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Abstract

This dissertation thesis is devoted to the linear model predictive control (MPC) design
for complex systems. The term “complex system” includes two groups of challenging
systems — large-scale systems and systems with nonlinear and asymmetric dynamics.
The first part of the thesis deals with the partial explicit MPC design for large-scale
systems, as solving large-scale optimization problems is computationally challenging.
One way to deal with computational complexity is to construct offline a partial explicit
MPC solution and use it in the online phase to streamline evaluating the optimal control
action. The thesis proposes to replace the polytopic critical regions having variable
number of halfspaces with the maximal volume inner approximations based on the
Chebyshev balls. As such approximation has a fixed and known structure, the memory
footprint of the partial parametric solution is also fixed and known in advance, which
enables scaling the solution a priori to meet the control unit limitations. As the large-
scale polytopes are not stored, the memory footprint of the partial explicit solution
is significantly reduced. The second part of the thesis aims to develop a self-tunable
explicit MPC for nonlinear and asymmetric systems. Including a nonlinear model
in the MPC optimization problem would lead to high computational complexity and
non-convex critical regions in the parametric solution. Therefore, this thesis considers
a linear prediction model, and the plant nonlinearity is compensated by designing an
appropriate online tuning technique. Moreover, the proposed self-tuning technique also
addresses asymmetric plant dynamics (different behavior when the process variable
rises and decreases). The self-tuning method is performed automatically online and
depends on the reference value of the controlled variable, as this approach is focused on
reference-tracking applications. The tuning method was applied to a laboratory heat
exchanger, and the control performance improved compared to a non-tunable controller.
The third part of the thesis focuses on the implicit tube MPC, which is suitable for
large-scale uncertain systems. This thesis’s contribution was the incorporation of
the recent method of implicit tube MPC into a freely available MATLAB toolbox,
MPTH+, to spread the possibility of implementing this robust MPC technique. This
thesis presents the design procedure of the implicit tube MPC in MPT+ and validates
the toolbox on a large-scale system where the original tube MPC was impossible to
implement due to computationally demanding geometric operations.






Abstrakt

Téato dizerta¢nd praca je venovand navrhu linearneho modelu prediktivneho riadenia
(MPC) pre zlozité systémy. Pojem “zlozity systém” zahitia dve skupiny komplikovanych
systémov — velkorozmerné systémy a systémy s nelinearnou a asymetrickou dynamikou.
Prva cast prace sa zaobera ndvrhom parcidlneho explicitného MPC pre velkorozmerné
systémy, pretoze rieSenie velkorozmernych optimaliza¢nych problémov je vypoctovo
naro¢né. Jednym zo sposobov, ako sa vysporiadat s vypocétovou naroc¢nostou, je
zostrojit parcidlne explicitné rieSenie MPC a pouzit ho v online faze na zefektivnenie
vyhodnocovania optimalneho akéného zasahu. Praca navrhuje nahradif polytopické
kritické regiony s premenlivym poctom polpriestorov ich vnitornou aproximéaciou
zalozenou na kruhoch s maximéalnym objemom. KedZe aproximéacia mé fixovanu a
znamu struktiru, velkost paméte parametrického riesenia je tiez fixovand a znama
vopred, ¢o umoznuje naskalovat vopred velkost riesenia tak, aby vyhovovala limita-
ciam riadiacej jednotky. Kedze velkorozmerné polytopy nie st ukladané, velkost
pamiéte parcidlneho explicitného riesenia je vyznamne znizena. Druhé cast prace sa
zameriava na vyvoj samoladitelného explicitného MPC pre nelinearne a asymetrické
systémy. Zahrnutie nelinearneho modelu do optimaliza¢ného problému MPC by viedlo
k vysokej vypoctovej zlozitosti a nekonvexnym kritickym regiénom parametrického
rieSenia. Preto tato praca uvazuje linedrny predikény model a nelinearita systému je
kompenzovand ndvrhom vhodnej techniky online ladenia. Okrem toho, navrhovana
technika samoladenia adresuje aj asymetricki dynamiku systému (roézne spravanie,
ked procesnd veli¢ina stiipa a klesd). Metéda samoladenia sa vykondva automaticky
online a je zavisla od referen¢nej hodnoty riadenej veli¢iny, kedze tento pristup je
zamerany na aplikicie tilohy sledovania referencie. Metéda ladenia bola aplikovand
na laboratérny vymennik tepla a kvalita riadenia sa zlepsila v porovnani s neladenym
regulatorom. Posledna cast prace je zamerand na MPC zalozené na implicitnych
tubéch, ktoré je vhodné pre velkorozmerné neurcité systémy. Prinosom tejto prace
bolo zaclenenie implicitného tube MPC do volne dostupného MATLAB toolboxu,
MPT+, na rozsirenie moznosti implementéacie tejto robustnej techniky MPC. Tato
préaca prezentuje postup navrhu implicitného tube MPC v MPT+ toolboxe a validuje
toolbox na velkorozmernom systéme, kde pévodny pristup tube MPC nebolo mozné
implementovat kvoli vypoctovo narocnym geometrickym operaciam.
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CHAPTER 1

Introduction

Nowadays, the application of optimal control techniques is widely expanding [59]. The
implementation of the optimal control methods; e.g., model predictive control (MPC),
has many significant benefits. It allows us to predict future system behavior and obtain
optimal control actions based on the requirements on control, e.g., minimizing the
control costs, maximizing the profits, reducing the impact on the environment, or
improving the control performance. Moreover, the possibility to include constraints on
the input, output, and state variable is nonnegligible. As MPC is a receding horizon
control strategy, the optimization of control actions is performed in each control step
in order to reduce the effect of external and internal disturbances [59]. Due to its many
practical benefits, model predictive control became a widely used control strategy in
the past three decades, see, e.g. [59], [14], [60], and references therein. Some form of
MPC-based control is present in approximately 90 % of industrial implementation of
multivariable control, see [48], [65].

However, the necessity to solve an optimization problem in each control step is a very
challenging task due to the computational complexity. The challenges of the real-time
MPC applications include complex systems with many constraints, e.g., robust and
stochastic MPC design [53], distributed control [44], problems with a long prediction
horizon, and a high number of states and control actions [15].

One of the ways to implement MPC despite its demands on real-time computational
complexity is an explicit solution using multiparametric programming, see, e.g., [5], [10].
The essence of the explicit model predictive control lies in the division of implementation
into two separate phases. First, in the offline phase, the controller is constructed.
Particularly, the optimization problem is computed for a predefined set of parameter
values, and the corresponding control law is determined. For a multiparametric
quadratic problem (mpQP), the control law has the form of a piecewise affine (PWA)
function over a polytopic partition composed of a set of convex critical regions. Next,
in the online phase, i.e., the optimal control action is evaluated from control law
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corresponding to one of the critical regions. The critical region associated with the
current measurement is identified by solving the point location problem in some form
of a lookup table [24].

Although the application range of explicit MPC is wide, two interconnected issues
arise from its implementation: memory consumption and runtime effort. One of the
possibilities of memory burden reduction is a regionless explicit model predictive control
presented in [42]. The authors showed that the geometric construction and storage
of the critical regions are not required. Instead, the active sets are considered, which
provides significant savings in memory preserving the optimal solution. Other efficient
constructions of the explicit partition using the dynamic programming were introduced
in [61], [58]. The memory savings were achieved in [40], using the clipping function
eliminating the number of regions of the PWA function over which the control law
attains a saturated value. The utilization of the large set of critical regions evaluating
the saturated control law is removed using the polynomial separator function in [41].
The polynomial separator was replaced by various convex sets in [62].

The complexity reduction techniques do not target only memory footprint but also
accelerating the evaluation of the optimal control action in the online phase. One of
the methods speeding up the online phase was suggested in [27], where the critical
regions are sorted based on the minimal or maximal value of the corresponding value
function. Using the proposed smart order, real-time control is significantly accelerated
on average. Another technique leading to the decreased computational effort was an
online removal of inactive constraints introduced in [30]. In [39], [79], [24] the online
runtime is reduced by simplifying the point location problem without sacrificing closed-
loop performance. The irrelevant critical regions are removed using the reachability
analysis.

Several works bridge the gap between optimization-less real-time implementation of
explicit MPC and implicit (non-explicit) MPC suitable for large-scale systems. Many
later works were inspired by [17], where the online solution of the MPC problem was
accelerated using the warm-start strategy based on the knowledge of the optimal active
set from the previous control step. An efficient approach of semi-explicit MPC was
presented in [20]. This method is based on the offline state-dependent parametrization
of the optimization variables using the tailored subspace clustering algorithm and the
training data consisting of the MPC optimization problem solutions. A semi-explicit
approach was introduced into the move-blocking-based MPC design in [77], where the
time-varying blocking structure also guarantees the recursive feasibility and closed-loop
system stability. Learning approximate semi-explicit MPC for a hybrid system was
designed in [51]. In [83], the real-time suboptimal MPC was designed combining the



approximated explicit solution of the MPC problem used for warm-start of the active
set method.

The trade-off between the benefits and limitations of the explicit MPC implementation
for the large-scale MPC problems is well-balanced in [32]. This work presents a novel
perspective concept of a partial multiparametric solution which places it on the road
between explicit MPC and implicit MPC. Without loss of optimality, closed-loop
system stability, and recursive feasibility of the large-scale MPC problem, the partial
multiparametric solution utilized in the framework of the explicit MPC improves
initialization of the hot-start strategy for the real-time implementation. First, in the
offline phase, a partial solution of an explicit MPC optimization problem is evaluated.
The positions of the critical regions are represented by the centers of the Chebyshev
balls. In the online phase, when the measurement is obtained, the critical region with
the nearest center of the Chebyshev ball is identified. This critical region is used in the
hot-start strategy to initialize searching for the corresponding optimal control action.

One of the contributions of this thesis is to push the idea towards the fixed-memory
parametric solution of the partial explicit MPC. The term “fixed-memory” denotes
that the size of the memory footprint necessary to store the parametric solution is
determined in advance, i.e., before solving the multiparametric optimization problem.
Inspired by the method presented in [32], the crucial idea of this contribution is not to
store the polytopic critical region, but only its maximal volume inner approximation
using the Chebyshev ball, i.e., data defining its center and radius. Just these data
will be used in the online phase for the hot-start strategy. As the critical polytopic
regions do not have the same number of halfspaces, the data size needed to be stored is
not known in advance. On the other hand, storing the Chebyshev ball approximation
provides us with fixing the memory of each considered critical region. As a consequence,
the partial solution of explicit MPC is fixed in advance. It enables scaling the size of
the solution a priori without the necessity to solve an optimization problem. Moreover,
compared to [32], the proposed method significantly reduces the memory consumption
of the partial solution, as the storage of the Chebyshev balls, i.e., centers and radii,
requires much lower memory compared to the storage of the polytopes. Finally, the
proposed method also improves the initialization of the hot-start procedure for solving
the large-scale optimization problem. In contrast to [32], not only the centers of
Chebyshev balls are considered, but also their radii, which provide more accurate
information to identify the nearest criticalregion for the hot-start strategy.

Another challenge associated with the explicit MPC is the ability to adjust the controller
setup online. The explicit MPC is not tunable in default as the conventional approach
introduced in [5] considers the penalty matrices with fixed structure and values. The
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inability to tune the explicit controller online can be a disadvantage due to varying
operating conditions when the different setups of the controllers are beneficial.

The possibility to tune the explicit MPC online came with the publishing of [4]. The
tuning parameter penalizing the control inputs became a parameter, for which the
optimal controller was precomputed. Nevertheless, the application was limited only to
linear cost functions of the optimization problem. To satisfy the demands for often-used
quadratic cost functions, the approximated tunable explicit MPC was presented in [36].
The technique is based on two explicit model predictive controllers which differ in
the setup of one penalty matrix. The two explicit MPCs provide upper and lower
boundary optimal controllers. Based on the evaluation of the two boundary control
inputs, the tuned control input is calculated by linear interpolation. The follow-up
work [63] provided stability and recursive feasibility guarantees by proper choice of
the terminal penalty matrix and terminal set constraint [55]. Moreover, the strategy
in [63] extends the tuning ability based on any penalty matrix and not just the input
penalty.

The idea of approximated tunable MPC with neural networks is presented in [34].
To ensure the tuning property, the penalty matrices were included in the training
process. As a result, it was possible to tune the neural network-based controller online,
while mimicking the nearly optimal MPC. In [33], the neural network-based tunable
controller MPC was extended with a corrector which steered the controller such that
the constraints on the manipulated and process variables were satisfied.

Our paper [19] pushes the idea of tunable explicit MPC further and deals with the issues
of practical industrial-oriented implementation. In numerous practical applications,
the reference value of the controlled variable is changed and acquires values from a
wide range of operating conditions. The use of different controller setups can help
handle the plant’s nonlinear behavior, without the necessity to explicitly consider a
nonlinear prediction model. Considering more accurate, but nonlinear prediction model
would lead to higher computational complexity resulting from nonlinear parametric
programming [64]. The paper [19] presents a procedure of the self-tunable controller
technique. The controller’s aggressivity is tuned based on the difference between
the reference value and the steady state corresponding to the model linearization
point. In the context of MPC, the aggressiveness is associated with the setup of the
penalty matrices, as it determines the aggressiveness of the final control input. In
general, higher penalization of the controlled states or control error in the cost function
leads to more aggressive control actions. This process is analogous to increasing the
proportional gain in the PID (proportional-integral-derivative) controller. On the
contrary, higher penalization of the input variable leads to more sluggish control, e.g.,



see [50]. In [19], the MPC tuning based on the distance from the steady-state operating
point represented a way how to compensate for the system’s nonlinear behavior.

This thesis directly extends our early results presented in [19], where the basic principles
of the self-tunable approximated explicit MPC were introduced. In this thesis, a novel
method of self-tuning parameter setup is introduced. Compared to [19], the self-tuning
method is based on the size of the reference step change. Moreover, the idea of further
scaling of the tuning parameter is elaborated. The interval of the values of the self-
tuning parameter is split at some certain value and each part of the interval corresponds
to the specific operating conditions defined by the control engineer. In such a way, the
complex system dynamics are addressed, e.g., the system’s asymmetric behavior is
compensated (different behavior when the process variable is rising and decreasing).
Finally, to investigate the benefits of the proposed approach, the proposed self-tuning
control policy was implemented to control a laboratory-scaled counter-current plate
heat exchanger. This thesis provides the control performance evaluation and analysis
using the self-tunable controller compared to the conventional boundary explicit MPCs.

Although both implicit and explicit MPC have been intensively studied in the past
decades, there are still challenges worth addressing to spread its implementation. Such
a development is highly dependent on tailored validation tools. The MPC design
problem is addressed in plenty of well-developed software tools. This thesis focuses
specifically on the MATLAB programming environment, but in [37, 49, 29], and the
references therein, one can find the review on the solvers and tools supporting MPC
design and its evaluation also using other programming environments, e.g., Python
and Julia.

The MATLAB commercial MPC Toolbox [52] addresses various classes of the MPC
design problems, including the construction of the adaptive, explicit, gain-scheduled,
and nonlinear MPC controllers. This toolbox provides several built-in solvers and also
a dedicated user interface MPC Designer App for the controller tuning. The nonlinear
MPC design problems are efficiently solved using the ACADO Toolkit [28]. The non-
convex optimization problem is solved by the sequential quadratic programming (SQP)
approach. ACADO Toolkit evaluates the library-dependent C/C++ code and provides
an interface for MATLAB. CasADi [3] represents another toolbox suitable for the
nonlinear MPC design. This open-source package also provides interfaces for MATLAB
and Python. The nonlinear MPC can be designed also using the open-source toolbox
MATMPC [11]. The YALMIP [47] toolbox is a widely-used modeling parser focused
on the various classes of optimization problems, including non-convex optimization.
YALMIP provides also support for the MPC design problems. The Multi-Parametric
Toolbox (MPT) [22] for MATLAB represents a widely-used software package for the
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implicit (non-explicit) and explicit MPC design, multi-parametric optimization, and
operations over convex sets. MPT integrates many tools enabling efficient construction,
tuning, and validation of the advanced MPC controllers.

Besides the above mentioned topics of memory size reduction techniques (i.e., the
partial explicit MPC), and strategies improving the control performance, (i.e., the self-
tunable explicit MPC), there is another relevant topic worth interest — the uncertainties
affecting the controlled system. Including the disturbance in the control design leads to
robust control strategies. In terms of robust MPC methods, one of the most essential
works is the min-max approach [75, 66]. This robust control technique includes the
bounded disturbance in the prediction model, which leads to improved performance
with stabilizing properties. On the other hand, the min-max MPC may lead to
significant computational demands due to exponential growth of the possible predicted
future scenarios.

A very widely used and accepted robust MPC approach is the tube MPC [56, 72].
Instead of considering all the future combinations of possible disturbances, this approach
introduces the optimization of the initial nominal state, and robustifies the MPC
optimization problem via introducing the robust positively invariant set, i.e., the
tube. Many works follow up on this topic and develop improvements, e.g., in the
context of homothetic tubes [69] and elastic tubes [70]. Another extensions focus on
state estimation with output feedback tube MPC [54], reference tracking problem [45],
parallel explicit tube MPC [82], etc.

Despite its benefits, the tube MPC comes with a challenge of applicability in higher
dimensions of control probems due to non-trivial set operations. A relatively novel
contribution focuses on an implicit tube MPC [67], suitable for large-scale optimization
problems. This approach avoids the geometric set-based operations which extends the
applicability range of the tube MPC method.

The interest in tube MPC applications and research supports the idea of providing a
user-friendly tube MPC design tool. Such a tool should streamline the procedure of
tube MPC design and implementation. Moreover, from the research point of view, being
able to easily construct the tube MPC allows one to focus on further extensions of the
original control method. In [26] and [25], the authors follow up on the functionalities of
the original MATLAB MPT toolbox and, among other extensions, bring the possibility
to design and implement the tube MPC in a user-friendly way, using a novel MPT+
toolbox [2]. This thesis steps further towards the implicit tube MPC design. The aim
is to include the possibility to construct the tube MPC also in an implicit manner to
enable a wide and user-friendly application of this control technique.



To conlude, this dissertation thesis deals with three techniques of linear MPC for
complex systems. Throughout this thesis, the term “complex system” denotes the
systems that bring two groups of challenges in MPC design: large-scale systems and
systems with nonlinear and asymmetric dynamics. The considered control techniques
are (i) partial explicit MPC, (ii) tunable approximated explicit MPC, and (iii) implicit
tube MPC.



Introduction

General Objectives

This dissertation thesis focuses on the linear MPC design for complex systems. The aims
of this thesis are summarized in three main areas: (i) theoretical contributions in linear

MPC design methods, (ii) practical validation of the proposed theoretical contributions,

and (iii) freely available software development for the control of large-scale systems.

More specifically, the objectives of the dissertation thesis are:

e Theoretical contributions:

— Memory footprint reduction associated with large-scale MPC. The

method of the partial explicit MPC is revisited, and the size of the memory
footprint to store the partial explicit MPC is reduced without inducing
suboptimality.

Fixed size of memory footprint associated with large-scale MPC.
The memory footprint necessary to store the partial explicit MPC data
is unpredictable. In large-scale systems control applications, it becomes a
crucial question. In this thesis, fixing the memory footprint size is addressed.

Elaboration of the self-tuning technique for tunable explicit MPC
to improve control performance. This thesis also focuses on the topic
of control performance improvement and targets the tunable approximated
explicit MPC. The techniques to tune the explicit model predictive controller
automatically during the real-time control are elaborated. The proposed
self-tuning strategies deal with nonlinear and asymmetric plant behavior.

e Practical validation:

— Numerical case studies on large-scale systems. The proposed partial

explicit MPC improvement is analyzed on the set of large-scale systems.

— Laboratory validation on a heat exchanger plant. The proposed

self-tuning strategy is implemented on a laboratory heat exchanger. The
control performance is analyzed and compared to non-tuned controllers.

e Freely available software:

— Software development for control of large-scale systems. The recent

perspective approach of implicit tube MPC, suitable for controlling large-
scale systems, is incorporated into the MATLAB MPT+ toolbox to spread
the wide usage of this robust control technique.



— Case study validating the developed software. The developed MPT+
extension enabling the implicit tube MPC application is validated on a
large-scale reactor-separator system.
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CHAPTER 2

Fixed-memory partial explicit MPC

This chapter is devoted to the topic of fixred-memory partial explicit MPC. This control
approach addresses the first group of complex systems considered in this thesis — the
large-scale systems. First, this chapter provides an overview of the topics of model
predictive control as well as its explicit solution. The theoretical overview also introduces
the partial solution of explicit model predictive control, which is useful for handling
large-scale optimization problems. Next, the memory footprint of the data that needs
to be stored for the online phase is analyzed. Furthermore, a novel concept leading to
memory footprint reduction is proposed. The polytopic critical regions are no longer
stored. Instead, their maximal volume inner approximations are considered. As the
inner approximation has a fized structure, the total memory footprint of the solution
is also fized. Finally, the memory footprint of the partial solution based on the novel
ideas is analyzed.

2.1 Model predictive control

Model predictive control (MPC) is a control method utilizing optimization in order to
deliver the best decision, i.e., optimal control action, at the current time. The main
concept is to utilize a dynamic model of the controlled system to predict its future
behavior [73]. This control approach allows us to achieve significant safety improvement
of production operation, control performance, minimize costs, and negative impact on
the environment. These are some of the main reasons why MPC gained its popularity
in the past 3 decades [57].

The solution of an optimization problem is periodically re-solved in every time sample
Ts. In every control step, the whole trajectory of optimal control actions is calculated
for N steps forward, but only the first value of the input variable is implemented. In
the next control step, the optimization problem is solved again, see Figure 2.1. As a
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consequence of this so-called receding horizon nature, the effect of external disturbances
and plant-model mismatch is reduced [57].

\ Yiet
y -" :
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u

Figure 2.1: Principle of MPC. The dashed lines represent the prediction and the
solid lines represent the past control steps. The red color corresponds to
the trajectory of control inputs u. The controlled variable y is depicted
in blue. The green line represents the reference value yy.f.

Another important characteristic of MPC is the ability to handle multiple-inputs and
multiple-outputs (MIMO) systems, compared to well-known proportional-integral-
derivative (PID) controllers. As MPC is model-based control strategy, the dynamic
model is therefore essential. State-space as well as input-output prediction models are
nowadays included in the control design. However, the state-space model is nowadays
the most utilized choice in model predictive control technique [35].

Moreover, there is a possibility to include constraints on the input, output, and
state variables to ensure safety or meet requirements on control performance. This
is a significant benefit compared to linear-quadratic (LQ) optimal controllers. As a
consequence, some form of MPC-based control is present in approximately 90 % of
industrial implementation of multivariable control, see e.g. [48], [65].

2.1.1 Regulatory problem

Model predictive controller solves an optimization problem in every control step. In
order to satisfy specific requirements on control performance and to achieve the set
goals, various forms of the optimization problem can be utilized. When the aim is to
push the system states to the origin from a nonzero initial condition, the regulatory
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problem is solved.

In this thesis, the model predictive control is based on the following formulation of the
quadratic programming (QP) optimization problem [59]:

N-1
min Z (2 Qzy, + uj Ruy), (2.1a)
Hor N k=0
s.t. Tr41 = Aqzy + Baug, (2.1b)
ur € U, (2.10)
i, € X, (2.1d)
xg = x(t), (2.1e)

where N is the length of prediction horizon, t is time, k indicates the step of prediction
horizon and acquires the values k = 0,... N —1, x € R™ is the system state vector, and
u € R™ is the vector of the input variable. Aq € R™*"x represents the discrete-time
system state matrix, and By € R™*"u is the discrete-time input matrix. The sets
U C R™, X C R™ are convex polytopic sets of physical constraints on inputs and
states, respectively. These sets include the origin in their strict interiors. The positive
semi-definite matrix @ € R™*"< @y > 0 penalizes the system states, and the positive
definite matrix R € R™*™ R > 0 penalizes the control actions [59].

By minimizing the squared value of the system states in (2.1a), the system states are
pushed to the origin. Also, the squared value of control inputs makes the controller
decrease the control costs. By increasing the weight on system states, the controller
becomes more aggressive as the objective is to minimize the cost function where the
terms consisting of weighted system states play the significant role. On the contrary,
if the weight on control inputs is higher compared to the weight on system states,
the control trajectory is generally sluggish. In this case, the terms consisting of the
squared control inputs represent the more significant contribution to the value of the
cost function. Therefore, the matrices @) and R represent tuning parameters to affect
control performance [59].

From the control point of view, it is important not only to tune the weight matrices, but
also to have available an accurate model in (2.1b). As a consequence, the prediction of
the future states is more accurate and the effect of plant-model mismatch is reduced.
Note, also output variable y € R™ can be predicted for the whole prediction horizon
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from well-known relation

Yk = Cazp + Dauy, (2.2)

where Cq € R™>*"™ and Dgq € R™*™ are the discrete-time state-space matrices. The
state-space model is the most commonly used, as it handles relations between all the
state variables [35]. Nevertheless, also input-output model representations are used for
the prediction of the future system outputs.

Constraints on system states and control actions stated in (2.1c) and (2.1d) are
determined by technical parameters of controlled plant or by requirements on safety
or control performance. In some applications, it is sufficient to include the constraints
only on the output variable instead of the system states, e.g., when the input-output
model is utilized. Then, the corresponding constraint is formulated analogously to
(2.1c¢) and (2.1d):

Yk €Y, (2.3)

where the set Y C R™ is also a convex polytope and contains the origin in its strict
interior.

The last constraint (2.1e) of the optimization problem assigns the value of the current
measurement or estimation to a system state initial condition. This value is substituted
into (2.1e) in every control step, what makes MPC the receding control strategy.

In some practical applications, a stability guarantee is required. One of the ways how
to achieve stability is penalization and constraining the system states in the N-th step
of the prediction horizon. Including the last step of the prediction horizon into the
cost function is denoted as terminal cost or terminal penalty. When the system states
at the end of the prediction horizon are forced to lie in some desired region, we denote
it as a terminal set.
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The optimization problem with stability guarantee acquires the following form [55]:

N-1
min Z (zp Qup + uj Rug) + x5 Py, (2.4a)
Uy N —1 —
s.t. Tr4+1 = Aazi + Baug, (24b>
u € U, (2.4c)
zr €X, (2.4d)
xo = x(t), (2.4e)
ry € Xn, (2.4f)

where the matrix P € R™*"= P > ( penalizes the squared value of system states at
the end of the prediction horizon. The matrix P is chosen such that the terminal
penalty term has a form of a Lyapunov function, and is given by the solution of the
discrete-time algebraic Riccati equation [43]:

AJPAq — P — Al PB4(B{ PBy+ R)"'B] PAs +Q = 0. (2.5)

The set Xy C R™* denotes the terminal set in which the system states are desired
to belong in the last step of the prediction horizon. When the regulatory problem
is solved, the terminal set must contain the origin. When the stability guarantee
is required, the terminal set Xy needs to be constructed as the maximal positively
invariant set [6], which is obtained from the system xy1 = (Aq + Bq4)zk, under the
terminal feedback control law uy = Kzj. The gain K is the stabilizing controller gain
such that (Aq — BqK) is stable, e.g., LQR controller gain, which is given as follows:

K = —(B{PBq+ R)"'B] PA,. (2.6)

Note, the prediction horizon should be sufficiently large to result in a feasible sequence
of control inputs leading the states to the terminal set Xy in IV steps. If the terminal
penalty has a form of Lyapunov function and the terminal set is chosen as a maximal
positively invariant set, e.g., LQR-based set, the closed-loop stability is guaranteed [55].

2.1.2 Tracking problem

Besides the regulatory problem described in the Section 2.1.1, it is also possible to
formulate the MPC optimization problem as a tracking problem. The objective is to
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achieve a nonzero reference value of the system states or outputs. One of the tracking
problem forms is the incremental formulation, exploiting the relation between the
current and the previous control action:

Auk = Uk — Uk—1- (27)

The increment of the control input is penalized and represents the optimized variable.
The optimization problem acquires the following form

N-1

min ((xref — xk)TQ(xref — ) + AugRAuk), (2.8a)
Aug,e, Auy 1 prs

st Tppr = AaTr + BaAuy, (2.8b)

zp € X, (2.8¢)

up € U, (2.8d)

Auy € Up, (2.8¢)

To = ZT(t). (2.8f)

In the optimization problem (2.8), the state vector :EZ = [xg ukal] is augmented

because of the combination of the original model constraint (2.1b) and the equation
for computing the new control action based on the previous input variable and its
change in (2.7). Then the augmented model in (2.8b) has the following form [57]:

o] - [ 4[] [

The augmented state vector changed in the first constraint (2.8b) which defines the
system model, and the last one (2.8f), which defines the initial condition. The model
constraint (2.8b) is just abbreviated notation of (2.9). The constraint on the change
of the input variable is included in (2.8e), where the set Un C R™ is a convex set
containing the origin in its strict interior. The remaining two constraints in (2.8d) and
(2.8c) are the same as in the original formulation of regulation problem in (2.1), thus
the values of the state and the input variables can be limited [57].
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2.2 Explicit model predictive control

Model predictive control is often applied in practice thanks to its many benefits. As it
solves a complex optimization problem in each control step, this type of control is time
and memory demanding. Therefore, it involves sufficient sampling time and devices
with control units that dispose of sufficient computational performance. The need
for wide optimal control implementation for the systems with fast dynamics or less
performing control units lead to the formation of explicit model predictive control [5].

In the fundamental work by Bemporad et al. [5], the authors show how to move all the
computations necessary for the implementation of MPC offline, while preserving all its
other characteristics. The entity of explicit model predictive control lies in the division
of the computation and implementation of control into two phases: offline phase
and online phase, see Figure 2.2. In the offline phase, the explicit model predictive
controller is constructed. Particularly, the set of optimal control actions is calculated
for the whole feasible set of values — polytopic partition, i.e., for all the states for which
the optimization problem has a solution. Such control law, i.e., the relation between
the optimal control action and the current system state, is stored in the form of some
lookup table. In the online phase, the real time control is provided. By searching in
the lookup table, the corresponding control law is assigned to the current system state
and evaluated in every control step [73].

p
Optimization
offline
online
Lookup table
system control
state action
—‘ Plant

Figure 2.2: Scheme of explicit MPC.

Construction of the explicit model predictive controller exploits the multiparametric
quadratic programming (mpQP) [18]. Therefore, any of the QP optimization problems



18 Fixed-memory partial explicit MPC

described in the Section 2.1 can be reformulated into their mpQP counterpart [16]:

1
ming 5 UTHU +0"FU (2.10a)
s.t. GU < Ef + w, (2.10b)

where 6 € R" is the vector of parameters. The vector of the optimization variable
U € R™ is the vector of the manipulated variable optimized for the whole prediction
horizon N, i.e., U* = [u§',...,uy ;]T. Matrices H € R™*™ » 0, F € R™™,
G € R FE € R*™ and vector w € R define the problem data describing the
system model and its limitations, and c¢ represents the number of optimization problem
constraints. Typically, the parameter 6 defines the set of initial conditions of system
states, for which the problem is solved in the offline phase [8].

The optimization problem (2.10) can be rewritten for

z = U+H'FT, (2.11a)
S = E4+GH'FT, (2.11b)

into the equivalent following form [7]

min, 1/2 2" Hz (2.12a)
st. Gz =560+ w. (2.12b)

Finally, the constraints of the optimization problem (2.12) can be divided as follows:

min, 1/22"Hz (2.13a)
s.t. Gz = 5S40 + wy, (2.13b)
Gnz < Snl + wyy, (2.13c¢)

where A denotes the rows of matrices G, S, and vector w where the equality holds,
i.e., the constraints are active. On the contrary, A/ denotes the inactive constraints.
The index sets A and A are disjoint, i.e., ANN =@ and AUN ={1,...,c}.

Let us consider a particular combination of A and A/. The corresponding Lagrange
multipliers for the active constraints are denoted as A4 and the Lagrange multipliers
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of the inactive constraints are denoted as A\yr. For (2.13), the Karush-Kuhn-Tucker
(KKT) optimality conditions are [38]:

Hz* 4+ G Ny + G Ay =0, (2.14a)
M (Gaz* =Wy —S40) =0, (2.14b)
M (Garz* — Wiy — Saf) = 0, (2.14c¢)
Gaz* =Wy + 5S40, (2.14d)

Gnz* < Wi + Sphb, (2.14e)

A =0, (2.14f)

v = 0. (2.14g)

As for all inactive constraints Garz* — Wi — Sy < 0, from complementary slackness
condition (2.14c) it follows that the corresponding Lagrange multipliers A}, = 0.
Then, from the stationarity condition (2.14a) we obtain affine relation between the
optimization variable z and Lagrange multiplier A 4

2= —H G\ (2.15)
By substituting (2.15) into (2.14d) we get the following relation

My = —(GAH'GL) Hwa + Sab). (2.16)
Finally, we substitute (2.16) into (2.15) and obtain

2 = H'GLGAH'G) " Hwa + S40). (2.17)

To conclude, the result of the optimization problem in (2.13) is an affine relation
between the optimization variable z and parameter 6:

2 = F(A)0 + f(A), (2.18)

where the slope F(A) and the section f(.A) depend on the specific combinations of the
active and inactive constraints

F(A) = H'GL(GAH'G L) Sa, (2.19a)
f(A) = H'GL(GAH ' GR)  wa. (2.19b)
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The subset of the parametric space, where the affine control law in (2.18) is optimal, is
defined as a critical region R. The elements of the critical region R satisfy the primal
feasibility (2.14e) and dual feasibility conditions (2.14f) [5] and result in a closed and
bounded polytope

ReloeRr Ao}, (2.20)
where
GyF(A) - S
4= [(GXH(%;}){Y?A] ' (2.21a)
— Gnf(A
"= [—(ZJZH ‘1g£)(—1)w A} ' (2.21b)

Note, the closure of the critical region is obtained by replacing the strict inequalities
with the non-strict ones.

We can see in (2.19) and (2.21), that every feasible combination of the active and
inactive constraints defines a specific critical region R with its corresponding affine
control law in (2.18). Therefore, when the multiparametric QP in (2.13) is solved for
the whole parametric space, one can obtain the complete piecewise affine control law
defined over all regions, i.e., over the polytopic partition given by UZR“""“Ri, where
Ryotal denotes the total number of the generated critical regions, see Figure 2.4.
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Figure 2.3: Example of polytopic partition.
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Figure 2.4: Example of piecewise affine control law.

CRl ASl = {1, ...,ko, kl]
or

ASl = {1, nany ko}\kl, k1 € {1, aeay ko}

CR,
ASO = {1, ey ko }

CRZ ASZ = {1, ...,ko, kz}
or

ASZ - {1, seny ko}\kz, kz € {1, aeny ko}

Figure 2.5: Optimal active sets of adjacent regions [32].

Definition 2.2.1. (Adjacent critical regions) [78] Given a full-dimensional critical
region R;. A critical region R; is adjacent to R; if int(R;) Nint(R;) = & and
RiNR; # @.
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Definition 2.2.2. (Optimal active sets of adjacent critical regions) [81] For
any two adjacent critical regions R; and R; the corresponding optimal active sets are
Ai CAj and |A;i] = |Aj] =1 or A; C A; and |A;| = |Aj| + 1, see Figure 2.5.

Definition 2.2.3. (Linear independence constraint qualification (LICQ)) [8]
Linear independence constraint qualification is said to hold at z* if the matriz G4 has
full row rank.

Once the explicit model predictive controller is constructed, it can be utilized for control.
In the online phase of standard explicit MPC implementation, the point location
problem is solved. According to system state measurement 6, the corresponding critical
region is located such that 6 € R; holds. When the corresponding critical region is
detected, the associated affine control law is utilized to implement the optimal control
action ug into the system. In every control step, the whole procedure is repeated.

2.2.1 Construction of explicit MPC

In order to obtain the explicit PWA solution for (2.12), the critical regions R; need to
be identified along with the corresponding optimizer z} for each region. There are two
types of methods that can be used to obtain the list of optimal active sets: geometric
approaches and enumeration procedures.

e« Geometric approaches

One common approach to solving the mpQP problem is the geometric method,
which involves constructing an initial critical region by selecting a feasible
parameter value 6. This critical region provides information about the optimal
active set A by solving the mpQP in (2.12). Different geometric methods vary in
how they explore the rest of the parameter space. For instance, some methods,
such as those presented in [5] and [16], employ set difference operations to explore
the parameter space based on the known critical regions. Other methods, like
the one proposed in [81], select a new point by traversing the facets of the known
critical region. Obviously, all methods are employed until the entire parameter
space is covered.

e Enumeration procedures
In contrast to the geometric methods, the extensive enumeration approach
generates optimal active sets without the necessity to construct the critical
regions [21]. First, all possible combinations of active sets are enumerated and
organized by the increasing cardinality. To determine whether a particular
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candidate is optimal, the following KKT-system-based linear program is solved:

maxg.gox ¢ (2.22a)
s.t. Hz+GuA=0, (2.22b)
Gaz =540 + w4, (2.22¢)

g =Syl +wn — Guz, (2.22d)

A= 0, (2.22¢)

g =0. (2.22f)

If the problem (2.22) is feasible with ¢g* » 0, the active set candidate is optimal
and yields a full-dimensional critical region. On the contrary, if the linear
program is infeasible, the candidate together with all the candidates in the
corresponding branch are not considered, i.e., pruned. This pruning leads to
significant complexity reduction of the offline phase. This idea is extended in
[42] where the authors suggest not storing the polytopic representation of the
critical regions. Instead, only analytical expressions of primal and dual variables
are stored, which leads to significant memory footprint reduction.

With increasing problem size, i.e., length of prediction horizon N, parameter size n or
size of the optimization variable m, the overall complexity of the solution is also rising.
Therefore, the number of critical regions is large. Then, the memory burden and point
location problem become more complex, and the usage of the explicit solution is hardly
tractable.

2.2.2 Degeneracies in mpQP

In practical applications, degeneracies in mpQP problem solutions may occur. The
primal degeneracy occurs if linear independence constraint qualification (LICQ) does
not hold, i.e., the rows of matrix G 4 are not linearly independent, see e.g. [81]. In
this case, the vector of Lagrange multipliers A* may not be uniquely defined. As
a consequence, it leads to the presence of the lower-dimensional critical regions in
the explicit solution. These lower-dimensional critical regions can be excluded from
the solution, as they form the facets between neighboring full-dimensional critical
regions [5].

The dual degeneracy [5] occurs when the objective function is linearly dependent on
some active constraint and leads to nonunique z*. In the problem formulation in this
thesis, the dual degeneracy cannot occur, as the objective function is strictly quadratic,
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i.e., H = 0, see problem formulation in (2.10) and the corresponding assumptions
below.

2.3 Partial explicit MPC

One of the perspective techniques on how to handle large-scale optimization problems
with numerous active sets is a partial solution of the explicit MPC, see [32]. The main
idea is to solve the problem of explicit MPC only for particular initial points from the
feasible domain, i.e., feasible seeding points. Therefore, only a subset of all critical
regions is determined and stored, i.e., R;, i =1,..., R, where R denotes the number
of the evaluated and stored critical regions. The partial solution of explicit MPC can
be seen in Figure 2.6.

Since not all critical regions are constructed, it can often occur in the online phase
that the current state measurement 6 does not lay inside any of them, i.e., 0 ¢ R;,
Vi =1,...,R. In such cases, the optimal solution of the optimization problem in (2.12)
needs to be solved to find the optimal control action.

15t

10 ¢

210}

15}

Figure 2.6: Example of partial solution of explicit MPC. The blue critical regions
are constructed and stored for the online phase.
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To initialize evaluation of the optimal control action, a near critical region is utilized.
This is a useful tool to streamline searching for the critical region where the measurement
belongs. This procedure is called hot start strategy [17]. Once the critical region or
associated active set is identified, then the corresponding control law is determined to
find the optimal control action.

2.3.1 Initial seeding points

There are various ways of determining the set of initial seeding points, for which the
QP in (2.12) is solved in the offline phase. One of the ways is to generate a grid
of points uniformly distributed in the feasible parameter space. Another way is to
distribute the seeding points randomly, utilizing so-called random walks. The random
walks represent an efficient strategy to obtain a random distribution of points inside a
large-scale polytope (parameter space), as the aim is to develop mainly those critical
regions that are volumetrically significant and not to explore the feasible parameter
space entirely. Various random walk techniques exist in the literature, e.g. [12] and
[76].

Step 1 Step 2

Figure 2.7: Hit and run sampling principle [32].
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In [32], the authors follow up on work [76] denoted as hit and run sampling. The main
steps are as follows. The starting point 6, to initialize the algorithm is selected, and a
random direction d is determined. Then, the maximum distance, denoted as s, the
parameter 6y can move along the direction d staying feasible is identified from:

maxs S (2.23a)
st.  GU = E(0+ds) +w, (2.23b)
s> 0. (2.23¢)

After that, a random value between (0, s) is determined, and a new point 64 is identified
by moving along the direction vector d by this amount. The procedure is then repeated
until enough seeding points are collected. The principle of the hit and run sampling
procedure can be seen in Figure 2.7.

By increasing the number of sample points, it is possible to identify more critical
regions defining the partial explicit solution. On the other hand, more critical regions
have to be stored, which leads to an increased memory burden. Therefore a balance in
determining a sufficient number of sample points is needed.

2.3.2 Hot start strategy

In the online phase of the partial explicit MPC, the hot start strategy is utilized
to streamline the identification of the critical region where the current value of the
parameter lies. The hot start strategy utilizes a near parameter realization 6;, its
corresponding region R;, and the current parameter 6;, to find the critical region R
such that 8; € R; [17]. The benefit of the hot start technique lies in exploiting the
property of two adjacent critical regions, see Definition 2.2.2. As the optimal active
sets of the neighboring critical regions differ in only one constraint, this constraint is
identified, and the neighboring critical region is determined.

The procedure is summarized as follows. Given a measurement 6; and a near value
of parameter 0; along with its corresponding critical region R;. First, it is checked
whether the measurement 6; € R;. If it lies in the critical region R;, the corresponding
control law can be directly utilized to determine the optimal control action. If not, a
direction vector d from 6; to 0; is identified. The next step is to find the intersection
of the vector d and the facet of R;. In other words, a constraint defining the critical
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region that will be violated first is identified:

l:argmlin >0, 1=1,...,[b, (2.24)

where

v = (b— A6;) @ Ad, (2.25)

with the symbol @ representing the Hadamard division [80]. The intersected facet
corresponds to the index [ associated with minimal non-negative v*. This constraint
is either added or removed from the active set combination defining R;.

The determination of the optimal active set of the adjacent critical region is based
on Definition 2.2.2. Given the optimal active set combination {iy,...,i;} and its
corresponding critical region Ry. Let R; be a neighboring critical region, and H
denotes the separating hyperplane. The vector A represents the Lagrange multipliers
associated with the active set combination of Rg.

o If H is defined by G; 441U = E; 410 + w; k41, then Ry is defined by the active
set combination {iy,...,ig, i511}-

o If H is defined by A; ; = 0, then R, is defined by the active set combination
{’L'l, A 7ik71}.

Given the new active set, the adjacent critical region is found. After that, the parameter
value 0; is checked to exist in this new critical region, and the procedure is repeated
until the associated critical region R; is found. The principle of the hot start strategy
is depicted in Figure 2.8.
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Figure 2.8: Principle of hot start strategy utilized for identifying the critical region

associated with parameter 6;. The blue critical region is known along
with its internal point #;. The grey points are the intersections of the
facets of critical regions and the direction vector d between the two
parameter values.

Implementation of the hot start strategy requires storing one point, which lies inside
every stored critical region, a so-called feasible point. In [32], it is suggested to construct
the Chebyshev ball inside each considered critical region and store its center.

2.3.3 Chebyshev ball

In this section, the problem of finding the Chebyshev ball is described. The Chebyshev
ball represents the maximal volume inner approximation of a polytope R described by
h linear inequalities [9]

R={zeR"ojz=<p;i=1,...,h}, (2.26)

where a and 8 describe the halfspaces of the polytope.

The Chebyshev ball is identified from the linear program [9]

max,c r (2.27a)
st. o CHrladla 2B, i=1,...,h, (2.27b)

where the optimization variables are the radius r and the center C' of the Chebyshev
ball.
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=/

Figure 2.9: Example of non-unique Chebyshev balls.

The Chebyshev balls’ centers C; are then stored along with the associated critical
regions R; , Vi = 1,..., R. It should be noted that problem 2.27 may have multiple
optimal solutions, i.e., the Chebyshev ball inscribed in the given polytopic region R; is
not unique in general, see Figure 2.9. Multiple maximal volume balls can be inscribed
in the polytope, e.g., when the critical region has a shape of hyperbox, trapezoid,
parallelotope, etc. Nevertheless, any Chebyshev ball can be considered, as the aim is
to find a feasible point laying inside the specific critical region.

2.3.4 Procedure

The procedure of the partial explicit MPC based on [32] is described in the two
following algorithms, where Algorithm 1 summarizes the steps of the offline phase, and
Algorithm 2 summarizes the steps of the online phase.

Algorithm 1: Offline phase of partial explicit MPC [32].

Inputs: Set of R random feasible seeding points {p1,p2,...pr}
Outputs: Matrices A; and b; of critical regions R; in (2.20), centers of Chebyshev balls C;, binary
vectors Z;, i =1,..., R

1: for each p; do:

2: solve the QP in (2.12) for 6 < p;
find and store optimal active set Z;
construct the critical region R; in (2.21)
store the polytope matrices A;, b;

for each R; do:
construct Chebyshev ball 7%1
store Chebyshev ball center C; of 751
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Algorithm 2: Online phase of partial explicit MPC [32].

Inputs: Parameter value 6, matrices A; and b; of critical regions R;, centers of Chebyshev balls C;,
binary vectors Z;, i = 1,..., R, optimization problem matrices H, G, w, S in (2.12)
Output: Optimal control action u

1: for each R; do:
vi = |6 — Ci|
: solve v* = min v;, Vov;.
: find the region R; and associated active set Z; corresponding to the minimal v*

cif0eR;:

: else:

2

3

4

5

6: apply the optimal control action u§ using Z; and (2.18)

7

8 find optimal active set Z* from hot start procedure using Z;
9

apply the optimal control action u§ using Z* and (2.18)

In the offline phase, the QP in (2.12) is solved for every feasible seeding point p;. The
solution in the form of optimal active sets is then stored for online phase as a binary
vector Z;. This vector has a cardinality given by the number of constraints, i.e., |G|
in (2.12). The elements of the binary vector represent the fixed-ordered indices of
constraints, and their binary values indicate if the particular constraint is active or
inactive, e.g., see [61]. When the optimal active set is available, the corresponding
critical region is constructed and the matrices A and b defining the polytope are stored.
The last steps of the offline phase are dedicated to finding and storing the Chebyshev
ball center and radius for every critical region.

Remark 2.3.1. (Storing the control law) As binary vectors I;, i = 1,..., R, defining
the active sets are stored, the matrices F(A) and f(A) are recovered from the problem
matrices H, G, w, and S to apply the optimal control action uj. It is also possible to
store the matrices F(A) and f(A), along with the polytopic regions R;, but it leads to
an unnecessary increased memory burden.

Remark 2.3.2. (Number of critical regions) The random distribution of the feasible
seeding points p;, i =1,..., R, that serve to initialize the partial parametric solution of
the optimization problem in the offline phase could lead to multiple evaluations of the
same critical region, i.e., p; — Ry, pj — R, for p; # pj. In such case, it is sufficient
to store such a critical region just once. Then two options are: (i) accept the number
of the unique critical regions lower than the number of the feasible seeding points, or
(ii) insert a new random feasible seeding point until the required number of the unique
critical regions is evaluated.
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Figure 2.10: Example of partial explicit MPC: determination of the critical region
utilized in the hot start strategy. The critical region associated with

the minimal distance v* (red line) between its Chebyshev center and
the parameter value 6 is exploited to find the optimal control action.

In the online phase, the partial explicit solution is exploited. First, a distance between
the current parameter and every Chebyshev center is evaluated. The optimal active
set of the critical region associated with the nearest Chebyshev center is identified, see
Figure 2.10. Afterward, it is checked whether the parameter lies in the critical region.
If the parameter lies in the polytope, the corresponding optimal active set is utilized
to apply the optimal control action. Otherwise, the hot start procedure is performed
to find the optimal active set corresponding to the current parameter value. In the
next control step, the whole procedure of Algorithm 2.3.4 is performed again.

2.3.5 Memory footprint

For large-scale optimization problems, it is essential to investigate the memory burden.
In the online phase, the controller utilizes the data H, G, w, and S of the optimiza-
tion problem in (2.12), as well as the partial solution represented by matrices A;, b;
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defining the critical regions R; in (2.20), see inputs of Algorithm 2. Moreover, the
feasible points of all stored regions, i.e., the Chebyshev centers C;, i = 1,..., R, are
saved. The problem size is given by the parameter dimension n, dimension of the
optimization variable m, and the length of the prediction horizon N. Obviously, if
the problem size is large, then the demands on memory storage become hardly tractable.

Lemma 2.3.3 (Memory footprint of polytopic region). Given mpQP in (2.12). The
memory footprint of the i-th critical region R; C R™ having a form of a polytope given
by h; halfspaces defined in (2.20) requires following number of floating-point numbers
necessary to store this polytope

Proof: Proof of Lemma 2.3.3 directly follows from the structure of the polytopic
i-th critical region R;, i.e., the data necessary to store h; halfspaces determined by a
matrix A4; € R"*" and vector b; € R in (2.20). O

The memory footprint necessary to store the data of partial solution is not only large
but it is also unpredictable. Although the number of the critical regions is determined
by the number of random points R, and the upper bound on the data size defining the
critical region is known, it is not possible to predict the exact size of the data that we
need to store in advance before solving the optimization problem. It is obvious from
Lemma 2.3.3, that the number of floating-point numbers n(R;) in (2.28) necessary
to store the critical region R; is not fixed and varies from one region to another.
Particularly, the value of n(R;) depends on the number of halfspaces h; that define
the i-th specific critical region.

Theorem 2.3.4 (Memory footprint of polytopic partial solution). Given mpQP in
(2.12). The total memory footprint of partial solution consisting of R critical regions
including the optimization problem matrices H, G, S, w, and R binary vectors of
active constraints I, requires following number of floating point numbers

R
n(VR) = Z(n(Ri))—FRn—&—RG% +(mxm+exm+texn+c), (2.29)
i=1

where n is the parameter dimension, m is number of the optimization variables, c
represents the number of constraints, and n(R;) denotes the memory footprint of the
i-th specific critical region in (2.28).
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Proof: Proof of Theorem 2.3.4 directly follows from the structure of the polytope
in (2.28), dimensions of the optimization problem matrices in (2.12), and the number of
the critical regions R. According to Lemma 2.3.3, the memory consumption of the i-th
polytopic critical regions n(R) is defined by finite number of halfspaces h; determined
by a matrix A; € RM*™ and vector b; € R" in (2.20). The remaining data contains:
memory footprint of corresponding binary vectors Z;, « = 1,..., R and matrices of the
optimization problem H, G, S, w in (2.12). Note, the memory footprint necessary to
store the binary vector Z defining the active sets is divided by 64 to transform the
binary format to the double floating point numbers. O

According to Theorem 2.3.4, it is necessary to solve the large-scale optimization problem
to determine the total memory footprint.

2.4 Fixed-memory partial explicit MPC design

This section is devoted to one of the main contributions of this thesis, i.e., designing the
fixed-memory parametric solution of partial explicit MPC. The term “fixed-memory”
denotes that the size of the memory footprint necessary to store the parametric solu-
tion is determined in advance, i.e., before solving the multiparametric optimization
problem in (2.12). This is a groundbreaking benefit enabling us to scale the solution
of the partial explicit MPC to respect the limited memory of the hardware, where the

controller will be installed.

We recall that in the MPC framework introduced in [32], the partial solution of explicit
MPC is evaluated. The critical regions are stored in the form of polytopes R; in (2.20),
and also the Chebyshev balls’ centers C; are stored, see Algorithm 1. The centers
of Chebyshev balls C; are then used in the online phase to evaluate the distance
to the measurement . The Chebyshev ball center nearest to the measurement 6 is
determined and the corresponding critical region R; is used for initialization of the
hot start procedure to solve the large-scale optimization problem in (2.12) for a given
state measurement 6, see Algorithm 2.

The main idea of a fixed memory footprint is to replace the polytopic region R; with
its maximal volume inner approximation R, using the Chebyshev ball. In other words,
it is not necessary to store the large data A;, b; defining the polytopes R; in (2.20),
but only the light-weight data defining the Chebyshev balls R, are stored. As a
consequence, the memory footprint of each critical region is fixed.
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Figure 2.11: Example of fixed-memory partial solution of explicit MPC. The poly-
topic regions R; (black dashed) are not stored. Instead, the Chebyshev
ball approximations R, are stored (blue). In the online phase, the
minimum distance v* from the set of Chebyshev balls (red line) to the
current measurement 6 is found.

Except for fixing the memory footprint, this approach leads to significant memory
savings. Compared to storing the polytopic representation of the critical region R;,
the memory savings are ensured, as just a single point (center of Chebyshev ball
C;) and a scalar (radius of Chebyshev ball r;) are stored for each critical region, ﬁi,
Vi =1,...,R. The principle of fixed-memory partial solution of explicit MPC can be
seen in Figure 2.11.

Moreover, another benefit of this approach is that the evaluation of the nearest critical
region to the current state measurement 6 is more accurate compared to the one
introduced in [32].

In [32], the distance v; between the current system measurement 6 and the critical
region R; is evaluated by the center of the Chebyshev ball C;, i.e., v; = ||0 — C;||. In
contrast, the novel approach evaluates the distance v; using the boundary of Chebyshev
ball given by its radii r;, i.e., v; = ||§ — C;|| — r;. Therefore, the distance v; between
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the current system measurement 6 and the original polytopic set R; approximated by
the Chebyshev ball R; is more accurate in comparison to the original approach based
just on a center of inscribed Chebyshev ball C;, see Figure 2.12.

a) b)

Figure 2.12: Comparison of determination of the nearest critical region. In a), the
idea is adapted from [32], where the critical region with the nearest
Chebyshev ball’s center was utilized for the hot start strategy. In b),
the novel approach is employed, i.e., the critical region with the nearest
Chebyshev ball is determined and utilized, which leads to more accurate
initialization of the hot start strategy.

2.4.1 Procedure

The Algorithm 1 and Algorithm 2 were revisited to demonstrate the online phase and
offline phase of the fixed-memory partial explicit MPC procedure.

The offline phase procedure of fixed-memory partial explicit MPC is evaluated by
Algorithm 3. Compared to the original procedure in Algorithm 1, the novel approach
is extended by storing the Chebyshev ball radii r;. On the other hand, the polytopic
representations of the critical regions A;, b; in (2.20) are not stored. If necessary,
A;, b; can be recovered in the online phase from the binary vector Z; defining the
corresponding active set A and the matrices H, G, S, w of the optimization problem
in (2.12).

The online phase of the fixed-memory partial explicit MPC is described in Algorithm
4, where the distances from the boundaries of the Chebyshev balls are identified
(Algorithm 4, Step 2), in contrast to the original approach in [32], cf. Algorithm 2,
Step 2.

In Algorithm 2, if current system measurement 6 lies inside some of the approximated
critical regions R;, then the optimal control action is evaluated using the corresponding
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control law in (2.18). Otherwise, if 6 does not lie inside any of the Chebyshev balls,
ie, 0 ¢ ﬁi, Vi = 1,..., R, then the nearest Chebyshev ball is used for hot started
solution of the large-scale optimization problem in (2.12). The rest of the procedure
remains the same as proposed in [32].

Algorithm 3: Offline phase of fixed-memory partial explicit MPC.

Input: Set of R random feasible points {p1,p2,...Pr}
Outputs: Centers of Chebyshev balls C;, radii of Chebyshev balls r;, binary vectors Z;, i =1,..., R

1: for each p; do:

2: solve the QP in (2.12) for 6 < p;

3: find and store optimal active set binary vector Z;
4: construct the critical region R; in (2.21)

5: for each R; do:

6: construct Chebyshev ball 75,

T store center C; and radius r; of 7251

Algorithm 4: Online phase of fixed-memory partial explicit MPC.

Inputs: Parameter value 6, centers of Chebyshev balls C;, radii of Chebyshev balls 7;, binary vectors
Z;, 1 =1,..., R, optimization problem matrices H, G, S, w
Output: Optimal control action ug

1: for each C; do:
2 vi = |0 — Cs|| — s

3 if (v; <ry):

4 apply the optimal control action uf using Z;
5: break

6: solve v* = min v;, Yv;

7: identify active set Z; of the nearest region for v*

8

: construct the polytopic critical region R; using Z; and optimization problem matrices H, G, S,
w

9: if 0 eR;:
10: apply the optimal control action g using Z;
11: else:
12: find optimal active set Z* from hot start procedure using Z;

13: apply the optimal control action u}j using Z* and (2.18)

Note, the proposed approach interferes with the online phase of the original approach
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adapted from [32] in one major step — construction of the nearest polytope, see
Algorithm 4, Step 8. After the nearest critical region is estimated, the rest of the
online procedure remains the same. The remainder of the modifications represents a
negligible computational intervention compared to the construction of the polytope,
i.e., checking whether the parameter lies in the Chebyshev ball in Algorithm 4, Step 3,
and subtracting the radius in Algorithm 4, Step 2.

Remark 2.4.1 (Degeneracies in mpQP). In practical applications, primal degeneracy
in mpQP problem solutions may occur, see Section 2.2.2. It leads to the presence of the
lower-dimensional critical regions in the (partial) explicit solution. In the offline phase,
these lower-dimensional critical regions can be excluded from the solution, as they form
the facets between neighboring full-dimensional critical regions. Then, during the hot
start strategy in the online phase, it is checked whether LICQ holds on the facet of a
polytope intersecting the direction vector. If LICQ does not hold, a QP is solved with
improved initialization based on the known critical region.

2.4.2 Memory footprint

To support the benefits of the proposed ideas, the memory footprint associated with
the fixed-memory approach was investigated as well as the original approach in [32].

Lemma 2.4.2 (Memory footprint of approximated region). Given mpQP in (2.12).
The memory footprint of the approximation of the i-th critical region R; C R™ using
the Chebyshev ball is fixzed and requires following number of floating-point numbers

n(R)=1+n. (2.30)

Proof: Proof of Lemma 2.4.2 directly follows from the fixed structure of the Chebyshev
ball, i.e., the data necessary to store the Chebyshev balls’ radius » € R and coordinates
of its center C' € R". (]

Remark 2.4.3. The fized memory footprint of R; could be ensured also by other
well-known maximal volume inner approzimations of the polytopic critical region R;
in (2.20), e.g., by hyperboxes or ellipsoids. In this thesis, the Chebyshev balls are
considered as they lead to a reasonable trade-off between the numerical complexity and
the volume of the approximation 7%1'. Obviously, introducing inner approzimation may
lead to a situation when the critical region is not detected in the online phase, although
the critical region is known, i.e., 6 € 72- =>0eR;,butd e R; A0 € 7%1

As the inner approximation 7%1 using the Chebyshev ball of each critical region R; has
the same fixed structure Vi = 1,..., R, the fixed memory footprint of each region is
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enforced, see Lemma 2.4.2. Next, the fixed-size memory footprint necessary to store
all data utilized in the online phase is determined.

Theorem 2.4.4 (Memory footprint of approximated solution). Given mpQP in (2.12).
The total memory footprint of partial solution consisting of R approximated critical
regions, including the optimization problem matrices H, G, S, w, and R binary vectors
indicating the set of active constraints I; requires following number of floating point
numbers

n(Vﬁ):Rn(ﬁ)—l—RG%—i—(mxm—f—cxm+cxn+c). (2.31)

where n(R) denotes the memory footprint of one critical region approzimated using
the Chebyshev ball in (2.30).

Proof: Proof of Theorem 2.4.4 directly follows from the fixed structure of the Cheby-
shev ball, dimensions of the optimization problem matrices, and the number of the
critical regions R. According to Lemma 2.4.2, the memory consumption of the ap-
proximated critical regions n(ﬁ) is defined by Chebyshev balls’ radii r; and centers C;.
The remaining data contains: memory footprint of corresponding binary vectors Z;,
i =1,..., R and matrices of the optimization problem H, G, S, w in (2.12). We recall,
the memory footprint necessary to store the binary vector Z defining the active sets is

divided by 64 to transform the binary format to the double floating point numbers. O

Corollary 2.4.4.1. The total memory footprint of a partial solution n(Vﬁ) in Theo-
rem (2.4.4) is an affine function of the number of the considered approzimated critical
regions R, and is independent on the solution of the optimization problem in (2.12).

Proof: First, let us prove that (2.31) is an affine function of R. According to
Theorem 2.4.4, the total memory footprint of partial solution is given by (2.31), that
can be rewritten into an equivalent form of a affine function of R given by:

n(VR) =pR+q, (2.32)

where the slope is p = (n(R) + 57) and the section is ¢ = (m x m +cxm+cxn+c).
Next, it is shown that (2.32) is independent on the solution of the optimization
problem in (2.12). Function (2.32) is defined by p, ¢, and depends on variable R. The
parameters p, ¢ are determined only by the size of the optimization problem in (2.12),
and the number of feasible points R is given in advance. Therefore, p, ¢ are evaluated
without the necessity to solve the optimization problem in (2.12). O
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2.5 Numerical results

This section is devoted to the demonstration of the benefits of fixed-memory partial
explicit MPC. We recall that the proposed approach interferes with the online phase
of the original approach adapted from [32] in one major step — construction of the
nearest polytope, see Algorithm 4, Step 8. The remaining modifications were minor,
i.e., checking whether the parameter lies in the Chebyshev ball in Algorithm 4, Step 3,
and subtracting the radius in Algorithm 4, Step 2. Therefore, the proposed operations
still represent a negligible part compared to the operations in the rest of the control
action evaluation procedure, e.g., the hot start strategy where multiple critical regions
are constructed. Because of this and the fact that the optimality of control input is
not affected by the proposed improvements, only the offline phase is analyzed. The
aim of this section is to analyze the memory footprint of the original approach based
on the polytopic representation of critical regions presented in [32] and the proposed
fixed-memory approach based on the maximal volume inner approximation using the
Chebyshev ball.

First, 5 differently large sets of 5 random large-scale systems were generated. For every
system model, the mpQP problem was formulated and partial solution was constructed
based on both approaches. For both approaches, the average memory footprint of the
solution was evaluated and compared. Finally, the memory savings associated with
the proposed approach were evaluated.

The advantages and properties of the proposed fixed-memory approach were demon-
strated and analyzed on the memory footprint comparison. First, the memory footprint
of the partial explicit solution was evaluated based on the original approach exploiting
the polytopic critical regions. Second, the memory footprint associated with the
Chebyshev ball-based solution was evaluated for the same generated problems. In this
thesis, the optimization problem formulation stated in (2.1) was considered.

First, 5 sets of large-scale systems were generated. Analogous to the case study
presented in [32], each set represented a specific problem size and contained 5 different
random systems. The differences in the sizes of the system sets were based on different
numbers of the optimization variables, i.e., sizes of the control input vectors u. Every
set had the same prediction horizon length N = 45 and dimension of the parameter
n = 50. The summary of the problem sizes for every set of mpQP problems is
summarized in Table 2.1.

Particularly, the memory footprint was determined for each of the 25 large-scale
problems using both methods. For each of the investigated problems, the sets of
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Table 2.1: Problem sizes of the generated sets of large-scale systems.

Set of systems | Dimension of v | Optimization variables | Constraints
1 17 765 6030
2 20 900 6 300
3 22 990 6480
4 25 1125 6750
5 30 1350 7200

random feasible seeding points were generated to obtain 300 unique critical regions,
ie, R;, i =1,...,300. Note, to obtain 300 unique critical regions it is necessary to
generate more than 300 initial seeding points as multiple initial conditions may lead
to the same critical region, see Remark 2.3.2. Then, the average values of the memory
footprints were analyzed for each set of 5 large-scale systems using (2.29) and (2.31).

We recall that in both cases, it is necessary to store the matrices of the optimization
problem H, G, S, w, the binary vectors defining the active constraints Z and the
centers C' of Chebyshev balls inscribed in every critical region of the partial solution.
The difference lies in storing the Chebyshev balls’ radii » when considering the second
approach. The second difference in memory footprint is storing the critical regions in
the form of polytopes in the original approach, see Theorem 2.3.4 and Theorem 2.4.4.

The generated results for the considered set of 5 types of large-scale systems are
summarized in Table 2.2. The results presented in Table 1 were generated using
MATLAB R2020b, YALMIP R20200930 [47] and solver GUROBI 9.1. The results
were performed on a computer running 8 cores and AMD Ryzen 7 PRO 4750U at
4.1 GHz, and 16 GB RAM.

The first two columns of Table 2.2 provide the information about the given problem size
in (2.12). The second column contains the information about the memory footprint of
the optimization problem matrices H, G, S, w, which is the same for both approaches.
The next two columns compare the memory footprint necessary to store the solution
considering the polytopic approach (using Lemma 2.3.3) and the novel fixed-memory
approach (using Lemma 2.4.2). Finally, the last two columns focus on memory savings
which arise from the fixed-memory approach, while the first column contains the
memory savings of the solution (using Lemma 2.4.2), and the second one contains the
total memory savings considering also the problem matrices (using Theorem 2.4.4).

The generated results collected in Table 2.2 confirmed that considering the proposed
fixed memory approach significantly outperformed the original method presented in [32].
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Table 2.2: Results generated for the partial solution of 300 critical regions: memory
footprint comparison using the polytopic regions and Chebyshev balls for
different problem sizes.

Set of Problem Solution memory footprint [kB] | Memory savings [%]
systems | matrices [kB] | Polytopes Chebyshev balls Solution Total
1 44578 31813 349 98.9 41.2
2 55007 33056 359 98.9 37.3
3 62445 32781 365 98.9 34.2
4 74332 39472 376 99.0 34.6
5 96 088 35312 392 98.9 26.7

When considering just the solution of the partial explicit MPC, the memory footprint
necessary to store the fixed memory solution composed of the Chebyshev balls centers
C; and radii r;, and corresponding binary vectors indicating active constraints Z; is
dramatically reduced compared to the memory footprint needed to store the polytopic
solution composed of the polytopes R;, binary vectors Z;, and centers of the Chebyshev
balls C;, Vi =1,...,300.

The memory footprint necessary to store the solution considering the fixed memory
approach requires only around 1% of the memory footprint corresponding to the
original method, i.e., the memory savings of fixed memory partial solution reach up to
99 %, see Table 2.2.

Note that also the matrices H, G, S, w of large-scale optimization problem in (2.12)
have to be stored to evaluate the online phase, see inputs of Algorithms 2, 4. The
contribution of the large-scale optimization problem matrices H, G, S, w to the total
memory consumption is significant and given, see Theorems 2.3.4, 2.4.4. Therefore, it is
necessary to evaluate the memory savings also considering the large-scale optimization
problem matrices H, G, S, w.

With increasing problem size, the contribution of the large-scale optimization problem
matrices to the total memory footprint significantly increases, see Table 2.2, column
“Problem matrices”. Therefore, the gap between the total memory footprints of
the considered two methods is lower, see Table 2.2, column “Total memory savings”.
Nevertheless, considering the smallest problem size (765 optimization variables and 6 030
constraints), when the problem data requires the lowest memory, the memory savings
are the highest and reach up to 41.2 %, see Table 2.2, column “Total memory savings”.

To conclude, the generated results in Table 2.2 demonstrate that the proposed fixed-
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memory partial explicit MPC is not only an effective approach to determine the size of
the partial solution in advance, but this method also provides a significant improvement
in the memory savings compared to the original method in [32].



CHAPTER 3

Self-tunable model predictive control

The third chapter of this thesis is dedicated to the topic of self-tunable approrimated
explicit MPC. This control strategy addresses the second group of complex systems
considered in this thesis — the nonlinear and asymmetric systems. In the first part, the
concept of the tunable approximated explicit MPC is summarized. In order to be able
to practically implement a tunable MPC, the self-tuning technique itself is elaborated.
Two strategies of the tuning parameter setup are introduced. The first idea is based
on the current reference value, and the second approach exploits the current reference
change. Moreover, further scaling of the tuning parameter is proposed. Finally, the
next part is dedicated to the experimental case study on a laboratory heat exchanger.

3.1 Tunable explicit model predictive control

Explicit model predictive control [5] utilizes a parametric solution of the model predic-
tive control introducing its application range towards the systems with fast dynamics.
Moreover, the explicit solution enables providing rigorous analysis and certification of
the closed-loop system stability, constraints satisfaction, etc. As the explicit solution is
available, real-time solving of the optimization problem in every control step is omitted,
see Section 2.2. As this thesis chapter deals with industrial-oriented implementation of
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the linear MPC, let us consider the MPC optimization problem in the following form:

N—

H

uo,uffl.i.ﬂN_l 2 ( Yk — Yret) T Qy (Yk — Yret) + uf Ruy + 27 , Qrry, k) (3.1a)
s.t.: Thi1 = AqTp + By U, (3.1b)

yr = Ca T, (3.1¢)

u, € U, (3.1d)

yr €Y, (3.1e)

Fo =0, (3.1f)
k=0,1,...,N—1, (3.1g)

where k denotes the step of the prediction horizon N. To obtain the offset-free control
results, the built-in integrator was included in the state-space model, e.g., see [74].
The prediction model in (3.1b)—(3.1c) has the form of augmented linear time-invariant
(LTI) system for a given augmented state matrix Aq € R"*" augmented input
matrix Bq € R™*™ and augmented output matrix Cy4q € R™X"=_ Variables 7 € R™=,
u € R™ y € R™ are vectors of corresponding augmented system states, control inputs,
and system outputs, respectively. The sets U C R™, Y C R™ are convex polytopic
sets of physical constraints on inputs and outputs, respectively. These sets include the
origin in their strict interiors. The penalty matrix @y € R™*™ @, > 0 penalizes the
squared control error, i.e., the deviation between the controlled output and output
reference value y.os. The matrix R € R™*™ R > 0 penalizes the squared value of
control inputs. The value of integrator is also penalized in the cost function with
the penalty matrix Q1 € R™*™  Qp > 0. All the penalty matrices are considered to
be diagonal due to the applicability of the self-tunable explicit MPC approach. The
parameter 0 € © in (3.1f) represents the initial condition of the optimization problem
for which it is parametrically pre-computed.

The augmented model of the controlled system with the built-in integrator in (3.1b)-
(3.1c) is rewritten as follows:

7 _ | wen | _ | A O] [ By
S [xl,kﬂ] a {TSC’d I] LLIJ + {[ ] Uk (3.2a)
Y = [Cd 0] {;Ikk] ) (3.20)

where z1 € R™ is the integral of the control error, Ty denotes the sampling time, and
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matrices Aq, Bq, Cq are the well-known state-space matrices that form the augmented
LTI model. As a consequence of this extension and penalization in the cost function
in (3.1a), not only the control error is penalized, but also the integrated value, which
leads to analogous offset-free reference tracking results as incorporating an integral
part in the PID controller.

The parametric solution of the optimization problem of the quadratic programming
(QP) in (3.1) leads to the explicit solution in the form of piecewise affine PWA control
law defined above the domain consisting of 7 critical regions:

F19+91 lf 96721,

Fr0+ go else if 0 € Ro,
u(f) = . (3.3)

F.0+g, elseif 0eR,,

where F; € R™ %" and g; € R™ respectively are the slope and affine section of
the corresponding control law. The PWA function defined in (3.3) is stored and
recalled in the online phase, i.e., during the real-time control. Based on the identified
polytopic critical region R;, where the parameter 6 belongs, the optimal control input
is calculated according to the associated control law in (3.3).

Many other formulations of the optimization problems for the explicit MPC design
were formulated mainly in terms of the definition of the cost functions in (3.1a). Also,
the incremental (velocity) formulation of the state-space model is common, but leads
to further extension of the vector of parameters 6, and therefore also the complexity
of the explicit MPC controller increases. Another option for offset-free tracking is
introducing disturbance modeling and estimation. For such an overview see, e.g., [35].

The aggressivity of the controller and the whole nature of the control is influenced by
appropriate fine-tuning of the penalty matrices in the optimization problem in (3.1).
When the multi-parametric QP (mpQP) problem is precomputed offline to obtain the
corresponding parametric solution, it is not possible to tune the controller afterward
without trading off a significant increase in the controller complexity or the performance
loss. As the operating conditions and requirements on controller setup may differ
throughout the control, the ability to adjust the controller’s aggressivity can be very
beneficial.

The idea of approximated tunable explicit MPC comes from the work [36], where
the control action is calculated based on linear interpolation between two boundary
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control actions. These control actions result from evaluating two boundary explicit
MPCs. The boundary explicit controllers are constructed by solving the optimization
problem having the same structure and setup, except for one of the penalty matrices —
the tuned one. Based on the specific control application, any penalty matrix can be
chosen as the tuned parameter, i.e., this approach is applicable for any penalty matrix.
The boundary penalty matrices follow the assumptions on the penalty matrices from
Section 2.1 and are diagonal matrices such that A\;1, < A\ u, Vi =1,...,s, where A
denotes the vector of eigenvalues of the penalty matrix, s is the rank of the tuned
penalty matrix, and the subscripts L, U denote the lower and upper boundary setup,
respectively.

Let us consider the penalty matrices in the cost function in (3.1a). Then, the penalty
matrices are scaled in the following way:

R(k) = (1 = p(k)) B + p(k) Ry, (3.4a)
Qr(k) = (1= p(k)) Qrr + p(k) Qru, (3.4b)
Qy(k) = (1 = p(k)) Qy.L + p(k) Qy,u, (3.4c)

where p represents the tuning parameter such that 0 < p < 1 holds. Based on the
tuning rules in (3.4), it is possible to choose online any controller setup from the
lower to the upper boundary of the tuned matrix. From the implementation point
of view, it is preferred to tune just a single penalty matrix, i.e., to store only two
controllers corresponding to the boundary values of the selected penalty matrix. To
determine which penalty matrix in (3.4) should be tuned, it is suggested to judge
the control performance by systematic tuning of all the penalty matrices. Systematic
tuning involves selecting a specific penalty matrix and observing the control results by
gradually increasing or decreasing the diagonal elements of the matrix. This procedure
is then repeated for the remaining penalty matrices in a similar manner.

When the tuning parameter p is determined based on the current control conditions,
the approximated optimal control action is evaluated using the two optimal controllers.
Based on the boundary control actions, the interpolated, i.e., tuned control action is
calculated using the convex combination:

u(k) = (1 = p(k)) ur.(k) + p(k) uu (k), (3.5)

where uy, and uy denote the optimal control actions from the lower and upper boundary
explicit MPC, respectively. The online tuning comes with the cost of storing and
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Figure 3.1: Principle of tunable explicit MPC. The final control input value is
interpolated based on the upper (blue) and lower (green) boundary
controller.

evaluating two explicit controllers. Nevertheless, the ability to tune the controller may
be more important in many practical applications. The principle of tunable explicit
MPC is depicted in Figure 3.1.

The concept of explicit MPC tuning is applicable to a wide class of MPC design
formulations, based on the current specific control requirements. Without loss of
generality, hereafter, let us consider the penalty matrices of the cost function in (3.1a),
as it is necessary to satisfy offset-free reference tracking.

Remark 3.1.1. If the asymptotic stability and recursive feasibility guarantees are
required, the reader is referred to follow the instructions from [63]. In order to satisfy
these requirements, the study introduces a procedure for computing the standard terminal
penalty and terminal set for the two boundary controllers.

Remark 3.1.2. Not only (3.5) must be chosen for the interpolation of the final control
input. Another way to tune the control input is by using some nonlinear relation for
the interpolation.

3.2 Self-tunable explicit model predictive control

The advantage of a tunable controller brings a question of how to design the logic of
setting the tuning parameter p. This section provides an overview of the techniques
and ideas related to setting of the tuning parameter.
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3.2.1 Tuning parameter based on the reference value

In this section, the idea of online self-tuning is summarized [19]. The concept of self-
tuning provides the possibility to adjust the aggressiveness of the controller without
the necessity to intervene and tune the penalty matrices during control.

The need for real-time controller tuning often arises from tracking a time-varying
piece-wise constant (PWC) reference. Our work [19] focuses on adjusting the penalty
matrix when the reference value is changed. The further the reference value is from
the steady state, the more aggressively the controller is tuned. The idea behind the
suggested scaling lies in compensation for the nonlinear behavior of the system.

Consider a single-input and single-output (SISO) system or a multiple-inputs and
multiple-outputs (MIMO) system with completely decoupled pairs of the control inputs
and the system outputs. Then, the procedure of controller tuning is based on evaluating
the different operating points between the current value of the reference and the system
steady-state value. This deviation is considered to scale the value of control action.
First, the maximal admissible absolute value of the reference is defined. Analogous to
the reference trajectory preview concept of MPC design, this value can be determined
based on the general knowledge of the expected future reference values. Another
suggestion is to set the maximal deviation dn.x based on the constraints on system
outputs:

dmax = max(|ymin|7 ymax)7 (36)

where the symbol |.|, hereafter, denotes the element-wise absolute value, ymin and Ymax
are respectively lower and upper bound on the output variable in the deviation form,
i.e., zero (origin) corresponds to the system steady-state value. Using the information
about the maximal possible deviation d,,x, the tuning parameter p can be calculated
as the ratio between the current reference value and the maximal deviation:

Based on (3.7), the property 0 < p < 1 holds, as |yref| < dmax. As a consequence,
the parameter p represents a way how to normalize the deviation from the steady-
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state value and is exploited to scale the control action or, implicitly, to tune the
aggressiveness of the controller.

Note that the reference value must be reachable from the operating range to ensure
that 0 < p < 1 holds. Otherwise, the interpolated control action would be the
“extrapolation” leading to the loss of guarantees on the input or state constraints
satisfaction, etc.

When considering tuning the control action based on (3.5), a higher value of tuning
parameter p leads to approaching the upper boundary controller and vice versa. When
tuning, e.g., the matrix @), penalizing the control error, a higher ratio p would lead to
more aggressive control actions. When operating with the reference value close to the
system steady-state value, the parameter p decreases and the control profiles become
sluggish.

Remark 3.2.1. In general, the parameter dm.x is a vector, as it depends on the size
of the system outputs. If dmax s scalar, the parameter p is scalar as well and can
be directly utilized to scale the control action. If multiple outputs are controlled, it is
suggested to calculate the tuning parameter based on the maximal ratio as follows:

p(k) = max ('yf(k)'> . (3.8)

dmax

Note that the relations in (3.7) and (3.8) operate with the absolute value of the
reference. It is not taken into account whether the reference value changed upwards
or downwards with respect to the system steady-state value placed in the origin, i.e.,
whether Aset(k) = Yret(k) — Yret(k — 1) > 0 or Aes(k) < 0. As many plants have
nonlinear behavior with an asymmetric nature (different behavior when the process
variable is rising or decreasing), the positivity or negativity of the reference change
could be considered in the controller self-tuning procedure to improve the control
performance.

3.2.2 Tuning parameter based on the size of reference change

This section extends the ideas of self-tunable explicit MPC in order to improve control
performance. First, a different way of tuning parameter calculation is introduced.
Furthermore, an extended self-tunable technique is presented to scale the tuning
parameter for industrial-oriented applications, when it is beneficial to exploit a specific
range of the tuning parameter in different operating conditions.
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Our approach of self-tunable explicit MPC introduced in [19] suggested tuning based
on the current reference value distance from the steady state. The aim is to compensate
for the nonlinear behavior of a system when using a simple linear prediction model.
This thesis provides also another useful way of the real-time evaluation of the tuning
parameter p based on the size of reference change. When different sizes of reference
step changes are made and the behavior of the closed-loop system is varying, it can be
beneficial to include the size of the reference step change in the tuning procedure.

In this approach, the aggressivity is adjusted based on the ratio between the reference
step change and the maximal reference step change that can be realized during the
control operation:

o) = 1L, (3.9

where Ayer(k) = yret(k) — yret(k — 1) is the size of the reference step change. The
denominator of (3.9) is changed as well. In contrast to the maximal deviation from
the steady state in Section 3.2, this approach introduces A,.x as the maximal possible
reference step change. Analogously to the original approach, the maximal reference
step can be set based on the general knowledge of the expected future reference values,
ie., Amax = ||[Aret(k)]| 0o, Yk > 0. Another option is to exploit the information about
the system constraints and set the parameter A« according to (3.6).

Note, only the absolute value of A,ef and Ap.x are considered in this procedure to
ensure p > 0.

In (3.9), it is suggested to increase the value of tuning parameter p with increasing
value of reference step change. Note, in this thesis, the larger value of the tuning
parameter leads to adding more weight on the penalty matrices associated with the
upper boundary controller, see (3.4). If the opposite logic of real-time controller tuning
is requested, it is possible to adapt the tuning such that

R(k) = p(k) Ry, + (1 — p(k)) Ru, (3.10)
Q1(k) = p(k) Qi + (1 — p(k)) Q1,u, (3.11)
Qy(k) = p(k) QyL + (1 = p(k)) Qyu, (3.12)

hold. This change leads to adding more weight to the lower boundary controller with
the increasing value of the tuning parameter p.
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Remark 3.2.2. The tuning parameter p should be updated only when the reference
changes. Updating the tuning parameter in the control steps when Aes = 0 would lead
to using tuning parameter p with zero value, i.e., the control input would correspond to
one boundary controller and would not be scaled.

3.2.3 Self-tunable technique for systems with asymmetric be-
havior

This thesis provides a further extension of our self-tuning method proposed in [19]. The
suggested technique of tuning is suitable, e.g., for systems with asymmetric behavior,
but can be used in any application, where “simple” tuning in the whole range of tuning
parameter p is not sufficient.

The proposed self-tuning method is based on splitting the interval of the tuning
parameter p in order to utilize different parts of the interval in different operating
conditions. Instead of the original value of tuning parameter p, the adjusted tuning
parameter p is then utilized to scale the control input according to. (3.5).

Definition 3.2.1 (Decision function). For a given interval of tuning parameter p,
0<p<1,let ps, 0 < ps <1 be a boundary value splitting the interval into two parts.
Let v : R — R be an arbitrary function such that 0 <y <1 holds. Then the decision
function v is constructed to assign its value either v < ps or v > ps.

Various decision functions v can be considered. In this thesis, the decision functions
according to (3.8) and (3.9) are suggested, while (3.9) was implemented and analyzed
in the experimental case study in Section 3.3.

Definition 3.2.2 (Scaling of the tuning parameter). Given the value of tuning param-
eter p, 0 < p < 1, the splitting value of the tuning parameter interval ps, 0 < ps < 1,
and the value of the decision function v, 0 < v < 1. Then the scaling of the tuning
parameter p is given by:

~ P Ps if v € (0, ps),
— 3.13
g {p(lps)ersa else if Y € (ps;1). ( )

Remark 3.2.3. The introduction of splitting the tuning parameter p into the tuning
intervals in (3.13) is not limited only to two intervals. If the nature of the controlled
plant would benefit from splitting the operating range into more intervals, e.g., when
the plant operates in the multiple steady-states values, then these intervals are simply
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determined by the corresponding values of ps; for each part of the interval. Next, the
tuning rules in (3.13) are adopted in an analogous way.

The following outcomes result from (3.13).

Lemma 3.2.4. Given control law in (3.3), its approzimation given by the convex
combination in (3.5), and given scaled tuning parameter p according to Definition 3.2.2.
Then the control action approximated into the form:

u(k) = (1= (k) ur (k) + p(k) uu (k), (3.14)

preserves the closed-loop system stability and recursive feasibility of the original control
law in (3.3).

Proof. Tt has been proven in [63] that for the asymptotic stable and recursive feasible
pair of control inputs (ur,, uy), the approximated control law in (3.3) preserves these
properties for any p satisfying 0 < p < 1, see Theorem 3.6 in [63]. It remains to prove
that for any value of the scaled tuning parameter p according to the Definition 3.2.2
the same results hold. The rest of the proof of Lemma 3.2.4 consists of two parts
corresponding to each particular rule in (3.13).

First, it is proved that the Lemma 3.2.4 holds for any v < ps. Substituting a lower
bound p = 0 into (3.13) leads to p = 0. For the upper bound value of p = 1, from (3.13)
holds p = ps < 1. Next, for any value 0 < p < 1 evaluation of the linear rule in (3.13)
leads to the convex combination, i.e., 0 < p < ps holds. Therefore, any value of p
satisfies 0 < p < ps < 1. As a consequence, according to the Theorem 3.6 in [63], the
asymptotic stability and recursive feasibility of the control law in (3.14) are preserved.
Secondly, it is proved that the Lemma 3.2.4 holds also for any v > ps. Substituting a
lower bound p = 0 into (3.13) leads to p = ps. For the upper bound value of p = 1,
from (3.13) holds p = 1. Next, for any value 0 < p < 1 evaluation of the linear rule
in (3.13) leads to the convex combination, i.e., ps < p < 1 holds. Therefore, any
value of p satisfies ps < p < 1. As a consequence, according to the Theorem 3.6
n [63], the asymptotic stability and recursive feasibility of the control law in (3.14)
are preserved. O]

Remark 3.2.5. The Lemma 3.2.4 can be extended subject to the multiple intervals in
an analogous way following the Remark 3.2.3.

The advantage of the proposed method remains in the self-tuning of the controller as in
the approach from Section 3.2. Nevertheless, it is required to appropriately determine
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Figure 3.2: Scheme of the self-tuning control evaluation.

the splitting value of the tuning parameter ps and assign the parts of the interval to
the associated operating conditions. For a graphical overview of the proposed control
technique, see the procedure of self-tuning evaluation depicted in Figure 3.2.

Remark 3.2.6. Note, the suggested scaling method is suitable also for online MPC,
as the optimization problem is solved in every control step. Therefore, it is possible to
include the controller tuning in the procedure of computing the optimal control input.

From the point of computational complexity, the proposed tuning procedure does
not lead to any significantly demanding mathematical operations. Simple algebraic
operations in (3.9) and (3.13) are evaluated online. Note, the overall control strategy
still comes with the cost of storing and evaluating two explicit controllers.
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3.3 Experimental results

In this section, the results of the proposed self-tuning method are analyzed by an
laboratory implementation. The self-tuning strategy utilizes tuning parameter calcu-
lation based on the size of reference change (Section 3.2.2) and the scaling of tuning
parameter based on splitting the interval of the parameter and assigning the interval
parts to specific operating conditions (Section 3.2.3).

3.3.1 Heat exchanger plant

The plant on which the control was implemented and analyzed is a laboratory-scaled
counter-current liquid-to-liquid plate heat exchanger Armfield Process Plant Trainer
PCT23 [1], see Figure 3.3. The schematic of the plant is depicted in Figure 3.4. The
heat exchanger is 90 mm wide, 103 mm long, and 160 mm high. The heat exchange is
performed between the cold medium (water) and the hot medium (water). The cold
medium as well as the heating medium are transported to the heat exchanger by two
peristaltic pumps with flexible tubing from silicon rubber. The flow rate of the cold
medium is constant, while the aim of control is to track the reference value of the
outlet cold medium temperature. Therefore, the controlled variable is the cold medium
temperature T at the outlet of the heat exchanger. The inlet cold medium temperature
was constant during the whole control, i.e., Tc = 19° C. The temperature of the heated
cold medium in the outlet stream was measured by the type K thermocouple. The
associated manipulated variable is the voltage U corresponding to the power of the
pump feeding the heat exchanger by the hot medium. The voltage is within the range
of [0 — 5] V normalized into the relative values in percentage. The maximal voltage
5V or 100 % corresponds to volumetric flow rate 11.5mls~!. For further technical
specifications of the laboratory heat exchanger, the reader is referred to [1]. As heat
exchange is a nonlinear and asymmetric process [46], this heat exchanger represents
a suitable candidate for the presented controller tuning strategy. The corresponding
illustrative scheme of the implemented closed-loop control setup is in Figure 3.7, where
the “Self-tuning” block substitutes the more detailed scheme of the tuning procedure
in Figure 3.2.

The system model was identified by experimental identification. The aim was to work
with linear nominal model in MPC optimization problem to decrease the numerical
complexity. To avoid plant-model mismatch in order to ensure offset-free tracking,
either disturbance observer or built-in integrator in (3.1) can be employed. Due to
the ease of implementation, in this work, the built-in integrator was considered. The
system was identified based on several measured step responses. The step changes
were performed in the whole range of admissible values of manipulated variable and
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Figure 3.3: Laboratory heat exchanger Armfield Process Plant Trainer PCT23: cold
medium pump (1), heating medium pump (2), cold medium tanks (3),
heater for heating medium (4), heat exchanger (5).

(V)

Figure 3.4: Scheme of Armfield PCT23. Heat exchanger (I), peristaltic pump for
cold medium (IT), peristaltic pump for heating medium (I1I), tank for
cold medium (IV), heater for heating medium (V), temperature sensors
(T — controlled temperature, T¢ — cold outlet cold medium temperature,
Ty — heating medium temperature), and electric power for maintaining
the temperature of the heating medium (W).
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every step response was identified by transfer function. It was possible to identify
every step response as a first-order system, while the nominal gain and time constant
are respectively K = 0.24°C and 7 = 5.7s. Finally, the nominal transfer function
was converted to the state-space model. The matrices of the discrete-time state-space
model of the plant are

Aq=[0.839], Ba=[0.039], Cq=1[1], (3.15a)

considering the sampling time Ty = 1s.

3.3.2 Control design

This section delves into the control design. Besides the control design of two boundary
explicit MPCs, it was necessary to keep the temperature of the heating medium
constant. The heating medium was transported back to the heater after leaving the
heat exchanger, i.e., the volume of the heating medium was recycled during the whole
operation. The temperature of the heating medium was maintained on the value 70°C
with a simple proportional controller with proportional gain P = 20. The control input
from the proportional controller was the electric power which could acquire the values
in the range [0 — 2] kW and was also normalized to percentage.

Next, the design of the boundary explicit model predictive controllers is elaborated. To
respect the physical limitations of the operating conditions, the following constraints
are considered in the terms of control inputs

—15% < u < 65%, (3.16)

where the variable u represents the control inputs in the deviation form. The values
of the heated cold medium temperature and voltage of the heating medium pump
corresponding to zero steady states are respectively T° = 35°C and U® = 35 %.
Therefore, the physical constraints on the manipulated variable are actually

20% < U < 100 %. (3.17)

As the controlled system is naturally stable even if the maximal or minimal value
of the manipulated variable is constantly applied, the constraints on the controlled
variable in (3.1e) could be omitted. On the other hand, unbounded states/outputs
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lead to higher memory consumption, because covering the whole possible range of
parameters requires more critical regions. Therefore, the “redundant” constraints on
the system outputs were included in order to reduce the number of critical regions and
the overall memory footprint of the explicit controllers. The output constraints were
set as:

~15°C <y < 20°C. (3.18)

The constraints in (3.18) are equal to physical temperature as follows:

20°C <y < 55°C, (3.19)

which corresponds to the range of temperature values which are achievable in the
considered laboratory conditions and setup.

The penalty matrices of the problem in (3.1) were systematically tuned, and the
corresponding control setup was implemented on the laboratory heat exchanger for
each setup of the considered explicit MPC controllers. First, the tuning procedure
aimed to determine which penalty matrix is the most suitable for real-time tuning.
The most relevant was the penalty matrix ¢)y as the tuning is directly associated
with a reference value, which takes place in the calculation of the tuning factor p.
Moreover, the tuning of ), preserved a satisfactory control performance. Next, the
boundary values of the tunable matrix @)y were tuned until the following limit values
were determined based on the measured closed-loop control data: @y 1, = 100 and
Qy,u = 1000. The built-in integrator was penalized with the fixed penalty matrix
@1 = 1 and the control input with the fixed penalty matrix R = 10. The prediction
horizon N was set to 20 control steps. The explicit model predictive controllers were
constructed in MATLAB R2020b using the Multi-Parametric Toolbox 3 [23].

The explicit MPC corresponding to the penalty matrix Q) u contains 1680 critical
regions, and the explicit MPC with the penalty matrix @)y 1, contains 409 critical
regions. The corresponding polytopic partitions can be seen in Figure 3.5 for the upper
boundary controller and Figure 3.6 for the lower boundary controller.
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Figure 3.5: Polytopic partition of the upper boundary explicit MPC.

Yrer

xr Iy

Figure 3.6: Polytopic partition of the lower boundary explicit MPC.
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3.3.3 Control results

The designed explicit model predictive controllers were implemented to track a time-
varying PWC reference. For the initial 200 seconds of control, the reference temperature
was the steady-state value. After that, the reference changed its value twice upwards
and twice downwards. The reference changes also acquired different sizes in order to
examine the proposed tuning method as it is dependent on the size of the reference
step change. Specifically, the reference temperature values were Tyof = {35°C, 45°C,
50°C, 45°C, 35°C}.

The control profiles generated for both considered boundary control setups are compared
in Figure 3.10 for the controlled variable, and in Figure 3.11 for the control inputs.
Note, the constructed explicit MPC controller computed control inputs to respect the
constraints on the control inputs and they need not be truncated afterward.

An interesting phenomenon can be observed while tracking the third reference value,
i.e., Tror = 50°C. Although the steady-state values of temperature have the same value,
the values of the manipulated variable are different. To confirm the correctness of the
results, the measurements were performed multiple times and led to the same behavior.
Also, the inlet temperatures of the cold and heating medium were checked to exclude
the effect of a disturbance. Regarding the temperature of the cold medium, due to the
limited hardware interface, it was not possible to measure the data continuously, store
them, and plot the trajectory. Nevertheless, the temperature of the cold medium was
manually measured multiple times during the experiment and was constant.

Regarding the temperature of the heating medium, the corresponding trajectories of the
temperature can be seen in Figure 3.12, and the electric power, i.e., the corresponding
manipulated variable, can be seen in Figure 3.13. Note that the legends correspond to
the specific setup of MPC, but the temperature of the heating medium was controlled
with a simple P controller with the same proportional gain in every control scenario.
It can be seen in Figure 3.12 that the temperature of the heating medium remains
relatively constant during the whole control, except for the undershoots in the scenario
with upper boundary MPC, i.e., blue trajectory. The undershoots can be easily
associated with the trajectory of the voltage on the pump dosing the heating medium
(and ultimately the heating medium flow rate). As the upper boundary MPC calculated
“aggressive” control inputs, the increased flow rate of the heating medium led to a slight
decline in the heating medium temperature. After approximately 100 seconds, the
heating medium warmed up to the reference value, i.e., Ti ot = 70° C and remained
constant within the accuracy of the temperature sensor. It can be seen that although
the value of the voltage on the pump dosing the heating medium is different when
tracking the temperature Ty = 50° C, the temperature of the heating medium is
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Figure 3.7: Scheme of the implemented closed-loop control setup, where “eMPC”
denotes explicit MPC.

constant and identical for all control scenarios (MPC setups). Therefore, the same
control conditions were fulfilled for all control scenarios.

The reason for this behavior could be explained by the peak of the manipulated
variable associated with the upper boundary controller at time 800s, see Figure 3.11,
blue trajectory. After approximately 100s, the value of the manipulated variable
dropped and settled at a value lower than the value associated with the lower boundary
controller, see Figure 3.11, red trajectory. This is a consequence of the heat accumulated
inside the heat exchanger plates, and therefore, less heating medium was necessary
to heat the cold medium. This phenomenon does not happen when tracking the
reference value Tyt = 45°C, which originates in the nonlinear nature of the heat
transfer process. When working in a higher temperature range, the gain of the heat
transfer process decreases, and the sensitivity to changes in the heating medium flow
is lower. Therefore, even different flow rates of the heating medium lead to the same
temperature at the outlet.

The trajectories in Figure 3.10 show the asymmetric nature of controlling the plant of
plate heat exchanger mainly when observing the overshoots and undershoots. When
applying the control inputs associated with the lower boundary penalty matrix Qy 1,
in (3.1a), significant undershoots are present when tracking the reference downwards,
i.e., when the reference change is negative. On the contrary, when implementing the
controller associated with @y v in (3.1a), the undershoots are negligible, but significant
overshoots can be seen when tracking the reference upwards, see Figure 3.10, blue
trajectory.
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These main experimental observations established the base for the strategy of controller
self-tuning. The self-tuning strategy follows the ideas summarized in Section 3.2.2.
Utilizing the nature of the boundary controller with the penalty matrix @y 1, is preferred
when the reference changes upwards. Therefore, in these operating conditions, the
tuning factor is scaled in the first part of the whole interval, i.e., closer to the lower
bound. On the contrary, tuning the controller closer to the upper boundary controller
associated with @y u is preferred for negative reference step changes. Therefore, in
these operating conditions, the tuning factor is scaled above the splitting value ps, i.e.,
closer to the upper bound. The splitting value of the tuning parameter was chosen
simply in the middle of the interval, i.e., ps = 0.5. The remaining parameter that
needed to be set was the maximal admissible size of the reference step change A .,
which was determined to 15°C as the investigated range of controlled temperature
was [35 — 50] °C. Based on the aforementioned parameters and real-time information
about the current reference change, the tuning factor was updated during control. The
evolution of the scaled tuning factor p can be seen in Figure 3.8. When the positive
reference changes are tracked, the tuning factor is scaled below the splitting value ps.
On the contrary, when the reference changes are negative, the tuning factor is scaled
above the splitting value ps.

The setup of the tuning factor can be associated with tuning of the penalty matrix Qy
according to (3.4c). The evolution of the penalty matrix ), during control is depicted
in Figure 3.9. Note, the penalty matrix evolution in Figure 3.9 does not correspond to
tuning of the optimal MPC, but serves for a deeper insight into the association of the
interpolated control inputs with the optimal explicit MPC setup.

The control input is applied to the system each second, so there is a possible concern
regarding the speed at which two explicit MPCs are evaluated. By analyzing the
computational speed, it was concluded that the approximate control input can be
generated in an average time of 0.01 seconds, which is 100-times faster than the
sampling time.

The control results of the self-tunable technique compared with the boundary controllers
can be seen in Figure 3.10 for the controlled variable, and in Figure 3.11 for the
manipulated variable. It can be seen that the tuned controller combined the benefits
of the two boundary controllers. The overshoots and undershoots were reduced, as
in the first half of control the penalty matrix @y acquired value from the first half
of the penalty interval. When tracking the reference with negative step change, the
penalty matrix acquired the values from the second half of the interval, i.e., closer
to the upper bound @y, u. The similarity with the boundary controllers can be seen
also on the manipulated variable profiles. Note, the constraints on the input variable
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Figure 3.8: Evolution of the scaled tuning factor p during real-time control. When
tracking positive reference changes, the tuning factor is scaled below the
splitting value ps (200 — 1400s). On the contrary, when the reference
changes are negative, the tuning factor is scaled above the splitting value
ps (1400 — 2600s).
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Figure 3.9: Evolution of the penalty matrix (), during real-time control. When
tracking positive reference changes, the controller is tuned to operate
closer to the lower boundary matrix Qy 1, (200 — 14005s). On the contrary,
when the reference changes are negative, the controller is tuned to operate
closer to the lower boundary matrix Qv (1400 — 2600s).
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Figure 3.10: Explicit MPC: controlled variable trajectory for two boundary con-
trollers and the tuned one. The solid lines represent the controlled
temperature T' and the dashed line represents the reference value.

were satisfied as they were scaled using linear interpolation based on the boundary
controllers which are constructed considering the input constraints.

3.3.4 Control performance analysis

The control performance was also investigated quantitatively. Table 3.1 summarizes
the evaluated control performance criteria computed for the two boundary controllers
and the self-tuned controller. The control performance is evaluated for each reference
step change separately. The considered quality criteria are: sum-of-squared control
error SSE, maximal overshoot/undershoot oy.x and the settling time t. for 5%-
neighbourhood of the reference temperature T,.t. To provide better readability of
the computed results in Table 3.1, the best values, i.e., the minimum values, are
emphasized using a bold font style.

As can be seen in Table 3.1, the real-time self-tuning of the explicit MPC controller
helped to improve two to three criteria when tracking each reference value. The relative
improvement in the percentage, denoted by d, of using the self-tunable controller is
summarized in Table 3.2 for each reference step change separately. The values were
computed as the difference between two criteria values corresponding to the optimal and
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Figure 3.11: Explicit MPC: manipulated variable trajectory for two boundary con-
trollers and the tuned one. The solid lines represent the voltage U and

the dashed lines represent the constraints.
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Figure 3.12: Auxiliary P controller: the trajectory of heating medium temperature

control.
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Figure 3.13: Auxiliary P controller: the trajectory of electric power controlling the
heating medium temperature.

Table 3.1: Control performance criteria.

Reference step change Qy SSE [°C? 8] | omax [%] | tels]
1000 714 33.5 16.5
35°C — 45°C 100 867 16.7 12.5
self-tuned 678 15.2 9.5

1000 365 47.2 5
45°C — 50°C 100 606 23.3 26.5
self-tuned 248 19.1 9.5

1000 245 18.9 6.5

50°C — 45°C 100 398 79.6 31
self-tuned 186 24.6 6.5
1000 1024 18.4 22.5

45°C — 35°C 100 1402 41.9 90
self-tuned 967 16.5 18.5

self-tunable MPC, referred to the self-tunable MPC. The negative numbers represent
deterioration of the specific performance criterion in the corresponding reference
tracking.
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Table 3.2: Relative improvement of the control performance using the self-tunable
explicit MPC controller.

Comparison with Qy setup | § SSE[%] | d0max [%] | 0te [%0]
. ] 1000 5 121 74
35°C = 45°C 100 28 10 32
] ] 1000 7 147 a7
45°C = 50°C 100 144 22 179
] ] 1000 32 23 0
0°C = 45°C 100 114 9224 377
) ] 1000 6 12 22
45°C = 35°C 100 45 154 386
R 1000 23 64 12
verage 100 83 102 9244

Compared to the considered non-self-tunable controllers, the control trajectories and
the evaluated quality criteria confirmed the improved control performance for the
reference tracking control problem of the heat exchanger with the non-linear and
asymmetric behavior. Implementing a self-tunable explicit MPC controller leads to
improved control performance in the most analyzed quality criteria, see Table 3.2.
In average, the control performance criteria improved compared to the upper and
lower boundary MPC respectively as follows: the squared-error-based criterion (SSE)
reduced by 23 % and 83 %, the maximal overshoot/undershoot oy reduced by 64 %
and 102 %, and the settling time t. reduced by 12 % and 244 %.

In general, utilizing the proposed controller with a scalable aggressiveness according
to the operating conditions leads to higher accuracy (lower SSE), lower value of the
overshoots (reduced op,ax), and faster achieving the reference value (decreased ¢.).

Obviously, if there exists a well-tuned “universal” controller that satisfies the require-
ments on the control performance in the whole range of the considered operating
conditions, then the implementation of the self-tuning procedure is out of scope for
such control application. Nevertheless, in numerous practical situations, using only
one controller with a constant setup leads to poor or just “satisfactory” control results,
i.e., the reference value is achieved, but with worse control performance, e.g., leading
to high overshoots or settling times. When working on our laboratory case study, a set
of different setups of penalty matrices was investigated. In every control scenario, the
setup was beneficial only in some working conditions (tracking the reference upwards or
downwards). Therefore, the closed-loop control performance is improved by introducing
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the benefits of the self-tuning method based on the two boundary MPC controllers.

Note that this strategy relies on a proper design of the two boundary controllers. In
case a non-negligible disturbance occurs, both boundary controllers should be able to
solve a disturbance rejection problem as the final value of the manipulated variables
is interpolated between them. To address the impact of the disturbances directly in
constructing the MPC controller design, a robust MPC strategy should be considered.
Any robust MPC design method leads to conservative control actions as some portion
of the performance is sacrificed to compensate for the impact of the disturbances.
Nevertheless, if it is possible to obtain the explicit (multi-parametric) solution of
the robust explicit MPC offline, then the same self-tuning procedure is applicable to
interpolate between the control actions from the robust controllers.
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CHAPTER 4

MPT+ extension: implicit tube MPC

This chapter is devoted to the topic of implicit tube MPC, that is suitable for uncertain
large-scale systems. When a large-scale system is considered, the tube MPC' is not a
suitable control technique, as it requires non-trivial set operations, challenging in higher
state-space dimensions. A nowvel approach — implicit tube MPC — handles the MPC
optimization problem differently, avoiding construction of sets, but still maintaining
the optimal solution. The contribution of this thesis lies in incorporating of the implicit
tube MPC into the MATLAB Multi-Parametric Toolbox extension, MPT+, to enable a
wide usage, and user-friendly design and implementation of this control technique.
This chapter consists of the following parts: first, the theoretical background of tube
MPC is recalled, and the concept of implicit tube MPC approach is explained. In the
following part, the design procedure in MPT+ is introduced. Finally, the case studies
validating the toolbox are presented.

4.1 Tube MPC

The tube MPC represents a robust control strategy which considers a bounded distur-
bance affecting the controlled system [56]. Given an uncertain, discrete-time, linear
time-invariant (LTT) system defined as follows:

x(t + Ts) = Aax(t) + Bau(t) + Ed(t), (4.1)

t is the time sample of the discrete-time domain defined using a sampling time 7.
Aq € R™*"= ig gsystem matrix, Bq € R™*™ is input matrix, such that the matrix pair
(Aq, Bg) is stabilizable. E' € R™*"x is a disturbance matrix, € R™ is the vector of
the system states, u € R™ is the vector of the control inputs, d € R™ is a bounded
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additive disturbance, for which the following holds:

w(t) = Ed(t), w(t) €W, (4.2a)
W={wt) eR™: ¢ wlt)<1l, i=1,...,Ny}, (4.2b)

where N,, corresponds to the number of halfspaces representing the disturbance set.

Let us consider that the uncertain LTI system in (4.1) is constrained by
(z(t) x u(t)) € (X x V), (4.3)

where X € R™ and U € R™= are polytopes containing origin in their strict interiors.

Analogously to the disturbance set, the input and state constraints are reformulated
to the normalized form:

S=XxU={(z(t),u(t)) e R : ¢fa(t)+d ut) <1,1=1,...,No},(4.4)

where N, represents the number of polyhedral stage constraints on the inputs and
states.

The conventional tube MPC optimization problem has the form [56]:

N—1
o NI+ 3 (Il + V) (450)
s.t.: x(t) — 2o €T, (4.5b)
Tk+1 = AaZr + Batg, (4.5¢)
(Zx x k) € (XeT)x (Us K-T)), (4.5d)
Iy € Xy, (4.5e)
for k=0,...,N — 1, and for prediction horizon N. Vectors i and Z; are decision

variables optimized w.r.t. the nominal LTT system in (4.5¢), without any perturbations
of the disturbance w. The squared 2—norm objective function in (4.5a) is minimized for
the symmetric positive definite penalty factors QQ € R™=*"= R € R™uX™u P ¢ R"x*"x,
K represents the gain of a stabilizing controller, such that A4 + BqK is stable, e.g.,
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LQR controller. The terminal set Xy and the terminal penalty P are subject to the
same assumptions as the terminal set Xy and the terminal penalty P in optimization
problem (2.4). The stability and recursive feasibility of the tube MPC optimization
problem in (4.5) were proven in [56].

The convex set T C R™, denoted as a “tube”, represents a way how to “robustify” the
MPC, as only a disturbance-free prediction model is considered. It is constructed as a

robust positively invariant approximation of the minimal robust positively invariant
set following [68]:

T=(1—a) " & (Aa+ BaK)' W, (4.6)

where symbol @ denotes a Minkowski sum. The tube-scaling parameter « serves as a
safety margin of the tube T, what can be better seen in the following reformulation:

TeoT = @35 " (Aq + BaK)’' W, (4.7a)
T =& " (Aa + BaK) W & aT. (4.7b)

The tube T is iteratively constructed in Ng steps, such that the scalar o and finite
integer Ng satisfy the following condition:

(Aq + BaK)N* W C aW. (4.8)
The parameter « is evaluated subject to a given tolerance axo; € [0, 1), ato1 < 1:
a= max; a; < Qgol, (4.9)

where
N. T
a;=h(wW, ((Ad+BdK) S) e;), i=1,... Ny (4.10)

In (4.10), the support function h : R™ x RN — RN¢ of a polyhedral set W for a
general vector v is given by linear programming (LP):

h (W, v) = maxv ' w, (4.11a)

w

storejw<1, i=1,...,Ny. (4.11b)
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Figure 4.1: Example of construction procedure of the tube T.

The tube construction procedure is demonstrated in Figure 4.1. The blue sets in
Figures 4.1(a)—4.1(d) represent the starting sets in every iteration. The complements
to the newly created sets are depicted in green. These complements are created by
Minkowski addition of the term (Aq + BaK)'W, see (4.6). The added set can be seen
in every vertex of the starting blue sets. Although the set looks like a line segment, it
is a full-dimensional set with a nonzero volume. Finally, Figure 4.1(e) represents the
final tube after 8 steps, i.e., Ny = 8.

The final control action u(¢) implemented to the uncertain LTT system in (4.1) is given
by the control law k : Xp — U

k(x(t)) = a5 + K (x(t) — 7)), (4.12)

where symbol x denotes the optimal solution of the MPC optimization problem in (4.5)
and the feasibility set Xp C R™ of the optimized initial condition & of (4.5) represents
its domain. Further technical details can be found in [68, 67].

The actuators of the physical systems are often under limited rates on the control
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actions formulated by:
Au(t) = u(t) —u(t—) € Ua, (4.13)

where Au(t) = wu(t) — u(t_) is the rate of control action and Ux € R™ is the
corresponding convex set bounding the rates. Then, the tube MPC optimization
problem in (4.5) is extended by the linear constraint having the form [25]:

e + K ((t) — £0) — u(t_) € Ua, (4.14)

leading to the augmented vector of parameters [z(t) ", u(t_)"]T € R™*™ in case of
the multi-parametric solution of (4.5).

4.2 Implicit tube MPC

The challenge of the tube MPC implementation lies in the repetitive set-based oper-
ations when constructing the tube (4.6), and in the constraints of the optimization
problem handling this set, i.e., (4.5b) and (4.5d). The work [67] addresses this challenge
to make the well-known tube MPC technique tractable for large-scale systems. The
original set-based tube T is transformed into a corresponding implicit form 7 to avoid
the set operations.

Analogous to the set-based tube T in (4.6), the implicit tube is given by

Ns—l
T=0-a)"" > (Aa+ BaK) wj, (4.15)
j=0
where
e;wj <1, i=1,2,...,Ny, j=1,2,...,Ns. (4.16)

Note, the uncertain parameters w in (4.2) are translated to the decision variables w
of the implicit tube MPC optimization problem to cover the iterative procedure of
tube construction having Ng steps, i.e., w; € R™ for j =1,2,..., Ns. We recall, the
implicit tube T is constructed without any set-based operations and has the form of
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vector 7 € R™ determined by the time-invariant matrix pair Aq, Bq, controller gain
K, and the sequence of uncertainties w. This sequence corresponds to the iterative
procedure of the tube construction, but in the implicit approach, the geometric tube is
not constructed. Instead, the points w of the original set W are considered, affected by
Nj steps of the dynamics (Aq + BqK), which leads to the specific vertex of the original
tube T. Therefore, the initial condition changes from (4.5b) to the equality constraint:

a(t) —io =T. (4.17)

The difference between the original set-based tube T and the implicit tube vector T is
depicted in Figure 4.2.

Figure 4.2: Comparison of the set-based tube T (left) and the implicit vector-based
tube T (right).

Moreover, the implicit tube T is projected into the constraints in (4.5d) using a vector
f € RYe such that the following two statements are equivalent:

(ip x ) € (XOT)x (U K-T)), (4.18a)
iy +dapy<1—f, 1=1,2,...,N.. (4.18b)

The vector f € RN represents the implicit tube projection into the state and input
constraints shrinking the volume of the original sets X and U. The vector f is
constructed offline and given by:

=0 —a)*lNi_:lh (w, (44 +BdK)j)Tm>, (4.192)

=0
m=ca+K'd, 1=1,2,...,N.. (4.19b)
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Analogously, the terminal constraint in (4.5e) is reformulated using the vector f:
(¢ +d] K)in<1-f;, 1=1,2,...,N.. (4.20)

Note, the evaluation of the implicit tube 7 in (4.15) and of the vector f in (4.19) does
not include the Minkowski sum operation, leading to high computational complexity or
even impossibility to construct the sets in large-scale control applications. Therefore,
by avoiding this operation, the implicit tube MPC form of (4.5) transformed according
to [67] is given by a convex quadratic programming problem

N-1
~ min ENPin + Y (&) Qiy + 0y Ri) (4.21a)
X, Ug, WO, - - - k=0
UN—-1,TN,WNg
s.t.: Zr1 = Aq &g + Baty, (4.21b)
o i 4d) ap <1— fi, (4.21c)
(¢f +d/ K)an <1- fi, (4.21d)
z(t) — 20 =T, (4.21¢)
el wi <1, (4.21f)
i=1,2,..., Ny, (4.21g)
j=1,2,...,Ng, (4.21h)
k=0,1,...,N—1, (4.21i)
1=1,2,...,N,. (4.21j)

Finally, the control law remains the same as in the implicit tube MPC approach
in (4.12).

Compared to the original tube MPC approach, the implicit tube MPC handles Ng
more optimization variables caused by the additional sequence w. Despite this fact,
the implicit formulation does not limit the tube MPC only to geometrically simple
problems.
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4.3 Design procedure in MPT+

In this section, the procedure of tube MPC design in the MATLAB MPT+ toolbox [26]
is described. The MPT+ toolbox is freely available on GitHub!. The package can be
installed by setting the corresponding path in MATLAB or simply via tbxManager?

by typing:

tbxmanager install mptplus

4.3.1 Tube MPC design

In this section, the well-known double integrator system is used to demonstrate the tube
MPC design, as the two-dimensional state-space is suitable for graphical demonstration
of the results. The discrete-time state-space respresenation of the double integrator
system is defined as follows:

x(t+Ts)—[(1) ﬂ x(t)+{0(ﬂ u(t)+[(1) ‘ﬂ d(t). (4.22)

The constraints on the state and input variable, respectively, are defined as:

[—200, —2]" < z(t)

T [200,2] ", (4.23a)
—1 < u(t)

=
<1, (4.23b)

and the disturbance is constrained in a following way:

[-0.1,-0.1)T < d(t) <[0.1,0.1]". (4.24)

The system in (4.22) together with the constraints in (4.23) and (4.24) is easily
constructed as an object model as follows:

model = ULTISystem(’A’, [1, 1; O, 1], °B’, [0.5; 1], °E’, [1, O; O, 11)
model.d.min = [-0.1; -0.1]
model.d.max = [ 0.1; 0.1]

IMPTplus: https://github.com/holaza/mptplus
2tbxManager: https://wuw.tbxmanager.com
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model.x.min = [-200; -2]
model.x.max = [ 200; 2]
model.u.min = [-1]
model.u.max = [ 1]

Note, it is sufficient to set the constraint on every variable in a form of minimal and
maximal admissible value, and it is not necessary to normalize the constraint set
according to (4.4) and (4.2). Nevertheless, the possibility to set the normalized form
of constraints is supported. The setup of the normalized constraint set is shown on
the example of state constraints:

PX = Polyhedron(’A’,[1/200 0;0 1/2; -1/200 0; 0 -1/2]1,’b’, ones(4,1))
model .x.with(’setConstraint’)
model.x.setConstraint = PX

If the constraints on the rate of change of the input variable are required, one can set
them as follows:

model.u.with(’deltaMin’)
model.u.with(’deltaMax’)
u.deltaMin = -0.5
u.deltaMax = 0.5

model.
model.

Let us consider the prediction horizon N = 9 steps, and the following penalty matrices
in (4.5):

Q= [(1) ﬂ ., R=1]01]. (4.25)

The penalty matrices @@ and R and the prediction horizon N are created in MPT+ in
a following way:

model.x.penalty = QuadFunction([1,0;0,1])
model.u.penalty = QuadFunction(0.01)
N=29
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Finally, the tube MPC controller is constructed:

option = {’solType’,1,’LQRstability’,1}
TMPC = TMPCController (model,N,option)

The first option parameter solType = 1 specifies the type of the returned optimized
variables as the final control inputs w(t) in (4.12), i.e., those which are sent directly
to the controlled system in (4.1). Alternatively, if so1Type = 0, the output from the
controller comes in a nominal form as a pair of 4§ and £. If the solType option is
not specified, the default value is 1.

Secondly, the terminal set and terminal penalty are enforced through the options
parameter LQRstability = 1. By setting the value to 1, the LQR-based terminal set
and the Lyapunov penalty matrix are calculated and considered in the tube MPC.
If the value of the parameter LQRstability is set to 0, then no terminal penalty
and terminal set are automatically computed. The user is expected to set their own
terminal penalty and terminal set. If the LQRstability option is not specified, the
default value is 0.

The optimal control input for a given initial condition x0 is evaluated as follows:

x0 = [ -5; -2 1;
u = TMPC.evaluate (x0)

In MPT+, similarly to the original MPT toolbox, it is possible to obtain data from
the closed-loop simulation consisting of Nsim control steps.

Nsim = 12;
ClosedLoopData = TMPC.simulate(x0, Nsim)

It is also possible to specify the disturbance affecting the controlled system during
the closed-loop simulation. If the disturbance sequence is not specified by user, it is
randomly generated from the disturbance set.

ClosedLoopData = TMPC.simulate(x0, Nsim, w)
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The ClosedLoopData contains useful data corresponding to the trajectories of control
inputs, controlled states and the overall cost. If the soltype option is set to 0, then
also trajectory of nominal states is available. The data can be accessed by typing:

ClosedLoopData.X

ClosedLoopData.U

ClosedLoopData.cost

ClosedLoopData.Xnominal % only for soltype=0
ClosedLoopData.Unominal % only for soltype=0

The trajectory of the controlled states of the double integrator system in state space is
depicted in Figure 4.3. The time profiles of the controlled states and control inputs
can be seen in Figure 4.4.

ceemens X
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Figure 4.3: Closed-loop simulation of double itegrator control in the state space.
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Figure 4.4: Closed-loop simulation of double itegrator control. The solid lines repre-
sent the corresponding variable z1, xs, u, and the dashed lines represent
the constraints.

4.3.2 Handling the parameters and geometric sets

All the relevant parameters and sets related to the tube MPC can be easily handled.
For example, the tube T is accessed and plotted via:

Tube = TMPC.TMPCparams.Tube
figure, Tube.plot()

Similarly, the sets corresponding to the state constraints, input constraints and distur-
bance set can be accessed. When handling the state and input constraints, one can
choose between the original sets X and U or the conservative sets — the original sets
after the subtraction of the tube, i.e., X T, U K - T.

% State constraints

X = TMPC.TMPCparams.Px

Xconservative = TMPC.TMPCparams.Px_robust
% Input constraints

U = TMPC.TMPCparams.Pu

Uconservative = TMPC.TMPCparams.Pu_robust
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Figure 4.5: The tube MPC design sets.

% Disturbances
Wset = TMPC.TMPCparams.Pw

It is possible to extract the stabilizing controller gain K and terminal penalty matrix
P, which is useful mainly in the case when the parameters are not set manually, but
the LQRstability option is set to 1. Moreover, the computed terminal set can be
accessed as well:

% Controller gain

K = TMPC.TMPCparams.K

% Terminal penalty matrix

P = model.x.terminalPenalty.weight
% Terminal set

X_N = TMPC.model.x.terminalSet

The sets coresponding to the tube MPC design are depicted in Figure 4.5.
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4.3.3 Implicit tube MPC design

In default, the tube MPC is constructed in the original — geometric manner, based on
the Section 4.1. Otherwise, if the implicit tube MPC is required, it is necessary to set
the TubeType option to implicit as follows:

option = {’TubeType’,’implicit’,’soltype’,1,’LQRstability’,1}
implicit_MPC = TMPCController (model,N,option)

The TubeType option supports also explicit property, which corresponds to the
default setup, i.e., geometric sets construction and operations. Note, the explicit tube
type does not correspond to explicit, i.e., multiparametric solution of the MPC. If the
parametric solution of the tube MPC optimization problem is required, it is necessary
to call the function toExplicit as in the original MPT toolbox:

eTMPC = TMPC.toExplicit

Although MPT+ supports the construction of the multiparametric controller from the
implicit tube MPC using a function toExplicit, it does not make much sense to do
so. The implicit tube MPC is beneficial in larger problem scales, when the geometric
operations are not possible or impractical, which is a consequence of challenging size of
the optimization problem. Therefore, it is also impractical to construct, if even possible,
the multiparametric solution of the tube MPC. If the multiparametric solution of tube
MPC is required, it is recommended to design the geometric-set-based tube MPC and
transform it into the multiparametric form, when applicable.

Almost all of the above mentioned functionalities are possible also when considering
the implicit tube MPC. Obviously, it is not possible to handle the tube and terminal
set, which are not constructed. Instead, one can access the parameters a, ayo1, Ns and
constraint vector f which are associated with the tube MPC design procedure. These
commands are supported also for the original, set-based tube MPC.

% number of iterations in construction of the implicit tube: Ns
Ns = implicit_MPC.TMPCparams.Ns

% shrinking factor of the implicit tube: alpha

alpha = implicit_MPC.TMPCparams.alpha

% tolerance for evaluation of alpha: alpha_tol

alpha_tol = implicit_MPC.TMPCparams.alpha_tol
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% vector robustifying the constraints: f
f = implicit_MPC.TMPCparams.f

4.4 Control implementation

Two case studies with different benchmark systems are presented in this section. The
first case study contains experimental implementation of tube MPC on a simple SISO
system Flexy? [31]. The aim of the first control implementation is to demonstrate
the functionality of the toolbox in real-time control. The next case study involves
a numerical simulation of implicit tube MPC implemented on a large-scale reactor-
separator system adapted from [13]. The aim of the second case study is to demonstrate
the validation of the implicit tube MPC implementation via MPT+ in a scenario when
the original set-based tube MPC is not possible to construct.

4.4.1 Tube MPC implementation

To validate the set-based tube MPC incorporation to the MPT+ toolbox, an experi-
mental case study was performed and published in [25]. The considered system was
a SISO system with fast dynamics Flexy? [31], see Figure 4.6. The actuator is a fan
that propels an air column in an upward vertical direction. The power of the airflow
is measured by a flexible sensor placed in the air column. The sensor changes its
electrical resistance according to the bend caused by the push of the air. Therefore,
the flex sensor bend b(t) in percentage is assumed as the controlled variable, and the
fan speed v(t) in percentage is a manipulated variable.

Flexy?2 is a system with non-linear dynamics, as the sensitivity of the flex bend decreases
when increasing fan speed. Moreover, the measurement noise is also present. These
challenges make this device a suitable candidate for the implementation of tube MPC.
As the system dynamics is naturally very fast and requires low sampling time with a
fast evaluation of the control inputs, the explicit solution of tube MPC is considered.
The goal is to control the flex sensor bend b to a steady-state value b® and reject the
effect of a disturbance.

The model of the system was obtained through experimental identification based on
several step responses. The matrices of the nominal state-space system, transformed
into the discrete-time domain using sampling time T3 = 0.01 s are:

Aq = [0.966], Bgq=[0.101]. (4.26)

As the controlled as well as the manipulated variable were set in percentage, their
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Figure 4.6: Flexy? device [31].

values were constrained from the minimal value byin = vmin = 0% up to the maximal
value bpax = Umax = 100 %. Considering the steady-state values where the model was
linearized, i.e., v* = 40 % and b* = 68 %, the constraints were set in both presented
control methods as follows:

—40% < u(t) < 60%, —68% < x(t) < 32%. (4.27)

Moreover, the change of the input variable was set to validate the control method
implemented in the toolbox:

—55% < Au < 55%. (4.28)

As the uncertainties in the model were considered, the additive disturbance was defined
as:

1% < d(t) < 1%, (4.29)

and the associated matrix £ multiplying the vector of disturbances d in (4.1) was set
as identity matrix.

By systematic tuning, the penalty matrices @), R of the optimization problem in (4.5)
were respectively assigned as:

Q=10, R=1 (4.30)
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The prediction horizon N was set to 30 steps. Furthermore, the terminal set Xy and
the terminal penalty P were calculated by setting the option LQRstability = 1, and
the evaluated values were:

~1 31.8694
< = . . .
[ l]x_ [21'2463}, P = 95.3852 (4.31)

The explicit tube MPC was constructed in MATLAB 2020b programming environment,
using toolboxes MPT 3.2.1, MPT+, YALMIP R20210331, and solver Gurobi 9.1.1.
The tube explicit MPC was executed on CPU AMD Ryzen 7 PRO 4750U, 1.7 GHz
with 16 GB RAM. From the viewpoint of computational complexity, the average time
to evaluate the control input was 1 milisecond, which is suitable for the considered
sampling time Tg = 0.01s.

After the construction of the tube explicit model predictive controller, the disturbance
rejection control problem was investigated. The aim was to drive the flex sensor
bend to the steady state b5 = 68 %, while rejecting the effect of the two disturbances
occurring at times 5s and 10s. The control results can be seen in Figure 4.7 for the
controlled variable, i.e., the flex sensor bend b(t). In Figure 4.8, the corresponding
trajectory of manipulated variable is depicted, i.e., the trajectory of fan speed v(t).
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Figure 4.7: Tube model predictive control of Flexy? — controlled variable.
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Figure 4.8: Tube model predictive control of Flexy? — manipulated variable.

When observing Figure 4.7 and Figure 4.8, it can be seen that the effects of the
disturbances were rejected, with respect to the constraints on the manipulated and
controlled variables. Moreover, the constraints on the change of the manipulated
variable were active in the first control step and were satisfied as well. To conclude,
the goal of the control was achieved, using the developed toolbox in real-time control.

4.4.2 Implicit tube MPC implementation

The suitablity of the implicit tube MPC is demonstrated on the large-scale reactor-
separator system with 12 states and 3 inputs, adapted from [13]. The system consists
of three vessels, two continuously stirred tank reactors, and one tank separator.
Both reactors are engaged in two reactions. The primary reaction involves converting
reactant A into the main product B, while the secondary reaction leads to the undesired
conversion of product A into the side-product C.

The considered state variables are temperatures 7; and concentrations of the reactant
A, and products B and C, i.e., cas, cB i, cc,; for the respective i-th vessel. The state
variables are defined in the following order: s = [T%,ca1,¢B,1,¢c,1, T2, €A .2,CB 2, CC 2,
T5,cA,3,CB,3; CC’3]T. The control inputs are the heat flows Hy, Hs, and H3, representing
the external heat delivered or removed from the tanks. The detailed description of
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the reactor-separator system can be found in [13]. The linearized state-space matrices
along with all the data necessary to design the tube MPC can be found in Appendix A.

It is important to note, that the original (set-based) tube MPC was not possible
to design due to extensive numerical demands related to geometric operations. On
the contrary, it was possible to design and implement the implicit tube MPC. The
closed-loop control simulation results are depicted in Figure 4.9 and Figure 4.10 for the
system states and inputs, respectively. To conclude, all system states were successfully
driven to the desired steady state in the presence of randomly generated disturbance,
respecting the constraints.
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Figure 4.10: Closed-loop simulation of reactor-separator control — input variables.
The solid lines represent the respective inputs and the dashed lines

depict the constraints.
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CHAPTER 5

Conclusions

This dissertation thesis deals with linear MPC design for complex systems. Throughout
the thesis, the term “complex system” includes the systems that bring two groups of
challenges: large-scale systems and systems with nonlinear and asymmetric dynamics.
Three techniques of linear MPC were addressed: (i) partial explicit MPC, (ii) tunable
approximated explicit MPC, and (iii) implicit tube MPC.

The first part of this thesis focuses on the topic of partial explicit model predictive
control, which is suitable for large-scale problems with numerous constraints and
optimization variables [32]. In the offline phase, only a subset of all critical regions is
constructed and stored. In the online phase, the partial solution is utilized in the hot
start strategy to streamline searching for the critical region where the measurement
belongs and subsequent determination of the optimal control action. This strategy
is a valuable tool for finding the solution of the MPC problem in high dimensions
when solving the optimization problem online or developing the full solution offline is
impractical and computationally demanding. Therefore, the partial explicit solution
represents a compromise between the explicit MPC without any real-time optimization
and computationally demanding implicit MPC.

One of the objectives was to propose novel ideas leading to memory footprint reduction.
The main idea is to replace the polytopic critical region with its maximal volume inner
approximation using the Chebyshev ball. As a consequence, the large-scale matrices
defining the critical regions are no longer stored. Only the Chebyshev balls radii and
centers are necessary to identify the nearest critical region. Then, the polytope is
recovered from the optimization problem matrices and optimal active set. The rest of
the online procedure remains the same.

Moreover, owing to the information about the radii of the Chebyshev balls, the
determination of the nearest critical region becomes more accurate compared to the
original approach as the inner approximation size is considered. Last but not least,
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another valuable benefit of the proposed ideas is fixing the size of the partial solution
memory footprint. The fixed structure of the Chebyshev ball data enables us to
determine the partial solution memory footprint in advance, without the necessity to
solve the large-scale optimization problem. As a result, the size of the partial explicit
solution can be scaled to the control hardware memory limitations.

To support the theoretical background of the suggested concepts, 5 sets of large-scale
MPC problems were randomly generated, and the associated memory footprints were
evaluated. For every MPC problem, the partial explicit solution consisting of 300
critical regions was constructed. The average memory footprint of the partial solution
based on the polytopic critical regions was evaluated for every problem size. Afterward,
the memory footprint of the fixed-memory approach was determined based on the
problem size. Analogously, the average memory footprint of the partial solution based
on the Chebyshev balls was evaluated for every problem size. With increasing problem
size, the contribution of the large-scale problem matrices significantly increases, and
the gap between the total memory footprints of the two methods is lower. Therefore,
also the memory savings decrease with the growing problem size. For the largest
problem size consisting of 7200 constraints, the total memory savings were 26.7 % and
for the smallest problem size consisting of 6 030 constraints, the total memory savings
were 41.2 %.

The second part of this dissertation thesis deals with the self-tunable explicit MPC
design. This technique arises from the concept of tunable explicit MPC [36], which
calculates the control action based on linear interpolation between the control actions
from two boundary controllers. The boundary controllers differ only in the setup of
one penalty matrix, and the rest of the structure and parameter values remain the
same. For the price of suboptimality and storing two explicit controllers, one obtains
the possibility to apply a control action that corresponds to an arbitrary controller
setup chosen from the range between the lower and upper boundary controller setup.

The aim was to remove the necessity of manual interventions in the real-time control
and delegate the real-time decision-making in tuning on well-developed internal rules,
leading to an effective self-tuning technique for practical industry-oriented control
applications. In numerous practical applications, the reference value of the controlled
variable is changed and acquires values from a wide range of operating conditions. The
use of different controller setups can help handle the plant’s nonlinear and asymmetric
behavior. This thesis presents two methods of the self-tunable controller technique. In
the first approach, the controller’s aggressivity is tuned based on the difference between
the reference value and the steady state corresponding to the model linearization
point. The technique represented a way how to compensate for the system’s nonlinear
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behavior. The second tuning technique was similar, taking into account the size of
the reference change. The tuning parameter value is calculated as the ratio between
the size of the reference change and the maximal admissible size of the reference
change, which is specified before operation. Moreover, the tuning factor is scaled by
splitting the interval of the tuning parameter into two ranges, which are assigned
to different operating conditions, e.g., either positivity or negativity of the reference
change. Following these rules, the asymmetry of the process dynamics is considered.

The following aim was to implement and analyze the control performance when using
the self-tunable explicit MPC in a control of a laboratory heat exchanger. The case
study included tracking a reference changing its value upwards and downwards to
examine the proposed tuning method. Therefore, the tuning parameter interval was
split into 2 parts. When the reference changed upwards, the control input was tuned
in the first part of the interval and approached the boundary controller associated with
the lower bound on the selected penalty matrix. On the contrary, when the reference
changed downwards, the control input was tuned to approach the control input from
the boundary controller with the upper bound on the penalty matrix.

To properly investigate the control results, the control performance was judged quanti-
tatively using a set of quality criteria. Based on the evaluated criteria, the self-tunable
control approach outperformed the conventional control strategy, handling just a single
non-tunable controller. In average, the control performance criteria improved compared
to the upper and lower boundary MPC respectively as follows: the squared-error-based
criterion reduced by 23 % and 83 %, the maximal overshoot/undershoot reduced by
64 % and 102 %, and the settling time reduced by 12 % and 244 %.

The third part of the thesis is devoted to the topic of implicit tube MPC, which is
suitable for controlling uncertain large-scale systems. When considering a large-scale
system, the original tube MPC is not a suitable control technique, as it requires
non-trivial geometric set operations, which is challenging in higher state-space dimen-
sions [71]. A novel approach — implicit tube MPC — handles the MPC optimization
problem differently, avoiding the construction of sets but still maintaining the optimal
solution [67]. The aim of this thesis was to incorporate the implicit tube MPC into
the MATLAB Multi-Parametric Toolbox extension, MPT+, to enable a wide usage
and user-friendly design and implementation of this control technique. This thesis
provides an overview of the tube MPC and implicit tube MPC design procedure
in MPT+. The tube MPC was successfully implemented in a real-time control of
Flexy? device using the MPT+ toolbox. Moreover, the validation of the implicit tube
MPC incorporated in the toolbox is presented in a numerical control simulation. The
implicit tube MPC was implemented on a large-scale reactor-separator system with 12
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states and 3 control inputs. It is important to emphasize that the original (set-based)
tube MPC was impossible to design due to extensive numerical demands related to
geometric operations. On the contrary, it was possible to design and implement the
implicit tube MPC, and all system states were successfully driven to the desired steady
state in the presence of a randomly generated disturbance.
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Main Contributions

The main contributions of this dissertation thesis are summarized in this section
supported by the publications they were published in.

e Theoretical contributions:

— Memory footprint reduction associated with large-scale MPC.
The partial explicit MPC was revisited in order to analyze the memory
footprint of the controller data. The size of the memory footprint to store
the partial explicit MPC was reduced without inducing suboptimality of
the applied control input. The memory reduction approach was published in:

L. Gal¢ikova — J. Oravec: Fixed-Complexity Solution of Partial Explicit
MPC. Computers & Chemical Engineering, vol. 157, pp. 107606, 2022.

— Fixed size of memory footprint associated with large-scale MPC.
Besides the reduction of the memory footprint necessary to store the par-
tial explicit MPC data, fixing the memory footprint size of the controller
is addressed by considering the Chebyshev balls instead of the polytopic
regions. The proposed method is published in:

L. Gal¢ikova — J. Oravec: Fixed-Complexity Solution of Partial Explicit
MPC. Computers & Chemical Engineering, vol. 157, pp. 107606, 2022.

— Elaboration of the self-tuning technique for tunable explicit MPC
to improve control performance.
The tunable approximated explicit MPC was revisited. The techniques
to tune the explicit MPC automatically during the real-time control were
elaborated, considering nonlinear and asymmetric plant behavior. The
tuning technique based on the reference value was proposed in:

L. Galcikova — M. Horvathova — J. Oravec — M. Bakosova: Self-Tunable
Approximated Explicit Model Predictive Control of a Heat Exchanger.
Chemical Engineering Transactions, vol. 94, pp. 1015-1020, 2022.

The tuning technique, addressing also asymmetric plant behavior, was pro-
posed in Chapter 3 of this thesis and is a part of the paper:
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L. Galéikova — J. Oravec: Self-tunable approximated explicit MPC: Heat
exchanger implementation and analysis. Journal of Process Control, 2023
(under review, round 2).

The preprint under review is available online:

https://www.uiam.sk/assets/publication_info.php?id_pub=2621
o Practical validation:

— Numerical case studies on large-scale systems.
The proposed partial explicit MPC memory reduction technique is analyzed
on the set of large-scale systems. The memory footprint analysis was pub-
lished in:

L. Galc¢ikova — J. Oravec: Fixed-Complexity Solution of Partial Explicit
MPC. Computers & Chemical Engineering, vol. 157, pp. 107606, 2022.

— Laboratory validation on a heat exchanger plant.
The proposed self-tuning strategy was implemented on a laboratory heat
exchanger. The control performance is analyzed and compared to non-tuned
controllers. The experimental laboratory validation is a part of Chapter 3
of this thesis and of the paper:

L. Gal¢ikova — J. Oravec: Self-tunable approximated explicit MPC: Heat
exchanger implementation and analysis. Journal of Process Control, 2023
(under review, round 2).

The preprint under review is available online:

https://www.uiam.sk/assets/publication_info.php?id_pub=2621
o Freely available software:

— Software development for control of large-scale systems.
The recent perspective approach of implicit tube MPC, suitable for control-
ling large-scale systems, was incorporated into the MATLAB MPT+ toolbox
to spread the wide usage of this robust control technique. The toolbox was
described in Chapter 4 of this thesis and is freely available online on GitHub:

https://github.com/holaza/mptplus


https://www.uiam.sk/assets/publication_info.php?id_pub=2621
https://www.uiam.sk/assets/publication_info.php?id_pub=2621
https://github.com/holaza/mptplus
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— Case study validating the developed software.
The ancestor of the implicit tube MPC, i.e., the original set-based tube
MPC, also incorporated to MPT+ toolbox, was validated on a laboratory
device Flexy? [31] and published in:

J. Holaza — L. Galéikova — J. Oravec — M. Kvasnica: A software package for
MPC design and tuning: MPT+. In 62nd IEEE Conference on Decision
and Control, IEEE, Singapore, pp. 5682-5689, 2023.

The developed MPT+ extension enabling the implicit tube MPC application
is validated on a large-scale reactor-separator system in Chapter 4 of this
thesis.
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APPENDIX A

Reactor-separator system

This Appendix section is devoted to the description of the reactor-separator system from
Section 4.3 from the viewpoint of tube MPC design. The system is adapted from [13],
where all, more specific parameters can be found, if necessary. The continuous-time
state-space matrices of the reactor-separator system are stated at the end of this
section due to large size. The system was discretized with a sampling time Ty = 0.1 h.
The steady state values s° are defined as follows:

17 = 369.53K
Ca,1 = 3.31kmolm™
s, = 0.17kmol m~?
coq = 0.04 kmol m?
T3 = 435.25K
Ca,2 = 2.75kmolm™

0?372 = 0.45kmolm 3

3

3

co o = 0.11 kmolm >
T5 = 435.25K
Ca,3 = 2.88kmolm™

b3 = 0.50kmolm ™

3

0?313 =0.12kmolm 3
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The constraints on the state, input variables and disturbances are:

—s*=< = =100-s°
[—30, —35, 714]T -10° < uw =< [30,35, 14]T -10°,
~0.0017 < d = 0.0011,

where I denotes the identity vector of the corresponding dimensions. The matrix F
multiplying the vector of disturbances d in (4.1) was set as identity matrix.

Regarding the MPC parameters, the prediction horizon N was 18 steps long and the
penalty matrices were set as follows:

Q = diag(Q1, Q2,Q3), where Q; = diag(3200,1,1,1) -10%, i =1,2,3,
R = diag(1,1,1) - 1072

The terminal penalty and terminal set was calculated using the option LQRStability=1.

Finally, the initial state condition for the performed control simulation in Section 4.3
was set as:

zo = [~8.84, —0.12, —0.02, —0.01, —4.34,0.01, —0.11, —0.03, —4.83, —0.09, —0.12, —0.04] " .
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review, round 2).
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APPENDIX D

Resumé

Této dizertacna préaca sa zaobera navrhom linedarneho prediktivneho riadenia pre zlozité
systémy. Pojem “zlozity systém” v celej praci oznacuje systémy, ktoré prinasaju dve
skupiny vyziev pri navrhu riadenia: velkorozmerné systémy a systémy s nelinedrnou a
asymetrickou dynamikou. Tato praca sa zameriava na tri techniky linedrneho MPC:
(i) parcidlne explicitné MPC, (ii) laditelné aproximované explicitné MPC a (iii) MPC
zalozené na implicitnych tubach.

Prva cast prace je zamerana na tému parcidlneho explicitného MPC, ktoré je vhodné
pre velkorozmerné problémy s velkym mnozstvom ohraniceni a optimalizovanych
premennych [32]. Najskor sa v offline fize vytvor{ a ulozi iba podmnozina vSetkych
kritickych regionov. Nasledne sa v online faze toto parcidlne riesenie vyuziva v
inicializac¢nej stratégii, tzv. hot-start stratégii, na zefektivnenie hladania kritického
regiénu, kam patri meranie a nasledné urcenie optiméalneho akéného zasahu. Tato
stratégia je cennym nastrojom pre rieSenie MPC optimaliza¢ného problému vo velkych
rozmeroch, ked je rieSenie optimalizacného problému online alebo zostrojenie tplného
explicitného riefenia offline nepraktické a vypoctovo naro¢éné. Ciastocné explicitné
rieSenie preto predstavuje kompromis medzi explicitnym MPC, ktoré nevyzaduje
optimalizaciu pocas riadenia, a vypoctovo naro¢nym implicitnym MPC.

Jednym z cielov prace bolo navrhnit nové metédy vedice k znizeniu pamétovej stopy
MPC regulatora. Hlavnou myslienkou bolo nahradit polytopicky kriticky regién jeho
vnutornou aproximéciou zalozenou na kruhoch s maximalnym objemom. V dosledku
toho sa uz neukladaju velkorozmerné matice definujice kritické regiény. Na identifikdciu
najblizsieho kritického regionu si potrebné iba polomery a stredy vpisanych kruhov.
Potom sa prislusny kriticky region ziska z matic optimaliza¢ného problému MPC a
optimdlnej mnoziny aktivnych ohraniceni. Zvysok online fazy zostava rovnaky ako v
pévodnom navrhnutom postupe.

Navyse, vdaka informécii o polomere vpisanych kruhov je urcovanie najblizsich kri-
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tickych regiénov presnejsie, kedze sa berie do tivahy velkost vniitornej aproximacie.
V neposlednom rade, dalSou vyznamnou vyhodou navrhnutej metody je zafixovanie
velkosti pamaéte parcidlneho riesenia. Fixnda Struktiura vpisaného kruhu ndm umoznuje
urcit velkost paméte parcidlneho riesenia vopred, bez potreby vyriesit velkorozmerny
optimaliza¢ny problém.

Vlastnosti navrhnutej metédy boli analyzované na numerickom priklade. Najskor
bolo vytvorenych 5 sdd velkorozmernych MPC problémov o roznej velkosti. Pre
kazdy MPC problém bolo zostrojené parcidlne explicitné riesenie pozostavajice z 300
kritickych regiénov. Pre kazdua velkost problému bola vyhodnotend priemerné velkost
pamate parcidlneho rieSenia na zéklade pristupu zalozenom na polytopickych kritickych
regionoch. Nésledne bola vyhodnotena aj velkost pamétovej stopy zaloZena na pristupe
fixovanej zlozitosti. Analogicky sa potom vyhodnotila priemerna velkost paméte pre
kazdu velkost problému. S rasticou velkostou problému sa vyrazne zvysuje prispevok
rozsiahlych velkorozmernych matic optimalizacného problému MPC, v désledku ¢oho
je rozdiel medzi celkovymi paméatovymi stopami tychto dvoch metdd nizsi. Preto aj
uspora paméte klesa s rasticou velkostou problému. Pre najvécsiu velkost problému
pozostavajicu zo 7200 ohraniceni bola celkovéd tispora paméte 26,7 % a pre najmensiu
velkost problému pozostévajicu zo 6030 ohranic¢eni bola celkovd tispora paméte 41,2 %.

Ak sa navrhované techniky zapracuji do pévodného pristupu parcidlneho explicitného
prediktiveho riadenia, vedd k vyznamnym paméatovym tsporam, ktoré si podstatné
pre ukladanie velkorozmernych dat. Dalsim cennym prispevkom je fixovanie a urcenie
velkosti vopred, bez potreby vyrieSenia optimaliza¢ného problému.

Druha cast tejto dizertacnej prace sa zaoberd ndvrhom metédy samoladitelného explic-
itného MPC. Této technika vychddza z konceptu laditelného explicitného MPC [36],
ktoré pocita akény zdsah na zaklade linedrnej interpolacie medzi akénymi zasahmmi z
dvoch hrani¢nych regulatorov. Tieto hrani¢né regulatory sa liSia iba nastavenim jednej
penalizacnej matice a zvysSok struktiry reulatora a hodn6t parametrov zostdva rovnaky.
Za cenu suboptimalnosti a uloZenia dvoch hrani¢nych explicitnych regulatorov sa ziska
moznost aplikovat akény zasah, ktory zodpoveda aproximacii Iubovolného nastave-
nia reguldtora zvoleného z rozsahu medzi nastavenim dolného a horného hrani¢ného
regulatora.

Cielom prace bolo odstranit nutnost manudlnych zasahov do riadenia v redlnom case
a delegovat rozhodovanie v redlnom case pri ladeni na dobre vypracované interné
pravidla, veduce k efektivnej technike samoladenia pre praktické priemyselné aplikécie
riadenia. V mnohych praktickych aplikdciach sa referenénd hodnota regulovanej veli¢iny
meni a nadobtiida hodnoty zo Sirokého spektra moznych previadzkovych podmienok.
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Pouzitie réznych nastaveni reguldtora méze pomoct zvladnuf nelinedrne a asymetrické
spravanie zariadenia. Tato praca predstavuje dve techniky nastavenia samoladitelného
regulatora. V prvom pristupe je agresivita regulatora ladend na zéklade rozdielu medzi
referencnou hodnotou a ustalenym stavom zodpovedajicim bodu linearizacie modelu.
Téato technika predstavovuje sposob, ako kompenzovat nelinearne spravanie systému.
Druhé technika ladenia bola podobna, bertic do tvahy velkost zmeny referencie.
Hodnota ladiaceho parametra sa vypocita ako pomer medzi velkostou zmeny referencie
a maximélnou pripustnou velkostou zmeny referencie, ktora je Specifikovana pred
samotnou prevadzkou. Okrem toho je ladiaci faktor nasledne skalovany rozdelenim
intervalu ladiaceho parametra na dva rozsahy, ktoré su priradené réznym prevadzkovym
podmienkam, napr. kladnej alebo zapornej zmene hodnoty referencie. Nastavenim
tychto pravidiel je mozné zohladnif asymetriu dynamiky procesu.

Nasledujicim ciefom bolo implementovat a analyzovat kvalitu riadenia s pouzitim
samoladitelného explicitného MPC regulatora pri riadeni laboratérneho vymennika
tepla. Pripadova studia zahfnala tlohu sledovania referencie, ktora meni svoju hodnotu
smerom nahor a nadol, aby sa preskiimala navrhovand metéda ladenia. Preto bol
interval parametrov ladenia rozdeleny na 2 c¢asti. Ked sa referencia zmenila smerom
nahor, akény zasah sa naladil v prvej ¢asti intervalu a priblizil sa k akénym zadsahom
dolného hrani¢ného regulatora. Naopak, ked sa referencia zmenila smerom nadol, akény
zasah bol naladeny tak, aby dal vic¢siu vahu akéného zasahu z horného hrani¢ného
reguldtora.

V ramci hlbsieho preskiimania vysledkov riadenia bol kvantitativne vyhodnoteny siibor
kritérii kvality. Na zdklade vyhodnotenych kritérii mozno konstatovat, ze pristup
samoladitelného riadenia prekonal konvencnu stratégiu riadenia zalozend na jednom
explicitnom MPC regulatore. V priemere sa vykonnostné kritéria kvality zlepsili v
porovnani s hornym a dolnym hrani¢nym MPC, v tomto poradi, nasledovne: kritérium
na zdklade sumy Stvorcov regulacnej odchylky sa zniZilo o 23 % a 83 %, maximdlny
prekmit/podkmit sa znizil o 64 ,% a 102 % a Cas reguldcie sa skratil o 12% a 244 %.

Tretia cast prace je venovand téme MPC zalozeného na implicitnych tubach, ktoré je
vhodné na riadenie neurcitych velkorozmernych systémov. Pdvodné tube MPC nie je
vhodnou riadiacou technikou pre velkorozmerné systémy, pretoze vyzaduje netrividlne
mnozinové operacie, ¢o je ndrocné vo vyssich rozmeroch stavov [71]. Novy pristup
— MPC zalozené na implicitnych tubach — navrhuje optimalizacny problém MPC
odlisne, vynechava konstrukciu geometrickych mnozin, ale stale zachovava optiméalne
rieSenie [67]. Cielom tejto prace bolo zaclenit MPC zalozené na implicitnych tubach
do MPT+ (z angl. Multi-Parammetric Toolbox) toolboxu v prostredi MATLAB,
aby sa umoznilo siroké vyuzitie a uzivatelsky priatelsky navrh a implementéacia tejto
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techniky riadenia. Tato praca poskytuje prehlad postupu navrhu MPC zalozeného
na tubach a implicitnych tubach v MPT+. MPC zalozené na tubéach bolo tspesne
implementované pri riadeni zariadenia Flexy? v redlnom ¢ase pomocou toolboxu
MPT+. Navyse, validacia MPC zalozeného na implicitnych tubach zacleneného do
toolboxu je prezentovand v simulacii riadenia. MPC zalozené na implicitnych tubéch
bolo implementované na velkorozmernom systéme dvoch reaktorov a separatora s 12
stavmi a 3 riadiacimi vstupmi. Je dolezité zdoraznit, ze povodné MPC zalozené na
geometrickych tubach nebolo mozné navrhniut z numerickych dévodov suvisiacimi s
geometrickymi operdciami. Naopak, bolo mozné navrhniat a implementovat MPC
zalozené na implicitnych tubach a vSetky stavy systému boli tspesne riadené do
pozadovaného ustileného stavu v pritomnosti nahodne generovanej poruchy.
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