3
+ 𝑔22 (𝑋)𝑢2
𝐴1
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(3.3)

ℎ̇1 = −

𝑎4 𝑔√ℎ4
+ 𝑔12 (𝑋)𝑢1
𝐴2

(3.4)

(3.3)

𝑦1 = 𝐾𝑐 ℎ1 (𝑋), 𝑦2 = 𝐾𝑐 ℎ2 (𝑋)
Where
𝑓1 (𝑥) = (−

𝑎1 𝑔√ℎ1

𝑓2 (𝑥) = (−

𝑎2 𝑔√ℎ2

𝐴1

𝐴2

+
+

𝑎3 𝑔√ℎ3
𝐴1
𝑎4 𝑔√ℎ4
𝐴2

)
)

𝑔11 (𝑥) = (
𝑔21 (𝑥) = (

𝛾1 𝐾1
𝐴1

𝛾2 𝐾2
𝐴2

)

)

(1−𝛾1 ) 𝐾1

𝑔12 (𝑥) = (

𝐴4

(1−𝛾2 ) 𝐾2

𝑔22 (𝑥) = (

𝐴3

)
)

The control laws, 𝑢1 and 𝑢2 respectively, will be designed such that the output
variables 𝑦1 and 𝑦2 respectively track the required set points 𝑦1𝑟𝑒𝑓 and 𝑦2𝑟𝑒𝑓
respectively, in the existence of the uncertainties in the system parameters. Generally,
the output tracking error is the difference between the outputs (𝑦1 , 𝑦2 ) and the coveted
outputs (𝑦1𝑟𝑒𝑓 , 𝑦2𝑟𝑒𝑓 ).
The essential step for designing the feedback linearization controller is calculating the
relative degree for the system and this should be possible to achieve by starting in the
derivation of the outputs of the dynamic system until the point when the physical inputs
show up in the rth derivative of the output. The obtained equations used to linearize
the system’s differential equations and design of control law subsequently. The first
derivative of the outputs 𝑦1 and 𝑦2 can be calculated by differentiating (3.5),
ℎ̇1 = 𝑘𝑐 ∗ (𝑓1 (𝑥) + 𝑔11 (𝑥)𝑢1 )
}
ℎ̇2 = 𝑘𝑐 ∗ (𝑓2 (𝑥) + 𝑔21 (𝑥)𝑢2 )

(3.6)

Through employing Lie Derivative method [47] the outputs derivatives in (3.6) can be
rewritten as follows:
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ℎ̇1 = 𝐿𝑓 ℎ1 + 𝐿𝑔11 ℎ1 𝑢1 + 𝐿𝑔12 ℎ1 𝑢2
}
ℎ̇2 = 𝐿𝑓 ℎ2 + 𝐿𝑔21 ℎ2 𝑢1 + 𝐿𝑔22 ℎ2 𝑢2

(3.7)

Where the factor L in Equation (3.7) is Lie Derivative and,
It is clear from the Equation (3.7) that the manipulated variables are directly appeared
in the first derivative of the controller variables, so the relative degree of the y1 and y2
is equal to one (r = 1) thus the system is fully feedback linearizable.

3.2.1 Proportional control
The major schematic of the PID controller structure in a closed-loop system is shown
below [68].

Figure 3.2 A practical PID controller
The Proportional controller (P) is a special case of the PID controller where the
derivative and integral of the error are not used. The idea of the controller's work is
based on an account the difference between the desired input value and the measured
value of the plant output in order to minimize the track error issue by adjusting the
process control inputs. The mechanism of the controller is that the magnitude of the
error will be multiplying with the proportional gain and then this control signal will
36

combined with feedback algorithm and apply to the process and result from it a new
output value. The new output is then fed back and compared with the reference to find
the new error signal. The controller takes this new error signal and processed it again
by a proportional gain.
The control signal output of P controller is given by:
𝑢(𝑡) = 𝑘𝑝 𝑒(𝑡)
Where
𝑢(𝑡) controller output ,

𝑘𝑝

proportional gain , 𝑒(𝑡) Error

3.2.2 Control Law
Let’s assume that there is a new inputs variables (the transformed inputs) have a linear
correlation with the variables to be controlled in (3.6) such that:
ℎ̇1 = 𝑘𝑐 ∗ (𝑓1 (𝑥) + 𝑔11 (𝑥)𝑢1 ) ≈ 𝐶1

(3.8)

ℎ̇2 = 𝑘𝑐 ∗ (𝑓2 (𝑥) + 𝑔21 (𝑥)𝑢2 ) ≈ 𝐶2

(3.9)

Then, the transfer function between the transformed inputs 𝐶1,2, and the outputs ℎ1,2
is as following:
ℎ1 1 ℎ2 1
= ,
=
𝐶1 𝑠 𝐶2 𝑠
By rearranging (3.8) and (3.9) in terms of both synthetic controls (𝐶1 , 𝐶2 ) and (𝑢1 ,𝑢2 )
respectively, we have:
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𝐶1
= 𝑔11 (𝑥) ∗ 𝑢1 (𝑡) + 𝑓1 (𝑥, 𝑡)
𝑘𝑐
𝐶2
= 𝑔21 (𝑥) ∗ 𝑢2 (𝑡) + 𝑓2 (𝑥, 𝑡)
𝑘𝑐
}

(3.10)

By reformulating (3.10), the nonlinear feedback linearization control law for the
quadruple tanks system (2.23) can be written as:

𝑢1 (𝑡) =

1
𝑎1
𝑎3
𝐶1
[ √2𝑔ℎ1 − √2𝑔ℎ3 + ]
𝑔11 (𝑥) 𝐴1
𝐴1
𝑘𝑐

𝑢2 (𝑡) =

1
𝑎2
𝑎4
𝐶2
[ √2𝑔ℎ2 − √2𝑔ℎ4 + ]
𝑔21 (𝑥) 𝐴2
𝐴2
𝑘𝑐

(3.11)

(3.12)

The control laws in (3.11) and (3.12) change the equation of (3.6) to: ℎ̇1 = 𝐶1 , ℎ̇2 =
𝐶2 respectively. Thus, the control law has decoupled the system and eliminate the nonlinearization between the transformed inputs and the outputs completely.
Consequently, a linear proportional controller (P) can be designed to stabilize the ℎ1,2
subsystems,
𝐶1 = 𝑘𝑃1 (𝑦̂1 − 𝑦1 )

(3.13)

𝐶2 = 𝑘𝑃2 (𝑦̂2 − 𝑦2 )

(3.14)

Where 𝑘𝑃1,2 are the gains of proportional controllers. By applying the aforementioned
control laws, the system is linearized and decoupled in the all operating points. But on
another hand, the application of this technique is dependent on the survival of state
variables in a stable mode and which can be achieved through the location of the
multivariable zero at the left half of the s-plane (minimum phase mode) by selecting
γ1 and γ2 as:
(1 < γ1 + γ2 < 2)
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The simulink model of nonlinear feedback linearization unit with two proportional
controllers is shown in Figure 2.

Figure 3.3 Block structure of nonlinear state feedback linearization-P controlled QTP

The values of gains for two proportional controllers combined with the nonlinear
feedback algorithm have been tabulated in Table 3.1. The P controllers have been
tuned by applying ZN method based on the reaction curve of nominal operating points
[67].
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Table 3.1 The numerical gain values of the proportional controller for minimum
phrase mode used in the simulation
P Controller

Value

𝒌𝒑 (For Tank 1)

5.1

𝒌𝒑 (For Tank 2)

5.1

3.3 PI Controller
Based on the mathematical model of the quadruple-tank system that derivative in
chapter 2 around the initial nominal operating points that designated in Table 2.4, two
PI controllers were designed and implemented upon the QTP as in the Fig. 3.4.

Figure 3.4 Implementation of the PI controller of quadruple tank system
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3.3.1 Tuning of PI Controller
In order to design the PI controller, one of the model-based controller tuning methods
which is the integral time weight absolute error (ITAE) will employ [80]. The reason
of utilizing the ITAE as the proposed tuning technique is its simplicity and
applicability for several types of models based on the process. The basic of the chosen
strategy is based on the minimizing of time multiplied absolute error of the response
process for disturbance rejection or set point tracking. It is mathematically represented
as:
𝑡

(3.15)

ITAE = ∫ 𝑡|𝑒(𝑡)|𝑑𝑡
0

Where t is the time and e (t) is the error which is the difference between the reference
and the output of the process. The gains of the PI controllers that applied in Simulink
for the quadruple-tank system are given in Table 3.2.
Table 3.2 Tuning parameters of PI controller for minimum phrase mode used in the
simulation
Tuning Parameter

Value

𝒌𝒑 (For Tank 1)

2.5858

𝒌𝑰 (For Tank 1)

0.2190

𝒌𝒑 (For Tank 2)

1.5709

𝒌𝑰 (For Tank 2)

0.4714
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3.4 Performances of NLFL-P Controller for Quadruple-Tank Process
The simulation results of implementation the NLFL-P controller that designed in
chapter 3 is discussed and presented in this section. Matlab®Simulink®ODE45 solver
is utilized to illustrate the performance of the proposed technique. In order to verify
the robustness and efficiency of the designed controller, the performances of the
NLFL-P are going to compare with PI controller and the simulation results are
validated through the servo and regulatory responses. The performance index is used
as a tool to measure the performance of a control system. In this thesis, the performance
of the control strategies that will be used during the control process is investigated
through a performance index as this technique used to compare between different
control methods. Furthermore, we will utilize one of the three indices to know the
system performance which are Integral Square Error (ISE), Integrated Absolute Error
(IAE), and Integral Time Absolute Error (ITAE). The simulation process begins with
initial nominal operating point parameters that given in Table 2.4.

3.4.1 Servo Responses
The servo responses of both controllers are obtained for minimum phase mode of QTP
under different operating conditions by the increase and decrease in the set point with
several magnitudes.
Figure 3.4 shows the servo response of the controllers to change in the liquid level in
tank1 by increasing 2.0% from the nominal operating point 12.4%. Due to the
interactive nature appear strongly in the structure of the process, this variation affects
directly on the liquid level in tank2 and results in load disturbance as it is shown in
Figure 3.5.
The servo response of the controllers to change in the liquid level in tank2 by
increasing 2.0% from the nominal operating point 12.7% is shown in Figure 3.6. The
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effect of this change at the point of reference on the level of liquid in the tank 1 is
shown in Figure 3.7.

Figure 3.5 Servo response of the system for 2.0% increase in liquid level in Tank 1
(h1) from a nominal operating point of 12.4%

Figure 3.6 The regulatory response of Tank2 for 2.0% increase in liquid level in
Tank 1 (h1)
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Figure 3.7 Servo response of the system for 2.0% increase in liquid level in Tank 2
(h2) from a nominal operating point of 12.7%

Figure 3.8 The regulatory response of Tank1 for 2.0% increase in liquid level in
Tank 2 (h2)
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The servo response of the controllers to change in the liquid level in tank1 by
decreasing 2.0% from the nominal operating point 12.4% and the resulting load
disturbance to this variation which presents in tank2 are shown in figures 3.8 and 3.9
respectively.

Figure 3.9 Servo response of the system for 2.0% decrease in liquid level in Tank 1
(h1) from a nominal operating point of 12.4%

Figure 3.10 The regulatory response of Tank2 for 2.0% decrease in liquid level in
Tank 1 (h1)
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The servo response of the controllers to change in the liquid level in tank2 by
decreasing 2.0% from the nominal operating point 12.7% and the resulting load
disturbance to this variation which presents in tank1 are shown in Figures 3.10 and
3.11 respectivey.

Figure 3.11 Servo response of the system for 2.0% decrease in liquid level in Tank 2
(h2) from a nominal operating point of 12.7%

Figure 3.12 The regulatory response of Tank1 for 2.0% decrease in liquid level in
Tank 2 (h2)
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From the graphs of the figures above, it was obvious that the servo response obtained
for the nonlinear feedback linearization combined with proportional controller was
much better than the PI controller. The PI controller with conventional tuning is not
immune to the interactions caused by the other manipulated variable. The responses of
the nonlinear feedback linearization control have strongly suppressed the crosscoupling between the tanks in the conditions of changing the set points and has high
ability for tracking the reference. Moreover, its response time was faster and settling
time was shorter and without overshooting.
For the compare purpose, Tables 3.3 to 3.6 present the quantitative comparison of
performance indices of nonlinear feedback linearization control and conventional PI
controller in terms of servo and the corresponding load disturbance through 2.0%
increase as well as 2.0% decrease in set point when the system operated at the nominal
operating point 12.4% for Tank 1 and 12.7% for Tank 2 respectively.
Table 3.3 Performance indices for set point change in Tank1 from 12.4% nominal
operating point
Controllers

Change in
Set point
Increase by

PI

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (tracking)

Tank 2 (regulatory)

ISE

IAE

ITAE

ISE

IAE

ITAE

10.92

13.76

5670

0.148

2.396

1019

10.8

13.45

5534

0.235

3.037

1290

1

1

400.5

7.3e-

4.1e-

1.55e

32

17

-14

1

1

400.5

1.1e-

6.3e-

2.56e-

31

17

14
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Table 3.4 Performance indices for set point change in Tank2 from 12.7% nominal
operating point
Controllers

Change in
Set point
Increase by

PI

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 2 (tracking)

Tank 1 (regulatory)

ISE

IAE

ITAE

ISE

IAE

ITAE

12.64

16.02

6634

0.321

3.709

1588

12.48

15.59

6445

0.585

4.928

2101

1

1

044.5

8.9e-

2.7e-

1.1e-

31

16

13

1

1

044.3

3.4e-

4.9e-

2.0e-

31

17

14

Table 3.5 Performance indices for set point change in Tank1 from 12.4% nominal
operating point
Controllers

Change in Set
point
Increase by

PI

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (tracking)
ST

OV (%)

(s)

Tank 2 (regulatory)
ST
(s)

OV (%)

442.9

2.494

451.14

0.7977

433.8

20.08

452.99

0.7270

401.9

0

0

0

401.9

19.23

0

0
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Table 3.6 Performance indices for set point change in Tank2 from 12.7% nominal
operating point
Controllers

ST

point
Increase by

PI

Tank 2 (tracking)

Change in Set

2.0 %
Decrease by
2.0 %

ST

OV (%)

(s)

(s)

OV (%)

435.5522

2.7473

455.6250

1.1907

436.5279

19.5548

455.0422

0.7160

401.9

0

0

0

401.9

18.6916

0

0

Increase by
NLFL-P

Tank 1 (regulatory)

2.0 %
Decrease by
2.0 %

The results in the Tables showed that nonlinear feedback controller combined with the
proportional controller gives minimum values ISE, IAE and ITAE and provided better
performance in terms like overshooting and settling time unlike that of the PI
controller. The NLFL-P controller has a robust response in the sense that the changes
which may occur on some of the system variables do not make large steady-state errors
or loss of stability of the process or stay away from the control objective. There is no
change in ISE, IAE and ITAE for both increases and decreases in setpoint presented
in tables 3.3 and 3.4 for NLFL-P.
In order to increase the degree of challenge, we will change the nominal operating
point of the system. Figure 3.13 shows the servo response of the controllers to change
in the liquid level in tank1 by increasing 5.0% from the nominal operating point 22.4%
without retuning the controller gains. Due to the interactive nature appear strongly in
the structure of the process, this variation affects directly on the liquid level in tank2
and results in load disturbance as it is shown in Figure 3.14.
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In the same vein, the servo response of the controllers to change in the liquid level in
tank2 by increasing 5.0% from the nominal operating point 22.7% without retuning
the controller gains is shown in Figure 3.15. The effect of this change at the point of
reference on the level of liquid in the tank 1 is shown in Figure 3.16.

Figure 3.13 Servo response of the system for 5.0% increase in liquid level in Tank 1
(h1) from a nominal operating point of 22.4%
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Figure 3.14 The regulatory response of Tank2 for 5.0% increase in liquid level in
Tank 1 (h1)

Figure 3.15 Servo response of the system for 5.0% increase in liquid level in Tank 2
(h2) from a nominal operating point of 22.7%
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Figure 3.16 The regulatory response of Tank1 for 5.0% increase in liquid level in
Tank 2 (h2)
Now we will test the servo response of the quadruple-tank process when exposed to
change in the liquid level in tank1 by decreasing 5.0% from the nominal operating
point 22.4% and the resulting load disturbance to this variation which presents in tank2
are shown in Figures 3.17 and 3.18 respectively.
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Figure 3.17 Servo response of the system for 5.0% decrease in liquid level in Tank 1
(h1) from a nominal operating point of 22.4%

Figure 3.18 The regulatory response of Tank2 for 5.0% decrease in liquid level in
Tank 1 (h1)
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The servo response of the controllers to change in the liquid level in tank2 by
decreasing 5.0% from the nominal operating point 22.7% and the resulting load
disturbance to this variation which presents in tank1 are shown in Figures 3.19 and
3.20 respectively.

Figure 3.19 Servo response of the system for 5.0% decrease in liquid level in Tank 2
(h2) from a nominal operating point of 22.7%
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Figure 3.20 The regulatory response of Tank1 for 5.0% decrease in liquid level in
Tank 2 (h2)
Despite the change in the nominal points of the system, it was clear from the graphs of
the figures above that the superior performance was still maintained by the proposed
controller than the PI controller. The PI controller with conventional tuning is not
immune to the interactions caused by the other manipulated variable. The responses of
the nonlinear feedback linearization control have strongly suppressed the crosscoupling between the tanks in the conditions of changing the setpoints and has high
ability for tracking the reference. Moreover, its response time was faster and settling
time was shorter and without overshooting.
Tables 3.7 to 3.10 present the quantitative comparison of performance indices of
nonlinear feedback linearization control and conventional PI controller in terms of
servo and the corresponding load disturbance through 5.0% increase as well as 5.0%
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decrease in setpoint when the system operated at the nominal operating point 22.4%
for Tank 1 and 22.7% for Tank 2 respectively.
Table 3.7 Performance indices for set point change in Tank1 from 22.4% nominal
operating point
Controllers

Change in
Set point
Increase by

PI

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

Tank 1 (tracking)
ISE

IAE

ITAE

69.93

36.03

69.03

35.14

6.25

2.5

1001

6.25

2.5

1001

1.487
e+04
1.448
e+04

Tank 2 (regulatory)
ISE

IAE

ITAE

0.536

4.642

1983

1.159

6.909

2945

0

0

0

1.055

1.611

6.58

e-31

e-17

e-15

Table 3.8 Performance indices for set point change in Tank2 from 22.7% nominal
operating point
Controllers

Change in
Set point
Increase by

PI

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

Tank 2 (tracking)
ISE

IAE

81.08

41.9

79.75

40.48

6.25

2.5

1001

6.25

2.5

1001
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ITAE
1.738
e+04
1.675
e+04

Tank 1 (regulatory)
ISE

IAE

ITAE

1.193

7.34

3164

3.804

12.55

5357

0

0

0

4.37

4.297

1.619

e-31

e-18

e-15

Table 3.9 Performance indices for set point change in Tank1 from 22.4% nominal
operating point
Controllers

Change in
Set point
Increase by

PI

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

Tank 1 (tracking)
ST

OV (%)

(s)

Tank 2 (regulatory)
ST
(s)

OV (%)

433.9878

3.5931

455.1219

0.8396

434.4430

29.4299

456.6784

0.5748

401.9560

0

0

0

401.9560

28.7356

0

0

Table 3.10 Performance indices for set point change in Tank2 from 22.7% nominal
operating point
Controllers

Change in
Set point
Increase by

PI

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

Tank 2 (tracking)
ST

OV (%)

(s)

Tank 1 (regulatory)
ST
(s)

OV (%)

436.4423

3.9472

459.1061

1.2581

436.9234

28.9868

456.5535

1.1069

401.9560

0

0

0

401.9560

28.2486

0

0
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Tables above showed that the NLFL-P controller has a robust response in the sense
that the changes which may occur on some of the system variables do not make large
steady-state errors or loss of stability of the process or stay away from the control
objective. The proposed controller gives minimum values ISE, IAE and ITAE and
provided better performance in terms like overshooting and settling time unlike that of
the PI controller which it gives more oscillatory response and higher values ISE, IAE
and ITAE. There is no change in ISE, IAE and ITAE for both increases and decreases
in setpoint presented in tables 3.7 and 3.8 for NLFL-P.

3.4.2 Regulatory Responses
The load disturbances may present in the QTP in case of some state variables of the
system changes suddenly. It is worth mentioning that the process variables through
which the load change occurs may not be measurable.
In this section, the load disturbance is that the change the liquid level in Tank1 and
Tank2 respectively. Any fault in the level sensors may practically create an output load
change. In order to represent the output disturbances, a step increase and a step
decrease for the liquid level in the process are utilized in the simulation.
The Figures from 3.21 to 3.24 which have been obtained through simulation show the
regulatory responses for the quadruple-tank process with the NLFL-P controller and
PI controller when it exposed to a 2% decrease and a 2% increase of the liquid level
within lower tanks at the nominal operating point of 12.4% for Tank1 and 12.7% for
Tank2. The corresponding performance indices are presented in tables 3.11 and 3.12.
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Figure 3.21 Regulating performance of NLFL-P and PI controllers for 2% increase in
the liquid level in tank 1 (h1) at t=400 at 12.4% nominal operating point

Figure 3.22 Regulating performance of QTP for 2% increase in the liquid level in
tank 2 (h2) at t=400 at 12.7% nominal operating point
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Figure 3.23 Regulating performance of QTP for 2% decrease in the liquid level in
tank 1 (h1) at t=400 at 12.4% nominal operating point

Figure 3.24 Regulating performance of QTP for 2% decrease in the liquid level in
tank 2 (h2) at t=400 at 12.7% nominal operating point
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It was clear from the graphs of the Figures 3.20 to 3.23, that the NLFL- P controller
showed better regulatory responses although increase and decrease in the liquid level
in both tanks by bringing back the process to its nominal operating point with
minimum overshoot despite to the sudden changing in the liquid level that occurred in
the tank 1 and tank 2 respectively while the PI controller rejects this output load
disturbance at a slower pace. Moreover, NLFL-P settles quickly and its response time
was faster than PI controller. This shows that the nonlinear feedback linearization
combined with the conventional controller (P) gives the super performance to
overcome and reject the load disturbance.
After a 2.0% increase as well as a 2.0% decrease in the liquid levels that occurred in
the tank 1 and tank 2 respectively when the system operated at the nominal operating
point 12.4% for Tank 1 and 12.7% for Tank 2 respectively. The quantitative
comparison of performance indices of nonlinear feedback linearization controller and
conventional PI controller are presented in Tables 3.11 and 3.12.
Table 3.11 Performance indices for level change in Tank1 and Tank2
Controllers

Change in
level
Increase by

PI

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (regulatory)

Tank 2 (regulatory)

ISE

IAE

ITAE

ISE

IAE

ITAE

11.92

16.3

6762

13.2

17.1

7230

11.96

16.3

6764

13.33

17.44

7238

1

1

400.5

1

1

400.5

1

1

400.5

1

1

400.5
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Table 3.12 Performance indices for level change in Tank1 and Tank2
Controllers

Change in
level
Increase by

PI

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (regulatory)
ST

OV (%)

(s)

Tank 2 (regulatory)
ST
(s)

OV (%)

452.9352

16.1289

453.0824

15.7482

454.6788

4.0216

455.6073

3.9032

401.9560

16.1290

401.9560

15.7480

401.9560

7.8604
e-12

401.9560

7.6827
e-12

The performance indices in tables 3.10 and 3.11 for a 2% increase and a 2% decrease
of level change in Tank1 and Tank2 showed that the NLFL-P controller rejects the
output load disturbances and bring back the process variables to its nominal operating
point faster than the conventional PI controller. There is no big change in ISE, IAE
and ITAE for both increases and decreases in level liquid presented in table 3.11 for
NLFL-P as well as settling time and overshooting in table 3.12.

3.5 Chapter Summary
In this chapter, the nonlinear feedback linearization combined with conventional P
controller is designed and implemented on QTP. The servo and regulatory responses
for the quadruple-tank process with different values of reference changes and output
load changes at various nominal operating points have been obtained through
simulation using MATLAB. In order to verify the efficiency of the proposed
controller, the responses of NLFL-P have been compared with conventional PI
controller tuned around specific a normal operating points.
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Overall, the results obtained in this chapter indicate that the performance of NLFL-P
controller outperformed PI controller performance. The conventional PID controller
could not overcome the interaction between the process variables where small changes
in the desired level liquid produced large steady-state errors and continue for lasted for
quite some time. On the contrary, the NLFL-P controller has strongly suppressed the
cross-coupling between the tanks.
The proposed controller showed powerful performance when the operating point of
the system was moved to more than one position which suggested that, the NLFL-P
controller is not limited to the specified working points. The nonlinear feedback
linearization combined with conventional P controller gives minimum values ISE, IAE
and ITAE and provided better performance in terms like overshooting and settling time
unlike that of the PI controller which it gives more oscillatory response and higher
values ISE, IAE and ITAE.
But still, the literature studies reveal that hybrid controllers are more appropriate for
nonlinear multivariable systems and for that, the linear active disturbance rejection
control technique will be designed for the quadruple-tank process in the next chapter.
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CHAPTER 4

DESIGN OF DECENTRALIZED LINEAR ACTIVE DISTURBANCE
REJECTION CONTROL

4.1 Introduction
In this Chapter, the decentralized robust version of Active Disturbance Rejection
Control strategy is designed and developed on Quadruple Tanks process to overcome
the interactions issue and offer a comprehensive robust control for nonlinear (MIMO)
system based on the concept of liquid level. The mathematical model of a quadruple
tank process that obtained in chapter 2 has been used to illustrate the performance of
LADRC.
Despite the dazzling results obtained from utilizing nonlinear feedback linearization
strategy that was done on the quadruple-tank level process in the previous Chapter, but
the mentioned control has a flaw that is the structure of a controller requires the
mathematical model of the process. In consequence, the performance of such control
systems relies entirely on the assumed the presence of full knowledge on both of the
dynamic behaviour of the system and the parameter values of the model.
Active disturbance rejection control (ADRC) is a robust control technique has had
many successful applications in industry [70-72], it has protruded as an alternative
control approach that combines easy applicability which characterized the
conventional proportional-integral-derivative (PID) control schemes with the strength
of modern model-based techniques. The idea of ADRC was first presented by J.Han
at the Chinese Academy of Science in1988 [69], it is based on the representing the
system uncertainty and external disturbances (denoted as a total disturbance
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throughout this thesis) and that cannot be included in the mathematical description of
the process, as an additional state variables and then the online estimation of this a new
state is performed by using a state observer named Extended State Observer (ESO)
who is the foundation for ADRC and this estimated perturbations will cancel later by
using a nonlinear control law [70] thus, making the process treats as a simpler system.
Therefore and based on the above, Active disturbance rejection control strategy does
not depend on existing of the accurate mathematical model of the plant where only
basic information about the system is required in order to design a control loop while
its robustness and adaptive strength relies on the selection of observer and state
feedback controller bandwidth settings.
Figure 4.1 depicts the general schematic structure of Active Disturbance Rejection
Control for MIMO systems as in [73].

Figure 4.1 Block diagram of the ADRC design for the n-th order system
It was observed from the Figure (4.1) that there are two main loops in the general
ADRC construction: inner control loop (where the estimated disturbance is inserted in
the control signal) and outer control loop (where the estimated states are used to
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reconstruct the elements of the feedback controller). In ADRC, the system information
is gotten only through the input-output data of the considered plant and the
perturbation (Total disturbances) will be estimated using (ESO) and further cancelled
out by the control law.
Before handling the design and implementation of the Linear Active Disturbance
Rejection control, it is essential to note that according to many researches published in
this field, there is no available version of multi-input multi-output ADRC. Hence, the
quadruple-tank system will be regarded as two SISO coupled systems. Tank 1 with
tank 3 are forming the first subsystem, and tank 2 with tank 4 are forming the second
subsystem. In other words, the fourth order system will be split into two second-order
subsystems. As a result, the control system will be a set of second order SISO
controllers each driving one subsystem of the plant. Meanwhile, the cross-coupling
effects will be treated as an internal disturbance. From this point of view, two ADRC
algorithms will be implemented for each subsystem as depicted in Figure. 4.2.

Figure 4.2 The decentralized LADRC for the quadruple Tank process
This control strategy is employed here to improve the performance of the conventional
proportional-integral-derivative (PID) control methods against the challenges of liquid
level control in the process.
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4.2 Design of an LADR Controller
In this section, we aim to design and applying a linear active disturbance rejection
(LADRC) controller for the quadruple-tank process that its mathematical model has
been derived in Chapter 2.
Based on the principle of ESO, the total disturbance of n-th order two coupled
subsystems can be estimated through the following expression [74].
𝑦𝑖𝑛 = 𝑏𝑖 𝑢𝑖 + [𝑑𝑖𝑛𝑡 (𝑡, 𝑢𝑖 , 𝑦̇ 𝑖 , 𝑦̈ 𝑖 , … . , 𝑦𝑖𝑛+1 ) + 𝑑𝑒𝑥𝑡 ] = 𝑏𝑖 𝑢𝑖 + 𝑓𝑖

, 𝑖 = 1,2

(4.1)

Where 𝑦𝑖 denote the plant output signals (level of liquid in lower tanks), u is the control
signal, 𝑑𝑖𝑛𝑡 represents the overall internal disturbances (i.e. unmolded system
dynamics, nonlinearity, parameter uncertainty, etc.), dext represents the overall external
disturbances and both of 𝑑𝑖𝑛𝑡 and 𝑑𝑒𝑥𝑡 are assumed to be unknown in LADRC design,
b is the system parameter, and f is the total disturbance. For the sake of simplicity and
clarity.
Let
𝑥𝑖1 = 𝑦𝑖 ,

(1)

𝑥𝑖2 = 𝑦𝑖

(𝑛−1)

, … … . 𝑥𝑖𝑛 = 𝑦𝑖

𝑖 = 1, 2

(4.2)

Where n is the order of i-th subsystem.
Assuming that f is m-times differentiable, then the Equation (4.2) can be augmented
as:
𝑥̇ 𝑖1 = 𝑥𝑖2
𝑥̇ 𝑖2 = 𝑥𝑖3

(4.3)

⋮
𝑥̇ 𝑖𝑛 = 𝑥𝑖(𝑛+1) + 𝑏𝑖 𝑢𝑖
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𝑥̇ 𝑖 (𝑛+1) = 𝑓𝑖

(1)

⋮
𝑥̇ 𝑖 (𝑛+𝑚) = 𝑓𝑖

(𝑚)

Assuming the total disturbance f is a constant uncertain disturbance (i.e. 𝑓̇ =
0 and m = 1).
This strong hypothesis was used, which assumes that the ADRC controller has the
ability to reject constant disturbances. However, it was shown in [75] that this strategy
provides a high capability to estimate several forms of disturbances.
By substituting m=1, n=2, in Equation (4.3), the extended model of the first subsystem
(i=1) is:
𝑥̇ 11 = 𝑥12
(4.4)

𝑥̇ 12 = 𝑥13 + 𝑏1 𝑢1
𝑥̇ 13 = 𝑓1̇
4.2.1 Linear Extended State Observer (LESO) Algorithm

A third order linear extended state observer will be designed for the system (4.4) in
order to estimate the states “𝑥11 , 𝑥12 , 𝑥13 ”. The state 𝑥13 is representing both internal
and external disturbances that acting on reduce the performance of the system. The
dynamic equation of ESO is given as:
𝑧̇11 = 𝑧12 + 𝐿1 (𝑦1 − 𝑧11 )
𝑧̇12 = 𝑧13 + 𝐿2 (𝑦1 − 𝑧11 ) + 𝑏̂1 𝑢1

(4.5)

𝑧̇13 = 𝐿3 (𝑦1 − 𝑧11 )
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Where the states (𝑧11 , 𝑧12 ) are the estimation of the extended system states ( 𝑥11 , 𝑥12 )
and 𝑏̂1 is a constant that is approximated to be 𝑏1 , 𝑧13 is the estimation of overall
disturbance (𝑓1 ), 𝐿1 , 𝐿2 and 𝐿3 are the observer gains, (𝑢1 ) is input control signal to the
first subsystem, 𝑦1 is the output of the first subsystem. With well tuning of the observer
gain, 𝑧11 , 𝑧12 , 𝑧13 will track 𝑦1 , 𝑦̇ 1 , 𝑓1 respectively. From Equation (4.5), it is clear
that the information required to design LESO is the knowledge of the order of the
system and the approximate value of b (𝑏̂1 ).

4.2.2 Controller Design
In this controller, the total control input to the system is as follows:

𝑢1 =

𝑢𝑐1 − 𝑧13
𝑏̂1

(4.6)

By substituting Equation (4.6) into Equation (4.1) then the original plant (4.1)
becomes:

y1̈ = 𝑏1 𝑢1 + 𝑓1 = 𝑏1 (

𝑢𝑐1 − 𝑧13
) + 𝑓1
𝑏̂1

(4.7)

If the LESO is accurately designed, i.e., 𝑧13 ≈ 𝑓1 (the overall internal disturbances
and the overall external disturbances), then the original process is reduced to double
integral system as:
y1̈ ≈ 𝑢𝑐1

(4.8)

The Equation (4.8) shows the major idea of ADRC strategy where the nonlinearity,
the cross-coupling between system variables and parameters uncertainty in the
quadruple-tank process has been considered as generalized disturbance and rejection
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it by the control law in Equation (4.6). Thus, the problems that appear in Equation
(2.24) it has been reduced to the simple issue which can be easily controlled.

4.2.3 Feedback Controller (PD)
In order to design Proportional and derivative (PD) controller, the extended model of
the first subsystem can be rewritten using tracking error as the following:
𝑒1 = −𝑥11 + 𝑥𝑟𝑒𝑓11 = −𝑦1 + 𝑦1𝑟𝑒𝑓
(4.9)

𝑒1̇ = −𝑥21 + 𝑥𝑟𝑒𝑓21 = −𝑦1̇ + 𝑦1𝑟𝑒𝑓
̇
𝑒1̈ = −𝑢𝑐1 + 𝑥̈ 𝑟𝑒𝑓11

Where the elements 𝑥𝑟𝑒𝑓11 and 𝑥𝑟𝑒𝑓21 are the references values of states 𝑥11 and 𝑥21
respectively.
The element 𝑢𝑐1 in Equation (4.9) is the control signal from a linear proportional and
derivative controller (PD), which utilized for the first ADRC control loop to decrease
the tracking error.
𝑢𝑐1 = 𝐾𝑝1 (−𝑦1 + 𝑦1𝑟𝑒𝑓 ) − 𝐾𝑑1 𝑦1̇

(4.10)

Where 𝐾𝑝1 and 𝐾𝑑1 are the parameters of PD controller respectively.
Since 𝑧11 , 𝑧12 the estimation of 𝑦1 ,𝑦1̇ the final control law can be estimated as:

𝑢1 =

𝐾𝑝1 (−𝑧11 + 𝑦1𝑟𝑒𝑓 ) − 𝐾𝑑1 (𝑧12 )
𝑏̂1

(4.11)

It is obviously there are six parameters for each LADRC, 𝐿1 , 𝐿2 , 𝐿3 , 𝑏̂ , 𝐾𝑝 , 𝐾𝑑 . In order
to reduce the number of the tuning parameters and for further ease of tuning, 𝐿1 , 𝐿2 , 𝐿3
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can be made as functions of observer bandwidth (𝜔𝑜 ) and 𝐾𝑝 , 𝐾𝑑 as functions of
controller bandwidth (𝜔𝑐 ) [74].
𝐿1 = 𝜔𝑜 , 𝐿2 = 3𝜔𝑜 2, 𝐿3 = 𝜔𝑜 3 , 𝐾𝑝 = 𝜔𝑐 2 , 𝐾𝑑 = 2 ∗ 𝜔𝑐
The above rules may use as orientation to tune LADRC parameters. In addition the
observer bandwidth is usually chosen 3-5 times of controller bandwidth [76]. As result
the overall tuning parameters become only two (𝑏̂ , 𝜔𝑐 ).
It is worth noting that, the selection of large value of 𝑤𝑜 means greatly increase
accuracy estimation of the observer but in return, it will causes more sensitivity for the
noise which leads to instability of the control system.

On other hand, by following the same former approach, the design of LADRC for the
second subsystem (i.e. i=2) can be done. The result is two separate LADRC
controllers, one for each subsystem as presented on Figure. 4.3.
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Figure 4.3 Block diagram of the decentralized LADRC design for the quadruple
Tanks system
For the simulation purpose, the physical data of quadruple tank system used in this
Chapter it is the same to that obtained from Chapter 2 and the parameters of LADRC
controller are tabulated in Table 4.1.
Table 4.1 LADRC parameters
For First Loop

For Second Loop

The Parameter

Value

The Parameter

Value

𝒌𝒑𝟏

6.25

𝑘𝑝2

6.25

𝑲𝒅𝟏

5

𝐾𝑑2

5

𝝎𝒄𝟏

2.51

𝜔𝑐2

2.51

̂𝟏
𝒃

0.0833

𝑏̂2

0.0718
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4.3 Performance of LADRC Controller for Quadruple-Tank Process
The simulation results of implementation the LADRC controller is discussed and
presented in this section. Matlab®Simulink®ODE45 solver is utilized to illustrate the
performance of the proposed strategy. In order to verify the robustness and efficiency
of the designed controller, the performances of the LADRC are going to compare with
nonlinear feedback linearization combined with proportional controller (NLFL-P) and
the simulation results are validated through the servo and regulatory responses. The
simulation process begins with initial nominal operating point parameters that given
in Table 2.4.

4.3.1 Servo Responses
The servo responses of both controllers LADRC and NLFL-P for minimum phase
mode of the process are obtained in this section under different operating conditions
through increasing and decreasing in the reference (desired level) with several
magnitudes.
Figure 4.4 shows the servo response of the controllers to change in the liquid level in
tank1 by increasing 2.0% from the nominal operating point 12.4%. Due to the
interactive nature appear strongly in the structure of the process, this variation affects
directly on the liquid level in tank2 and results in load disturbance as it is shown in
Figure 4.5.
The servo response of the controllers to change in the liquid level in tank2 by
increasing 2.0% from the nominal operating point 12.7% is shown in Figure 4.6. The
effect of this change at the point of reference on the level of liquid in the tank 1 is
shown in Figure 4.7.
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Figure 4.4 Servo response of the system for 2.0% increase in liquid level in Tank 1
(h1) from a nominal operating point of 12.4%

Figure 4.5 The regulatory response of Tank2 for 2.0% increase in liquid level in
Tank 1 (h1)
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Figure 4.6 Servo response of the system for 2.0% increase in liquid level in Tank 2
(h2) from a nominal operating point of 12.7%

Figure 4.7 The regulatory response of Tank1 for 2.0% increase in liquid level in
Tank 2 (h2)
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Figures 4.8 and 4.9 respectively are shown the servo response of the quadruple-tank
process to change in the liquid level in tank1 by decreasing 2.0% from the nominal
operating point 12.4% and the resulting load disturbance to this variation which
presents in tank2.

Figure 4.8 Servo response of the system for 2.0% decrease in liquid level in Tank 1
(h1) from a nominal operating point of 12.4%

Figure 4.9 The regulatory response of Tank2 for 2.0% decrease in liquid level in
Tank 1 (h1)
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Figure 4.10 Servo response of the system for 2.0% decrease in liquid level in Tank 2
(h2) from a nominal operating point of 12.7%

Figure 4.11 The regulatory response of Tank1 for 2.0% decrease in liquid level in
Tank 2 (h2)
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From the graphs of Figure 4.4 to Figure 4.11, it was clear that the servo response
obtained for the nonlinear feedback linearization combined with the proportional
controller still progressing slightly on the LADRC controller. The LADRC controller
is not completely immune to the interactions caused by the other manipulated variable.
The responses of the nonlinear feedback linearization control have strongly suppressed
the cross-coupling between the tanks in the conditions of changing the set points and
has the high ability for tracking the reference. Moreover, its response time was faster
a little bit from the LADRC controller and the same thing up for settling time.
However, we should not forget that the LADRC controller does not rely on the
mathematical model for system, which means that the results obtained from the
LADRC controller are excellent results because the amount and time taken by the
proposed controller to reach a steady state are very small.
For the compare purpose, Tables 4.2 to 4.5 present the quantitative comparison of
performance indices of linear active disturbance rejection control and nonlinear
feedback linearization control in terms of servo and the corresponding load disturbance
through 2.0% increase as well as 2.0% decrease in the desired level when the system
operated at the nominal operating points 12.4% for Tank 1 and 12.7% for Tank 2
respectively.

78

Table 4.2 Performance indices for set point change in Tank1 from 12.4% nominal
operating point
Controllers

Change in
Set point
Increase by

LADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (tracking)
ISE

IAE

ITAE

1.878

1.638

656

1.878

1.638

656

1

1

400.5

1

1

400.5

Tank 2 (regulatory)
ISE
3.516e
-07
4.121e
-07

IAE

ITAE

0.001

0.4093

0.001

0.443

7.3e-

4.1e-

1.55e

32

17

-14

1.1e-

6.3e-

2.56e-

31

17

14

Table 4.3 Performance indices for set point change in Tank2 from 12.7% nominal
operating point
Controllers

Change in
Set point
Increase by

LADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 2 (tracking)
ISE

IAE

ITAE

1.877

1.638

656

1.877

1.638

656

1

1

044.5

1

1

044.3
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Tank 1 (regulatory)
ISE

IAE

ITAE

0.001

0.522

0.001

0.557

8.9e-

2.7e-

1.1e-

31

16

13

3.4e-

4.9e-

2.0e-

31

17

14

6.201e
-07
7.121e
-07

Table 4.4 Performance indices for set point change in Tank1 from 12.4% nominal
operating point
Controllers

Change in Set
point
Increase by

LADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (tracking)
ST

OV (%)

(s)

Tank 2 (regulatory)
ST
(s)

OV (%)

402.3

0.0819

402.02

0.0102

402.3

19.78

402.14

0.0094

401.9

0

0

0

401.9

19.23

0

0

Table 4.5 Performance indices for set point change in Tank2 from 12.7% nominal
operating point
Controllers

Change in Set
point
Increase by

LADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 2 (tracking)
ST

OV (%)

(s)

Tank 1 (regulatory)
ST
(s)

OV (%)

402.3

0.081

402.02

0.0183

402.3

19.2321

402.12

0.0186

401.9

0

0

0

401.9

18.6916

0

0
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The results in the Tables showed that there is no big difference for values ISE, IAE,
and ITAE and there was also convergent performance in terms like overshooting and
settling time between the nonlinear feedback linearization combined with the
proportional (NLFL-P) controller and linear active disturbance rejection control
(LADRC). In the sense that the changes which may occur on some of the system
variables in specific period do not make large steady-state errors or losing the stability
of the process or stay away from the control objective for both strategies. There is no
change in ISE, IAE, and ITAE for both increases and decreases in set point presented
in tables 4.2 and 4.3 for LADRC method.
In order to increase the degree of challenge, we will change the nominal operating
point of the system through an increase of 10% while retaining the tuning of the
controller gains at previous the nominal operating points. Figure 4.12 shows the servo
response of the controllers to change in the liquid level in tank1 by increasing 5.0%
from the nominal operating point 22.4%. Due to the interactive nature appear strongly
in the structure of the process, this variation affects directly on the liquid level in tank2
and results in load disturbance as it is shown in Figure 4.13.
In the same vein, the servo response of the quadruple-tank process to change in the
liquid level in tank2 by increasing 5.0% from the nominal operating point 22.7%
without retuning the controller gains is shown in Figure 4.14. The effect of this change
at the point of reference on the level of liquid in the tank 1 is shown in Figure 4.15.
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Figure 4.12 Servo response of the system for 5.0% increase in liquid level in Tank 1
(h1) from a nominal operating point of 22.4%

Figure 4.13 The regulatory response of Tank2 for 5.0% increase in liquid level in
Tank 1 (h1)
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Figure 4.14 Servo response of the system for 5.0% increase in liquid level in Tank 2
(h2) from a nominal operating point of 22.7%

Figure 4.15 The regulatory response of Tank1 for 5.0% increase in liquid level in
Tank 2 (h2)
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Now we will test the servo response of the quadruple-tank process when exposed to
change in the liquid level in tank1 by decreasing 5.0% from the nominal operating
point 22.4% and the resulting load disturbance to this variation which presents in tank2
are shown in figures 4.16 and 4.17 respectively.
The servo response of the controllers when the quadruple-tank process exposed to
change in the liquid level in tank2 by decreasing 5.0% from the nominal operating
point 22.7% and the resulting load disturbance to this variation which presents in tank1
are also shown in Figures 4.18 and 4.19 respectively.

Figure 4.16 Servo response of the system for 5.0% decrease in liquid level in Tank 1
(h1) from a nominal operating point of 22.4%
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Figure 4.17 The regulatory response of Tank2 for 5.0% decrease in liquid level in
Tank 1 (h1)

Figure 4.18 Servo response of the system for 5.0% decrease in liquid level in Tank 2
(h2) from a nominal operating point of 22.7%
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Figure 4.19 The regulatory response of Tank1 for 5.0% decrease in liquid level in
Tank 2 (h2)
The obtained simulation results show good performances of the proposed controller in
response to trajectory tracking (capability of maintaining the desired liquid level in the
quadruple tanks.) as well as disturbance rejection property which has been defined as
interaction between process variables. As we mentioned before, the complete
dependence of the NLFL-P controller on the mathematical model gives it preference
and gives it progressing slightly on the LADRC controller. The LADRC controller is
not completely immune to the interactions caused by the other manipulated variable.
The responses of the nonlinear feedback linearization combined with P controller have
strongly suppressed the cross-coupling between the tanks in the conditions of changing
the set points and has the high ability for tracking the reference. Moreover, its response
time was faster a little bit from the LADRC controller and the same thing up for settling
time. However, the linear active disturbance rejection control response time to reject
the disturbance was remarkable.
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Tables 4.6 to 4.9 present the quantitative comparison of performance indices of
nonlinear feedback linearization control and conventional PI controller in terms of
servo and the corresponding load disturbance through 5.0% increase as well as 5.0%
decrease in set point when the system operated at the nominal operating point 22.4%
for Tank 1 and 22.7% for Tank 2 respectively.
Table 4.6 Performance indices for set point change in Tank1 from 22.4% nominal
operating point
Tank 1 (tracking)
Tank 2 (regulatory)
Change in
Controllers
Set point
ISE
IAE
ITAE
ISE
IAE
ITAE
Increase by
LADRC

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

11.73

4.093

1640

11.73

4.093

1640

6.25

2.5

1001

6.25

2.5

1001

1.225e
-06
1.535e
-06

0.0018 0.7602
0.0021 0.8451

0

0

0

1.055

1.611

6.58

e-31

e-17

e-15

Table 4.7 Performance indices for set point change in Tank2 from 22.7% nominal
operating point
Tank 2 (tracking)
Tank 1 (regulatory)
Change in
Controllers
Set point
ISE
IAE
ITAE
ISE
IAE
ITAE
Increase by
LADRC

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

11.15

0.4.5

1404

11.73

4.093

1640

6.25

2.5

1001

6.25

2.5

1001

87

1.512e

0.0025

1.012

0.0027

1.093

0

0

0

4.37

4.297

1.619

e-31

e-18

e-15

-06
2.809e
-06

Table 4.8 Performance indices for set point change in Tank1 from 22.4% nominal
operating point
Controllers

Change in
Set point
Increase by

LADRC

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

Tank 1 (tracking)
ST

OV (%)

(s)

Tank 2 (regulatory)
ST
(s)

OV (%)

402.3049

0.1082

402.4045

0.0099

402.3049

29.5806

402.5120

0.0100

401.9560

0

0

0

401.9560

28.7356

0

0

Table 4.9 Performance indices for set point change in Tank2 from 22.7% nominal
operating point
Controllers

Change in
Set point
Increase by

LADRC

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

Tank 2 (tracking)
ST

OV (%)

(s)

Tank 1 (regulatory)
ST
(s)

OV (%)

402.3049

0.1082

402.3388

0.0187

402.3049

29.0927

402.3966

0.0205

401.9560

0

0

0

401.9560

28.2486

0

0
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Tables above showed that the LADRC controller has a good response in the presence
the changes in set points which occurred on some of the system variables. It also
showed great control by do not make large steady-state errors or loss of stability of the
process and preservation of the system variables at desired values. In Tables 4.8 and
4.9 the proposed controller gives minimum values ISE, IAE, and ITAE and provided
high performance nearest to that provided by the nonlinear feedback linearization
combined with the proportional (P) controller in terms of overshooting and settling
time. There is no change in ISE, IAE, and ITAE for both increases and decreases in
set point presented in Tables 4.6 and 4.7 for both of NLFL-P and LADRC controllers.

4.3.2 Regulatory Responses
The load disturbances may present in the QTP in case of some state variables of the
system exposed to changes suddenly. It is worth mentioning that the process variables
through which the load change occurs may not be measurable.
This section presents the regulatory responses of the quadruple-tank process when the
output load disturbance inserted into the system. Any fault in the level sensors may
practically create an output load change. In order to represent the output disturbances,
a step increase and a step decrease for the liquid level in the process are utilized in the
Simulation.
The regulatory responses for the quadruple-tank process with the LADRC controller
and NLFL-P controller when the system exposed to a 2% increase and a 2% decrease
of the liquid level within lower tanks at the nominal operating point of 12.4% for
Tank1 and 12.7% for Tank2 are shown in the Figures from 4.20 to 4.23 which have
been obtained through simulation. The corresponding performance indices are
presented in tables 4.10 and 4.11.
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Figure 4.20 Regulating performance of LADRC and NLFL-P controllers for 2%
increase in the liquid level in tank 1 (h1) at t=400 at 12.4% nominal operating point

Figure 4.21 Regulating performance of QTP for 2% increase in the liquid level in
tank 2 (h2) at t=400 at 12.7% nominal operating point
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Figure 4.22 Regulating performance of QTP for 2% decrease in the liquid level in
tank 2 (h2) at t=400 at 12.7% nominal operating point

Figure 4.23 Regulating performance of LADRC and NLFL-P controllers for 2%
decrease in the liquid level in tank 1 (h1) at t=400 at 12.4% nominal operating point
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It can be observed from the Figures 4.20 to 4.23, that LADRC controller showed better
regulatory responses than the NLFL-P controller. The proposed controller provides
high performance and capability to handle the sudden increase and decrease in the
liquid level in both tanks (output load disturbance) that inserted at t=400 sec through
bringing back the process variables to its original set point quickly with minimum
overshoot while the NLFL-P controller rejects this output load disturbance at a slower
pace. This shows that the linear extended state observer (LESO) is effectively estimate
and reject the external disturbance (output load disturbance). Moreover, the speed of
NLFL-P controller to overcome the external disturbance is not as fast as the ADRC
control signals. As a result, the proposed decentralized LADRC scheme is more
successful in terms of output load disturbance rejection compared to the NLFL-P
control scheme. After a 2.0% increase as well as a 2.0% decrease in the liquid levels
that occurred suddenly in lower tanks when the system operated at the nominal
operating point 12.4% for Tank 1 and 12.7% for Tank 2 respectively. Tables 4.10 and
4.11 gives comparison of the ISE, IAE and ITAE values of the nonlinear feedback
linearization

combined with P controller and decentralized linear active disturbance

rejection control schemes under trajectory tracking and rejection the output load
disturbance.
Table 4.10 Performance indices for level change in Tank1 and Tank2
Controllers

Change in
level
Increase by

LADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (regulatory)

Tank 2 (regulatory)

ISE

IAE

ITAE

ISE

IAE

ITAE

0.003

0.005

1231

0.003

0.005

2108

0.003

0.005

2059

0.003

0.005

2084

1

1

400.5

1

1

400.5

1

1

400.5

1

1

400.5
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Table 4.11 Performance indices for level change in Tank1 and Tank2
Controllers

Change in
level
Increase by

LADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (regulatory)
ST

OV (%)

(s)

Tank 2 (regulatory)
ST
(s)

OV (%)

400.0093

16.1290

400.0093

15.7480

400.0094

3.4674

400.0094

3.3736

401.9560

16.1290

401.9560

15.7480

401.9560

7.8604
e-12

401.9560

7.6827
e-12

The performance indices in tables 4.10 and 4.11 for a 2% increase and a 2% decrease
of level change in Tank1 and Tank2 showed that the performance of the decentralized
linear active disturbance rejection controller to deal with tracking the liquid level in
lower tanks the desired level and the output load disturbances rejecting issues faster
than the nonlinear feedback linearization combined with proportional (P) controller.
There is no big change in ISE, IAE and ITAE for both increases and decreases in level
liquid presented in table 4.10 for LADRC as well as NLFL-P controllers. Moreover,
LADRC settles quickly and its response time was faster than NLFL-P controller as
shown in table 4.11.

4.4 Chapter Summary
In this chapter, the decentralized linear active disturbance rejection controller was
designed and implemented on the nonlinear model of the quadruple-tank process. The
servo and regulatory responses for the QTP with different values of reference changes
and output load changes (external disturbance) at various nominal operating points
have been obtained through simulation using MATLAB. In order to verify the
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efficiency of the proposed controller, the responses of LADRC have been compared
with nonlinear feedback linearization combined with proportional (P) controller tuned
around specific a normal operating points.
Simulation results obtained in this chapter clearly show that the servo performance of
NLFL-P controller outperformed somewhat on the performance of the decentralized
linear active disturbance rejection controller in terms of trajectory tracking. The
decentralized linear active disturbance rejection controller is capable of rejecting the
interaction between the process variables completely but at the same time, it does not
produce slightly steady-state errors when small changes in the desired level liquid
value occurred and do not continue for a long period. The NLFL-P controller provided
slightly more effective and accurate reference tracking response than the decentralized
linear active disturbance rejection controller in since the process output response
tightly tracks the variation the set point.
For the regulatory performance, the simulation results indicated that the ability of the
LADRC scheme to reject the external disturbance rejection performance was better
than NLFL-P controller when the output load disturbance was inserted to tank1 and to
tank2 which suggested that, the linear extended state observer (LESO) worked
effectively estimates the system variables and rejected the output load disturbance.
When the system exposed to the external disturbance the nonlinear feedback
linearization combined with conventional P controller gives higher values ISE and IAE
compared to LADRC controller and provided less performance in terms of
overshooting and settling time.
In order to improve the performance of active disturbance rejection control strategy
against the variation in the process parameters (the servo performance), the interaction
between the process variables and output load disturbance (the regulatory
performance) the nonlinear active disturbance rejection control technique will be
designed for the quadruple-tank process in the next chapter.
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CHAPTER 5

DESIGN OF NON-LINEAR ACTIVE DISTURBANCE REJECTION
CONTROL

5.1 Introduction
In this Chapter, the decentralized Non-linear Active Disturbance Rejection Control
technique is designed and implemented on Quadruple Tanks system. The
mathematical model of a quadruple tank process that obtained in chapter 2 has been
used to illustrate the performance of NLADRC.
The Non-linear Active Disturbance Rejection Control method consists of three parts
namely tracking differentiator (TD), nonlinear extended state observer (NLESO) and
nonlinear states error feed-back (NLSEF). The observer plays a vital role in this
technique due to its ability to estimate the aggregate disturbance online and which
incorporate interactions, external disturbance and nonlinear indeterminate parameters
in order to dispose of it by the controller. In this thesis, the design of Tracking
Differentiator (TD) has been neglected. The control law of NLADRC is formulated
through a combination of sliding mode controller (SM-NLSEF) with nonlinear
extended state observer (NLESO).
This control strategy is used here to increase the robustness of the sliding mode
controllers against the chattering phenomenon beside to the uncertainty in the process
parameters. The fundamental idea for the sliding mode variable structure control is
managing the state trajectory to arrive the sliding surface from any point of the system
in finite time with the presence of bounded plant uncertainties and disturbances [53]
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then forcing it to stay on a predefined surface through utilizes control signal. In this
thesis linear sliding surface is used for design of SMC.
Figure 5.1 shows the control structure of sliding mode non-linear Active Disturbance
Rejection Control for a quadruple tank process as:

Figure 5.1 Sliding mode non-linear active disturbance rejection controller for QTP

5.2 Design of an NLADRC Controller
For designing proposed controller, the quadruple-tank system will be considered as
two single-input single-output systems as mentioned in the previous chapter. We will
follow the same approach that was used in the previous chapter when designing
LADRC controller.
As in Equation (4.1), the total disturbance of high order coupled systems can be
estimated by the following expression [74].
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𝑦𝑖𝑛 = 𝑏𝑖 𝑢𝑖 + [𝑑𝑖𝑛𝑡 (𝑡, 𝑢𝑖 , 𝑦̇ 𝑖 , 𝑦̈ 𝑖 , … . , 𝑦𝑖𝑛+1 ) + 𝑑𝑒𝑥𝑡 ] = 𝑏𝑖 𝑢𝑖 + 𝑓𝑖

, 𝑖 = 1,2

)5.1)

Let
𝑧𝑖1 = 𝑦𝑖 , 𝑧𝑖2 = 𝑦̇ 𝑖 , 𝑧𝑖𝑛 = 𝑦𝑖𝑛−1

𝑖 = 1,2

(5.2)

Where (n) is the relative degree of i-th subsystem. Assuming that 𝑓𝑖 is m-times
differentiable, then the Equation (5.1) can augmented as:
𝑧̇𝑖1 =
𝑧̇𝑖2 =
:
𝑧̇𝑖𝑛 =
:
𝑧̇𝑖(𝑛+1)

𝑧𝑖2
𝑧𝑖3
:
𝑧𝑖(𝑛+1) + 𝑏𝑖 𝑢𝑖
:
𝑓𝑖𝑚
}

(5.3)

Because the high capability of Active Disturbance Rejection Control strategy to
estimate several forms of disturbances that was shown in [75]. The total disturbance f
is assumed to be a constant uncertain disturbance (i.e. 𝑓̇ = 0 and m = 1).
The relative degree of the process in Equation (2.23) can be determined through
employing Lie Derivative method such as:

ℎ̇1 = 𝐿𝑓 ℎ1 + 𝐿𝑔1 ℎ1 𝑢1 + 𝐿𝑔2 ℎ1 𝑢2
}
ℎ̇2 = 𝐿𝑓 ℎ2 + 𝐿𝑔1 ℎ2 𝑢1 + 𝐿𝑔2 ℎ2 𝑢2

(5.4)

One can see that, from Equation (5.4) that the system has relative degree equal to one
then, by substitute m=1, n=1, in Equation (5.3), the extended model of the first
subsystem (i=1) is:
𝑧̇11 =
𝑧̇12 =

𝑧12 + 𝑏1 𝑢1
}
𝑓1̇
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(5.5)

5.2.1 Nonlinear Extended State Observer (NLESO) Algorithm
The nonlinear extended state observer will designed in order to estimate the general
disturbance 𝑧12 that represents the combined effects of the internal and external
disturbances. The dynamic equation of a nonlinear ESO is given in [77, 78] as:
̇ = 𝑧̂12 − 𝐿1 𝑓𝑎𝑙(𝑒1 , 𝛼1 , 𝛿) + 𝑏̂1 𝑢1
𝑧̂11
𝑧̂̇12 = −𝐿2 𝑓𝑎𝑙(𝑒1 , 𝛼2 , 𝛿)

, 𝑓𝑎𝑙(𝑒1 , 1.0, 𝛿)
}
, 𝑓𝑎𝑙(𝑒1 , 0.5, 𝛿)

(5.6)

Where 𝑒1 = (𝑧11 − 𝑦1 ), and 𝑏̂1 is a constant that is approximated to be 𝑏1 , 𝑧12 is the
estimation of overall disturbance (𝑓1 ), 𝐿1 and 𝐿2 are the observer gains, 𝛿 represents
the filter factor of NLESO, (𝑢1 ) is input control signal to the first subsystem,
𝛼1 𝑎𝑛𝑑 𝛼2 represent nonlinear factors. In particular, fal is a nonlinear integrated
optimal control function proposed by Han [1] and expressed as:

𝑓𝑎𝑙 (𝑒𝑖 , 𝛼𝑖 , 𝛿) =

𝑒𝑖
1−𝛼
{ 𝛿 𝑖
|𝑒|𝛼𝑖

|𝑒𝑖 | ≤ 𝛿

(5.7)

𝑠𝑔𝑛(𝑒𝑖 ) |𝑒𝑖 | > 𝛿

With well adjusting to the observer gains, the estimation of the extended system states
will track the plant output and the overall external disturbances respectively. For that
reason, the parameters of second-order observer, 𝐿1 and 𝐿2 have been suggested as
in [7] and chosen as:
𝑤𝑜 2
𝐿1 = 3 𝑤𝑜 , 𝐿2 = 3
5

(5.8)

Where 𝑤𝑜 is indicated as observer bandwidth and its magnitude will be determined by
using trial and error approach. It is worth noting that, the selection of large value of
𝑤𝑜 means greatly increase accuracy estimation of the observer but in return, it will
causes more sensitivity for the noise which leads to instability of the control system.
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In order to reduce the observer’ parameters, the authors in [39], have mentioned that
the filter factor (  ) is not strictly limited and consider its value be roughly equal to a
half of the maximum input error.

5.2.2 Sliding Mode Controller Design based on NLESO Algorithm
In this section, the objective is designing sliding mode-nonlinear state feedback (SMNLSEF) controller based on the nonlinear extended state observer (NLESO). The
control signal of the system is generated from sliding mode-nonlinear state feedback
controller by using error combination between the input signal (set point) and the
output of NLESO observer. The tracking error represented as:
𝑒1 = 𝑧11𝑑 − 𝑧̂11
}
𝑒2 = 𝑧12𝑑 − 𝑧̂12

(5.9)

In Equation (5.9), 𝑧11𝑑 is the desired input signal of the process, 𝑧12𝑑 is the first order
differential signal of the reference signal. Then, the nonlinear state error feedback
control law of the first subsystem can be constructed as follows:
𝑒̇1 =
𝑒2 =

𝑒2
}
𝑢0

(5.10)

The control signal 𝑢0 is positive because the error defined as a difference between
input and output signal.
By selecting the sliding mode switching surface as:

𝑠𝑖 = (

𝑑
+ 𝜆𝑖 )𝑛−1 𝑒𝑖
𝑑𝑡

The sliding surfaces for the system can written based on Equation (5.10), as:
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(5.11)

𝑠1 = 𝑒1
𝑠2 = 𝑒2 }

(5.12)

Then, by taking first order derivative of 𝑆1:
(5.13)

𝑠̇1 = 𝑒̇1
And substituting Equation (5.10) in Equation (5.13), we have

(5.14)

𝑠̇1 = 𝑢0

For stabilization, a control law must be designed so that the error trajectories reach and
remain on the sliding surfaces 𝑠𝑖 𝑠̇𝑖 < 0 , and it can be accomplished by designing the
manipulated variables such that
1𝑑 2
(𝑠1 + 𝑠22 ) ≤ −𝜂1 |𝑠1 | − 𝜂2 |𝑠2 |
2 𝑑𝑡

(5.15)

Where 1 and 2 are small positive constants.
𝑠1 𝑠̇1 = 𝑠1 (𝑢0 ) < 0

(5.16)

𝑢0 = 𝜆1 𝑒1 + 𝐾𝑠𝑎𝑡(𝑠1 )

(5.17)

Where 𝐾, 𝜆1 are adjustable parameters
By choosing 𝐾(𝑥, 𝑡) large enough, the satisfaction of condition (5.15) will achieved.
The sat function will be defined as:
𝑠𝑖
𝑠𝑎𝑡 (𝑠𝑖 ) = { 𝛿
𝑠𝑔𝑛(𝑠𝑖 )
And the sign function defined as:
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|𝑠𝑖 | ≤ 𝛿
|𝑠𝑖 | > 𝛿

(5.18)

1
𝑠𝑔𝑛 (𝑠𝑖 ) = { 0
−1

𝑖𝑓 𝑠𝑖 > 0
𝑖𝑓 𝑠𝑖 = 0
𝑖𝑓 𝑠𝑖 < 0

(5.19)

In the end, the SMC-NLSEF law based on NLESO observer is:

𝑢1 = (

𝑢0 − 𝑧̂12
)
𝑏̂1

(5.20)

The system trajectories will guaranteed in finite time to arrive the surface 𝑠𝑖 (𝑡), and
the errors will exponentially go to zero by utilizing (5.20).
On other hand, by following the same former approach, the design of proposed
controller for the second subsystem (i.e. i=2) can be done. The result is two separate
NLADRC controllers as illustrated on Figure. 5.2, one for each subsystem.

Figure 5.2 Block diagram of the decentralized NLADRC designed for the quadruple
tanks system
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For the simulation purpose, the physical data of quadruple tank system used in this
Chapter it is the same to that obtained from Chapter 2 and the parameters of NLADRC
controller that utilized in the simulation are tabulated in Table 5.1.
Table 5.1 NLADRC parameters
For First Loop

For Second Loop

The Parameter

Value

The Parameter

Value

𝝀𝟏

0.001

𝜆2

0.001

𝑲𝟏

100

𝐾2

100

𝑳𝑶𝟏

12.51

𝐿𝑂2

12.51

5.3 Performance of NLADRC Controller for Quadruple-Tank Process
In this section, we will present the responses of the Quadruple Tank system that
discussed in Section 2 for NLADRC strategy. The results will be compared with the
nonlinear feedback linearization combined with the proportional controller (NLFL-P)
and the simulation results are validated through the servo and regulatory responses.
The simulation process begins with initial nominal operating point parameters that
given in Table 2.4. For evaluating the effectiveness of the proposed NLADRC
algorithm. The results are implemented by using MATLAB/SIMULINK toolbox as
shown in Figure 5.3.
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Figure 5.3 Simulink block for NLADRC control

5.3.1 Servo Responses
The simulation results in figure 5.4 depict the tracking performance of the quadrupletank system for 2% increase in the liquid level in tank1 from the desired level at the
nominal operating point 12.4% as the Figure 5.6 shown the corresponding load change
on the liquid level in tank2.
Figure 5.7 shows the servo response of the process the liquid level in tank2 increased
by 2.0% from the nominal operating point 12.7%. The effect of this change it results
in a change on the level of liquid in the tank 1 due to the interactive nature in the
structure of the process is shown in Figure 5.8.
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Figure 5.4 Servo response of the system for 2.0% increase in liquid level in Tank 1
(h1) from a nominal operating point of 12.4%

Figure 5.5 The regulatory response of Tank2 for 2.0% increase in liquid level in
Tank 1 (h1)
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Figure 5.6 Servo response of the system for 2.0% increase in liquid level in Tank 2
(h2) from a nominal operating point of 12.7%

Figure 5.7 The regulatory response of Tank1 for 2.0% increase in liquid level in
Tank 2 (h2)
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The servo response of the quadruple-tank process during the decrease in the level of
liquid in tank1 and tank2 respectively by 2.0% from their nominal operating points
beside to the resulting load disturbance to this variation is shown in figures 5.8 to 5.11.

Figure 5.8 Servo response of the system for 2.0% decrease in liquid level in Tank 1
(h1) from a nominal operating point of 12.4%
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Figure 5.9 The regulatory response of Tank2 for 2.0% decrease in liquid level in
Tank 1 (h1)

Figure 5.10 Servo response of the system for 2.0% decrease in liquid level in Tank 2
(h2) from a nominal operating point of 12.7%
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Figure 5.11 The regulatory response of Tank1 for 2.0% decrease in liquid level in
Tank 2 (h2)
According to Figures. 5.4 to 5.11, it was obvious excelling of the nonlinear active
disturbance rejection control algorithm in terms of rising time and settling time on
nonlinear feedback linearization combined with proportional (P) controller. On the
other hand, the NLADRC controller could not completely overcome the interactions.
While the responses of the nonlinear feedback linearization control have strongly
suppressed the cross-coupling between the tanks in the conditions of changing the set
points. However, the nonlinear active disturbance rejection control controller as the
LADRC controller does not depend on the accurate model of the system, therefore the
results obtained from the NLADRC controller are excellent results because the steadystate error is very small.
Tables 5.2 to 5.5 present the quantitative comparison of performance indices of
nonlinear active disturbance rejection control (NLADRC) and nonlinear feedback
linearization combined with proportional controller (NLFL-P) in terms of servo and
108

the corresponding load disturbance by 2.0% increase as well as 2.0% decrease in the
liquid level when the process operated at the nominal operating points 12.4% for Tank
1 and 12.7% for Tank 2 respectively.
Table 5.2 Performance indices for set point change in Tank1 from 12.4% nominal
operating point
Controllers

Change in
Set point
Increase by

NLADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (tracking)
ISE

IAE

ITAE

0.002

0.011

4.635

0.002

0.011

4.706

1

1

400.5

1

1

400.5

Tank 2 (regulatory)
ISE
1.75e07
3.59e07

IAE

ITAE

0.002

0.113

0.002

0.142

7.3e-

4.1e-

1.55e

32

17

-14

1.1e-

6.3e-

2.56e-

31

17

14

Table 5.3 Performance indices for set point change in Tank2 from 12.7% nominal
operating point
Controllers

Change in
Set point
Increase by

NLADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 2 (tracking)
ISE

IAE

ITAE

0.002

0.011

4.484

0.002

0.011

4.54

1

1

400.5

1

1

400.5
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Tank 1 (regulatory)
ISE

IAE

ITAE

0.002

0.228

0.002

0.300

1.1e-

2.7e-

1.1e-

31

16

13

3.4e-

3.4e-

2.0e-

31

17

14

9.45e07
2.18e06

Table 5.4 Performance indices for set point change in Tank1 from 12.4% nominal
operating point
Controllers

Change in Set
point
Increase by

NLADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (tracking)
ST

OV (%)

(s)
400.0041

3.3615e08

Tank 2 (regulatory)
ST
(s)

OV (%)

400.2333

0.0123

400.0041

19.23

400.25

3.5664e-06

401.9

0

0

0

401.9

19.23

0

0

Table 5.5 Performance indices for set point change in Tank2 from 12.7% nominal
operating point
Controllers

Change in Set
point
Increase by

NLADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 2 (tracking)
ST

OV (%)

(s)
400.0041

2.2744e07

Tank 1 (regulatory)
ST
(s)

OV (%)

400.3026

0.0288

400.0041

18.6916

400.3034

5.3923e-05

401.9

0

0

0

401.9

18.6916

0

0
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The results in the tables showed that there is no big difference for values ISE, IAE,
and ITAE beside to overshooting and settling time between both controllers with a
preference for nonlinear active disturbance rejection control (NLADRC). This refers
to that the changes which may arise as a result of changing the system variables in
specific period do not occur large steady-state errors or losing the stability of the
process for both strategies.
In order to study the competence of the proposed controller under different conditions,
we will change the nominal operating points of the system through an increase of 10
% while retaining the tuning of the controller gains at previous the nominal operating
points. Figure 5.12 shows the servo response of the controllers to change in the liquid
level in tank1 by increasing 5.0% from the nominal operating point 22.4%. Due to the
interactive phenomena in the structure of the process which affects directly on the
liquid level in tank2, the result of the load disturbance is presented in Figure 5.13.
In Figure 5.14, the servo response of the QTP when a change in the liquid level in
tank2 by increasing 5.0% from the nominal operating point 22.7% occurs is shown.
While the effect of this change at the point of reference on the level of liquid in the
tank 1 is shown in Figure 5.15.

111

Figure 5.12 Servo response of the system for 5.0% increase in liquid level in Tank 1
(h1) from a nominal operating point of 22.4%

Figure 5.13 The regulatory response of Tank2 for 5.0% increase in liquid level in
Tank 1 (h1)
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Figure 5.14 Servo response of the system for 5.0% increase in liquid level in Tank 2
(h2) from a nominal operating point of 22.7%

Figure 5.15 The regulatory response of Tank1 for 5.0% increase in liquid level in
Tank 2 (h2)
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Figure 5.16 Servo response of the system for 5.0% decrease in liquid level in Tank 1
(h1) from a nominal operating point of 22.4%

Figure 5.17 The regulatory response of Tank2 for 5.0% decrease in liquid level in
Tank 1 (h1)
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Figure 5.18 Servo response of the system for 5.0% decrease in liquid level in Tank 2
(h2) from a nominal operating point of 22.7%

Figure 5.19 The regulatory response of Tank1 for 5.0% decrease in liquid level in
Tank 2 (h2)
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Despite the change in the nominal operating points of the process through an increase
of 10 %, the results in above figures show the high capability of the proposed controller
to trajectory tracking where its response time and settling time was better than the
NLFL-P controller. The dependence of the NLFL-P controller structure on the
mathematical model gives it a preference for rejection of the cross-coupling between
process variables than the NLADRC controller. The quantitative comparison indices
of the proposed controller and nonlinear feedback linearization control combined with
conventional P controller in terms of servo and the corresponding load disturbance
when the system operated at the nominal operating points 22.4% for Tank 1 and 22.7%
for Tank 2 respectively are shown in tables 5.6 to 5.9.
Table 5.6 Performance indices for set point change in Tank1 from 22.4% nominal
operating point
Controllers

Change in
Set point
Increase by

NLADRC

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

Tank 1 (tracking)
ISE

IAE

ITAE

0.014

0.021

8.586

0.014

0.021

8.575

6.25

2.5

1001

6.25

2.5

1001
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Tank 2 (regulatory)
ISE

IAE

ITAE

0.001

0.5641

0.001

0.4972

0

0

0

1.055

1.611

6.58

e-31

e-17

e-15

9.267e
-06
5.202e
-06

Table 5.7 Performance indices for set point change in Tank2 from 22.7% nominal
operating point
Controllers

Change in
Set point
Increase by

NLADRC

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

Tank 2 (tracking)
ISE

IAE

ITAE

0.014

0.022

..51.

4.410

4.411

..51.

6.25

2.5

1001

6.25

2.5

1001

Tank 1 (regulatory)
ISE

IAE

ITAE

0.0003

0.145

4.4445

4.0.0

0

0

0

4.37

4.297

1.619

e-31

e-18

e-15

5.369e
-07
0..53e
06

Table 5.8 Performance indices for set point change in Tank1 from 22.4% nominal
operating point
Controllers

Change in
Set point
Increase by

NLADRC

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

Tank 1 (tracking)
ST

OV (%)

(s)
400.0046

1.1637e07

Tank 2 (regulatory)
ST
(s)

OV (%)

400.3077

0.0483

400.0046

28.7359

400.4682

5.9181e-05

401.9560

0

0

0

401.9560

28.7356

0

0
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Table 5.9 Performance indices for set point change in Tank2 from 22.7% nominal
operating point
Change in

Controllers

Set point
Increase by

NLADRC

5.0 %
Decrease by
5.0 %
Increase by

NLFL-P

5.0 %
Decrease by
5.0 %

Tank 2 (tracking)
ST

OV (%)

(s)
400.0046

7.5985e09

Tank 1 (regulatory)
ST
(s)

OV (%)

400.2861

0.0117

400.0046

28.2712

400.3690

1.4155e-04

401.9560

0

0

0

401.9560

28.2486

0

0

Tables 5.6 to 5.9 showed great control for the proposed controller through do not allow
to occur large steady-state errors and preservation of the system variables at desired
values. The NLADRC controller gives minimum values ISE, IAE, and ITAE and it
provided little better performance to that provided by the nonlinear feedback
linearization combined with the proportional (P) controller in terms of overshooting
and settling time.

5.3.2 Regulatory Responses
This section describes the regulatory responses of the NLADRC controller and NLFLP controller when the quadruple-tank process exposed to increase and decrease in the
liquid level within lower tanks by a 2% at the nominal operating point of 12.4% for
Tank1 and 12.7% for Tank2. The output load disturbance which has been obtained
through simulation is shown in the Figures 5.20 to 5.23. The corresponding
performance indices of the controllers are presented in tables 5.10 and 5.11.
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Figure 5.20 Regulating performance of NLADRC and NLFL-P controllers for 2%
increase in the liquid level in tank 1 (h1) at t=400 at 12.4% nominal operating point

Figure 5.21 Regulating performance of NLADRC and NLFL-P controllers for 2%
decrease in the liquid level in tank 1 (h1) at t=400 at 12.4% nominal operating point
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Figure 5.22 Regulating performance of QTP for 2% increase in the liquid level in
tank 2 (h2) at t=400 at 12.7% nominal operating point

Figure 5.23 Regulating performance of QTP for 2% decrease in the liquid level in
tank 2 (h2) at t=400 at 12.7% nominal operating point
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The Figures 4.20 to 4.23 showed that NLADRC controller provide better regulatory
responses than the NLFL-P controller. The proposed controller handles the sudden
change in the liquid level in both tanks (output load disturbance) that inserted at t=400
sec through bringing back the process variables to its original set point quickly with
minimum overshoot while the NLFL-P controller rejects this output load disturbance
at a slower pace. This shows that the nonlinear extended state observer (NLESO) is
effectively estimate and reject the external disturbance. Further, the speed of NLFLP controller to overcome the external disturbance is not as fast as the NLADRC control
signals.
Tables 5.10 and 5.11 gives comparison of the ISE, IAE and ITAE values of the
nonlinear feedback linearization combined with proportional (P) controller and
decentralized nonlinear active disturbance rejection control schemes under trajectory
tracking and rejection the output load disturbance.
Table 5.10 Performance indices for level change in Tank1 and Tank2
Controllers

Change in
level
Increase by

NLADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (regulatory)

Tank 2 (regulatory)

ISE

IAE

ITAE

ISE

IAE

ITAE

0.002

0.003

1.2

0.002

0.003

1.085

0.002

0.003

1.186

0.002

0.003

1.081

1

1

400.5

1

1

400.5

1

1

400.5

1

1

400.5
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Table 5.11 Performance indices for level change in Tank1 and Tank2
Controllers

Change in
level
Increase by

NLADRC

2.0 %
Decrease by
2.0 %
Increase by

NLFL-P

2.0 %
Decrease by
2.0 %

Tank 1 (regulatory)
ST

OV (%)

(s)
400.0044
400.0044
401.9560
401.9560

16.1290
4.4705e06
16.1290
7.8604
e-12

Tank 2 (regulatory)
ST
(s)

OV (%)

400.0043

15.7480

400.0044

0.0077

401.9560

15.7480

401.9560

7.6827
e-12

The performance indices in tables 5.10 and 5.11 showed that the performer of the
decentralized nonlinear active disturbance rejection controller to overcome the sudden
changing of the liquid level in lower tanks issues better than the nonlinear feedback
linearization combined with proportional (P) controller. There is no big change in ISE,
IAE and ITAE for each of increases and decreases in level liquid presented in table
5.10 for NLADRC as well as NLFL-P controllers. Moreover, NLADRC settles quickly
and its response time was faster than NLFL-P controller as shown in table 5.11.

5.4 Chapter summary
In this chapter, the decentralized nonlinear active disturbance rejection controller was
designed and implemented on the nonlinear model of the quadruple-tank process. The
servo and regulatory responses for the QTP with alteration each of operation points
and output load at various nominal operating points have been obtained through
simulation using MATLAB Simulink. In order to verify the efficiency of the proposed
controller, the performer of NLADRC has been compared with nonlinear feedback
linearization combined with proportional (P) controller.
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It is found from the simulation results that the servo performance of decentralized
nonlinear active disturbance rejection controller outperformed somewhat on the
performer of the NLFL-P controller in terms of trajectory tracking where it provided
more effective and accurate reference tracking response than the NLFL-P controller.
The decentralized nonlinear active disturbance rejection controller was not capable to
reject the interaction between the process variables completely but at the same time, it
did not produce slightly steady-state errors when the changes in the desired liquid level
occurred (set points) and did not continue for a long period. The nonlinearity control
function (fal) performed a decisive role in the system performance. For the regulatory
performance, the simulation results indicated that the ability of the NLADRC scheme
to eliminate the external disturbance was better than NLFL-P controller when the
output load disturbance was inserted to tank1 and to tank2 which suggested that, the
nonlinear extended state observer (NLESO) worked effectively to estimates and rejects
the output load disturbance. The nonlinear feedback linearization combined with
conventional P controller gives higher values ISE, IAE and ITAE compared to
NLADRC controller and provided less performer in terms of overshooting and settling
time when the system exposed to the external disturbance.
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CHAPTER 6

THE COMPARISON PERFORMANCE OF PROPOSED CONTROLLERS

6.1 Introduction
This Chapter presents, the comparison between the performances of proposed
controllers and that designed in Chapters 3, 4 and 5 for liquid level control process
(QTP). Here, the performer is evaluated in operating conditions different from those
used in previous chapters such as sinusoidal disturbance rejection (external
disturbance) and parameters uncertainty (changing in the system parameters) which is
considered as an internal disturbance. Matlab®Simulink®ODE45 solver is utilized to
illustrate the performance of the proposed techniques under the new conditions.

6.2 Regulatory Response of TITO Process.

6.2.1 The External Sinusoidal Disturbance
The Equation 6.1 depicts the nonlinear model equations for the quadruple tanks system
and that presented in Equation 2.25 when the sinusoidal disturbance has been inserted
in the process. The capability of the controllers to reject the external sinusoidal
disturbance is compared and presented in the Figure 6.1 and 6.2 respectively as the
corresponding performance indices of the controllers is presented in Table 6.1.
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dh1   a1
dt
A1
dh2   a2
dt
A2
dh3   a3
dt
A3
dh4   a4
dt
A4

2gh1  a3 2gh3   1K1 U1  d1
A1
A1
2gh2  a4 2gh4   2 K2 U2  d2
A2
A2
2gh3  (1 2 )K2 U2
A3
2gh4  (1 1)K1 U1
A4

(6.1)

Where d1 =sin (t) and d2 =sin (t).

Figure 6.1 The regulatory response of the system (Liquid Level in Tank 1) in
presence of the external sinusoidal disturbance
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Figure 6.2 The regulatory response of the system (Liquid Level in Tank 2) in
presence of the external sinusoidal disturbance
From Figs. 6.1 and 6.2, it was clear that the nonlinear feedback linearization combined
with proportional controller (NLFL-P) had not the capability to eliminate the
disturbance which has been inserted to the system and moreover, its ability to track
was completely deteriorated. Furthermore, both the linear active disturbance rejection
and the nonlinear active disturbance rejection strategies showed a high ability for
tracking the set points with the superiority of the nonlinear active disturbance rejection
controller to reject the external sinusoidal disturbance on the rest of the controllers.
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Table 6.1 Performance indices for reject the external sinusoidal disturbance
Sinusoidal

Tank 1 (regulatory)

Disturbance

ISE

IAE

ITAE

ISE

IAE

ITAE

NLFL-P

Sin(t)

1.248

4.478

44.99

1.248

4.478

44.99

LADRC

Sin(t)

0.012

0.075

0.0001 0.0209 0.0639

NLADRC

Sin(t)

0.005

0.001

Controllers

3.088e
-05
4.88e07

Tank 2 (regulatory)

2.418e
-06

0.0015 0.0014

The performance indices showed that the performer of the decentralized active
disturbance rejection technic to handling the external sinusoidal disturbance in lower
tanks was much better than the nonlinear feedback linearization combined with
proportional (P) controller where both proposed strategies provided lower values for
ISE, IAE and ITAE compared to NLFL-P controller as shown in table 6.1.

6.2.2 The Liquid Leakage Disturbance
In order to evaluate the efficiency of the proposed control strategies when Tank 1
and Tank 2 are exposed to the liquid leakage (internal disturbances), valve 3 and
valve 4 was added to the quadruple tanks system as in figure 6.3.
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Figure 6.3 The schematic of the quadruple tank process with addition valves
The Equation 6.2 described the distributed model of the quadruple tanks system which
is exposed to liquid leakage in the lower tanks [79] as:

dh1
a
 1
dt
A1
dh2
a
 2
dt
A2
dh3
a
 3
dt
A3
dh4
a
 4
dt
A4

a3
a
K
2gh3  1 1 U1  5 2gh1 F1
A1
A1
A1
a
a
 K
2gh2  4 2gh4  2 2 U2  6 2gh2 F2
A2
A2
A2
(1   2 )K2
2gh3 
U2
A3
(1   1 )K1
2gh4 
U1
A4

2gh1 
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(6.2)

Where (𝑎5 , 𝑎6 ) are the cross-section of valve 3 and valve 4 respectively, and (𝐹1 , 𝐹2 )
represents the percentage opening of the valves. Its values are existing in Table 4.1 as:
Table 6.2 Parameters of leakage valves
Parameter Description

Value

The opening degree of the leakage

[0, 25]
(𝐹1 ) %

valves 3

[0, 100]

The opening degree of the leakage

[0, 25]

valves 4

(𝐹2 ) %

Cross section area of valves 3,4

[𝑎5 , 𝑎6 ]

[0, 100]

[0.071,0.057]

The figures 6.4 and 6.5 show the opening percentages of the two valves below the
bottom tanks when leakage occurs in a small quantity for a long time and a large
quantity for a small period respectively.

129

Figure 6.4 Opening degree of leakage valves at a short time

Figure 6.5 Opening degree of leakage valves at a long time
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For purpose comparison, Figs 6.6 to 6.9 show the performer for each of LADRC,
NLADRC and NLFL-P control strategies when the tank1 and tank 2 in the quadrupletank process are exposed to a sudden leakage in the liquid within a specified period of
time. The Tables 6.3 and 6.4 present a comparison of the performance indices values
between the nonlinear feedback linearization combined with P controller, linear active
disturbance rejection control and nonlinear active disturbance rejection control
schemes under the effects of parameters uncertainty disturbance (liquid leakage).

Figure 6.6 Regulating response of the system in presence of liquid leakage by 25% in
the tank 1 (h1)
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Figure 6.7 Regulating response of the system in presence of liquid leakage by 25% in
the tank 2 (h2)

Figure 6.8 Regulating response of the system in presence of liquid leakage by 100%
in the tank 1 (h1)
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Figure 6.9 Regulating response of the system in presence of liquid leakage by 100%
in the tank 2 (h2)
Table 6.3 Performance indices of liquid leakage from Tank 1 and Tank 2
Controllers

Percentage of

Tank 1 (regulatory)

Tank 2 (regulatory)

leakage

ISE

IAE

ITAE

ISE

IAE

ITAE

NLFL-P

25 (%)

259.5

73.03

2225

332.4

82.66

6650

LADRC

25 (%)

0.034

1.16

0.0294

1.284

NLADRC

25 (%)

0.002

0.023

0.0001
209
2.098e
-05
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9.27e05
1.509e
-05

0.0021 0.0626

Table 6.4 Performance indices of liquid leakage from Tank 1 and Tank 2
Controllers

Percentage of

Tank 1 (regulatory)

Tank 2 (regulatory)

leakage

ISE

IAE

ITAE

ISE

IAE

ITAE

NLFL-P

100 (%)

31.48

6.538

200.9

38.94

7.27

514.2

LADRC

100 (%)

0.035

1.094

0.0305

1.237

NLADRC

100 (%)

0.008

0.198

0.0001
8
0.0001
38

0.0001
55
0.0001
362

0.0080 0.4661

The results of the simulations in Fig. 6.6 to Fig. 6.9 show that the instability of liquid
levels occurs when the leakages appear in the system where the liquid level of one tank
suddenly increases when another tank leaks. The liquid level of the quadruple-tank
system returns to its equilibrium points after the leakages disappeared in the presence
of the NLFL-P controller and this indicates that the NLFL-P it cannot handle this
disturbance, while the system more rapidly reaches to stability state in existence of
LADRC and NLADRC controllers. The nonlinear active disturbance rejection control
method has high capability to assist the system for compensation of a liquid level
compared to the other strategies when the liquid leakages occur. Moreover, NLADRC
settling time and its response time was faster than NLFL-P and LADRC controllers.
As a result of the coupling between the parameters of the system and which was
explained in previous chapters. During exposing tank 1 and tank 2 to leak, an
interaction appears clearly between control loops. However, this an unwanted
interaction cannot be removed completely by using LADRC and NLADRC control
methods for the reasons mentioned previously and which was the most important that,
these strategies are not depended to full knowledge of the mathematical model of the
system as is the case for the NLFL-P controller.
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The performance indices in tables 6.3 and 6.4 showed that the performer of the
decentralized nonlinear active disturbance rejection controller to overcome the sudden
liquid leakage in bottom tanks better than the nonlinear feedback linearization
combined with conventional (P) controller and relatively better than linear active
disturbance rejection control method. There is no big change in ISE, IAE and ITAE
with opening the valves under Tank 1 and Tank 2 by 25% for a long time and 100%
for a short time presented in tables 6.3 and 6.4 for NLADRC as well as LADRC
controllers and versa for NLFL-P controller.

6.2.3 The Parameters Uncertainty Disturbance
The flow ratio of the liquid between lower and upper tanks in the quadruple-tank
system (𝛾1 and 𝛾2) in Equation 2.23 may vary with time for many different reasons.
Therefore, the values of these two parameters cannot be determined with absolute
accuracy. The inaccurate between the system parameters and the actual system is
called uncertainty. The response of the control system is investigated against
uncertainty through a changing of parameters (𝛾1) and (𝛾2) in the quadruple-tank
system by ± 10%. The capability of the controllers to overcome the uncertainty
disturbance is presented in the Figures 6.10 to 6.13 respectively as the corresponding
performance indices of the controllers are presented in Table 6.5 as follows:
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Figure 6.10 Regulating response for the liquid level in tank 1 (h1), when 𝛾1, 𝛾2
varied by -10%

Figure 6.11 Regulating response for the liquid level in tank 2 (h2), when 𝛾1, 𝛾2
varied by -10%
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Figure 6.12 Regulating response for the liquid level in tank 1 (h1), when 𝛾1, 𝛾2
varied by +10%

Figure 6.13 Regulating response for the liquid level in tank 2 (h2), when 𝛾1, 𝛾2
varied by +10%
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The simulation results in Figs 6.10 to 6.13 for tank 1 and tank 2 respectively showed
the regulating responses of the control system when 𝛾1 and 𝛾2 are varied by ± 10 %.
It was clearly visible that, the nonlinear feedback linearization combined with a
proportional controller have not the capability to overcome the uncertainties which
occurred in the system and its ability to track is deteriorated during the whole period
time. On the other hand, the settling time and the response time of the linear active
disturbance rejection control method were slower than the nonlinear active disturbance
rejection control controller. The NLADRC controller provided more robust
performance against uncertainties and accurate reference tracking response than both
the decentralized linear active disturbance rejection controller and NLFL-P controller
in since the process output response tightly tracks the variation the ratio flow of liquid
to the quadruple-tank system.
Table 6.5 Performance indices of change the liquid flow rate for QTP
Controllers

LADRC

NLADRC

Change in

Tank 2 (tracking)

(𝛾1, 𝛾2)

ISE

IAE

ITAE

ISE

IAE

Increase by

7.028

0.012

0.012

5.018e

0.0103

10 %

e-05

22

88

-05

3

Decrease by

7.167

0.012

0.013

5.246e

10 %

e-05

46

38

-05

8

6

Increase by

1.912

0.000

2.386

1.151e

0.0003

1.54e-

10 %

e-06

4654

e-05

-06

39

05

Decrease by

3.603

0.000

3.567

2.561e

0.0005

2.701e

10 %

e-06

6489

e-05

-06

255

-05

54.07

32.68

334.8

70.64

37.35

382.5

44.89

29.77

305.5

49.81

31.38

320.7

Increase by
NLFL-P

Tank 1 (tracking)

10 %
Decrease by
10 %
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ITAE
0.0109

0.0103 0.0107

As a result of varying the liquid flow rate to the four interconnected tanks (𝛾1 and 𝛾2)
by a 10% increase and a 10% decrease the performer indices in table 6.5 indicate that
in both cases there is no big change in amounts of ISE, IAE and ITAE for controllers
with a preference in the results of the nonlinear active disturbance rejection control
technique on other strategies. .

6.3 Chapter Summary
The comparison between the performances each of the decentralized linear active
disturbance rejection controller (LADRC), the decentralized nonlinear active
disturbance rejection controller (NLADRC) and nonlinear feedback linearization
combined with a conventional P controller (NLFL-P) of level control for the
quadruple-tank process (QTP) it was presented in this chapter. The evaluation has been
done without re-tuning the controller gains under new operating conditions such as
sinusoidal disturbance rejection (external disturbance) and parameters uncertainty
(changing in the system parameters) which is considered as an internal disturbance by
employing

Matlab®Simulink®ODE45 solver to illustrate the efficiency of the

proposed techniques.
It is found from the simulation that, the regulatory responses for the control process
that provided by the NLADRC controller was outperformed on those obtained by using
of the decentralized linear active disturbance rejection controller and the NLFL-P
controller respectively. The nonlinear feedback linearization combined with
conventional P controller (NLFL-P) method did not have ability to overcome both
internal and external disturbances which are occurred in the system during the whole
time. On another hand, when the parameters uncertainty and sinusoidal disturbance,
as well as leakage disturbance, were inserted to tank1 and to tank2, the simulation
results indicated that the performer of the NLADRC strategy to reject these
disturbances was slightly better than LADRC control method and this refers to that the
nonlinear extended state observer (NLESO) has a higher effectiveness to estimates the
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disturbances exposed to the system than the linear extended state observer (LESO).
This was evident in the settling time and response time, which were shorter when using
the nonlinear active disturbance rejection control strategy than the other methods. The
nonlinear active disturbance rejection control gave minimum values ISE, IAE and
ITAE and this is an indication that NLADRC technique is competent to provide a high
performer with more effectiveness against disturbances, unlike all other controllers.
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CHAPTER 7

CONCLUSION

7.1 Discussion and Conclusion
This thesis has been started with detailed explained of the multivariable process that
consists of four interconnected tanks called quadruple-tank process. A motivation for
choosing this process was to understand more about the dynamic features of
multivariable systems in order to provide effective control systems and to handle
multivariable process problems. It was shown that the quadruple-tank process is well
appropriate to illustrate performance limitations in multivariable controllers design
because, by high nonlinearity, the coupling between system parameters, setpoint
changes and the varying of zeros position that are functions of process variables and
which clearly appear in the process. Therefore the quadruple-tank process gives a good
chance to evaluate and improve various multivariable control strategies and decrease
its limitations.
In the scope of this thesis, a number of control strategies which are PI controller,
nonlinear feedback linearization combined with P controller, linear active disturbance
rejection controller (LADRC) and nonlinear active disturbance rejection controller
(NLADRC) were designed and implemented on the quadruple-tank process based on
the nonlinear model of the system and have been offered in chapters 3, 4 and 5
respectively. These control strategies have been shown capability fulfillment the
control objectives i.e. maintaining of the liquid level in bottom tanks of the quadrupletank system at desired setpoints and disturbance rejection as well as satisfying the
constraints of the process but with varying success rates. The main idea of this work
was to presents a new application for the nonlinear active disturbance rejection control
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strategy and then compare whose performance with the others mentioned control
methods to discover a better strategy among them.
The simulation of the process has been begun with the initial nominal operating point
values that given in Table 2.4 as were the controllers tuning parameters have been
tuned only at a chosen nominal operating point and kept fixed. The change in this
operating points and load change were applied and the corresponding setpoint tracking
response of the process was evaluated in chapter 3, chapter 4 and chapter 5
respectively. The servo and regulatory response for setpoint changes and load changes
at various operating points have been calculated in cases of the decrease as well as an
increase. Furthermore, the disturbances were also applied to the system in chapter 6
under different conditions such as sinusoidal disturbance (external disturbance) and
parameters uncertainty (internal disturbance) to see disturbance rejection performance
of the controllers. What has been concluded from the output response plots obtained
of all simulation cases conducted by using MATLAB/SIMULINK are, that the
proposed NLADRC strategy present better robust performance than others controllers
in face of internal as well as external disturbance rejection. The above is due to the
predictive ability of NLESO technic that makes it superior over LESO and NLFL
strategies. This was confirmed by analysis of simulation results based on ISE, IAE and
ITAE performances indexes that indicated the proposed NLADRC strategy gave
minimum values of these indexes where it requires less response time to maintain the
level in the bottom tanks at the desired steady level as compared to other controllers
discussed in chapter 3 and chapter 4.

7.2 Suggestion for Future Work
The suggested work has a good opportunity to evolve from several aspects,
Suggestions for future work that drawn from this work can be outlined as follows:
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 Real-time process: for the future work, we propose to verify the acquired results
from the simulations by applying it directly to the real quadruple-tank process.
 The cost function: in this thesis, we took into consideration a set of investigation
points such as the phase mode, the reference tracking and the disturbance
rejection. Another cost function can be considered for this process.
 The system parameters: for the future work we suggest taking into consideration
all the parameters of the nonlinear model of the quadruple-tank process.
 The intelligent controllers can be applied to the nonlinear model of the
quadruple-tank process and compare their performance with the proposed
techniques in this work.
 System identification: different methods can be employed to represent the
quadruple-tank process by using system identification methods and then
Implementation of the proposed control strategies on it.
 The issue of the parameters tuning of the linear and nonlinear extended state
observer is important and interesting subject, so we propose to increase the
search in this part through the preparation of algorithms to calculate the optimal
values for the gains of the controls.
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APPENDIX - A

The parameters of the quadruple-tank process utilized in Matlab/Simulink

A1=28; A2=28; A3=28; A4=28;
A11=0.32; A22=0.28; 0.28; A33=0.32; A44=0.32; 0.28;
a1=0.071;

a2=0.057;

a3=0.071;

a4=0.057;

a5=0.071;

a6=0.057;
k1=3.33; 3.33; K2=3.35; 3.35; VO1=3; VO2=3;
alfa1=0.7; alfa2=0.6;
g=981; kc1=0.5; kc2=0.5;
Ps=1; d=1;
%initial conditions of quadruple tank process
% --------------------------------------ho1=12.4;2.4;ho2=12.7;22.7;ho3=1.7;1.63;2.09;ho4=1.4;12.4
;12.4;1.41;1.92;
T1= (A1/a1)*sqrt ((2*ho1)/g)
T2= (A2/a2)*sqrt ((2*ho2)/g)
T3= (A3/a3)*sqrt ((2*ho3)/g)
T4= (A4/a4)*sqrt ((2*ho4)/g)
%linearization matrix
% --------------------------------------A= [-1/T1

0

A3/ (A1*T3) 0; 0

-1/T2 0

A4/

(A2*T4);
0

0

-1/T3
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0;

0

0

B= [((alfa1*k1)/ (A1))
0

0
0; 0

-1/T4]
((alfa2*K2)/ (A2));

(((1-alfa2)*K2)/ (A3)) ;((( 1-alfa1)*k1)/ (A4))

0];
C= [1 0 0 0; 0 1 0 0; 0 0 0 0; 0 0 0 0];
D=zeros (4, 2);
% K= [53.45 73.69 -9.9 14.48; 73.83 -19.05 17.07 -22.36]
C1= ((T1*k1*kc1)/A1);
C2= ((T2*K2*kc2)/A2);
nr_coeff1= [alfa1*C1];
dr_coeff1= [T1 1];
nr_coeff2= [(1-alfa2)*C1];
dr_coeff2= [T3*T1 T3+T1 1];
nr_coeff3= [(1-alfa1)*C2];
dr_coeff3= [T4*T2 T4+T2 1];
nr_coeff4= [alfa2*C2];
dr_coeff4= [T2 1];
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APPENDIX - B

Linear active disturbance rejection controller

Function Zd = fcn (Ao1, Z, Bo1, U, Lo1, Co1, y)
Zd =Ao1*Z+Bo1*U+Lo1*(y-(Co1*Z));
Ao1= [0 1 0; 0 0 1; 0 0 0];
Bo1= [0; bd1; 0];
Lo1= [3*Po1; 3*Po1^2; Po1^3];
Co1= [1 0 0];
% linear ESO 1 parameters
% --------------------------------------wc1=2.5; 3.881; 1.791; %1.798791;
Kd1=2*wc1
Kp1=wc1^2
Po1=4*wc1;
bd1= (alfa1*k1)/A1
% linear active disturbance rejection controller
% --------------------------------------Function Zd = fcn (Ao2, Z, Bo2, U, Lo2, Co2, y)
Zd =Ao2*Z+Bo2*U+Lo2*(y-(Co2*Z));
Ao2= [0 1 0; 0 0 1; 0 0 0];
Bo2= [0; bd2; 0];
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Lo2= [3*Po2; 3*Po2^2; Po2^3];
Co2= [1 0 0];
% linear ESO 2 parameters
% --------------------------------------wc2=2.5; 1.881; %1.88791;
Po2=4*wc2;
bd2= (alfa2*K2)/A2
Kd2=2*wc2
Kp2=wc2^2
Nonlinear active disturbance rejection controller
% --------------------------------------% nonlinear ESO 1
% --------------------------------------function[Z1d,Z2d]

= fcn(Z2,Wo1,U,bd1,fe1,fe2)

Z1d =Z2 - ((2*Wo1)/0.1)*fe1+bd1*U;
Z2d =-((Wo1^2)/9)*fe2;
Function [fe1, fe2] = fcn (e, do1, do2, alfano1, alfano2)
fe1= ((abs (e)) ^alfano1)*sign (e);
If abs (e) <=do1
fe1 = e/ (do1^ (1-alfano1))
End
fe2= ((abs (e)) ^alfano2)*sign (e);
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If abs (e) <=do2
fe2 = e/ (do2^ (1-alfano2))
End
End

% nonlinear ESO 2
% --------------------------------------function[Z1d,Z2d]

= fcn(Z2,Wo2,U,bd2,fe1,fe2)

Z1d =Z2 - ((2*Wo2)/0.1)*fe1+bd2*U;
Z2d =-((Wo2^2)/9)*fe2;
Function [fe1, fe2] = fcn (e, do1, do2, alfano1, alfano2)
fe1= ((abs (e)) ^alfano1)*sign (e);
If abs (e) <=do1
fe1 = e/ (do1^ (1-alfano1))
End
fe2= ((abs (e)) ^alfano2)*sign (e);
If abs (e) <=do2
fe2 = e/ (do2^ (1-alfano2))
End
End
% nonlinear ESO parameters
% ---------------------------------------
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wc1=2.5; 2.5; 3.881; 1.791; %1.798791;
wc2=2.5; 2.5; 1.881; %1.88791; %2.07581;
%for leso and neso
Kd1=2*wc1;
Kp1=wc1^2;
Wo1=4*wc1
Wo2=4*wc2
bd1= (alfa1*k1)/A1;0.0833;%0.401;%1;0.417;%0.0201;0.255
Kd2=2*wc2;
Kp2=wc2^2;
bd2= (alfa2*k2)/A2;0.0628;%0.04157
B11=2*wc1;
B12=wc1^2;
B21=2*wc2;
B22=wc2^2;
K1=0.01; 0.01;
K2=0.01; 0.01;
L=30; 30; 100;
alfano1=1; 1; 0.50; 0.25;
alfano2=0.25; 0.25; 0.15;
do1=0.00006; 0.00005; 0.00001;
do2=0.00006; 0.00001; 0.00004; 0.0001;
The sliding mode controller
% code of the sliding mode controller 1
% --------------------------------------Function U01 = fcn (K2, e1, L, do2)
U01=L*e1+K2*sign (e1);
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If abs (e1) <=do2
U01=L*e1+K2*(e1/do2);
End
End
% code of the sliding mode controller 1
% --------------------------------------Function U01 = fcn (K1, e1, L, do1)
U01=L*e1+K1*sign (e1);
If abs (e1) <=do1
U01=L*e1+K1*(e1/do1);
End
End
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APPENDIX - C

3D-plot of the quadruple-tank system

Function PlotTanks2 (u)
Persistent ULx ULy URx URy LLx LLy LRx LRy
% u (5) =0; % u (1) =0.1; % u (2) =0.4; % u (3) =0.4;
% u (4) =0.1;
t = u (5); h3 = u (1); h4 = u (2); h2 = u (3); h1 = u (4);
Persistent ULPatch;
Persistent URPatch;
Persistent LLPatch;
Persistent LRPatch;
PW = 25;

% piping width (just for visual)

bS = 1000;

% Half of the box size (just for visual)

vH = 100;

% valve height

vW = 60;

% valve width

tW = 500;

% Tank Width

tH = 700;

% Tank Height

D = 40;

% Distance between pipe and Tank

% Piping 1
% ---------------------------------Left Piping = [-bS, -bS; -bS, -vH/2; -bS+PW, -vH/2; bS+PW,-bS];
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LeftPipingSide = [-bS+PW/2+vH/2, 0; -bS/2, 0; -bS/2, 3*PW; -bS/2-PW, -3*PW; -bS/2-PW, -PW; -bS+PW/2+vH/2, -PW];
RightPiping = LeftPiping;
Right Piping (:, 1) = -Right Piping(:,1);
RightPipingSide = LeftPipingSide;
RightPipingSide (:, 1) = -RightPipingSide(:,1);
% Valves
% ---------------------------------Gamma = (vW - PW)/2; % distance of the valve end from the
pipe
LeftValve = [-bS-gamma, 0-vH/2; -bS+PW+gamma, 0-vH/2; bS+PW/2, 0; ...
-bS-gamma ,0+vH/2; -bS+PW+gamma, 0+vH/2; -bS+PW/2,0;
-bS+PW/2+vH/2, vW/2; ...
-bS+PW/2+vH/2, -vW/2; -bS+PW/2, 0;-bS-gamma, 0-vH/2];
RightValve = LeftValve;
Right Valve (:, 1) = -Right Valve(:,1);
% Piping 2
% -----------------------------------LeftPiping2 = [-bS, vH/2;-bS, bS-(.1*bS); bS/2+PW, bS(.1*bS); ...
bS/2+PW, bS-(.1*bS)-3*PW; bS/2, bS-(.1*bS)-3*PW; bS/2,
bS-(.1*bS)-PW;...
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-bS+PW, bS-(.1*bS)-PW;-bS+PW, vH/2];
RightPiping2 = [bS, vH/2; bS, bS; -bS/2-PW, bS; ...
-bS/2-PW,

bS-3.3*PW;

-bS/2,

bS-3.3*PW;

-bS/2,

bS-

bS-(.1*bS)-3*PW;

-bS/2,

bS-

PW;...
bS-PW, bS-PW;bS-PW, vH/2];

RightPiping3

=

[-bS/2-PW,

(.1*bS)-3*PW; ...
-bS/2, bS-(.1*bS)-1.5*PW;-bS/2-PW, bS-(.1*bS)-1.5*PW;
-bS/2-PW, bS-(.1*bS)-3*PW];
% Outline for the Tanks
% --------------------------------------LeftUpperTank = [-bS/2-PW-tW/2, bS-(.1*bS)-3*PW-D; -bS/2PW+tW/2, bS-(.1*bS)-3*PW-D; ...
-bS/2-PW+tW/2,

bS-(.1*bS)-3*PW-D-tH;-bS/2-PW-tW/2,

bS-(.1*bS)-3*PW-D-tH;-bS/2-PW-tW/2, bS-(.1*bS)-3*PW-D];
RightUpperTank = LeftUpperTank;
RightUpperTank (:, 1) = -RightUpperTank (:,1);
% short cut to create lower tanks
Beta = max (LeftUpperTank (:, 2));
Const = Beta - (-3*PW - D);
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RightLowerTank = RightUpperTank;
RightLowerTank (:, 2) = RightLowerTank(:,2) - Const;
LeftLowerTank = LeftUpperTank;
LeftLowerTank (:, 2) = LeftLowerTank(:,2) - Const;
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