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Abstract

This dissertation thesis deals with the improvement of the control performance
of closed-loop systems via optimizing the setpoints for these closed-loops.
Closed-loops consist of a primary controller, which provides stability and some
tracking properties for a process. Since these controllers are usually of very
simple structure, they do not provide constraint satisfaction nor enforce track-
ing properties. This thesis summarizes a concept of reference governors (RG)
based on model predictive control (MPC), which provides optimal setpoints
for the primary control layer. We will show how such an MPC-based reference
governors (MPC-RG) are formulated. We will be dealing with three main cases,
first, a closed-loop containing PID controllers, second a closed-loop utilizing
the behavior of the on/off controller and finally a complex closed-loop scheme
with local MPC controllers. We will show how to model these closed-loops and
subsequently formulate the MPC-RG control problems, which are in the form of
optimization problems. The second part of this thesis is devoted to case studies,
where the benefits of the MPC-RG strategy is elaborated. We consider one
experimental case study involving the stabilizing and control of a magnetically
suspended ball. Next, we offer two simulation-based case studies, one focused
on improving the behavior of a boiler-turbine system and the second concerning
a thermostatically controlled temperature in buildings.






Abstrakt

Tato dizertacna préca sa venuje navrhu riadiacich systémov, ktoré vylepsuju
spravanie sa uz existujtcich riadiacich sluciek. Tieto existujtce riadiace slucky
pozostavaju z primarneho regulatora, ktory zabezpecuje stabilitu riadeného
procesu a zékladné kvalitativne parametre riadenia. VylepSenie je realizované
na zdklade optimaliza¢nych metéd, ktoré upravuju Ziadané hodnoty existu-
jacich riadiacich sluciek. Ked'Ze tieto primarne reguldtory maji v drvivej
vécsine jednoduchu Struktidru, nie je mozné pomocou nich zabezpecit' pre-
vadzku zariadenia, ktoré by spliiala technologické normy a zaroven by bolo
zabezpecené zniZovanie finan¢nych narokov a pod. V tejto préci sa budeme
zaoberat’ ndvrhom prediktivneho riadenia (model predictive control - MPC, z
ang.), kde tento MPC reguldtor bude poskytovat’' optimalne nastavenie Ziadanej
hodnoty pre primdrnu vrstvu riadenia, t.j. bude z neho MPC supervizor. V
tejto praci ukdaZeme ako navrhnut’ takyto MPC regulator pre tri hlavné triedy
primérnych riadiacich sluciek. V prvej ¢asti sa budeme venovat’ modelovanie a
navrhu MPC pre slu¢ky s PID reguldtormi. Ndsledne prejdeme na modelovanie
anavrh MPC regulétore pre slucky s logickym riadenim, alebo on/off reguldrmi.
Ako posledny scenar budeme uvaZzovat, Ze primdrna riadiaca slu¢ka uz ob-
sahuje MPC riadiacu stratégiu, ale je potrebné ju vylepsit'. V druhej Casti tejto
dizerta¢nej praci ukdzZeme tri pripadové stidie, kde demonstrujeme vysledky
pouzitia MPC supervizorov. Prva stadia zahfiia vysledky ziskane z experimen-
tov pri riadeni polohy guli¢ky v magnetickom poli. Dalej sa ukaZeme vyhody
MPC supervizorov pri riadeni energeticky naroénych systémov ako je turbina
spojend s vyparnym kotlom. Posledna pripadova stadia zahffia navrh MPC
supervizora pre termostatom riadent teplotu v budovach.
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CHAPTER 1

Introduction

Historically, in the process industry, the optimization based control was always
used as a supervisory decision maker. More specifically, the optimization based
algorithms just provided setpoints for primary layer of controllers, which were
primarily responsible for the operation of processes. Such elaborated control
schemes were firstly implemented in early 80’s in the petrochemical industry.
One of the most cited works in the history of the model prediction control is the
paper by Cutler and Ramaker [1979], where the MPC predecessor, the dynamic
matrix control (DMC) was introduced. This was one of the first scientific paper,
which introduced a truly optimal solution to the optimization problem stem-
ming from the industry needs. Here, the DMC controller was responsible for
providing the setpoints for primary level controllers, like PIDs etc. The concept,
in fact, was not new at all. A paper by Richalet et al. [1978] predates the DMC
paper, but the solution to the optimization layer was done in a heuristic way.
Such algorithms proved to be very effective in reducing the operating costs as
well as increasing the safety of the entire plant operation [Qin and Badgwell,
2003]. Such a level of economic and safe operation is difficult to achieve using
traditional control loops, which typically involve PI/PIDcontrollers [Astrém
and Hégglund, 2006]. Therefore optimization-based control strategies, such
as those based on Model Predictive Control (MPC) [Maciejowski, 2002], are
preferred in many areas, such as in petrochemical industries.

1.1 Concept of the MPC-based Governors

The concept, where the model predictive control strategy supplies setpoints
for primary controller is referred to as an optimization-based reference gover-
nors. Such an arrangement of control layers was studies widely by Bemporad
and Mosca [1994], Mosca [1996], Gilbert and Kolmanovsky [1999]. Results
in these publication were oriented towards industrial applications. However,
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Figure 1.1: Conceptual diagram of the optimization-based reference governor
scheme.

by optimizing the reference signals, the overall performance of the plant is
improved [Bemporad, 1998, Gilbert and Kolmanovsky, 2002].

In this thesis, we follow more recent work by e.g. Borrelli et al. [2009], and we
formulate and solve the reference governor problems as an optimal control
problems. This, combined with utilization of the off-the-shelve optimization
solvers yields better performance and widens the applicability of the governors.

A conceptual diagram is drawn in Fig. 1.1 to better illustrate the concept of the
reference governor. Here, optimization-based layer is denoted as secondary
layer or outer layer. Primary controllers are also referred to as inner controllers,
which actually provides the control action u. Moreover, the user defined refer-
ence, denoted as r enters the secondary layer and the setpoint for the primary
controller is denoted as w and it is obtained by solving the optimization problem
in the upper layer, with respect to the measurements y. In this arrangements, the
optimization variables is no longer the control input w, like it is in the situation
where the MPC itself provides the value of the manipulated variable.

1.2 Contributions of the Thesis & Thesis Concept
1.2.1 Goals of the Thesis

Aims of the thesis were summarized into three main items, specifically
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I. development of computationally efficient optimal control algorithms,

II. verification and implementation of optimal control algorithms on labora-
tory devices,

III. application of optimization and optimal control approached to path plan-
ning problems.

This thesis further explores the first two items. An extensive part of the theoreti-
cal contribution of the thesis is devoted to the closed-loop modeling, which is a
necessary step before any control design. The main contribution in the area of
the design of the control algorithms lies in structuring the MPC-based reference
governors for three main cases of the closed-loop systems. Each of the proposed
optimal control algorithms has been verified via simulation and experimental
case studies. The most important results of the author in the area of optimal
algorithm design related to the MPC-based reference governors were published
in:

e Klauco, M., Kvasnica, M.: Control of a boiler-turbine unit using MPC-
based reference governors. Applied Thermal Engineering, Elsevier, ISSN:
1359-4311, vol. 110, pg. 1437-1447, 2017, (IF: 3.043), citations: 1.

e Klauco, M., Kaltaz, M., Kvasnica, M.: Real-time implementation of an
explicit MPC-based reference governor for control of a magnetic levitation
system. Control Engineering Practice, Elsevier, ISSN: 0967-0661, vol. 60, pg.
99-105, 2017. (IF: 1.830)

e Drgona, J., Klau¢o, M., Kvasnica, M.: MPC-Based Reference Governors
for Thermostatically Controlled Residential Buildings. In 54rd IEEE Con-
ference on Decision and Control, Osaka, Japan, vol. 54, 2015,

e Holaza, J., Klau¢o, M., and Kvasnica, M.: Solution techniques for multi-
layer MPC-based control strategies (accepted). In Preprints of the 20th
IFAC World Congress, France, pages —, 2017.

The author has also participated on research covering other areas of the control
design, however, the results of that research are not elaborated in this thesis.
Specifically, advances in the area of explicit MPC has been made by exploring
the applicability of the region-less explicit MPC strategy. Results were published
in

e Drgona, J., Klau¢o, M., Janecek, F.,, Kvasnica, M.: Optimal control of a labo-
ratory binary distillation column via regionless explicit MPC. Computers &
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Chemical Engineering, Elsevier, ISSN: 0098-1354, vol. 96, pg. 139-148, 2017,
(IF: 2.581).

Furthermore, the author made contributions in the optimal path-planning de-
sign:

e Oravec]., Klauc¢o, M., Kvasnica, M., Lofberg, ]., Computationally Tractable
Formulations for optimal Path Planning with Interception of Targets’
Neighborhoods, Journal of Guidance, Control, and Dynamics, issue 5, vol. 40,
pp- 1221-1230, 2017, American Institute of Aeronautics and Astronautics,
ISSN: 0731-5090, (IF: 1.291)

e Klauc¢o, M., Blazek, S., Kvasnica, M.: An Optimal Path Planning Problem
for Heterogeneous Multi-Vehicle Systems. International Journal of Applied
Mathematics and Computer Science, ISSN 2083-8492, issue. 2, vol. 26, pg.
297-308, 2016. (IF: 1.037), citations: 1.

Full publication list of the author can be found in the Appendix A, which also
includes conference publications related to the topics of this thesis as well other
research areas.

1.2.2 Thesis Outline

This thesis is structured into two main parts. The first part is devoted to the
theoretical contributions and the second part discusses experimental results
and simulation-based case studies. In the theoretical part, we start with the
preliminaries. The general optimization is introduced in the Chapter 2, which
is followed by the introduction of model predictive control in the Chapter 3.
Next, we will discuss the reference governors based on model predictive control.
The Chapter 4 establishes the problem statement of the MPC-based reference
governor. Moreover, this chapter includes three main sections, where particular
MPC-RG control problem formulations are addressed. In the Section 4.1, we
discuss closed-loop system involving a set of PID controllers. The Section 4.2
focuses on a closed-loop model involving the on/off controller. Finally, the
Section 4.3 addresses the problem of MPC-RG for a case of a closed-loop model
involving several local MPC strategies.

The second part of the thesis discusses the applications of proposed theoret-
ical MPC-RG formulations. The first case study, in the Chapter 5 introduces
experimental results involving the process of a magnetically suspended ball,
where the MPC-RG is implemented as an explicit MPC controller. Next, in the
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Chapter 6 we focus on a energy-intensive system, the boiler-turbine unit, where
we show how the MPC-RG improves the behavior of three decoupled PI loops
stabilizing the plant. Finally, the Chapter 7 presents a simulation-based case
study involving optimizing the behavior of thermostatically controlled temper-
ature inside a building. Conclusions and future research topics are addressed in
the Chapter 8.



Introduction




Part 1

Theory






CHAPTER 2

Optimization

An overview of optimization is addressed in this chapter. In the Section 2.1,
we introduce three key types of optimization problems. We cover the standard
formulation of linear and quadratic programming problems. The MPC formula-
tion and as well as MPC-based reference governors must be transformed into
these standard forms of linear or quadratic problems so that they can be solved
via available techniques. We also cover a mixed-integer optimization problem,
which arises when considering MPC-based governors supervising relay-based
closed-loops. Next, in the Section 2.2 we discuss solution techniques to obtain
the optimal solutions to aforementioned optimization problems.

2.1 Types of Optimization Problems

A general optimization problem is stated as

min Agpi(2) (2.1a)
S.t. hineq,i(2) <0, Vi € Ny, (2.1b)
heq,j(2) = 0, vj e Ny, (2.10)

where the vector z € R™ denotes the optimization variable, hgp;(2) is the objec-
tive function, and hineq,i(2), heq,;j(2) are constraint functions. Scalars mjneq, and
Meq represents the number of inequality constraints and equality constraints,
respectively. Based on the type of the objective function (2.1a) and functions
Dineq,i(2); heq,j(2), we distinguish between several classes of the optimization
problems.

Firstly, we differentiate between convex optimization problems and non-convex.
The main advantage of convex optimization problems over the non-convex
problems is the guaranteed presence of unique global optima z*. Problems are
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convey, if and only if the objective function and all constraint functions are
convex. Particular optimization problems are discussed in subsequent sections.
For more details about any of mentioned class of optimization problems, we
direct the reader to [Boyd and Vandenberghe, 2009, Nocedal and Wright, 2006].

2.1.1 Linear Programming

When the objective function, as well as the constraint functions, are affine, we
refer to such an optimization problem as a linear optimization problem (LP).
Linear programming problems are usually written in the matrix form

min c'z+d (2.2a)
s.t. Aineqz S bineq7 (22b)
Aeqz = beg, (2.2¢)

where z € R™ is the vector of optimization variables. Next, c € R™, d is a scalar,
Aineq € R™MineaX™ hipeq € R™Minea, Agq € R™Mea*™ and beq € R™ima are constants of
the LP. The LP is a convex optimization problem.

2.1.2 Quadratic Programming

The quadratic optimization problem (QP) differs from the LP in the objective
function. Specifically, we cast the quadratic optimization problems as follows

min 2THz+c"z+d (2.3a)
s.t. Aineqz S bineqv (23]:))
Aqu = beqa (2.3¢)

with the vector z € R™ being the decision variable. The matrix H € R™"*"
determines the convexity of the optimization problem. If H > 0, then the
optimization problem in (2.3) is a convex problem, hence it solution converges
to a unique optimum.

2.1.3 Mixed-Integer Programming

Presented formulations in Section 2.1.1 and 2.1.2 assume that the optimization
variable z is real. Here, we split the optimization variable z to a vector of real
variables and to a vector of binary variables, specifically,

z= [ ZJ]T, (2.4)
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where 2z, € R™, 2z, € {0,1}"™, and m, + mp = m. In this thesis, we will deal
with mixed-integer (MI) optimization problems with linear constraints and
with linear (MILP) or quadratic (MIQP) objective function. Formally, these MI
problems can be stated as

min  fopi(2r, 2b) (2.5a)
Zry%b

s.t. Aineq,rzr + Aineq,bzb < bineqa (2.5b)

Aeq,rzr + Aeq,b 2y = beq, (2.5¢)

zp € {0,1}™ (2.5d)

with Aineqr, Aineqbs Aeqr, and Aeqp of real matrices of appropriate size. If the
optimization problem (2.5) is casted as an MILP, then the objective function is

hobj(2r; 2b) = € 2 + ¢ 2 + d, (2.6)
while for an MIQP,
hobj(2e, 2b) = 2] Heze + 2] Hozp + €] 2 + ¢ 2 + d. (2.7)

By including the binary constraint (2.5d), the problem (2.5) becomes non-convex,
which makes it more difficult to solve then LP/QP. Further reading material
on the topic of the mixed-integer programming can be found in [Conforti et al.,
2014].

2.2 Solutions Techniques

In this section we briefly discuss the solutions techniques to aforementioned op-
timization problems. We will focus on the traditional optimization techniques,
denoted as online optimization and we will elaborate on the parametric opti-
mization as well. We will not cover the method in detail, since it is not the topic
of this thesis.

2.21 Online Optimization

By the term online optimization we mean that the optimization problem is
numerically solved, hence obtaining the optimal value of decision variables.
The optimization problems are solved using one of many algorithms which
largely depends on formulating the KKT conditions.

The best known algorithms for obtaining the optimal solution to QP and LP is
the Active-Set Method and the Interior-Point Method. For the LP we can employ the
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Simplex Method to find the optimum. Solving this class of optimization problems
is fairly easy, and it can be done even for a large number of decision variables in
reasonable time, by employing state-of-the-art solvers, like GUROBI, CPLEX,
and MOSEK. On the other hand, solving the MILP/MIQP is more time con-
suming. The brute-force way to solve MI problems is to enumerate all feasible
combinations of the binary variable and then solve corresponding LP/QP via,
e.g., Active-Set. Then, the optimal combination of binary variable will be chosen
such that the value of the objective function is as small as possible. Since there
are my, variables, the worst case scenario is to solve 2™ local LPs/QPs. However,
more effective ways exist to solve the MILP and MIQP problems. Software
tools like GUROBI}, CPLEX?, and MOSEK? utilize methods like Branché&Bound
and Branch&Cut algorithms, which allow for faster solution of the MI problem
without the need of exploring all of the combinations of binary variable.

2.2.2 Parametric Optimization

We will discuss the principle of the parametric optimization on the quadratic
programming (2.3). Consider a QP* into

min 2THz+0TFz+c"z (2.8a)
z

s.t. Aineqz < bineq + E0, (28b)

where z € R™ is the vector of decision variables and # € R™ is a free parameter.
In connection with the MPC, the  parameter is usually an initial condition
or a measurement of a process variable. Next, H, F, ¢, Aineq, bineq and E are
matrices and vectors of constants of appropriate sizes. Naturally, if the § would
be given, the problem (2.8) translates back to the QP form in (2.3). In the
parametric optimization, however, the parameter is not known a priori. Here,
the solution to the problem is not a specific value z*, but an explicit function of
all possible values of 6, which satisfy the constraint (2.8b). The optimal solution
si denoted as z*(6). Once the z*(0) is constructed, the optimal value of the
decision variable is obtained by a mere function evaluation at the given value
of 0 variable. Note, that parametric solution and subsequent evaluation of z*(¢)
for given 6 is equivalent to the online solution. The parametric formulation
of the optimization problem can be extended to accommodate the quadratic
objective function as well as mixed-integer cases. Depending on the structure

lwww.gurobi.com
2

3

www—01.ibm.com/software/commerce/optimization/cplex—-optimizer/
www.mosek.com

4The equality constraints can be removed from the optimization problem by taking the nullspace
of the matrix Aeq and some particular solution for z in (2.2c)
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of the original problem, the properties of the resulting 2* () changes. In case
of LP and QP, the z*(#) is in the form of a continuous piecewise affine (PWA)
function, while in case of the MILP and MIQP the resulting optimizer can be
discontinuous PWA function. Specifically,

LEMMA 2.1 (BEMPORAD ET AL. [2002], BORRELLI [2003]). Consider the para-
metric quadratic program in (2.8). Then the optimizer z* = (0) is a piecewise
affine (PWA) function of the vector of parameters, i.e.,
a0 + b1 if 0 € Ry
k(0) = g . (2.9)
00+ Bry 10 € Ry

where
Ri={0|Ti0 <~} i=1,....,nr (2.10)
are polyhedral regions and ng denotes the total number of regions. 0

In simple terms, Lemma 2.1 states that the optimal solution to (2.8) for a partic-
ular value of the parameter ) can be obtained by simply evaluating the PWA
function in (2.9). This can be done in various ways. The simplest one is to use
the so-called sequential search. Here, we go through each i = 1, ..., ng, checking
whether § € R;. This can be done by testing whether I';6 < v; holds. If 6 is
contained in R;, the optimal value of z* is given by 2* = ;6 + 3; and the proce-
dure can be aborted. Otherwise the counter i is incremented by ¢ = i 4 1 and
the next region is tested. Trivially, the runtime of such a sequential procedure
is O(nR). More efficient evaluation algorithms exist, e.g. the binary search tree
procedure of Tendel et al. [2003], which is schematically depicted in the Fig. 2.1.
These, however, require additional preprocessing effort. Finally, we remark that
the parametric representation of the optimizer in (2.9) can be obtained off-line
by applying parametric programming solvers [Oberdieck et al., 2016a], which
are available, e.g., in the Multi-Parametric Toolbox [Herceg et al., 2013], or in
the POP toolbox [Oberdieck et al., 2016b].

The practical implication of the parametric solution is the ability to use tech-
niques of the optimal control in places, where online-solvers can not be imple-
mented. We may mention a low-level hardware like micro-controllers, which
are unable to accommodate complex algorithms like Active-Set [Kaluz et al.,
2015]. There are however several disadvantages to the parametric programming,
mainly the complexity of the obtain the parametric solution or the memory de-
mands for storing the optimizer z*(6). Further reading material on this topic
can be found in [Borrelli et al., 2015, Kvasnica, 2009, Bemporad et al., 2002].
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Figure 2.1: Binary search tree.
2.3 Concluding Remarks

This chapter was devoted to the presentation of the optimization problems.
We have presented linear programming, quadratic programming, and mixed-
integer programming. These problems are directly linked to the model predic-
tive control strategy, which is shown in the next chapter. The MPC is formulated
as an optimal control problem, which is then translated into an LP, QP, MILP or
MIQP problem, to be solved. In this thesis, we use both approaches to solving
MPC problems. Further details about particular applications of the optimization
can be found in case studies which are discussed in Part II of this thesis.



CHAPTER 3

Model Predictive Control

The main principle of the model predictive control strategy is to choose optimal
control inputs while predicting the future behavior of the plant based on the
current measurements of process variables. The future behavior is predicted
over a time frame called the prediction horizon. Repeated solving an optimiza-
tion problem obtains the optimal control actions at every time instant. To such
a scheme we often refer to as a receding horizon policy [Maciejowski, 2002,
Mayne et al., 2000]. Naturally, the topic of the MPC is widely studied by many
researchers in connection with various fields [Mayne, 2014]. Theory presented
in this chapter of the thesis is inspired mainly by work of [Pannocchia and Rawl-
ings, 2003, Shead et al., 2009, Muske and Badgwell, 2002] in terms of the MPC
formulations and especially in connection with offset free control strategies.

These optimization problems are of various nature, depending on the type of
the plant we desire to control or depending on the hardware where the control
actions are evaluated. In this chapter, we will present the control problem
formulations if we assume that the plant is controlled solely by the MPC. To
such a setup we will refer to as a Direct-MPC scheme. In every case of the MPC
design, a knowledge of the plant model is required. Naturally, we know of
several types of model, which can be used in the synthesis of the optimization-
based controllers.

Despite the choice of the plants’ model, the structure of the MPC controller
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remains the same, in general, we can cast it as follows

N-1

min In(zN) + 1;) C(xh, yr, ur) (3.1a)
st g1 = (o, ur), ke Név_l (3.1b)
Yk = g(Tk, ug), ke Névfl (3.1¢)

up €U, ke NY! (3.1d)

Tp € X, kEeNY! (3.1e)

Yk €Y, ke Nyt (3.1f)

xo = x(t). (3.1g)

Here, constraints (3.1b) and (3.1c) represent the model behavior based on which
the predictions are made. Next, we enforce limitations on manipulated, state
and process variables via (3.1d)-(3.1f). Sets &, X, and ) can be of arbitrary
nature, but we usually restrict signals u, « and y by a box constraint, expressed
as

Umin S U S Umax (323)
Tmin S Tk S Tmax (32b)
Ymin S Yk S Ymax- (32C)

The quality criteria of the control performance are utilized in the objective
function (3.1a). The optimization problem (3.1) is initialized by a measurement
of the state variables z(t) in (3.1g). The vector of initial conditions may differ
from particular choice of the prediction model in (3.1b) or by choice of the
objective function. The solution of the aforementioned optimization problem
yields an optimal sequence of control inputs

U= [ug UJT\PJT' (3.3)

In the closed-loop implementation, we apply to the process the first element of
the sequence uo and we disregard the rest of the sequence [u] ... u}_,]".In
the next sampling instant, we resolve the (3.1) with a new initial condition .
Such an implementation is called Receding Horizon Control (RHC).

Depending of the choice of the objective function (3.1a) and the choice of the
functions f(-), ¢g(-) we may arrive to various types of optimization problems.
First, we will focus on the types of the objective function. Terms of the objective
function are expressed via weighted norm ||Qz||,, where p = {1,2,00}, @ > 0,
and z € R™. The first term of the objective function, the terminal penalty, is an
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optional extension of the performance criteria. The choice of the value p then
translates the weighted norm to specific expressions

Q=11 = Z |Qizi, (3.4a)
i=1

Q2|2 = 27Qx, (3.4b)

Qz]loe = max (|Qizi]) - (3.4¢)

From (3.4) results that if we choose p = {1, co} the resulting objective function
will be linear in the optimization variables, and if p = 2 we will arrive at
quadratic objective function.

In this thesis we will deal with tracking types of the MPC, hence we will consider
following structure of the objective function (3.1a)

Ly, ur) = |Qy (re — y&) [Ip + [|QauAur |, (3.5)

where Auy = uy, — up—1. The first term drives the output yy, to the k—th step of
the user defined reference rj. The second term penalizes the control increments,
which introduces integral action to the closed-loop. Such property is desired
when the steady state offset needs to be removed.

The prediction model changes the structure of the constraints. In general, we
can either choose a nonlinear expressions for the model behavior, or we consider
a linear models. The first case results in a non-linear optimization problem,
while the latter choice results in quadratic programming or linear programming.

Lastly, sets U/, X, ) are usually chosen as polyhedra. Thus they are represented
by finitely many linear inequalities. However, these set can also include non-
linear expressions, like an ellipsoidal structure or even non-convex shapes. It is
often desired to structure the MPC towards an LP or a QP with convex linear
constraints. Such classes of optimization problem can be easily solved via
several state-of-the-art tools.

3.1 Linear Prediction Models

This section presents standard prediction models. First, we will show the
structure of the MPC if an input-output model in the form of a transfer function
is used. Second, we focus on a state space prediction model. Both of these
formulations are later utilized to design the MPC-based reference governor.
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3.1.1 Input-output Prediction Model

The simplest choice for the plant model can be a transfer function. Such a model
is usually used when we are dealing with SISO systems. In order to combine
the transfer function based model

m

=]
E bz
Jj=0

H") =220

E a;z" "
i=0

with the MPC structure in (3.1) we require that the prediction model is in the
form of the difference equation similar to (3.1b) or (3.1c). Naturally, if the
transfer function is proper, i.e., m < n, then the model in (3.6) can be converted
into the time domain, yielding

(3.6)

y(t+1Ty) = a—lo (— Zaiy(t - (i+1)7T) + iju(t -G+ 1)Ts)> . (3.7)

=0
To simplify the notation, lets abbreviate the right hand side of (3.7) by
y(t +Ts) = fy(y(@t), ...yt —nTs),u(t),...,u(t —mTy)). (3.8)

In order to use the difference equation in (3.8) as a prediction equation, we
shift the sequence by a one sample time instant forward. The MPC problem
formulation is then given as

N-1

ulmin IN(yn+1) bio (Yk, uk) (3.9a)
""" U i=0

Yk+1 :fy(yk7"'ayk—nvuk7~'~auk—m)7 ke Név_17 (39b)

up €U, ke Ny (3.90)

yr €, ke Ny (3.9d)

0o = 0(t), (3.9¢)

where the function fy(-) in (3.9b) is the prediction equation based on (3.8). The
problem (3.9) is initialized by vector of theta given as

0t) = [y(t) ... ylt—nTy) u(t—T) ... u(t—mly)]" . (3.10)

Since the one-step-ahead prediction of the output y(t + 7;) depends on the
sequence of the current and past inputs and measured outputs respectively, the
vector of initial conditions contains previous instances of y and u in accordance
with (3.7).
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The objective function (3.9) given as

Cio(Yr ur; 1) = [|@ry (T = wk) [l2 + [ Qu (Aug) [l2, (3.11)

consists of two terms, the first penalizes the control error in each step of the
prediction and the latter one penalizes the differences in control actions Auy, =
uy, — ug—1. The vector 0(t) also consist of the term u (¢t — Ts), which is required
for the initialization of the Aw; in (3.11).

Even though the model predictive control algorithms originated in the dynamic
matrix control (DMC) Cutler and Ramaker [1979], later known as Generalized
Predictive Control (GPC), which was based on the input-output models Cama-
cho and Bordons [2007], the formulation (3.9) has several key limitations. First,
we do not have access to the states, hence we also can not include constraints on
these signals. Second, the vector of initial parameters 6(t) can be of significant
length for higher order systems. This however has no direct consequence if we
consider implicit solution to the optimization problem. On the other hand the
length of 6 has negative impact on the complexity of the explicit solutions to the
QPs. The explicit model predictive control strategy is covered in more detail in
the Section 3.3.

3.1.2 State Space Prediction Model

Second type of widely used MPC formulations stems from the utilization of
state space models. Formally the state space model in discrete is expressed as

z(t + Ty) = Ax(t) + Bu(t), (3.12a)
y(t) = Cx(t) + Du(t), (3.12b)

where states are denoted as « € R™, measured signals are denoted by y € R™
and by u € R™ is represented the vector of manipulated variables. Next, A €
R™>m B e R™*™ e R™*™ and D € R™*™. The variable T; represents
the sampling time.

In fact, most of scientific works in the field of MPC strategies are based on linear
state space models Prasath and Jergensen [2009], Shead et al. [2010], Rawlings
and Mayne [2009]. The control problem can be casted in several different ways.
In this thesis we will focus on a formulation, which removes the offset, i.e.
manages to track the reference. More on the offset-free reference tracking can be
found in the next Section 3.2. The control problem in form of an optimization
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problem is expressed as follows

N—-1

uo,.r.r.l,iuljl\,_l [@nzw |y + kzo Lss (1, Yro, ur) (3.13a)
st. zp41 = Axy, + Bug, keNY-* (3.13b)

yr = Oz + Duyg, ke NY-? (3.13¢)

Umin < Uk < Umax, ke Ny (3.13d)

ZTmin < Tk < Tmax; keNy ! (3.13e)

Ymin < Yk < Ymaxo ke NY-? (3.13f)

xg = xz(t),u_1 = u(t — Ts). (3.13g)

where the objective function (3.13a) is given as

lss(+) = 1@y (re = wk) ll2 + | Qu (Au) |2, (3.14)

in which again the last term is defined as Auy = u — ug—1. If we assume that
the design model given by (3.13b) and (3.13c), is identical to the process, then
using such an MPC strategy will achieve offset-free tracking of given reference.
Of course, this assumption is rarely valid, hence different techniques must be
considered in order to make the MPC track the reference precisely. The next
section will cover such a control strategy.

3.2 Offset-Free Control Scheme

As indicated in the previous section, we rarely arrive at the situation, when the
design model is identical to the process. Moreover, even if this is the case, the
process is usually affected by unmeasured disturbances, which introduces the
offset to the tracking problem. In order to mitigate this situation, we extend
the design model by a set of state and output disturbance signals, which are to
be estimated at every sampling instant. This control scheme is often called as
disturbance modeling, and it is well documented in several publications Muske
and Rawlings [1993], Muske [1997], Muske and Badgwell [2002].

Since the offset-free control strategy plays a vital role in this thesis, lets establish
the procedure. First, consider an extended state space model in discrete time

Tht1 = Azxy, + Buy + Eydy, (3.15a)
yr = Cxy + Duy + Eydy, (3.15b)
diy1 = dy, (3.15¢)
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where the unmeasured disturbances d enter into (3.15a) and (3.15b) via a user-
specified matrices of appropriate sizes Ey, Ey, respectively. Moreover, the distur-
bances are assumed to have constant dynamics, cf. (3.15¢c). Define the estimated
extended state vector as

. Tk
Te = sz] ; (3.16)
where £ is the estimate of the state vector of the original model in (3.13), and
d is the estimate of the unmeasured disturbances. The number of these distur-
bances can vary, depending on the controller process. Usually, as suggested
by many scientific works, e.g. by [Borrelli et al., 2015, ch. 13.6] the number of
disturbances should coincide with the number of controller outputs. The choice
of matrices Ey, Ey depends also on the controller process. Usually, we set the
matrix Ey as a zero matrix if the process does not contain unstable open loop
dynamics Pannocchia [2003].

Next, we have two choices of obtaining the estimate of the vector . ;. Either
we use a standard Luenberger observer, or we consider a time-varying Kalmar
Filter. The first choice, the Luenberger observer is implemented via a state space
model

Te k1 = Aok + Bettg + L (Yo — Ym,k) (3.17a)
Ye,k = Ae‘re,k + Deuy, (317b)

where the system matrices are defined as follows

A E, _[B
a5, n-]7 @150
Ce=[C Ey|, D.=][D], (3.18b)

and the variable yn (t) is the vector measurements taken from the process. The
gain L is a static gain obtain usually via a pole placement method. In Pannocchia
and Rawlings [2003] is also suggested that L can be calculated with respect
to the stochastic properties of the state and output signals, i.e., to use a static
Kalman Filter. The main advantage of using static gain in the observer is the
simple structure of the estimator, hence easier implementation. Naturally, if
such an approach of state estimation is used in connection with a non-linear
model, the actual control performance can be negatively affected if we move
away from the linearisation point, at which the model in (3.15) was obtained.
In order to mitigate this negative impact, we propose to use a time-varying
Kalman Filter, which has better convergence properties even if we move away
from steady state.
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The time-varying Kalman filter procedure consists of two phases. The first
phase is the prediction phase which is followed by the update phase. In both
phases the index k|k represents current estimate of the individual variables. The
prediction phase consist of two equations, namely

Ze k-1 = Aeler—1)k—1 + Beur, (3.19a)

Prjr—1 = AePp_1p—1A% + Qe (3.19b)

where &, j|x—1 is the predicted state estimate based on the previous time instant,
and Py, is the predicted value of the covariance matrix. The matrices A., Be,
Ce, D, are given as per (3.18).

The consecutive step in the estimation algorithm is the update phase, repre-
sented by

ek = (Ymk — Y) — (Ceferjp—1 + Dewy,) , (3.20a)

S = CePrj—107 + Re, (3.20b)
Li = Pyj—1CIS, (3.20c)
Zo gk = Tek|k—1 + Lier, (3.20d)
P = (I = LiCe) Prjr—1- (3.20e)

Here, the estimation error ¢, is calculated based on the plant measurements yp, i
per (3.20a). Since the estimator runs in deviation variables, the linearisation
point y;, must be substracted from the measurement. The time-varying estimator
gain Ly, is then calculated by (3.20b) and (3.20c). This gain is subsequently used
to obtain the current estimate of the state variables Z, j; via (3.20d). At the end
of the update phase, the covariance matrix P is updated. The tuning matrix R,
should be chosen with respect to the stochastic properties of the output signals.

The estimates of Z. and d can then be extracted from z. by

i = Mo pp,  dr = MaZe g, (3.21)
where
My=1[I, 0], Mag=1[0 I,,]. (3.22)

Here, ny is the number of states of the closed-loop system in (3.12) and ngq is the
number of disturbances.

The MPC design directly follows from the extended state space model (3.18),
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specifically
N—-1

min fy(zy) + kzo los (T, Vi, ) (3.23a)

sit. xpy1 = Axy + Buy, + Edy, ke NY! (3.23b)

yr = Cxy + Duy, + Fdy, keNY! (3.23¢)

Umin < Uk < Umax, keNY-? (3.23d)

Tmin < Tk < Tmax, ke NY! (3.23¢)

Ymin < Yk < Ymax; ke NY! (3.23f)

zo = 2(t),u_1 = u(t — Ty),do = d(t). (3.23g)

The objective function /s remains the same as in (3.14). In many situations we
do not have access to the future value of the disturbance signal, hence in the
MPC design we often substitute the term dj, for dy in (3.23b) and (3.23c¢).

T u Y
— Direct-MPC > Process >

A

Estimator [«

\ 4

Figure 3.1: Control scheme of a MIMO PID control setup.

The whole procedure of the offset-free control scheme is visualized in the block
diagram on the Fig. 3.1. The Direct-MPC block represents the optimization
problem given in (3.23) and the Estimator block refers to either Luenberger
observer or to the time-varying Kalman Filter.

3.3 Explicit MPC Concepts

Once the MPC problem is formulated as a quadratic optimization problem (QP),
obtaining optimal control inputs amounts to solving the QP for the particular
initial conditions. In essence there are two ways how to achieve this: the on-line
(implicit) approach and the off-line (explicit) approach. In the on-line approach
the QP is solved on-line at each sampling instant for a particular initial condition
using numerical optimization methods. In the off-line approach the QP is solved
for all feasibile initial conditions. By using parametric programming the optimal
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solution can be obtained as a function which maps initial conditions onto
optimal control inputs. Then, on-line, the optimal control inputs are obtained
by merely evaluating such a mapping function. It is worth emphasizing that
both approaches yield the same optimal control moves and are thus, from a
mathematical point of view, equivalent.

However, the off-line approach (see Section 2.2.2) offers one crucial advantage:
the on-line evaluation of the optimal map is usually faster and simpler compared
to solving the QP on-line. Therefore such an approach is ideal when aiming for
a fast and simple implementation of the MPC strategy to devices such as PLCs.

The idea of explicit MPC as popularized mainly by Bemporad et al. [2002] is
to use the parametric representation of the optimal solution to (2.8) to abolish
the main limitation of traditional on-line methods in terms of long computation
times. Specifically, in explicit MPC the idea is to replace on-line optimization
by evaluation of the PWA solution in (2.9). If the number of regions, i.e., ng,
is low (say below 100), obtaining U*(#) from (2.9) can be done in the range
of microseconds even on a very simple implementation hardware. Recently,
the topic of region-free explicit MPC has resurfaced [Kvasnica et al., 2015]
originally suggested by Borrelli et al. [2010], hence the explicit MPC can be
applied to process with larger number of parameters. Presented approach has
been experimentally tested on the control of the reflux ratio in the distillation
column and findings has published in [Drgonia, Klauco, Janecek, and Kvasnica,
2017].

An another, and probably even more prominent, advantage of the parametric
solutions in (2.9) is that their implementation is division free. This means that
identification of U*(#) only requires additions and multiplications. No division
operations are required. This mitigates potential implementation problems e.g.
due to buffer overflow or division-by-zero scenarios.

Once optimal solution U*(#) via explicit MPC is obtained, to the process is
applied only the first component of U*(6), usually denoted as u*. This follows
the receding horizon policy.

As s final remark, it should be mention that the parameter 6 does not necessarily
consist only from the state measurement. Depending on the MPC problem
formulation, the parameter theta is extended by several other variables. When
reference tracking is achieved, then the parameter theta is extended by the
reference values as well. Same goes for the measured/estimated disturbances.
Furthermore, when the Au variable is introduced to the MPC formulation, 6



3.4 Concluding Remarks 25

parameter must be extended by variable denoted as u(t — T5), as suggested by
e.g. (3.10).

3.4 Concluding Remarks

In this chapter was presented well known theory of the model predictive control
strategy. Formulations based on difference equations and state space equations
were presented. Individual MPC formulations were modified to enforce the
tracking objective. Moreover, the approach fo disturbance modeling or offset-
free control has been discussed to further strengthened the ability of the MPC
to remove any offset in reference tracking.

If the collection of presented optimal control strategies would be implemented
to control processes directly, one would gain significant improvements over
traditional strategies. In the next chapter we will present the alternative, called
reference governor control schemes. In these schemes we allow to keep current
control infrastructure, on top of which an optimization layer improves the total
performance.
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CHAPTER 4

MPC-based Reference Governors

The reference governor is a control strategy which objective is to modify the
user given reference r in order to improve the quality and safety of a system,
which already consist of a primary controller. We will refer to this control
strategy as an MPC-based reference governor (MPC-RG). This secondary layer
of control serves as a supervisory layer to the primary control layer, cf. Fig. 4.1.
The primary control layer consists of low level controllers, which provides
the actual control inputs and stabilizes the process and provide some tracking
performance.

r T Y
—» MPC-RG [«—— Estimator [«
w supervisory/outer layer
primary/inner layer
\ 4
Primary Controllers u » Plant —»
A

Figure 4.1: Conceptual diagram of the optimization-based reference governor
scheme.

Objectives of the reference governor are to improve tracking performance while
guaranteeing rigorous constraint satisfaction. The objectives are achieved by
optimizing setpoints for the primary layer of controllers. Note, that user will
not longer supply setpoints to the primary controllers, but it will be provided to
the reference governor, which will then calculate setpoints for the primary layer.
Such an arrangement has two key advantages. First, since the setpoints fro the
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primary layer are provided in optimal fashion, second if the MPC-RG fails to
provide the setpoint, the inner layer still maintains the stability of the operation.

The reference governor is formulated as an MPC-based control strategy. The
MPC-based reference governor can be formally given as

N—-1

mwi/n In(zn) + (X, Yk, U, W) (4.1a)
k=0

st zppr = flog, ug), ke N (4.1b)

yr = gz, ug), ke Név_l, (4.1¢)

ugp = h(xg, wy), ke Ny (4.1d)

up €U, ke NY 1 (4.1e)

rp € X, ke N (4.1)

Yk €V, ke Ny (4.1g)

wy €W, ke Ny (4.1h)

xo = x(t) (4.13)

where u € R™, z € R™, y € R™, are control variables, system states, process
variables, respectively. By r € R™ is denoted the user defined reference and
the w € R™, represents the set point for the primary layer of controller. The
optimization is solved to obtain the sequence

W=[wl ... wl,] (4.2)

while enforcing constraints (4.1b)-(4.1h). The main difference between the MPC-
based reference governor in (4.1) and the MPC in (3.1) is the prediction model
h(zk, ug, wy) in (4.1d) which represent the model of the primary controller.
Furthermore, we allow to constrain also the setpoint w in (4.1h).

REMARK 4.1. Without loss of generality we assume, that the state of the process
can be directly measured, as per the initial condition (4.1i). However, the states
are often abstract, so they can not be measured directly, hence we include the
estimator in the control scheme, cf. Fig 4.1. This estimator can be design as a
time-varying Kalman Filter as discussed in the Section 3.2. O

Challenges in formulating the MPC-based reference governor lies in the type
of the i(-) in (4.1d). In subsequent sections, we will show how the MPC-based
governor can be constructed if the primary layer consist of

1. PID controllers, discussed in the Section 4.1 and published in [Klau¢o
et al., 2017, Klauc¢o and Kvasnica, 2017],
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2. relay-based controllers, discussed in the Section 4.2, and published in [Dr-
gona et al., 2015],

3. local MPC controllers, elaborated in the Section 4.3, and published in Ho-
laza et al. [2017].

In all three cases we will first derive the model of the primary layer with the
process, i.e., the closed-loop system, hence we will identify equations f(-), g(-),
and h(-). This model will then serve as a prediction model for the MPC-based
reference governor.

4.1 Systems with Set of PID Controllers

A situation where the process is controlled primary by a set of PID controllers
is very common in the industry. This section is devoted to the mathematical
modeling of such closed-loop systems which consists of a process and an inner
controller in a form of a set of PID controllers. We assume that the process is
described by the linear model (3.12). Overall scheme of such a control strategy
can be seen on the Fig. 4.2.

lr

Reference
Governor

A

Closed-loop system

e

Figure 4.2: Closed-loop system with MPC-based reference governor control
strategy.

Depending on the particular choice of the process modeling, the structure of
the MPC-RG will change. In this chapter we will formulate the MPC-based
governor control problems for three main cases. First, in the Section 4.1.1,
we consider a SISO process characterized by a transfer function. Next, the
Section 4.1.2 is devoted to two MIMO cases.
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4.1.1 SISO Case

If the controlled system has one input and a single output, we can describe this
system by a transfer function of the form

G(s) = (4.3)

where U (s) represents the Laplace transform of manipulated variable u(t) in
the s-domain, and the variable Y'(s) is the s-domain counterpart of the output
signal y(t). For such a system exist a PID controller in a form of a single transfer
function

U(s)

(4.4)

in which E(s) is the Laplace transform of the control error e(t) defined as
e(t) = w(t) — y(t). By w(t) we denote the set point value for the PID controller.
Since we are dealing with SISO case, then w(t), e(t), u(t), y(t) € R If we apply
the rules of transfer function algebra, we obtain the model of the closed-loop
system given by

Y(s) _ Gls)R(s)
W(s) 1+G(s)R(s)

Ga(s) = (4.5)

In the MPC design a discrete time version of the model is considered, hence
the transfer function G (s) from (4.5) is discretized. We can use z—transform to
obtain the discrete time version of G (s), which we will denote as Hy(z~!) for
a given sampling instant 7;. Furthermore, the numerator and the denominator
of Hy(z~!) can be written as polynomials of 2, leading to

_ i bz~
_ Y(z7!) =0
Ha(z™") = e - (4.6)
W(Z 1) n+1 vzfi

If the discrete time transfer function is proper, i.e., m < n, we can rewrite the
transfer function into a recursive definition as follows

y(t—i—l):i (—Zaiy(t—i—kl)—&—Zlyw(f—j—l—l)) . “4.7)
i=1 —0

ao ,
J

The model in (4.7) represents exactly the prediction equation as in the Sec-
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tion 3.1.1. The MPC-based reference governor has following form

N
ulmiI;N io (Yr, ur, wy) (4.8a)
” k=1
Yer1 = Fy (Wl oy Yhmns Wiy« o, W), b € NN (4.8b)
Ymin < Uk < Ymaxs ke Ny (4.8¢)
0o = 0(t), (4.8d)

with the objective function

lio(*) = [|Qry (i — y&) |2 + [|Qrw (71 — wi) [l2+
|Quwy (Wi — yr) |l2 + [|Qaw (Wi — wr—1) |2 4.9)

The objective function is extended by several term compared to the original /;,
in (3.11). First term, penalizes the difference between the measured output and
the user-defined reference r. Second term penalizes the enforce convergence
of the shaped reference. Third penalization term provides that the predicted
evolution of the closed-loop system converges to the shaped reference. Last term
dampens the fluctuations in the evolution of the shaped reference throughout
prediction window. The penalty matrices Qry = 0, Qrw = 0, Qwy = 0, and
Qaw = 0 allow the designer to give different priorities to individual properties
of the reference governor.

The vector of initial conditions (4.8d) is for this case is expressed as

O=[yt) ... yt—nly) wit—-T) ... wit—mly) r ... T’N]T.
(4.10)

REMARK 4.2. The length of the parameter 6 can be decreased by N —1 elements
once we do not provide the future user-defined reference profile. O

The transfer function based prediction equations shown as in (4.7) is suitable to
use if we are dealing with SISO systems. On the other hand, some applications
require the use of state space approach. The state space based modeling can be
easily extended also to a MIMO case, which is covered in the next section.

4.1.2 MIMO Case

In the modeling of the MIMO closed-loop system we must distinguish between
two principal cases. For both cases a closed-loop model is derived using state
space modeling. Findings presented especially in the Section 4.1.2.1 are used to
formulate MPC strategy mentioned in Chapter 6.
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4.1.2.1 Symmetric Case

This case assumes the fact that the number of controlled outputs is equal to the
number of inputs. This also means that the number of set points is coincidental
to the number of outputs. Formally, such a condition is expressed as

Ny =Ny = Nw = D,

where p is the number of PID controllers. Control scheme is visualized in the
Fig. 4.3.

Y1

Plant E —/
Yp

Figure 4.3: Control scheme of a MIMO PID control setup.

Consider that the plant model is represented by the state space equations
from (3.12). Similarly to the plant model, we can obtain the state space model of
PID controllers Ry, ,(s). The compact representation of such a model can be
expressed as

e (t 4+ Ty) = Arae(t) + Bre(t), (4.11a)
u(t) = Crxr(t) + Dre(t), (4.11b)

where the variable z, denotes the aggregated vector of states of individual PID
controllers, i.e.,

J:r:[azll er’Q xlpr, (4.12)

where variable x, ; represents the states of the first PID controller, etc. Since
a PID controller is represented in general by a second order transfer function,
hence z, € R??.

REMARK 4.3. The construction of the compact state space model of the PID
controllers in (4.11) can be easily extended to accommodate also any polynomial
controllers. The only difference will be increased size of the vector xz, in (4.12). O
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In order to derive the state space model of the closed-loop system we must first
formulate an open-loop model. Such a model is easily formed by combing (3.12)
with (4.11), yielding a combined state vector

i H . (4.13)

X

Furthermore, the expression for u(t) from (4.11b) is inserted into state equa-
tion (3.12a) and to output equation (3.12b). Then the state space model of the
open-loop system is given as

z(t +Ts) = Aorz(t) + Bove(t), (4.14a)

u(t) = CoLuZ(t) + Dorue(t), (4.14b)

y(t) = CoLyx(t) + DoLye(t), (4.14c)

where,

A0

AoL = [BCr A] ; (4.15a)

B

BoL = [BDr] s (4.15b)

CoLu=[C: 0], (4.15¢)

DOL,u = Dr7 (415d)

Cory = [DC, (], (4.15e)

Dovy = DD:. (4.15f)

Next, combining the expression for tracking error e(t) which is given as
e(t) = w(t) —y(1), (4.16)

with the equation (4.14c) yields

y(t) = (I + Do)~ Covyi(t)+ (I + Dory) " Doryw(t). 4.17)

After inserting (4.16) and (4.17) into (4.14) we obtain following matrix expres-
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sions
AcrL = AoL — Bow (I + DOL,y)71 CoLy, (4.18a)
Ber = Bow, — Bov (I + DOL,y)_1 DoLy, (4.18b)
Cecru = Coru — Dovu (I + Dovy) ! Coru, (4.18¢)
Dcru = Dovu — Do (I + DOL,y)il Dor,u, (4.18d)
CeLy = (I + DOL,y)71 CoLy, (4.18¢)
Dery = (I+ DoLy) ' Dovy, (4.186)

which are then arranged in a familiar fashion into a full-fledged state space
model of the closed-loop system of the form

Z(t+Ts) = AcLZ(t) + Bepw(t), (4.19a)
u(t) = CeLu(t) + Depuw(t), (4.19b)
y(t) = CeLyZ(t) + Dcpyw(t). (4.19¢)

Model in (4.19) allows us to simulate responses of the states z(¢) based on (4.19a),
the evolution of the manipulated variable u(t) in (4.19b) as well as the output
profile y(t) in (4.19c) given the reference w(t). Compared to the transfer function
based approach in Section 4.1.1, we can easily access also control inputs.

The MPC-based reference governor is casted as a constrained finite time opti-
mization problem

N—-1

U07-I-Ij1}llrjl\l—1 In(zN) + 2 Lss (Yr, ug, wy) (4.20a)
s.t. Tpy1 = Acrak + Berwy, ke Ny (4.20b)

ur, = CeLux + DevuWk, keNY! (4.20c)

yr = Ccry @k + Derywy, kEeNY! (4.20d)

Umin < Uk < Umax, ke Nyt (4.20e)

Tmin < Tk < Tmax, ke Nyt (4.20f)

Ymin < Y& < Ymaxs keNY! (4.20g)

xo =x(t),u_y = u(t — Tg),w_1 = w(t — Ty), (4.20h)

with objective function defined as

lss () = [1Quy (i = wi) 13 + | Quw (i — wi) I3 + | Quy (wi — w) I3+
1Qawe (wie — wi—1) 13 + | Qau (s — 1) [13- (421)
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The structure of the objective function in (4.21) is similar to 4;,(-) in (4.9), except
of the penalization of the control slew rates. Note, that since the manipulated
variable u is no longer the optimization variable, we do not necessarily require
a penalization of this variable in the objective function.

In the next subsection we will focus on a more general case, when the number
of manipulated variables does not coincide with the number of controlled
variables.

4.1.2.2 General MIMO Case

The characteristic of this second principal case is that the number of manipu-
lated variables differs from the number of controlled signals. Here, we must
distinguish between two scenarios. First, if n, < ny then the system is not
fully controllable. Second case is, if n, > ny, then during control may arise a
problem with maintaining the offset-free qualities of the control performance.
However, in the each of these two sub-cases a pre-compensator must be in-
cluded in the control scheme in order to compensate between mismatching
number of control variables and manipulated variables. Such a control scheme
is illustrated in the Fig. 4.4. In such a scheme the individual PID controllers do
not directly provide the control action u(t), however, they provide an auxiliary
control action, denoted as v(t), which is supplied to the pre-compensator. The
actual control action u(t) is provided by the pre-compensator filter. The design
of the pre-compensator filter is usually realized in s-domain [Skogestad and
Postlethwaite, 2005, ch. 3], i.e., as a set of transfer functions, generally denoted
by T(s). The pre-compensator is a matrix of transfer functions given as

T171(S) T172(S) s TLny (S)
T(s) _ T2,1.(3) ngQ(S) te T277L.y (3) (4.22)
Tooa(s) Ty2(s8) -+ Tnu,ny(s)

The matrix T(s) can be converted into one state space model, denoted as

l‘T(t + Ts) = ATZ’T(t) + BTU(t), (423a)
u(t) = Crzr(t) + Dro(t), (4.23b)
where the variable zt denotes the utilized vector of states, which originates in

converting each of the single transfer function in (4.22). Recall, that signal v(¢) is
the actual output from individual PID controllers and the output from this state
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1
V1 Ul > Yy
T(s) * |Plant| - —
Uny, Un,, Yny
> > ———p
Y

Figure 4.4: Control scheme of a MIMO PID control setup, where G(s) represents
the transfer function matrix model of the MIMO system and the pre-
compensator is denoted by the matrix T(s).

space model is the manipulated variable u(¢). In order to derive the model of the
closed-loop system with the filter T'(s), we will first derive the combined model
of the filter (4.22) and the plant model (3.12). We will substitute the variable w(t)
in the model (3.12) for the expression in (4.23b). Such a substitution results in
an aggregated model

xT(t + TS) = ATIT(t) + BTU(t), (424&)
x(t+ Ts) = Az(t) + B (Crar(t) + Dro(t)), (4.24b)
y(t) = Cx(t) + D (Crar(t) + Dro(t)), (4.240)

which can be restructured to a matrix form

[:;T((ztt;r ;’;S))] - L?CTT Sx] [ZT(%)} + {BBET] v(t), (4.25)
y(t) = [DCr C] KT((;))] + DDro(t). (4.25b)

Next, we can treat the model in (4.25) as the main system, which is controlled
by a set of PID controllers and we can apply matrix manipulations as in (4.14)-
(4.19). Now, we have obtained a state space model of the closed-loop system
which also includes a pre-compensator filter. The MPC-based strategy can be
then designed exactly in the same fashion as is expressed in (4.20) with the
objective function (4.21).

REMARK 4.4. The number of states in such a system can increase dramatically
due to the structure of the filter T(s). Such an increase on system states can
negatively effect the complexity of the MPC control strategy. O
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The MPC-based reference governor based on a transfer function modeling
(Section 4.1.1) of the closed-loop system was experimentally applied, and the
results of these experiments are addressed in detail in the Chapter 5. Moreover,
we have also applied the MPC-RG based on the state space model of the closed-
loop system containing three individual PI controllers, and these results are
covered in the Chapter 6.

4.2 Systems with Relay-based Controllers

Relay-based control is also known under the term on-off control or a bang-bang
control. It is one of the oldest types of controllers. The operation of such a
controller is limited to providing either minimum, %min, Or maximum, Umax,
value of the control action. These min/max values correspond to on/off states
of the relay, since usually the relay controller does not provide the actual control
action. The change between providing the maximum value is triggered by the
measured variable crossing a threshold . Depending on particular application,
the maximum value can be applied of the threshold is crossed in the negative
direction and vise-versa. The operation of the relay-based controller is depicted
on the Fig. 4.5. Theoretical formulations presented in this section are adopted

yzw+ry

y<w-—vy

Figure 4.5: Relay-based controller.

from [Drgona, Klau¢o, and Kvasnica, 2015], where specific MPC-RG for on/off
controller was designed to improve the behavior of a thermostatically controlled
temperature in building. Here, in this section we generalized this approach to
an arbitrary on/off controller.

4.2.1 Model of the Relay-based Controllers

The model of the relay based controller, represented by the finite state machine
by Fig. 4.5, can be captured by introducing a binary state variable z € {0,1}.
Then z = 1 represents the "on" state, or the state when umay is applied, while the
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"off" state corresponds to z = 0. The dynamical evolution of the state z is given
by a state equation

2(t+T2) = fo(2(1),y(t), w(t)), (4.26)

where z(¢) is the current value of the binary state, y(t) is current measurement a
the w(t) is the setpoint provided to the relay-based controller. The state update
function f,(-) is given by

1 if (z=1A-(y>r+79)V
£ (2(), y(t), w(t)) = (z=0A(y<r—1)) (4.27)

0 otherwise

“”_n

where the “—" denotes the logic negation, “A” is the logic conjunction and “Vv”
stands for the logic disjunction. Once the binary state of the thermostat is
available, the value of the manipulated variable provided to the process is given

by

" Umax 1If z=1 (4.28)
Umin if z=0.

Note, that the relay-based controller does not have to necessarily switch between
Umax and umin. These values may be chosen arbitrarily based on the needs of the
particular technology, they even can be time-dependent.

4.2.2 Reference Governor Synthesis

The synthesis of the MPC-based reference governor presented in this section is
adopted and generalized based on paper by Drgona et al. [2015]. The closed-
loop model with a relay-based controller is given by a linear discrete time state
space model as in (3.12) and by a control law given by the binary state update
equation (4.26). The control scheme with the inner loop is shown in the Fig. 4.6.

In the MPC-based design, the optimal profile of modulated references w is
obtained over a prediction time frame NN based on the state measurements.
Specifically, the optimal sequence wy, .. x—1 can be obtained by solving follow-
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lr
Reference
Governor T

Figure 4.6: Reference governor scheme with a relay-based controller.

ing optimal control problem

mV[i/n gz (xlm Yk, Uk, wk) (4293)
st. xpp1 = Az + Bug, keNY? (4.29b)
yr = Czp + Duy, ke NY? (4.29¢)
Tmin § Tk S Tmaxs k € Név_l (429d)

Ymin S Yk S Ymax > k € Név_l (4298)

x ifzp=1
=4 e BERE ke NY-! (4.29f)
umin Otherwise.
Zir1 = fo (2, Yio W), keNy! (4.29¢g)
xo = x(t), 20 = 2(t). (4.29h)

Again, the z;, denotes the k-th step prediction of the state vector obtained
though (4.29b) based on (4.29h). The dynamical behavior of the on-off evolves
according to (4.29¢g) and (4.29f). By employing a relay-based controller we inher-
ently can not achieve a zero offset while tracking the reference. The choice of the
objective function is this case is depends on particular application. One of the
choice is to include a term ||Q.y7 — yx||3 which enforces the reference tracking
part, however in this case it will result in oscillating behavior. Individual appli-
cations may require a direct penalization of the manipulated variable, ||Quux||3
since usually this signal is directly related to the energy spent to achieve the
control objectives.

Unfortunately, the problem (4.29) cannot be immediately solved since it contains
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IE-THEN rules in (4.29f) and (4.29g) via (4.27). Therefore, we show that these
constraints can be rewritten into a set of inequalities that are linear in the decision
variables. However, since the state z is a binary variable, the entire reformulated

control problem will become a non-convex mixed-integer quadratic problem
(MIQP).

4.2.3 Mixed-Integer Problem Formulation

First, we start by rewriting the IF-THEN rule in (4.28) to a set of logic rules

1
0]

[z [4 = Umax], (4.30a)
[z [t = Umin], (4.30b)
where the “<" denotes the logic equivalence. Next, we rewrite (4.30) into a set

of inequalities using propositional logic Williams [1993]. Then (4.30) hold if and
only if z and u satisfy

=4
=

—M;(1—2) < U — Umax; < M;(1— 2), Vi € N7, (4.31a)

—M;z < wu; — Umin,i < M;z, Vi € N?u, (431b)

where M . ,, are sufficiently large scalars. The value M, is often chosen
automatically by individual software tools (like YALMIP in MATLAB), however
if we need to choose it manually, we can adopt following expression

M; = max{|umin,i|; |Umax,i|}, Vi€ N". (4.32)

In order further introduce the reader to the logic reformulation, let us show the
results in z = 0, then

7M7 S U; — umax,i S Mi7 VZ € N;lu, (433&)
0 < u; — Umin,i <0, Vi € N, (4.33b)

which can be further expanded to

Ui > Umax,i — M,
7Ml < u;— Umax,i < Mi — L omant ’ 5 (434a)
u; < Umax,i T M;

i > min, i
0 < t; — Upini < 0 oy = i (4.34b)
u; < Umin,i
enforced for i = {1,...,n,}. The inequalities in (4.34a) reads, that the value

u; is bounded from the bottom by a large negative number and the a large
positive number from the top. But, the second set of inequalities (4.34b) points
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to U; = Umin,i, since from the bottom and from the top the variable u; is bounded
by the same expression umin;. Same logic can be applied for the case when
z = 1, but we will obtain inverted scenario compared to the (4.34), hence we
will enforce logical rules in (4.30) via set of linear inequalities.

The translation of the binary state equation f,(-, -, -) as in (4.27) starts by rewrit-
ing it again to a set of logic equivalence rules

1 if(z A =6,) V (mz A bp)

(4.35)
0 otherwise

fo(2,T,r) = {

where §, and ¢y, are binary variables that indicate whether the measurement y is
above the upper threshold (i.e., y > w + ), or below the bottom threshold (i.e.,
y < w — 7). Specifically,

[ba=1] & [y > w +1], (4.36a)
[ =1] & [y < w—1l. (4.36b)

Next we rewrite (4.36) into a set of inequalities using propositional logic as have
done with the first IF-THEN rule.

LEMMA 4.1 (WILLIAMS [1993]). Consider the statement
[6=1] < [g(v) <0], (4.37)

where § € {0, 1} is a binary variable, v is a vector of continuous variables, and
g(+) is any function. Then (4.37) holds if and only if ¢ and v satisfy

g(v) < M(1-9), (4.38a)
g(v) > €+ (m — €)0, (4.38Db)

where M is a sufficiently large scalar, m is a sufficiently small scalar, and ¢ > 0
is the machine precision. For the scalars M and m holds

M = max (g(v)) (4.39a)
m = min (g(v)) (4.39b)
(4.39¢)

We can apply Lemma 4.1 to (4.36a) as follows. Take v = [y7,wT|T and let
g(v) := w + v — y. Then (4.36a) is equivalent to
w7y —y < My(1—6,), (4.40a)
w+y—y>e+ (my —€)d,. (4.40b)
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With g(v) := y — w + v, (4.36b) is satisfied if and only if

y—w+y < Mp(1—6p), (4.41a)
y—w+y>e+ (mp—€)dp. (4.41b)

Next, we rewrite the IF condition of (4.35), i.e., (z A —6,) V (mz A &), into
inequalities in binary variables z, d,, and dp. Introduce the substitutions

5= 2 A —d,, (4.42a)
2= =2 A O, (4.42b)
53 = 51 V 62, (442C)

where §1, d2, 03 are new binary variables. It is easy to verify that (4.42a) is
equivalent to

6 < z, (4.43a)
81 < (1-6a), (4.43b)
z4+(1—02) <1464, (4.43¢)

which uses the fact that the negation of a binary variable §, can be equivalently
written as 1 — d,. Using the same approach, (4.42b) can be rewritten as

da < (1 —2), (4.44a)
0y <y, (4.44b)
(I—2)+6 <1+, (4.44¢)

which is a set of inequalities that are linear in 2, z, and J,. Finally, (4.42c) is
equivalent to

(53 > (51, (445&)
85 > 6, (4.45b)
53 S 51 + 52. (445C)

Therefore J5 equivalently models the satisfaction of the IF condition in (4.35).
Then f,(z,T,r) in (4.27) can be rewritten as

f2(2,T,7) = 03. (4.46)

With (4.28) rewritten per (4.30) and f;(-, -, -) in (4.27) being equivalent to (4.40)-
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(4.46), problem (4.29) can be equivalently stated as

N-1
min kZ:o Ly (ks Yh, Wiy T (4.47a)
s.t. xx 11 = Axy + Buy, (4.47b)
yr = Cap + Duy, (4.47¢)
Uk,i > Umax,i — Mi(1 — zg) (4.47d)
Uk,i < Umax,i + Mi(1 — 2zp) (4.47¢)
Uki 2 Umin,i — Mz (4.47f)
Uk,i < Umin,i + Mz (447g)
wg + v — Yk < Ma(1 = a ), (4.47h)
Wy + Y = Y = €+ (Ma — €)0ak, (4.471)

Yk — w + 7 < Myp(1 = bpk), (4.47j)

Yp — W+ > €+ (Mp — €)0p i, (4.47k)
o1k < 2k, (4.471)
Ok < (1= 0ar), (4.47m)
2+ (1= 0ak) <1+ 01, (4.47n)
Sk < (1 —21), (4.470)
02,k < Opks (4.47p)

(1 —=2zx) +0pp <1+ 021, (4.47q)
03,k = 01k, (4.471)
03,k > 02k, (4.47s)
03,k < 01k + 02,15 (4.47t)
Zesr = O (4.47v)

Here, the decision variables are xj, wy, ug, all of which are continuous, along
with binary variables d, k, 0.k, 01,k, 02,k, 03,5, and z;. The total number of op-
timization variables amounts to 5N. We remind that the index k goes from
0 to N — 1, and constraints (4.47d)-(4.47g) are utilized for ¢ € 1,...,n,. Itis
important to note that all constraints in (4.47) are linear in the decision variables.
If we set the objective function similar to (3.14), then the entire problem be-
comes a mixed-integer quadratic problem with linear constraints. The problem
is initialized by the state measurements =y = z(t), and by the current state of
the relay-based controller zy = z(t). As a final remark, the prediction equation
in (4.47b) and (4.47¢c) can be extended by with accordance to offset-free modeling
(Section 3.2) in order to compensate for the effects of the unmeasured distur-
bances. Let us again emphasize, that a zero offset tracking is hardly possible
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due to the binary nature of the manipulated variable w.

The application of the MPC-based reference governor presented in this section
is addressed in the Chapter 7, where a simulation-based case study involving a
thermostatically controlled temperature in building in covered.

4.3 Systems with Inner MPC Controllers

The objective of this section is to present a systematic and computationally
tractable way of implementing reference governors where the inner feedback
loops contain individual MPC controller to control corresponding subsystems.
These controllers, however, are not aware of coupling constraints that are only
known to the reference governor. In this chapter we review two approaches
how to deal with the reference governor formulations The first approach (the
Section 4.3.2) uses the Karush-Kuhn-Tucker (KKT) conditions of the inner con-
trollers. Although these conditions are nonlinear, we show that they can be
rewritten as a set of convex constraints that involve binary variables. Although
the resulting problem is still non-convex, it can be solved to global optimality
using off-the-shelf mixed-integer solvers. The second approach, discussed in
the Section 4.3.3, is based on pre-computing, off-line, the explicit solution for the
inner MPC controllers. This solution can, again, be encoded using binary vari-
ables. Findings in this chapter are adopted from the paper by Holaza, Klauco,
and Kvasnica [2017].

4.3.1 Local MPC and MPC-based Reference Governors

Consider a set of M linear time invariant models (3.12) denoted as

zi(t +Ts) = Aizi(t) + Biui(t), (4.482)

Yi (t) = Csx; (t) + Diui(t), (448b)

where z; € R™, u; € R™, y; € R™ are the state, input and output vectors of the
i-th subsystem, respectively. Without loss of generality we will assume that the

dimensions of all systems are identical. Each subsystem must be operated such
that its local constraints are satisfied:

z; € Xy, ug €Uy, y; € Vi, (4.49)

where X; C R™, U; C R™,); C R™ are polyhedral sets, and Vi € N. More-
over, the individual subsystems are assumed to be coupled by coupling con-
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Figure 4.7: Block diagram of the considered reference governor setup with inner

MPC controllers controlling individual subsystems.

straints

z1

where

X
u
y

N 1NN

(Xlx...
(ulx...
(ylx...

UM Ym

X Xpy) C RMm
X UA{) - RMnu
x V) € RMmy,

(4.50)

(4.51a)
(4.51b)
(4.51¢)

The overall arrangement is depicted on the Fig. 4.7, where each subsystem
in (4.48) is individually controlled by its own MPC feedback policy in the form

(91' (t))7

4.52)
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where 6,(t) are the initial conditions of the i-th controller at the time instant
t, such as the state measurements x;(t), output references, etc. The MPC con-
trollers are assumed to be designed such that they enforce satisfaction of state,
input and output constraints in (4.49), but they do not have any knowledge of
the coupling constraints in (4.50), neither they communicate.

The aim is to design an MPC-based reference governor that shapes the individ-
ual references w; for the separate inner loops MPC controller MPC;(6;(t)) in
such a way, that

1. the coupling constraints in (4.50) are enforced,

2. the outputs of the individual subsystems track the user-specified refer-
ences i = (ry,...,75) as closely as possible.

The local MPC controller u} () = MPC;(6;(¢)) is implemented in the receding
horizon fashion, hence the

ui(t) = ®U;(0:(t)), (4.53)
where
® = [In, Onyxny* " Onyxny)s (4.54)
N;—1

with N; being the prediction horizon for the MPC controlling the i-th subsystem.
Particularly, the local MPC is casted as

Ni—1
min > (llyin = willd, , + luix - win-all?,,) (4550)
k=0

sit. @ g1 = Aiwi g + Biug g (4.55b)
Yik = Cii g + D i, (4.55¢)

ik € X (455d)

i € Ui, (4.55¢)

Yik € Vi, (4.55f)

xi0 = (1), uj—1 = u;(t —Ty) (4.55g)

where constraints (4.55b)—(4.55f) are enforced for k = 0,..., N; — 1 with N;.
The vector of initial parameters contains the initial conditions as in (4.55g) and
also the sequence of the references w;. Formally, we can write

6; = [%‘T,() w] ul " (4.56)

(2
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The optimization is performed with respect to the sequence of optimal control
input U;, which is given as

.
Ui=[ulo o wlya] (4.57)

furthermore, all of the weighting factors Qy ;, and Q,,; are positive definite
matrices, hence the problem (4.55) is strictly a convex optimization problem.

REMARK 4.5. Note, that the control problem in (4.55) can be extended with the
future value of the references, so the first term in the objective function will
change to

1Qy.i (Wi — wi) |13 (4.58)

Next, the model in (4.55b) and (4.55c) can be extended by disturbances with
accordance to the Section 3.2. Such a modification to the local MPC problem
will result in

T
_ |7 T T T T
0; = |Tio w1 --- W N1y Wi di,O , (4.59)

which is an extended vector of initial conditions. a

The role of the MPC-based reference governor is to determine the at each
sampling instant ¢ an optimal sequence of shaped references w;(t) for i =
1,..., M for the local MPC problems (4.55) such that

1. the tracking error ||r; — y;|| is minimized,

2. and the coupling constraints (4.50) are enforced.

The MPC-based reference governor is then casted as

N M

min > (”yw' —rillg,, + llwiy — wi,jfll\éw,i) : (4.60a)
j=0i=1

s.t. U, (6;;) = argmin (4.55a) s.t. (4.55b) — (4.55f), (4.60b)

ui ;= 0U;;(0: ), (4.60c)

Tij+1 = Aimij + Biug (4.60d)

vij = Cizij + Diuj ;, (4.60e)

z; € X, (4.60f)

uj €U, (4.60g)

yi €V, (4.60h)
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with (4.60b)—(4.60h) imposed for ¢t = 0,..., N — 1, and (4.60b)—(4.60e) also for
i=1,...,M,where N is the prediction horizon of the outer MPC problem. The
reference governor problem in (4.60) is coupled with individual MPC controllers
via the optimally shaped references w; that enter (4.55) through 6; ; in (4.60b)
and (4.60c). The vector of initial conditions for the local MPC at the j-th time
step is defined as

0;; = [zlj wg’j uiT,j—l}T‘ (4.61)

The variables in the coupling constraints in (4.60f)-(4.60h) are defined as follows

z = [x;j x}w]T (4.62a)

a=[ul, ouly] (4.62b)

5 = [vl, y&]r (4.62¢)
and the vector of optimal control sequences U ; reads to

Uy =ut,m o wlan] (4.63)

Lastly, in the MPC-based reference governor design, we allow for the prediction
horizon of the governor to be different from the horizons of local MPCs.

The closed-loop implementation of the MPC-based reference governor (cf. Fig. 4.7)
is done in the tradition receding horizon fashion:

1. Measure (or estimate) states z;(t) of the individual subsystems;

2. Initialize (4.60) by z; 0 = ;(t), uf _; = u;(t — Ts), ri (the user-specified
references), w; _; = w;(t — T5) fori = 1,..., M and solve (4.60) for w;,
(the optimally shaped references);

3. Feed w; o as setpoints to the inner MPC controllers;

4. Repeat from Step 1 at the subsequent time instant.

When the procedure is commenced at ¢t = 0, any u; _; € U; can be chosen as the
initial value of the “previous” control action, together with w; _; = r;.

The difficulty of solving for the shaped references w;, i =1, ..., M from (4.60)
stems from the fact that the control sequences U}, in (4.60b) are given as the
solution of inner optimization problems (4.55). The problem in (4.60) is thus a
bilevel optimization problem, which is non-convex.
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4.3.2 KKT Conditions Reformulation

In this section, we show how the non-convex bilevel optimization problem (4.60)
can be rewritten by reformulating the inner optimization problem in (4.60b) via
its KKT conditions. Consider, that the inner MPC problem can be rewritten as a
parametric quadratic problem as stated in (2.8), hence

st. G;U; <V, + E;0;, (4.64b)
with U; being defined per (4.57).

To ease the notation, henceforth we will consider a particular subsystem (4.55)
and we will omit the index 4. Since the QP in (4.64) is strictly convex, U* is its
minimizer if and only if the primal-dual pair (U*, \*) satisfies the Karush-Kuhn-
Tucker (KKT) conditions

HU*+ FT0+c+ GTA* =0, (4.65a)
GU* -V —E§ <0, (4.65b)

A >0, (4.65¢)

MGl — vl - Ellg)y =0, vs e N7, (4.65d)

where G!* denotes the s-th row of the corresponding matrix, ng is the number
of constraints in (4.64b), and A € R"6 is the vector of Lagrange multipliers.

Notice that the KKT conditions (4.65) are nonlinear due to the product between
Aand U in the complementarity slackness condition (4.65d). One could straight-
forwardly replace U;,(f) as the optimal solution to the inner problem in (4.60b)
by the corresponding KKT conditions (4.65), but then the reference governor
problem (4.60) would become a nonlinear programming problem (NLP) that is
difficult to solve to global optimality. Therefore we show how to formulate (4.65)
as a set of linear constraints that involve binary decision variables. Although
the problem will still be non-convex, it can be solved to global optimality using
off-the-shelf mixed-integer solvers, such as CPLEX, GUROBI, or MOSEK.

Observe that for (4.65d) to be satisfied, whenever the s-th constraint is inactive,
the corresponding Lagrange multiplier A; must be zero at the optimum, i.e.,

(GEly* — vl — EBlg < 0] = [\ =0]. (4.66)

To model this logic relation, introduce binary variables 6, € {0, 1}, s =1,...,ng,
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and rewrite (4.66) into

Gl — vl - Ellg < 0) = [, =1], (4.67a)
[0s =1 = [A\;=0]. (4.67b)

Logical rules presented in (4.67) can be rewritten to a set of linear inequalities.
The procedure was already described in the Section 4.2.3 and in Lemma 4.1, but
specifically, consider function f(z), z € R™ and an arbitrary binary variable o.
Then:

1. [f(z) <0] = [o = 1]ifand only if f(2) > Zmino,
2. [0 =1 = [f(z) = 0]if and only if Zmin(1 — ) < f(2) < Zmax(1 — 0),
3. [0 =1 = [f(z) <0]ifand onlyif f(2) < Zmax(1 — o),

With Zmin < min f(2) and Zmay > max f(2).

Applying the procedure to the implication rules in (4.67), we arrive at

Gl — vl — EElg > 7 6., (4.68a)
Zmin,s(1 - 55) S )\: S Zmax,s(1 - 53); (468b)
which forall s = 1,. .., ng are linear inequalities in U*, A\*, and 5. Consider
A= AT, (4.69a)
=100 ... )", (4.69Db)

then the mixed-integer formulation of the KKT conditions in (4.65) becomes

HU* + FT0+c+ GTA* =0, (4.70a)
GU* -V —Ef§ <0, (4.70b)

M\ >0, (4.70¢)

GU* =V — EO > Znind, (4.70d)

N> Zmin(1 — 9), (4.70e)

N < Zmax(Lng — 6). (4.70f)

Notice that (4.70e) is in fact redundant due to (4.70c) and can therefore be
omitted.

Then the MPC-based reference governor problem in (4.60) can be equivalently
reformulated by replacing (4.60b) with (4.70), imposed for all j = 0,..., N
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(i.e., for each step of the prediction horizon of the reference governor) and
i=1,...,M (ie., for each subsystem):

N—-1 M
. ;0 ; (i = rille,, + lwiy = wijald, ), (@712)
s.t. HU 4+ F 0,4 +ci + Gl \i j =0, (4.71b)
GU}; —Vi— E;;; <0, (4.71¢)
Aig 20, (4.71d)
GiU; — Vi — Eif; j > Znindi j, (4.71e)
Aiyj < Zmax(Lng = 6i5), (4.71f)
uy ;= eUS;, (4.71g)
Tij+1 = Aizig + Biug (4.71h)
Yi,j = Cizij + Diuf ;, (4.711)
zj € X, (4.71j)
wel, (4.71K)
yi €V, (4.711)
dij € {0, 1} (4.71m)

Since all constraints in (4.71) are linear, and the objective function is quadratic,
the reference governor problem can be formulated as a mixed-integer quadratic
program (MIQP). The total number of binary variables is N Zf\il nG,i-

The key limitation of solving the MIQP (4.71) is the number of binary variables.
To reduce this number, one can remove redundant inequalities from the con-
straints in (4.64b) by solving, off-line, one linear program for each constraint,
cf. [Bemporad, 2015].

4.3.3 Analytic Reformulation

An another computationally tractable way of solving the non-convex bilevel
optimization problem in (4.60) is to replace (4.60b) by the analytical solution
to the inner optimization problems (4.55). Specifically, consider (4.55) trans-
formed into the equivalent form (4.64). When 6; in (4.64) is considered as a
free parameter, the problem is a strictly convex parametric QP (pQP) that since
H > 0 as elaborated above. The analytical solution is in the form of a PWA
function (2.9). In case of multiple local MPCs, we will obtain as many PWA
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functions. Specifically

a;10; + Bin if0, € Ri1
i(0) = : (4.72)
Qing ;00 + Bing;  1£0i € Ripg s,
with ngr ; denoting the number of polyhedral regions for the i-th system. For

more details about the explicit MPC scheme, refer to the Section 3.3 and literature
therein.

Once the closed-form solutions U} = k;(6;) are determined for each subsys-
temi =1,...,M, (4.60b) can be replaced by (4.72) in the following way. For
each critical region of the i-th closed-form solution, introduce binary variables
0i,15- -+ 0ing,- Then the inclusion ¢; € R; , is modeled by

)

Since the map «; is continuous and U, R, , is a convex set, the constraint

MR,

> Gip=1 (4.74)
r=1

enforces that, if ; € R; ., then ¢; », = 1 and the remaining variables will be zero,
ie., d;q =0Vq # r. Then

[0ir = 1] = (U} = @i v0; + Biy] (4.75)

is optimal in (4.55). Applying the second and the third statement of Lemma 4.1
to (4.73) and (4.75) transforms these logic relations into linear inequalities in-

volving continuous variables ¢;, U} and binary variables §; = (J;,1, - - -, 0 ng; ):
il — Yir < Zmax(1 — 6ir), (4.76a)
Zmin(l - 5i,7“) < UL* - ai,rei - ﬁi,r < Zrnax(1 - 5i,7")a (476b)

where Znin and Znax are sufficiently small/large constants, cf. Lemma 4.1
or [Williams, 1993].

The inner optimization problems in (4.60b) can therefore be equivalently re-
placed by (4.76) together with (4.74). Then the reference governor problem
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in (4.60) becomes

N-1 M
5JHHBJ Z (||ym‘ —7illg, . + llwi; - wi,ﬁl”?@w,i) ; (4.77a)
: o0 i
$t.Tinbij — Vi < Zmax(1 — i j.r), (4.77b)
U2, — unbos — Bur > Zomn(L = G11), 4.77¢)
Ul — inij — Bir < Zmax(1 = 0ijir), (4.77d)
1£R Bii=1, (4.77¢)
= oU/,, (4.771)
Tijr1 = Aizij + Biug g, 4.77g)
Yij = Cizij + Diuj (4.77h)
T € X, (4.771)
uy €U, (4.77))
g, (4.77K)
dijr € 40,1}, (4.771)
with (4.77b)—(4.77e) imposed fori = 1,...,M, j = 0,. — 1, and (4.77b)-
(4.77d) also for r = 1,...,nr;. The optirmzatlon Var1ables in this case are the

shaped references w; ; and binary variables §; ;.. Recall, that the optimally
shaped reference w enters the local MPC via the vector of initial conditions
0; per (4.61). Contrary to the MIQP formulation (4.71) in the previous section,
where also the vector of manipulated variables U} was also optimized, here this
variables is determined explicitly solely based on the choice of §; ; .. Nect, since
all constraints in (4.74), (4.76), as well as in (4.60b)—(4.60h) are linear and the
objective function (4.60a) is quadratic, the augmented problem (4.77) is, again,
a mixed-integer QP. Again, the key limitation of the MIQP is the number of
binary variables, which in this case it is determined by expression N} fvi 1 MR-

Various complexity reduction techniques can be used to reduce the number of
critical regions in the explicit maps (4.72). For instance, one can resort to optimal
region merging [Geyer et al., 2008], or to clipped PWA functions [Kvasnica
and Fikar, 2012] to reduce R; and thus the number of binary variables in (4.77).
Alternatively, one can use approximate replacements of «; in (4.72) as in Holaza
et al. [2015] at the expense of suboptimal performance of (4.77).

4.3.4 Example

Lets consider following example to show the performance of the MPC-based
reference governor supervising local MPC strategies. Specifically, we consider
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M = 3 subsystems that represent movement of frictionless vehicles, modeled as
a double integrator with a variable mass with Ty = 1:

s+ T = |y ] w0+ |0 o (4.780)
yi(t) = [0 1] z(t), (4.78b)

where m; is the mass of the i-th vehicle (m; = 1.0, my = 5.0 and m3 = 0.5, rep-
resenting, e.g., a passanger car, a truck, and a motorcycle, respectively), z; € R?
consists of the vehicle’s position and speed, u; represents the manipulated
acceleration, and the speed of the individual vehicle is the controlled output.
Each vehicle is individually controlled by its own MPC controller, represented
by (455) with Nz = 4, Qyﬂ/ = 10, Qu,i = 1, and

Xi = {:CZ S Rz ‘ Lmin S Zq S xmax}a (479&)
Ui={u; eR| —1<u; <1}, (4.79Db)
Vi={yi€eR| -1<y; <1} (4.79¢)
where
—15 50
Tmin = |: 1 :l Tmax = |: 1 :| (480)

In addition, the individual subsystems are subject to coupling constraints that
are unknown to inner-loop MPCs. Specifically, we require the vehicles not to
collide. This constraint is translated to

X = {(z1, 29, 73) € R | Cx1 — Cxwz > €, Cxaa — Cxas > €}, (4.81)

where € represents the minimal separation gap between vehicles with € = 5 in
our simulations, and Cyx = [1 0]. Moreover, we assume

V=V xYVsx Vs (4.82a)
U= Uy X Uy X Us (482b)

The vehicles’ starting positions are assumed to be such that p; (0) > p2(0) > p3(0)
with p; = Cyx;.



4.3 Systems with Inner MPC Controllers

55

= = = bounds cars carp cary
60 - T T T T n
40
E o)
0 —]
20 I I I I ]
0 5 10 15 20 25
t[s]
€1 €2
10l T T T T 7
= 5 .
-5 I I I I ]
0 5 10 15 20 25
t[s]
= = = bounds T cars carp cary
P N B RS BER R
— os| ,/ | l
‘il)
g 0 :: I _
S 0.5 \\ [/ -
“lpmmmmmmmmgmmmmmmm- aafeilinietnfeliety inininiininieii g "
0 5 10 15 20 25
t[s]
= = = bounds cars cara cary
B —— R R DU R
"J)
g 0 e = ~ e
s 0.5 j |..I U -
“lpmmmmmmmmgm - o oo gTo==="""1
0 5 10 15 20 25
t[s]

Figure 4.8: Closed-loop simulation results for the scenario with no reference

governor. The plots depict, respectively, the positions of individual
vehicles p;, the separation gap d; between them (required to be
> 5 for no collision), the controlled speed y;, and the respective
manipulated inputs ;.



56 MPC-based Reference Governors

= = = bounds cars carg cary
E
—e— €1 €2
10 T T T T 7
B
< of i
S I I I [ |
0 5 10 15 20 25
t[s]
= = = bounds Ti Acars Qcars cary

o ﬂ ------- —— T

—-0.5

u; [ms™2
|
= o
T
[
S mm—y
{
q
-
|

e e R e ] e R

Figure 4.9: Closed-loop simulation results for the scenario with reference gov-
ernor inserted into the loop. The plots depict, respectively, the
positions of individual vehicles p;, the separation gap d; between
them (required to be > 5 for no collision), the controlled speed y;,
and the respective manipulated inputs u;.
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Figure 4.10: References w} optimally shaped by the reference governor.

First, to illustrate the need for a coordinating reference governor, we have
performed a closed-loop simulation starting from

21(0) = m  a(0) = m  2s(0) = [_8} (4.83)

where the individual subsystems are controlled by their respective MPC feed-
back policies (4.55) in the absence of coupling constraints. Since no reference
governor is assumed in this scenario, w; = r; in (4.55a). The results for a time-
varying profile of the velocity trajectories r; to be tracked are shown in Fig. 4.8.
As can be observed, although the inner controllers manipulate the control in-
puts such that the velocity references are tracked, they violate (cf. the second
subplot in Fig. 4.8) the collision-free coupling constraints in (4.81) as they have
no knowledge about them. Notice that, although inner MPC loops maintain
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constraints of individual subsystems in (4.79), in absence of the reference gov-
ernor they violate the coupling constraints in (4.81) (notice that d; < 5 in the
second subplot) starting from the 5th simulation step and never recover. The ¢;
quantity denotes the gap between the i-th and (i + 1)-th vehicle.

To enforce satisfaction of (4.81) we have therefore inserted the proposed ref-
erence governor (4.60) into the loop. It was designed for N = 4, Qy; = 10,
and Qw,; = 1 for i = 1,2, 3. The reference governor, represented by the bilevel
problem (4.60), was subsequently formulated as a MIQP (4.71) per Section 4.3.2
using YALMIP [Lofberg, 2004] and solved by GUROBL Specifically, the inner
MPC problems, translated to (4.64), had ng, = 34 for all subproblems, there-
fore (4.71) has 408 binary variables. The results of the closed-loop simulation
starting from the same initial conditions as reported above are visualized in
Fig. 4.9. Here, we can see from its second subplot that the minimal separation
gap, represented by the coupling constraint (4.81), is maintained. The reference
governor achieves this behavior by replacing the user-specified references ; by
optimized ones (w}), as shown in Fig. 4.10. Notice that the separation gap is
kept above the safety margin (d; > 5) at all time due to the reference governor
enforcing (4.81) by suitably modifying the velocity references, cf. Fig. 4.10. Note
how w start to diverge from user-specified setpoints r; when such a change is
required to enforce the coupling constraint in (4.81) during setpoint transitions,
and also between ¢ = 10 and ¢ = 15. Once recovered from a dangerous situation,
wy converge to r; again.The average per-sample runtime required to solve (4.71)
was 0.28 s seconds with the maximum being 2.64s.

Next, we have compared the KKT-based formulation in (4.71) to the approach
of Section 4.3.3 based on an analytic solution to (4.55). To do so, we have
first computed the closed-form solutions x; as in (4.72) by solving the inner
MPC problems (4.52) using MPT toolbox [Herceg et al., 2013]. Since each
subsystem assumes a different B matrix in (4.78), explicit solutions with a
different number of regions were obtained. Specifically, we got R; = 107
regions for the first subsystem’s MPC, R, = 127 for the second, and R3 = 89
for the third. These were obtained off-line in 21.8 s. Consequently, the reference
governor formulation in (4.77) had 1292 binary variables. The average per-
sample runtime required to solve (4.77) at each step of the simulation was 7.9s
with the maximum being 117.3 s. Needless to say, as both (4.71), as well as (4.77)
are equivalent to (4.60), identical simulation results were obtained.
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44 Concluding Remarks

This chapter discussed the theoretical basis of the MPC-based reference gov-
ernors. We have shown, how the MPC-based governor is structured for three
main choices of the primary controllers.

First, we show the formulation of the governor for the closed-loop system,
which consists of PID controllers (the section 4.1). In here, we have modeled the
closed-loop system consisting of a several PID controllers into a one aggregated
state space model. This state space model is then used as a prediction model
for the MPC-based governor. The resulting optimization problem formulation
boils down to a quadratic optimization problem, which can be tractably solved
via GUROBI, MOSEK or other state-of-the-art solvers. In fact, the formulation
of the MPC-based reference governor in, e.g., (4.20) is basically the same as a
Direct-MPC formulation (3.13), discussed in the Section 3.1.2. The reason is,
the aggregation of the state space models of the PID controllers and the plant
itself. The application of this MPC-RG strategy is further discussed in two case
studies, in chapters 5 and 6.

The second case discussed, was a closed-loop system which consists of an
“on-off” controller. Compared to the previous MPC-RG strategy, here the cor-
nerstone was to derive the model of the switching logic. This was carried out
by employing propositional logic [Williams, 1993]. Here, the formulation of
the MPC-based governor (4.47) resulted in a mixed-integer optimization prob-
lem. Since the objective function is chosen either linear or quadratic and the
constraints are linear in decision variables, the problem can be again solved
in tractable manner by professional tools, like GUROBI, MOSEK or CPLEX.
Naturally, the number of binary variables in this case is the limiting factor of
scalability. The viability of the MPC-based governor supervising the relay-
based controllers is tested on a simulation-based case study with results in the
chapter 7.

Lastly, in the section 4.3, we show how to tackle MPC-based reference governor
setup for closed-loops consisting of local MPC controllers. The main challenge
stems from the nature of the optimization problem (4.60), which is bilevel. This
problem is non-convex in general, and can not be solved efficiently by available
solvers. To mitigate this problem, we propose two reformulation options of this
bilevel optimization problem. The first approach was based on replacing the
inner MPC problems by its respective KKT conditions. The second approach as-
sumes that the inner MPC is encoded as a polyhedral PWA function, i.e. solved
explicitly. In both cases, we obtain a mixed-integer quadratic optimization
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problem. The tractability of the solution is entirely problem-dependent, since
the variation in the number of binary variables, which is the main limiting factor,
largely depends in the number of constraints of the inner problem etc. In this

section, we offer a motivating example, to provide an illustration of how such a
MPC-RG can be formulated and solved.
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CHAPTER 5

Magnetic Levitation

In this chapter, we will illustrate the synthesis and experimental verification of
the MPC-RG strategy as described in the Section 4.1.2. The MPC-RG formulation
will be parametrically solved according to the Section 3.3 and implemented
in real-time fashion on a micro-chip with limited computational and memory
resources. Such an implementation require to encode the resulting parametric
solution to a binary search tree as introduced in the Section 2.2.2. The viability
of the MPC-RG strategy is tested on a laboratory process of a magnetically
suspended ball.

5.1 Introduction to Real-Time Control Strategy

The choice of the explicit MPC stems from the control hardware we have avail-
able. Namely, it is an Atmel AT-Mega382p 8-bit microcontroller with 2kB of
dynamic memory. A process involving a magnetically suspended ball is used to
test the viability of the proposed explicit MPC-based governor. Such systems
have a broad use in industrial applications where they serve to suspend materi-
als in a magnetic field. For instance, it is already used in maglev trains [Lee et al.,
2006], high-speed motors using magnetic bearings [Schuhmann et al., 2012], but
also in some unusual applications such as 3D cell culturing [Haisler et al., 2013]
or harvesting of kinetic energy from human movements [Berdy et al., 2015].

The scientific community offers several advanced control strategies focused on
the stabilization and control of the magnetic levitation. We may start by Gliick
et al. [2011], a cascaded controller for self-sensing magnetic levitation along
with the position estimation based on least squares identification, implemented
on Altera Stratix II FPGA, is proposed. A wholly different approach to magnetic
levitation control is provided in Bachle et al. [2013], where a computationally
low-demand non-linear MPC is demonstrated on dSPACE platform. A robust
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Table 5.1: Comparison to other related works.

Bichle et al. [2013]  Folea et al. [2016] Lin et al. [2014] Klauco et al. [2017]

Control Nonlinear Fractional Explicit
scheme online MPC order contr. FLEMAC MPC
Constraints input non non. input, output,
handling pu one one states
dSPACE NI cRIO-9014 Altera Atmel Sam3X
Controller MicroAutoBox I Embed. Contr. Stratix II Cortex-M3
800 MHz 400 MHz FPGA 84 MHz
Coriltroller thousands thousands hundreds tens
price [€]
Comtlf;teat“m 9005 N/A (< 2ms)  N/A (< 100ps) 26615
Sampling 700 Hz 500 Hz 10 kHz 1kHz
frequency

tracking control of magnetic levitation process with input constraints is pro-
posed in Zhang et al. [2015]. Here the authors use the MATLAB-equipped PC
to control the system. An interesting approach of magnetic levitation control
design is provided in Folea et al. [2016], where a fraction order controller im-
plemented in embedded microcontroller is used to increase the closed-loop
performance and robustness. Very popular approach to the application of con-
trol algorithms for magnetic processes is the use of FPGA [Lin et al., 2011, 2014].
All of previously mentioned approaches has several shortcomings, like the price
of the controller used or the structure of the control strategy, which does not
allow to handle output constraints. A more detailed comparison is summarized
in Table 5.1.

This chapter will present the parametric solution to the MPC-based reference
governor strategy, which will account for both, the input and output constraints,
and will run on a cheap hardware. Findings in this chapter are based on
publications by [Kaltiz, Klau¢o, and Kvasnica, 2015] and [Klauco, Kaltz, and
Kvasnica, 2017].

5.2 Plant Description

This section describes the mathematical modeling of the magnetically suspended
ball. Here, we also present the primary stabilizing PID controller and the state
space model closed-loop system. Secondly, we introduce the laboratory device
and experimental setup.
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5.2.1 Mathematical Modeling

The mathematical model of magnetic levitation is derived from the standard
physical understanding of magnetic suspension of an object. The spatial ar-
rangement of the system is shown in Fig. 5.1, followed by a photo-capture of
the experimental device. The arrangement consists of three main parts. These
are a metal cylinder with a winding that makes an electromagnetic coil at the
top, inductive proximity sensor at the base, and ferromagnetic ball in the space
between them. The arrangement considers the displacement of the ball only in
the vertical axis (denoted as p).

Figure 5.1: Magnetic levitation system.

The dynamics of the ball movement is derived from a standard force equation

Fy = Fy — Fy, G.1)
where
d2
Fy = mbd—tf, (5.2a)
Fy = mpg, (5.2b)
I2
Fp = Km;;. (5.2¢)

By the F, we denote the vertical acceleration force, Fy is the gravitational force,
and Fy, is the force of the magnetic field acting in the ball. Next, m;, is the
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Table 5.2: Parameters of the magnetic levitation plant.

Variable Unit Value
e kg 84.1073
g ms2 9.81
aps Vm™! —1.1132-10°
bps Y% 11.107
Us \% 2.29
U; A% 1.40

ps .
K, kgm?s™2V~!  1.1899.107°

mass of the ball, g is gravitational acceleration, K, is magnetic constant, . is te
electric current flowing through the coil.

Since the practical implementation relies on inputs and outputs to be in voltage
units, the input voltage applied to the coil, i.e., U,, can be expressed as

U. = IR.. (5.3)

Similarly, the output voltage taken from the position sensor, i.e., Ups, can be
expressed as a linear function of position

Ups = apsp + bps. (5.4)

Using these two substitutions and introducing a conjured coil amplifier constant

K

Ka = ﬁa (55)
hence, the model can be written as
d2U, UZa?
b st =mpg — Kot S 5 (5.6)
aps dt Ups — 2bpsUps + bpS

This model, however, is non-linear in U, and Ups. Therefore a linearization
around the equilibrium U¢ and Uj, where F, = 0 was considered. Applying
first-order Taylor expansion to (5.6) yields a linear dynamics of the form

d?y

ﬁ = kly + kQU, (57)
where
y = Ups — US, (5.8a)

uw="U.—US (5.8b)
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are the deviations of output and input voltages from the selected equilibrium
point, respectively. The output deviation of the system y is in the unit of volts
and it linearly represents the actual physical distance p. The constants k; and ks
are given by

ki = 2K, agsUSZ 5.9
1= amb(USs — bps)d, ( . a)
a3 Us
ko = —2K, pec , 5.9b
2 amb(UpSs — bps) ( )

which, using the values from Table 5.2, amounts to k; = 2250, ks = 9538. The
system in (5.7) is subsequently converted into a transfer function model via
Laplace transform

G(s) = k2 (5.10)

SQ—kl'

The linear dynamics captured in (5.7) can be also transform to the state space
model counterpart, specifically

#(t) = [131 (ﬂ (1) + [132] u(t), (5.11a)

y(t)=[1 0] =(t). (5.11b)

Based on the transfer function model a suitable stabilizing PID controller was
found

13.07s% + 1358s + 4.367 - 10*
s2 4+ 571.4s '

Grp(s) = (5.12)

The controller in (5.12) is then converted in the a discrete time state space model
using Ty = 1 ms. Note, that the PID controller (5.12) is implemented as a PSD
controller. Next, the system matrices of the closed-loop model were evaluated
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to
r 0.6749 —0.0355  —0.0008 —0.0000
0.0008 1.0000  —0.0000 —0.0000
Ac = 1
L —8.8304 49.0588 0.9727  0.0010 |’ (5.13a)
| —16470.9632 97772.4837 —51.6329  0.9751
[ 0.0008
0.0000
Beu= | (o906 | (5.13b)
L 56.2470
CoLu = | —2418.9076 11781.9582 —7.8599 0.0000 |, (5.13¢)
Decpy = 7.8599, (5.13d)
CcLy = [ —5.1447 25.0588 1.0000 0.0000 |, (5.13¢)
Dcry = 0. (5.13f)

The aggregated state space model of the closed-loop system was obtained
according to the Section 4.1.2.2.

5.2.2 Laboratory Device

The actual physical system of magnetic levitation used in this work is the CE152
laboratory model, shown in Fig. 5.2. The plant consists of an electromagnetic
coil energized by a power amplifier, a linear position sensor and a ferromagnetic
ball. The intensity of magnetic field is the manipulated variable and can be
directly influenced by voltage electric signal in the range of 0 to 5 V. A measured
variable is the reading of the proximity position sensor in the same 0 to 5V
range.

This system exhibits several properties that result in interesting control design
challenges. One of them is the fast dynamics of the system. The time constant of
the open loop is approximately 20 ms, which indicates that reasonable sampling
rate should be chosen not less than 0.5 kHz to get high-quality measurements.
In order to demonstrate the time efficiency of proposed MPC-based reference
governor strategy, an even higher sampling rate of 1 kHz has been chosen in this
work. Other challenging properties of the system are the natural instability and
non-linearity. The instability comes form the spatial arrangement of laboratory
model, where the levitating object is pulled upwards to the magnetic coil against
the force of the gravity. This is the exact opposite of naturally stable magnetic
repulsion arrangement used, e.g., by the maglev train. Moreover, the system
also exhibits a strong nonlinear behavior. As it is obvious from the force balance
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Figure 5.2: Laboratory model of magnetic levitation CE152

equation, the force applied on ball F} is a sum o gravitational force Fy; and force
of the magnetic field Fy,. While F;; can be considered constant with always
present effect, the 1, is a quadratic function of manipulated variable (input
voltage U.) and is present only when nonzero voltage is applied. This results into
asymmetric non-linearity, depending on the direction of ball position control.

5.3 Synthesis of the MPC-based Reference Gover-
nor

The MPC-based reference governor is structured similarly to (4.20), and imple-
mented as depicted on the Fig. 4.2. The particular MPC strategy is casted as
follows

min  lss(ug, Yr, W) (5.14a)
W, WN —1

st Tpp1 = AcLiy + BeLwy, Vk e N1, (5.14b)

up = CepuZr + Depywy, Yk e N1, (5.14¢)

yr = CcLy@x + Derywy, vk e N1, (5.14d)

Umin < Uk < Umax, vk e N1, (5.14e)

Ymin < Yk < Ymax; vk e N1, (5.14f)

wy, = WN,_1, vk e Ny . (5.14g)
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The objective function (5.14a) is given as

N—

sl yrwe) = Y (Il = I3, + 1 dwild, + [Aucl,+
k=0

=

ok = rlid,, + lge = will3,, )- (5.15)

The first term of the cost function minimizes the tracking error and forces the
plants output, in this case the output voltage, to track a user defined reference r.
The second and the third term penalize fluctuations of the optimized setpoints
w and the control actions of the primary PSD controller, respectively. The fourth
term accounts for the difference between reference r and shaped setpoint w and
finally the fifth term penalizes the deviations between predicted output and
shaped setpoint for the inner controller. The tuning factors Qy, Qw, Qu, Qw: and
Qyw are positive definite matrices of suitable dimensions. The main difference
between the structure in (5.14) and e.g. (4.20) is the constraint (5.14g). This
constraints represents a move blocking constraint which employs the control
horizon N. < N and is used to decrease the number of degrees of freedom and
thus make the problem simpler to solve.

he optimization problem in (5.14) is initialized by the vector of parameters
0 =[x:(t)T x(t) wt—-Ty) u(t—T) =), (5.16)

where z,(t) are the states of the inner PSD controller at time ¢ and z(t) are
the states of the plant. Moreover, w (¢ — Ts) is the value of the optimized ref-
erence at the previous sampling instant, required in (5.14a) at £ = 0 when
w_1 = w (t — Ts). Similarly, u (¢t — T5) is the control input generated by the PSD
controller at the previous sampling instant that is used as u_; in (5.14a). Because
of (5.11), the plant’s states z(¢) consist of the ball’s position y(¢) and its speed.
Since only the position can be directly measured, the ball’s speed is estimated

by

2 (t) = w (5.17)

REMARK 5.1. The speed, the state no. 2 can be also estimated employing an
state observer in a form of a Kalman Filter, but experiments showed, that such a
crude estimation as in (5.17) yields satisfactory results. O

Once the MPC-based reference governor is structured, it is solved parametrically
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as reported in the Section 3.3, hence we obtain a PWA function in the form of

a0 + By if 0 € Ry
W*(0) = (5.18)
pgl + By 10 € Ry,

with polyhedral regions R as in (2.10). The PWA function represeting the
MPC-based reference governor was obtained via MPT Toolbox Herceg et al.
[2013] in 15s on a 2.9 GHz Core i7 CPU with 12 GB of RAM. The explicit PWA
representation of the optimizer W*(6) in (5.18) consisted of ng = 21 critical
regions in a 7 dimensional parametric space, cf. (5.16). The MPT toolbox was
subsequently used to synthesize the corresponding binary search tree to speed
up the evaluation of the PWA function in (5.18). The total memory footprint
of the binary tree was 1392 bytes. This number includes both the separating
hyperplanes as well as the parameters of local affine feedback laws «;, 3;
associated to each critical region. The construction of the tree took 5s. Particular
software and hardware implement ion of the MPC-based reference governor on
the microprocessor chip can be found in Klauco et al. [2017].

5.4 Experimental Results

Experimental results demonstrating benefits of the MPC-based reference gover-
nor are presented in this section. Two experimental scenarios are considered.
In both experiments, the sampling time was chosen as 7; = 1 ms. Moreover,
the reference was periodically switched between £0.2 V (£0.18 mm) around the
chosen equilibrium point Uj, = 1.4V (p* = 8.7mm).

The first experiment concerns controlling the vertical position of the ball solely
by the PSD controller (5.12). In this experiment, constraints on the control input
were enforced by artificially saturating the control actions. Naturally, the PSD
controller provides no a-priori guarantee of satisfying the output constraints.
The experimental results are shown in Fig. 5.3. As expected, the control inputs
of the PSD controller shown in Fig. 5.3(b) obey the limits on the control action
due to the saturation. However, the output constraints are violated, as can be
seen in Fig. 5.3(a). Moreover, the control profile exhibits significant under- and
overshoots during setpoint changes.

To improve the performance, in the second experiment the MPC-based reference
governor was inserted into the loop. The experimental data are visualized in
Fig. 5.4. First and foremost, the reference governor shapes the reference in such
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y [V]

u [V]

t [s]

(b) Control action u(t)

Figure 5.3: Control by the PSD controller only. The top figure shows the user-
defined reference r(t) in green and the ball’s position y(t) in blue.
The bottom figure shows the control action u(t) of the PSD controller,
along with saturation input constraints in dashed-black.

a way that constraints on the controlled output (i.e., on the ball’s position) are
rigorously enforced, cf. Fig. 5.4(a). This is a consequence of accounting for the
constraints directly in the optimization problem, cf. (5.14f). Moreover, the under-
and overshoots are considerably reduced. This shows the potential of MPC-
based reference governors to significantly improve the control performance.
The improvement is due to the optimal modulation of the user-defined reference
as shown in Fig. 5.4(b). As can be observed, just small modifications of the
reference are required to significantly improve performance. Finally, as can be
observed from Fig. 5.4(c), the reference governor shapes the reference in such
a way that the inner PSD controller provides satisfaction of input constraints
since they are explicitly embedded in (5.14€). The evaluation of the RG feedback
law (5.18), encoded as a binary search tree, took 254 s on average. The best-case
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(a) Measurement of the position y(t)
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(b) Optimally shaped setpoint w(t)

u [V]

t [s]

(c) Control action u(t) of the PSD controller

Figure 5.4: Control under the reference governor. The top figure shows the
measured position of the ball y(¢) (blue line), while the reference
r(t) is depicted by green. Dashed lines denote output constraints.
The middle figure represents the optimally shaped setpoint w(t)
(magenta) and the user-defined reference r(t) (green). The bottom
figure shows the manipulated variable u(¢) and its constraints in
dashed-black.
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evaluation time was 243 ps while the worst case was 266 ps. These fluctuations
are caused by the binary search tree not being perfectly balanced, which is an
inherent property of the geometric structure of the parametric solution. As a
consequence, different number of steps are required to evaluate the tree for
different values of the parameter ¢ in (5.16).

5.5 Concluding Remarks

In this chapter we show that the performance of the closed-loop system can
be enhanced by optimally modulating the setpoint for the inner stabilizing
controller. The MPC-based reference governor is based on a state space repre-
sentation of the closed-loop model, which allows to account for constraints on
the control input generated by the inner controller, as well as on the controlled
outputs. To implement the MPC strategy on the micro-controller, we choose
the explicit MPC realization. The resulting feedback strategy was in a form of
a PWA function, which was exported to a binary search tree. By doing so, the
MPC strategy was accommodated in approx. 5 kB of memory. Moreover, since
the optimal references are precalculated in the form of a PWA function, the
on-line implementation effort is modest as well. Specifically, it never exceeded
266 ps even on a very simple microprocessor.

The application of explicit MPC was possible only due to the low number of
dimension of the parametric space. Next chapter, discusses a system where
the number of parametric space increases, due to increased number of states,
process variables, and also number of PID loops. The MPC-based governor will
be again design based on the state-space representation of the process.



CHAPTER 6

Boiler-Turbine System

Here, the MPC-RG strategy is again based on the state-space modeling of the
closed-loop system, as discussed in the Section 4.1.2. This case study involves
a more complex model of the closed-loop since it contains three individual
PI loops. As a consequence of the size of the MPC-RG, the control problem
is solved online, using GUROBI solver. Results published in this chapter are
adopted from the paper [Klauc¢o and Kvasnica, 2017].

6.1 Plant Description and Control Objectives

In this part of the thesis we show how to design a reference governor for a
well-known boiler-turbine system, introduced in Astrém and Eklund [1972].
It represents a system where fossil fuel is burned to generate steam in a drum
boiler. The steam is subsequently fed into the turbine. A schematic represen-
tation of the plant is shown in Fig. 6.1. The system features three controlled
outputs and three manipulated variables, which have to be operated subject to
constraints on their respective amplitudes and their slew rates. Various strate-
gies have been proposed in the literature to control such a plant, ranging from
the application of fuzzy MPC Liu and Kong [2013], Li et al. [2012], through
data-driven approaches Wu et al. [2014], dynamic matrix control Moon and Lee
[2009], up to the application of hybrid MPC techniques Sarailoo et al. [2012], Ke-
shavarz et al. [2010]. Although all aforementioned approaches can substantially
improve safety and profitability of the plant operation, they also assume that
the existing control architecture (represented by the inner PI/PID controllers) is
completely replaced by the new setup. As mentioned in the Introduction, this is
not always desired by plant operators.

In this thesis we assume that the individual manipulated variables are con-
trolled by a set of PI loops which, however, do not explicitly take constraints
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Atte mperator valves

Feed water valve

Fuel valve

Figure 6.1: The boiler-turbine plant, picture reproduced from Astrom and Ek-
lund [1972].

and performance objectives into account. Therefore, an optimization-based
reference governor setup is proposed to improve upon these two factors. We
show that the inner PI control loops can be modeled as a discrete-time linear
time-invariant system. Then, we design a suitable state observer to estimate
values of the states which cannot be directly measured, as well as to estimate
unmeasured disturbances. Using the model and the estimates we then formu-
late the optimization problem which predicts the future evolution of the inner
closed-loop system and optimizes references provided to the inner PI controllers.
Offset-free tracking of output references is furthermore improved by using the
concept of disturbance modeling as proposed in the Section 3.2. By means of
this case study we illustrate that the proposed concept has two main advantages.
First, it allows to keep existing control infrastructure. Second, and more impor-
tantly, it enforces a safe and economic operation of the plant. The case study
reported in this thesis quantifies the improvement in safety and profitability
and also compares it to the scenario where the plant is directly controlled by an
MPC controller which bypasses existing PI-based control infrastructure.

The three manipulated variables of the boiler-turbine system are individually
controlled by a set of three interconnected PI controllers as suggested by Dimeo
and Lee [1995]. Their primary purpose is to stabilize the plant. However, they
may exhibit a poor tracking performance due to presence of constraints. Specif-
ically, the amplitude of each control action is constrained in the (normalized)
interval [0, 1]. Additionally, slew rate constraints have to be considered to
guarantee a physically safe operation of the plant. Although anti-windup logic
can be included into the feedback law to mitigate the influence of min/max con-
straints on the amplitude, dealing with slew rate constraints requires extensive
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Figure 6.2: Reference governor setup.

controller tuning, which is a tedious procedure without any rigorous guarantees
of being successful.

We propose to enforce constraint satisfaction and to improve tracking perfor-
mance by devising a suitable reference governor. Its purpose is to shape the
references provided to individual PI controllers such that even these simple
controllers achieve constraints satisfaction and desirable performance. The
schematic representation of the proposed strategy is shown in Fig. 6.2. Specifi-
cally, the reference governor replaces the user-specified reference r by a shaped
reference signal w in such a way that the control actions u generated by the
inner PI controllers respect constraints. Moreover, the reference governor im-
proves tracking performance by taking into account predictions of the future
evolution of the inner closed-loop system such that the measured plant’s output
Ym converges to the user-specified reference r without a steady-state offset.

We show that it can be designed as an MPC-like optimization problem solution
of which are the optimally shaped references w that enforce constraint satisfac-
tion and optimize tracking performance. Subsequently, in the Section 6.5, the
performance of the proposed strategy is compared to a pure PI-based control
strategy as well as to full-fledged MPC setup by means of a case study.
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6.2 Plant Modeling and Constraints

The mathematical model of the boiler-turbine plant was proposed in Astrém
and Eklund [1972] as a set of three nonlinear differential equations of the form

Jp

3 = —0.0018uzp¥® + 0.9u; — 0.15us, (6.1a)
oD,
8—;“ = (0.073uy — 0.016) p& — 0.1P, (6.1b)
ap 1
22— — (141ug — (1.1ug — 0.19) p). 6.1
5r = gp (14lus — (L1up )p) (6.1¢)

Here, p is the drum pressure in kg cm ™2, Py denotes the nominal power gen-
erated by the turbine in MW, and p is the density of the liquid in the boiler in
kg m~3. These three variables represent the three states of the system. Moreover,
the model features three control inputs: u; is the fuel flow valve, us represents
the steam valve, and u3 denotes the feed-water valve. The liquid level £ in the
boiler, represented in m, is given as a nonlinear function of states and inputs in
the form

h=6.34-10"3p +4.71-1073p + 0.253u; + 0.512uy — 0.014us. (6.2)

Only h, p, and Py can be directly measured. The density p is an internal state
which can only be estimated if it is required by the control strategy.

The three control inputs are subject to min/max bounds on their amplitude
with 0 < w; <1,i=1,...,3, where 0 represents the fully closed position and
1 stands for the fully open position. In addition, slew rate constraints must be
respected as well. They are given by

8U1 1
— 1 < 0. .
5| < 000757, (6.3a)
1 8U2 -1
—2s7 < —= <0.0257, (6.3b)
ot
(9U3 1
— 1 <0. . .
5| < 0.055 (6.3¢)

More details about this particular nonlinear model as well as operation of the
boiler-turbine unit itself can be found in [Dimeo and Lee, 1995].

The reference governor presented in this part of this thesis is based on a lin-
earization of the nonlinear dynamics in (6.1), followed by conversion of the
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continuous-time model into the discrete-time domain. Specifically, let

z=[p Py p) —ar (6.4a)
u = [ul U U3] T uy,, (64b)
v=1[p P B - (6.40)

denote, respectively, the vector of states, control actions, and measured outputs,
expressed as deviations from respective linearization points 1, ur, and yi.
Then the linear time-invariant (LTI) approximation of the system in (6.1) in the
discrete-time domain is given by

x(t + Ts) = Az(t) + Bu(t), (6.5a)
y(t) = Cx(t) + Du(t), (6.5b)

where T is the sampling time. For this purpose we assume that Ty = 2s.

The linearization point was selected as

o, = [107.97 66.62 428.00]", (6.6a)
u, = [0.34 0.69 0.44]7, (6.6b)
y = [107.97 66.62 3.13]", (6.6¢)

and corresponds to the steady state where the turbine generates 66.62 MW of
power with drum pressure of 107.97 kg cm ™2, and liquid density 428.00 kg m 3.

Then, using the first-order Taylor approximation of the nonlinearities in (6.1)
and by applying the forward Euler discretization, we arrive at the following
matrices of the LTI model in (6.5):

[ 0.9950 0 0
A= 01255 08187 0, (6.72)
00134 0 1

[ 1.7955 —0.6963 —0.2993

B=| 01168 256134 —0.0195|, (6.7b)
|—0.0120 —2.7733  3.3200
1 0 0
c= 0o 1 o |, (6.70)
10.0063 0 0.0047
0 0 0
D=| 0 0 0o |. (6.7d)

10.2530 0.5120 —0.0140

Worth noting is that the D matrix is non-zero, which is a consequence of direct
feedthrough of control inputs in the output equation (6.2).
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6.3 Modeling of the Closed-Loop System

We assume that the boiler-turbine system is controlled by three interconnected
PI controllers as shown in Fig. 6.3. Their coefficients, as reported by Dimeo and
Lee [1995], are as follows:

11.119s + 0.
Ry — 111195 +0.003 (6.82)

S
.004s + 0.
g, _ 000 5:0009’ (6.8b)

_ 1.163s +0.019
.

R (6.8¢)

Furthermore, local gains k1o = 0.0292, k13 = 0.1344, ko; = 0.0468, ko3 =
0.0875, k31 = 0.0842 and k32 = 0.0699 are introduced to improve the control
performance.

\

w1 ’é > R](S) Uy Y1
T3

Boiler-

. ) 4
% » Ry(s) 12 Turbine Y

System

P ko3 +
) A Y-
w3 @ > R3(9) u3 Y3

Figure 6.3: Interconnected PI controllers as proposed by Dimeo and Lee [1995].

v

v

To deal with the technological constraints (6.3), Dimeo and Lee [1995] have
proposed to include additional rate limiters and antiwind-up in the closed-
loop logic. Here, however these constraints will be enforced by the reference
governor, hence the modeling of the closed-loop system will be done exactly
in the same fashion as reported in the Section 4.1.2.1. If we consider the model
of the set of PI controllers as in (4.11) and the sampling time T; = 25, the state
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space model of the PI controllers is

100

A=10 1 of, (6.92)
0 0 1]
2 0 0]

B.=(0 2 o, (6.9b)
0 0 2]
r0.0033 0 0

C.=| 0o 00093 0 |, (6.9¢)
L o 0  0.0186
r11.1185 0.0468 0.0842

D, = | 0.0292 0.0040 0.0699] . (6.9d)
| 0.1344 0.0875 1.1631

Note, that the D; is a full matrix, which is a consequence of using local gains
k;; in the setup of Fig. 6.3. Next, the matrices of the closed-loop system Acr,
Bcr, Ccr, and D¢y are be evaluated in accordance with (4.18). These matrices
are then used in the next section for the control strategy design.

6.4 Control Strategies

In this section we will focus on the particular controller design. First, we
will design the MPC-RG strategy, where we utilize theoretical basis from the
Section 4.1. This section is followed by design of a Direct-MPC strategy, in order
to compare the difference in control performance.

6.4.1 MPC-based Reference Governor

The MPC-based reference governor is design based on the linearized model
of boiler-turbine unit and its closed-loop representation. Moreover, in order
to reject the offset and design model and process mismatch, we introduce the
disturbance modeling (Section 3.2) to enforce the reference tracking properties.
To further introduce the reader to the implementation details of the time-varying
Kalman filter and the MPC-based reference governor, a complex block diagram
si drawn in the Fig. 6.4.

The particular design model used for the MPC design as well as the Kalman
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Figure 6.4: MPC-based reference governor implementation with the time-
varying Kalman filter.

Filter design is of the form

T+1 = AcLZy + BeLwg, (6.10a)
u, = CeLuk + DeLuWk, (6.10b)
yr = CcLy®r, + DeLyws, + Eydy, (6.10¢)

di1 = dy. (6.10d)

Next, in order to design the time-varying Kalman filter (Eq. (3.20) and (3.19)) an
aggregated disturbance model is derived. Particularly, define a state vector

G = m , (6.11)
based on which the model in (6.10) is re-arranged to
_[AcL O | BcL
e L] o129
Ccu 0O ] {DCL u:|
C, = | b . D= al 6.12b
{CCL,y F DLy ( )
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The MPC-based reference governor is designed as a prediction problem over a
finite horizon N and it is given by

N-1

o 2 (I =l + Al + 18wl (6.13a)
s.t. Tr1 = AcLTk + BeLw, (6.13b)

ug, = CeLuTk + Depuwg, (6.13¢)

yr = CcLyTk + DcLywr, + Eydo, (6.13d)

Ymin < Yk < Ymax; (6.13e)

Umin < Uk < Umax, (6.13f)

Atpmin < Aug < Atpax, (6.13g)

To=a(t),u_y = ut — Ty),w_y = w(t —T3),do = d(t). (6.13h)

The optimization problem is initialized by the estimate of the state vector Z(t),
and by estimate of the disturbance d(t), which can be extracted from the Kalman
filter procedure via (3.22). Moreover, in the objective function (6.13a) we not
only penalize the tracing error by the first term, but also the fluctuations in the
shaped reference Aw and the slew rates Au. Based on that, we require in the
initialization variables w_1, and u_;.

6.4.2 Direct-MPC Strategy

The Direct-MPC controller is design in order to compare the MPC-RG strategy
with the situation when the PI loops are substituted by the optimal controller.
We assume, that the manipulated variables are obtained by solving following
optimization problem at each sampling instant

N-1
W2 (e — i, + 1 Aual,) (6.14a)
s.t. xpy1 = Axg + Buy, (6.14b)
yr = Cxg + Duy + Eydy, (6.14¢)
Ymin < Yk < Ymax; (6.14d)
Umin < Uk < Umax, (6.14€)
Atupin < Aug < Aupax. (6.14f)

Problem (6.14) is similar to (6.13), but we directly optimize the control inputs u
of (6.5) instead of the shaped reference w. Moreover, the predictions are based
on the model of the nominal system in (6.5). The MPC problem (6.14) can
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be implemented in a receding horizon fashion similarly as was described in
Section 3.1.2. Its initial conditions, i.e., 9 and dy, are obtained by estimation by
introduction the time-varying Kalman Filter per Section 3.2.

6.5 Case Study

In this section we demonstrate the performance and viability of the proposed
reference governor setup in a simulation study involving the nonlinear model
of the boiler-turbine system in (6.1). Three cases are considered. In the first case
the boiler is controlled solely by the interconnected PI controllers as shown in
Fig. 6.3. In the second case the references for the inner PI controllers are shaped
in an optimal fashion using the reference governor described in Section 6.4.1
and in Fig. 6.4. We refer to this scenario as the MPC-RG setup. Finally, the
last case considers that the plant is directly controlled by an MPC regulator,
bypassing the inner PI loops. This scenario will be referred to as Direct-MPC
and is discussed in Section 6.4.2, and shown in Fig. 3.1.

In all three scenarios, the sampling time was set to T; = 2s and problems (6.13)
and (6.14) were formulated for the prediction horizon N = 30. The following
tuning of penalty matrices used in (6.13a) was used:

Qy = diag ([10" 107% 10']), (6.15a)
Qw=1I5-107%, (6.15b)
Qu=13-107%. (6.15¢)

The associated Kalman filter was tuned with

Py = Ig, (6163)
Qe =1y - 1074, (6.16b)
Re=15-1072. (6.16¢)

In case of the Direct-MPC setup, represented by (6.14), we have used
Wy = diag ([10* 107" 10%]), (6.17a)
Wy =15-1073. (6.17b)
The tuning of the associated time-varying Kalman filter was chosen as
PO = IG; (618&)
Q. = diag ([10' 10> 10" 10~ 10" 107']), (6.18b)
R. = diag ([10" 10" 1077]). (6.18¢)
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Figure 6.5: Measurements profiles. The green color depicts the reference signal.
The pink color show the performance of set of PI controllers, the red
lines depicts the performance using RG-MPC strategy, and the blue
dashed is used for Direct-MPC setup
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Both optimization-based strategies were required to enforce following con-
straints:

Umin = [0 0 0] — ug, (6.19a)
Unax = [1 1 1] —ur, (6.19b)

along with constraints on the slew rate of control inputs:

Atpin = [-0.014 —4 —0.1]"s7, (6.20a)
Aty = [0.014 0.04 0.1]" s (6.20b)

In all simulations involving one of the MPC strategies, the respective QP opti-
mization problems were formulated using YALMIP Lofberg [2004] and solved
using the Gurobi solver.

The first simulation scenario involves a step change in the requested generated
power. Specifically, a +5 MW step change w.r.t. to the steady state Py =
66.62 MW is performed at time 50s. The objective is to keep the other two
controlled outputs, i.e., the pressure p and the liquid level in the drum h at their
steady-state values.

Closed-loop simulation profiles of the controlled outputs of the boiler-turbine
system under the three scenarios are shown in Fig. 6.5. As can be observed,
the power output signal exhibits noticeable oscillations when the system is
controlled purely by the PI controllers. On the other hand, once their respective
references are shaped via the reference governor, a much smoother tracking
of the power reference is achieved. Worth noting is that by employing the
disturbance modeling principle, perfect tracking of the references is achieved
despite the controlled system (represented by the nonlinear plant in (6.1)) being
different from the prediction model (represented by the LTI system (6.5)).

The corresponding profiles of the shaped references, generated by solving
the QP (6.13) at each sampling instant, are shown in Fig. 6.6. Moreover, the
performance of the proposed reference governor setup is almost identical to
that one of the direct MPC. A similar conclusion can be drawn from the profiles
of the liquid level in the boiler. The control actions of all three control strategies
are shown in Fig. 6.7. As can be seen, the PI controllers are less aggressive such
that they avoid hitting the constraints. The RG-MPC and Direct-MPC strategies,
on the other hand, are explicitly aware of the constraints.

To quantify the performance of the three discussed control strategies, we have
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Figure 6.7: Control actions profiles.
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evaluated two criteria. The first one, represented by

N, sim

1
= 3 2 sl (621)

sum
k=

quantifies the amount of energy consumed by the individual control strategy.
Here, Ngim is the number of simulation steps, u(k) denotes the control action
at the k-th simulation step, and |Ju(k)|1 = Z?zl |uj (k)| is the 1-norm of u(k).
Similarly,

1

Jy = :
T N (k) — (k)|

sim

(6.22)

quantifies the tracking performance.

Values of these performance criteria for each of the three considered control
strategies are compared graphically in Fig. 6.8. Note that the values are normal-
ized such that the PI strategy has J, = 1 and Jy = 1.
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Figure 6.8: Control strategies comparison.

As expected, the pure Pl-based strategy exhibits the worst performance both
with respect to energy consumption as well as in terms of tracking performance.
This is a consequence of the conservative tuning of such PI controllers with the
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objective to avoid hitting constraints. The best performance is achieved by the
Direct-MPC setup, since it bypasses the internal dynamics of the PI controllers.
The proposed reference governor-based scheme allows the PI controller to stay
as a part of the closed-loop system, but significantly improves their performance
by a suitable choice of the shaped references. Specifically, compared to the pure
PI strategy, RG-MPC reduces the energy consumption by 27% and improves the
tracking performance by 48%.

To demonstrate the effect of tuning parameters used in (6.14a), besides the
baseline setup of (6.15) we have also considered two different selection of the
weighting matrices:

Qy = diag ([10> 107" 10%]), Qw =I5 -107*, Qu = I3 - 107°, (6.23a)
Qy = diag ([5-10' 107" 10']), Qw =13-10°, Qu=1I3-107°.  (6.23b)

The first tuning in (6.23a) puts a higher emphasis on tracking of references since
the @y matrix is ten times as large as in (6.15). Moreover, @, and @, were
decreased by a factor of 10. The second choice in (6.23b) allows the shaped
reference to follow the user-supplied reference less tightly by further decreasing
Qw. As a consequence, the MPC-RG has more “freedom” in the choice of the
shaped reference. In all cases, prediction horizon N = 30 was used as was the
case in the baseline scenario.

The aggregated quality criteria (6.21) and (6.22) evaluated for these re-tuned RG-
MPC strategies are depicted visually in Fig. 6.8. Moreover, concrete values of the
quality criteria are reported in Table 6.1. Besides the aggregated quality criteria
Ju and Jy computed per (6.21) and (6.22), respectively, the table also reports
tracking performance of the three controlled outputs. Specifically, Jy, related to
the quality with which the drum pressure reference is tracked. Similarly, .Jy, p, is
the quality of the tracking for the nominal power and Jy, relates to the quality
of tracking of the liquid level reference.

Two main conclusions can be drawn from the results in Table 6.1. First, the best
overal performance is achieved by using the tuning in (6.23a) which, however,
is only marginally better than the baseline tuning of (6.15). The third alternative
per (6.23b) is slightly worse with respect to output tracking and significantly
worse w.r.t. energy consumption. The second conclusion is that all RG-MPC
tunings provide a very good tracking quality of the nominal power Py, even
compared to the Direct-MPC setup, cf. the penultimate column of Table 6.1.
Specifically, with the tuning in (6.23a), the tracking quality criterion .Jy,p is
only by 1.2% worse compared to Direct-MPC. Even with the tuning in (6.23b),
which yields the worst tracking of the power reference, the deterioration of
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Table 6.1: Quality criteria for various control strategies. Lower values of J,, and
higher values of .J; are better. The values are normalized with respect

to the PI strategy.
Strategy ‘ Ju Jy Jyp Jy, Py Jyh
PI 1.0000 1.0000 | 1.0000 1.0000 1.0000
Direct-MPC 0.3874 2.0741 | 75113 2.0341 5.7237

RG-MPC with (6.15) | 0.7284 1.4897 | 0.7565 1.9189 0.1605
RG-MPC with (6.23a) | 0.7173 1.5415 | 0.7652 2.0095 0.1601
RG-MPC with (6.23b) | 0.8689 1.3494 | 0.7868 1.8572 0.1205

performance is only by 8.7%. On the other hand, by using only the PI controllers,
the power tracking performance drops by 50.8% compared to Direct-MPC. Since
the nominal power is considered the most important quality in practice, this
demonstrates that RG-MPC can indeed significantly improve control quality
even when inner PI controllers are included in the loop and can even achieve
comparable results to Direct-MPC setups.

6.6 Concluding Remarks

This part of the thesis we have shown how to improve safety and performance
of conventional control strategies by a suitable modification of their references.
This was achieved by predicting the future evolution of the closed-loop system
composed of the controlled plant and a set of interconnected PI controllers. By
optimizing over the future predictions we have obtained shaped references
which, when fed back to the inner controllers, lead to constraints satisfaction
and improved tracking performance. The shaped references were computed
by solving a convex quadratic programming problem at each sampling instant.
The unmeasured states, as well as disturbances capturing the plant-model mis-
match, were estimated using a time-varying Kalman filter. The case study has
demonstrated that process safety and performance can indeed be significantly
improved. The results of the proposed reference governor setup were also
compared to a scenario where the inner controllers are bypassed and the plant
is directly controlled by a model predictive control strategy.

By applying optimization on top of existing PI controllers, reference governors
can be viewed at as “trojan horses” for application of MPC-based strategies
to plants where complete revamp of the control architecture is not desired.
This reduces the cost of implementation and, most importantly, allows human
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operators to stay comfortable with existing control architecture.

As a final note, we recognize two main area, where the MPC-RG can be further
improved. The first one includes incorporation of a more detailed prediction
model, preferably a nonlinear one. This, on the one hand, would result in further
increase of control quality. On the other hand, however, computational obstacles
associated with solving nonlinear optimization problems would need to be
addressed. The second direction is to assume more complex inner controllers.
For instance, one can assume that the coefficients of the PI controllers change
based on a look-up table. This would result in a switching in the controller
tuning. Such a behavior can be efficiently tackled in the context of hybrid
systems [Bemporad and Morari, 1999] at the expense of arriving at a more
complex optimization problem.

The chapter 5 and this chapter discussed the design and application of MPC-
based reference governor based on the state-space representation of the process
and PID controllers. The subsequent chapter moves from the inner PID loop to
a loop consisting of “on/oft” controller.



CHAPTER 7

Temperature Control in Buildings

This chapter discusses the application of the MPC-based reference governor,
which improves the behavior of the closed-loop system consisting of a relay
controller. The theoretical basis for this strategy is covered in the Section 4.2.
In this chapter, we describe the particular mixed-integer linear problem for-
mulation for the MPC-RG problem (4.47). We test the viability of the strategy
on the simulation-based case study involving a thermostatically controlled
temperature in the building.

7.1 Challenges in Thermal Comfort Control

The main reason to study the control approaches in connection with the thermal
comfort is to decrease the astronomical energy requirements which goes to the
heating, ventilation and air-conditioning (HVAC) systems. It has been reported,
that almost 40% of the global energy use goes to HVAC systems [Parry et al.,
2007]. Therefore it is of imminent importance to design such control systems
which attain comfortable thermal conditions while minimizing the energy con-
sumption. Several control strategies which aim at achieving such a goal have
been proposed in the literature. One of the most promising approach is repre-
sented by Model Predictive Control (MPC), which allows to explicitly account
for minimization of the energy consumption while maintaining thermal comfort
criteria as presented in [Oldewurtel et al., 2012, Ma et al., 2012], and in [Drgonia,
Kvasnica, Klau¢o, and Fikar, 2013]. Suitability of the MPC-based strategies has
been well-documented in several scientific publications [Castilla et al., 2011,
Cigler et al., 2012b]. In particular, authors in [Siroky et al., 2011] report that
energy savings under MPC outperform those of intelligent thermostats, ranging
from 17% in non-insulated buildings up to 28% in insulated ones.

When we speak about the thermal comfort, we usually mean the temperature
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inside an office. Almost all strategies aim to achieve suitable temperature
conditions while reducing the energy consumption of the heater or the AC
unit. However, keeping the temperature constant does not imply that occupants
of the building perceive it as the optimal scenario. In fact, there are other
factors which influence perception of the thermal comfort including, but not
limited to, the relative air humidity, the air movement, the clothing, or the
metabolic rate. Therefore the so-called Predicted Mean Vote (PMV) index was
introduced by Fanger [1970] as an alternative way of expressing the thermal
comfort, standardized in ISO [2006]. The PMV index is a complex, nonlinear
relation between various building’s parameters and the perceived thermal
comfort. The value of the PMV index is dimensionless and its zero value
corresponds to most comfortable conditions. Values between +1 correspond to
slightly cold /warm conditions, PMV = £2 expresses cool/warm perception,
and values above %3 indicate unpleasantly cold /hot conditions in the building.
The intriguing property of the PMV index is that it can remain constant even if
the indoor temperature changes, for instance when the change of temperature
is compensated by the change of air humidity.

Since the PMV index is generally viewed as a superior indicator of thermal
comfort, various authors have proposed to formulate MPC with the PMV index
in mind [Castilla et al., 2011, Cigler et al., 2012a, Klau¢o and Kvasnica, 2014].
Focusing on the PMV index requires also a significant change of the sensor
layout, which can be a costly process. One of the aims of this thesis is to provide
solutions, which avoid exactly the process of changing the control infrastructure.
Therefore, we will look at traditional control setups in residential or office
buildings where the temperature measurement is the only variable available
to us. In the traditional setups, the entire control scheme consist of a single
thermostat connected to central heating system or to an AC unit.

However, conventional thermostats are considered “dumb” since they base
their decisions only on the measurements of the indoor temperature. More re-
cently, so-called “intelligent” thermostats started to attract attention due to their
ability to provide thermal comfort while mitigating the energy consumption.
Examples include, but are not limited to, Nest!, Emme? or Ecobee®. Compared
to conventional thermostats, these advanced solutions provide higher energy
savings by applying algorithms which estimate the habits of household’s occu-
pants, especially with respect to occupancy predictions. Although promotional
materials of the aforementioned solutions claim a 10% to 15% reduction of the

Thttp://www.nest.com
2http://www.getemme. com
Shttp://www.ecobee.com
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cost of heating, independent reports are more skeptical. Specifically, Herter
[2010] concludes that it is difficult to claim energy savings beyond those ob-
tainable with a conventional programmable thermostat (that has been properly
programmed) combined with the provision of energy use information.

Results presented in this thesis originate in Drgoria, Klauco, and Kvasnica [2015],
in which we aim to improve the behavior of the “dumb” thermostat by an MPC-
based reference governor strategy. This strategy will provide an optimal set
point to the thermostat, so the thermal comfort will be maintained while we
minimize the overall energy expenditures.

7.2 Mathematical Background

The validation of the proposed improvements in control of the indoor tem-
perature involves a simulation study based on a linear time invariant model
which employ real historical profiles of disturbances. The prediction model was
obtained by zero order hold discretization of continuous time model

i(t) = Ax(t) + Bu(t) + Ed(t), (7.1a)
T(t) = Ca(t). (7.1b)

The system matrices A, B, E and C were extracted from the ISE toolbox by van
Schijndel [2005]:

[—0.020 0 0 0.020
0 —0.020  0.001  0.020
A=1073 .
0 0 0.001 —0.056 0 (7.2a)
| 1.234  2.987 0 —4.548
T 0 0 0 0
0 - 0 0 0
B=10"3 E=10"3. 7.2
0 0 |’ 0 0.055 0 0 |’ (7.2b)
10.003 0.327 0.003 0.001
cC=1[0 0 0 1] (7.2¢)

The four state variables are as follows: z; is the floor temperature, x2 denotes
the internal facade temperature, z3 is the external facade temperature, and x4
represents the indoor temperature. All states are in °C. The control input u is
the heat flow injected into the building, often denoted as g. According to Fig. 4.5,
the heat flow is either zero, i.e. umin = 0W, or equal t0 Umax = gmax = 4000 W.
The model features three disturbances: d; is the external temperature in °C, ds
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is the heat generated by appliances and by the occupants of the building in W,
and ds is the heat generated by the solar radiation in W. The sampling time of
T, = 2.5 min was used.

7.3 MPC-based Reference Governor Synthesis

The upgrade in the home thermostat system consist of including an MPC-based
reference governor. The particular control structure proposed in depicted on
the Fig. 7.1. To design the MPC-based reference governor, we adopt the control
structure from (4.29). The objective function is set to

N—-1
b= u, (7.3)
k=0

which enforces the minimization of the spent energy to achieve comfortable
temperatures inside the room. Naturally, if such a objective function would be
used, the MPC-based governor will provide such reference w to the thermostat
that the injected heat to the room will be v = 0 W. In the control design for
thermal comfort inside residential buildings is standard practice to provide a
temperature interval called comfort zone via constraints, i.e, I’ € {w — 6, w + 6}.
Hence, we will change the constraint (4.29¢) to

w—0< Ty <w+0. (7.4)

! d

Reference [*
Governor
x
N |
| |
| v !
! I
Y »| Relay 1 » Building|— I,
| |
- |
| inner loop |

Figure 7.1: Reference governor scheme with a relay-based controller.

Furthermore, we extend the prediction model in (4.29b) by state disturbances as
suggested in (7.1). Finally, we modify the thermostat control law given by (4.29f)
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to

‘max i =1
0 if z=0.

Since the variable umin, = 0, then the logic rule in (7.5) can be directly translated
to

U= ZGmax, (7.6)

hence the part of the MIP (4.47d)-(4.47g) will boil down to (7.6). After these
particular modifications, the final structure of the MPC-based reference governor
in the form on the optimal control problem is given as

wo, Z U (7.7a)
s.t. xp41 = Axy, + Bug + Edy, (7.7b)
T, = Cay (7.70)
r—0<T,<r+0, (7.7d)
Uk = {qmax?k, (7.7€)

wg +v— Tk < M, ( — 0a k), (7.71)
wg + 77— Tk > €+ (Ma — €)dak, (7.7g)

Ty —wp +7v < Mb(l_(sb,k)v (7.7h)
Ty —wi +7v > €+ (Mp — €)0p k» (7.77)
01k < 2k, (7.7))
Ok < (1= dak), (7.7k)
ze+ (1 —0ak) <1401k, (7.71)
do.k < (1 —2), (7.7m)
02k < bk, (7.7n)

(1 —2k) 4+ 0pp <1402k, (7.70)
03,k > 01 ks (7.7p)
03,k > 02k, (7.79)
03,k < 01,k + 02k, (7.71)
Zk+1 = 03 k- (7.7s)

With the decision variables x, T), wy, uk, all of which are continuous, along
with binary variables 6, &, 0 k, 01,k, 02,%, 03,5, and z;. We remind that for the
index k holds k£ = {0,..., N — 1}. Note, that all constraints in (7.7) are linear
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in the decision variables. Moreover, the objective function (7.7a) is also linear,
hence the problem (7.7) can be solved as a mixed-integer linear program. Scalars
M,, ma, My, My are chosen with respect to the lemma 4.1.

The closed-loop implementation (see Fig. 7.1) of the proposed reference governor
strategy is characterized by following steps:

1. Measure (or estimate) current values z(t) of the state variables of the
building’s thermal model in (7.1) and current disturbances d(t).

2. Create an instance of (7.7) with xg = z(t) and dy = d(t).
3. Solve (7.7) using a MILP solver and obtain wg, ..., wi_;-
4. Communicate wj to the relay-based thermostat as its setpoint.

5. Repeat at the next sampling instant from step 1.

The MILP (7.7) can be formulated in MATLAB using YALMIP [Lofberg, 2004]
and solved by GUROBI, CPLEX of MOSEK.

7.4 Performance Comparison

The first simulation study concerns a 1 hour window from 7:00 do 8:00 on the
first day for which the disturbance profile can be seen in Fig. 7.2. First, the
building was controlled purely by the relay-based thermostat whose setpoint is
constantly set to » = w = 21°C. The profile of the indoor temperature can be
seen in Fig. 7.3(a). The thermostat switches on and off according to the rules
presented in the Section 4.2.1. Throughout the 1 h window, the thermostat stays
in the “on” state for 22.5 min and consumes 1.5 kW h of electricity overall, as
can be seen in Fig. 7.3(b). Subsequently, the reference governor was enabled
and implemented according to Section 7.3. The simulation results are reported
in Fig. 7.4. As can be seen, the reference governor modulates the reference in
such a way that it allows the thermostat to keep the indoor temperature close
to the  — 6 boundary of the thermal comfort zone. As a consequence, less
heating energy is required to satisfy the thermal comfort constraint (7.4), cf.
Fig. 7.4(c). Specifically, under the optimally modulated setpoint in Fig. 7.4(b),
the thermostat stays in the “on” state for 12.5 min and consumes 0.83 kW h of
energy, hence providing significant reduction of energy consumption compared
to the conventional thermostat.
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Figure 7.2: 7-days disturbance profiles.
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(a) Indoor temperature (blue) and the setpoint (green).
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(b) Thermostat on/off state.

Figure 7.3: Indoor temperature controlled only by the thermostat.
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Figure 7.4: Indoor temperature controlled by a thermostat with the setpoint
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Figure 7.5: Energy savings overview

The second scenario concerns a seven day window with disturbance profiles as
in Fig. 7.2. The objective here is to assess performance of the proposed strategy
over a longer time span. We have performed closed-loop simulations for two
cases. In the first one the building was controlled solely by the thermostat whose
setpoint was constantly w = 21 °C. Then the reference governor was enabled
and the simulation was repeated. Performance of both strategies is assessed by
measuring the time the heater stays on, i.e., delivering ¢ = gmax power. Daily
savings of energy consumption obtained by modulating the reference in an
optimal fashion allows to save between 9% to 17% of energy, as reported in
Fig. 7.5.

7.5 Concluding Remarks

This chapter presented a design on the MPC-based governor to improve the
behavior of conventional thermostats. The supervising controller was designed
by taking into account the switching dynamics of the thermostat as well as
approximation of the thermal dynamics of the single-zone building. We have
shown the transformation of the MPC-like design to the MILP.



CHAPTER 8

Conclusions and Future Remarks

8.1 Thesis Summary

In this thesis, we investigated the properties and benefits of MPC-based refer-
ence governors. We have shown, how to derive the models of the closed-loop,
upon which is the MPC-based governor designed. In this thesis, we distinguish
between three main cases of the closed-loop systems

1. a system with a linear process controlled by set of PID controllers,
2. asystem with a linear process controlled by a relay-based controller,

3. a multiple-system composition controlled by decoupled MPC controllers.

For each of the case, we formulate the control problem in the form of a con-
strained finite time optimization problem. These optimization problems belong
to a family of quadratic optimization problems with linear constraints, and
in the case of the relay-based inner controller, we arrived at a QP with binary
variables.

All of the aforementioned optimization problems can be solved in reasonable
time via state-off-the-art solvers. We offer two simulation-based case stud-
ies, where we combine the tractable solution of the optimization problems to
govern the closed-loop systems. The first case study involves a set of PI con-
troller controlling the boiler-turbine unit, and the second case study shows
the improvements in the thermostats behavior. Moreover, we also utilize the
parametric programming to obtain the explicit solution to the QP, which was
subsequently implemented on a micro-controller to improve the performance
of the process of a magnetically suspended ball. Using mentioned case studies
and experimental research, we show that the MPC-based governor improves
the performance of the closed-loop in regarding constraint enforcement as well
as in tracking the reference.
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8.2 Future Research Avenues

This last section of this thesis is devoted to establishing future research goals.
In here, we will focus on three main fronts. First, is the part of the modeling
of the closed-loop systems. By further exploring the types of control loops in
the industry, we may find following closed-loop systems, which need to be
modeled. They include

e closed-loops with a set of gain-scheduled PID controllers,
o closed-loops with fuzzy logic and other rule-based controllers,

e closed-loops with a combination of several types of controllers.

Depending on the choice of the model of the closed-loop system, the structure
of the MPC-based governor changes. With the exploration of models of closed-
loop systems is closely related the analysis of the entire MPC-RG strategy with
inner controllers. By analysis, we mean rigorous proofs of recursive feasibility
and stability of the MPC-RG strategy. This proves to be quite challenging in the
case of the on/off inner controller, which leads to an MPC-based governors in
the form of a mixed-integer linear programming problem.

The second avenue we may explore is the formulation of optimization problems
and its solutions. By adopting procedures from parametric programming, or by
reformulating the control problems, we may achieve easier implementability, or
we can decrease the demand on computational and memory requirements. To
be more specific, lets consider a case of the thermostatically controlled tempera-
ture in the building. If the MPC-RG, which is formulated as an MILP, can be
accommodated in a simple device like Arduino, owners of residential building
and households would be motivated to upgrade their thermostats, without
actually modifying the instrumentation. Of course, the saving in terms of one
building can be disputable, but the global repercussions can be dramatic. Es-
pecially in the explicit MPC-RG strategies arises an opportunity to develop a
tunable explicit MPC controller. Consider a case that we have a process which is
controlled by a PID controller and on top of that we are running MPC-based
governor in the form of an explicit MPC controller. If for some reason the tuning
of the PID changes, we would need to recompute the solution to the explicit
MPC. This can be avoided, by including the constants of the PID controller
as parameters of the explicit MPC, which however leads to a bilinear MPC
formulation at best.

The third possibility of future research lies in utilizing cloud-based computation
services. Here, we suggest moving MPC-based governors to an online service.
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Then, the entire communication between the lower layer of control and the
process itself would be Internet-dependent. This poses more challenges in
Informatics than in the control theory. Moreover, in connection with Internet
of Things, this can be a promising research topic. As a final note, the concept
of a cloud-based MPC was published by Klauco et al. [2014], where among
other things, an explicit MPC was designed via machine learning procedure. By
adopting these machine learning procedures, we may actually provide the MPC
and MPC-RG strategies in the cloud as a service to whoever desire to improve
control performance of almost any arbitrary process.
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APPENDIX C

Resumeé

Predkladana dizertatnd praca sa venuje rozsirenej aplikacii prediktivneho ri-
adenia, ktorou je pouzitie tohto optiméalneho riadenia na riadenie vnitorne;j
slu¢ky, ktord uz obsahuje stabilizujtici regulétor. Tento stabilizujtici regulator je
¢len riadiacej slucky, ktory je zodpovedny za poskytovanie akénych zasahov do
akéného ¢lena. Tento akény zdsah je uréeny na zaklade referencie, ktord vsak
je poskytnuta optimalizdciou. Zo zahrani¢nej literattiry je tento typ riadiacej
stratégie zndmy pod pojmom optimization-based reference governor. Konkrétnejsie
sa vSak v tejto praci venujeme pripadu, kedy tento nadradeny riadiaci ¢len
je vo forme prediktivneho reguldtora (z angli¢tiny — model predictive control
(MPC)). Vtedy budeme hovorit' o MPC-based reference governors (MPC-RG), resp.
Supervizory na bdze MPC. Pre bliz$iu ilustraciu, si pozrime obr. 1.1, na ktorom
je zndzornend schéma takéhoto pokrocilého riadenia. Medzi hlavné vyhody
takejto stratégie riadenia patria

e zvySenie bezpelnosti prevadzky,
y Y,

e zabezpecenie dodrZania technologickych ohrani¢eni optimalnym spo-
sobom,

o systematické zniZovanie energetickych narokov a zvySovanie produkcie.

Okrem vyssie spomenutych vyhod, ma pouzitie MPC-RG eSte jednu doleZitt
vyhodu. Tou je fakt, Ze v pripade nasadzovania tejto stratégie, nie je potrebné
menit’ si¢asnu riadiacu infrastruktdru a teda je mozné ponechat’ uz existujtice
regulaéné obvody.

Vzhl'adom na fakt, Ze MPC supervizory st optimdlne riadiace stratégie, tak
v tejto dizertacnej praci ako prvé uvedieme zdkladné typy optimalizaénych
problémov (kapitola 2), ktoré sa neskor vyuzija pri formulovani MPC ria-
diacich schém. BliZsie si predstavime problémy linedrneho a kvadratického pro-
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gramovania. Tieto problémy je potom mozné efektivne riesit' pomocou réznych
profesionalnych néstrojov ako st softwarové baliky GUROBI!, CPLEX?, alebo
MOSEK®. Dalej predstavujeme optimalizaéné problémy zmiesaného celoisel-
ného programovania, ktoré sa taktiez vyuzivaju pri formulovani MPC supervi-
zorov pre Specifické kategorie uzavretych riadiacich obvodov. Posledna cast’
kapitoly o optimalizcii je venovana parametrickému rieSeniu kvadratickych
optimalizaénych problémov. Toto parametrické programovanie sa pouZiva v pri-
pade, ze MPC supervizor je potrebné implementovat’ na zariadenia s obmedzenou
vypoctovou kapacitou, ¢o znemozituje pouzitie balikov ako je GUROBI a.i.

V rdmci prehl'adu sti¢asnej literattiry uvddzame aj teoretické principy fungo-
vania MPC regulétorov, ktorym je venovana kapitola 3. V tejto kapitole ro-
zoberdme zkladné formuldcie MPC riadenia, ich Struktiru a moznosti rozsire-
nia o modelovanie portch a Kalmanov filter za ticelom poskytnutia riadenia na
ziadant hodnotu.

Teoretické prinosy tejto dizertatnej prace st opisané v kapitole 4. V zaciatku
kapitoly je na¢rtnuty vSeobecny problém riadenia pomocou MPC supervizora v
rovnici (4.1). Jedna cast’ teoretickych vysledkov sa zameriava prave na refor-
muldciu tohto vSeobecného optimalizaéného problému, na takd formaciu, ktorda
vieme efektivne rie$it' pomocou dostupnych softwarovych balikov. Konkrétne
ide o matematické modelovanie uzavretej slucky, ktora je vyjadrena pomocou
rovnic (4.1b), (4.1c) a (4.1d). V sekcidch kapitoly 4, rozoberieme nasledovné
pripady uzavretych regula¢nych obvodov pozostdvajucich z:

1. PID regulétorov, predstavené v podkapitole 4.1, ktorej vysledky a aplika-
cie su publikované v [Klauco et al., 2017, Klau¢o and Kvasnica, 2017],

2. on/off regulétorov, predstavené v podkapitole 4.2, odpublikované v [Dr-
gona et al., 2015],

3. lokalyuch MPC regulatorov, blizsie rozvedené v podkapitole 4.3, a pub-
likované v Holaza et al. [2017].

V kaZzdom z tychto troch pripadov, najskoér odvodime model uzavretej regu-
la¢nej slucky, ¢ize uréime rovnice (4.1b), (4.1c) a (4.1d). Na zédklade tychto mod-
elov potom zostavime jednotlivé MPC supervizory. V podkapitole 4.1, ukazu-
jeme ako pretransformujeme zdkon riadenia dany PID reguldtorom v tvare

1
2
3

WWW.gurobi.com
www—01.1ibm.com/software/commerce/optimization/cplex—optimizer/
www.mosek .com
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prenosovej funkcie do stavového opisu, ¢o ndm nésledne umozni naformulovat
MPC-RG problém ako rozsirené MPC riadenie, podobne ako to bolo uvedené
v kapitole 3. Vysledny MPC-RG optimaliza¢ny problém je potom v tvare
kvadratického optimaliza¢ného problému (z angli¢tiny - quadratic program-
ming (QP)) alebo vo forme linedrneho programovania (z angli¢tiny - linear
programming (LP)), podl'a toho aky typ kvalitativneho kritéria si zvolime. Sek-
cia 4.2 sa venuje modelovaniu uzavretého riadiaceho obvodu, ktory pozostava
z riadeného procesu a z on/ off regulatora. V pripade on/off reguldtora je model
uzavretej slucky vyjadreny pomocou bindrnych premennych, ktoré vyrazne
ovplyviiuju celd Struktiru MPC supervizora. Vysledny optimaliza¢ny problém,
ktory reprezentuje MPC-RG stratégiu je navrhnuty ako zmieSany celo¢iselny
optimalizaény problém (z angli¢tiny - mixed-integer (MI) problem). V zavislosti
od vol'by kvalitativneho kritéria riadenia, t.j. ti¢elovej funkcie, je tento prob-
lém bud’ klasifikovany ako MILP, v pripade linearnej ticelovej funkcie alebo
MIQP, v pripade kvadratickej ticelovej funkcie. Oba typy pripadov zmieSanych
celo¢iselnych optimalizaénych problémov sa daja efektivne riesit’ pomocou
dostupnych profesionalnych softwarovych balikov ako je GUROBI, CPLEX
alebo MOSEK. Limitujticim faktorom na rychle vypocty, na rozdiel od QP /LP
problémov, je v pripade MI problémov pocet binadrnych premennych. ZloZitost
rieSenia MI problémov v principe rastie exponencidlne s po¢tom bindrnych
premennych. Podkapitola 4.3 rozobera ndvrh MPC supervizora pre uzavreté
regulac¢né obvody vpripade, Ze primarny regulator je jednoduchy MPC reg-
uldtor. V tomto pripade uvaZujeme scendr, Ze mame niekol'ko uzavretych
regula¢nych obvodov, ktoré navzdjom nie st prepojené, avsak zdiel'aju rovnaké
zdroje, ktory reprezentuje vstupny signél do tychto jednotlivych procesov. Tento
pripad je standardnym scendrom v priemyselnych aplikacidch. V tomto pripade
modelovanie uzavretej slu¢ky je samotnym optimalizaénym problémom, ktory
ked” skombinujeme s MPC-RG pristupom, dostaneme takzvanu viactiroviiovi
optimalizaciu (z angli¢tiny — bilevel optimization). Tieto typy optimaliza¢nych
dloh sa nedaju trividlne riesit’. V tejto praci ukdzeme dva pristupy, ako sa
vysporiadat’ s tymto typom tloh, aby sme dostali relativne 'ahko rieSitelny
problém. Prvy pristup predpokladd rozpisanie vnttorného optimaliza¢né=ho
problému pomocou Karush-Kuhn-Tuckerovych (KKT) podmienok optimality.
Ak sa aplikuje tento spdsob, vo vysledku dostaneme jeden optimaliza¢ny prob-
lém, ktory pozostava z nelinedrnych hranic¢eni reprezentujtcich KKT systém.
Tieto KKT podmienky sa dajti ndsledne pretransformovat’ pomocou bindrnych
premennych do linedrnych ohrani¢eni. Vo vysledku teda dostaneme optimaliza-
¢ny problém v tvare zmieSaného-celo¢iselného programovania, ktory uz vieme
riesit’ efektivnejsie. Druhy pristup predpokladé, Ze vnitorny MPC problém
vyrieSime najprv explicitne, t,j. dostaneme analytické rieSenie problému v tvare
PWA funkcie, ktort nésledne opét’ pomocou bindrnych premennych zapiSeme
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ako model do MPC-RG problému. Opit’ dostdvame MIQP optimaliza¢ny prob-
lém.

V druhej Casti tejto dizertacnej prace sa blizsie pozrieme na aplikdciu MPC-RG
stratégii. V kapitole 5 ukdzeme nadvrh MPC-RG stratégie na riadenie levitu-
jucej gulicky v magnetickom poli. V tomto pripade pouzivame aj parametrické
rieSenie tohto MPC-RG problému aby sme ho boli schopni implementovat’ na
mikro¢ipe. Experimentalne vysledky ukazuji, Ze zavedenim MPC-RG stratégie
sa vyrazne zlepsi regulaény pochod, a zaroven ukazujeme akym optimélne
dodrzanie fyzikdlnych ohraniceni, ako st limity na akény zasah, alebo limit na
polohu levitujticej guli¢ky. Dalsou aplikiciou MPC-RG pristupu (kapitola 6),
je zlepSenie regula¢nych pochodov energeticky naro¢ného technologického
zariadenia, ktorym je parnd turbina. Primdrne je tato turbina riadend troma
PID regulatormi. Ak v$ak navrhneme MPC-RG stratégiu, tak sme schopni
zlepsit’ vykonnost’ az o 30%, pri rovnakych energetickych ndrokoch. V posled-
nej kapitole 7 sa venujeme zlepSovanie tepelného komfortu pomocou MPC
supervizora, ktory riadi termostat. Termostat je v principe on/off regulator. Tak-
tiez zavedenim MPC supervizora ukazujeme, Ze energeticka tspora pomocou
tejto stratégie dosahuje az 17%.

V zévere prace st zhodnotené teoretické prinosy ako aj aplika¢né vysledky.
TaktieZ st v zdvere dizertacnej prace nacrtnuté aj budice témy na d’alsi vyskum.
Medzi tie hlavné body patri modelovanie inych typov uzavretych sluciek a pre-
pojenie MPC-RG stratégii s pristupmi strojového ucenia.
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