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Abstract

A chemical process plant is composed of several process units that work together in order
to transform raw material into the desired final product. Additionally, the objective is to
increase efficiency and decrease the effects that disturbances cause on the product quality.
Disturbances motivate the implementation of control systems on chemical processes [1],
which should be multivariable because processes have multiple input variables and multiple
output variables (MIMO). In addition, control systems should consider the interactions of
process dynamics.

There exist many multivariable control strategies. Each strategy has applicability in ac-
cordance to a particular process, because it can consider their relevant aspects. In this
sense, the multivariable control strategies can consider: strong nonlinearities, the necessity
of a short settling time, low overshoot, the importance of the error between the controlled
variable and the set point. Despite of the large amount of control strategies, the effect of
controllable parameters is not considered by any of them, except for direct manipulation of
these parameters proposed by some authors. This is particularly important when additional
degrees of freedom are required in the control system.

In this thesis an approach to collaborative and cooperative control definitions, highlighting
their differences, are proposed. Usually in the literature, collaborative control and cooperative
control are studied like the same techniquey, but there exist differences between them. Here,
a collaborative control strategy including the effects of controllable parameters is proposed
and applied. That strategy includes into the optimization procedure a term for considering
the influence of one or more parameters that can be controlled using available control actions.
To do this a mass transfer model for the aerated section in Benchmark Simulation Model
No.1 (BSM1) is developed separating the effects of parameters kL y a. The behavior of
collaborative control using such a separation is compared with traditional control structures
using the integrated kLa parameter, all implemented over this benchmark.

Keywords: Collaborative control strategy, multivariable control strategies, controllable param-
eters.



Resumen

Una planta de procesos quimicos estd compuesta por varias unidades de proceso, que
juntas operan con el objetivo de transformar la materia prima en el producto deseado.
Adicionalmente, el objetivo es incremetar la eficiencia del proceso y disminuir los efectos que
causan las perturbaciones en la calidad del producto. Dichas perturbaciones, son las que
motivan la implementacién de sistemas de control en procesos quimicos . Estos sistemas de
control deben ser multivariables, ya que los procesos tienen multiples variables de entrada y
multiples variables de salida (MIMO). Ademas, los sistemas de control deben considerar las
interacciones dindmicas del proceso.

Existen muchas estrategias de control multivariable. Cada estrategia tiene importancia de
acuerdo al proceso en particular, puesto que cada una puede considerar diferentes aspectos
relevantes en el proceso. En este sentido, algunas estrategias de control multivariable pueden
considerar: linealidades muy fuertes, la necesidad de un tiempo de respuesta corto, un bajo
sobreimpulso, la importancia del error entre el valor de la variable de control y el punto de
referencia o considerar el punto de referencia de otra dindmica. Pero ninguna estrategia de
control incluye los efectos de los pardmetros controlables. Este Gltimo aspecto es importante
cuando es necesario adicionar grados de libertad al sistema de control. Algunos autores
remplazan dicha necesidad con manipular directamente el pardmetro de interés.

En esta tesis se presentan una aproximacién a la definicién de control colaborativo y control
cooperativo, resaltando sus diferencias. Normalmente, en la literatura estas técnicas son
estudiados como si fueran lo mismo, pero existen diferencias entre ellas. Aqui se propone
y aplica una estrategia de control colaborativo incluyendo los efectos de los pardmetros
controlables. Esta estrategia incluye dentro del procedimiento de optimizacién un término
que considera la influencia de uno o mas pardmetros que pueden ser controlados usando
acciones de control disponibles. Para hacer esto, se desarrolla un modelo de la transferencia
de masa para la seccién aireada del BSM1, separando los efectos de los pardmetros kL y a. El
comportamiento del control colaborativo usando esta separacién se compara con estructuras
de control tradicionales que usan el parametro kLa integrado, todas implementadas sobre el
mencionado problema de referencia.

Palabras claves: Estrategia de control colaborativo, estrategias de control multivariable,
parametros controlables.
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CHAPTER 1

Introduction

Plantwide control (PWC) has been studied intensely during the last ten year because the
PWC design because it promises important improvements to industrial processes [4]. This
topic is relevant because the majority of chemical plants have many units and the dynamic
behaviour is complex requiring a proper control structure [5]. The control structure selection
includes the selection of manipulated and controlled variables, and the pairing of these
variables if the controller is not multivariable. After that, the tuning of the controllers must
be performed. These tasks are complex when a complete plant is considered as a whole. This
thesis remarks the possibility of considering as controlled variables not only the states, but
also the controllable parameters available in the process.

This thesis is focused on those process parameters with option of being controlled to improve
the response of the total process. Moreover, this proposal increases the collaborative control
strategy capabilities by including one or more process controllable parameters into the
controller strategy. Particularly, the controllable parameters for the wastewater treatment
process proposed in this thesis have been obtained increasing the degrees of freedom of the
oxygen transfer process by separating the volumetric mass transfer coefficeint into the liquid
phase mass transfer coefficient and the specific area for mass transfer. Below, in the next
section, motivation for this research, the main objective, specific objectives and finally, the
main novelty are presented.

Motivation

Plantwide control (PWC) is a procedure in order to determinate the manipulated and
controlled variables and control loops [6]. Moreover, the PWC must maintain the momentum,
energy and mass balance of the plant [7]. For this reason, it is necessary a more complex
control structure involving all the interesting dynamics, which is not possible using only
PID controllers or other kind of controllers working individually, i.e. without communication
among them.

Many control architectures have been developed and applied over the last 45 years ago [8].
Those control structures can be grouped on three families: centralized, decentralized and
distributes control. Centralized control structure can be difficult to implement because of
the computational complexity and robustness and reliability problems [8]. However, studies
like [9] shows good results using them. On the other hand, decentralized structure has been
used the last years and in [10] is presented a novel framework for decentralized structure.
Finally, distributed structure is the most used on last years, many works use this structure, for
example in [11] and [12] this structure is applied to control a system without a model of the
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system.

Hierarchical control can be obtained for centralized or distributed structures because it is
possible to consider a control structure with some kind of hierarchy. Then, a hierarchical
control structure is composed of supervisory and regulatory level, independently of the
control architecture. On this way, some works like [13] and [14] have been studied this
scheme obtaining good results. On the other hand, [15], [16] and [17] show the possibility
of including some kind of sensitivity terms in the cost function when the optimization of
large-scale process is treated. In this sense, the main motivation of this work is [2] because
it considers a supervisory hierarchical structure based on main dynamic including secondary
to main dynamic sensitivities. In spite of the results presented in that work are satisfactory,
in some processes there exist parameters with option of being controlled but mentioned
procedure does not allow to include them. Those parameters like transport parameters and
physico-chemical properties can be changed by input processes variables, directly affecting the
main process dynamic. In this sense, if these parameters are maintained at good values they
can help to a better control of the process.

Research problem

If a control system is multivariable, there are several control strategies useful for performing
the control task. According to the scheme shown in Figure 2.1 on the Section 2.1, it is
possible to choose among several control architectures. The control strategy of interest in this
thesis is the collaborative control. This chosen is supported on [2] and [14], where authors
show how this type of strategy works well in chemical process. Obviously, some improvements
are possible to overcome uncover aspect of chemical processes.

Although the collaborative control has been succesfully applied in many chemical processes,
the consideration of controllable parameters has not been considered yet. In this thesis,
the architecture proposed by [2] is taken as the basis to include the effect of controllable
parameters into the control strategy. That work uses the sensitivities of a process state
against variations of another states, to determinate the effects on the main dynamic when
changes on secondary dynamics take place. However, in chemical processes a state can also
have variations according to changes in some process parameters. As it is evident from
process model, the parameters affect the behavior of states through crossed effects between
parameters and state variables. Parameter changes from one operation point to another
can be directly regulated by some control actions. This kind of parameters are called in
this research controllable parameters. In [2] the optimization cost function only includes
the process states without considering the controllable parameters effects. The influence of
controllable parameters over the process allows additional control actions (new degrees of
freedom for control), which finally can improve the process performance. Thus, it is suitable
to study the inclusion of controllable parameters in the cost function of collaborative control
to increase the degrees of freedom in plantwide control.

In this sense, it is necessary to ask:
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How to include the process controllable parameters effects in the cost function proposed by
[2] to improve the system response through new control freedom degrees in a collaborative
control structure?.

Objectives

The objectives that conduct this thesis are:

General objective: Develop a collaborative control strategy including the effects of process
controllable parameters, by considering explicitly the sensitivity of the main dynamic with
respect to changes in these parameters, in order to achieve good performance and disturbance
rejection.

Specific objectives:

e Describe the multivariable control strategies more important and used in chemical pro-
cess control. Additionally, describe the strategies more commonly used in wastewater
treatment plant.

e Reconstruct a definition of collaborative and cooperative control allowing a comparation
between them and giving knowledge about their capabilities.

e Define the term controllable parameter and characterize all its possible effects on chem-
ical processes control.

e Reproduce some multivariable control strategies applied to wastewater treatment plants,
found in the literature for comparsion with the collaborative control strategy analyzed
here.

e Formulate a mathematical expression including the effects of controllable parameters in
the objective function of primary controller in a collaborative control strategy.

e Validate the performance of the proposed collaborative control strategy, when it is applied
to the plantwide control of the wastewater treatment plant given in BSM1 compared to
other multivariable control strategies documented in the literature.

Main novelty

The collaborative control structure has two layers, supervisory layer and regulatory layer.
The main outcome of this thesis is to include the controllable parameters at the supervisory
level, taking into account the sensitivity of main dynamic respect to controllable parameters.
Another novelty is the development of a mass transfer model that represents the phenomenon
in a wastewater treatment process, validated in the BSM1 benchmark.

Thesis outline

This thesis is organized in six chapters as follow. Chapter 2 introduces some plantwide control
architectures, that are explained and compared. In that chapter a taxonomy of plantwide
control is proposed. Chapter 3 presents the case of study where the methodology proposed is
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tested. In this sense, the mathematical model of Benchmark Simulation Model No.1 (BSM1)
is explained. Moreover, a formulation for the mass transfer model is developed. This model is
applied to BSM1. On the other hand, Chapter 4 presents the strategy for collaborative control
proposed in this thesis. The Section 4.1 deepens in controllable parameter where the definition
of this term is presented. Moreover, the methodology proposed is detailed in that chapter and
finish with a illustrative example. The Chapter 5 shows the results of methodology applied to
BSM1. Finally, Chapter 6 presents conclusions about this thesis and future works that can be
explored.



CHAPTER 2

Plantwide Control and Collaborative Control

The aim of this chapter is to highlight important topics and concepts for the development of
this research. In this sense, the section dedicated to plant-wide control architectures describes
different structures for plant-wide control and proposes a classification for them, according to
information send to controllers and controller distribution in the plant. Next, the multivariable
control strategies section describes the control strategies showed in Section 2.1. Then, the
collaborative control strategy section explains that control strategy, taken as the base for the
collaborative control strategy including the effect of controllable parameters as it is explained
in Section 4. Finally, model predictive control section discusses this strategy in order to
perform a comparison.

2.1. Plantwide control architectures

In chemical processes is very important to keep some variables at their set point, because the
performance of the whole process depends on the interaction among them. Additionally, the
processes are more complex due to interaction among the units caused by material and energy
recycling [5]. In this sense, the implementation of a control strategy in the process facilitates
to guarantee the desired behaviour of the global process. Plantwide control (PWC) links the
systems and strategies necessaries to control an complete chemical plant that composed of
many interacting unit operations [18]. Moreover, the structural decision of the control system
should include what to control and how to pair the manipulated and controlled variables in
order to form control loops [19]. The Figure 2.1 shows a proposed classification for control
structures. This figure presents three structures of plantwide control: centralized, decentralized
and distributed control. The classification is done in accordance to controllers distribution at
the plant and the information sent to each controller or final control (FCE).
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Control Multivariable
Structure Control Strategy
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taken in the coordinator | : .
Centralized: - S Optimal, MPC control
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control loops. "\ point is coordinated by one Cooperative
controller but its set point is Cascade

changed too. Also, the
controllers can supply them
information about set points.

Figure 2.1. Classification of plant-wide control architectures.

According to the Figure 2.1, centralized control structure is based on just one coordinator
controller, which sends information to other controllers or FCEs. In this sense, the centralized
control structure can be pure or hierarchical. If the coordinator controller directly sends
information about control actions (to FCE), the structure is pure centralized, like it is shown
in Figure 2.2a where only one level of controller exist. On the other hand, if the coordinator
controller decides the set point of other controller, it is a hierarchical centralized control
structure and two layers exist in the control structure, like it is shown in the Figure 2.2b. The
main level is the coordinator controller and the secondary level is a PID or a MPC controller,
depending on behaviour of plant and its dynamic interactions. Optimal control and MPC are
examples of pure centralized control structures. Note that the box marked with dashed line
in the Figure 2.2 is the difference between pure a hierarchical centralized control structure, in
this Figure PU represents process units.
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Y

Optimization based controller

A

Optimization based controller

i| PID/MPC PID/MPC PID/MPC |
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(a) Pure centralized control structure. (b) Hierarchical centralized control structure.

Figure 2.2. Centralized control structure.

As it was mentioned and shown in Figure 2.1, in a decentralized control structure there is
no primary control level and communication among control loops. Then, only it is possible
a pure decentralized control structure, where each controller is totally independent, like it
is shown in the Figure 2.3, where it is evident that a main level does not exist. Multiloop
control strategy uses this type of structure.

PID/MPC PID/MPC PID/MPC

- - -

Figure 2.3. Decentralized control structure

On the other hand, in a distributed control structure the main level does not exist either, but
the communication among the control loops is possible. As in centralized control structure,
the distributed structure can be pure or hierarchical. In this sense, a pure distributed
control structure takes the decisions about control actions in accordance to the information
exchanged among the control loops. That information is about process variables including
manipulated variables. Such a structure is shown in Figure 2.4a. On the other hand,
hierarchical distributed control structure takes place when the set points change are performed
by a main controller or coordinator controller, but the set point of coordinator controller
can be changed according to the information sent by the other controllers. In this sense,
the change of set point can be coordinated by some controller in the same level. Addi-
tionally, the exchange of information among controllers is possible, as it is shown in Figure 2.4b.
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...........................................

PID/MPC}---------{ PID/MPC}---------{ PID/MPC -
e [0V | Jol S PID/MPC}--=-==--- PID/MPC
Set point
) o pu, ) o
PU1 » PU2 ) '\E—’ PU1 } »>( PU )} »( PUs }—>
(a) Pure distributed control structure. (b) Hierarchical distributed control structure

Figure 2.4. Distributed control structure.

Although the control structure is very important, to select the control strategy is relevant
in order to accomplish the control objective, because it is possible to implement the same
control structure with different control strategy or controllers (2.1) many strategies of control
exist. The control strategy should ensure stability, be robust to disturbances and model errors,
and be efficient, all with an easy implementation. For this reason, the control strategy should
be selected in accordance to the process and the number of variables involved in it.

Depending on the number of variables, there are SISO controllers (single input and single
output) and MIMO controllers (multiple input and multiple output). The first class is the
simplest and common kind of control, in which one output is controlled by one control
signal. Meanwhile, MIMO is a combination of two or more SISO control systems. In
chemical processes the MIMO controllers are very frequent because two or more variables
must be controlled to guarantee process objective. Temperature, concentration, pressure,
concentration and level are typical variables in a chemical process, normally each one with its
own one control loop. Therefore, the control strategy as a whole is called multivariable control.

The Figure 2.1 shows a classification for multivariable control structures, where it is possible
to see the characteristic of centralized, decentralized and distributed architectures. In this
sense, each control structure shown in Figure 2.1 is explained in the next section.

2.2. Multivariable control strategies

The Figure 2.1 shows the classification of plantwide control structures and lists examples
of multivariable control strategies for each architecture. In this sense, an example of pure
centralized multivariable control strategy is the optimal control and the model predictive
control (MPC). Optimal control is a kind of control strategy where the trajectory of control
actions for a dynamic system is found by minimizing a performance index or cost function,
using different optimization methods depending on the cost function considered. The
strategy can be stated in continuous or discrete time domain, and considering different
type of constraints [20]. MPC control can be used in the pure centralized control strategy,
because according to optimization problem shown in Section 2.4 it is possible to optimize
the control action of the controllers in multivariable framework. Moreover, this is a typical
control strategy used in the literature in order to control waste water treatment plants, but
in this case it is important to take into account the dynamic of final control element (FCE)
and its dynamic interaction with the rest of process elements. This is a requirement to
guarantee that the process simulation is closer to the real process. In this sense, when the
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process output is predicted for a given prediction horizon, the model of the FCE must be known.

On the other hand, the collaborative control strategy could not be on the family of pure
centralized control structure, because the cross sensitivities explained in Section 4 are related
to secondary dynamic or controllable parameters and the decision variables in the optimization
problem are the set points. In this sense, if the coordinator controller decides control actions
in the collaborative control strategy their structure would be very complicated, because they
should relate the main dynamic with manipulated variables and this implies to know the
phenomenological relationship between main dynamic and control actions. This relation is
more complex that the relation between the main dynamic and secondary dynamics or the
main dynamic and controllable parameters. In this way, collaborative control strategy is used
in hierarchical centralized control structure because it permits a two level strategy. The first
level is the supervisory layer where the coordinator controller is located and where the set
points of the controllers are determined. The second level is the regulatory layer formed by
the controllers receiving the information from main level. These local controllers normally are
PID, each one related to one process unit doing the necessary control for a given variable.
Obviously, each PID has its manipulated variable. The pairing from manipulated to controlled
variable is obtained according to Hankel matrix [2]. Collaborative control strategy is treated
in detail in the next section and Chapter 4.

Multiloop is a kind of decentralized control structure with two or more single loops, but
without interaction among them. i.e. there is not information exchange. In multiloop
control strategies the performance and the design are developed taking into account three
main steps. The first one is the loop pairing, i.e. to decide the manipulated and controlled
variable for every single loop. The second step is the controller tuning to achieve the desired
performance. Finally, the third step is the system improvement according to PID loop shaping
[1]. Evidently, this kind of multivariable control strategy is the simplest, but is less efficient
in large-scale processes because each single-loop does not know the action of other single loops.

The pure distributed control structure considered in Figure 2.1 comprises MPCs and PID
controllers. These strategies keep a pure distributed architecture because the controllers
installed on the plant can be MPCs or PIDs with communication among them and according
to this information the decision about the manipulated variables is taken [2], [14]. Another
multivariable control strategy presented in Figure 2.1 is the cascade control. This strategy is
actually a distributed hierarchical control because there exist a primary controller and a slave
controller. Between these two controllers there exists communication. A cascade control can
enhance a single loop, because it has extra information about some process measurements
and this information assists the control system. The selection of process measurements
varaibles are made in accordance to more commons disturbances and real process dynamic
response. Finally, cooperative strategy is listed, but its definition is scattered of this strategies
is scattered in the literature. Usually, this strategy is confused with collaborative strategy.
For example, [21] studied the collaborative control general characteristics, but they never
do an explicit definition of it. Even though in robotic cooperative and collaborative control
strategies are very frequent, it is important to highlight the difference between them.
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2.3. Collaborative control strategy

Before studying collaborative control it is necessary to state its definition and point out the
difference between collaborative control and cooperative control. According to Royal Spanish
Academy (RAE), to collaborate is to work with one or more persons in the development of an
activity. On the other hand, to cooperate is defined as working together to achieve a common
goal. Both terms are used in biology, where cooperation is the association between two or
more individuals of the same species, where all of them are beneficiaries by a collective action.
Furthermore, mutualism is defined as a symbiotic relationship between individuals of different
species in which both individuals benefit from the association, thus they collaborate [22]. The
collaboration concept is used in different knowledge areas. For example, [23] speaks about
measuring collaborative intelligence in knowledge based service planning. The authors identify
measures in order to achieve the best collaboration between different enterprises. These
authors define the collaborative intelligence as a combination of communication, collective,
cumulative and cooperative intelligence.

On the other hand, [24] studied the performance of collaborative control for a robotic
wheelchair. In this work, a collaborative control mechanism that assists users when they
require help is proposed. Basically, the system uses a multi-hypothesis method to predict the
driver intention and if it is necessary, to adjust the control signals to achieve the desired goal
safely. Another work is [21], where a collaborative control is applied in teleoperation systems.
They have the hypothesis that teleoperation can be significantly improved by modeling
the human as a collaborator rather than the controller. They say that in “collaborative
control model a human operator and robot are peers who work together, collaborating to
perform tasks and to achieve common goals”. This concept is not commonly adopted in
chemical processes, but [2] proposes a structure of collaborative control, where there exist
communication between the process units and a coordinator controller. Furthermore, this
work describes a cooperative structure based on cooperative game theory in which all the
players aim a global goal but there is not actual communication between them. In this way,
this author according to the communication protocol proposes two structures of control:
cooperative and collaborative control. Note that the mentioned work presents a classification
based only on communication. Next definition extends those definitions.

Definition 2.1. Collaborative control. This is a kind of multivariable control strategy used
when the dynamic effects in the process are different. In this strategy all control systems work
together, contributing from its individual capability to achieve a common goal. Even though
each control loop has different functions and dynamic behavior, they are coupled with the
general behavior of the process and share the same physical space. Based on this fact, there
exists two kinds of communication among the control system: inherent communication due
to their interaction through the process dynamics and control communication through their
local controller signals. Last one communication permits the complete control coordination.

Definition 2.2. Cooperative Control. This is a kind of multivariable control strategy that
unlike the collaborative control is utilized when the dynamics of the process are similar. Then,
each control loop has the same function and dynamic behavior in the process, for this reason,
they have the same contribution to the process objective. Therefore, if any controller fails is
possible to replace it with another controller acting over the process. In this sense, the process
dynamic should not be coupled or they should be loosely coupled. This kind of control system
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is typically used in robot teams.

The conditions for implementing a collaborative control strategy are frequent in chemical
processes, where each equipment (production, separation, transportation, etc.) work for
a common goal, the final product, but their dynamics are different, because temperature
dynamic is different to concentration or level dynamic, for example. Meanwhile, in robotics
is more common the cooperative control. For example, a team of robots work for a common
goal, being all of them similar machines and having similar objective and dynamic behavior.

As it was mentioned previously, collaborative control strategy is a hierarchical centralized
control structure, because there are several control loops in the system communicated by
a coordination mechanism, external to the controllers [2]. In collaborative control strategy
there are two levels: supervisory layer and regulatory layer. The first level, named primary or
main controller too, calculates the changes in manipulated variables or set points of individual
controllers on second level. A classification of process dynamics in main dynamic and
secondary dynamics is done. The optimization of the set points of those controllers driving
secondary dynamics is done to reduce the control efforts for the main dynamic loop. On the
other hand, the regulatory layer comprises the individual controllers for secondary dynamics of
the process. In this sense, in a collaborative control strategy with n total control loops, n-1
control loops are passed from regulation mode to tracking mode leaving only the control loop
of main dynamic in regulation mode. This strategy is contrary to chemical process design tra-
ditional principle, which requires to fix set point values for all variables in a continuous process.

The collaborative control strategy is studied in [2] and a novel methodology for plantwide
control structure design is proposed there. The Figure 2.5 shows the structure of control
strategy proposed by [2]. Where z,, represent states, v, outputs, wy,, inputs and Z,, s, the
set points. The plant is represented by three blocks or equipment (PU;, PU; and PU,).
Regulatory layer is conformed by PID controllers (PIDyy, PID,,) and finally supervisory
layer is the coordinator controller. The design procedure for collaborative control strategy is
presented in Figure 2.6.
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Figure 2.6. Plant-wide control structure design procedure proposed by [2].

In order to implement this methodology the first task is to analyse the process. For this
reason, it is important to develop a phenomenological based semi-physical model (PBSM) of
the process to be controlled. This activity can be developed according to the methodology
proposed by [25]. The methodology includes to elaborate a verbal description and a process
flow diagram in order to complement the verbal description. Then, the objectives and
hypothesis of model must be established. After that, the differential equations are obtained
according to mass and energy balances. Additionally, the necessary constitutive equations
are obtained in order to calculate model parameters. Finally, the model must be solved and
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validated for different conditions or general performance [2], [25],.

The second step is to identify the process states and available manipulated variables. This
activity can be performed according to different procedures and assumptions. For example,
full state measurement can be assumed available and then to analyse the controllability with
either graph theory, set theory, singular values analysis, etc. Additionally, the set points
or operation points, input variables and span are specified in the third step. This is done
according to the process knowledge.

The second part of the methodology is related to the regulatory and supervisory level shown
in the Figure 2.5 in the blue and orange box. The regulatory layer is the secondary level of
collaborative control strategy. For this reason PID controllers are located at this level. In
this sense, the first task of this part is to establish the controller configurations and then the
input-output pairing is analysed for each control loop. The last step can be done according
to different methodologies, for example pairing analysis by RGA (relative gain array), SVD
(singular value decomposition) or SVD using Hankel Matrix. Finally, the controllers should be
tuned before their use in the process.

The last part of the methodology proposed by [2] is related to the supervisory level design. In
this way, the supervisory layer is associated with the optimization problem shown in Equation
2.1 . The objective is calculating the set points of controllers located at the regulatory
level, for this reason, the set points are the decision variables in this optimization. The used
restrictions are related to operations points and feasible movements of control actions or set
points span with guaranteed stability.

J
min J = a(xl, — i) Z ﬁi% (2.1)

T1,sps--sTj,sp =0 7

S' t. ':ijspmin é x] S :L'jyspmaz
ijyspmin S Aw] S A‘ijspmaw

Where z;, represent the set points of j-th secondary dynamic to be calculated by the
optimization, o and f3; are weights acting as tuning factors, xy, is the set point of the main
dynamic (z*), x%, corresponds to the x* steady-state value that would be achieved if the
system should reach steady-state with the x; 4, values determined during the optimization.
S; is the sensitivity of main dynamic to changes on i — th secondary dynamic at the current
values of the process state, xjp, .. and x;p, . are the limit values for secondary dynamics
set points guaranteeing process stability, Ax;p, ;. and Azjgy, - are the maximum and

minimum changes possible in the set points of secondary dynamics.

As it is evident, to determinate the dynamic hierarchy is crucial because the first term of
the Equation 2.1 is related to the main dynamic, but this dynamic is not evident in the
majority of processes. In that work, the SVD of the Hankel Matrix is used to determine
the main dynamic. More precisely, the state impactability index (SII,;), Equation 2.2.
The main dynamic is the state () with the highest ST, and the rest are secondary dynamics.
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p n—1
SIl, = J > 02 Ui (2.2)
i=1 j=0

Where 02 and U are found according to the SVD of the Hankel matrix H of the model. p
is the number of non-negative singular values, n is the number of state variables, o;; are the
i-th singular value and U are the orthonormalized eigenvectors HH™ .

The last term in the Equation 2.1 is the summation of the sensitivities of main dynamic respect
to secondary dynamics. These terms are calculated according to the Equation 2.3 using the
knowledge contained in the PBSM of the process about the effect that each secondary dynamics
has over the main dynamic.

_ Ox*
Oz xj#i

Si(x(t), u(t)) (2.3)

Where x; represents the j-secondary dynamics, with ¢ = 1,...,n — 1. At each sampling time,
the set-points of secondary dynamics are the result of the optimization problem described for
the Equation 2.1.

2.4. Model predictive control (MPC)

MPC or receding horizon control (RHC) is a control strategy in which the control action is
obtained on line by solving an optimal control problem with constraints at each sampling time.
The optimization yield an optimal control sequence and the first control of this sequence
is applied to the plant. The general optimization problem of MPC control is shown in the
equation 2.4.

Hy H.—1
min  V(k) = E+ilk)—r(k+i)lA+ Au(k +i| k)2
NG (k) i:ZH:wH y( | k) —r( ) llq ;0 | Au( | k) IIr (2.4)

| y(k + Hy | k) —r(k+ Hy) ||

Sotoupin <ulk+1]k) <upee i=0,...,H. —1

Ymin <Yk +11k) <Y i = Hy,..., Hp
Aupin < Au(k+1 k) <Aupe, i=0,...,H.—1

Where y is the vector of controlled outputs, u is the vector of manipulated variables, r is the
set points vector, P is the terminal penalty weight matrix, Q is the output weighting matrix, R
is the move suppression weigh matrix, H, is the control horizon, H,, and H,, are the initial and
final prediction horizons, U,y and U, are the lower and upper bounds for the manipulated
variables, 4nin and Ypmqe are the lower and upper bounds for the output variables, Ay, and
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AU, are the lower and upper bounds for the control action movements [26].

MPC has some specially characteristics the main one is the use of an internal model for
predicting the future process outputs. Then, the control actions are calculated with the
purpose of minimizing a cost function that includes tracking of a reference and control efforts.
Finally, MPC has a sliding strategy, because the horizon is displaced in the future after each
control action application. Figure 2.7 represents the methodology of MPC. Before to time
t, the control action is constant and y(t) is the output system according to u(t) value. At
time t the control actions for a future control horizon are calculated and the first one control
action is applied. After a time step, the same procedure is repeated using the new available
measurements. The typical MPC structure is shown in Figure 2.8.

u(t+kjt)

L] [
u(t)

| | I
t-1 t t+1 ... t+k t+N

Figure 2.7. Predictive Control Methodology.

Reference
trayecto
Past intputs Predicted ¥ £
and outputs outputs
»  Model
Future
controls ..
Optimizer ¢ Future errors
ObJeCFNe Constrains
Function

Figure 2.8. Predictive Control Structure.

This strategy is very popular but requires a lot of computation because each time step the
optimization should solve the model into the optimization problem.
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2.5. Remarks

In this chapter, different plantwide control architectures were presented. These control
architectures are relevant for chemical processes because this kind of process present great
complexity. The complexities are evident when it is necessary to control a chemical process.
According to these control strategies it is important to highlight some aspects:

e The taxonomy proposed is important in order to identify the relevance of each strategy
in different processes. In this sense, the taxonomy permits to find quick and easily
the control structures useful for different processes . Onward, multivariable control
strategies and control structures are classified in accordance to this taxonomy.

e The possibility of pure and hierarchy structure would be considered and studied. This
aspect determines existence of information flow and the kind of available information.
In this sense, when the control structure is decided, the decisions of controllers would
be determined.

e MPC is a control strategy that can be adjust to many processes because it is
robust respect to process complex. It should be noted that MPC would solve the
process model at each iteration and this can be a disadvantage for computational burden.

e Collaborative control strategy presented in this chapter is the basis for the thesis
development. In this sense, [2] proposes a methodology where the dynamic hierarchy is
included, this aspect is very important in this work. However, [2] do not include the
possibility of control parameters, just secondary dynamics. This aspect is relevant in
this thesis.



CHAPTER 3
Processes Modelling: Case of Study

This chapter shows the mathematical model of wastewater treatment plant to be used used
as a benchmark in this thesis. It is important to highlight that a model is a representation
of a system. This representation can be material or mathematical. The models, can be of
three types: white box or phenomenological, black box o empirical and gray box, that is
a mixture of white and black box models. This section describe the BSM1 model and the
mass transference in aerobic section. These models are phenomenological based semi-physical
models (PBSM), because they are based in conservation principles and complemented with
constitutive equations [25]. These models are important because the control strategy is based
on these kind of models. In this sense, the first section shows the BSM1 model and second
section shows mass transfer model. The last model was developed in this thesis and it is im-
portant because it takes into account the controllable parameters explained in the next chapter.

3.1. BSM1 model

A wastewater treatment plant is compound by three stages. The first one is the primary
treatment. This stage is in order to reduce suspended solids and to condition residual water
for secondary treatment. The second stage or secondary treatment is the activated sludge
process, where aerobic and anoxic processes take place. Finally, in the tertiary treatment or
advanced treatment the effluent quality is improved [27]. As it was mentioned the activated
sludge process is part of secondary treatment and the BSM1 describe this process. The BSM1
model is a standardized mathematical model for the activated sludge process in a wastewater
treatment plant, including also different set of disturbances (different influents for dry, storm
and rain weather) and performance index. As it is shown in Figure 3.1, the plant has five
reactors. The first and second reactors are anoxic (no dissolution oxygen, but it is possible
the presence of bonded oxygen) and the other three are aerobics. Finally, there is a settler
used to separate sludge and clean water [28], [3].

17
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Anoxic Section Aerobic Section

Figure 3.1. Process Flow Diagram for a wastewater treatment plant using activated sludge process.

The aerobic tanks have aerators to provide the necessary oxygen in nitrification process. The
design of aeration system is important, because it represents 70% of energetic costs in the
plant [3]. Additionally, the aeration is important in determination of metabolic route that
microorganisms must follow to degrade pollutants. So, it is necessary to keep the oxygen
concentration at a good level. This concentration depends on oxygen transfer rate from gas
bubbles to sludge and the consumption rate of oxygen by microorganisms. Moreover, it is
important highlight that oxygen transfer rate depends on reactor geometry, aerators design,
properties of sludge, air flow, stirred rate and other factors.

The compounds considered in the activated sludge process, according to the Activated Sludge
Model No.1 (ASM1), are the following:
1. Soluble inert organic matter, St
2. Readily biodegradable substrate, Sg
3. Particulate inert organic matter, X;
4. Slowly biodegradable substrate, Xg
5. Active heterotrophic biomass, Xpgy
6. Active autotrophic biomass, Xp4
7. Particulate products arising from biomass decay, Xp
8. Oxygen, So
9. Nitrate and nitrite nitrogen, Syo
10. N];LIIr + N Hj nitrogen, Sy
11. Soluble biodegradable organic nitrogen, Syp

12. Particulate biodegradable organic nitrogen, X yp
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Additionally, it is considered the alkalinity (Sarx) is considered like a state.

It should be noted that nitrate and nitrite nitrogen is considered one state for simplicity
in modelling, and is produced by aerobic growth of the autotrophic bacteria and removed
during anoxic growth of heterotrophic biomass, it has been assumed that nitrate is the
only oxidized form of nitrogen present [28]. Note that each concentration depends on
meteorological conditions. During rainy weather the concentration decreases and for dry
weather it increases. The temperature is also important, because of its influence in oxygen
transfer. The flow @;,; coming from the last reactor has the purpose to recirculate nitrate,
which is the product of nitrification process but it is used as reactive in denitrification
process. For the purpose of keeping the microbiological population at a correct level it is
used the external recycling flow called @),, which comes from the bottom of the settler.
In addition, a purge is required to remove some sludge and prevent accumulation in the system.

In the anoxic tanks, the denitrification process takes place. Denitrification consists of a
reduction reaction that converts nitrate to nitrogen gas, where the energy source is organic
matter and the electron acceptor is nitrogen. If there would be dissolved oxygen available,
this element would accept the electrons and the conversion to nitrogen gas would not be
possible. Bacteria that are responsible for this are heterotrophic facultative.

Meanwhile, in the next three tanks there exist aeration permitting the nitrification process.
The objective is remove nitrogen present in the water. This process takes place in two steps,
the first is the conversion of ammonium to nitrite and the second is the conversion of nitrite
to nitrate. In this reaction, the electron donor is ammonia nitrogen, for this reason if there
are organic matter able to donor electrons, a competition between the two donors occurs and
it is possible that does not occur the transformation from ammonium to nitrite and much less
to nitrate. Electrons are accepted by dissolved oxygen present in the ambient. Nitrification
process is executed with the help of autotrophic bacteria, the first part by Nitrosomonas bac-
teria and the second part by Nitrobacter bacteria. The next reactions describe the two process.

Denitrification process:

24NO3 + 5CsH1206 + 24HT — 12N + 24H50 + 30C 03 (3.1)

Nitrification process:
NHf +(3/2)02 — NOy +2H" + H0 (3.2)
NOy + (1/2)02 — NO3 (3.3)

In each reactor different biological processes take place involving the compounds listed
previously. Firstly, there are two non-biodegradable organic matter compounds, which are
biologically inert. They can be found in two forms: soluble (S7) or particulate (X). Although
these compounds are not involved in conversion process, they are important for developing
the biological process. On the other hand, biodegradable organic matter can be classified in
readily biodegradable (Sg) and slowly biodegradable (Xg). Readily biodegradable substrate
can be taken by heterotrophic bacteria and used for cellular growth. This process can
occur in aerobic or anoxic conditions, i.e. in any reactor of the plant. Moreover, slowly
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biodegradable substrate transform into readily biodegradable substrate through hydrolysis,
which occurs in anoxic conditions and it is slower that using Sg. Additionally, Xg can
be formed by death of autotrophic and heterotrophic bacteria. It is necessary highlight
that autotrophic bacteria (X4pz) have as carbon source inorganic matter. These bacteria
grow in aerobic ambient. Meanwhile, heterotrophic bacteria (Xpx) have as carbon source
organic matter and they can grow in aerobic and anoxic conditions. Both types of bac-
teria disappear by death or decay and this form three types of particulates: Xp, Xg and Xyp.

Oxygen (Sp) is used for the growth of autotrophic and heterotrophic bacteria, because this
element is electron acceptor in nitrification process. Oxygen is demanded in the oxidation
from ammonium to nitrate. This oxygen is supplied in the last three reactors by aerators.
In these tanks the oxygen transference is only function of temperature. The Syo represents
the nitrate produced in nitrification process, which is removed by growth of heterotrophic
bacteria and denitrification process. Ammonium (Syg) is formed by ammonification of
soluble biodegradable organic nitrogen and is removed by growth of biomass. Also, soluble
biodegradable organic nitrogen (Syp) is formed by hydrolysis of soluble biodegradable
organic nitrogen and is converted to ammonia nitrogen by ammonification. Now, the
particulated biodegradable organic nitrogen (Xyp) that is formed by decay of autotrophic
and heterotrophic bacteria is removed by ammonification. Finally, the alkalinity (Sazx) must
be considered because in the process there exist a constant flow of electrons, so there is a
change in the protons of species and that can be interpreted as pH variations.

All previously discussed chemical and biochemical interactions are listed in Tabla 3.1.

Compound ‘ Formed by ‘ Removed by
St Compound soluble biologically inert
Sy Hydrolysis of Xg | Cellular growth
X7 Particulate biologically inert
Xg Death of autotrophic and het- | Hydrolysis to Sg
erotrophic bacteria
XBH Growth in aerobic and anoxic | Decay to Xyp and death to
conditions Xg and Xp
XBa Growth in aerobic conditions Decay to Xyp and death to
Xs and Xp
Xp Death of autotrophic and het- | Physical separation in the set-
erotrophic bacteria tler
So Supplied by aerators Growth of autotrophic and het-
erotrophic bacteria
SNo Nitrification process (growth of | Denitrification process (growth
XpBa) of Xpr)
SNH Ammonification of Syp Growth of biomass and nitrifi-
cation process
SND Hydrolysis of Xxp Ammonification to Sy
X~ND Decay of biomass Ammonification to Syp
SALK Represents pH variations

Table 3.1. Process summary
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Mathematical Description

The BSM1 model wants to answer the following question, how do change the concentration
of all components respect to time in each equipment? specially how do change ammonium
concentration and total suspend solids concentration in the effluent?, how change nitrate
concentration in reactor 2?7 and how do change oxygen concentration in the reactor five?. In or-
der to answer these questions, seven process systems are considered as it is shown in Figure 3.2.

5
L

Figure 3.2. Diagram of Process Systems

The result of applying conservation principles are balances per component at each system and
they are presented below. In this expressions, the subindex i represents the component listed
before, the second subindex is the current name, w is mass fraction, 7z is mass flow, V is tank
volume, Sp is oxygen concentration, S is oxygen saturation concentration, r is reaction rate
and M; is total mass of component i:

e First anoxic reactor (S)

— Balance per component (different to oxygen)

dM; q
dt

= W;,0 * MY + Wi int * Mint + Wi p x My + 11 % Vi —wipxmy (3.4)

— Balance of oxygen

dSo,1 ) ) ) . .
dt’ = S50,0¥M0+50,int*Mint+S0 r¥Mip+r0 1xV1+Kra1%Vi%(S5—50,1) —So,1%m
(3.5)
e Second anoxic reactor (Syy)
— Balance per component (different to oxygen)
dM;
dtm = Wi 1 * My + 70 % Vo — w9 % Mg (3.6)

— Balance of oxygen

dSo,2

at = 50,1 * My + 0,2 * Vo + Krag x Vo % (Szk) — 50,2) — 5072 * Mo (3.7)
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e First aerobic reactor (Syr7)

— Balance per component (different to oxygen)

dM; 3
dt

= Wi * Mg + 753 % V3 — w; 3 % Mg (3.8)

— Balance of oxygen

dSo.3

a = 50’2 * Mg + r0,3 * Vs + Krag *x V3 (SE — 50,3) — 5073 * M3 (39)

e Second aerobic reactor (S7v)

— Balance per component (different to oxygen)

dM; 4
dt

= w3 * M3+ Tjqx Vi — w;q4 %My (3.10)

— Balance of oxygen

dSo.4

pr = 5073 * M3 +T04 * Vi+ Kraqg x V3 % (SE - 50,4) - 50’4 * My (3.11)

e Third aerobic reactor (Sy)

— Balance per component (different to oxygen)

dM; 5
dt

= Wi 4 ¥ My + 75 % Vs — Wi 5% N — Wi int * Ming (3.12)

— Balance of oxygen

ds, ) ¥ . .
d?’g’ = Soaxmy+ros*Vs+KpasxVs+(SH—S0,5) =80 5%ms5 —S0,int ¥ Mint
(3.13)
o Settler
— Balance per component
dM;
dtl’6 = w5 * ms — Wi.e * Me — Wi 6 * Mg (314)
e Delivery point
g = My + Ty (3.15)

Now, in order to complete the mathematical model that describe the process it is necessary
to provide the model with some constitutive equations. The main constitutive equation are
reaction rates for all components. These expressions are listed in Table 3.2.
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Component | Process rate
S[ (I:].) ™ = 0
Ss (i=2) ry =gk pL— g P2+ pr
X1 (i=3) rg =0
Xs (i=4) ra=(1—fp)xps+ (1L~ fp)*ps—pr
Xpn (i=b) 5 = p1+ p2 — p7
Xpa (i=6) T6 = pP3— Ps5
Xp (i=T7) 7= Jfp*pat fp*ps
So (i=8) rg = — gt % py — 24« pg
Sno (i=9) 9 = _2.18_6ng * p2 + Y_IA * P3
Snu (i=10) ri0 = —ixp* p1 —ixp * p2 — (—ixp + v-) * p3 + pe
Snp (i=11) T11 = —p6 + P8
Xnp (i=12) ri2 = (ix — fp*ixB) * pa+ (ixp — fp*ixB) * p5 — pg
Sack (i=13) | 13 = —4F *p1 + (m — B )k p2 — (FF + ﬁ) % p3 + 75 * pe

Table 3.2. Expressions for reaction rate for each process component.

Where Yy is heterotrophic yield, Yy is autotrophic yield, f, is fraction of biomass yielding
particulate products, ixp is Mass N/Mass COD in biomass, ixp is Mass N/Mass COD in
products from biomass, COD is chemical oxygen demand, and finally, p; represent biological
processes, where k is a number between one and eight, then each number is a different
process. The values of these stoichiometric parameters are listed in Table 3.3.

Parameter ‘ Unit ‘ Value
Ya g cell COD formed / g Nitrogen oxidized | 0.24
Yu g cell COD formed / g Nitrogen oxidized | 0.67
Ip dimensionless 0.08
iXB g N / g COD in biomass 0.08
ixp g N / g COD in particulate product 0.06

Table 3.3. Values of stoichiometric parameters [3].

The representation of biological processes are also constitutive equations. In this processes
there exist eight representative biological process listed in Table 3.4.
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24

Biological process

| Expression

Aerobic growth of het-
erotrophs

So
Ko,u+So * Xpn

_ Ss
P1 = HH * o5 *

A i - - Ss So Sno
noxic growth of het P2 = L * Ke+55 e i ¥S Rno+Sh * Ng * XBH
erotrophs
; _ SNH So
A - = * * X
erobic growth of au P3 = HA* E S KoAld BA

totrophs

Decay of heterotrophs

ps=byx Xpy

Decay of autotrophs

ps =ba*x Xpa

Ammonification of solu-
ble organic nitrogen

p6 = ko x Snp * XBH

Hydrolysis of entrapped
organics

Xs/XBH

XBH

_ So K
P = kh*Kz-F(XS/XBH)*(KOH-FSo +nh*KOH+SO

Sno
Kno+Sno )*

Xs/XBH

Hydrolysis of entrapped KNizioSNo )

organic nitrogen

_ S, K,
P8 = kh*Kw'F(XS/XBH)*(KOH(-)FSO +nh*Ko:fSo *
Xpr * (Xnp/Xs)

Table 3.4. Expressions of biological processes.

Where up, Ks, Ko, Kno and by are parameters of growth and decay of heterotrophic,
pa, Knm, Ko a and by are parameters of growth and decay of autotrophic, 7, is correction
factor for anoxic growth of heterotrophs, k, is kinetic parameter of ammonification, kj
and Kx are kinetics parameters of hydrolysis and finally 7y is correction factor for anoxic
hydrolysis. The values of kinetics parameters are showed in Table 3.5.

Parameter | Unit | Value
WEH d-! 4.0
Ks g COD / m3 10.0

Ko u g(-COD)/m? 0.2
KNO g NOg-N /m3 0.5
br d=* 0.3
g dimensionless 0.8
h dimensionless 0.8
ky, g slowly biodegradable COD / g cell COD * d 3.0
Kx g slowly biodegradable COD / g cell COD 0.1
A d-! 0.5
KNH g NOg-N /m3 1.0
ba d=* 0.05
Ko a g(—COD)/m3 0.4
kq m3 / g COD *d 0.05

Table 3.5. Values of kinetic parameters [3].

Plant performance is evaluated according to some parameters that must be maintained under
the law limit Table 3.6 [28], [3].



CHAPTER 3. Processes Modelling: Case of Study 25

Variable ‘ Value
Niot (total nitrogen) < 18gN.m=3
COD; (chemical oxygen demand) < 100gCOD.m ™3
Syu (NHJ + N Hs nitrogen) < 4gN.m™3
TSS (total suspended solid) < 30959.m=3
BODs (biochemical oxygen demand ) < 18¢gBOD.m™3

Table 3.6. Effluent quality limits.

In this benchmark the mass transfer is not strictly modeled, because it is no relevant in
order to represent the global process. In this case, the mass transfer is represented by
volumetric mass transfer coefficient (kza), but this parameter is calculated only in accordance
to the temperature and some empirical parameters and it is a constitutive equation of model
structure. Actually, the mass transfer process is represented by the Equation 3.16 in BSM1.

kra =kpaxaxF x0T~ (3.16)

Where «, F' and 6 are empirical parameters and T is temperature in the system.

Evidently, the kra from the Equation 3.16 does not represent the real process because this
parameter is global and it does not take into account other physical phenomena that have
great influence in the mass transfer, for example the bubble size and quantity or gas hold up
[29] [30]. Additionally, in real processes is not possible to manipulate the kza directly because
is not a physically manipulated variable. It is necessary to highlight that the volumetric mass
transfer coefficient is the product between the liquid phase mass transfer coefficient (kr)
and the specific area or specific interfacial area (a). If these parameters are separated it is
possible to understand the gas - liquid mass transfer mechanism because these parameters are
affected by manipulated variables in a different way. For this reason, it is important to know
the relation between them. In this sense, this work proposes a model in order to represent it
and it is explained in the next section.

3.2. Mass transfer coefficient model

As mentioned previously, the volumetric mass transfer coefficient (kpa) is computed consid-
ering the liquid phase mass transfer coefficient (kz) and specific area (a). These parameters
define the relation between the manipulated variables (in real processes) and controllable
variables. A model that represents the mass transfer phenomena associated with the oxygen
dynamics in the activated sludge process is presented here and it is validated in the BSML1.

The bubble formation is an equilibrium between superficial tension (that trying to shut
the bubble) and fluid pressure (that trying to expand the bubble). According to [31] the
bubble formation takes place on two stages, the first is the expansion stage and the second
is detachment stage. It is necessary to highlight that the equilibrium not only depend on
materials physico-chemical properties, depends on mechanical energy applied to stirred fluid
[32]. The bubble formation is important since the size and quantity of bubbles determine the
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oxygen transfer in the aerobic zone. The bubble diameter is described by Equation 3.17.

Bubble diameter is computed using the expression 3.17 [33]. Where dj is orifice diameter
of diffuser membrane (m), o is surface tension (N/m), Ap is the density difference between
liquid and gas (kg/m3) and g is gravitational constant.

L6 xdy* o
dy = ¢ —— 17
b \/ Apxg (3.17)

Ap = pL — pc (3.18)

Ap is calculated according to:

Where py, the liquid density, that can be considered the density water pure and pg the gas
density, calculated using ideal gas equation with internal pressure of the bubble P;,;;. It should
be noted that internal pressure is the pressure inside of bubble and it is necessary to take into
account the liquid pressure and the drop pressure in the diffuser orifice, like is expressed in
the Equation 3.2.

Pt x Wm

1

pG =

Where Wm the gas molecular weight, R the ideal gas constant, and T the gas temperature.
The bubble internal pressure is calculated as:

Pint = Piny - APOT (320)
Where P;,, is the injection pressure (Pa) and AP,, the drop pressure at orifice(Pa), calculated
according to [34]:

Qair )2
ko

AP, = ( (3.21)

Where () is instantaneous gas flow rate through the diffuser orifice and kg the orifice constant
(m3/Pa®?s), that is a function of gas flow rate, gas density (p,), gas viscosity (u,), orifice
diameter and orifice plate thickness (L). The orifice constant is evaluated with:

2 7% do?
ko = .22
0 \/pg*Cg*( T (3.22)

Where (| is the constant dimensionless calculated as:
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L
Cy=15+4+4fr— (3.23)
do
Where fr the Fanning friction factor and assumming that the gas flow through the orifice is
laminar. The friction factor is calculated according to:

16 4% m*pg*do
Reg Pg*Qair

fr= (3.24)

The volumetric mass transfer coefficient ka is calculated considering the effect of liquid-phase
mass transfer coefficient k7 and the gas-liquid interfacial area a independently. However, it
is important to highlight that the mass transfer coefficient quantifies how quickly the species
are moving across an interphase [35]. The mass transfer rate is estimated according to the
mass transfer coefficient and the coefficient strongly depends on the presence of contaminants
[36] [35]. Besides, the liquid phase mass transfer coefficient considers the effects the liquid
flow that surrounds the rising gas bubbles and the specific area reflects the system bubble
behaviour [37]. In [29] are proposed some empirical correlations in order to calculate kr,, but
their use depends on the operation conditions and the relation between the compounds, see
Table 3.7.
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Correlation Mathematical expression Observations
name

(1/3)
Perry kp = Dy (Fe x Sc) This expressions are applied

b when are considered spherical
bubbles. The first one is a the-
oretical expression used when
dp < 0.1em and the second one
is applied when dy > 0.5¢m

[38].
1.13 % Dy (Re * Sc)(1/2)
kr =
dp
Nedelchev kp = \/4DL This expression is valid when
e the bubble Peclet number is
higher than 100 and bubble
Reynold number is much higher
than 400 and when the Schmidt
number is higher than the unity
[37]. t. is gas-liquid contact
time.
0.42(EL2Y)
Calderbank kr = To.p; This correlation was corrobo-

rated in [29] and it proposed in
[39] for large bubbles. It should
be noted that it is considered a
large bubble when dy, > 0.25c¢m

D [Ug *
Kawase kr = J L ve*g This correlation is based on
T H Higbie's penetration theory and

it is studied experimentally in
[29] and [40]. This equation
is based on phenomenological
model and depends on bubble
size [29] and [40].

Table 3.7. Correlation tested for liquid phase mass transfer coefficient.

Kawase correlation has been selected to compute k. in this work, because it is used in condi-
tions similar to the BSM1, and additionaly this correlation complies whit the necessary range
operation for the mass transfer in BSM1 [29]:

kL:Jﬁ* Ucxg (3.25)
m P

Where Dy, the diffusivity of the gas in liquid (m?/s), g the gravity constant (m/s?), u the
liquid viscosity (Pas), and Ug the superficial gas velocity (m/s). This superficial gas velocity
is calculated according to volumetric gas flow rate (Qqu) and empty spaces or active cross
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area of diffuser. It should be noted that superficial velocity is defined as volumetric flow
rate that goes through the cross sectional area. This area is the empty spaces of diffuser
(membrane) or active area, calculated according to the membrane porosity. The diffusers are
membrane type according to waste water treatment plant E/ Marin in Salamanca [41], the
information about this diffusers is related to active area. In this sense, the gas flows through
the area calculated in the denominator of Equation 3.2.

Qair
pr— . 2
Us Agctive * Dif fuser Numbers (3.26)

In the other hand, the specific area is the interfacial area per unit of volume. The interfacial
area is the area of transfer between the gas and fluid [42]. The specific area is calculated
according to Equation 3.2 [43], because the bubbles are considered spherical [40]. This
expression considers the gas gold-up and the bubble diameter.

_6*6@
= A

a (3.27)

In the Equation 3.2 ¢ is gas hold-up (dimensionless fraction). This parameter is interpreted
as the gas retention in the fluid. Essentially, e is affected by the diameter of gas inlet orifice
or diffuser orifice, superficial gas velocity, liquid density, surface tension and gravity[44]. There
exist many expressions in order to calculate eg, the majority are from experimentation, i.e.
empirical expression. The expression is determined using different systems and fluids. This
parameter has been extensively studied because it affects the mass transfer directly [45]. In
[29] are proposed many expressions in order to calculate €. The physical conditions are the
same, i.e. it was used a column in order to represent a vertical slide of an activated sludge
tank, but according to the region of mass transfer or operation conditions the expression 3.2
is chosen.

091 xUg™Y?

2
N ET (3.28)

3.3. Remarks

In this chapter, the process model was explained. The model is compound by two parts: the
first one is BSM1. This model describes nitrification and denitrification processes. The second
one describes mass transfer in aerobic section, considering the k;, and a effects. In this sense,
it is important to highlight that:

e The phenomenological based model about full process is essential in the control strategy
proposed in this thesis because it supplies information to the control strategy. BSM1
and the mass transfer model represent the behaviour of real plant. Moreover, biological



CHAPTER 3. Processes Modelling: Case of Study 30

processes are considered in order to represent the full process.

e The mass transfer model is used in order to implement control loops with the specific
area and liquid phase mass transfer coefficient because the volumetric mass transfer
coefficient is a global parameter that is not directly manipulated. In this way, the kj,
and a effects are considered in the model.



CHAPTER 4
Strategy for Collaborative Control Including the Controllable

Parameters

Traditionally, the controlled variables in control loops are states considered as outputs (with
fully measured state). In this work it is presented the situation where it is possible to
take as controlled "variable” a process parameter, calling this parameter as a controllable
parameter. In this sense, some processes can be strongly affected by parameters but usually
it is not evident, even when measuring this parameter can be easy. Taking into account the
controllable parameters it is possible to increase the degrees of freedom of a control structure
with the possibility to add more control loops.

In this chapter the methodology of collaborative control including the controllable parameters
is exposed, based on the proposal of [2] explained in the Section 2.3. The methodology
proposed here is validate in a wastewater treatment plant benchmark, the BSM1 [3], see
Section 3.1. The importance of including the controllable parameter in the control strategy
studied is explained here. The next section explains the controllable parameters concept and
the difference with other parameters. Different controllable parameters that it is possible to
find in processes are mentioned below. The detailed methodology is exposed in order to use
controllable parameters in collaborative control strategy.

4.1. Controllable parameters in the collaborative control strat-
egy

The basic structure of a phenomenological based semi-physical model (PBSM) is obtained
from applying the conservation principle. Constitutive equations are part of the extended
model structure. The full model is comprises by variables, constants and parameters [25],
assembled into total model structure. The variables only can be determined solving the
model. Variables commonly are process outputs. On the other hand, the parameters do not
arise from balance equations. They appear on the right-hand side of balance equations or
into constitutive model equations. Therefore, the parameters are not provided by the model
solution. They must be determined before solving the model. Finally, the constants do not
need to be calculated, because are fixed, input or disturbances [46]. In this sense, the mathe-
matical model of a process can have different types of parameters like it is shown in Figure 4.1.

31
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Design
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arameters > WELE
g - Possibly controllable
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g properties
—
e
Controller ,
> Tuning
parameters

Figure 4.1. Parameters classification.

As it shown in Figure 4.1, the parameters can be grouped in process parameters and control
parameters. Within the first group are design, transport and physico-chemical properties
parameters, which are related to the process operation and used materials. The controller
parameters are the controller tuning parameters. Into the first group, there are some
parameters which are manipulable, but there are other impossible to manipulate. More
specifically, the design parameters are not on-line manipulable, for example, it is impossible
to modify reactor volumes. On the other hand, transport and physico-chemical parameters
can be manipulated and it is possible to generate extra degrees of freedom in order to have
additional control actions. The parameters with this characteristic, in this work are named
controllable parameters. The controller tuning parameters are not considered here as
on-line manipulable in spite of adaptive controller availability. It is important to clarify that
in a process normally it is not possible to do a direct control action using all manipulated
variables. Some of them are left as constant during process design and operation. In this
sense, now is defined controllable parameters concept.

Definition 4.1. Controllable Parameters. This is a kind of process parameter that can
be directly manipulated using one or more available control actions. When a controllable
parameter has its control loop, it gives an extra degree of freedom through the additional
control actions.

In chemical and biological processes the controllable parameters are frequent, because global
transfer parameters appear in each transfer operation and reaction. These parameters can
be can be broken down into other parameters that provide more information about the real
process and to generate extra degrees of freedom in the control structure. A first example, is
the continuous stirred tank reactor (CSTR) shown in Figure 4.2, where the reaction: A — B
takes place and the temperature control is one of the control tasks. The Figure 4.2 shows the
typical control loop, where the controlled variable is the reactive mass temperature and the
manipulated variable is the refrigerant flow into the jacket. The Equation 4.1 is the energy
balance describing the behavior of reactive mass temperature.
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Fin ﬁ
Tin
Cai \

Tj

O U

dT,  Fin _AHky, -
A pCp A V,pCp

where T, is the temperature inside the reactor, Fj, is the feed flow rate, V, is the reactor
volume, T;, the feed temperature, AH is the heat of reaction, kg is the frequency factor, p is
the density of the reactive mass, Cp is the heat capacity, U4, is the A reactive concentration
in the reactor, Fa is the activation energy, R is the universal gas constant, U * As is the
product of the overall heat transfer coefficient and the jacket - reactor heat transfer area and
T} is the temperature inside the jacket.

(Tin = T7) (T = T5) (4.1)

In this process it is possible that the response of reactor temperature is not right, because the
stirred system is not manipulated and its current velocity is not the best, in spite of being a
more appropriate control action. Then, with the control strategy proposed in the Figure 4.2 it
is not possible modify the agitation automatically. kg is the parameter directly related to the
agitation. In this sense, this parameter generates a new control action and it is necessary to
determine the set point for this parameter. Also, the overall heat transfer coefficient (U) can
be broken down and identify the local heat transfer coefficients or some parameter that more
affects to U and to create the control action for this parameter (local heat transfer coefficients
for each side of the exchanger). In this sense, kg can be manipulated with power unit velocity
and U with fluid flow or some variable related mathematically with the parameter. Then,
these parameters are controllable parameters. It is necessary to highlight that As will be a
parameter relevant in the reactor temperature, but this parameter is difficult to manipulate
on-line, because it is a design parameter and there is not a control action for it, except when
the jacket can operate partially full.

Another example of process where controllable parameters can be used is an aerobic reactor.
The process flow diagram is shown in the Figure 4.3. In this reactor a nitrification process is
taken place conducting to an operation in aerated environment. In this sense, mass transfer
is an important phenomenon in this reactor. The control objective is to keep the oxygen
concentration in its reference. The oxygen concentration state is directly related to the
current applied aeration. Obviously, the intermediate step between the oxygen concentration
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and the aeration is the mass transfer, described by the volumetric mass transfer coefficient.
The equation that describes the oxygen concentration is the Equation 4.2.

<

1 LS

O Out

O
OOO

Figure 4.3. Process flow diagram of an aerobic reactor.

dSo

dt
where So is the oxygen concentration, m7;, and my,: are the input and output liquid flows, V'
is the reactive mass volume, S, is oxygen saturation concentration and kza is the volumentric
mass transfer coefficient.

= So*mip +10 % Vo+ KraxV x(SH — So) — So * mout (4.2)

As it was mentioned previously and it is shown in Equation 4.2, the mass transfer is very im-
portant in the dynamic of oxygen concentration. Additionally, this phenomenon was described
in the Section 3.2 where it was explained the separation of k; and a like two independent
parameters. It should be noted that these two parameters are controllable parameters because
it can be to keep in their set points by manipulating injection pressure or air flow, i.e. they can
be controllable in the process. Eventually, when the air flow or injection pressure are modified,
the oxygen concentration changes due to the chained relationship with mass transfer, like it was
shown in the model developed in the Section 3.2. However, the control action is more direct
or faster when the control loop is done with k7, and a independently. Moreover, one degree of
freedom is gained because it is added a control loop. It is important to note that commonly
a single control loop manipulating directly the kpa is reported in the literature, as it is shown
in the Figure 4.3 but this direct manipulation is not physically possible. Taking into account
these situations, next section explains the collaborative control strategy including the con-
trollable parameters and the consideration to be considered in order to implement this strategy.
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4.2. Collaborative control strategy methodology including con-
trollable parameters

This section explains in detail the methodology of collaborative control proposed in this
thesis, including the use of controllable parameters to increase the degrees of freedom of the
plantwide control structure. In this sense, the methodology summary is shown in the Figure 4.4.

E Process analysis :
E 1. Devglopment pfa proces.s 2. ldentification of available manipulated :
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H variables, states and parameters. '
s (PBSM). :
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Figure 4.4. Design methodology of collaborative control strategy.

The methodology is divided into three stages. The first one consist of the process analysis to
know the process in detail and its mathematical description. This stage allows determining
the process characteristics by means of a set of preliminary calculations. The second stage
is the design of regulatory layer. In this stage PID controllers are distributed over the full
plant. These controllers act over secondary dynamics or controllable parameters as tracking
controllers, and over the main dynamic as the only regulatory PID. Finally, the third stage
is the supervisory layer design. In this stage the optimization problem is stated including
information about main and secondary dynamic and controllable parameters. The structure
of this strategy is shown in the Figure 4.5, repeated here for text completeness. The control
structure is formed by supervisory layer, regulatory layer and plant. In the following the
mentioned three stages are described in detail. In the next section the three stages are
described in detail.



CHAPTER 4. Strategy for Collaborative Control Including the Controllable Parameters 36

Supervisory
Layer
)
O
o)
©
=
z
)

.........................................................................................

Regulatory
Layer

becfecennnann BEE ST

....... b eee

Plant
R

Figure 4.5. Centralized hierarchical control architecture [2].

4.2.1. Process analysis

It is very important to know the process to be controlled. This knowledge is important
for an efficient control strategy design. To fulfill with this stage, the methodology pro-
posed here states next steps, which results basic for the proposed collaborative control strategy.

Step 1: Development of a process phenomenological based semi-physical model
(PBSM). The development of a PBSM of the process is necessary for the development of the
collaborative control strategy. It is important to highlight that if a phenomenological based
process model is not available, the model can be structured in accordance to the methodology
proposed by [25] because the implementation is easy and it is not necessary to have expertise
in process modeling. The modeling methodology proposed by [25] is development in ten steps.
The steps are summarized like this:

1. Develop a verbal description of process functioning and process flow diagram.

2. Propose the modelling hypothesis according the level of detail for the model depending
on the objectives proposed. For example macroscopic or microscopic levels.

3. Define process systems and plot a block diagram for the relation among these process
systems.

4. Obtain the dynamic balance equations using the principle of conservation (mass, energy,
etc.) for each process system.

5. Select the dynamic balance equations with most significant information.

6. Recognize variables, parameters and constants of the model. It should be noted that,
this information is relevant for the steps two and three of the proposed collaborative
control methodology.
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7. Find constitutive equations for calculating the parameters of the model.

8. Verify the degrees of freedom of the model. Obviously, it must be zero for a solvable
model.

9. Build a computer program in order to simulate the model.

10. Validate the model response.

Step 2: Determination of available manipulated variables, states and parameters.
This information provides a prospect of possible control loops or control structures. In this
sense, it can take each unit and look for availability of this information. It should be noted
that in model simulation any variable or parameter can be considered as measured, but it is
important to distinguish in the real process which information is available in accordance to
installed instruments.

Step 3: Determinate if there exist controllable parameters. In this step the controllable
parameter are chosen, i.e. those parameters that can be controlled and fulfill the characteris-
tics explained in Section 4.1. These parameters can be used to implement the collaborative
control strategy.

Step 4: Definition of the operating point and span of states and input variables.
This step is related with the real operation of the process, i.e. the operation conditions and
stationary state are chosen because they will be the references in the global control structure.

Step 5: Determination of dynamic hierarchy. This is the last step from process analysis,
fundamental for collaborative control strategy because according to the result obtained
here the supervisory layer is designed. Even [14], [47] and [48] propose different criteria for
obtaining this layer, in this work the decision criterion is the main dynamic of the process.
That main dynamic is found using the state impactability index (SII,;) calculated with the
Hankel Matrix, as it was explained in Section 2.3.

4.2.2. Regulatory layer design

This stage is related to the individual closed loops to be implemented on the plant. These
control loops include controllers originally operating in regulatory mode. However, collabora-
tive control strategy commutes secondary dynamic controllers to tracking mode because they
must track the reference given by the coordinator controller. This level can be composed
of MPC controllers but here PID controllers are used because they are easy to implemented
and understand. In addition, PID stability properties are well known and easy to guarantee.
On the contrary, MPC controllers are more complex, take more time for execution and their
stability requirements are more difficult to fulfill.

Step 6: Identification of control objective. This step is essential for any control strategy.
In this case, it is important to define the global control objective and the control objective for
each process unit. According to the control objectives it will be necessary additional control
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loops.

Step 7: Selection of input-output paring for control loop at each process unit, based
on steps 3 to 5. In accordance to control objectives and determined the main dynamic, the
control loops that will be present in the regulatory layer are stated. It is important to take
into account the process main dynamic and all the relationships between secondary dynamic
and controllable parameters.

Step 8: Preliminary control tuning. The last task to finish the regulatory layer design is to
tune each proposed controller. This can be done with any available tuning method. However,
the performance of these controllers should be evaluated before designing the supervisory layer.

4.2.3. Supervisory layer design

This is the last stage of the methodology, including the main dynamic, the secondary dynamics
and the controllable parameters. The structure of regulatory layer and its individuals control
loops is located the coordinator controller, which function is to decide the set points for
each individual controller, except the main dynamic controller. Those set points values try
to achieve the control objective minimizing the error of main dynamic, the only one with
regulatory control loop.

Step 9: Formulation of the optimization problem. In this point, the regulatory level
has a good performance acting with fixed setpoints but this performance is not enough for
plantwide control objectives. The supervisory layer is directly linked to the main dynamic and
the optimization problem, where it is evident the collaboration with the secondary dynamics
to satisfy the plantwide objectives. In this sense, the optimization problem is stated as:

n—1 k
1 1
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Where z; 5, and 0}, are controllable variables and parameters, respectively. «, 3; and -y, are
weights acting as tuning factors, ¥, is the set point of the main dynamic (z*), z}, is the *
steady-state value that would be achieved if the system reached steady-state with the z;
values determined during the optimization and the rest of states at the current value. S;
is the sensitivity of main dynamic to changes on i — th secondary dynamic at the current
values of the process state, Ssj correspond to the sensitivity of main dynamic to changes
on k-th controllable parameter at the current values of the process state. T ¢p, ...v Ti spmas:
Ok, sprin ANd Or gp... are the limit values for secondary dynamics and controllable parameters

set points guaranteeing process stability, Az s v AZjspmanr DOk spyin and Aby o
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are the maximum and minimum changes possible in the set points of secondary dynamics
and controllable parameters. These values are related directly to the effect of manipulated
variables over parameters.

The term S; is calculated according to the Equation 4.4, where z; corresponds to the i-th
secondary dynamic, explained in the Section 2.3.
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Si(x(t), u(t)) (4.4)

Additionally, the new sensitivity included in the original cost function proposed in [2], regarding
main dynamic and controllable parameters, is described by the Equation 4.5.

ox*

Ss(@(t), u(t) = 74-

(4.5)
It should be noted that the plantwide stability is assumed as guaranteed if all the local
controllers are stable. In this sense, local controller design should be stable and the changes
in set point should be restricted by operation conditions, physical and chemistry properties,
transport parameters or control final element capabilities, to guarantee that all local controller
movements are in the stable region of the plant as a whole. The major advantage in the
collaborative proposal treated here is the use of PID controllers as local controllers, because
a lot of techniques to design stable PID controllers are available today.

Step 10: Establishment of triggers for each optimization. This is the last step of
methodology and it is related to optimization execution, because if main dynamic is very
close to its set point, a collaborative effort is not required. In this case, all control effort is
applied from the main dynamic control loop itself. Trigger criteria determine when optimiza-
tion is executed. Examples of triggers are a maximum deviation of main dynamic regarding
its set point or a maximum deviation in cost function values during two or more past time steps.

4.3. lllustrative example

In this section the previous stated collaborative control strategy is applied to an aerobic
reactor. This reactor was explained in the Section 4.1. The compounds considered on
this process are: soluble inert organic matter, readily biodegradable substrate, particulate
inert organic matter, slowly biodegradable substrate, active heterotrophic biomass, active
autotrophic biomass, particulate products arising from biomass decay, Oxygen, nitrate and
nitrite nitrogen, NHI + N Hj nitrogen, soluble biodegradable organic nitrogen, particulate
biodegradable organic nitrogen, and alkalinity. However, it should be noted that the control
objective is to control the oxygen concentration. Calculating the state impactability index
S1I,; from a singular value decompositon of Hankel matrix of the process model, the oxygen
concentration have the highest index. Therefore, this variable is the main dynamic of the
process and the concentration of the rest of compounds are secondary dynamics. As it was
explained in Section 4.1, the system has two controllable parameters, k1, and a. In this sense,
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the coordinator controller in the supervisory layer has the oxygen concentration as the fixed
objective and the regulatory level with two control loops collaborates to reach this objective.
In this case, the control loops on regulatory layer are associated to controllable parameters
kr and a. The first control loop manipulates the air flow to control k7. The second loop
manipulate the air injection pressure to control a. The Figure 4.6 shows the collaborative
control strategy proposed for this system.

Coordinator.

is the main dynamic.

' Oxygen concentration k.., E

jue|d

Pressccccccccnnnnnn,

Figure 4.6. Collaborative control strategy applied to an aerobic reactor.

As it is possible to see in the Figure 4.6, the coordinator controller sends information about
set points to control loops located in the regulatory layer. The regulatory layer comprises for
two PID controllers. It must be pointed out that no real feedback there exist for this two
controllable parameters. The only measured variable in this structure is the oxygen concen-
tration in the liquid phase in order to compare with its set point and make decisions about
next action, i.e. it decides if the set points of controllable parameter would have been changed.

Regarding to the main dynamic of this process, the oxygen concentration, Equation 4.2 rep-
resents the dynamic behavior of this variable. Secondary dynamics are not considered here
because the effects over the process are not important in accordance to the control objective
and therefore the term of secondary dynamic sensitivity is removed from objective function.
However k;, and a are controllable parameters and they make up the regulatory level. For that
reason, the objective function for the coordinator controller is represented by the Equation 4.6.

1 1
in J=a(Sok, — So — 4 Bae 46
pmin a(Sogs — So%p) + B, Se g (4.6)

S.t. 0.1 <kr <10
0<a<50

It should be noted that Sp}, is the stationary state of oxygen concentration if the system
achieve the k1, and a values calculated in the optimization, with the rest of the states keep at
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their current values achieves.

Using this optimization procedure the set points for k;, and a in the regulatory control level
are calculated. These two PID manipulate the injection pressure and the air flow in response
to their set points changes. It should be noted that Sj, and S, are calculated according to
Equations 4.7 and 4.8 respectively.

0S; .

Sk, = akf = —a(50 — S5) (4.7)
_ 0S8y e

Sy = 9 kr(So — Sp) (4.8)

The tuning parameters are shown in the Table 4.1, where o, 3, and 3, are the parameters
from Equation 4.6 and P, t; and tp are PID parameters.

Supervisory layer parameters

a=1 | B,=1 | B.=01
Regulatory layer parameters

k1, control loop
Py, =0.01 [ ¢; =0.005 | tp =0.001
a control loop
Py, =100 [ ¢; =0.0009 | tp = 0.0001
Table 4.1. Parameters of collaborative control structure shown in Figure 4.6.

In order to validate the case study, different simulations have been performed, including the
application of disturbances to the process. In Table 4.3 shows the time, kind and magnitude
of the disturbances and set point changes applied to the system in order to evaluate the
behaviour of oxygen concentration. Fourteen days were simulated for the aerobic reactor
with constant conditions of plant influent. Two set point changes are applied to oxygen
concentration at the begining of the test.

Time [day] | Disturbance ‘ Magnitude
0.5 Set point change From 0.5 to 2.2 g/m?
1.5 Set point change From 2.2 to 2 g/m?
3 Temperature change From 15 to 10°C
4.5 Temperature change From 10 to 15°C
6 Temperature change From 15 to 20°C
8 Temperature change From 20 to 15°C
9.5 Plant input flow change From nominal value to 30% of nominal value
11.5 Plant input flow change | From 30% of nominal value to 130% of nominal value

The Figure 4.7 shows the behaviour of oxygen concentration. It is clear the tracking
and disturbance rejection capabilities of collaborative control structure. Even thought some
overshoot exist after applied changes on oxygen set point and inputs, the oxygen concentration
quickly return to reference value. These overshoots are caused by respective overshoots in
the set points provided for k7, and a calculated by the coordinator controller as it is shown in
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Figures 4.9a and 4.9b. The dashed line represents the set points calculated at the supervisory
level. It is shown an overshoot in the set point, but the process value has a softer behaviour.
The controllable parameters have this performance because control actions at the regulatory
level are slower.
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Figure 4.7. Oxygen concentration in aerobic reactor.

The Figure 4.8 represents the mass transfer coefficient. On this research, this parameter is
separated for two controllable parameters. In many works, kra is a manipulated variable, but
in the real process it is no possible a direct manipulation. However, the range is reasonable
according to the proposed by [3].
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Figure 4.8. Volumetric mass transfer coefficient in aerobic reactor.
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Figure 4.9. Controllable parameters and corresponding set points.

The control actions of PID controllers at regulatory layers are the air flow and the injection
pressure, which are shown in Figure 4.10. The changes on this variables is smooth due to
their inherent slow behaviour.
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Figure 4.10. Manipulated variables in the regulatory layer.

The methodology studied in this Chapter can be used in large scale processes. Therefore,
it is a plantwide control strategy if the plant is partitioned in macro-processes with clear
distinguisable process product objectives. The next Chapter shows the results of this
methodology applied to a waste water treatment plant. Additionally, this control strategy will
be compared to MPC control.

4.4. Remarks

This chapter presented each step for applying the collaborative control strategy at any
process. Additionally, the controllable parameter definition is explained and used. Moreover,
the importance of mathematical model is evident in this chapter. According to this, it is
important remark that:

e It is possible to control parameters, i.e. when variable pairing is done, the controllable
“variable” can be a parameter. In this sense, for this kind of process the mass transfer
model is essential in order to implement collaborative control strategy because it allows
to use controllable parameters to improve the control behaviour and enables a more
realistic representation of the process.

e The methodology is very explicit. That procedure can be adapted to many chemical and
biological processes. The procedure is easy implementation when it is applied to small
process, like was showed in the illustrative example. However, it can be implemented in
large scale processes, like will be show in the next chapter.

e The methodology uses information from the model in order to calculate the objective
function in supervisory layer, an important role of control strategy. For this reason, the
semiphysical model is fundamental in the control strategy proposed. It is necessary to
highlight that, the cost function has interpretable information and controllable param-
eters effects are explicit. Additionally, the term that predicts stationary state of main
dynamic if the system achieve the values calculate in optimization (z7%,) is very important
in this control strategy.



CHAPTER 5
Case of Study: BSM1

There are many studies about the control strategies applied to BSM1. For example, in [49],
MPC is applied to control the dissolved oxygen in the fifth reactor of the plant and in [50]
different strategies are proposed in order to control the plant. The control objective is to
keep total nitrogen, COD, TSS (total suspended solids), and oxygen concentrations in the
effluent below some legal environmental limits. Particularly, in this work nitrite and nitrate
and oxygen concentrations are considered in the collaborative control strategy. These limit
values are shown in Table 3.6. Additionally, [51] proposes a control structure using a MPC
strategy and Pl controllers, taking into account four reactors of the plant. Despite of the
large amount of works about BSM1 control strategies, all of them consider the product of
liquid phase mass transfer coefficient (k1) and interfacial area (a), while in a real process this
is not possible. In this research the novel control strategy explained in the section 4 is applied
to BSM1 including the mass transfer model with separated expressions for ky, and a, as they
were presented in Section 3.2.

The BSM1 provides several sets of influent disturbances depending on the weather conditionts:
dry weather, rain-weather, storm-weather and dynamic influent are the typical influents option
to apply to BSM1. These disturbances are considered for validating the methodology proposed.
In spite of existing limit values stated by law for nitrite and nitrate nitrogen concentration, these
substances are not controllable strictly, i.e. they are is not all the time under the expected limit
concentration. This is evidenced in [3], [51] and [52]. For this reason, the control performance
is supported by an overall behaviour in the majority of studies. The next sections show the
results of applying the proposed collaborative control strategy to the fifth reactor of the plant
and to the complete biological treatment section of the plant.

5.1. Collaborative control and MPC applied to the last aerobic
reactor in BSM1

This section shows a comparison between two control strategies with the same control
architecture, applied to the fifth reactor in the BSM1 benchmark, the last aerobic reactor in
the plant. In this sense, the dynamic of the full plant is taken into account. The proposed
control architecture with supervisory and regulatory levels is shown in Figure 5.1, repeated
here for text completeness, where the regulatory level is formed by two PID controllers.
In both cases the injection pressure and air flow effects are separated and controlled with
independent control loops. This separation is for the liquid phase mass transfer coefficient
(kr) and the gas - liquid interfacial area (a). The difference between the two control strategies
is in the type of main controller. For the first case it is a collaborative control and for the

45
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second one is a model predictive control (MPC).
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Figure 5.1. Hierarchical control architecture [2].

The plant layout with the control structure proposed is shown in the Figure 5.2, following the
architecture of Figure 2.5. As it is possible to see, there exists a supervisory level, where the
k1, and a references are calculated according to the tracking error in the oxygen concentration.
The set points information is sent to the two PID controllers at regulatory level. The first
PID control is for the liquid phase mass transfer coefficient, where the manipulated variable is
the air flow. The second PID control is for the specific interfacial area with the manipulated
variable air pressure.

Collaborative
control or MPC

Tank 1 Tank 2 Tank 3

Settler

Q

Figure 5.2. Control structure for oxygen concentration in the last aerobic reactor.
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To compare the collaborative control and the MPC strategies the plant is simulated during 12
days of operation. Some disturbances are applied, as described in Table 5.1 shows the time,
type and magnitude of the disturbances.

Time [day] | Disturbance ‘ Magnitude
0.5 Set point change From 0.5 to 2.2 g/m?
1.5 Set point change From 2.2 to 2 g/m?
3 Temperature change From 15 to 10°C
4 Temperature change From 10 to 15°C
5.5 Temperature change From 15 to 20°C
7 Plant input flow change From nominal value to 30% of nominal value
9 Plant input flow change | From 30% of nominal value to 130% of nominal value

Table 5.1. Disturbances applied to the system.

5.1.1. Collaborative control applied to the fifth reactor

The calculation of k£, and a set points is based on optimizing a cost function including the
oxygen concentration error, which is the main dynamic of the process taken place in this
reactor. Moreover, the sensitivities from main dynamic regarding controllable parameters is
included in this cost functions. These two parts constitute the objective function, as explained
in the section 4.2. It is important to highlight that the equations are the same because
the process dose not change. However, these equations are evaluates in different operation
point and considering the full plant dynamic. The tuning parameters are shown in the Table
5.2, where o, (;, and [, are the parameters from Equation 4.6 and P, t; and tp are PID
parameters.

Supervisory layer parameters

a=1 | B, =1 | B.=01
Regulatory layer parameters

ky, control loop
Py, =0.0008 | ¢; = 0.0001 | tp = 0.001
a control loop
Py, =600 | t; =0.0001 | tp = 0.006
Table 5.2. Parameters of collaborative control structure shown in Figure 5.2.

The obtained oxygen concentration profile is presented in Figure 5.3, showing good tracking
and disturbance rejection. Even thought there exist overshoot in some cases, the oxygen
concentration quickly returns to its reference value. The overshoots in the Figure 5.3 are
caused by the overshoots in the set point calculated at the supervisory level, as shown in
Figures 5.5a. However, the process value for the parameters never follow these overshoots.
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Figure 5.3. Oxygen concentration an the last aerobic reactor for collaborative control.

The Figure 5.4 presents the volumetric mass transfer coefficient values during the 12 days of
simulation. Note that, the range of kpa values produced by collaborative controller agrees
with the proposed by [3]. Sudden changes in Figure 5.5 are due to set points movements
dictated by the collaborative control.
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Figure 5.4. Mass transfer coefficient.
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The dashed line in Figures 5.5a and 5.5b represents the set point calculated on the supervisory
level. In this figures it is possible to see some peaks in the set points, but the corresponding
process value has a softer behaviour. The controllable parameters have this performance
because the control actions (pressure and air flow) in the regulatory level do not have sudden
behaviour and this avoid to follow the peak set points.
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(a) Liquid - phase mass transfer coefficient. (b) Gas - liquid interfacial area.

Figure 5.5. Controllable parameters and corresponding set points.

The control actions are the air flow and air pressure supply which are the manipulated variable
of PID controllers, respectively (see Figure 5.6). The rate of change on these manipulate
variables is not high, considering that they are applied to the real process in the lower layer of
the control structure.
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Figure 5.6. Manipulated variables in the regulatory layer.

The environmental regulations do not permit an effluent ammonium concentration greater
than 4g/m®. On this simulation, this limit is exceeded twice because constraints are not
considered in the strategy. The Figure 5.7 shows the ammonium concentration behaviour
when collaborative control is applied. However, this response is presented here for illustrating
the behaviour of this variable, but this response has not direct interpretation into real plant
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operation. Obviously, such a constraints can be included into the optimization process, but
this is a future work.
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Figure 5.7. Effluent ammonium concentration evolution with collaborative control.

5.1.2. MPC applied to the fifth reactor

The simulation conditions and disturbances are identical to the used for previous collaborative
control strategy. The supervisory layer parameters are according to the Equation 2.4. In this
sense, the output weight is 1, there are two input weight, the first one is from k; and the
second from a, these weight are 0.5 and 0.1, respectively. On the other hand, the parameters
of regulatory layer are the same from previous section. The Figure 5.8 shows the obtained
oxygen concentration in the fifth reactor. It is possible to see that when the set point changes
to 2.2 g/m?3 the system needs more time for reaching the reference than in the collabora-
tive control. This is remarked by the red oval. It is also shown that disturbance rejection
is slower than in collaborative control. These aspects are some disadvantages of MPC strategy.
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Figure 5.8. Oxygen concentration using MPC strategy.

The Figure 5.9 presents the volumetric mass transfer coefficient behaviour, showing that it
evolves within the limits proposed by [3].
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Figure 5.9. Mass transfer coefficient for MPC supervisory control.

Figure 5.10 shows the evolution of k7 and a with an MPC controller in the supervisory
layer. It shows that both set points have an oscillating behaviour in some parts, and it might
worsen the behaviour of the variables. However, in this example, in the same way than for
collaborative control, the real responses are softer. It should be noted that, the control
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actions have not oscillations and overshoots. For this reason, the system does not present this
behaviour.
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Figure 5.10. Controllable parameters from regulatory layer.

The Figures 5.11a and 5.11b show the manipulates variables. Both variables have a good
operation range, which is appropriated to satisfy the control objective. However, the
behaviour and their variation of parameters in the process is smooth. In this sense, these
control actions are not the cause of oscillation in the controllable variables (Figure 5.10).
Then, the overshoots and oscillation are product of the combination of kz and a in the mass
transfer model. Because this model is highly nonlinear, it is possible that sometimes this
product would result in higher values than expected by variable tendency.
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Figure 5.11. Manipulated variables.

Finally, the Figure 5.12 shows the ammonium concentration for BSM1 controller with the
MPC. It is not different from the Figure 5.7, because in both cases the process values try to
achieve the set points. Regarding dissolved oxygen control, the Figure 5.3 shows a good per-
formance of collaborative control and the Figure 5.8 shows slow disturbance rejection for MPC.
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Figure 5.12. Effluent ammonium concentration.

The ammonium concentration exceeds the limit of law concentration in both control strategies.
However, it is necessary to highlight that the control strategy is concentrated in the last aerobic
reactor. Then, the nitrite and nitrate concentration is not involved in the control strategy, in
spite that the nitrite and nitrate concentration is considered one state in BSM1 model.

5.2. Collaborative control applied to the full plant

In this case, the methodology of collaborative control proposed is applied to the three aerobic
reactors in the BSM1, see Figure 5.13. This structure has collaborative control in aerobic
section (three reactors), using the same controlled and manipulated variables proposed in
Figure 5.2.The control objective is oxygen concentration control in the last three reactors
(aerated). Moreover, this structure has a PID control in the second anoxic reactor, where
the nitrite and nitrate nitrogen concentration is the controlled variable and the internal
recirculation is the manipulated variable. The set points in each reactor have been taken
from [3]. These values correspond to the stationary state when the system is working in
closed loop with the control structure proposed by [3], where the nitrite and nitrate nitrogen
concentration in the second reactor and the oxygen in the fifth reactor are controlled in
descentralized fashion with two Pl controllers.
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Figure 5.13. Collaborative control structure for complete plant.

Tuning parameters of supervisory layer in each reactor are the same from Table 5.2 and the
tuning parameters of regulatory layer are shown in the Table 5.3. Finally, the parameters P,
t; and tp in the reactor 2 are 30, 0.00009 and 0.006, respectively.

Regulatory layer parameters.

k1, control loop. a control loop.
P[(1/d)/(g/m3)] | ti [days] | tp [days] | P [(1/d)/(g/m3)] | ti [days] | tp [days]
Reactor 3 0.008 0.0001 0.001 60 0.0001 0.006
Reactor 4 0.009 0.0001 0.001 5 0.00005 0.006
Reactor 5 0.0008 0.0001 0.001 600 0.0001 0.006

Table 5.3. Regulatory layer parameters of collaborative control structures shown in Figure 5.13.

The Table 5.4 shows the different disturbances applied to the system, starting in the stationary
state proposed by [3].

Time [days] | Disturbance ‘ Magnitude
1 Temperature change From 15 to 10°C
3 Temperature change From 10 to 15°C
5 Temperature change From 15 to 20°C
7 Temperature change From 20 to 15°C
9 Plant input flow change From nominal value to 30% of nominal value
10.5 Plant input flow change | From 30% of nominal value to 130% of nominal value

Table 5.4. Disturbances applied to the system.

The Figure 5.14 shows the controlled variable evolution, where some short overshoots can
be seen. As for the nitrite and nitrate concentration, the disturbance rejection is good, but
with slower responses. Then, the overshoots can be caused by high speed response of oxygen
concentration dynamic and disturbance magnitude. However, it is necessary to highlight that
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the variable returns quickly to their set point in short time and the overshoots can be tolerable.
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Figure 5.14. Evolution of controlled variables.

In the collaborative control, i.e. third, fourth and fifth reactors the decision variables are the
liquid phase mass transfer coefficient and specific area in each reactor. The behaviour of these
controlled parameters is shown in Figure 5.15. The process values have a good behaviour
reaching the new set point. Some overshoots in liquid phase mass transfer coefficient exist,
but these are tolerable.
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Figure 5.15. Controllable parameters behaviour.
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The manipulated variable behaviour at each reactor is shown in Figure 5.16. Although the

manipulate variables in fourth and third reactors are high, that is due to the fact that the
mass transfer coefficient in reactors three and fourth are higher than in the fifth reactor. In
accordance to [3], the mass transfer coefficient is 84 d~! in the fifth reactor, and 240 d~!
in the third and fourth reactors. Therefore, the air flow and pressure in the third and fourth
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reactors is three times bigger than in the fifth reactor.
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Figure 5.16. Behaviour of manipulated variables.

Finally, ammonium concentration is shown in Figure 5.17. Although all variables are kept
at their set points, the ammonium concentration is higher than the permitted limit. This
indicates that with the taken oxygen set points the system can not reject all the disturbances,
and it is necessary another combination of set points to keep the ammonium concentration
under limit or including this constrains in the optimization problem.
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Figure 5.17. Effluent ammonium concentration.

According to Figures 5.7 and 5.17, the ammonium limit is exceeded in both cases. This is
happening probably because the optimization problem has not constrains or decisions about
ammonium concentration. Additionally, the disturbances applied to the process are sudden
steps and they are far from reality. For this reason, the next section studies the behaviour when
the influent constitution is changed, i.e. the behaviour of the plant with dynamic influent.

5.3. Collaborative control strategy and MPC applied to BSM1
with dynamic influent

In this test the influent is dynamic, i.e. the inlet flow and concentrations change constantly,
Figure 5.18 shows the inlet flow behaviour. This situation is presented in order to compare
with others works, using more realistic operating conditions.



CHAPTER 5. Case of Study: BSM1 59

<104 Influent flow rate
35 T T T T T T T
3 - -
=)
o
£
@ 2.5
]
2
o
g 2f
=
E
1.5 —W -
l 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Time [d]

Figure 5.18. Inlet flow - rate.

5.3.1. Collaborative control applied to BSM1 with dynamic influent

The control structure shown in the Figure 5.13 is implemented again. The Figure 5.19 shows
the evolution of controlled variables, i.e. the main dynamics of each reactor with collaborative
control strategy. The tuning parameters are the same of Section 5.2. It should be noted that
this dynamics responses are trying to maintain the constant reference or law limits and plant
adjustments stated in BSM1 for proper behaviour. The simulations present some periodic
variations due to the also periodic variations in the influent.
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Figure 5.19. Evolution of controllable variables with dynamic influent.

The behaviour of controllable parameters following the set points provided by the supervisory
layer is shown in Figure 5.20 where good tracking can be seen. Note that the regulatory layer is
collaborating in order to achieve the control objective, as shown in Figure 5.18 5.19. Addition-
ally, In 5.21 the corresponding control actions are presented, with a realistic range of operation.
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Figure 5.20. Controllable parameters behaviour with dynamic influent.
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Figure 5.21. Behaviour of manipulated variables.

Finally, the effluent ammonium concentration behaviour is shown in Figure 5.22 where can
be seen some violations to the legal limit. However, it should be considered that the plant is
simulated during 8 days and these moments are by short time and therefore, they are tolerable.
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Figure 5.22. Effluent ammonium concentration with dynamic influent.

5.3.2. MPC applied to BSM1 with dynamic influent

The MPC presented here is only one and applied over the last reactor but maitaining the
control of nitrites and nitrates in second reactor. A configuration of three MPC, one for each
of the last three reactors, is not simulated here because the computational cost is high, like
was evident in the section 5.1.2. In this case eight days of operation are simulated. During
this time the influent is dynamic in the plant as was proved in the Section 5.3.1 but here the
control strategy is a MPC. as it is shown in Figure 5.23. In this case, there are two output
weight, oxygen concentration and nitrite and nitrate concentration, both weight are 1. Input
weigh are 0.1 en all cases, the inputs are ky, a and internal recirculation flow. The results
obtained are shown in the Figure 5.24 for 8 days of operation, where it is possible to see the
overshoots in oxygen concentration that if it is compared with the Figure 5.19a are bigger and
it is further of set point value. Additionally, nitrite and nitrate concentration presents more
oscillations if it is compared with 5.19d.
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On the other hand, the Figure 5.26 presents the controllable parameters behaviour. Evidently,
the PID controllers are working well because the tracking of the reference is adequate, despite
the short overshoots present in the varying set point.
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Figure 5.25. Controllable variables in BSM1 with dynamic influent.

The Figure 5.26 shows the control actions and effluent ammonium concentration. As can be
seen, the ammonium concentration satisfies the legal limit without violations, due to higher
control efforts that in the collaborative control strategy. Additionally, some overshoots in
Figure 5.26d match with overshoots in Figure 5.24a. This can correspond to control efforts
because does not exist control loops or control communication with the rest of plant. The
communication is internal, just among dynamics of processes. Even in this case the effluent
ammonium concentration is good there exist control effort and this could damage equipment.
Instead of that, the last subsection shows less effort and the ammonium concentration is normal
because this is not considered in the optimization problem.
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Figure 5.26. Manipulated variables and ammonium concentration.

This separation adds a degree of freedom to control system and it is evident the additional
control loop, which results closer to the real process. it should be noted that in the literature
only one control loop is used to keep the oxygen concentration at its set point. With this
proposal, the collaborative control strategy improves the system performance compared to
MPC control strategy.

5.4. Remarks

This chapter showed the features and advantages of the proposed collaborative control
strategy. Additionally, the results of the control applied over BSM1 where specified. In this
way, it was showed that the control strategy can be implemented in large scale processes.
According to this, it is relevant to remark that:

e Evidently, if the computational time of MPC and collaborative control are compared,
MPC needs more computational time. For this reason, collaborative control is more
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favorable for real control implementation.

e Collaborative control strategy proposed in this thesis can be implemented in large scale
processes and the results are adequate for control objective.

e Considering controllable parameters in this control strategy allows to improve the process
performance. It is important to highlight that the cost function is a simple expression
and allowing decrease the computational cost and easy interpretability.
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Conclusions and Future Works

6.1. Conclusions

The methodology of collaborative control is centralized and hierarchical. It is centralized
because there exist only one coordinator controller (supervisory layer), where the decisions
about set points take place. Then, for that reason is a hierarchical control strategy. In this
sense, the set points information is send to PID controllers (regulatory layer). To choose the
control strategy and the kind of information management is very important and depends on
the process and control objective.

This work presents a methodology to obtain a collaborative control strategy including
controllable parameters. The control strategy is based on a process model and comprises
a supervisory layer and a regulatory layer. The first layer is designed by determining the
dynamics hierarchy, using states impactability indices from Hankel Matrix. Controllable
parameters are involved in supervisory level in order to improve the control performance
through sensitivities of main dynamic respect to these parameters.

The collaborative control strategy has been applied to BSM1 and compared with MPC
strategy. The results from Chapter 5 show the advantages of proposed control strategy. In
accordance to the results showed in the Section 5.1, for collaborative control the simulation
takes 20.5 minutes for the 12 days of process operation and in the same conditions, for MPC
the simulation takes 330 minutes, indicating worse behaviour of MPC regarding a real time
implementation and higher computational cost.

Additionally, it is evident the improvement of system performance when controllable parame-
ters are used in regulatory layer because the control system increases its performance. This is
important when the k;, and a effects are determinate in the complete model. In this sense,
the mass transfer model represent a fundamental part for control strategy implementation.
Moreover, controllable parameters allow to guide the main dynamic to control objective.

The methodology proposed can be applied to large-scale processes, supported by the good
results in this work. Particularly, the proposed control strategy may be more profitable in
large-scale processes because it reduces model solving time. This reduction is given because it
is not necessary to predict the model for a horizon time, like in MPC. In collaborative control
strategy, the decision variables are calculated at each time step without solving the complete
model at each sampling time.

68
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The mass transfer model proposed is in accordance to real phenomenon because this model
describes the liquid phase mass transfer coefficient and the specific area, taking into account
variables and parameters like injection pressure, air flow, surface tension, liquid density, etc.
as was explained in the Chapter 3. Then, the controllable parameters are evident in the mass
transfer model. Additionally, the model shows the relationship between controllable parameters
and manipulated variables. Moreover, this mass transfer model permits to add a degree of
freedom to control the system as is shown in Chapter 4. The validation of this model is
qualitative and it is compared with the model proposed in [3] with adequate results.
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6.2. Future works

Several topics could be explored after completing this work. Some of them are:

e Implement collaborative control strategy including controllable parameter in another
large-scale process in order to evaluate its performance in another process and exploring
its generality. Additionally, it is necessary to implement this control strategy in real
process, i.e. implementing this control strategy using for example a PLC module.

e Include in supervisory layer some constraints related to process limitations different to
manipulated variables or final control elements movements. In this sense, it can be
explored the inclusion of constraints on some critical concentrations of compounds or
some parameters values. Additionally, it can be proposed a collaborative control strategy
including the anoxic section of BSM1.

e Incorporate dynamic sensitivities of secondary dynamic and controllable parameter be-
cause in this case the first ones were considered statics. However, it is necessary to
highlight that dynamic sensitivities add computational cost to the control strategy.

e Validate the mass transfer model with experimental data. Even the mass transfer model
was validated qualitatively, it is important to consolidate the model and this is possible
through a quantitative validation with real data.



Bibliography

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Thomas Marlin. Process control. Design processes and control system for dynamic per-
formance. McGraw Hill, New York, first edition, 1995.

Hilda Marcela Moscoso — Vasquez. A design procedure for a supervisory control structure
in plantwide control. Master's thesis, Universidad Nacional de Colombia, 2013.

J Alex, L Benedetti, J Copp, K V Gernaey, U Jeppsson, | Nopens, M Pons, L Rieger,
C Rosen, J P Steyer, P Vanrolleghem, and S Winkler. Benchmark simulation model no .
1 (BSM1). Industrial Electrical Engineering and Automation, TEIE-7229(1):1-62, 2008.

David A R Zumoffen. Oversizing analysis in plant-wide control design for industrial
processes. Computers and Chemical Engineering, 59:145-155, 2013.

H Lausch, G Wozny, M Wutkewicz, and H Wendeler. Plant-Wide Control of an industrial
process. ITrans IChemE, 76, Part A(February):185-192, 1998.

William L. Luyben. Design and control degrees of freedom. Industrial & Engineering
Chemistry Research, 35(7):2204-2214, 1996.

Alexandre C. Dimian, Costin S. Bildea, and Anton A. Kiss. Integrated design and simula-
tion of chemical processes. In Computer Aided Chemical Engineering, volume 35, chapter
Chapter 15, pages 599-647. 2014.

Riccardo Scattolini. Architectures for distributed and hierarchical Model Predictive Con-
trol - A review. Journal of Process Control, 19(5):723-731, 2009.

Juan Garrido, Francisco Vazquez, and Fernando Morilla. Centralized multivariable control
by simplified decoupling. Journal of Process Control, 22(6):1044-1062, 2012.

P. A. Luppi, D. A.R. Zumoffen, and M. S. Basualdo. Decentralized plantwide control

strategy for large-scale processes. Case study: pulp mill benchmark problem. Computers
and Chemical Engineering, 52:272-285, 2013.

Shichao Xu and Jie Bao. Distributed control of plantwide chemical processes. Journal of
Process Control, 19(10):1671-1687, 2009.

Sujit Suresh Jogwar and Prodromos Daoutidis. Community-based synthesis of distributed
control architectures for integrated process networks. Chemical Engineering Science,
172:434-443, 2017.

Hilda M. Moscoso-Vasquez, Gloria M. Monsalve-Bravo, and Hernan Alvarez. Model-
based supervisory control structure for plantwide control of a reactor-separator-recycle
plant. Industrial and Engineering Chemistry Research, 53(52):20177-20190, 2014.

71



BIBLIOGRAPHY 72

[14]

[15]

[16]
[17]
[18]
[19]
[20]

[21]

[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Silvia Ochoa, Giinter Wozny, and Jens-uwe Repke. Plantwide optimizing control of a
continuous bioethanol production process. Journal of Process Control, 20(9):983-998,
2010.

Ruben Marti, Daniel Sarabia, Daniel Navia, and Cesar De Prada. Coordination of dis-
tributed model predictive controllers using price-driven coordination and sensitivity anal-
ysis, volume 10. IFAC, 2013.

Holger Scheu and Wolfgang Marquardt. Sensitivity-based coordination in distributed
model predictive control. Journal of Process Control, 21(5):715-728, 2011.

Jitendra V. Kadam and Wolfgang Marquardt. Sensitivity-Based Solution Updates in
Closed-Loop Dynamic Optimization. IFAC Proceedings Volumes, 37(9):947-952, 2004.

Gade Pandu Rangaiah; Vinay Kariwal. Plantwide control: recent developments and ap-
plications. 2012.

Sigurd Skogestad. Plantwide control: Towards a systematic procedure, volume 10. Elsevier
Masson SAS, 2002.

Victor Becerra. Optimal Control, 2008.

Terrence Fong, Sébastien Grange, Charles Thorpe, and Charles Baur. Multi-robot remote
driving with collaborative control. 10th IEEE International Worksop on Robot and Human
Interactive Communication, pages 237 — 242, 2001.

BioDic. Diccionario de Biologia, 2016.

Prabhu Devadasan, Hao Zhong, and Shimon Y Nof. Expert systems with applications
Collaborative intelligence in knowledge based service planning. Expert Systems With
Applications, 40(17):6778-6787, 2013.

Tom Carlson, Yiannis Demiris, and Senior Member. Collaborative control for a robotic
wheelchair: evaluation of performance, Attention, and Workload. /|EEE Transactions on
Systems, Man, and Cybernetics - Part B (Cybernetics), 42(3):876-888, 2012.

E. Hoyos, D. Lépez, and H. Alvarez. A phenomenologically based material flow model
for friction stir welding. Materials and Design, 111:321-330, 2016.

M. Francisco, S. Skogestad, and P. Vega. Model predictive control for the self-optimized
operation in wastewater treatment plants: Analysis of dynamic issues. Computers &
Chemical Engineering, 82:259-272, nov 2015.

R.S. Ramalho. Tratamiento de aguas residuales. Barcelona - Bogotd - Buenos Aires
-Caracas - Méxicoo, editoral r edition.

Mogens Henze, Willi Gujer, Takashi Mino, and Mark Van Loosdrecht. Activated Sludge
Models ASM1, ASM2, ASM2d and ASM3. IWA Publishing, London, 2000.

J Dudle. Mass transfer in bubble columns: a comparasion os correlations. Whater
Reseatch, 29(4):1129-1138, 1995.

Mounir Bouaifi, Gilles Hebrard, Dominique Bastoul, and Michel Roustan. A comparative
study of gas hold-up , bubble size , interfacial area and mass transfer coefficients in stirred
gas - liquid reactors and bubble columns. 40:97-111, 2001.



BIBLIOGRAPHY 73

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

S. Ramakrishnan, R. Kumar, and N.R. Kuloor. Studies in bubble formation - | bubble
formation under constant flow conditions. Chemical Engineering Science, 24(4):731-747,
1969.

Nadina Miiller-Fischer, Daniel Suppiger, and Erich J. Windhab. Impact of static pressure
and volumetric energy input on the microstructure of food foam whipped in a rotor-stator
device. Journal of Food Engineering, 80(1):306-316, 2007.

Sherwood, Pigford, and Wilke. Unit operation of chemical Engineering. 1975.

G Q Yang, X Luo, R Lau, and L S Fan. Bubble formation in high - pressure liquid - solid
suspensions with plenum pressure fluctuation. 46(11), 2000.

Jan Erik Olsen, Dorien Dunnebier, Emlyn Davies, Paal Skjetne, and John Morud. Mass
transfer between bubbles and seawater. Chemical Engineering Science, 161:308-315,
2017.

R. Higbie. The rate of absorption of a pure gas into a still liquid during short periods of
exposure. AIChE Journal, 31:365 — 389, 1935.

Stoyan Nedeltchev. Theoretical prediction of mass transfer coefficients in both gas - liquid
and slurry bubble columns. Chemical Engineering Science, 157:169-181, 2017.

Hoyt C. Hottel, James J. Noble, Adel F. Sarofim, Geoffrey D. Silcox, Phillip C. Wankat,
and Kent S. Knaebel. Heat and Mass Transfer. In Perry’s Chemical Engineers’ Handbook,
page 87. 2008.

M Motarjemi and G J Jameson. Mass transfer the optimum from very small bubbles -
The optimum bubble size for aeration. Chemical Engineering Science, 33:1415 —1423,
1978.

Y. Kawase, B. Halard, and M. Moo-Young. Theoretical prediction of volumetric mass
transfer coefficients in bubble columns for Newtonian and non - Newtonian fluids. Chem-
ical Engineering Science, 42(7):1609-1617, 1987.

Grupo de servicios ciudadanos FCC and Aquila. E.D.A.R. de Salamanca. Technical report,
Madrid, 2003.

Kossay K. Al-Ahmady. Analysis of oxygen transfer performance on sub - surface aeration
systems. International Journal of Environmental Research and Public Health, 3(3):301-
308, 2006.

R. Krishna and J. M. Van Baten. Mass transfer in bubble columns. Catalysis Today,
79-80:67-75, 2003.

K Akita and F Yoshida. Gas holdup and volumetric mass - transfer coefficient in bubble
columns - Effects of liquid properties. Industrial & Engineering Chemistry Process Design
and Development, 12:76-80, 1973.

Bo Jin, Pinghe Yin, and Paul Lant. Hydrodynamics and mass transfer coefficient in
three - phase air - lift reactors containing activated sludge. Chemical Engineering and
Processing: Process Intensification, 45(7):608-617, 2006.



BIBLIOGRAPHY 74

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Hernan Alvarez, Rosalba Lamanna, Pastora Vega, and Silvana Revollar. Metodologia para
la obtencién de Modelos Semifisicos de Base Fenomenolégica aplicada a una sulfitadora
de jugo de cafia de azicar. Revista Iberoamericana de Automatica e Informatica Industrial
RIAI 6(3):10-20, 2009.

A. Marquez, C. Gomez, P. Deossa and J. J. Espinosa. Hierarchical control of large scale
systems : A zone control approach. In 13th IFAC Symposium on Large Scale Complex
Systems: Theory and Applications, 13:438 — 443, 2013.

P. Dang and D Banjerdpongchai. Design of integrated real-time optimization and model
predictive control for distillation column. In In Proceedings of 2011 8th Asian Control
Conference (ASCC), volume 1, pages 988 — 993, Kaohsiung, Taiwan, 2011.

B. Holenda, E. Domokos, A. Rédey, and J. Fazakas. Dissolved oxygen control of the
activated sludge wastewater treatment process using model predictive control. Computers
& Chemical Engineering, 32(6):1270-1278, 2008.

José David Rojas, Xavier Flores-Alsina, Ulf Jeppsson, and Ramén Vilanova. Application
of multivariate virtual reference feedback tuning for wastewater treatment plant control.
Control Engineering Practice, 20(5):499-510, 2012.

Chiara Foscoliano, Stefania Del, Michela Mulas, and Stefania Tronci. Predictive control
of an activated sludge process for long term operation. Chemical Engineering Journal,
304:1031-1044, 2016.

Xiaoyi Wang, Fan Wang, and Wei Wei. Linear active disturbance rejection control of
dissolved oxygen concentration based on benchmark simulation model number 1. Math-
ematical Problems in Engineering, 2015, 2015.



	Introduction
	Plantwide Control and Collaborative Control
	Plantwide control architectures
	Multivariable control strategies
	Collaborative control strategy
	Model predictive control (MPC)
	Remarks

	Processes Modelling: Case of Study
	BSM1 model
	Mass transfer coefficient model
	Remarks

	Strategy for Collaborative Control Including the Controllable Parameters
	Controllable parameters in the collaborative control strategy
	Collaborative control strategy methodology including controllable parameters
	Process analysis
	Regulatory layer design
	Supervisory layer design

	Illustrative example
	Remarks

	Case of Study: BSM1
	Collaborative control and MPC applied to the last aerobic reactor in BSM1
	Collaborative control applied to the fifth reactor
	MPC applied to the fifth reactor

	Collaborative control applied to the full plant
	Collaborative control strategy and MPC applied to BSM1 with dynamic influent
	Collaborative control applied to BSM1 with dynamic influent
	MPC applied to BSM1 with dynamic influent

	Remarks

	Conclusions and Future Works
	Conclusions
	Future works


