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ABSTRACT 

 

This research proposes a simplified approach to the modelling of quadruple tank 

system via the use of bond graph technique. The novelty of this approach is that 

quadruple tank system equations are easier to obtain. In addition, the process of 

obtaining the system equations is less prone to error because of the use of the 

pictorial advantage of bond graph.  This is an advantage for complex systems 

such as Multi Input Multi Output (MIMO) systems. The 20-SIM software (bond 

graph technique software) was used in this work.  In order to address the inherent 

multivariable constraint issues of the quadruple tank system such as looping and 

coupling effects, while minimizing the cost of control, the quadruple tank system 

was partitioned into Single Input Single Output (SISO) systems. This established 

the basis for the implementation of the Decentralized Model Predictive Control 

(DMPC) for the quadruple tank system. Due to the numerical ill-conditioning of 

the system state equations, a Quadratic Programming (QP) based scheme with 

inequality constraints was adopted. This was implemented in the Control toolbox 

of MATLAB. The classical predictive control scheme, achieved control horizon 

of a numerical value of one, and prediction horizon has values between 1 and 

fifty with an average settling time of 0.8439 seconds. However, the QPDMPC 

schemes' control horizon (M  10) and prediction horizon (M ) 

accommodating increasing values (infinite horizon) with time while the settling 

time of 0.04 seconds was attained. Validation of the controllers was carried out 

relative to classical PID controller. 
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CHAPTER ONE 

 

INTRODUCTION 

 

1.1 BACKGROUND 

The production of qualitative, desired finished products in the process industries 

involves a multi processes which includes transformation of raw materials from 

their chemical or physical form to usable forms. The activity involves energy 

streams interacting with raw materials to transform the raw materials to the 

desired finished products(Wolfgang, 2010). Many of the multi processes are 

predominantly carried out in biological processing units, biochemical, bio-fuels 

enterprises, cement industries, chemical producing plants, electrochemical 

industries, glass, ceramics process industries, power generation industries, water 

industries and tank system storage departments.  Constraints like loop interaction, 

phase shift, instability, plant mismatch, minimum and non-minimum phase 

behaviours, etc. are often encountered in the industrial processes. Some of these 

have been studied with the use of the benchmark tank systems.  

Continuous stirred tanks, two tanks, three interconnected tanks and quadruple 

tanks have over the years been used to study the behaviour of these industrial 

multi process characteristics. The quadruple tank system is used as a benchmark 

for applications in process control, mainly because of its strong nonlinear 

behaviour. It is a control of multiple inputs and multiple outputs (MIMO), in 

which inputs pump voltages from two inputs and outputs are liquid levels of 

lower tanks. This system presents not only a nonlinear feature, but also an 

interaction between inputs and outputs linked to the system flow directionality.  
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Several control techniques to improve the controllability, observability and robust 

performance of these industrial processes are found in literature. Among the 

popular ones are Proportional Integral Differential (PID) control, Linear 

Quadratic Gaussian (LQG), Sliding Mode Control and H-Infinity control. 

However, Model Predictive Control (MPC) has become a popular advanced 

control technology implemented in large scale industrial process plants due to its 

ability to handle  input and state constraints(Necoara & Clipici, 2013). Model 

Predictive Control is also found to be suited for real time and on-line 

implementation(Alipouri & Poshtan, 2013; Mahapatro et al., 2014). 

 

1.2 MOTIVATION 

A serious challenge in the steps for the design and analysis of a mechatronics 

system is to generate a computer model for control analysis, diagnosis design, 

sensor selection/positioning, and actuator sizing(Samantaray & Bouamama, 

2008). Indeed, mechatronics problems are interdisciplinary engineering systems 

problems, involving engineering knowledge(mechanical, electrical, pneumatic, 

thermal.) and various technological components such as sensors, controllers, 

actuators, and transducers that need to be properly designed and 

integrated(Paynter, 1970; Wolfgang, 2010). Hence, bond graph, which is a 

graphical modelling technique, is easily most suitable for unifying the various 

aspects of mechatronic systems (Paynter, 1970; Wang, 2009). The significance of 

bond graphing over system equation derivation techniques like variational 

method, network graphic technique is the ease with which the approach enables 

hierarchy and well-structured modelling based on a unified language(Paynter, 

1970) . The modelling, analysis and control of a multi process system which 
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involves  MIMO state variables(Wang, 2009), Tank system requires the use of a 

robust modelling technique that guarantee accurate modelling of the nonlinear 

physical phenomenon of the system, as well as an adaptive control mechanism. 

Efficient control mechanism for quadruple tank system requires an adaptive 

controller. Model predictive control scheme is well adapted for such problems 

some of which are in the forms of loop interactions, non-minimum phase zero, 

minimum phase zero, non-linearity etc. 

The overall advantages of an adaptive control scheme to nonlinear control 

systems are as stated in (Wang, 2009); 

 (i) The technique must use simple concepts. 

 (ii) The controller tuning must be physically realisable and yet robust. 

 (iii) The technique should be usable in either supervisory or primary 

control modes. 

 (iv) Automatic constraint setup and handling should be feasible for real 

time applications(Rosinova & KozĂˇkovĂˇ, 2012) .  

The quadruple tank is a benchmark multiprocess setup (besides single tank, two 

tank, and three tank), which has been found in literatures to exhibit most of the 

challenges inherent in industrial process production lines(Garg & Tangirala, 

2014). Productivity and safety therefore relies on effective handling of the 

challenges; uncertainty as regards to model mis-match due to errors in modelling, 

loop interaction, disturbance, noise and instability. Bond graph has been selected 

for the purpose of modelling the system. This is because the technique is based 

on the energy characteristics of each constituent component that contribute to the 

entire system built (Wellstead, 2000). Adding to this is the need to control the 

system behaviours based on the model. The adaptive controllers such as those 
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based on Model Predictive Control techniques have been used for this purpose. 

The advantage includes the fact that it is effected based on the very system 

behavioural equations; hence it tracks the system trajectory naturally. 

 

1.3 AIM AND OBJECTIVES 

The aim of this research is the modelling of a multi-process system (quadruple 

tank system), using bond graph technique and its control based on Decentralised 

Model Predictive Control approach.  

The following are the objectives of this work: 

1. Development of quadruple tank system model using Bond Graph Method. 

2. Extraction/Validation of the system parameter equations from the 

decoupled causal model using 20-sim 

3. Determination of the linear model of the discrete state space format using 

MATLAB/Simulink control tool box software 

4. Design a Decentralised Model Predictive Control based on Robust 

Quadratic Programming approach. 

 

1.4 PROBLEM STATEMENT 

 

A physical system can be described by the use of mathematical description of its 

dynamic behaviour.  Hence, a suitable unifying concept which captures most 

physical variables and dynamics is energy. Accuracy in the modelling of a 

nonlinear multi process system that is characterised by multi-stage energy 

transformation without over-simplification is the most important challenge faced 

by researchers and hence impacts the system performance subsequently. Perhaps, 

thinking of a physical system as operating upon a pair of variables whose product 
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is proportional to power makes modelling as close to reality as possible. Bond 

graph method which incorporates these advantages is used for modelling of the 

quadruple plant in this work. Furthermore, the control of the multi-process 

system requires a robust controller algorithm with efficient predictive 

characteristics and high accuracy. 

 

1.5 METHODOLOGY 

This section captures the methodological approach adopted in this research. 

1. Identify the various elements and energy exchange, ports and storage of 

the quadruple tank.  

2. Map out the bonds and apply causality on them.  

3. Validation of the nonlinear model using 20-sim.  

4. Model the plant in Simulink  

5. Write a code to extract the discrete state space model.  

6. Test for controllability and observability of the system. 

7. Design a suitable decoupling scheme for the plant.  

8. Decouple the system into two Single Input Single Output (SISO) systems. 

9. Use Relative Gain Array, to choose the input/output pair with less 

interaction.  

10. Design the DMPC controller for specific systems obtained in (9) and 

incorporate it in the controlled system derived from (1-9) above.  

11. Result analysis and validation using Classical controller PID. 

 

1.6 SIGNIFICANT CONTRIBUTIONS 

 The following are the significant contributions of this research: 
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1)  Development of a Bond Graph model of the quadruple tank system, 

which has overcome the mathematical complexities of conventional 

method and which has been validated using 20-sim Simulator. 

2) Design of a robust Quadratic Programming Decentralized Model 

Predictive Controller (QPDMPC) which stabilized and efficiently tracked 

the system even in the presence of numerical-ill conditions. 

 

1.7 THESIS OUTLINE 

 The general idea for this work is shown in Chapter One. In Chapter Two, the 

bases and foundation for achieving the aims and objectives of this work was 

established through the review of fundamentals and related works pertaining to 

modelling and control of systems, in particular to multi-process systems. The 

control theory and principles of operation are also reviewed. Furthermore, 

Chapter Three presents the modelling of the quadruple tank MIMO system via 

bond graph technique with derivation of system equations. The use of 20-sim to 

validate the modelled system was also carried out herein. The system decoupler 

and decoupling design implementation was shown and the SISO systems 

obtained. While chapter four, discusses the results obtained during simulations 

and their effects were discussed. Finally, in Chapter Five, the conclusion based 

on the entire work is presented. 
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CHAPTER TWO 

LITERATURE REVIEW 

 

2.1 INTRODUCTION 

The review of literature relevant to the research is presented in this chapter. The 

chapter is divided into two sections: The first dealing with review of fundamental 

concepts and the other dealing with review of similar previous works.  

 

2.2 OVERVIEW OF FUNDAMENTAL CONCEPTS 

This section contains the review of concepts fundamental to the research. This 

covers areas such as Dynamic Modelling, Bond Graph Technique, Model 

Predictive Control and Decentralized Model Predictive Control. 

 

2.2.1 Dynamic Modelling 

The dynamic behaviour of a physical system is the outward manifestation of the 

energy transaction within the system. The possibility of handling a wide range of 

systems and subsystems in a common framework is done with little or less 

difficulty. However, derivation of the equations that describe the characteristics 

of the model of a system physically had been realisable via different techniques. 

Network modelling technique, which embodies the implementation of 

Kirchhoff’s law of current and voltage had been used in this regards (Bhat & 

Osting, 2011). The problem formulated involves technical development of 

interconnected constraints systems (Kim et al., 2011;Sano et al., 2011; 

Seetharaman et al., 2012). Furthermore, the use of variational method which is 

based on Hamilton and Lagrange equations derived from first principles had also 

been in use by researchers. This can be seen in literatures like (Cassolato et al., 
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2011; Czaban & Lis, 2012; Russer & Russer, 2012; Tian et al., 2013). Hence, the 

designer needs tools that will simplify and abstract such systems efficiently and 

reduce errors to the barest minimum. Graphical tools especially bond graph, had 

in recent past been engaged in modelling of such systems. In the year 1959, 

Professor H. Paynter at Massachusetts Institute of Technology (MIT) devised the 

graphical tool bond graph, which is a natural two-dimensional technique based on 

flow and effort (Energy exchange and rule of conservation) for modelling of 

physical systems(Borutzky & Cellier, 1996).  

 

2.2.2 Multi-Process Systems 

Energy can neither be created nor destroyed, but it may be transformed from one 

form to another which may result in the creation of new products of energy 

transformation (Mach, 2014). The synergistic utilization and implementation of 

the above fundamental principle is evident in every process, whether in, 

electrical, hydraulic and mechanical systems (Heier, 2014). Therefore, industrial 

processes are best modelled as energy ports with capabilities for power transfer 

between them (Nacusse & Junco, 2014). 

Some specific multi-processes include: 

a) Storage systems or Tank Systems. 

b) Wireless and fixed cable networks. 

c) Fractional distillation and crude oil refining systems. 

d) Beverage production plants. 

e) Vehicle Manufacturing Systems. 

f) Traffic Control Management Systems. 
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2.2.3 Quadruple Tank System 

 

 The target is to control the level of non-compressible fluid in the lower two 

tanks; Tank 1 and Tank 2 and their inlet flow rates as shown in Figure 2.1. The 

output of each pump is split into two by using a three- way valve. Thus, each 

pump's output goes to two tanks, one lower for example Tank 1 and another 

upper, Tank 4, which is diagonally opposite. The ratio of the split up is controlled 

by the position of the valve. With the change in position of the two valves, the 

system can be appropriately placed either in the minimum phase or in the non-

minimum phase (Garg & Tangirala, 2014). Some challenges arise in this setup, 

which impact on the normal expected outcome of the flow. These are seen in the 

form of nonlinearities, possibly overflow of fluid, excessive temperature, 

pollution (noise, sound, smell, radiation, heat, etc.), instability, pipe worn-out, 

tearing just to mention but a few. There is the need for a control technology that 

adequately reduce these effects or possibly completely contend with these 

uncertainties.  

In the design of modelling and control of systems, different combinations of input 

and output configurations do exist. The input-output configurations may be 

classified as Single Input Single Output (SISO) systems, Single Input Multi 

Output (SIMO) systems, Multi Input Single Output (MISO) systems, and Multi 

Input Multi Output (MIMO) systems (Rosinova & KozĂˇkovĂˇ, 2012). The 

quadruple tank might be classified as a MIMO system. Figure 2.1, illustrates a 

typical demonstration of the interconnectivity of the MIMO quadruple tank 

system. MIMO systems exhibit inherent looping challenges, non-linearity and 

control difficulties. It is important therefore, to decentralize the MIMO systems 

into subsystems that their collective control objective is cost effective. The 
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system, therefore can be split into a SISO, SIMO, or MISO subsystems. These 

subsystems are easily managed and analysed, though the SISO subsystem is the 

most cost-effective, because the input and output pair is more simplified (Yusuf 

et al., 2014).  

 

Figure 2.1: The Quadruple Tank System 

 

 The system may be described as follows: 

(i) Number of inputs: 2, illustrated by Pump 1(P-1) and Pump 2(P-2) .The 

valve [v-1, v-2] which is a three-way configuration transforms the fluid 

speed and is represented by [γ1, γ2] ratio characteristics. 

(ii) Number of outputs: 2, indicated by the heights, for example, h1 for Tank 

1 and h2 for tank 2. 

 

2.2.4 Fluid Dynamics Theory 

 

Generally, tank systems hold fluids either as reservoirs or process plants and obey 

fluid dynamics of Bernoulli’s equation (Truesdell, 1984). This equation governs 

the conservation of mass principles in fluid mechanics. The principle of 
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conservation of mass relation for closed system undergoing a change is expressed 

as (Saeed et al, 2013): 

 

   

 0
sysdm

dt
 (2.1) 

  

Where in equation(2.1), sysdm   denotes change in mass and dt  is rate of change 

in time. 

For a control volume (cv) of an open system, the mass balance is expressed in 

rate form as 

conservation of mass:  

 cv
in out

dm
m m

dt
   (2.2) 

Where in equation(2.2), inm  represents total mass flowing in and outm  is total 

mass flowing out respectively. However on the right hand side of equation(2.2); 

cvdm  denotes change in mass and  dt  is rate of change in time of the left part of 

the same equation.  

Hence, for an incompressible fluid, the following assumptions were made during 

steady state flow (Saeed et al., 2013). 

1. Total mass remains the same. 

2. Temperature remains constant. 

Therefore: 

 ( / )in outm m kg s   (2.3) 

i.e. for steady state flow (steady flow) 
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 1 2 1 1 1 2 2 2m m A A   (2.4) 

Where: 

im ; is the mass change, 

i ; is the density of the fluid, 

i ; is the fluid flow speed, 

iA ; is the cross-sectional area. 

The energy flow of the mechanical system from which the Bernoulli's equation is 

derived at is stated therefore as(Teixeira et al., 2012): 

 
2 2

2 1 2 1
2 1( ) (Kj/ Kg)

2
mech

P P
e g z z  (2.5) 

Where; 

iP ; is pressure quantity. 

iz ; is the elevation of the point above the reference plane point upwards, 

g; is the acceleration due to gravity and ni . 

However the assumption is that the flow is steady;  

i. System is not affected by mechanical work. 

ii. Friction is zero. 

therefore: steady, incompressible flow (along streamline) gives (Teixeira et al., 

2012) 

 
2

2

P
gz k  (2.6) 

Where k  is constant. 

 

2.2.5 Controllers 
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Control system design deals with the problem of making a concrete physical 

system behave according to certain desired specifications. The controller could be 

hardware or software based(Maciejowski, 2002). Its primary design aim and 

application are to achieve an internally stable closed system, make the influence 

of certain exogenous disturbance inputs on given to-be-controlled output 

variables as small as possible. Some controllers are designed to impact in feed-

forward mode called feed forward controllers e.g. Neuro-fuzzy controllers(Deepa 

& Arulselvi, 2014; Kumar, 2013)and most heuristic and meta-heuristic intelligent 

controllers. Also some others are applied in feed-back mode called feedback 

controllers e.g. Proportional, Integral and Differential Controllers (PID), Linear 

Quadratic Regulators/Tracking (LQR/LQT), Linear Quadratic Gaussian (LQG) 

(Halvarsson et al., 2011), 2H  and H-infinity ( H )  optimal controllers and  

Model Predictive/Adaptive Controllers (Maciejowski, 2002). Control is 

approached and applied with respect to system specifications. Central control is 

more efficient when the number of subsystems in an entire system group are 

few(Morilla et al., 2008). However, the application of decentralized/distributed 

control strategy is often used when the number of system networks becomes 

complex and sparse. 

 

2.2.6 Decentralized Control 

 

The design of decentralized control, is achieved by cascading control systems 

consisting of independent feedback controllers; interconnect a subset of the 

outputs measurements/commands with subset of the manipulated inputs in such a 

way that the subsets should not be used by any other controller (Raimondo et al., 
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2007). The controllers do not share information. Some of the advantages that 

prompted the choice of decentralized control includes(Christofides et al., 2013). 

i. The cost associated with obtaining good plant models which are 

prerequisites for applying multivariable control. 

ii. Each controllers is usually tuned one at a time with minimum of 

modelling effort, and sometimes on-line as the case may require by 

selecting a few parameters for example gain, and integral constant of a PI-

controller. 

iii. Modelling effort is compensated to save time. 

iv. Operators find it easy to follow and understand. 

To be able to tune the controllers independently, it requires that the loop 

interactions within the system are limited and reduced minimally. Hence, 

decoupling of the system is carried out. 

 

2.2.7 System Decoupling 

 

Decomposition is achieved by successfully decoupling the loops without 

compromising the controllability of the entire system (Garelli et al., 2006). 

Literature reveals several attempts to decouple MIMO systems for effective 

control. One of such methodologies is the application of inverted decoupling 

which is one of the techniques proposed in (Garelli et al., 2006) and (Husek, 

2014). Inverted decoupling, however, exhibits such challenges which necessitates 

that one of the controllers ought to be manually manipulated. Another of such 

methodology is ideal decoupling for controller design which was presented by 

(Jevtović & Mataušek, 2010). The work of (Nordfeldt & Hägglund, 2006) was 

the decoupling of a MIMO system into subsystems using the ideal decoupling 
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scheme. A decentralised PI/PID controller for TITO (Two Input Two Output) 

systems, was also researched upon in (Tavakoli et al., 2006), who applied ideal 

decoupling with time delay incorporated to the First Order Plus Dead Time 

(FOPDT) subsystems. Subsequently, detuning method was used also in the 

decoupling of MIMO systems, while incorporating relay auto-tuning as shown in 

the research presented by (Maghade & Patre, 2012).  

Furthermore, (He et al., 2015) presented, a modified adjoint transfer matrix based 

decoupler was presented. It was carried out by dividing the module suspension 

control system of a magnetic levitation (maglev) train into two independent SISO 

control systems.  

Hence, the main goal for the use of SISO controller structures for multi-loop 

control is its simplicity, easy tuning, and ability to meet control objectives 

(Kirubakaran et al., 2014). This work therefore, attempts at the implementation of 

an ideal decoupler matrix with decentralised Model Predictive Control (DMPC) 

for quadruple tank multivariable system control. 

 

2.2.8 Right Half Plane Zeros 

A zero is defined as a value for which a system, G(s) loses rank and for square 

system that may be computed as the solution such that: 

 ( ) 0detG s  (2.7) 

Hence, a right half plane zero (RHP zero) transmission zero of G(s) limits the 

achievable bandwidth of the system (Holt & Morari, 1985). RHP transmission 

zeros impairs decentralized systems so that it becomes necessary to avoid it or 

preferably make to lie in the plants direction as a high frequency (Laughlin et al., 

1987) as its effect on the system performance in this configuration is meant to be 
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handled as disturbance rejection. If G(s) has a transmission zero at ks z , while 

there exist a vector ku  and a scalar kz  such that ( ) kz t

ku t u e   results in the output 

y (t) not containing kz t
e  terms. Then, vector ku  is called the zero direction of  kz

(Misawa et al., 2014). 

Given that: 

 ( ) ( ) ( ) N(s)G s M s G s  (2.8) 

Such that: 

 

1
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( )
0 0 0
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( )
0 0 0
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( ) ( )
0 0 0

( )

( )
0 0 0

( )

i

i

s

s

s

s

G s s

s

s

s

   

 (2.9) 

Where M(s) and N(s) are unimodular matrices and for each i polynomials ( )i s  

and  ( )i s   are relatively prime (i.e., no common roots) with the additional 

property (Rodríguez et al., 2014; Russo & Bequette, 2014) that:  

 1 2 3( ) | ( ) | ( ) | | ( )ps s s s  (2.10) 

 1 2 1( ) | ( ) | ( ) | | ( )p p ps s s s  (2.11) 

The transmission zeros of G(s) as 1i  are therefore obtained from 

 
1

( ) ( )
p

iG s s  (2.12)

2.2.9 The Bond Graph Approach 
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Modelling and simulation of multi-domain systems, including interactions of 

physical effects from various energy domains, pose   formidable new challenges 

which demand new strategies and techniques (Paynter, 1970). Today's 

engineering domain is faced with increasing complex systems with evolving 

challenges whose solution depends on approaches that incorporate and considers 

all contributing subsystems to the task and cost function (fahime, 2010). For this 

reason, engineers need modelling and simulation tools which enable a system to 

be analysed with respect to capabilities, capacities and behaviour without really 

constructing the system. Some applications and fundamentals of bond graph are 

found in (Karnopp et al., 2012) and (Borutzky, 2013). So also, Tiernego and Bos, 

(1985) had used multibond graph for the modelling of mechanical systems. In 

their work, they showed that the programme can be used to find generalised 

coordinates experimentally. Research work by (Kayani & Malik, 2008) showed 

that bond graph technique is a tool that can be used to model systems with 

different energy domain characteristics while applying genetic algorithm in their 

work. Also, for concurrent modelling of mechatronic systems, Borusky 

demonstrated the usefulness of bond graph (Borutzky, 2013). The bond graph 

approach, which is a graphical modelling tool that takes into account multi-

energy exchange systems, domain independent approach (Mechatronics, 

economics, science, Human behaviour, etc.) and less time consuming, is being 

applied in the work for modelling of a multi-process (MIMO) via a benchmark 

Quadruple Tank System,. The successful usage of bond graph in the modelling 

and simulation of single tank benchmark system was demonstrated by (Aravind 

et al., 2013). A single conical tank which describes a nonlinear model for level 

control and real time was designed and simulated in Simulink. Two tank systems 
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have been modelled and simulated by (Deepa & Arulselvi, 2014). Likewise, for 

three tanks systems, the modelling and control have been cited in literature of 

recent amongst which are the works of (Triki et al., 2014).  

Bond graph methodology is a graphical notation of energy port-based description 

for modelling dynamic systems (Kayani & Malik, 2008); it is  a technique that 

takes into consideration power and energy exchange on multi-process 

combination of systems (mechanical, electrical, hydraulic, biological, economics, 

aerodynamics amongst others). The bond graph methodology clearly and 

intuitively starts by considering energy flows between the ports of the 

(conceptual) components of an engineering system(Breedveld, 1985; Wolfgang, 

2010). Bond graphs are labelled and have directions based on the direction of 

effort and flow of power. Each bond has a vertex and an edge; the vertices 

represent sub-models while the edge stands for the energy connection between 

power ports(Wang, 2009). This is illustrated in Figure 2.2 (Wang, 2009) 

 

Figure 2.2: Schematic Diagram of Energy 

Action and reaction are equal and opposite in time as in this case the flow and 

effort relates by (Borutzky, 2013) 

 Power e f  (2.13) 

Where in equation(2.13), e is effort and f is flow. 
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2.2.9.1 Causality 

 

The output of an effort source (Se) is effort (e), while that of a corresponding 

flow source (Sf) is flow (f), however, the decision to make which of the 

component models to reflect the causality is systematic and energy directed. In 

other words, which of the two power variables is an outgoing signal, or an output 

variable in one of the constitutive relations. For storage elements so-called 

integral causality is preferred (Ngwompo, 2011). The power variable that is 

integrated with respect to time is the input variable. The conjugate power 

variable, related to the state of the energy store, is taken as output variable. Hence 

effort is assigned to for a C energy store. Consequently, the causal stroke points 

away from the port of the C element (Das, 2009). On the other hand, the effort of 

the power port is taken as an input variable for the dual I element. Hence, the 

causal stroke points to the port of the I element. The effort is integrated with 

respect to time. The flow related to the resulting state of the I energy store is its 

output. If, for a C energy store, the causal stroke is on the side of the power port, 

or if the casual stroke points away from the port of an energy store, then this 

means that the output is obtained by differentiation of the conjugate power 

variable. In this case, so-called derivative causality has been assigned to the port 

(Wolfgang, 2010). 

 The resistor has linear constitutive characteristic, causal strokes could be applied 

in two options. (a) On the side of a port (conductance causality), or (b) Pointing 

away from the port (resistance causality) as shown in Figures2.3, 2.4 and 2.5 

respectively (Wolfgang, 2010). 
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Figure 2.3: C-Capacity Element Causality Integral/Differential 

 

The design of causality for a capacity component is shown in Figure 2.3. The first 

image demonstrates integral causality while the object underneath show 

differential causality. 

 

Figure 2.4: I - Inertial Causality Integral/Differential Configuration 

 

For the design of causality of an inertia component, Figure 2.4 shows the two 

variants. The first image demonstrates integral causality while the object 

underneath show differential causality. 
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Figure 2.5: R-Resistance Integral/Differential Configuration  

 

For the design of causality of anR-Resistance component of a system, Figure 2.5 

shows the two variants. The first image demonstrates integral causality while the 

object underneath show differential causality 

The constitutive equations of the bond graph elements are introduced via 

examples from the electrical and hydraulic domains. The nature of the 

constitutive equations lay demands on the causality of the connected bonds 

(Borutzky, 2013). Bond graph elements are drawn as letter combinations 

(mnemonic codes) indicating the type of element. The bond graph elements are 

the following: 

(i) C - Storage element for a q-type variable, e.g. capacitor (stores charge), 

spring (stores displacement). 

(ii) I - Storage element for a p-type variable, e.g. inductor (stores flux 

linkage), mass (stores momentum). 

(iii)R - Resistor dissipating free energy, e.g. electric resistor, mechanical 

friction. 

(iv) Se, Sf - Sources, e.g. electric mains (voltage source), gravity (force 

source), pump (flow source). 

(v) TF- Transformer, e.g. an electric transformer, toothed wheels, lever. 

(vi) GY - Gyrator, e.g. electro-motor, centrifugal pump.  

(vii) 0 – and 1 – junctions, for ideal connection of two or more sub-models. 

 While considering the elements of the bond graph as lump parameters, the 

electrical and hydraulic components share the same characteristics (Das, 2009). 

This means that their modelling patterns and considerations are almost similar; 
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(The capacitance/Capacity exhibited by Tank/Capacitors, the 

Resistance/Inductiveness by the Resistor/Pipe, the transformation by 

Transformer/Valve. Of course, the supply by pump and voltage source (Li et al., 

2014). Bond graph which was developed by Henry Paynter of Massachusetts 

Institute of Technology-MIT 

(Borutzky & Cellier, 1996; Breedveld, 1985) established a common/unified 

language for modelling a multi-domain energy transaction process. It is widely 

used in the industry for mechatronics system modelling, fault detection and 

identification (FDI) and simulation(Borutzky, 2013; Tsai & Gero, 2010) and 

integrated system design(Nacusse & Junco, 2014; Seo et al., 2005). Bond graph 

implementation impacts the four levels of system modelling(Das, 2009) as 

follows: 

1. Technological Level: the architectural representation of systems and 

subsystems in the form of icon (heat exchangers, tanks, valves and 

resistors) are used for system models. The use of word bond graph 

(describing the network of components by words and their names within 

their blocks) is suitably used (Karnopp et al., 2012). 

2. Physical Level: modelling at this level is done using energy descriptions 

of physical phenomena. The basic concepts of physics such as energy 

dissipation, transformation, accumulation, sources and so on are 

considered with their relevant physical dynamics (inertia, friction, and 

compressibility, to mention but a few.), which are easily achieved using 

bond (Borutzky, 2013). 

3. Mathematical level: The mathematical model of a system is represented 

by use of algebraic and differential equations, that are derived from 
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system behaviour abstractions. Hence in bond graph, the use of 

constraints and components are utilized to achieve this with much ease 

and accuracy (Dajun, 2013). 

4. Algorithmic Level: At this level information flow determines how the 

mathematical models are formed, as bond graph assignment of causality 

clearly captures this procedure directly(Borutzky, 2013). 

Bond graph, however, is seen as a unique language for physical domain 

modelling, because the use of it in modelling demonstrates clearly, cause and 

effect relations. This creates room for expansion, incorporation of new sub-

models in an existing one, efficient structural analysis, fault detection and 

isolation (FDI) capabilities. Bond graph is easily incorporated with most 

simulation software’s, like 20-sim, Simulink/ Matlab, Dymola and labVIEW 

(Ngwompo, 2011; Paynter, 1989) 

2.2.10 20-sim Simulation Software 

20-sim is an application software, developed for the validation and simulation of 

dynamics systems. It is a modelling and simulation program that runs under 

Microsoft Windows, Linux and Mac Operating software. With 20-sim, the 

behaviour of dynamic systems can be simulated, such as electrical, mechanical 

and hydraulic systems or any combination of these. 

20-sim fully supports graphical modelling, allowing to design and analyse 

dynamic systems in an intuitive and user friendly way, without compromising 

power. 20-sim supports the use of components (Nacusse & Junco, 2014). This 

allows the user to enter models as in an engineering sketch: by choosing 

components from the library and connecting them. The engineering scheme is 

actually rebuilt, without entering a single line of math! It contains a bond graph 
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package which makes it suitable for use as shown in literature (Aridhi et al., 

2014; Nacusse & Junco, 2014). 20-sim is built with the capability to interact 

across other modelling and simulation mathematically based software's like 

MATLAB, labVIEW, Dymola, Modelica etc. Some of the tool boxes are, Bond 

graph Toolbox,  Mechanics Toolbox, Animation Toolbox, Frequency Domain 

Toolbox, Control Toolbox, Mechatronics Toolbox, Real Time Toolbox, Time 

Domain Toolbox (Broenink, 1999). 

 

2.2.11 Decentralized Model Predictive Control 

The motivation for the implementation of predictive control scheme in the control 

of processes is imperative (Mercangöz & Doyle, 2007)  as issues pertaining to 

complexity in plant processes and dynamics become more pertinent (Wang, 

2009). Predictive control based on model dynamic approaches have been 

implemented to address challenges arising from complex system configurations 

(Christofides et al., 2013; Scattolini, 2009). In the scheme, different structures of 

the controller are designed to address the control objective of the process 

plant(Raimondo et al., 2007), amongst which are, 

1. Complete Decentralised Structures: The subsystems, which makes up 

the entire system block are partitioned in such a manner as to avoid 

coupling. The dynamics and control of one partially affect or totally does 

not impact the other. Control is autonomous for each subsystem. 

2. Distributed Control and Hierarchical Structures; some information is 

shared between the systems and update is carried out in this scenario 

(Alvarado et al., 2011) . Hence control is done in hierarchical manner. 
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The subsystems may be linked to a central control but basically, there is a 

share of information between one subsystem and the rest.  

The components upon which the implementation of Model Predictive Control is 

founded are defined as follows:  

(i) Moving Horizon Window: the time-dependent window from an arbitrary 

time i i Pt to t T . The length of the window PT  remains constant. 

However, it  which defines the beginning of the optimization window, 

increases with continuous process. 

(ii) Prediction Horizon (Np): This dictates the extent to which the future can 

be predicted for the performance of the system. This parameter equals the 

length of the moving horizon window, PT . 

(iii)Receding Horizon Control (Nc): Although, the optimal trajectory of 

future control signal is completely described within the moving horizon 

window, the actual control input to the plant only takes the first sample of 

the control signal, while neglecting the rest of the trajectory {Zheng, 

2010}. 

The decentralised approach proposed in the control of the quadruple tank is 

perceived to be able to address and adequately fit alongside with the use of bond 

graph, which is aimed at modelling and control from energy-component levels of 

the subsystems. With the use of DMPC, the control objective is transformed into 

an optimization cost function such that at any sampling time instant, a sequence 

of future control values is computed by solving a finite horizon optimal control 

problem (Gupta et al., 2012).  Then, only the first element of the computed 

sequence is effectively used and the overall procedure is repeated at the next 

sampling time according to the receding horizon (or moving horizon) 
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principle(Mercangöz & Doyle, 2007). Hence, the flexibility in design is made 

possible by the optimization nature of the formulated control problem which can 

enable the incorporation of several constraints reflecting different performance 

issues. Moreover, it allows for handling static and dynamic constraints on the 

plant variables(Christofides et al., 2013) 

A basic implementation of MPC in general can be attained. The decentralised 

scheme also is as represented by Figure 2.6(a and b) {Zheng, 2010} 

 

 

(a) A Basic Optimization 

Diagram 

 

(b) DMPC Design

Figure 2.6: MPC Schemes 

 

Reliability and robustness of the overall control system are part of the reasons for 

avoiding centralized solutions and for adopting decentralized approaches (Husek, 

2014). Figure 2.7 is a representation of the design scheme for a two input, two 

output (TITO) systems. It is observed thus, that the dynamics of each subsystem 

1 2,S S  is influenced by the inputs and the states of each other. 
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Figure 2.7: A DMPC Schematic Representation of a TITO System 

 

The formulation is basically expressed in state space equations that present a 

generic and simple representation of the control strategy. The standard MPC 

problem based on the linear discrete-time prediction model is considered 

(Maciejowski, 2002). 

 

 ( 1) ( ) (k)x k Ax k Bu  (2.14) 

 ( ) ( )y k Cx k  (2.15) 

Where ( ) nx k   is the state vector and ( ) mu k   is the vector of command 

variables at time 

step k, and ( ) py k   is the vector of the measured output. A is the states matrix, 

B is the input matrix, C is the output matrix. Following the formalism for the 

predictive control, the cost function is assumed to be quadratic and the constraints 

are in the form of linear inequality (Wang, 2009). Thus, the following 

optimization problem has to be solved: 

 

1

0

min ( ) min ( ) ( ) ( ) ( )

( ) ( )

PH
T T

P P
u u

j

T

V k x k H Px k H x k j Qx k j

u k j Ru k j

 (2.16) 

 ( 1) ( ) ( )x k Ax k Bu k  (2.17) 
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Subject to: 

 (0) ( )x x k  (2.18) 

 
min max( ) ,

0, , 1P

u u k u

k H
 (2.19) 

 

Where pH  is the prediction horizon, (0)x  is the initial condition of the state 

vector, minu  and 

maxu  are known vectors defining the saturation constraints on inputs variables 

(operational ranges). ,mm rr rr

i i iQ P and R    are symmetric and positive 

semi-definite weighting matrices specified by the user. 

They could be chosen in some cases as; 

0i i iQ qIm, P pIr and R r Ir  

For some positive parameters q, p and r0. They are diagonal. Moreover, P is 

chosen as zero in order to obtain MPC with offset-free control, i.e., y = r in steady 

state. The weighting matrices are almost always chosen as time invariant 

matrices, i.e., the weighting matrices are constant over the prediction horizon M 

so that; 

 1 2 PHQ Q Q  (2.20) 

 1 2 PHP P P  (2.21) 

 Trial and error method is often used. Meanwhile, choosing Q, P and R as 

diagonal positive definite matrices and if the prediction horizon PH  is large 

(infinite) then it can be proved some remarkable properties of the closed loop 

(controlled) system. 
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Equation(2.17)  can be recast as a Quadratic Programming (QP) problem, whose 

solution 

 1( ) [u ( ) ( 1) ] PmHT T T

PU k k u k H R   (2.22) 

is a sequence of optimal control inputs that generates an admissible state 

sequence. At each sampling time k, equation(2.17) is solved for the given 

measured (or estimated) current state ( )x k . Only the first optimal move ( )u k  of 

the optimal sequence ( )U k   is applied to the process, 

 ( ) ( )mpcu k u k  (2.23) 

The remaining optimal moves are discarded and the optimization is repeated at 

time 1k  

2.2.11.1  Decentralized Cost Function Problem 

The minimization for the subsystems ( i ) objective functions is as shown: 

 min ( , )
ii i

i ii i
x u

x u  (2.24) 

s.t  

 ( 1)ii ii ii ii ix k A x B u  (2.25) 

And 

( ) ( )ii iix k x k


; 

, 1, , 1t k k k N  in which ( )iix k


denotes the estimated states on the 

DMPC. 

Therefore, the quadratic cost function of the thi  decentralized subsystem is stated 

thus: 

 

 
1 1

( ( ), ( ) (k)Q ( ) (k)
2 2

T T

i i i i i i ix k u k x x k u
    

 (2.26) 
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Such that  

 ( 1) ( ) ( ) ( )i i i i i i ix k A x k k B u k  (2.27) 

in which; 

( (1),Q (2), , ( ))

( (0), (1), , ( 1))

i i i

i i i

Q diag Q Q N

R diag R R R N





 

Denoting the state to input penalties in the regulator through the control horizon 

(N). 

 Subject to constraints: 

min, max,

min, max,

,

,

i i i

i i i

x x x k

u u u k

 

The performance criterion in the application of MPC is determined by the 

optimization of the objective function of the system. However, the objective 

function is either a standard least-square or a quadratic objective function. The 

standard least-square function is a formulation based on the "sum of squares" of 

predicted errors (difference between the set-points and the model predicted 

outputs) and the control moves (step by step changes in control action). Figure 

2.8 depicts the current stage (k) and subsequent one (k+1) stages and steps 

considered during prediction for present and future move while capturing the past 

moves, in order to arrive at an acceptable optimal predicted solution.  
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Figure 2.8: The Prediction Working States of MPC 

 

The prediction at step k, is based on the information at k-1, hence with current 

state, it is shown that an estimated state can be realised as in equation(2.28); 

 
1

1 1

d

k k k k

d

k k k k k

x x u d

y Cx C x C u C d
 (2.28) 

Furthermore, it can be shown, using control changes that 

 
1

1 1

k k k

d

k k k k k

u u u

y C x C u C d C u
 (2.29) 

 

When, disturbance is considered, an estimate of equation(2.29) can make a 

representation in the form of equation(2.30) 
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 1|k | 1 |

d

k k k k k k ky C x C u C d C u


 (2.30) 

With 1|kky


Predicted output estimated at k+1 

|k kC x State estimate at k and Measured through k 

1kC u   Previous estimate. 

|

d

k kC d Estimated disturbance at k including measurements and 

kC u  Current change. 

When propagated into the future, (P - steps predictions), then representation in 

states space can be shown as in equation(2.31); 

 

1|

2
2|

| 1 |

1 1
|

1 1

d

k k

d d

k k

k k k k k

P PP i i d
k P k

i i

C Cy C

C C C Cy C
x u d

y C C C






  


 (2.31) 

With a forced response given as in equation(2.32);  

 
1

111 1

0 0

0 0

0

k

k

P P

k Mii i

C u

C C u

uC C



    



 (2.32) 

 

 

2.2.12 Parameter Estimation Application 

Prediction made based on measurement and estimation made through k - 1, at k is 

given by 

 | 1 1| 1k k k k kx x u
 

 (2.33) 

At instant k, the new prediction through k is: 
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 | | 1 | 1( )k k k k k k k kx x L y Cx
  

 (2.34) 

Hence, the state error covariance estimate results to 

 1

1 1 1 1 1( )T w wT T T T

k k k k k kP P Q P C CP C R CP  (2.35) 

From which the Kalman steady-state gain is given as: 

 1( )T T

k k kL P C CP C R  (2.36) 

2.2.13 Proportional Integral and Differential (PID) Control 

The classical control era was predominantly dominated with use of PID control 

policy (Aravind et al., 2013). It’s often tuned manually by trial and error methods 

while experience of the operator is an advantage in such process plants (Romero 

et al., 2014). The proportional, integral and differential compensate for system 

errors to ensure stability and control (Vijula & Devarajan, 2013). Amongst the 

popular configuration of PID's are full matrix implementation in MIMO systems, 

and decentralized PID with incorporation of decoupler for SISO systems 

(Tavakoli et al., 2006). In configuration of the control policy as shown in Figure 

2.9, the continuous controller/discrete controller takes any of these forms; P, I, D, 

PI, PD, PID, and PIDD. In this work, the PID configuration's performance is 

compared against that of QPDMPC designed in this work using 

MATLAB/Simulink 2013b’s Control Toolbox (Kala et al., 2014).  
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Figure 2.9: Basic Feedback Control Scheme 

In Figure 2.9, the controller group is made of the decoupler and controllers while 

the process represents the system controlled. The output of the PID is given in 

terms of the three gain types as shown in equation (2.37): 

 
0

( )
( ) ( ) ( )

t

p i d

de t
u t k e t k e d k

dt
 (2.37) 

In which: 

pk ; is the proportional gain factor, 

ik  ; is the integral gain factor, 

dk ; is the differential gain factor. 

 The tuning of the gain factors aims at a possible achievement of a stable and 

robust controlled system. 

 

2.3 REVIEW OF SIMILAR WORKS 

In order to effectively control and make the uttermost use of resources with 

improved productivity, a number works have been carried out by researchers in 

the area of multi-process modelling and control. These works and others from the 

background section formed the direction this work is built upon.  
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In the work of Edward et al, (2000), model based control of a four tank-system 

was developed, for a practical demonstration and teaching of process control 

systems. Implementation and methodology were based on Internal Model Control 

(IMC) and Dynamic Matrix Control (DMC). However, the implementation of the 

DMC was partial owning to the non-availability of measuring instruments for 

flow calculation as the flexibility of incorporating constraints (sudden leakage, 

pump error, source oscillations, spilling and over flow) on real experiment could 

compromise safety. 

In the work of Åströmet al,(2002), the design of a control scheme which was 

based on a single loop Proportional Integral (PI) and static decoupler control was 

implemented in the control of a Two-by-Two system (a multi-variable system). 

The use of such scheme, is as old as the process industry itself. In addition, this 

control scheme has been used effectively based on experience. The challenge 

with the authors' proposed approach is that its effective implementation relied on 

the expertise of the operator, since the tuning of the PI controller is done by trial 

and error.  

Also, in the work done by Garelli, (2006), a method to restrict the interaction of 

loops prevalent in Multi-Input Multi-Output systems was proposed. The method, 

which was based on Sliding Mode attributes for decentralised control scheme 

requires the designer to determine the extent to which the interactions with 

respect to a reference vector would occur. However, the multi-variable system 

model was developed based on first principles from differential equations and 

therefore requires some assumptions which makes the process susceptible to error 

as system complexity increases. 
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Kubalčík and Bobál(2013) developed an application for self-tuning predictive 

controller of a real-time control of three-tank-system, which was a Two-Input 

Two-Output System.  The control algorithm was based on the Generalised Model 

Predictive Control Method (GMPC).  The model of the 3-tank system was 

derived from first principles, and was converted to difference equations. 

However, this approach makes the reverse conversion of the state – space form to 

its original (differential equation form) quite a challenge. 

Vijula, (2013)developed a model of quadruple tank system using mass balance 

Bernoulli's principle equation and differential equations. The use of first 

principles based on mass balance of Bernoulli equation was used for modelling 

the tank system. Assumptions made in the modelling from first principles could 

lead to substantial errors e.g. round off errors. 

Nacusseet al, (2014) proposed a switchable structured bond technique. The 

method was implemented in modelling of a two tank system effecting 

coupling/decoupling of the physical systems. The efficiency of the use bond 

graph for modelling was demonstrated in this work, however, complexity of 

structural consideration was limited to system of two tank system with emphasis 

on fixed causality. 

Saeed et al, (2013)proposed a research work on improving a niching genetic 

scheme while using bond graphs for Topology and parameter optimization of a 

Mechatronic System. The novel multi-modal evolutionary optimization algorithm 

is said to be able to model complex problems with the objective of realizing the 

best topology and parameters from multi-criteria view point and different 

preferences. However computational time was long. 
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 The work of Triki et al, (2014) had presented a Simulink model for systems with 

mixed continuous and discrete behaviours. The model developed was based on 

modelling a system using bond graph methodology. The modelling was carried 

out using hybrid bond graphs (HBGs), that incorporates local switching functions 

that enable the reconfiguration of energy flow paths. However, the structure was 

that of three tank system connected serially with less complexity as compared to 

quadruple tank.   

 Subsequently, Srinivasarao et al (2014) developed a multi-input multi-output 

process system control based on Model Predictive Control with centralised 

strategy. The authors proposed a centralised implementation and control strategy 

which maybe simple in implementation and control. The modelling of the system 

also was based on differential equations and first principles which are tasking and 

time consuming and error bound. The controller is centralized and may become 

very costly to implement as the complexity of the system increases (expensive 

optimization function and difficult constraints may arise). 

In the work of Aridhi et al, (2014), a real data acquisition of temperature in an 

open loop was carried out on a single water tank system using LabVIEW data 

acquisition toolbox. A comparison was made between the data acquired against 

pseudo bond graph model that was realised using 20-sim software. But in 

carrying out the modelling in 20-sim, the temperature constraint which played a 

vital role in the data collection was overlooked; This can lead to a poor 

temperature set-point tracking causing degradation in system performance. 

Parisio et al, (2014)worked on the optimal operation planning of a microgrid. 

Their aim was to minimize the overall microgrid operating costs to meet 

predicted load demand at certain periods (typically one day) while satisfying 
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complex operational constraints, such as the energy balance using Model 

Predicted Control centralized approach via mixed integer linear programming. 

The challenge in the work is that when the system complexity increased, with 

more microgrids injected into the system, achieving the same aim will be more 

difficult and more expensive. 

Li et al (2014)explored a kind of decentralized PID tuning method for a wide-

spectrum process, and then applied it to the linear and nonlinear ALSTOM 

gasifier benchmark control problem to verify its feasibility. However, constraint 

handling was not addressed, which is a deficiency with the Proportional Integral 

and Differential (PID) controller adopted in the work. 

This work applied the bond graph technique in modelling the quadruple tank 

system in order to minimize the mathematical complexities and time consuming 

constraints of the conventional differential equations based techniques. In the 

design of decentralized MPC, consideration is made first of a classical predictive 

control approach in optimizing the cost function. However, because of the 

possible numerical ill-conditioning of the problem (which may lead to the 

resultant system not being stabilized and tracked satisfactorily by classical 

predictive controller), a more robust cost function (quadratic programming (QP)) 

may be considered at the possible expense of convergence time.          
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CHAPTER THREE 

QUADRUPLE TANK PROPOSED SOLUTION 

 

3.1 INTRODUCTION 

In this chapter, the mathematical equations which formed the model of the 

quadruple tank is derived from physics of the various components of the entire 

system. The energy exchange that is flow and effort are articulated and traced 

along the lump parameter components (energy dissipaters and energy stores).  

 

3.2 BOND GRAPH IMPLEMENTATION 

The procedures for the derivation of equations from a causal bond graph includes 

the following steps: 

(i) Write the constitutive equations for all independent sources. Their outputs 

are given functions of time.  

(ii) In contrast, the output of a controlled source is algebraically related to its 

input. If the latter   is not an output of an independent source or an energy 

store with integral causality, then it can be expressed by means of such 

outputs by back propagation of causal paths in the junction structure and 

by eliminating intermediate variables. 

(iii) The outputs of resistors depend algebraically on their inputs. By back 

propagation along causal paths through the junction structure, their 

outputs can be expressed by sources either independent or controlled 

ones, or outputs of energy stores. The outputs of dependent sources do not 

need to be eliminated, since they have already been determined in the 

previous step. 
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(iv)  For storage ports, the derivative with respect to time of an output is a 

function of the input(s). By working back causal paths, the inputs can be 

expressed by outputs of other energy stores, of resistors, or sources. If 

there are causal paths between resistor ports, implicit, algebraic equations 

will result. Implicit algebraic equations also result, if there are closed 

causal paths in the junction structure (Benmoussa et al., 2014).  

If there are storage elements that must accept derivative causality, then their 

output variables are algebraically dependent on the outputs of the storage 

elements in preferred integral causality and the number of states is smaller than 

the number of storage elements. 

Thus, in deriving the equations of the multi process tank systems of Figure 2.1, 

consideration is made vitally of the flow and effort directions what;  

(i) Each element is contributing to the system,  

(ii) The system gives back to each storage element as can be obtained from 

Figure 3.1. 

 

Figure 3.1: Quadruple Tank Indicating Flow and Effort Information Bonds Stage 

1 
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The entire system model is graphically captured as shown in Figure 3.2, with all 

connections between subsystems. 

 

Figure 3.2: The Quadruple Tank Crossed Looped Information Scheme: Stage 2 

 

Furthermore, the systems when segmented into sub-plants, Figures 3.3 and 3.4 

are obtained as shown 

 

(a) Bond Information Tank 1                               

 

(a) Bond Information Tank 2

Figure 3.3: Tank –Segmentation 1 
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(a) Bond Information Tanks 

 

(b) Bond Information Tank 4 

Figure 3.4: Tank Segmentation 2

 The physical build-up super-imposed on the bonds is visualized as illustrated by 

Figure 3.5:  

 

Figure 3.5: Bond Graph of a Quadruple Tank 
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    From Figure 3.5, the sources are from Source1 and Source2 which are physical 

pumps through separate voltage supplies. The flow of non-compressible liquid is 

modulated via this sources. The valves (three-way) splits the direction to which 

the quantity of fluid flows at each sampling period, by proportional variations (

&1  )  [0, 1]. The voltages (efforts) across the pipes and the tanks i.e. the 

resistors ( R  elements) and capacitors ( C  elements) are represented by the 1 

junctions. The R  elements and C  elements are however attached to the 0  

junctions: 0 junctions are points at which all potentials are equal. The bonds are 

also numbered from (effort 1e  to 25e  ), but each bond represents a flow and an 

effort as in Figure 3.5. The validation of the bond graph model of the quadruple 

tank system as carried out using 20-sim is as shown in Figure 3.6 
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3.2.1 Variables 

The vector, H, containing all power variables is deduced from bond model of 

Figure 3.2 
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14 14 13 13 1 1 2 2 10 10 8 8 17 17 19 19[ ]H e f e f e f e f e f e f e f e f   

Which results to a total number of components, i.e., nc = 8  

The set, K, of known variables is: 

1 2 3 4[ , , , ]K MSF MSF MSF MSF  

 

3.2.2 Structural Equations 

From the segmented tanks of Figure 3.3 and Figure 3.4 the structural equations 

are derived as 

a. 0JF : Junction 0 linked to R, or C elements. The equation of these 

structures are:  

 1 2 3 40 ,0 ,0 ,0  are given by ( m ne e  where m = 1, 2… and n = 1, 2…) 

  

 

2 3 1

14 12 13

17 16 18

8 7 9

1: ,

2 : ,

3 : ,

4 : .

F f f f

F f f f

F f f f

F f f f

 (3.1) 

   

b.  Equations for the 1 junctions 1 2 3 41 ,1 ,1 ,1  .  

 

5 2 4 6

6 1 11 15

7 19 18

8 9 10

: 0

: eu 0

:

: .

F eu e e

F e e

F e e

F e e

 (3.2) 
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      c. Transformers: (1 4)TF  

 

4 1 3 3

12 2 11 11

15 3 16 16

6 4 7 7

9 : * *

10 : * *

11: * (1 )*

12 : * (1 )*

F e TF e e

F e TF e e

F e TF e e

F e TF e e

 (3.3) 

The model equations as validated by 20-sim are shown in Figure 3.7 

 

Figure 3.7: 20-sim Model Equations for Quadruple Tank 
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From Figure 3.7, the following; system behavioural equations, systems dynamic 

equations, and the nonlinear model equations of the quadruple tank derived are 

validated. 

 

3.2.3 Behavioural Equations 

Each bond graph element is associated with a physics characteristic equation. 

This fundamental constitutive equation is known as the behavioural equation of 

the element. The physical laws expressing how the energy is transformed are 

mathematically described by the behaviour model. For the quadruple tank, the 

constitutive equations obtained as follows: 

 

13 1 1 1

14 2 13 13

15 3 19 19

16 4 10 10

17 1 2 2

1

18 2 14 14

2

19 3 17 17

3

20 4 8 8

4

: : | | | |,

: : | | | |,

: : | | | |,

: : | | | |,

1
: : ,

1
: :

1
: :

1
: :

F R R f a e

F R R f a e

F R R f a e

F R R f a e

F C C e f dt
C

F C C e f dt
C

F C C e f dt
C

F C C e f dt
C

 (3.4) 

 

3.2.4 Nonlinear System Dynamics 

System dynamics is an approach to understanding the behaviour of complex 

systems over time. It deals with internal feedback loops and time delays that 

affect the behaviour of the entire system. Hence, the interconnections between the 

elements are derived as follows: 
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1 1 1

2 2 2

3 3 3

4 4 4

1 1 3 1

2

\ . \ . / \ ;

\ . \ . / \ ;

\ . \ . / \ ;

\ . \ . / \ ;

C \ ( \ \ ) \ ;

C \ ( \ \ )

tank tank tank

tank tank tank

tank tank tank

tank tank tank

tank 2 tank tank

tank2 2 tank4

R p f C p e R r

R p f C p e R r

R p f C p e R r

R p f C p e R r

p.f TF p .f R p.f R p.f

p.f TF p .f R p.f

3 3

4

\ ;

C \ ( \ \ );

C \ ( \ \ );

tank2

tank3 2 tank

tank4 2 tank4

R p.f

p.f TF p .f R p.f

p.f TF p .f R p.f

 (3.5) 

 

3.2.5 System Equations 

The system equations describe the entire characteristics of the physical system 

modelled. These are derived as follows: 

 

 
tank1 tank1 tank1C \ state= (C \ p.f, C \ state - initial );  (3.6) 

 
tank2 tank2 tank2C \ state= (C \ p.f, C \ state - initial );  (3.7) 

 
tank3 tank3 tank3C \ state= (C \ p.f, C \ state - initial );  (3.8) 

 
tank4 tank4 tank4C \ state= (C \ p.f, C \ state - initial );  (3.9) 

 

With 1 2 3 4, ,h h h and h    represents the liquid level of 1 2 3 4, , ,andtank tank tank tank   

respectively; 1 2 3 4, , ,A A A and A  are the cross section areas of the tanks, related to 

the tanks hydraulic capacities by the relation  i
i

A
C

g
  (with i = 1, 2, 3, 4); row 

is the constant density of the fluid, g is the gravitational acceleration while 

1 2 3 4, ,a a a and a   are the cross sectional areas of the pipe assumed to be equal. The 

source is also given by 1 1k u  and 2 2k u  for the two inputs. The resultant system 

model is then derived as 
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 31 1 1 1
1 3 1

1 1 1

2 2
adh a

gh gh u
dt A A A

 (3.10) 

 2 2 4 2 2
2 4 2

2 2 2

2 2
dh a a

gh gh u
dt A A A

 (3.11) 

 3 3 2 2
3 2

3 3

2
dh a

gh u
dt A A

 (3.12) 

 4 4 1 1
4 1

4 4

2
dh a

gh u
dt A A

 (3.13) 

 

3.3 LINEARISATION OF SYSTEM DESCRIPTIVE EQUATIONS 

The work of (Vadigepalli et al., 2001) was an experiment-based control of 

quadruple tank Table 3.1:values for tank simulation} and Table 3.2 adapted from 

it were used for parameter estimation of the model developed in the work. The 

general formation of the realization of the nonlinear state space equation is given 

by: 

   

 
( , )

( , )

h f h u

y g x u


 (3.14) 

is linearised to 

 ( , )h f x u  (3.15) 

 

  The output comprises of linear system matrices given by:  

 ; ; ; ;
f f g g

A B C D
x u x u

 (3.16) 

  Where A, B, C and D are Jacobian matrices under the conditions of state x (i.e. 

initial conditions). This is obtained by the implementation of equation(3.14) and 
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application of equation(3.15) on equations(3.10) - (3.13)  which formed the 

nonlinear system equation of the quadruple tank system. 

Hence, the approximated state space model is  

 
x Ax Bu

y Cx Du


 (3.17) 

Represented thus in states space as 

 

1 1

1 3 1

2 2

22 4

2 2

3 3

1 1

4 4

1 1
0 0 0

1 1
00 0

(1 )1
0 0 0 0

1 (1 )
0 0 0 0

T T A

AT T
x x u

T A

T A

  (3.18) 

 

 
0 0 0

0 0 0

c

c

k
y x

k
 (3.19) 

 

With  1 2 3 4[ , , , ]Tx h h h h  , 1 2[ . ]Tu and 1 2[ , ]Ty h h    

 Where the time constant calculation is done with the use of: 

 

 
02i i

i

i

A h
T

a g
 (3.20) 

Where i = 1,2,3,4. 

  A is the cross-sectional area of tank, 

a; is the cross-sectional area of pipe, 

  h; is the height of liquid in tank, 

  g; is the acceleration due to gravity. 
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3.1 Tank Parameters and Control Test 

The parameter values implemented in Matlab code are based on the values from 

laboratory process used in (Johansson, 2000) given in Table 3.1 

 

Table 3.1: Values for Simulation 

Parameters Values 

A1, A2 (cm
2
) 28 

A2, A3 (cm
2
) 32 

a1, a3 (cm
2
) 0.071 

a2, a4 (cm
2
) 0.057 

k(V/cm) 1.00 

g (cm/s
2
) 981 

 

The model and control of the quadruple-tank process are studied at two operating 

points shown in Table 3.2 points: P- at which the system will be shown to have 

minimum-phase characteristics and P+ at which it will be shown to have 

nonminimum-phase characteristics. 

The chosen operating points correspond to the following parameter values, 

 

 

 

 

 

   Table 3.2: Operating Points Used 
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Parameters P- P+ 

0 0

1 2( , )h h (cm) (12.4, 12.7) (12.6, 13.0) 

0 0

3 4( , )h h (cm) (1.8, 1.4) (4.8, 4.9) 

0 0

1 0( , ) (V) (3.00, 3.00) (3.15, 3.15) 

(k1, k2)(cm
3
/Vs) (3.33, 3.35) (3.14, 3.29) 

( 1, 2  ) (0.70, 0.60) (0.43, 0.34) 

 

 

3.3.1.1 Minimum Phase and Nonminimum Equations of System  

This subsection show minimum phase behaviours of the system in two ways; 

A. Transfer function in minimum phase. 

B.  State Space in minimum phase. 

C. Transfer function in nonminimum phase. 

D. State Space in nonminimum phase. 

A. Transfer function in minimum phase: 

G11num = [2.6]; G11den = [62 1]; 

G12num = [1.5]; G12den = [1426 85 1] 

G21num = [1.4]; G21den = [2700 120 1]; 

G22num = [2.5]; G22den = [90 1]; 

Sys1 = tf (G11num, G11den) 

Sys2 = tf (G12num, G12den) 

Sys3 = tf (G21num, G21den) 

Sys4 = tf (G22num, G22den) 

H = [Sys1 Sys2 Sys3 Sys4]; Continuous transfer function 
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Hd = c2d (H, 1); discrete transfer function 

The respective output give: 

H= 

From input 1 to output… 

1: 
2.6

62 1s
 

2: 
2

1.4

2700 120 1s s
 

From input 2 to output… 

1: 
2

1.5

1426 85 1s s
 

2: 
2.5

90 1s
 

Continuous-time function 

Hd =  

From input 1 to output 

1:
0.00416

0.984z
 

2:
2

0.0002555 0.0002517

1,956 0.9565

z

z z
 

From input 2 to … 

1:
2

0.0005156 0.0005055

1.941 0.9421

z

z z
 

2.
0.022762

0.989z
 

Sample time: 1 seconds (using zero order hold method of sampling) 

Discrete-time transfer function. 

B. State Space in minimum phase: 
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 A = 

0.9842 0 0.0407 0

0 0.9890 0 0.0326

0 0 0.9590 0

0 0 0 0.9672

 (3.21) 

 B = 

0.0826 0.0010

0.0005 0.0625

0 0.0469

0.0307 0

 (3.22) 

 C = 
1 0 0 0

0 1 0 0
 (3.23) 

 D = 
0 0

0 0
 (3.24) 

 

The controllability test using the Matlab13b control toolbox, gives 

Ac = 

0.0826 0.0010 0.0813 0.0029 0.0800 0.0047 0.0787 0.0063

0.0005 0.0625 0.0015 0.0618 0.0025 0.0611 0.0034 0.0604

0 0.0469 0 0.0449 0 0.0431 0 0.0413

0.0307 0 0.0297 0 0.0287 0 0.0278 0

 (3.25) 

 

With a rank of 4, equalling the number of rows: proving that our system is 

controllable. 

C. Transfer function in nonminimum phase: 

G11numm = [1.5]; 

G11denm = [63 1]; 

G12numm = [2.5]; 

G12denm = [2457 102 1]; 

G21numm = [2.5]; 
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G21denm = [5096 147 1]; 

G22numm = [1.6]; 

G22denm = [91 1]; 

 

sysm1 = tf (G11numm, G11denm) 

sysm2 = tf (G12numm, G12denm) 

sysm3 = tf (G21numm, G21denm) 

sysm4 = tf (G22numm, G22denm) 

Hm = [sysm1 sysm2; sysm3 sysm4]; continuous transfer function 

Hdm = c2d (Hm, 1); discrete transfer function 

 

Hm = 

  From input 1 to output... 

1:
1.5

63 1s
 

2:
2

2.5

5096 147 1s s
 

  From input 2 to output... 

1:
2

2.5

2457 102 1s s
 

2:
1.6

91 1s
 

Continuous-time transfer function. 

Hdm = 

 

  From input 1 to output... 
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1:
0.02362

0.9842z
 

2:
2

0.0002429 0.0002406

1.971 0.9716

z

z z
 

  From input 2 to output... 

1:
2

0.0005018 0.0004949

1.959 0.9593

z

z z
 

2:
0.01747

0.9891z
 

Sample time: 1 seconds 

Discrete-time transfer function. 

C. States Space in nonminimum phase: 

 

 

0.9843 0 0.0251 0

0 0.9892 0 0.0176

0 0 0.9747 0

0 0 0 0.9824

An  (3.26) 

 

 

0.0478 0.0010

0.0005 0.0348

0 0.0765

0.0554 0

Bn  (3.27) 

 
1 0 0 0

0 1 0 0
Cn  (3.28) 

 
0 0

0 0
Dn  (3.29) 
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The controllability test using the Matlab2013b control toolbox, results to 

 

0.0478 0.0010 0.0470 0.0029 0.0463 0.0047 0.0456 0.0065

0.0005 0.0348 0.0015 0.0344 0.0024 0.0341 0.0033 0.0337

0 0.0765 0 0.0746 0 0.0727 0 0.0708

0.0554 0 0.0544 0 0.0535 0 0.0525 0

Anc  (3.30) 

The rank obtained is 4 and this shows that our system is controllable. The rank 

shows that at least 4 columns are independent of each other. 

The control test was performed in Matlab Window using the code  

Abar, Bbar, Cbar, T, k] = ctrbf (A, B, C)  

In this section a demonstration of the use of bond graph in modelling of a 

multiprocess system, in this case a quadruple tank system was successfully 

carried out. The modelling which was carried out based on energy characteristics 

of the lumped parameters of the system effectively captured the system dynamics 

in a visualized and graphical manner. Hence, the final system is nonlinear and 

exhibits the constraint of natural tank system with its dynamics, hence requires a 

robust and efficient control algorithm/technique minimize its cost objective, 

while meeting its target, effectively. 

 

3.3.2 Input - Output Pairing 

The selection of proper pairing depicts a very important step in multivariable 

control design (Luyben, 1970). This is often achieved via Relative Gain Array 

(RGA) calculation. The RGA, attempts to show the inputs and outputs that their 

pairing will not violate control objectives. It is employed to the minimum phase 

and non-minimum phase tank scenario. RGA is calculated thus (Vijula & 

Devarajan, 2013). 
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11 12

21 22

 (3.31) 

Where  

 11 121  (3.32) 

 11 22
11

11 22 12 21

( ) ( )

( ) ( ) ( ) ( )

G s G s

G s G s G s G s
 (3.33) 

 

This essentially means that: 

1. For large values of  , the diagonal of the transfer function will dominate 

i.e. output (1); h1 will be most affected by input (1); (u1), while output (2); 

(h2) will be affected by input (2); (u2). 

2.  For small values of  output (1); (h1) will depend on input (2); (u2) and 

output (2); (u2) on input (1); (u1). 

Hence, from the tank parameters on minimum phase, 11 = 0.63; (0.5 < 11< 1) 

so that the input/output pair is h1  u1 and h2  u2, while in non-minimum 

phase, 11 = 0.375; (0.375 < 11 < 0.5) so that the input/output pair is h1  u2 and 

h2  u1 

 

3.3.3 Decoupling Derived Linear Time Invariant Model 

In ideal decoupler design, the assumption is that, the decoupling elements 

independent of the feed-forward path controllers (Potts et al., 2015), hence the 

on-line tuning does not require redesigning of decoupler elements (Liu et al., 

2013; Vijula & Devarajan, 2013), while the diagonals are taken as unity. Hence 

the steps for designing a suitable decoupler comprises 

(i) Start with K = I, then D = adj (G) (s). 
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(ii)  Remove the largest common time delay of each decoupler column by 

multiplying the corresponding diagonal elements of K by inverted time 

delays (if there is time delay). 

(iii) Remove common poles and zeros of the decoupler columns by 

multiplying the corresponding diagonal elements of K by the inverse of 

the poles and zeros possibly also multiply the diagonal elements of K by 

low-pass filter to avoid giving the decoupler high pass filter 

characteristics (Nordfeldt & Hägglund, 2006) 

Therefore a decoupler matrix is given by: 

 

 
11

21

1 ( )
( )

( ) 1

D s
D s

D s
 (3.34) 

 

 

Figure 3.8: The Ideal Decoupling Structure 
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The structure of the decoupler and process are presented as in Figure 3.8. The 

Gij(s) - Gii are the plants subsystems while Dij - Dii are the decoupler subsystems. 

Hence, the complete design in Simulink is as show in Figure 3.9.  

 

 

Figure 3.9: The Open-loop Decoupled System Structure with Simulink 

 

Figure 3.9 shows the connectivity of the entire system, G(s); G11(s), G12(s), 

G21(s), G22(s) and the decoupler, D(s); D11(s), D12(s), D21(s), D22(s). The product 

of the System, G(s) and Decoupler, G(s) yields G(s)*D(s). Hence, the off 

diagonal elements are equal to zero equating the product of the G(s)*D(s) 

matrices to SISO system; Wsiso(s) which is the diagonal elements of the products 

of D12(s) and D21(s). Thus,  

 11 22( ) ( ) 1D s D s  (3.35) 

 12 22 21 22
21

11 22

( ) (s) ( ) ( )
12( ) , ( )

( ) ( )

G s D G s D s
D s D s

G s G s
 (3.36) 
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s.t 

 1 2( ) [ ( ), ( )]sisoW s diag W s W s  (3.37) 

As such, from Figure 3.9, minimum phase (min) and nonminimum phase (Nmin) 

matrices are derived as shown in equations (3.38) and (3.40). 

Figure 3.9 is the Simulink design of Figure 3.8. The decouplers and the process 

are as shown in the figure. The scopes are used in visualizing the outputs of the 

system at designated nodes. 

Hence, the decouplers’ algorithm are obtained as follows: 

12 11

11

21 11

22

( ) ( )
1

( )
( )

( ) ( )
1

( )

min min

min

min

min min

min

G s D s

G s
D s

G s D s

G s

 (3.38) 

2

2

93 1.5
1

3708 221 2.6
( )

126 1.4
1

6750 300 2.5

min

s

s s
D s

s

s s

 (3.39) 

While  

12 11

11

21 11

22

( ) ( )
1

( )
( )

( ) ( )
1

( )

Nmin Nmin

Nmin

Nmin

Nmin Nmin

Nmin

G s D s

G s
D s

G s D s

G s

 (3.40) 

2

2

157.3 2.5
1

3686 153 1.5
( )

227 1.5
1

8154 235.2 1.6

Nmin

s

s s
D s

s

s s

 (3.41) 
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CHAPTER FOUR 

RESULTS AND DISCUSSIONS 

 

4.1 INTRODUCTION 

This chapter sums up the results of this work. Included are the challenges, 

constraints, and graphical analysis of the entire sub-systems and the solution. The 

results includes those obtained without controller action, those obtained during 

the application of classical controller based on Dynamic Matrix Control and 

Quadratic Programmed based Controllers. 

 

4.2 OPEN-LOOP RESPONSE OF MIMO QUADRUPLE TANK 

SYSTEM 

The open-loop response of the MIMO system which comprises of first order sub-

system tanks (1-4) is obtained by simulation of the system at initial state [h1 = 

0cm, h2 = 0cm, h3 = 0cm, h4 = 0cm] as shown in Figure 4.1 and agitated states as 

also shown in Figure 4.2 
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Figure 4.1: 20-sim Step Response of Open-loop System 

 

Furthermore, the system was subjected to several perturbations of which the 

system behaviour depicts accuracy in plants' model at equilibrium point of (0; 0; 

0; 0) 

 

Figure 4.2: 20-sim Step Response under Multiple Excitations 
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Subsequently this system was linearized. The resultant MIMO tank system's 

response at minimum and nonminimum phase. 

is given below. 

 

Figure 4.3: Open-Loop Minimum /Nonminimum Phase Step Response 

 

   Figure 4.3 displays the responses of tank (2) having a right plane zero, as 

against tank (1) in minimum phase state without a right-plane zero (transmission 

zero). 

 

4.3 CONTROLLERS AND APPLICATION 

This section presents the application the DMPC variants and the PID controllers. 

A comparison is drawn to validate the control strategies. 

 



65 
 

4.3.1 Decentralized Model Predictive Control Application on Quadruple 

Tank System 

 The simulation is carried out within Matlab/Simulink. The design and 

implementation representation incorporates the Decentralized Model Predictive 

Controller implementation and Simulation labelled "MyTank12.mdl" as carried-

out with the control toolbox as shown in Figure 4.4.  

 

Figure 4.4: Schematic of the SISO Control Subsystems of the Quadruple Tank 

 

4.3.2 Results for DMPC 

This subsection, gives the brief on the results obtained during the simulations of 

system in Figure 4.4 produced in MatlabR2013b.  

Dynamic Matrix Control, carried out without constraint for the minimum-phase 

(Tank1 and Tank2) and non-minimum phase are as shown in Figures 4.5 to 4.8. 

The system demonstrated stable behaviour up until the prediction horizon 

increased beyond 5t  (in this case) i.e. at large command position. 
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The random noise was generated using the matlab code: 

rand ('state', 0);.  

noise = sd*randn (kfinal, 1); 

The standard deviation sd = 0.1;  

 

Figure 4.5: Non-Minimum Phase Plot of DMC Scheme h2 

The objective function used in the optimization based on classical predictive 

control is least mean square error. This can lead to challenges if numerically ill-

conditioned situations arise. This resulted in the system of Figure 4.5 tending 

towards divergent results, hence instability is observed at a receding horizon of 

6t  (control horizon; M=1, prediction horizon; N=5 and sampling time; ts = 

10sec) with a spike (influence of transmission zero). 
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Figure 4.6: Minimum Phase Plot of DMC Scheme h2 

 

The response of Figure 4.6 was obtained using specifications as N =1, M = 5, and 

time 10sec. The result showed numerically ill-conditioned situation with 

instability. 
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Figure 4.7: Nonminimum Phase Plot of DMC Scheme h1 

Figure 4.7 is the nonminimum phase response of the subsystem tank 1. In the 

non-minimum phase, the controller had to further spend a little more time to 

optimise the solution as could be observed in the graphs. The effect of the 

transmission zero could be observed at t  6. 
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Figure 4.8: Minimum Phase Plot of DMC Scheme h1 

 

The design of the DMPC controller had been carried out based on classical 

predictive scheme. However, the solution in Figure 4.8, tends to experience 

divergence at a future time due to numerical ill-conditioning of the co-opted 

optimization function (least mean square) with the possibility of instability setting 

in at the increase of control horizon. This subsection, presents the results obtained 

during simulation of the system in MatlabR2013b.  

The implementation of DMPC, via quadratic programming algorithm (QP) 

considers inequality constraint as set in the following script:  

 lb = -0.1*ones(n_in,1); 

 ub = 0.1*ones(n\_in,1);  

 Lb = kron(ones((M+1),1),lb);  

 Ub = kron(ones((M+1),1),ub);  
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 The reference signals were generated by  

  ref = ones(1,T);  

ref(201:600) = -ref(201:600);  

while the noise was randomly generated from the output data by 

 noise = 1e-2*cumsum(randn(T,n_out)')' + 1e-2*randn(T,n_out);  

 [bfilt,afilt] = butter(4,0.9);  

noise = filter(bfilt,afilt,noise)'; 

and the constraint by  

 if   i  50, y(:,i) = y(:,i)+0.3*ones(n_out,1); 

else if  

 i  300, y(:,i)= y(:,i)+0.5*ones(n_out,1); end 

With a suitable scaling weighted exponential factor, an unstable design model 

could be substituted with the transformed design model that is stable with all 

poles inside the unit circle. Hence, as a result, the prediction horizon N can be 

selected to be sufficiently large without numerical problems. In essence, 

asymptotic closed-loop stability is guaranteed (Liu et al., 2013). Hence, with N = 

Prediction horizon, M = control horizon, q and rr as weight matrices, the results 

are given as follows: 
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Figure 4.9: 2-Dimensional Nonminimum Phase Plot of Tank (1)-h2 

 

With M = 1, N = 10, rr = 2. Height = h2, applied for control, the result is as 

shown in Figure 4.9 .The set-points realization increased the work of the 

controller as depicted by the deviations in the tracking error of the signal. This is 

as a result of the existence of transmission zero (right-hand plane zero) 
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Figure 4.10: Non-Minimum Phase Plot of Tank (1)-h2 

 

Figure 4.10 is the response obtained by application of the following parameters 

on the system control command; M = 3, N = 15, rr = 3 for height = h2. Set-point 

was reached with some penalty on time of convergence due to the existence of 

transmission zero (right-hand plane zero). 
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Figure 4.11: Non-Minimum Phase Plot of Tank (1)-h2 

 

With M = 4, N = 20, rr = 3. Height = h2, responses of Figure 4.11 was obtained.  

Set-point was reached with some penalty on time of convergence due to the 

existence of transmission zero (right-hand plane zero).  
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Figure 4.12 Non-Minimum Phase Plot of Tank (2)-h1 

 

With M = 8, N = 28, rr = 4 and Height = h1 as parameters utilized in control 

command, 

Figure 4.12 shows the system response with perfect realization and tractable 

solution. The set-points were achieved and the trajectory realized efficiently. The 

plant is stabilized as the numerical ill-conditioned problem was eliminated. 
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Figure 4.13: Minimum Phase Plot of Tank (2)-h2 

 

Figure 4.13 shows the response of the system when the parameters: M = 10, N = 

100, rr = 1 used to predict Height = h2. The solution was satisfactory as the 

trajectory was tracked effectively. The weighting matrices values were also less, 

hence lesser work done to achieve efficient results. The same constraint and 

disturbance as non-minimum case were also applied. 
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Figure 4.14: Minimum Phase Plot of Tank (1)-h1 

 

Figure 4.14 shows the system response when the following parameters was set 

for the command: M = 10, N = 100, rr = 1, for a height h1. The controller 

predicted and exerted better control with lesser weighting matrices under the 

same constraint and disturbance. Generally, the Quadratic Programmed controller 

technique stabilized the system, even with constraints, disturbance and noise 

applied. The system was simulated at varied set-points which was effectively 

tracked as shown. 

 

4.3.3 Results Proportional Integral Differential Controller Application 

Use is made of the MATLAB/Simulink Control Toolbox for the design of this 

control application. Figure 4.15 shows the control layout used in PID application. 

The tuning parameters and the resultant effects were captured as shown on the 
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right half part (data) of the figures showing the tuning parameters, the settling 

time, the phase and stability status of the system for minimum and nonminimum 

conditions. The plants were stable both in minimum phase and non-minimum 

phase conditions. Numerical analysis between the PID and MPC variants is 

captured further in the tables 4.1 and 4.2. The subsystems and decouplers retains 

the values as used in the QPDMPC where the G(s) represents the plants and D(s) 

represents the decouplers. 

 

 

Figure 4.15: PID Control Configuration with Plant 

In Figure 4.15, the controllers are the two PID's as presented with the source 

which is a step signal (reference value of 1).  
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Figure 4.16: Minimum Phase (h1) Plot PID 

 

The PID in minimum phase is tuned as represented on right half of Figure 4.16. 

The result as shown on the right half part of the above figure compared to Figure 

4.8 and 4.14 of the DMC and QPDMPC respectively all of minimum phase 

performance, shows stable behaviours. Though the QPDMPC had a better 

performance as shown in table 4.1 for minimum phase characteristics of the 

controllers.  
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Figure 4.17: Minimum Phase (h2) Plot PID 

 

Figure 4.17 shows the PID action, in minimum phase action for height of fluid 

(h2). The tuned parameters are as represented on right half of the figure. The 

result, when compared to Figure 4.6 and 4.13 of the DMC and QPDMPC 

respectively all of minimum phase performance, shows stable behaviours. 

Though the QPDMPC had a better performance as shown in Table 4.1 for 

minimum phase characteristics of the controllers.  

Table 4.1 Comparing Controllers Actions under Minimum Phase 

Parameters PID DMC QPDMPC 

Rise Time(sec) 7.0000 2.3581 0.0400 

Settling Time(sec) 35.0000 1.3878 0.6100 

Settling Min - -0.0082 9 

Settling Max - 0.0052  

Overshoot (%) 9.92 0 0.5719 

Peak(sec) 1.1 10 0.0052 

Stability Stable Stable Stable 
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The data sheet on the right half of the figures shows stable SISO systems 

obtained when the PIDs were applied and tuned.  

The system yielded satisfactory results both for classical control PIDs and 

modern control policy DMPC. Table 4.2 represents the summary of the results 

obtained. These parameters depict the performance of controllers on the SISO 

systems. 

 

 

Figure 4.18: Nonminimum Phase (h1) Plot PID 

 

The PID in nonminimum phase is tuned as represented on right half of Figure 

4.18. The results compared to Figure 4.7 and 4.14 of the DMC and QPDMPC 

respectively all of minimum phase performance, shows stable behaviours. 

Though the QPDMPC had a better performance with faster rise times, settling 

time (better sensitivity and response) as shown in Table 4.2 for nonminimum 

phase characteristics of the controllers. 
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Figure 4.25: Nonminimum Phase (h2) PID 

 

The PID in nonminimum phase is tuned as represented on right half of Figure 

4.25. The result compared to Figure 4.5 and 4.11 of the DMC and QPDMPC 

respectively all of minimum phase performance, shows stable behaviours. But the 

QPDMPC had a better performance as shown in table 4.2 for nonminimum phase 

characteristics of the controllers. 

 

Table 4.2: Comparing Controller Actions under Nonminimum Phase 

Parameters PID DMC QPDMPC 

Rise Time(sec) 2.3581 0.8439 0.04825 

Settling Time(sec) 29.0000 0.6576 0.1092 

Settling Min - 9 -0.0058 

Settling Max - 10 0.0062 

Overshoot (%) 1.25e+04 0 0 

Peak(sec) 10 0.0062 101 

Stability Stable Stable Stable 
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The Tables 4.1 and 4.2 show the strength of the various controllers compared in 

this work in the control of the multiprocess system which was decentralized to 

meet control objectives. From both tables the QPDMPC demonstrated the fastest 

rise times and settling times. It also accommodated constraints (see Code is 

presented in Appendix B). Likewise, the DMC based controller had good settling 

time, though as seen in response of Figure 4.6 and 4.7, the penalty of ill-

conditioning that led to plants shift from reference trajectory and possibly may 

lead to instability should the control horizon be increased further (M > 1) (Matlab 

script presented in Appendix A). The PID controller had performed satisfactorily 

though the overshoot and settling time showed slow response, but the SISO 

systems were stable.  
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CHAPTER FIVE 

SUMMARY AND CONCLUSIONS 

 

5.1 INTRODUCTION 

In concluding this research work, constraints and challenges were encountered. 

Measures taken and the approaches used in addressing them are briefly 

summarized and conclusions drawn in this chapter.  

 

5.2 SUMMARY 

This research is about modelling of a multi-process system very close to reality as 

possible and controlling the system. A bench mark process, in this case a 

multivariable quadruple tank system was used for this research. The technique 

used in modelling is bond graph, which specifically, views a model from flow 

and effort energy relations (bonds) and interconnectivity. Furthermore, natural 

physical plants exhibit nonlinearities which was also observed, hence, the need 

for control and stability prompted the use of a controller algorithm, that had 

addressed the various constraints and challenges, like model-mismatch, looping, 

and uncertainties, and disturbances exhibited by nonlinear systems, the 

QPDMPC. The need for on-line incorporation prompted the use of a decoupling 

methodology that is on-line applicable. Moreover, validation of the controller 

action was carried out via comparison with a classical controller based policy. 

 

5.3 CONCLUSION 

In this work, we aimed at the modelling of a multi-process system (quadruple 

tank system), using bond graph technique and a predictive control of the system 

based on Decentralised Model Predictive Control for robust performance, 
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efficient tracking, and stability. Hence, the various elements for energy 

interaction were identified and their bonds established. Subsequently, after 

validation of the quadruple tank modelled using the energy-bond graphical 

concept; bond graph, a state space model of the linear version was determined 

using Matlab/Simulink control toolbox. However, the MIMO system was 

decoupled and partitioned into SISO systems relative to the input/output pairing 

technique implemented. The control objective was to achieve a satisfactory 

performance, with a tractable solution amidst constraints inherent in most process 

control systems. This was realized, after using a QP-DMPC controller in place of 

DMC controller.  

 

5.4 LIMITATIONS 

A Physical experimental setup of the quadruple tank benched mark system was 

not yet in place. This would have aided a physical appreciation of the word 

outside the computer space. 

5.5 RECOMMENDATIONS FOR FURTHER WORK 

The following are recommended further work: 

1. Application of bond graph modelling to higher complex multi-variable 

process systems. 

2.  Application of other variants of DMPC to quad-tank system. 
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A =[-0.0158730158730159,0,0,0,0,0,0;0,-0.0415140415140415,-

0.000407000407000407,0,0,0,-0.0166666666666667;0,1,0,0,0,0,0;0,0,0,-



97 
 

0.0288461538461538,-0.000196232339089482,0,0;0,0,0,1,0,0,0;0,0,0,0,0,-

0.0109890109890110,-0.0166666666666667;0,0,0,0,0,0,-0.0333333333333333] 

B = [1;0;0;1;0;0;1] C = 

[0.0238095238095238,0,0.00101750101750102,0,0,0,0;0,0,0,0,0.000490580847

723705,0.0175824175824176,0] D = [0] 

 A = [-0.0161290322580645,0,0,0,0,0,0;0,-0.0596072931276297,-

0.000701262272089762,0,0,0,-0.0166666666666667;0,1,0,0,0,0,0;0,0,0,-

0.0444444444444444,-0.000370370370370370,0,0;0,0,0,1,0,0,0;0,0,0,0,0,-

0.0111111111111111,-0.0166666666666667;0,0,0,0,0,0,-0.0333333333333333] 

 B = [1;0;0;1;0;0;1] 

 C = 

[0.0419354838709677,0,0.00105189340813464,0,0,0,0;0,0,0,0,0.000518518518

518518,0.0277777777777778,0] 

 D = [0] 

% Ad = [0.319148936170213,0,0,0,0,0,0;0,0.296038151137197,-

0.000366837857666911,0,0,0,-

0.00303815938074472;0,0.901320616287601,0.333455612619222,0,0,0,0.00101

271979358157;0,0,0,0.307502641775273,-

0.000176118351532230,0,0;0,0,0,0.897499119408242,0.333392039450511,0,0;0

,0,0,0,0,0.323529411764706,-

0.00300727032385988;0,0,0,0,0,0,0.303370786516854]; 

% Bd = [0.947823983292606;0.00107415155022500;-

0.000358050516741686;0.951941570163785;-

0.317313856721262;0.00106323061943100;0.953402401599839]; 

% Cd = [0.0225672376974430,-

0.000324241920940273,0.000959265170254312,0,0,0,-3.64316765101430e-

07;0,0,0,-

0.000155668100824795,0.000462513876489054,0.0166378066161541,1.869416

47372518e-05]; 

% Dd = [-0.00797859459882777;4.84275995266572e-05]; 

%%Initialisation of parameters without noise nor disturbance 

P = 3; %prediction horizon 

M = 1; %control horizon[1] 
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N = 60; %model lenght 

w = 0.0;%weight[0] 

ysp = 3;%output set point change[1] 

timesp = 2; %time to setppoint change[1] 

delt = 0.1; %sampling time interval 

tfinal = 10; %final simulation time 

noise = 0; 

%define time 

tvec = 0:delt:tfinal; 

ksp = fix(timesp/delt); 

kfinal = length(tvec); 

Define set point vector 

r = [zeros(1,ksp),ones(1,(kfinal-ksp))*ysp]; 

%%define Plant as SISO LTI OBJECT 

% c = input('enter plant in 1.statespace 2.transferfunction 3.polezero 

4.frequencyresponse'); 

% if c==1 

%     a = input('enter A matrix'); 

%     b = input('enter B matrix'); 

%     c = input('enter C matrix'); 

%     d = input('enter D matrix'); 

%     plant = ss(a,b,c,d); 

% elseif c==2 

%     nump = input('enter numerator coefficients'); 

%     denp = input('enter denominator coefficients'); 

%     plant = tf(nump,denp); 

% elseif c==3 

%     zero =input('enter zeroes'); 

%     poles = input('enter poles'); 

%     K = input('enter gain'); 

%     plant = zpk(zero,pole,K); 

% elseif c==4 
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%     resp = input('response'); 

%     freq = input('frequencies'); 

%     plant = frd(resp,freq,'Units','Hz'); 

% end 

plant=ss(A,B,C,D); 

plant = tf(plant); 

%%discretize the plant 

plant = c2d(plant,delt); 

%%define model here 

%assumption plant = model 

model = plant; 

%[numm,denm,tm] = tfdata(plant); 

numm = get(model,'num'); 

numm = numm{:};%get numerator of polynomial 

denm = get(model,'den'); 

denm = denm{:}; % get denominator of polynomial 

%%define step response coefficient matrix 

s = step(model,0:delt:N*delt); 

%define free response i.e Sp matrix for past control moves 

for i = 1:P 

    for j = 1:N-2 

        if (i+j<=N-1) 

            Sp(i,j) = s(i+j); 

        else 

            Sp(1,j)=0; 

        end 

    end 

end 

%define forced response i.e Sf matrix for future and control moves 

for i = 1:P 

    for j =1:M 

        if (i+j>0) 

            Sf(i,j)=s(i+1-j); 
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        else 

            Sf(i,j)=0; 

        end 

    end 

end 

Sf 

%obtain W matrix 

W = w*eye(M,M); 

%obtain Kmat where Kmat = ((Sf*Sf + W)^-1*Sf' 

Kmat = inv(Sf'*Sf+W)*Sf'; 

noise and disturbance 

sd = 0.05; %Standard deviation of measurement noise[0.1] 

randn('state',0); %Reset state of random number generator. Change to 

                  %to get differnt random sequancies generated 

noise = sd*randn(kfinal,1); %Measurement noise, normal distribution,mean =0 

                            %sd = standard deviation 

udist = 0.1*ones(kfinal,1);% Input disturbance(default constant 0.1) 

ydist = 0.1*[ones(floor(kfinal/2),1);-ones(ceil(kfinal/2),1)]; 

%output disturbance(default constant +/-0.1,changing sign halfway 

plant initial condition 

ndenm = length(denm)-1; 

nnumm = length(numm)-1; 

umpast = zeros(1,nnumm); 

ympast = zeros(1,ndenm); 

%uu = zeros(1,kfinal); 

%yy = zeros(1,kfinal); 

%xinit = zeros(1,size( 

%nump=[zeros(1,ndenp-nnump-1),nump]; Pad numerator withleading zeros 

%numm=[zeros(1,ndenm-nnumm-1),numm]; 

uinit = 0; 

yinit = 0; 
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%initialize input vector 

u = ones(1,min(P,kfinal))*uinit; 

u; 

dist(1)=0; 

y(1)=yinit; 

%x(:,1)=xinit; 

dup=zeros(1,N-2); 

for k = 1:kfinal 

    [m,p]=size(Kmat); 

    for i = 1:p 

        if k-N+i>0 

            uold(i)=u(k-N+i); 

        else 

            uold(i)=0; 

        end 

    end 

 

dvec = ydist(k)*ones(1,p); 

rvec = r(k)*ones(p,1); 

dnoise = noise(k)*ones(1,p); 

y_freed = Sp*dup'+s(N)*uold'+dvec'; 

y_free = y_freed+dnoise'; 

E = rvec-y_free; 

delup(k) = Kmat(1,:)*E; 

if k>1 

    u(k)=u(k-1)+delup(k); 

else 

    u(k) = delup(k)+uinit; 

end 

%%plant equations 

umpast = [u(k),umpast(1,1:length(umpast)-1)]; 

y(k+1)= -denm(2:ndenm+1)*ympast'+numm(2:nnumm+1)*umpast'; 

ympast= [y(k+1),ympast(1:length(ympast)-1)]; 

%%model prediction 
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if k-N+1>0 

    ymod(k+1)=Sf(1,1)*delup(k)+Sp(1,:)*dup'+s(N)*u(k-N+1); 

else 

    ymod(k+1)=Sf(1,1)*delup(k)+Sp(1,:)*dup'; 

end 

%%disturbance compensation 

dist(k+1)= y(k+1)-ymod(k+1); 

%additive disturbance compensation 

%put input change into vector of the past control moves 

dup = [delup(k),dup(1,1:N-3)]; 

end 

%%stairs plotting for input(zeros order hold)mand setpoint 

[tt,uu] = stairs(tvec,u); 

[ttr,rr] = stairs(tvec,r); 

figure(1) 

subplot(2,1,1) 

plot(tvec,y(1:length(tvec)),'-',tvec,y(1:length(tvec))+noise',':',ttr,rr,'--

','linewidth',2); 

%mesh(y(1:length(tvec)),y(1:length(tvec))+noise',ttr); 

grid; 

title('SISO(1)') 

%plot(ttr,rr,'o',tvec,y(1:length(tvec))) 

ylabel('h1'); 

xlabel('Time'); 

title('Plant Output'); 

legend('h1','Measured Output','Set-point'); 

subplot(2,1,2) 

plot(tt,uu,'-','linewidth',2); hold on; 

plot(tvec,u+udist',':','linewidth',2) 

grid on; 

title('Controller output,Plant input(dotted)') 

xlabel('Time') 

stepinfo(tt,uu) 
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ans =  

 

        RiseTime: 2.3581 

    SettlingTime: 1.3878 

     SettlingMin: 9 

     SettlingMax: 10 

       Overshoot: 0 

      Undershoot: 0 

            Peak: 10 

        PeakTime: 2.2653 
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function y = MyTank_MPC_1(M,rr,A,B,C,D,N) 

%------------------------------------------------ 

global T Ts sim_length 

% Construct model 
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%------------------------------------------------ 

 

%Specify system here in state space form with A B C D 

% A = [-0.0161290322580645,0,0,0,0,0,0;0,-0.0596072931276297,-

0.000701262272089762,0,0,0,-0.0166666666666667;0,1,0,0,0,0,0;0,0,0,-

0.0444444444444444,-0.000370370370370370,0,0;0,0,0,1,0,0,0;0,0,0,0,0,-

0.0111111111111111,-0.0166666666666667;0,0,0,0,0,0,-0.0333333333333333] 

% B = [1;0;0;1;0;0;1] 

% C = 

[0.0419354838709677,0,0.00105189340813464,0,0,0,0;0,0,0,0,0.000518518518

518518,0.0277777777777778,0] 

% D = [0] 

A = [0.319148936170213,0,0,0,0,0,0;0,0.296038151137197,-

0.000366837857666911,0,0,0,-

0.00303815938074472;0,0.901320616287601,0.333455612619222,0,0,0,0.00101

271979358157;0,0,0,0.307502641775273,-

0.000176118351532230,0,0;0,0,0,0.897499119408242,0.333392039450511,0,0;0

,0,0,0,0,0.323529411764706,-

0.00300727032385988;0,0,0,0,0,0,0.303370786516854]; 

B = [0.947823983292606;0.00107415155022500;-

0.000358050516741686;0.951941570163785;-

0.317313856721262;0.00106323061943100;0.953402401599839]; 

C = [0.0225672376974430,-

0.000324241920940273,0.000959265170254312,0,0,0,-3.64316765101430e-

07;0,0,0,-

0.000155668100824795,0.000462513876489054,0.0166378066161541,1.869416

47372518e-05]; 

D = [-0.00797859459882777;4.84275995266572e-05]; 

%%Initialisation 
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MPC PARAMETERS 

Ts = 1; %Sample interval 

%sim_length = 1000; %Simulation length in sec 

sim_length = 20; %Simulation length in sec 

T = sim_length/Ts; %number of samples in simulation 

% t = 0:Ts:sim_length-Ts; %time steps 

 

 M = 3; %Control Horizon[5] 

 N = 7; %Prediction Horizon[100] 

 rr = 0.1;%weight[0-1] 

 %qq  = 1.0; 

 %Ts = 0.1; %Sample interval 

 %Ts = 1.0; %Sample interval 

 

% A=[0.9 0;0.9 0.9]; B=[0.1;0.2]; C=[1 1]; D=0; 

 

%Specify system dimensions 

 

n_in = size(B,2); %# inputs 

 

n_out = size(C,1); %# outputs 

 

n_states = size(A,1); %# states 

 

%------------------------------------------------ 

 

% Specify horizons 

 

%------------------------------------------------ 

 

% M = M; %Control Horizon 

% 

% N = 8; %Prediction Horizon 
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%------------------------------------------------------ 

 

% Initial Matrix Filling 

 

%------------------------------------------------------ 

 

Lambda = zeros((N+1)*n_out,n_states); 

 

Phi = zeros((N+1)*n_out); 

 

AB = zeros((N+1)*n_out,n_in); 

 

AB(1:n_out,:) = D; 

 

for i = 2:N+1, 

 

AB((i-1)*n_out+1:(i)*n_out,:) = C*A^(i-2)*B 

 

end; 

 

for i = 1:M+1, 

 

Phi(1+(i-1)*n_out:end,1+(i-1)*n_in:(i)*n_in) = AB(1:(N-i+2)*n_out,:) 

 

end; 

 

Phi = sparse(Phi); 

%Lambda(1:n_out,:) = C; 

Lambda(1:n_out,:) = C; 

 

for i = 2:N+1, 
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Lambda(1+(i-1)*n_out:i*n_out,:) = C*A^(i-1) 

 

end; 

 

%------------------------------------------------ 

 

% Quadratic cost weighting Q (error) and R (control) generation. 

 

%------------------------------------------------ 

 

r = diag([rr*ones(1,n_in)]); %Weights on input moves (i.e. ||u(t)-u(t-1)||) 

 

q = diag([ones(1,n_out)]); %Weights on output deviation from setpoint 

 

Q = sparse(kron(eye(N+1),q)); 

 

R = kron(diag([2*ones(1,2*N + 1),1]),r); 

 

R = R + kron(diag([2*ones(1,2*N + 1),-1]),r); 

 

R = R + kron(diag([2*ones(1,2*N + 1),1]),r); 

 

%----------------------------------------------- 

 

% Generate the Hessian H 

 

%----------------------------------------------- 

 

H = full(Phi'*Q*Phi) + R; 

%H = full(Phi'*Q*Phi) 

%----------------------------------------------- 

 

% Create an observer 
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%----------------------------------------------- 

 

Aa = blkdiag(A,eye(n_out)) ; 

 

Ba = [B;zeros(n_out,n_in)]; 

 

Ca = [C eye(n_out)]; 

 

Da = D; 

 

Ga = diag([ones(1,n_states),ones(1,n_out)]); 

 

Qa = 1*eye(n_states+n_out); 

 

Ra = 1*eye(n_out); 

 

L = dlqe(Aa,Ga,Ca,Qa,Ra); 

 

L = Aa*L; 

 

%----------------------------------------------- 

 

% Create plant constraints 

 

%----------------------------------------------- 

 

%lb = -0.01*ones(n_in,1); ub = 0.1*ones(n_in,1); 

lb = -0.1*ones(n_in,1); ub = 0.1*ones(n_in,1); 

Lb = kron(ones((M+1),1),lb); Ub = kron(ones((M+1),1),ub); 

 

%------------------------------------------------ 
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% Set initial conditions 

 

%------------------------------------------------ 

 

% sim_length = 1000; %Simulation length in sec 

% % sim_length = SimulationTime; %Simulation length in sec 

% T = sim_length/ts; %number of samples in simulation 

% 

t = 0:Ts:sim_length-Ts %time steps 

 

%----------------------------------------------- 

 

% Set system initial conditions...... 

 

%----------------------------------------------- 

 

x = zeros(n_states,T); 

 

x(:,1) = -2*ones(n_states,1); %Plant state 

 

xh = zeros(n_states+n_out,T); %Estimated state 

 

u = zeros(n_in,T); %Input record 

 

u_old = zeros(n_in,1); 

 

y = zeros(n_out,T); %Output record 

 

Aobs = Aa-L*Ca; %Generate observer state gain matrix 

 

Bobs = Ba-L*Da; %Generate observer input gain matrix 

 

fd = full([Phi'*Q*Lambda, Phi'*kron(ones(N+1,1),q)]); 
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opt=optimset('display','off'); 

%opt=optimset('display','on'); 

%------------------------------------------------ 

 

% Generate reference signal 

 

%------------------------------------------------ 

 

ref = ones(1,T); 

%ref(201:600) = -ref(201:600); 

ref(4:10) = -ref(4:10); 

%------------------------------------------------ 

 

% Generate noise signal 

 

%------------------------------------------------ 

 

noise = 1e-2*cumsum(randn(T,n_out)')' + 1e-2*randn(T,n_out); 

 

[bfilt,afilt] = butter(4,0.9); 

 

noise = filter(bfilt,afilt,noise)'; 

 

%------------------------------------------------ 

 

% MPC Evolution 

 

%------------------------------------------------ 

 

for i = 1:T, 

 

%SIMULATE REAL PLANT------------------------------- 
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x(:,i+1) = A*x(:,i) + B*u(:,i); 

 

y(:,i) = C*x(:,i) + D*u(:,i) + noise(:,i); 

 

%Add disturbance 

% if i<=50, y(:,i)= y(:,i)+0.3*ones(n_out,1); 

% else i>300, y(:,i)= y(:,i)+0.5*ones(n_out,1); end 

%if i>300, y(:,i)=y(:,i)+0.5*ones(n_out,1); end 

if i<=1, y(:,i)= y(:,i)+0.05*ones(n_out,1); 

elseif i>8, y(:,i)= y(:,i)+0.05*ones(n_out,1); end 

%CONTROLLER STARTS HERE---------------------------- 

 

%Observe state 

 

xh(:,i+1) = Aobs*xh(:,i) + Bobs*u(:,i) + L*y(:,i); 

 

%Solve dynamic optimisation problem 

 

f = fd*[xh(1:n_states,i+1);xh(n_states+1:end,i+1)-ref(:,i)]; 

 

f(1:n_in) = f(1:n_in)-r*u_old; 

 

U = quadprog(H,f,[],[],[],[],Lb,Ub,[],opt); 

%U = quadprog(H,f,[],[],[],[],Lb,Ub,[],[]); 

u(:,i+1) = U(1:n_in); 

%u_old = u(:,i); 

u_old = u(:,i+1); 

 

end; 

 

%------------------------------------------------ 
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% Plots 

 

%------------------------------------------------ 

figure(1); 

subplot(2,1,1); 

 

plot(y(1,:),'r--','Linewidth',2); hold on 

% 

plot(y(2,:),'b-','Linewidth',2); hold off; 

%plot(y,ts,'r--','Lindwidth',2); hold on 

%plot(y2,ts,'b-','Linewidth',2); hold off 

title('SISO Tank(2)DMPC Response Minimum-Phase') 

ylabel('Output and reference'); 

legend('Fluid Height(h2)','reference') 

xlabel('Time (sample number)'); 

grid on; 

subplot(2,1,2); 

 

plot([1 T],[ub ub],'r--','Linewidth',2); hold on; 

%plot([1 T],[Lb Ub],'r--','Linewidth',2) 

plot([1 T],[lb lb],'r--','Linewidth',2) 

%plot([1 T],[lb ub],'r--','Linewidth',2); 

 

plot(u(:,2:T)','b-','Linewidth',2); hold off; 

 

xlabel('Time (sample number)'); 

 

ylabel('Input and constraints'); 

 

axis([1 T 2*lb 2*ub]); 

grid on 

figure(2) 

mesh(y,'linewidth',2) 
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stepinfo(y(1,:)) 

stepinfo(y(2,:)) 

 

        RiseTime: 0.6851 

    SettlingTime: 18.9366 

     SettlingMin: 0.0263 

     SettlingMax: 0.1009 

       Overshoot: 43.7951 

      Undershoot: 26.8279 

            Peak: 0.1009 

        PeakTime: 10 

 

 

ans =  

 

        RiseTime: 4.6318 

    SettlingTime: 19.8783 

     SettlingMin: 0.0324 

     SettlingMax: 0.0981 

       Overshoot: 59.9243 

      Undershoot: 18.3687 

            Peak: 0.0981 

        PeakTime: 10 

 

Published with MATLAB® R2015a 
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