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Resumen

Esta tesis propone el uso del marco de referencia complementario, desarrollado reciente-
mente en la literatura para el modelado de convertidores de potencia. Se puede considerar
que el convertidor de potencia consiste en elementos lineales (resistencias, condensadores e
inductores), fuentes de voltaje y corriente, y dispositivos electrénicos (ED) como diodos e
interruptores (tiristor, transistor, etc.). Una forma tipica de modelar sistemas basados en
convertidores de potencia es asumir las caracteristicas no lineales de los EDs como idea-
les. En este contexto, los modelos de complementariedad han demostrado ser un enfoque
apropiado para modelar y analizar convertidores de potencia. Dado que estos modelos, a
diferencia de otras técnicas de modelado, representan el convertidor de potencia en todos
los modos de operacién, sin enumerarlos o asumir una determinada secuencia de modos o
tiempos de conmutacién, ademads de que su naturaleza discreta constituye una herramienta
eficiente para el diseio de técnicas de control avanzadas en tiempo discreto. La presente
tesis propone el desarrollo de esquemas de control predictivo (MPC) para convertidores de
potencia modelados en el marco de referencia complementario. MPC es una técnica de con-
trol éptimo basada en el modelo y se caracteriza por ser muy intuitiva y permite incorporar
restricciones, tanto lineales como no-lineales, en su formulacién. La combinacién del MPC y
el marco complementario (de naturaleza discreta) para el diseno de control en convertidores
de potencia, obtiene como resultado un controlador en tiempo discreto. Los controladores
en tiempo discreto, a diferencia de los controladores analdgicos, presentan desafios adicio-
nales durante su implementacién, relacionados con los tiempos de ejecucién y conversion
analégico-digital. Por lo tanto, el diseno de control digital requiere probar su desempeno en
un ambiente de tiempo real, ya sea por medio de una implementacién 6 utilizando técnicas
de simulacién avanzada como hardware-in-the-loop (HIL). En el desarrollo de la presente
tesis se presentan casos de estudios que ejemplifican el uso de las herramientas propues-
tas en convertidores de potencia. Particularmente, en la etapa de modelado se utilizan los
convertidores boost, buck y buck-boost, durante la descripcién de los esquemas de control
predictivo se presenta un rectificador, y finalmente como casos de estudio se presenta un
circuito para la conexién de un panel fotovoltaico con la red, y las implementaciones pa-
ra un inversor monofasico conectado a la red, asi como un convertidor boost usando una

técnica HIL. En los casos de implementacién, este trabajo de tesis propone metodologias
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VI Abstract

adicionales que permiten robustecer los controladores implementados.

La presente tesis inicia con la revision del modelado de convertidores de potencia
en el marco complementario, teoria que ha sido detalladamente desarrollada en la literatura.
Posteriormente como aportaciones originales en este marco se proponen esquemas de control
predictivo que involucran entradas de control binarias y con modulacién de ancho de pulso,
asi como su implementacién en tiempo real, donde métodos para robustecer el controlador
ante variaciones paramétricas son propuestos. Ademds de un estudio y disenio de control para

un circuito completo de un panel fotovoltaico conectado a la red en el marco complementario.

Palabras clave: Modelo de control predictivo, sistemas hibridos,convertidores de
poder, sistemas complementarios lineales, Logica-Mixta dinamica.
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Abstract

This thesis proposes the use of the complementary framework, which has been recently deve-
loped in the literature for modeling power converters. The power converter can be assumed
to consist of linear elements (resistors, capacitors, and inductors), voltage and current sour-
ces, and electronic devices (EDs) such as diodes and switches (thyristor, transistor, etc.).
A typical way to modeling power converters based systems is to assume the non-linear cha-
racteristics of EDs to be ideals. In this context, the complementarity models have proved
an outstanding approach to modeling and analyzing power converters. Since these models,
unlike other modeling techniques, represent the power converter in all modes without enu-
merating them or assuming a given sequence of modes or switching times, besides that the
discrete nature of this models constitutes an efficient methodology for the design of advan-
ced control techniques in discrete time. Therefore, this thesis proposes the development of
model predictive control (MPC) schemes for power converters modeled in the complemen-
tary framework. MPC is an optimal control technique model-based that is characterized
by being very intuitive and stands out, among other things, for the possibility to incorpo-
rate constraints, linear and non-linear, in the control formulation. The combination of the
MPC and the complementary framework (of discrete nature) for the control design in power
converters, results in a discrete-time controller. The controllers in discrete time, unlike the
analog controllers, present additional challenges during their implementation, related to the
execution times and analog-digital conversion, and in some cases (when an analog control
signal is required) digital-analog conversion. Therefore, digital control design requires tes-
ting the controller performance in a real-time environment, either through implementation
or using advanced simulation techniques such as hardware-in-the-loop (HIL). In the deve-
lopment of this thesis, case studies are presented that exemplify the use of the proposed
methodology in power converters. Particularly, in the modeling part the boost, buck, and
buck-boost converters are modeled, during the description of the model predictive control
schemes a rectifier is presented, and finally as case studies a circuit for the connection of a
photovoltaic panel with the grid is presented, and the implementations for a single-phase
inverter connected to the grid as well as a boost converter using a HIL technique. In the
implementation cases, this thesis work proposes additional methodologies that endowed

robustness to the implemented controllers.

VI
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VIII Abstract

This thesis begins with the revision of the modeling of power converters in the
complementary framework, a theory that has been developed in detail in the literature.
Subsequently, as original contributions in this framework, predictive control schemes are
proposed that involve binary control inputs and pulse width modulation, as well as their
implementation in real time, where methods to given robustness to the controller against
parametric variations are proposed. In addition to a study and control design for a complete

circuit of a photovoltaic panel connected to the grid in the complementary framework.

Key words: Model predictive control, Hybrid systems, Power converters, Linear
complementary systems, Mixed-Logical dynamical.
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Chapter 1

Introduction

Power converters and drives technologies have been in constant development for
several decades to enable the most precise use of electricity. Currently, the use of power
converters includes low, medium and high power applications. Finding accurate mathema-
tical frameworks is one of the main steps, especially when advanced control techniques are
to be applied. Linear complementarity framework is a new perspective to modeling power
converters, which emerges from the hybrid system theory to efficiently capture all operation
modes in power converters. On the other hand, the model predictive control (MPC) is an ad-
vanced control strategy based on the mathematical model of the plant. The MPC has great
acceptance in the industrial processes due to its simple implementation and effectiveness.
Recently, the MPC has attracted the interest of research and academic communities, thanks
to its optimization capabilities and the growing need of more accurate mathematical models
of the plant, incorporating nonlinearities. Today, its application to electronic power conver-
ters and electrical drives is increasing [Rodriguez and Cortes, 2012, Vazquez et al., 2014],
since it can help fulfill the growing performance, efficiency, and safety demands and meet

the standards and operational limits demanded by the evolving industry applications.

Modeling of Power Converters

Power converters can be assumed to consist of linear elements (resistors, induc-

tors, capacitors), current and voltage sources, and electronic devices (EDs) such diodes and
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electronic switches (thyristors, transistors, IGBTSs, etc.). From the viewpoint of control en-
gineering, power converters (PC) belong to a very special class of circuits to be controlled.
Due to switching action (which is common to every PC), the structure of a PC model swit-
ches periodically between a set of ordinary differential equations. The whole model is then
a differential equation system with discontinuous right-hand side function (resulting in a
non-linear system). In the control literature, they are also called variable structure systems
(VSS). Then, VSS control theory would be an immediate choice for control objective of PC.
But this is not the widely adopted approach as described in [Sun and Grotstollen, 1992].
Recalling the history of power electronics, one can find that averaging has been a dominant
technique for analysis and control of the PC. In average methods, the discontinuity of the
original discontinuous models are smoothed and continuous, so that control methods for
continuous systems become applicable. The most important technique is the space state
average method proposed in [Middlebrook and Cuk, 1976], which is now a standard techni-
que for analysis and control of PC. But it still has the following shortcoming: application to
PWM converters working under discontinuous conduction mode or with current program-
med control is not straightforward, application to resonant and quasi-resonant converters
is impossible because small ripple assumption is not satisfied by the state variables of these

converters, and a complete justification of validity of method has yet not been provided.

Another more accurate technique consist of assuming the diodes and switches to
be ideal, discriminating among the different modes of the converter, building for each mode
a linear time-invariant dynamic model, and determining the conditions for the computation
among the different modes [Maksimovic et al., 2001]. The resulting model is usually called
as switched model. In this technique, the commutation conditions can depend on the sta-
te variables, and the switched model eventually becomes rather complex also for simple
PC topologies [Burdio and Martinez, 1995]. In general, a switched model that describes all

possible operations conditions is very difficult to obtain.

Another approach for power converters is given in the area of hybrid systems,
this class of system involves continuous dynamics and discrete events. These continuous
and discrete dynamics not only coexist but interact and changes occur both in response

to discrete, instantaneous events and in response to dynamics, described by differential or



difference equations in time [van der Schaft, 1999, Branicky, 1998]. A special class of hybrid
system is the complementarity model [Heemels et al., 1999]. These models are characterized
by a linear dynamic part and a suitable set of so-called complementarity variables (interpre-
ted as inputs and outputs of the dynamic part of the model), which are constrained not to
be nonzero at the same time [van der Schaft and Schumacher, 1998, Camlibel, 2001]. Com-
plementarity systems have been proposed as a framework for modeling (static) resistors
diodes sources (RDS) circuits [Camlibel et al., 2003], which include only linear resistor, in-
dependent voltage, and current sources and ideal diodes [Vandenberghe et al., 1989]. More
recently, complementarity systems have been used to model switched electrical networks
that contain ideal diodes and ideal switches [Vasca et al., 2009]. Using the complementarity
framework the PC can be modeled from a different perspective with respect to the classical
approaches as average and switched models. In this framework the EDs are considered as
external elements and modeled separately, then the entire model of the converter is obtained
by integrating the EDs representation with the dynamic equations of the power converter
circuit. The complementarity model is simple to build, captures in a very simple way all
modes of the converter and allows the idealization of the EDs characteristics at the desired
level of abstraction. In this thesis, the complementarity framework theory is used to mode-
ling power converters. This allows capturing all operation modes of the PC by means of a
generalized procedure for every PC topology, which is an advantage from another kind of

hybrid systems.

Model Predictive Control

The development of modern control concepts can be traced back to the work of
Kalman in the early 1960s with the linear quadratic regulator (LQR), designed to minimize
an unconstrained quadratic objective function of states and inputs. The infinite horizon en-
dowed the LQR algorithm with powerful stabilizing properties. However, how is mentioned
in [Cavalcanti, 2001], this control had little impact on the control technology development
in the process industries. The reason for this lies in the absence of constraints in its for-

mulation, the nonlinearities of the real systems, and above all the culture of the industrial
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process control community in that time, in which instrument technicians and control engi-
neers either had no exposure to optimal control concepts or regarded them as impractical.
Thus the early proponents of model predictive control (MPC) for process control proceeded
independently, addressing the needs of the industry, with a intuitive optimal control scheme
that can be solved by numeric algorithms, taking advantage of the available computational

technology in that time.

In the late 1970s, various articles reported successful applications of MPC in the
industry, in [Richalet et al., 1978] the authors presenting a Model Predictive Heuristic Con-
trol (later known as Model Algorithmic Control (MAC)). The first model predictive control
algorithm was introduced by Cutler and Ramaker in early 1980s as Dynamic Matrix Control
(DMC). The common theme of MPC strategies was the idea of using a dynamic model of
the process to predict the effect of the future control actions, then the best control action is
determined by minimizing the predicted error subject to operational restrictions. The op-
timization is repeated at each sampling period with updated information from the process.
These formulations are algorithmic and also heuristic, and took advantage of the increasing

potential of digital computers from that time.

Later, the second generation of MPC arrived, where the control problem is pre-
sented as an optimization problem, such as quadratic dynamic matrix control (QDMC),
in [Garcia and Morshedi, 1986] the authors used quadratic programming to solve the cons-
trained open-loop optimal control problem, where the system is linear, the cost function
quadratic, the control and state constraints are defined by linear inequalities. Later in the
early 1990s, in [James and Kenneth, 1993] the authors developed an infinite horizon con-
troller in a receding feedback strategy, where the controller’s implementation requires only
the solution of finite-dimensional quadratic optimization programs. This MPC approach
was of great interest for a whole range of interesting applications in the engineering field.
In particular, the MPC as a control technique for PC takes advantage of their inherent
discrete nature, but only when the mathematical model of PC preserves their characteristic
no-linear behavior. This thesis purposes MPC schemes based on the power converter dy-
namics, because the MPC characteristics which allow to incorporating the constraints that

result in the PC complementarity model. This allows that the resulting controller range
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includes all operation modes of the PC.

1.1. Problem statement

The control of PC is an area that continues in constant development due to their
multiple applications, in which they can be applied in a current technological context, such
as the integration of alternative energy sources and electric vehicles, to name a few. In
PC., one of the most used modeling techniques until now is averaged models, where classic
control techniques as PIDs can be used. However, these modeling and control techniques
are effective for a small operation range, limiting the possible conduction modes in the
PC. In this sense, advance control techniques requires accurate non-linear models of power
converters, in order to design controllers that can operate efficiently in a wide operation

range.

1.2. Background

Model predictive control (MPC) has now approximately four decades of sustai-
ned development [Morari and Lee, 1999, Lee, 2011], and its considered one of the most
important advances in control process. However it had few applications in power converters
control due to the high amount of calculations needed in order to solve the optimization
problem online, which is incompatible with the small sampling times used in converter
control. But this restriction has begun to fade out, thanks to the explosive evolution of
digital control platforms over the last decades, such as digital signal processors (DSPs) or
field programmable gate arrays (FPGAs), enabling the implementation of emerging and,
usually, more complex control techniques [Bordons and Montero, 2015]. MPC schemes have
been applied to the control of specific power electronic systems. An MPC has been used
in [Cheng et al., 2018] to control a boost converter to maintain the output voltage while
avoiding large peak inductor current. MPC has also been used in DC-AC inverters, in the re-
ference [Cortes et al., 2009] which shows an inverter with a passive filter. The controller uses

the model of the system to predict the behavior of the output voltage for each possible swit-
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ching state. Since the switching strategy is based on space vector and the number of possible
switching states are a few, the selection of the best switching sequence can be easily done by
comparing the results of each of the possible sequences. The reference [Cortes et al., 2009]
has proven that the MPC is useful in the control of multilevel converters. The MPC had
also found application in power converters for flexible AC transmission system (FACTS),
the reference [Geyer et al., 2015] presents a predictive controller for a STATCOM that pro-
vides quality voltage to a three phase load. In reference [Shi et al., 2013] three phase voltage
source rectifiers under unbalanced grid voltage conditions are controlled via MPC to ensure
stable dc-side voltage. The term MPC does not designate a specific control strategy but
rather an ample range of control methods that makes explicit use of a model of the system
in order to predict the future behavior of the variables over a time frame (integer multiple
of the sample time). These predictions are evaluated based on a cost function, and then,
the sequence that minimizes the cost function is chosen, obtaining, in this way, the sequen-
ce of optimized control actions. Only the first value of the sequence is applied, and the
algorithm is calculated again every sampling period. MPC presents several features that
make it suitable for controlling PC. Apart from being intuitive and easy to understand,
constraints, nonlinearities, and multivariable case can easily be included in the formulation
[Kouro et al., 2009a]. The MPC technique applied to power converters have been classified
into two main categories [Cortes et al., 2008, Linder et al., 2010]: continuous control set
MPC (CCS-MPC) and finite control set MPC (FCS-MPC). Reference [Cheng et al., 2018]
is an example of a CCS-MPC. FCS-MPC approaches for power converters have emanated
from the hybrid systems theory. MPC techniques have been widely applied in power electro-
nics [Kouro et al., 2009b]. A comparison between CCS-MPC and FCS-MPC is presented in
[Ahmed et al., 2018] for an induction machine in terms of their design performance. In the
first group, a modulator generates the switching states starting form the continuous output
of the predictive controller. On the other hand, the FSC-MPC approach takes advantage of
the limited number of switching states of the power converter for solving the optimization
problem. A discrete model is used to predict the behavior of the system of every admissible
actuation sequence up to prediction horizon. The switching action that minimizes a prede-

fined cost function is finally selected to be applied in the next sampling instant. The main
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advantages of the FCS-MPC lies in the direct application of the control action to the con-
verter, without requiring a modulation stage [Rodriguez et al., 2013]. Practical operative
scenarios of power converters usually determine the converter to operate in continuous and
discontinuous conduction modes which contribute to the difficulties for their control design.
Indeed, MPC requires the prediction of the system state whose evolution depends on the se-
quence of configurations of the circuit which are not directly controllable in many situations,
such as for the conducting and blocking states of the diodes [Cheng et al., 2018]. A possible
solution for obtaining a power converter model valid for all operating conditions consists of
using a mixed logical dynamical (MLD) model. Within the MLD modeling framework the
MPC problem can be formulated as a mixed-integer quadratic program (MIQP).

MLD models have been used for the MPC of DC-DC boost converters and for reali-
zing MPC through MIQP approaches [Hai-Peng et al., 2015], in the case of step-down DC-
DC converters [Hejri and Giua, 2011, Almer and Morari, 2013]. A finite control set MPC
(FCS-MPC) based on a MLD model of an inverter has been proposed in [Li et al., 2014].
The equivalence between MLD and linear complementarity (LC) models has been shown
in [Heemels and Schutter, 2000]. On the other hand, the advantage of LC model is the
compact and modular procedure for the construction of this type of power converters
model. Indeed, LC systems describe the converter dynamic behavior in all operating mo-
des without enumerating them or assuming a given sequence of modes or switching ti-
mes [Vasca et al., 2009]. The usefulness of LC models in the power electronics field has been
confirmed in [Tant et al., 2012, Addi and Goeleven, 2017]. Specific PC topologies such as
single-phase diode bridges [Acary et al., 2011], resonant converters [lannelli et al., 2011] and
three-phase rectifiers [Rico-Melgoza et al., 2009] have been modeled and analyzed within the
complementarity framework. Recently, those models have been extended also to closed-loop
power converts [Batlle et al., 2005, Sessa et al., 2014, Lopez-Castillo and Rico-Melgoza, 2014,
Sessa et al., 2016]. However, in the MPC design for power converters, the LC model does
not be exploited yet despite their modeling advantages. In this thesis, the modeling of po-
wer converters is proposed in the complementarity framework, and then an FCS-MPC is

formulated based in this model.
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1.3. Justification

The theory of hybrid systems as well the complementarity framework has been
described in the literature. The modeling of power converters in the complementarity fra-
mework has been clearly presented as an accurate technique that model all the operation
modes of the power converter in compact structures. However, this powerful framework has
not been exploited in model-based control designs where these accurate models can be a
compressive method for analyzing the control performance of power converters considering
their entire behavior. This thesis aims to take the complementarity framework to the next

step in the design of model predictive control schemes for power converters.

1.4. Motivation

New emerging frameworks for modeling power converters as linear complementa-
rity systems actually have been demonstrated a powerful methodology for transient and
steady-state analysis. The main advantage of this modeling technique is that represent any
power converter topology in all operation modes without enumerating them or assuming a
given sequence of modes or switching times, and they constitute a pretty accurate model
for the power converters. This general processes to modeling any power converter topology
can be exploited into a next step, for advanced model-based control techniques, like MPC,
where one of the main advantages is that can handle constraints, and these can be non-
linear. The combination of the complementarity models and the MPC schemes brings to us

a complete framework for the power converter analysis and control.

1.5. Hypothesis

The complementarity framework can be used as the basis for modeling power con-
verters, where all operation modes of the real converter are modeled. Then, by defining
general transforms, the complementarity model can be rewritten to another hybrid system,
where schemes of model predictive control that includes a quadratic objective function can

be designed. This allows the establishment of an entire framework for power converter analy-
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sis and control, where the involved methodology does not depend on the power converter

topology.

1.6. Objectives

1.6.1. General Objective

Development of a complete methodology for modeling, analysis, simulation, and
control of power converters in the complementarity framework, where all operation modes

and non-linear behavior are preserved.

1.6.2. Particular Objectives

e Modeling of power converters in the complementarity framework.

e Control designs for power converters, in particular advance model-based predictive

control techniques.

e Implementation of controllers based on MPC schemes for practical power converter

applications.

1.7. Methodology

The thesis methodology consists of a literature review that allows to describe in
detail the steps to modeling power converters in the complementarity framework. After,
three paths to formulating the control predictive problem are explored, where optimization
algorithms as exahustive search, Nelder-Mead and mixed integer quadratic problems are
used. Finally, in the implementation of the controller, techniques as hardware in the loop

and recursive least square are used.

1.8. Thesis contributions

The main contributions of this thesis are:
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1.9.

A detailed process for the modeling power converter in the complementarity frame-

work.

Methods to transform LC models into another hybrid system, that can be useful in

MPC schemes with quadratic objective functions.

Original MPC schemes for power converters control, including phase-width modula-

tion inputs and without any modulation signal.

A comparative study of the advantages and disadvantages of including PWM signal
in MPC schemes.

A Hardware-in-the-loop method for testing a boost converter controller in a real-time

environment.

The development of techniques for given robustness to the MPC controllers during

their implementations.

A complete study case of a grid-connected photovoltaic source for residential micro-

grid applications.

Thesis Outline

Chapter 2 introduces the optimization concepts, which are the basis for modeling and
transient simulation of power converters in the complementarity framework, and for

the MPC formulations that have been addressed in the following chapters.

Chapter 3 describes a method to model power converters in the linear complementarity
framework. In this chapter, the LC model is used for transient simulation, and other
hybrid system representations, as a piecewise system and a mixed logical dynamical
system, are derived from this model. Each model is validated by means of a comparison

with the commercial simulator SystemModeler.

Chapter 4 presents the MPC schemes for power converters modeled in the complemen-

tarity framework. Different FCS-MPC formulations are introduced, where the models
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described in chapter 3 are used. Additional formulations are described to model the
control input as PWM signals, which can be included in the FCS-MPC formulation.
Additionally, a comparison of the control performance when including and not a PWM

signal is presented.

e Chapter 5 applies the LC modeling and MPC schemes in practical examples of power
converters. A study case of a grid-connected photovoltaic cell and two real-time im-
plementations of FCS-MPC are presented. Additionally, in the implementation cases,

methods to given robustness to the FCS-MPC controller are presented.

e Chapter 6 concludes the thesis and future work is proposed.






Chapter 2

Linear complementarity system of

power converters

In this chapter, the linear complementarity framework is introduced as a modeling
technique capable of capture all the non-linear characteristics of the power converter, a des-
cription of how to modeling power converters into a linear complementarity system, and the
use of these models in transient simulation for power converters is presented. Additionally,
methods to transform the linear complementarity system into other hybrid system are pre-
sented, particularly in a piecewise and mixed-logical-dynamical system. In order to prove
the effectiveness of these systems to capture all the power converter dynamics, a comparison
with the simulator SystemModeler is performed by means of transient simulations of the

power converters: boost, buck, and buck-bost.

2.1. Complementarity models of electronic devices

The idealized voltage—current characteristics of electronic devices can be represen-

ted in the complementarity framework by means of static LC models in the form

90 :BSZ+ESU (218‘)
w =Cs\+ Dsz + Fou + hy (2.1b)
0<wlz>0 (2.1c)

13
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where (¢, ) is the voltage—current or current—voltage pair of the electronic device, w € sz
and z € sz are complementarity variables, u € {0, 1} is the external control input of the
switch, and By, Es, Cs, Ds, Fs, hs are constant matrices of suitable dimensions. The symbol

T2 =0, and inequalities

“1” represents the orthogonality condition, i.e., w L z stands for w
among vectors are componentwise. The variable A can be interpreted as the input of the

device model while ¢ can be seen as the corresponding output. A typical model of an

iq

(a) (b)

Figure 2.1: (a) Diode symbol. (b) Voltage-current characteristic.

ideal diode in the voltage—current plane consists of two halflines: the voltage is zero and
the current takes any positive value when the device is conducting, the current is zero
and the voltage is negative under blocking operating conditions. The diode characteristic
can be directly represented through a pair of complementarity variables. Figure 2.1 shows
the ideal diode schematic and its set-valued voltage—current characteristic. This is a non-
controlled device and then Fy = F5 = 0. The characteristic can be represented in the LC
framework with a pair of complementarity variables. If the diode current is considered as
an output variable, say 4. = 44, and the diode voltage as an input variable, say Az, = vy,

the complementarity diode model can be expressed as

Pde = 2d;  Wd = —Adv (2.2)

with 0 < wg L zg > 0, which is in the form (2.1) with Bs =1, Cs = —1, Dy = 0 and hs = 0.
The subscripts “dc” and “dv” are used to indicate that the variable refers to a diode
current (first subscript) or a diode voltage (second subscript), respectively. Conversely, if
the output is the voltage ¢4, = v4 and the input is the diode current A4, = ig4, it is obtained
the complementarity model

Pdv = —2d, Wq = /\dc (23)
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Figure 2.2: Piecewise linear approach of the diode voltage-current characteristic.

with 0 < wgq L zg > 0, which is in the form (2.1) with Bs = —1, Cs =1, Dy = 0 and hg = 0.

An alternative piecewise linear characteristic of a diode is shown in Fig. 2.2. Say
B the number of breakpoints in the voltage-current characteristic, (V;, I;), ¢ = 1,..., 3 the

coordinates of the i-th breakpoint, p; the slope of the i-th linear piece of the characteristic,

i.e.
Iiyn— 1
=t 2.4
M Ve 24
withi=1,..., 8, (Va41,13+1) a generic point of the last linear piece of the characteristic. If

the last piece of the characteristic is vertical, then Vg1 = Vg and pg = +o00o. Let us define

the admittance in the i-th linear part of the voltage-current characteristic as follows

9i = pi = Pi-1, (2.5)

where i = 1,..., 3, po = 0 (the first piece is horizontal).

If the diode current is considered as an output variable, @4, = i4, the diode voltage

as an input variable, A\g, = vgq the diode characteristic can be expressed in the following
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linear complementarity form

Pde =21+ -+ 28 (2.6a)
1

w; = —Age + g—zl +W (26b)
1
1

wg = —Ade + 9—25 + V,B (2.60)
B

with the complementarity condition 0 < w 1 z > 0 where w and z are vectors collecting
the corresponding complementarity variables. The model (2.6) is in the form (2.1) with

Bs:(l 1>,Cs=—BST,

1
m 0 %1
DS - : 0 9 hs = 9
1
0 I Vs

Figure 2.3: (a) Switch symbol. (b) Voltage-current characteristic.

The model (2.1) can be used to represent the idealized characteristics of controlled
electronic devices in the LC form. Let us consider a bipolar junction transistor where ig
is the collector current, vg is the collector-emitter voltage, Iy is the maximum collector
current, u € [0,1] is the normalized switch control signal proportional to the base current.
In the following we assume w € {0, 1}. Analogous physical meanings of is, vs, Iy and u are
possible for other electronic switches. When the switch is blocking (OFF, u = 0) the switch

current 44 is identically zero for any switch voltage vs. When the switch is conducting (ON,
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u = 1) the voltage v, is zero and the device can provide any current between 0 and Iyu,
see Figure 2.3.

Let us consider the switch as a subsystem whose output is the switch current, i.e.
pse = s, and input is the switch voltage, i.e. Agy, = vs. The subscripts “s¢” and “sv” are used
to indicate that the variable refers to a switch current (first subscript) or a switch voltage
(second subscript), respectively. Then the voltage—current characteristic in Figure 2.3 can

be represented with the following LC model
Psec = 21 W1 = _/\sv + 20 Wo=—21+ IMu (27)

with the complementarity condition 0 < w L z > 0 where w and z are vectors collecting

the corresponding complementarity variables. The model (2.7) is in the form (2.1) with

T

1 -1 0 1 0
BSZ ) C.S: 9 DS: 9 FS: )
0 0 -1 0 Iy

Es; =0 and hg = 0. The expressions (2.7) together with the complementarity constraint can
be explained by looking at the possible values assumed by the input Ag, = vs. The following

cases are possible:

Ay <0=w1 >0=21=0= e =0 (2.8a)
Asy >0=29>0= wo =0= @5 = 21 = Iqu (2.8b)
Asv =0={w) > 0,20 >0} = s = 21 € [0, Inu] (2.8¢)

with v = {0, 1}.

The LC model of the switch is different if the input of the model is the current,
i.e. Age = ig, and the output is the voltage, i.e. pg, = vs. In this case the LC model can be
written as

Ysy = —21 + 22, w1 = Ase, w2 = —Age + Iu (29)

with the complementarity condition 0 < w L z > 0, where w and z collects in vectors the

corresponding complementarity variables. The model (2.9) is in the form (2.1) with

T

By = , Cy =  Fy, = , (2.10)
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Ds; =0, E; = 0 and hy = 0. The expressions (2.9) can be explained by considering the
different ranges for the input Az = is. The following cases are possible:
Ase = 0= {w; = 0,wy = Iu}
u=1 $Z2=0$803v=_21 <0

= (2.11&)
u=0 =p,=—21+2€R

u=1 =w >0=2=0
Ase = Iyu = = Pgp =29 >0 (2.11b)
u=0 = see (2.11a)
0 < Ase < Iyu = {w; >0, wa >0} = g =0, (2.11c¢)
with w = {0,1}. Another electronic device which is commonly used in power converters

isw AC

Figure 2.4: (a) Switch with antiparallel diode symbol. (b) Voltage-current characteristic.

consists of an antiparallel connection of an electronic switch and a diode, see Figure 2.4.
The resulting characteristic has one breaking point and it can be modelled with one pair
of complementarity variables. Assume that the input is Aq, = vy and the output is pu. =
isw = 15 —1q that is the difference between the switch and the diode currents. The subscripts
“ac” and “av” are used to indicate that the variable refers to a antiparallel-switch (first

subscript) current (second subscript) or an antiparallel-switch voltage, respectively. Then

an LC model can be written as
Yac = —2+ Ivu,  w = gy (2.12)

with 0 < w L z > 0 and u = {0,1}. The equations (2.12) are in the form (2.1) with
B, =-1, Es,=1y.Cs =1, Dg =0, F;, = 0 and hy = 0. In the case Ay = ig, and
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Yav = Vs the corresponding LC model can be written as
Caw =2, W= —Age+ IMu (2.13)

with 0 <w L 2z >0, u = {0, 1}, which is in the form (2.1) with Bs =1, Es =0, Cs = —1,
Dy;=0, Fs =1y and hg = 0.

The L.C models of diodes and controlled switches are the basic elements from which
more complex piecewise linear characteristics of electronic devices can be represented in the
complementarity form. A general approach for more complex current—voltage characteristics
can be obtained by an nondecreasing single break point as it described in [Vasca et al., 2009].
The LC models of the different electronic devices can be collected in a complementarity
representation in the form (2.1) with suitable block-diagonal matrices. Let us assume that
the power converter under investigation has Ny diodes, Ng switches, N, antiparallel switches.
With some abuse of notation let us redefine the following variables: for the N; diodes, say
©Yde (pdy) the column vector whose components are the currents (voltages) considered as
outputs for the diodes model, with the corresponding Ay, and A4. as inputs; for the Ng
switches, say ¢sc (@sy) the column vector of the currents (voltages) considered as outputs
for the swithces model, with the corresponding Ag, (As:) as inputs; for the N, antiparallel
switches, say @uc (pay) the column vector of the currents (voltages) considered as outputs
for the antiparallel switches model, with the corresponding A\, (Age) as inputs. Then we

can define the column vectors

Y= COI(SOdCa Pdvs Pscr) Psvy Pac Soav)v (2-143)
A= COI(Adm Advs Asvs Ases Aav, )\ac) (2-14b)

where col(-) indicates a vector obtained by stacking in a unique column the column vectors
in its argument and w € RJJ\:Z and z € R_]XZ are the corresponding vectors of complementarity
variables with N, = Ng+ Ng+ N,. The LC model in the form (2.1), including all electronic
devices of the power converter, can be easily obtained by collecting all LC models of the
electronic devices. This compact representation is useful for the formulation of the entire

power converter LC model.
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2.2. Linear complementarity system of power converters

Once all the electronic devices used in the power converter circuit are collected as
(2.14), the next step is to deriving the state variables of the system dynamics and the input

equations A.

A power converter model can be derived by considering the interconnection of a
dynamic system and a set of piecewise linear (¢, A) characteristics representing the current-
voltage characteristics of all electronic/switching devices. This approach can be synthesized
with the block scheme in Figure 2.5. The dynamic subsystem considers as inputs the exoge-
nous signals e and the vector ¢ of the devices currents and voltages, and can be written in

the matrix form

d
o= Acx + Bep + Ece (2.15a)

A= Cux+ D.p+ Fee. (2.15b)

The choice of considering the current or the voltage as the output of the device model is
determined by the construction of the dynamic equations of the circuit. Then, the other
device variable, i.e. A, is chosen accordingly as an output of the dynamic subsystem and it
will be an input for the device model. A minimal state space representation of the power
converter can be obtained by circuit theory methods [Frasca et al., 2010] or by bond graph
approaches [Villa-Villaseor and Rico-Melgoza, 2018]. These methods are based tree and co-
tree graph theory [Hyatt et al., 2008]. The dynamic expressions can be obtained by firstly
extracting the ideal to their ports and then by finding a proper tree, i.e. one that contains all
the exogenous voltage (current) sources and the capacitors (inductors) in the network, but
no inductors (capacitors) and no current (voltage) sources. A proper tree can be found if no
loops of capacitors/voltage sources and no cut sets of inductors/current sources are present
in the circuit. When this is the case, the complementarity model of a power converter can

be found by artificially adding always open/closed ideal switches.

By combining the two subsystems representations (2.1) and (2.15), the whole LC



2.2. Linear complementarity system of power converters 21

e_) Dynamic Subsystem
) %aj =Acx+ Bep+ Ece
» \=C.x+ D.p+ Fee

Complementarity Subsystem ¢ A
= Bsz+ Esu
w = C4A+ Dgz + Fsu u
0<wlz>0 —

Figure 2.5: Dynamic and Complementarity Subsystem.

dynamic model can be written as

d
o= Az + Bz + Fe+ Gu (2.16a)
(
w=Cx+Dz+ Fe+ Hu (2.16b)
0<wlz>0, (2.16¢)

Ns+Na)

where z € R™ is the state vector, u € {0, 1}( is the control signal of the switches,

2z € RM: and w € R+, e € R and the matrices are given by

A=A, B = B.B,, (2.17a)
E=E, G = B,E, (2.17h)
C =c.C., D = Dy + CsD,.Bs, (2.17¢)
F =C,F,, H = F, + CsD,E; (2.17d)

with suitable dimensions. The set of expressions (2.16) is a continuous-time linear comple-
mentarity system. It represents in a compact form any mode of the power converter, i.e. it
holds independently of the conducting or blocking states of the diodes and for continuous
and discontinuous conduction modes too. It should be noticed that the model (2.16) re-
presents an open-loop power converter in the sense that the swithces control signal are till

considered as an input.
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2.2.1. Discretization

The linear complementarity system (2.16) is composed by differential equations
(2.16a), and static constraints (2.16b) and (2.16¢), due to this hybrid nature, the system
evolve must be calculated in discrete time. In [Camlibel, 2001] the author suggest the back-
ward Euler discretization technique as the most suitable for linear complementarity systems.
Let us consider the LC model (2.16) and a sampling period, say . Without loss of genera-
lity one can assume o = Ps/N, where P; is the switching period assumed to be the same
for all switches and N is a positive integer. In other words there are N samples for each
switching period. Then, the continuous time instants multiple of the period, say t, = pPs
with p integer, will correspond to the discrete samples k, = pN. The continuous-time state
derivative at the continuous time instant ¢ = ka with k = 1,2, ... can be approximated as
S ~ (z(k) — z(k — 1)) /a, where z(k) is the k-th sample of the discretized model vector

state. Then, by using the backward Fuler discretization technique with sampling period «,

from (2.16) one obtains the following discrete-time system

x(k) = Age(k — 1) + Bgyz(k) + Ege(k) + Gqu(k) (2.18a)
w(k) = Cx(k) + Dz(k) + Fe(k) + Hu(k) (2.18Db)
0 <w(k) L z(k) >0, (2.18¢)

with Ay = (I — OéA)_l, By = aAy4B, By = aAgFE and Gg = aAyG.

2.3. Linear complementarity problem

The discrete LC model (2.18) can be solved as an optimization problem, the imme-
diate formulation is the linear complementarity problem (LCP), which optimization struc-
ture is suitable for transient simulation. The LCP is a generalization of the problem of
finding a solution to a set of simultaneous linear equations. Although the extension is so-
mewhat simple, the resulting problem provides an elegant framework for the theory of
linear and quadratic programming and bimatrix games, it is sometimes termed the ”funda-
mental problem” of mathematical programming [Cottle et al., 1992a]. The LCP consists in

determining the complementarity variables (w, z) for a given matrix M and a vector ¢ in
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(2.19). The LCP can be expressed as an optimization problem without objective function
[Cottle et al., January 1993b]. The LC model (2.18) can be written as a LCP by substitu-

ting (2.18a) in (2.18b), which in compact form can be expressed by the constraints

w(k) = q(k) + Mz(k) (2.19a)

0 < w(k)Lz(k) >0 (2.19b)

where

M =CBd+D

q(k) = CAdx(k — 1) + (CEd + F)e(k) + (CGd + H)u(k).

At each time-step k, given z(k—1), e(k) and u(k), the set of expressions (2.18b)—(2.18c¢) is a
LC problem in terms of unknown z(k). Then, starting from a given z(0) and the knowledge
of the inputs e(k) and u(k) for k£ = 1,2, ..., the whole state evolution can be obtained by
iteratively solving for k = 1,2, ... the sequence of L.LC problems.

The LCP has a unique solution for all ¢(k) if and only if M is a matrix positive
definite, [Cottle et al., 1992a]. A matrix is positive definite if all its principal minors are
non-negative. If the matrix is only positive semidefinite, there is not an unique solution for
the LCP, but it is possible to prove that among all solutions of the LCP the least-norm one
is unique [Han et al., 2009], which means that solution minimizes the problem. The LCP
(2.19) can be solved by using PATH Solver [Dirkse and Ferris, 1995], which is an algorithm

based on the interior point method. This solver is available for Matlab™.

2.3.1. Numeric simulation - Boost converter

As an example, consider the boost converter whose circuit scheme is illustrated in
Figure 2.6. This simple configuration exhibit different dynamics in relation to the switch
position (ON, or OFF), and two operation modes: continuous conduction mode (CCM) and
discontinuous conduction mode (DCM), in relation of the diode polarization, and their state

variables exhibit the characteristic ripple in power converters. By applying Kirchoff laws,
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+
Ve —

Figure 2.6: Boost converter scheme.

the following dynamic equations can be obtained

di .
d_tL =Vic — Rip + p1 — vc
dv. . Ve
C— =i — g — —
L L — ¥2

Ry,
T
where ¢ = (¢1 @2) are the output variables of the complementarity model of the electro-

T
nic devices, this equations correspond to the (2.15a) with « = <@ I Uc> and the matrices

-R/L  —-1/L
P LY

1/L 0
B, =
1/C  —1/CR,

0o -1/C
The output equations of the dynamic subsystem can be written as

A1 =ir — P2,

Ay = —p1 + Ve
which correspond to (2.15b) with

1 0 0
Cc = ; Dc =
01

-1 0
and F, = 0. The representation (2.1) can be obtained by collecting the diode model (2.3)

for (1, A1), and the switch model (2.7) for (2, A2), thus obtaining the following matrices:

0 0 0 0
1 0 0
s = 5 Ds =10 0 11, Fs = 0
010
0 -1 0
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Table 2.1: Boost Converter parameters

Component, Parameter | value

Voltage supply, V. 12V
Resistance, R 0.001 Q2
Inductance, L 80 uH
Capacitance, C' 180 uF

Load Resistance, Ry, 20Q)

Switching period, PP 100 s

Integration step, « 1us

Cs = —B/ and Fs = 0. By using the matrices derived above in (2.17) the LC model (2.16)
of the boost converter can be directly obtained.
In this case, the boost parameters are selecting for a DCM, this can be done by

choosing the inductor value as lower as the critical value L < L, where

N2
Lo = M P (2.25)

The output voltage in DCM is expected to be greater than the output voltage in CCM,

Vocen < Vopears Where

VOCCM (1 _ d) (226)
and
_ Bvdc
Vopeu = 6—d)’ (2.27)

being 0 < 8 < 1 the time fraction of the duty cycle where the current is not zero. The

current peak in DCM can be calculated as

. Vie
ipeak = pod. (2.28)

In order to validate the LC model, a numeric simulation with the commercial simulator
SystemModeler of Wolfram Mathematica™, is made. Considering a fixed duty cycle d = 0.5
and the parameters given in Table 2.1, where the inductor L is calculated with (2.25) for

a DCM operation, the comparison between SystemModeler and L.C model is performed.
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The simulation results are shown in the Figure 2.7. Additionally, a zoom of the current
signal is presented, where the DCM is observed and value of g = 0.875 can be approaching.
The peak of current expected by (2.28) is 7.5 A and the output voltage (2.27) is 28 V. This
comparison validates the LLC model as an accurate technique for power converters modeling,

where all electronic device characteristics are considered.
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Figure 2.7: Boost converter, compassion of LC model and SystemModeler.

2.4. Mixed logical dynamical system

The LCP is an efficient optimization algorithm that can be used for open loop
simulations of power converters. However, if a quadratic objective function is included for
control purposes, the resulting quadratic complementarity problem (QCP) has not an effi-
cient solver to handle it. Because of this, it is proposed to transform the LC system to other
hybrid systems for control design purposes.

The LC system (2.18) can be reformulated as a MLD system by rewriting the com-
plementarity constraints as a mixed integer linear feasibility problem (MILFP) [Heemels et al., 2001,
Bemporad and Morari, 1999, Riyanto and Hakim, 2005]. The MILFP consist in find y €

R™ x {0,1}"¢, given a matrix A and a vector b, such that Ay < b, where nc and nd are the

number of continuous and integer variables, respectively.
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For simplicity, consider the scalar case and a variable §(k) € {0,1} for k =1,2,....
The complementarity condition 0 < w(k) L z(k) > 0 can be equivalently represented

through the following set of inequalities
w(k) < M (1 — 8(k). (k) >0 (2.290)
z(k) < M,o(k), w(k) >0 (2.29b)
where M, = max(w) and M, = max(z). Indeed, from (2.29) it directly follows that for
d(k) = 0, it is 2(k) = 0 and 0 < w(k) < M, and for 6(k) = 1, it is w(k) = 0 and

0 < z(k) < M,. Then, a power converter, modeled as a LC system, can be represented as a

MLD system as

x(k) = Age(k — 1) + Baz(k) + Eqe(k) + Gqu(k)

(2.30)
Ervx(k) + E2z(k) + Esd(k) + Ese(k) + Esu(k) < g,
where
C D M, F H M,
-C -D 0 -F —-H 0
E, = Ey, = E3 = E, = Es = g=
0 I —M, 0 0 0
0 —TI 0 0 0 0

2.4.1. Mixed integer problem

In order to performed an open loop simulation, the MLD system can be expressed
at each time-step k, as a static mixed integer (MI) problem without objective function.
An optimization problem is defined as a MI if the decision variables belongs to a set of

continuous and discrete variables. The LCP can be formulated as a MI problem as

7. /
I N C U RO
subject to eq. (2.30) (2.31)

z(k) € R and 6(k) € {0,1},

where ¢ = 0. At each time-step k, given x(k — 1), e(k) and u(k), the MLD (2.30) can be

expressed as a mixed-integer (MI) problem, without objective function, in terms of unknown
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variables z(k) and 0(k). Then, starting from a given x(0) and the knowledge of the inputs
e(k) and u(k) for k = 1,2, ..., the whole state evolution can be obtained by iteratively
solving for k = 1,2, ... the sequence of MI problems. This problem can be solved using

the solver GUROBI [Gurobi Optimization, 2018], available for Matlab™, which employs an

branch-and-bound and algorithm.

2.4.2. Numeric simulation - buck converter

P1
oy

>y |
-
h

—AP2

Figure 2.8: Buck converter scheme.

In order to validate the MLD system, consider the buck converter whose circuit

scheme is illustrated in Figure 2.8. By applying Kirchoff laws one obtains the following

dynamic equations

di
Ld_tL =Vige — p1 — V¢
dv. . Ve
=7 — —
dt L Ry,

T
where ¢ = (Spl ¢2> are the output variables of the complementarity model of the electro-

+
nic devices, this equations correspond to the (2.15a) with x = <Z I Uc) and the matrices

0 —-1/L 1/L -1/L 0
Ac = / , Be.= / B, = /

, =

1/C —-1/CR,] 0 0 0

The output equations of the dynamic subsystem can be written as

A1 =i, — P2, A2 =1 — Vge.
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which correspond to (2.15b) with

1 0 0 -1 0
Cc: 7Dc: Fc:

00 -1 0 1

The representation (2.1) can be obtained by collecting the switch model (2.9) for (p1, A1)

and the diode model (2.2) for (g2, A2), thus obtaining the following matrices:

1 0 0
-1 10

Bs = ) Cs=1-1 0 , Fy= I
0 0 1

0 -1 0

D; = 0 and E; = 0. By using the matrices derived above in (2.17), the LC model (2.16)
of the buck converter can be directly obtained, and then, the complementarity constraints
can be rewritten as MLD system (2.30).

In this case, the buck parameters are selecting for a DCM, this can be done by

choosing the inductor value as lower as the critical value L < L., where

Ri(1—d
Ler = %P (2.36)

The output voltage in DCM is expected to be greater than the output voltage in CCM,

Vocerr < Vopear» Where

Vocor = AVie (2.37)
and
dVy
Vopon = 3 = (2.38)

being 0 < 8 < 1 the time fraction of the duty cycle where the current is not zero. The

current peak in DCM can be calculated as

ipeak = @P(i. (2.39)

In Figure 2.9, a transient simulation of the buck converter is shown, where a
comparison between the MI model and SystemModeler is presented. In the simulation, a
fixed duty cycle d = 0.5 and the buck parameters from the Table 2.2 are considered, where
the inductor L is calculated with (2.36) for a DCM operation. Additionally, a zoom of the
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Table 2.2: Buck Converter parameters

Component, Parameter | value
Voltage supply, V. 12V
Inductance, L 156 pH
Capacitance, C 120 pF
Load Resistance, Ry, 40Q
Switching period, P 100 s
Integration step, « 1us

current is presented, where the DCM is observed and value of 5 = 0.625 can be approaching.

The peak of current expected by (2.39) is 0.76 A and the output voltage (2.38) is 9.6 V.

This comparison validates the MLD system and proves that the switching characteristics

are conserved, as the same as the LC system.
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Figure 2.9: Buck converter, compassion of MI model and SystemModeler.

2.5. Piecewise affine system

Other useful transformation of the LC system for control purposes is the piecewise

affine (PWA) system. In this case, the solution of LCP (2.19) for z(k) is obtained for a boun-
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ded conditions range. This allows simplifying the transient simulation to the single evalua-
tion of conditionals and linear equations, without solving an optimization problem at each
time-step k. The piecewise solution of the complementarity variable z is obtained by means
of a multi-parametric analysis, in this case named as parametric linear complementarity
problem (PCLP). This problem was first formulated by Maier [Maier, 1970] and it consists
of the family of the classic Linear complementarity problem [Cottle et al., January 1993b],
but differs from LCP by the addition of a parametric term 6 [Pang et al., 1979], the PLCP

can be written in compact form as

w(k) = Mz(k)+q+ QO0(k)
0 <w(k)Lz(k) >0 (2.40)
0(k) € ©

where Q € R"=*" and # € R™ represent a free parameter, which is assumed to be a
polytope © C R™. Concepts as polyhedron and polytope are needed for the geometric
interpretation of parametric optimization [Borrelli et al., 2014]. A polyhedron P in R™ de-

notes an intersection of a finite set of closed half-spaces in R™
P={0cR": A0 < b} (2.41)

where Ax < b is the usual shorthand form for a system of inequalities, namely a;0 < b;,

i=1,...,m, ay,...,an are the rows of A, and by, ..., by, are the components of b. A polytope

P is a bounded polyhedron. In Figure 2.10 a two dimensional polytope is plotted.

/

Figure 2.10: Polytope: the planes (lines here) defining the halfspace a;0 — b; = 0.
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This problem can be effectively solved by employing the lexicographic perturba-
tions algorithm, which is available in free license solvers as the MPT 3.0 [Herceg et al., 2013].
The solution is given by an optimal pair of z(k)*, w(k)* that forms a piecewise affine (PWA)

function of the parameters 6(k)
= Eg(k) +g; if H(k) € P;. (2.42)

where Fj, g; define the i-th local affine function which determines values of w* and z* for
any 0(k) that resides in the i-th polytope P;.

The LCP (2.19) can be formulated as a PLCP (2.40) by considering the initial
conditions x(k — 1), the power supplies e(k) and the control inputs u(k) as parameters 6(k),

from which the vector and the matrices of (2.40) can be defined as

M =CB;+ D
q=20
Q=[CAy,CGy+ H,CEq+ I]
where (k) = [z(k — 1), u(k), e(k)]’. From this formulation a PWA solution (2.42) for z(k)
can be obtained by means of PLCP solution. Then, substituting this solution in (2.18a),
the power converter can be modeled by a linear system, where z(k) can be considered as

an auxiliary input, which is calculated by an exogenous PWA system

x(k) = Age(k — 1) + Byz(k) + Eqe(k) + Gqu(k) (2.43a)

F19(k) + a0 if G(k:) e Py

F.0(k)+ g, if0(k)€P,

This approach is synthesized in the block diagram, Figure 2.11. The main advantage of
this formulation is that, once the PLCP is solved, the open loop simulation of the power
converter, can be obtained by solving directly algebraic equations, without any optimization

solver.
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Figure 2.11: Linear model of power converters with an linear piecewise input function.

2.5.1. Numeric simulation - buckboost converter
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Figure 2.12: Buckboost converter scheme.

In order to validate the PWA system, consider the buck-boost converter, whose

circuit scheme is illustrated in Figure 2.12. By applying Kirchoff laws one obtains the

following dynamic equations

di .

Ld_tL Ve — R(is + ¢2) — o1
dve Ve

¢ dt —¥2 Ry

-
where ¢ = (@1 @2) are the output variables of the complementarity model of the electro-
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T
nic devices, this equations correspond to the (2.15a) with x = <@ I Uc) and the matrices

—R/L 0 1/L -1/L —R/L
AC= / 9 EC: / i BC= / /
0 —1/CRy 0 0 1/C

The output equations of the dynamic subsystem can be written as
A1 =i — @2, Ao = —R(if, + p2) + vc — o1 + Vge.
which correspond to (2.15b) with

1 0 0 -1 0
Cc: ) Dc: Fc:
—-R 1 -1 —R 1

The representation (2.1) can be obtained by collecting the switch model (2.9) for (¢1, A1)

and the diode model (2.2) for (@2, A2), thus obtaining the following matrices:

1 0 0
1 -1 0

Bs = s Cs=1-1 0 , Fg= I
0 0 1

0 -1 0

Ds = 0 and Es = 0. By using the matrices derived above in (2.17), the LC model (2.16) of the
buck-boost converter can be directly obtained. Then, the parametric linear complementarity
problem (2.40) can be formulated in order to obtained the PWA system as (2.43).

The buck-boost parameters are taken form the Table 2.3, where the inductor L
is calculated with (2.49) for a DCM operation in buck mode and a CCM operation in
boost mode, the PLCP parameters 6 = (ir(k), vc(k),u(k)) are bounded by the intervals:
0 <ip(k),ve(k) < 100 for the state variables and 0 < u(k) < 1 for the control input, the

piecewise system (2.43b) is defined by r = 3 and the matrices

000 0 0 0 0 0 0
Fr=10 0 0], F2=1[200 0 -0.00002 |, F3=|-0.0175 1 7.4748
0 00 0 0 0 1 —0.005 —999.9874
0 0 12
g1=10], g2=1121, g3=10 |,

0 0 0

b
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and the polytopes

0.01 —0.99 1 12
P o0 0 —1fok)<| o |,

-1 0 0 0.06

0 0 -1 0
Py: 001 0 —1]60(k)< 0 |

001 0 1 0.0005

0 0 -1 0
Ps: [ 0.0023 —0.1326 —0.9912 | 0(k) < | 1.5912

—0.001 0 1 0

In this case, the buckboost parameters are selecting for a DCM in buck mode and
a CCM in boost mode, this can be done by choosing the inductor value as lower as the
critical value L < L., where
Rr(1—d)?

Loy = ——5——P. (2.49)

The output voltage in DCM is expected to be greater than the output voltage in CCM,

Vocor < Vopenrs Where

—dVye
Vocen = (1—d) (2.50)
and
—dVy
Vopeu = 6 — dc)» (2.51)

being 0 < g < 1 the time fraction of the duty cycle where the current is not zero. The

current peak in DCM can be calculated as

ipeak = %dP. (2.52)

In Figure 2.13 a comparative transient simulation of the buck-boost converter
between the PWA system and SystemModeler is shown. This simulation considers two
stages: the first with a fixed duty cycle of d = 0.8, and the second with d = 0.2, which lead
the converter to the boost and buck operation mode, respectively. In Figure 2.13a the boost

mode is shown, where the converter operates in CCM. Additionally, a zoom is presented of
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Table 2.3: Buck-boost converter parameters

Component, Parameter | value

Voltage supply, Vy. 12V

Resistance, R 0.01Q
Inductance, L 0.2mH
Capacitance, C 396 pF

Load Resistance, Ry, 209
Switching period, PP 200 ps

Integration step, « 1ps

the current signal, in this case the output voltage expected by (2.50) is 48 V, value which
is achieved by the converter. In Figure 2.13b the buck mode is shown, where the current
operates in DCM with 8 = 0.516. In this case the peak of current expected by (2.52) is
2.4 A and the output voltage (2.51) is 7.59 V. This comparison validates the PWA system

and proves that the switching characteristics are conserved, as the same as the LC system.

2.6. Chapter conclusion

In this chapter the modeling and open loop simulation of power converters is
described, using basic power converters as boost, buck and buck-boost. The results are
validated by comparing the simulation against a commercial simulator, SystemModeler.
The effectives to model power converters of the described models is perfectly proven in
the transient simulations and steady-state. The three hybrid systems presented has the
same accuracy level to capture non-linear dynamics in power converters. However, the open
loop simulation of these system is performed by different numerical method. In Figure 2.14
a flowchart of the presented modeling techniques for power converters are shown, where
some advantages of each power converter representation are indicated. In the next chapter,
model predictive control (MPC) designs are presented based on these modeling techniques

for power converter.
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Figure 2.13: Buckboost converter, compassion of parametric LC model and SystemModeler,

(a) Boost mode with d = 0.8 and (b) buck mode with d = 0.2.
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| Power converter J

' b

‘ Complementarity | ‘ Dynamic subsis-

subsistem eq. (2.14) tem eq. (2.15)

Linear complementairty System advantages:

{ LCS eq.(2.16) ] —Independent modeling of the EDs and the

power converter dynamics.

[Discrete LCS eq. (2.18)] —Non-linear characteristics approach at

desired level of accuracy.
—All operation modes are conserved without

ennumering them.

l

Complementarity constraints
[ PLCP eq.(2.40)
— inequalities eq.(2.29)

(MLD system eq.(2.30)] | PWA system eq.(2.42)]
MLD System advantages: PWA System advantages:
—Linear mixed-integer —Only conditionals and li-
inequalities constraints. near equations.

—Can be extended to a MPC —Optimization solver is not
scheme trought mixed in- required.

teger quadratic problems —No constraints, but boun-
(MIQP). ded operation range.

Figure 2.14: Flowchart of the modeling for power converters in the complementarity frame-

work, and the transformations to MLD and PWA systems.



Chapter 3

Model predictive control for power

converters in the LC framework

The term MPC does not designate a specific control strategy but rather an ample
range of control methods that makes explicit use of a model of the system in order to predict
the future behavior of the variables over a time frame (integer multiple of the sample time).
These predictions are evaluated based on an objective function, and then, the sequence that
minimizes this function is chosen, obtaining, in this way, the sequence of optimized control
actions. MPC schemes present several features that make it suitable for controlling power
converters. Apart from being intuitive and easy to understand, constraints, nonlinearities,
and receding control horizon can easily be included in the formulation. In this chapter, the
power converters modeling as hybrid systems (LCS, MLD, and PWA) are used into designs
of MPC schemes.

3.1. Model predictive control for power converters

The MPC applied to power electronics have been classified into two main cate-
gories: continuous control set MPC (CCS-MPC) and finite control set MPC (FCS-MPC).
In the first group, a modulator generates the switching states starting from the continuous

output of the predictive controller, in this group, the solution is obtained by the generalized

39
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predictive control (GPC) method [Clarke et al., 1987, Abdeldjebar and Khier, 2008], whe-
re the optimization is solved analytically, obtaining a linear controller. Nevertheless, with
GPC, a solution that includes system constraints and non-linearities is very difficult to ob-
tain. On the other hand, the FCS-MPC approach takes advantage of the inherently discrete
nature of power converters. Since the power converters have a finite number of switching
states, the MPC optimization problem can be simplified and reduced to the prediction of
the system behavior only for those possible switching states. Then, each prediction is used
to evaluate an objective function, and consequently, the state which minimizes this function
is selected and generated as input. This thesis is focused only in the FCS-MPC, where the
power converter models described in the previous chapter are used in FCS-MPC schemes,
particularly three formulations are presented, the first includes the PWA system and a di-
rect search algorithm, the second is based in the MLD system and the optimization problem
is formulated as a mixed integer quadratic problem (MIQP), in this formulation the control
input is defined as pulse-width modulation (PWM), therefore, a modeling of the PWM in
a mixed integer (MI) form is presented. The last FCS-MPC scheme is based in the PWA
system and the simplex optimization algorithm Nelder-Mead, this scheme considers a con-
tinuous control input associated to an external PWM modulator. The presented FCS-MPC

schemes are based in a receding horizon control.

3.1.1. Receding horizon control

In an optimization context, the MPC is an infinite horizon suboptimal controller,
designed by repeatedly solving a finite time optimal control law, by online computing an
optimization problem at each time-step, in a receding horizon control (RHC) as shown in
Figure 3.1. This can be explained as follows: at each sampling time, starting at the current
state, an open-loop optimal control problem is solved over a finite time horizon. Then, the
computed optimal input signal is applied to the process only during the following sampling
interval [t,t + 1]. At the next time step ¢ + 1, a new optimal control problem based on new
measurements of the current state is calculated over a shifted horizon, and applied to the
following sampling interval [Borrelli et al., 2014].

Generally, in FCS-MPC schemes for power converters, the control task is related
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Figure 3.1: Receding horizon control [Borrelli et al., 2014].

to keep the state variables as close as possible in a desired trajectory or value. Because of
this, a quadratic function is normally chosen as the objective function, where the difference
between the state variable and its respective reference is minimized. In the next sections,
different FCS-MPC schemes are presented, where the objective function is always purposed
as quadratic, since the control objectives involved regulation and trajectory tracking tasks,
and the main difference between these formulations is related to the hybrid system that

employs, the optimization algorithm that they used, and how the control input is modeled.

3.2. FCS-MPC - exhaustive search algorithm

In this FCS-MPC scheme the optimized control input for the next time horizon
n is obtained by means of numbering all the possible inputs, and choosing the one that
minimize a quadratic objective function. This thesis purposes the usage of the PWA system
(2.43) under this MPC formulation. In this system, the set of possible control inputs at

each time-step k can be defined as u(k) € {0,1}", where n,, is the number of controlled
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EDs. Note that each input u(k) are directly associated with only one auxiliary input z(k),
therefore, the possible control inputs are defined only by u(k). Considering a RHC of n
time steps all the possibles control inputs can be numbering as 2"*™. Then, the FCS-MPC
can be formulated as a quadratic optimization problem, which can be stated as follows:
given z(0) and the power supplies vector e(k), find the optimized control sequence u(k), for

k=1,...,n, that minimizes

min >ki1(@(k) = @rep (k)T Q((k) — wres (K))
subject to :
(k) = Age(k — 1) + Baz(k) + Ege(k) + Gau(k)
Fok)+g1 if6(k)epy

o) = Fgé(k')+ gy if 9@ € P, (3.1)

F0(k)+gr if O(K) € P,
0(k) = [z(k — 1), e(k), u(k)]
u(k) € {0, 1},

where @ is a weighting matrix and z,.r(k) is the desired reference trajectory for z(k).
Since there are a finite number of possible inputs u(k), this problem can be solved by an
exhaustive search. The purposed algorithm for this FCS-MPC scheme can be described in

two steps as follows

FCS-MPC Algorithm

— Determine all the (n x n,,) possibles control inputs u(k) and the associated auxiliary
input z(k) from the equation (2.43b).

— Determine which control input «(k) minimizes the objective function (3.1).

Note that since a PWA system (2.43) is used, an additional optimization algorithm for
computing the power converter evolve is not required. Therefore, this MPC formulation
(3.1) can be easily implemented in devices like a microcontroller or an FPGA; however,
the resulting control action usually has a high cost, i.e., the switching frequency in the
controlled EDs tend towards infinity. Another aspect to keep in mind with this formulation

is the predicted horizon, which is not clearly defined. Because of these drawbacks, in this
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thesis, other FCS-MPC schemes are proposed, where the control input includes a PWM

modulation.

3.3. FCS-MPC - MIQP

Normally the pulse-width modulation (PWM) is the basis for control of power
electronics. An ideal PWM waveform represents a preferred way of driving electronic devices
(EDs) when modeling techniques as averaging models are used. With the exception of
some resonant converters, the majority of power converters can be controlled by PWM
signals of various forms [Vasca and Iannelli, 2012]. When the power converter is modeled
into a hybrid format as an LCS, MLD or PWA system, the PWM is not required, however
including this control input modulation allows to reduce the control effort, by reducing the
number of switchings, or maintaining a constant an smooth ripple at the converter signals,
among other advantages. On the other hand including PWM control input requires a more
time prediction in multiples of the PWM period which considerably increase the MPC
computation time. The PWM signal is characterized by a continuous duty-cycle variable.
However, by considering a discrete-time model, the possibles values of the duty-cycle can be
numbering. Then, the PWM can be included into an FCS-MPC formulation. In this section,
the PWM is modeled by mixed integer (MI) inequalities, and the FCS-MPC is presented

as a mixed integer quadratic problem (MIQP).

3.3.1. Modeling of the PWM waveform

Considering a continuous-time horizon multiple of the PWM period, say t €
[0, 7 Ps], where 7 is a positive integer, and Ps is the PWM period. Since there are N samples
for each switching period P, in discrete-time the horizon of interest is k € [0, 7N]. Say p
an integer characterizing the p-th period of interval, i.e. p = f%} Then, the samples of the

p-th period are k € [(p —1)N,pN],p=1,..., 7.

We assume that each switch has only one commutation in each switching period.



44 Chapter 3: Model predictive control for power converters in the LC framework

In particular, for i = 1,..., Ng + N, define

wik) = 1 kellp—1)N+Sip, (p—1)N + Fyp) (3.2)

0 otherwise

with S;, and Fj, integers such that

for k € [0,7N], p = []ﬁv] The i-th switch is turned-on at the sample S;;, of the p-th period
and is turned-off at the sample F;,. Then, in continuous time the duty-cycle in the p-th
switching period is d;p = a(Fj, — Sip+1). The particular case when the switch is turned-on
at the beginning of the period can be derived by fixing S;, = 0.

The switching function (3.2) can be defined as the sum of window functions, say
uip(k) : [0,7N] — {0,1}, p = 1,...,m, each one being nonzero and equal to 1 only in the
p-th period when the i-the switch must be ON. Clearly, for each 4, it is u;y(k) = wu;(k) for
k € [(p —1)N,pN] and u;p(k) = 0 for k ¢ [(p — 1)N,pN], p = 1,..., 7. Then, for each

1=1,...,Ns+ N, we can write
™
wi(k) = uip(k) (3.4)
p=1

with k € [0, 7N]. For given i and p, the signal u;,(k) : [0,7N] — {0,1} can be defined by

T e L )
0 otherwise.

Each signal u;, can be written by introducing two functions which are useful for
the MI representation. For each i = 1,..., Ny + IV, let us define 7 functions, say o,(k) :
[0,7N] = {0,1}, p=1,...,7, as

oplh) = L EPTINE (3.6)

0 otherwise
and 7 functions, say ¢;,(k) : [0,7N] — {0,1}, p=1,...,7, as

b (k) — 1 k>(p-1)N+S, (37)

0 otherwise
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Note that for each function the value of p is fixed. Then one can write u;,(k) as a signal
which is equal to 1 for all k£ such that o4,(k) = 1 and ¢;p(k) = 1 and zero otherwise, see

Figure 3.2. Therefore, for each i = 1,..., Ng + N, and for each p=1,..., 7, one can write

uip(k) = oip(k) + dip(k) — 1, (3.8)

for k € [0, 7N]. By definition oy (k) and ¢;,(k) are never zero at the same time, i.e. for any
k one of the two or both are equal to 1, see (3.3) with (3.6)—(3.7). Therefore, if o,(k) = 0
or ¢ip(k) = 0 form (3.8) it is wp(k) = 0, while if o4,(k) = ¢ip(k) = 1 then (3.8) implies
uip(k) = 1.

1 v
—O O-’lp
0
(p_l)Ps (p_l)Ps'i‘j:zp pPs
1 T A
© ¢ip
0
(p_l)Ps (p_l)Ps+Szp pPs
1 T Y y
0
(p—1)F (p— 1P+ S (p— 1P+ Fip PP

Figure 3.2: Switching signals for the i-th switch in the p-th discrete-time period. Since each
triple of switching signals corresponds to a fixed p, the signals have the same values on the
left and right time intervals, i.e. o4 (k) = 1 for k < (p—1)N, 04,(k) = 0 for kK > pN, and so

on. Therefore (k) is nonzero only in the p-th period.

For each pair (¢,p) the signal 0;,(k) can be written as a solution of a set of linear
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inequalities. In particular, o;,(k) must satisfy

k—(p—1)N = Fip < M(1—oip(k)) (3.9a)

kE—(p—1)N—Fip >c+ (m—e)oy(k) (3.9b)

with k € [0,7N], 0 < e < 1, M and m are an upper bound and a lower bound, respectively,
of the left hand side of the inequalities. For instance one can choose M = —m = 7w N. Indeed,
for 0 (k) = 1 from (3.9a) it follows k < (p—1)N +F;;, (remind that p is fixed) while (3.9b) is
automatically verified. Instead, for o, (k) = 0 the inequality (3.9a) is automatically verified
and from (3.9b) it follows & > (p — 1)N + F;p. By using similar arguments it follows that
for each pair (i,p) withi=1,...,Ngand p=1,..., 7, the signal ¢;,(k) satisfies

—k+(p— 1)N + Sy < M(1 — ¢y (k)) (3.10a)

—k+(p—1)N+Sjp>c+ (m—ce)pipk) (3.10b)

with k € [0, 7V].

3.3.2. Mixed integer quadratic problem

A FCS-MPC that includes a PWM modulation can be formulated by combining
the MLD system (2.30) with the PWM switching signal in MI form, thus, considering a
quadratic objective function, the resulting FCS-MPC problem can be written as a mixed
integer quadratic problem (MIQP) with the (integer) optimization variables S;p,, Fip, @ =
1,...,Ng+Ng,p=1,...,7.

The FCS-MPC for the power converter can be written using a RCH approach. In

particular, the MIQP can be stated as follows: given x(0) and the exogenous input e(k) for
k =0,...,7N, find the optimization variables &;,, Fip. i = 1,...,Ng+ Ng. p=1,....7
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according to

Sufp iRo(@(k) = 2rep (1)) Q(a(k) — rey (K))

subject to :
2(k) = Agz(k — 1) + Baz(k) + Eqe(k) + Gqu(k)
Erx(k) + E2z(k) + E3d(k) + Ege(k) + Esu(k) < g
wip(k) = oip(k) + dip(k) — 1 (3.11)
k= (p = DN = Fip < M(1 = oK)
k=({p—1)N = Fip 2 e+ (m—c)oip(k)
—k+(p—-1)N+ S8 < M(1— ¢ip(k))
—k+(p—1)N+Sip > e+ (m —e)pip(k),

where @ is a weighting matrix and w,.s(k) is the desired reference trajectory for xz(k),
with o;,(k) € {0,1}, ¢ip(k) € {0,1}, usp(k) € {0,1}, and (k) € {0,1}"=. In this case the
MIQP (3.11) can be solved by a branch-and-bound algorithm, which can be implemented

by parallel programming.

3.3.3. Branch and bound algorithm

The process to solve a MIQP by a branch-and-bound algorithm can be described
as follows: At the begin, all the constraints that contains integer variables are remove of the
original problem, resulting in a quadratic problem (QP) relaxation. After, the QP is solved
by quadratic programming, if the result happens to satisfy all the integer constraints, even
though these are not explicitly imposed, this solution is a optimal for the MIQP original,
and the algorithm ends. If this do not occurs, as is usually the case, the procedure is to
pick some variable that is restricted to be integer, but whose value in the QP is fractional.
For the sake of argument, suppose that this variable is z, which value in the QP relaxation
is 5.7. This value can be exclude by, in turn, imposing the restriction x < 5 and = > 6. If
the MIQP original is denoted Py, these two new MIQPs can be denoted as P, when the
imposed constraint is @ < 5, and P, where x > 6 is imposed. The variable x is called as
branching variable, and two sub-MIQPs, P; and P» are produced. Then, both sub-MIQPs

are solved by quadratic programming, and the better solution is taken, which is the optimal
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of the original MIQP Py. In this way, the original Py is replaced by two simpler (or at least
more-restricted) MIQPs. Then, the same idea is applied to these two new problems, i.e.,
solving each problem by QP relaxations and, if necessary, selecting branching variables.
This procedure generates a search tree algorithm, where each MIQPs generated are called
as nodes of the tree, with Py designates as the root node. The leaves of the tree are all the
nodes from which the algorithm have not yet branched. In general, if the algorithm reach
a point at which it can solve or otherwise dispose of all leaf nodes, the algorithm will have
solved the original MIPQ [Fujita, 2011, Quinn, 1990]. In figure 3.3 a graphic representation
()
() @
@

Q)

branch-and-bound procedure is shown.

O
O 0 4

Figure 3.3: Branch-and-bound algorithm, where all leaf nodes are in red color, and the

optimal node is indicated by *.

3.4. FCS-MPC - Nelder-Mead algorithm

In this section, another FCS-MPC for power converters, controlled by a PWM
waveform, is proposed. This MPC scheme differs from the previous one in that the modulator
is physically in the power converter circuit. Therefore, the PWM modulator is considered
as an exogenous system, that transforms a continuous control input «(t) into a sequence of
binary inputs for each time-step k u(k) € {0,1}. For this MPC scheme, the PWA system

is proposed to modeling the power converter, since this is a discrete-time system, the MPC
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formulation is defined as an FCS-MPC scheme although the control input is continuous.

3.4.1. PWM modulator

The exogenous PWM modulator can be modeled by Heaviside functions. In continuous-

time, a Heaviside function can be represented by a piecewise function as

0 ift<d
h(t) = (3.12)
1 ift>d

Considering a finite-time horizon, multiple of the PWM period ¢ € {0, 7Ps}, where P; is the
PWM period and 7 is a positive integer value, the continuous control input 0 < u(t) < 1

can be modeled by means of two shifted Heaviside per period of the PWM signal as

u(t) =Y Hy(t) (3.13)
p=1

Hy(t) = h{t—(1-p) P - h(t—(—p) Putdypy = 4 0 S EPIBAGR)
1 ift> ((1—p)Ps+dy,Ps)

where p = 1,...,m and 0 < d, < 1 are continuous bounded variables that represents the
duty-cycle for each PWM period. This variable are comparing with a modulating signal
s(t), normally, a sawtooth or a triangle signal in the PWM modulator. This comparison
generates the corresponding control input u(k) for each time-step. In Figure 3.4 the block

diagram shows how the discrete input is obtained from a continuous duty-cycle variable.

_1

Sawtooth signal

s(e) | u(k)
pwnm | u(t)
Modulator

d—»

Y

Discretization—»

Figure 3.4: PWM signal generator.
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3.4.2. Optimization problem

The FCS-MPC can be formulated as a PWA system with a quadratic objective
function, where the decision variable is the duty-cycle dp, for p = 1,..7. In particular
the problem can be stated as follows: given z(0) and the exogenous signal vector e(k) for

k=1,.., 7P, finding the continuous optimization variables d, according to

min Zfsl(x(k) - xref(k))TQ(x(k) - xref(k))

dp

subject to :

x(k) = Aqe(k — 1) + Bgyz(k) + Ege(k) + Gqu(k)
Fi0(k)+g1 it 0(k)epy
Fy0(k) 4+ g2 if (k) € Py

(3.15)
z(k) =

F.0(k) +g, if0(k) € P,

u(k) =325 Hy(k)

In this formulation, the PWA system is proposed to modeling the power converter. The-
refore, an optimization solver for the system evolve is not required. Since this FCS-MPC
formulation considers a continuous duty-cycle 0 < d, < 1 as decision variable, there is a
infinity possible values. In this thesis, the optimization algorithm proposed to solve this
FCS-MPC formulation is the Nelder-Mead, which is a multi-variable direct optimization al-
gorithm, where the decision variable is continuous. This algorithm can be efficiently solved

by parallel processing, what makes it suitable for control power converters.

3.4.3. Nelder-Mead algorithm

The NelderMead method is a direct search method. For a function of m variables,
the algorithm maintains a set of m 4 1 points forming the vertices of a polytope in m-
dimensional space. This method is often termed the simplex method, which should not be
confused with the well-known simplex method for linear programming. The Nelder-Mead
procedure can be described as follows: at each iteration, m + 1 points (p1, p2, ..., pm+1) form
a polytope. The points are ordered so that: f(p1) < f(p2) < ... < f(m+1). A new point

is then generated to replace the worst point p,,+1. Let be ¢ the centroid of the polytope
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consisting of the best m points
1 m
c= E;pi. (3.16)
1=

A trial point p; is generated by reflecting the worst point through the centroid

pe=c+plc—pmsi1), (3.17)

where p is a parameter of reflexion. If the new point p; is neither a new worst point nor a
new best point, i.e. f(p1) < f(p) < f(m), pi replaces pyt1.
If the new p; point is better than the best point, f(p;) < f(p1), the reflection is

very successful and can be carried out further to

pe =c+ B(pe —r), (3.18)

where > 1 is a parameter to expand the polytope. If the expansion is successful, f(pe) <
f(p1), pe replaces pp41; otherwise the expansion failed, and p; replaces pp,+1.
If the new point p; is worse than the second worst point, f(p;) > f(pm), the

polytope is assumed to be too large and needs to be contracted. A new trial point is defined

as

. c+y(pm+1 =), if f(pe) = f(Pmsa), (3.19)

ct+ype—c), if f(p) < f(Pny1),

where 0 < v < 1 is a parameter for the contraction. If f(p.) < Min(f(pm+1), f(pi)), the
contraction is successful, and p. replaces pp,11. Otherwise a further contraction is carried
out. The process is assumed to have converged if the difference between the best function
values in the new and old polytope, as well as the distance between the new best point and
the old best point, are less than the tolerances provided. Strictly speaking, NelderMead is
not a true global optimization algorithm; however, in practice it tends to work reasonably
well for problems that do not have many local minims. The Nelder-Mead algorithm can be

synthesized in the following five steps [Lagarias et al., 1998, Tajjudin et al., 2011]:

1. Randomly initialize m + 1 individual points, and order them from the best to the

worst.
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2. Calculate the reflection point p(t);
if f(p1) < f(pe) < f(pm), accept p; and terminate.
if f(pe) < f(p1), go to step 3.

if f(pi) > f(pm), go to step 4.

3. Generate pe;
if f(Pe) < f(pt), accept pe and terminate.

if f(pe) > f(pt), accept p; and terminate.

4. if f(pr) < f(pm+1), generate pe;
if f(pc) > f(pt), accept p. and terminate.

Else, go to step 5.

if f(pt) > f(pm+1), generate pe.
it f(pt) < f(pm+1),accept pe and terminate.

Else, go to step 5.

5. For each individual point i except for first p;, evaluate new points as p; = p1+vy(pi—p1)

and terminate.

3.5. FCS-MPC formulation advantages

In this chapter different formulations of the FCS-MPC for the power converters
are presented, the characteristics of each FCS-MPC formulation are shown in Table 3.1. In
relation to how we can select a formulation over another, the option is clear for the FCS-
MPC - Nelder-Mead, which is suitable when a PWM device is physically part of the power
converter circuit. However, the better selection between FCS-MPC - exhaustive search and
FCS-MPC - MIQP is not clear, this depends on the desired control performance. In the
following subsection, these formulations are applied to a power converter circuit, in order

to test the control performance of each them.
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Table 3.1:

FCS-MPC formulations summary.

FCS-MPC, binary search

FCS-MPC, MIQP

FCS-MPC, direct search

Formulation suitable for:

Control designs without any

input modulation.

Control designs with PWM

input waveform.

Control designs that the cir-
cuit includes a PWM device.

Optimization algorithm used:

Exhaustive search

Branch and bound

Nelder-Mead

Control input obtained:

binary input

binary sequence

Continuous input

Advantages:

Small time-horizon, easy to
implement online, intuitive

solver method.

Low control effort, smooth
ripple, solved by commercial

solvers

Low control effort, smooth
ripple, solved by simplex algo-
rithm (Nelder-Mead).

Disadvantages:

High control effort, suitable
time-horizon not clearly esta-

blished

High compute time, difficult
to implement online for many

independent control inputs.

High compute time, difficult
to implement onlinefor many

independent control inputs.
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3.5.1.

PWM waveform

This subsection presents a comparative study of the impact into the controller

performance, when the control input is defined by a PWM modulation or not. For this

L D
> o
CLa—  Aod— AN -
¥5

)\1 P2
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+ 1
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Figure 3.5: Single phase boost rectifier.

comparative case, consider one of the most important high power factor rectifiers, from a
theoretical and conceptual point of view, the so-called single-phase boost rectifier, whose
circuit scheme is illustrated in Figure 3.5. This circuit is an interesting power converter
configuration, since this presents the modeling of a classical H bridge in the complementarity
framework, and has only one controlled ED, which simplifies the comparative study of the
control inputs. The rectifier is modeling in the complementarity form by cascading a classical
H bridge rectifiers with a boost converter composed by a transistor 7', a diode D an inductor

L and a capacitor C. By applying the Kirchhoff laws one obtains the following dynamic

equations
d . .
LSEZS = —Rsis + o3 — o4 + €5
I d .
a L c T P2~ ¥P4—¥5
d ) 1
C&’UC =15, — R—L’UC — Y6
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-
where ¢ = <¢1 02 3 QY4 P5 @6) are the output variables of the complementa-

rity model of the electronic devices, this equations correspond to the (2.15a) with x

-
(is ir ’Uc) and the matrices

-0 0 1
Ac=1 0 0 -1 |, E=|o0
0 & —mc 0
0 0 1 -1 0 0
Be=|0o -1 0 -1 -1 0
0 0 0 0 0 -1

The output equations of the dynamic subsystem can be written as

A1 = 92 — p3 + P4,

A2 =i — 1

Az = —is + 1, M =is+ A =1is+iL— 1
As = iL — s, A6 = Ve + ¢5
which correspond to (2.15b) with
0 00 0 1 -1 10 0
0 10 -1 0 0 00 O
. — -1 00 D, — 1 0 0 00 O
1 10 -1 0 0 00 O
0 10 0O 0 0 00 -1
0 01 0 0 001 O

and F, = 0. The representation (2.1) can be obtained by collecting the diode model (2.2)
for (1, A1), the diode model (2.3) for (¢i, \i), i = 2,...,5, and the switch model (2.7) for

(g6, A6), thus obtaining the following matrices:

By = (dz’ag(l,—L—l,—l,—l,l) 06)(1)

05x2
0 1 )
-1 0

O5x5

Dy

02X5
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Table 3.2: Single phase boost rectifier parameters

Component, Parameter value

Voltage supply, es 100sin(1007t) V
Internal power supply resistance, Rg | 0.1

Internal power supply Inductance, Lg | 1 mH

Inductance, L 12mH
Capacitance, C 120 pF
Switching period, PP 100 s
Integration step, a 10ps
Cs = —B] and E, = 0, where 'diag’ stands for a diagonal matrix whose main diagonal

elements are indicated in the argument and 0;y; is a zero matrix with 7 rows and j columns.
By using the matrices derived above in (2.17), the LC model (2.16) of the power rectifier

can be directly obtained.

20f" T

15}

[V, [A]

Figure 3.6: Single Phase Boost Rectifier, open-loop simulation for the signals is and es.

A open-loop simulation is performed with the parameters of the Table 3.2, and a
fixed duty-cycle d = 0.5. Figure 3.6 shows the voltage source es and the current supplied

is, where the current has a considerable ripple and the current is not in-phase in relation of
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the voltage, which means a very low power factor.

A control objective in the boost rectifier is presented in [Rashid, 2007], where the
current i4(t) is supplied with a unitary power factor by changing the conduction state of
the transistor 7'. For this, an FCS-MPC is proposed for trajectory tracking of is(t) to a
sinusoidal reference i, = A; sin(wt), which is proposed in phase with the power supply
es, with a current amplitude A; = 2 is considered. The study considers two FCS-MPC: the
formulation (3.1), where the controller defines a binary control input without any PWM
modulation, and the formulation (3.11), where the input control is defined as PWM signal.

In Figure 3.7 the control performance of both cases are shown, in Figure 3.7a
one step ahead prediction without PWM modulation is presented, and in Figure 3.7b one
PWM period prediction. In both cases, the optimal trajectory tracking is achieved, and
the current i, is in-phase with the power supply e; voltage, which means a unitary power
factor. However, the ripple presented by the current signal is not the same as it is shown in
Figure 3.8, where the MPC with one step prediction, Figure 3.8a, presents a high-frequency
ripple over another non-periodic signal, while MPC with prediction of one PWM period,
Figure 3.8b, presents a smooth periodic ripple. This is an important difference between both
controls performance, since if the ripple frequency is unknown the design of a filter stage is
more complex. Another important difference is related to the control signal, in Figure 3.9
the control input for both MPC schemes are presented, where the control effort required
by the MPC with one step prediction, Figure 3.9a, is bigger than the MPC with a PWM
prediction, Figure 3.9b, where lower switches are required. This is an important difference

since lower switches imply reducing the heating in the controller.

3.6. Chapter conclusion

This chapter presented different FCS-MPC formulations for power converters. The
inclusion of a PWM signal reduces the control effort, but demands a longer computation
time. Chosen one formulation over another depends on control designs criteria, which is
related to the required performance and the available hardware devices. In the next chapter,

these formulations are used in control designs for practical cases of power converters.
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Figure 3.7: Control performance for: (a) Prediction without PWM, 1 step horizon, and (b)

PWM prediction, 1 period horizon.
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Figure 3.8: Current signal is ripple for: (a) Prediction without PWM, 1 step horizon, and

(b) PWM prediction, 1 period horizon.
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Chapter 4

Case Studies

This chapter deals with practical sceneries for power converters, where the FCS-
MPC schemes described in the previous chapter is used. In order to implement the controller,
additional techniques for reducing the computational time and to given robustness to the
controller are proposed. The power converters used in this chapter are the boost converter,
the AC/DC single-phase power inverter, and a combination of both, into a photovoltaic

array connected to the grid. The FCS-MPC controller is implemented in two study cases.

4.1. HIL simulation of a boost converter.

In this section an hybrid controller that involves a FCS-MPC scheme (3.15) and
an integral action is presented for a boost converter. A real-time simulation is performed
using a hardware in the loop (HIL) methodology, and the controller is implemented in a
microcontroller device, which contains a PWM module generator. Since a PWM generator
is available, the FCS-MPC - direct search (3.15) formulation is used. This FCS-MPC is
solved by the Nelder-Mead algorithm, which can be implemented by means of parallel
processing. However, in this case the processing capacity in the microcontroller is limited,
then, a parametric analysis is proposed to get explicitly the FCS-MPC controller off-line,

whereby the computational cost is drastically reduced.

61
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4.1.1. Hardware in the loop

Digital control designs for power converters, as MPC schemes, are more and more
used in modern power electronic circuits. Digital control provides flexibility, high tolerance
to noise, and higher robustness against thermal and aging effects. However, the digital-
based implementation of the power converter control involves new concerns with respect to
analog implementations, mainly due to the time discretization and finite resolution featu-
res [Fernndez-lvarez et al., 2017]. In recent years it has been observed that testing digital
controllers close to the application conditions is a critical step. Real-time simulation is a
fundamental enabler for advanced testing techniques like HIL. In this technique, a part, or
all system is modeled and simulated in real-time, normally using a field programmable gate
array (FPGA). In this real time simulation, the analog input of the controller and the digital
output of the power converter are implemented as close as possible to the actual controller
to emulate signal conversion delays. Control signals are connected to the analog and digital
inputs of the virtual plant model. From the controller perspective, there is no difference
between the real converter and the simulated one. HIL simulation allows a comprehensive
evaluation of all modes of operation of the controller under realistic system conditions and
offers advantages as reduce cost, fast repeatability of the tests, and the ability to subject
the controller to risky contingency situations, [Difronzo et al., 2017, Sanchez et al., 2012,

Grgoire et al., 2011, Faruque and Dinavahi, 2010].

4.1.2. MPC design

R L Y1
AR
+ +
Vie — d— M% Us Y Aa ve —__ C §RL
p2y-— -

Figure 4.1: Boost converter circuit.
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The control task for the boost converter circuit, shown in the Figure 4.1, usually
involves the voltage regulation. Depending on the boost parameters, this regulation can be
achieved by means of indirect or direct methods, controlling the current or the voltage state
variable, respectively [Sriram et al., 2003, Mohamed et al., 2016]. In the first case (indirect
method) a current reference i, ¢ can be obtained by means of a voltage reference v,y

[Escobar et al., 1997, Ornelas-Tellez et al., 2012], as

ref = . (4.1)

In the direct method, the voltage reference v,.; is directly taken as reference. With these
reference the indirect and direct control method can be design as an FCS-MPC (3.15),
where the objective function is to minimize the difference between the state variables and
their respective references. The MPC constraints are defined by the PWA system (2.43) of
the boost converter, described in the subsection 2.3.1, and the PWM model as

min i (@(k) = 2res (k)" Q(a(k) — wreg (K))

subject to :
PWA system (2.43)
PWM modulator (3.13).

In this case, the predicted horizon is considered as m = 2. In order to show different conduc-
tion modes of the power converter, two parameter configuration for the boost converter are
considered, taken of Table 4.1. In the indirect control method, the power converter opera-
tes in continuous conduction mode (CCM). While in the direct control method, the boost

operation is expected as discontinuous conduction mode (DCM).

4.1.3. Parametrized solution

In MPC implementation for power converters, the computing time usually is a
limiting factor. This limitation can be resolved by transferring the on-line computation to
an off-line parametric analysis, where it is considered the power converter state variables as
parameters, then a parametric sweep is performed for a finite number of possible converter

conditions, taken from a bounded operation range of the controller. This idea has been used
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Table 4.1: Boost Converter parameters for MPC.

Component, Parameter | Indirect control | Direct control
Voltage supply, V. 48V 12V
Resistance, R 0.1 0.1Q
Inductance, L 12mH 0.5 mH
Capacitance, C 15uF 180 puF

Load Resistance, Ry, 2209 20 Q)
Switching period, PP 100 ps 1000 ps
Integration step, « 1us 10 s

in [Mariéthoz and Morari, 2009, Mirzaei and Afzalian, 2009], where the optimized duty cy-
cle d* for each power converter condition is written in a look-up table as result of the
parametric analysis and interpolation techniques are used to approach the rest of the values
in the operating range. In this work, on the other hand, an original parametric analysis is
proposed from which the optimized duty cycle d* is obtained as a piecewise function.

The parametric analysis purposed consist of an inspection of the slopes between
consecutive points in each parameter direction. The algorithm for the parametric analysis

can be described in the next five steps
1. Delimit the operation range of the controller for cach parameter (ir,ve).

2. The FCS-MPC is solved to obtain the optimized duty cycle for a finite set values of

one of the parameters, keeping the other parameter into a fixed value.

3. Using the equation of a line passing two points, the slopes between consecutive duty
cycles is calculated. Then, a limit point is defined when the difference of two conse-

cutive slopes exceeds a tolerance, as it is show in Figure 4.2.

4. The steps 2 and 3 are repeated for the other parameter until the operation range is
completely divided by the limit points into rectangular regions, as it is shows in Figure

4.3.
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Figure 4.2: Limit points detection.
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Figure 4.3: Rectangular regions.

Once the rectangular regions are defined, the optimized duty cycle d* is approach
in each region by means of the general equation of a plane as

_pip + Pue+0
Y

where the coefficients p, 5, v y § can be approximated by means of a fitting function

dr (4.2)

in Mathematica ™[Wolfram, 2017]. Then, considering the equations of all the regions, the
FCS-MPC can be approached as a piecewise function as

PULAPLAO if v, € Ry

. AR if v, € Ry
d* = . . (4.3)

ETiL"’f:'UC'i'(ST‘ lf iL7 Ve c RT

where 7 is the number of regions.
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4.1.4. Numeric simulations

The FCS-MPC controller (4.3) is tested in numeric simulations for both control
cases: direct and indirect method. In Figure 4.5 the indirect control method is presented,
where the voltage regulation to the desired reference v,y = 100V is achieved, and the
current operates in CCM. In Figure 4.4 the direct method is presented, where the voltage

regulation for v,y = 16V is achieved, and the current operates in DCM.
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Figure 4.4: Direct control method and DCM.

These controllers approach by piecewise function (4.3) can be easily implemented
in a microcontroller. However, any changes in the boost converter parameters, as load
variations in the case of the boost, could affect the controller performance, and if this

variation remains the control goal is not achievable.

4.1.5. Robustness against load variations

In order to provide of robustness to the controller against the load variations, an

integral action is included as
d; = K; Z(U’“ef — Vo) (4.4)

where K is a constant gain and « is the sampling time. The resulting robust controller can
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Figure 4.6: Prediction scheme of the controller.

be expressed as the sum of the parametric FCS-MPC (4.3) and the integral action (4.4) as
d=d" +d;. (4.5)

In Figure 4.7, a block diagram of the resulting hybrid controller is shown. The implemen-
tation scheme is shown in Figure 4.6, where a prediction horizon is fixed to 7 = 2 PWM

periods.

4.1.6. HIL real-time simulation

The controller (4.5) performance is tested in a real-time environment by means of
HIL method with the development devices shown in Figure 4.8. In this case, the boost con-

verter dynamics are simulated in an FPGA of a CompactRio, which is a device of National
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Figure 4.7: Block diagram of the controller

Instruments. In the other hand, the controller (4.5) is implemented in the microcontroller
TMS320F28379D of Texas Instruments, which has a PWM output block. The real-time
simulation is running by means a Labview interface, where changes in the load resistance

can be easily programmed.

__Labyiew Intecface

Figure 4.8: Hardware for HIL.

The controller is tested for both cases, the direct control, and the indirect control
method. The changes in the load resistance are programmed in Labview as +20% of its
nominal value.

The controller performance of the direct control method is presented in Figure 4.9,
in Figure 4.9a the regulation voltage is shown, where the voltage reference is achieved even

with load variations, which only implies a small transient and a current peak modification
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Figure 4.9: Regulation by direct method against load variations: (a) voltage regutaltion

performance, and (b) current time transient.
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by the integral action as it is shown in Figure 4.9b, where a zoom of the current signal is

presented, in this a DCM operation mode and the signal shows noise due to the sampling

process.
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Figure 4.10: Regulation by indirect method against load variations: (a) voltage regutaltion

performance, and (b) current time transient..

The control performance of the indirect control method is presented in Figure 4.10,
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in Figure 4.10a the voltage regulation performance is shown, where the voltage reference
is achieved even with load variations, Figure 4.10b shows the current modifications by the

integral action in order to ensure the voltage convergence to the reference.

The implementation of an MPC design in an economic commercial device is one
of the most important challenges of model predictive control, because one of the main
limitations for its implementation is the high hardware demand. However, in this case, using
a parametric analysis and incorporating classic control techniques to given of robustness
the controller, allows to implement the synthesized hybrid controller (4.5) into a low profile

microcontroller.

4.2. Implementation of a grid connected single-phase full

bridge inverter

In this section, an FCS-MPC is implemented for a grid-connected, single phase full
bridge inverter system, depicted in Figure 4.11. This power inverter is widely used for the
DC/AC conversions, and in this implementation their formulation in the complementarity
framework is presented. In this case, the control design considers the FCS-MPC formulation
(3.1), where the control inputs are defined without any PWM modulation. As the same as
the previous case, it is important to given of robustness to the controller in a implementation.
In this case, a recursive least squares (RLS) algorithm is proposed. This algorithm estimates
the coefficients of the linear system (2.43a), which adjust the system model when small

variations in the inverter parameters are presented.

4.2.1. MPC design

The system, Figure 4.11 can be modeled in the complementarity framework using

the corresponding electronic device models. Thus, by applying Kirchhoff laws the following
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Figure 4.11: Grid connected single phase inverter with LCL filter.

dynamic equations can be obtained

Lfi'f = —(Rf + Rc)if + Reig — vep — 2+ @4
Lgig = Reif — (Rg + Re)ig + vep — €5

Cuip =iy —ig

T T
which correspond to the (2.16) with z = (z’f ig Uc) and e = (edc 63) and the matrices

L 1
Ly Ly Ly 0 ! 0 Ly 0 0 0 4
Ac=| e B LA Bo=10 0 0 0|, Ee=
Ly Ly Ly 0 _Li 0
1 1
oy e 0 0O 0 0 O J
The output equations of the dynamic subsystem can be written as
A1 = €5 — ¢4, Ao =if+ 3
)\3=es_'502 )\4=—’if—|—’501
which correspond to (2.15b) with
0 00 0 0 0 -1
T
1 0 0 0 0 1 0 1 010
Ce= ) D, = F.=
0 00 0 -1 0 O 00 00
-1 00 1 0 0 0
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The representation (2.1) can be obtained by collecting the antiparallel switch models (2.12)

for (¢1,A1) and (g3, Ag), the model (2.13) for (2, A2) and (@4, A1). By assuming the same

-
value of the maximum current for all switches and by defining v = (Ul us U3 u4) , the

following matrices are obtained

~1.0 0 0 In 0 0

0 1 0 0 0 0 0
B, = By =

0 0 -1 0 0 0 Iy

0 0 0 1 0 0 0

o O

0
0

o o O

0

0

Ing
0
0

0
0
0
0

Cs = —B/ and Ds = 0. By using the matrices derived above, the LC model (2.15) of the

grid-connected single phase inverter can be directly obtained. The discrete LC model (2.18)

Table 4.2: grid-connected, single phase inverter parameters

Grid voltage, e
Switching period, P

Integration step, «

Component, Parameter value
Input LCL filter resistance, Ry 1mQ2
Input LCL filter Inductance, L 3.2mH
LCL filter Resistance, R, 4mQ
LCL filter Capacitance, C 180 nF
Output LCL filter Resistance, R, | 1Q
Output LCL filter Inductance, Ly | 80 pH

297 sin(1207t) V

100ps
lps

can be obtained, considering the power converter parameters of Table 4.2. The parameters

(k) in the PLCP (2.40) are bounded by the limits: =500 < iz, 44, v. < 500, 200 < eq. < 800,

—300 < es < 300 and 0 < u < 1. After, by solving the PLCP the power converter is
modeled as (2.43). Then, the FCS-MPC (3.1) can be formulated. Additionally, in this case,

it is necessary to including the constraints

w +uz <1 and ug+ ug <1.

(4.11)
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for the control inputs. These constraints avoid a possible short circuit in the controlled
ED’s. In this circuit the objective control is to supply active and reactive power to the grid.

This objective can be included in the FCS-MPC through the current reference

; = —— i t 4.12
ZgRef 0'707SSRMS Sln(w + ¢) ( )

with

S= VPTQ

¢ = cos YPF),

PF = £

where PF' is the power factor, S, P and @) are the apparent, active and reactive power,
respectively. In this case, the control objective is considered as supply only active power,
which can be done by set up PF = 1, and Q = 0. A necessary condition to be available
for supply power to the grid in this circuit is that the magnitude of direct voltage eg. must
be 1.5 times that the grid es amplitude, or bigger. A FCS-MPC (3.1) can be formulated
considering the minimum horizon prediction n = 1, where the number of possible inputs
are 2™ = 8, and the objective function is to minimize the difference between the state
variable iy and its respective reference ig, , (4.32), subject to the PWA system (2.43), and

the additional constraints to avoid the possible short circuit (4.11), written as

min (i (k) ~ gy () Qig ) g, (1)

subject to : (4.13)
PWA system (2.43)

Input constraints (4.11)
As it was mentioned in the chapter 3, this MPC can be solved by means of exhaustive search
method, where all the possible inputs are numbering. Then, the input that minimizes the

objective function is chosen.

4.2.2. Recursive least squares algorithm

The proposed FCS-MPC is based on a deterministic model of the power converter.
The main challenge in this formulation is to obtain the values of the power converter para-

meters (inductors, capacitors, and resistors), which usually is not possible, due to parameter
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uncertainties or because the power converter is physically a black box. In order to address
this drawback, in this paper is purposed a method to give robustness to the FC-MPC against
parameter variations based on a recursive least square (RLS) estimation. Considering that
at this point the power converter model (2.43) has already obtained with some expected
values of the power converter parameters, the RLS algorithm is applied only for the matri-
ces Ay, By and Ey of the linear system (2.43a). Note that, since the matrices coefficients of
the PWA (2.43b) are not estimated, the system robustness only remains for the bounded
operation range of the parameters 6(k) in (2.43), and it is important to mention that the
estimated coefficients of the difference equation (2.43a) approach the system dynamics, not
the power converter parameters. The RLS algorithm estimates on-line the coefficient values
of the matrices Ay, By and Ey4, at each sampling time [Astrom and Wittenmark, 1994],

where the coefficients of the state variables of the power converter can be estimates as
(k) = ik — 1) — K (k) (X (k) — (k)T (k — 1)) (4.14)
where

X (k) =[a'(k — 1), 2" (k = 2),2" (¢ = 3)] ",
(A1) -2 -]

a™(k—1) a™(k—2) a™(k—3)
21(k) AMe—-1) 2k -2)

2" (k) 2e(k—1) 2" (k—2)
el (k) el(k—1) el(k—-2)

e (k) e (k—1) e (k—2)

K'(k) =P"(k = 1)x(k)(I + x(k) " P'(k = 1)x(k)) ™",

P(k) =(1 = K'(k)x(k) ) P'(k - 1),
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where i = 1, ...,n,, and P(k) is normally referred as the covariance matrix. In Figure 4.12

a block diagram of the resulting controller is shown.

S e(k)
eq. (4.12) (gney (k)
B
ok~ 1) MPC (3.1) u(k) Power converter =(k)
a(k) RLS (4.14)

Figure 4.12: Block diagram of the controller.

4.2.3. Numeric simulation
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Figure 4.13: Convergence of the recursive least square algorithm.

In order to show the coefficient convergence of the RLS algorithm and the control

performance, the resulting controller is tested in a numeric simulation. In this, all coefficients
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in the matrices Ay, By and Eg of the model (2.43a) are initialized to zero, and then, their
values are estimates at each sampling time by the RLS algorithm (4.14), while the FCS-MPC

(4.13) obtains the optimized control input, using these estimate matrices.
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Figure 4.15: Active and reactive power supplied to the grid.
In Figure 4.13 the RLS convergence, where a coefficient of each matrix is shown,

the time convergence is about 0.1 seconds. After this time, the system is identify and the

optimal trajectory tracking task is achieved as it is shown in Figure 4.14, where the current
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ig converges to its reference 7,4, , until the coefficients converge to the system matrix values,
the simulation considers a increment in the active power at time 0.05s,which implies an
increment in the reference 44, . Additionally, the grid voltage es is shown, which is in-
phase with the current i,. Therefore, the power is supplied to the grid with an unitary
power factor. The active and reactive power supplied to the grid are shown in Figure 4.15,
where only active power is supplied in steady-state, which is the control task.

This numeric simulation allows to test the RLS algorithm performance, which can

be implemented into a microcontroller or similar devices for on-line estimation, as same as

the FCS-MPC (4.13).

4.2.4. Implementation

In order to test the FCS-MPC controller in a real-time environment, the controller
is implemented in the laboratory by means of Lab-Volt equipment and an OPAL-RT system.

Figure 4.16 shows the practical scenario for testing the controller. In this implementation,

DC:_,_Vo:ltagg
e T

OPAL-RT

Figure 4.16: Implementation scenario.

the equipment used is chosen by considering the components available in the laboratory.
Even though the FCS-MPC resulting controller can be implemented in lower profile device
as a digital signal processor (DSP), OPAL-RT equipment is used, due to its sensing inter-
face and because it is available in the laboratory. Similarly, the power inverter parameters

are chosen considering the available equipment of Lab-Volt, which in this case the power
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Figure 4.17: Real-time implementation. Active power supplied to the grid, and FCS-MPC

performance.

converter parameters are: eq. = 160 V@8A, Ly = 14.98mH, Ry = 0.37€), R. = 6.821),
C =190mF@250V, R, = 0.069Q2, L, = 98pnF, e, = 40VQ1I5A, and o = 25ps. This para-
meters differs from the numeric simulation. However, the same PWA system (2.43b) is used,
and the parameter variation is compensated by the matrices of the linear model (2.43a),
which are estimated by the RLS algorithm. Figure 4.17 shows the FCS-MPC performance
for optimal control tracking of the current i, to the reference iy ., and the active power
supplied to the grid, this value is calculated form the root mean square (RMS) values of
the voltage es and the current i, since the sampling proccess in the OPAL-RT could lost
information. Additionally, the voltage of the grid ey is presented, in order to prove that is
in-phase with the current iy, which means that only active power is supplied.

An control objective of interest could be to supply a varying active power to the
grid. In the FCS-MPC scheme, this can be achieve by varying the amplitude of the current
reference iy, ,, which is obtained by means of equation (4.32). In Figure (4.18) is presented
a fictional case where a slow sinusoidal variation of the active power is required, and how
the current reference is modifying. With this the capabilities of the FCS-MPC controller
for supplied active power according to the requirements of the grid, trough the current

reference (4.32), is proven. In relation of the three FCS-MPC formulations presented in
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Figure 4.18: Real-time implementation. Variations of active power supplied to the grid.

this thesis, this FCS-MPC formulation (3.1) without any PWM modulation is easier to be
implemented, since a pretty small prediction time can be considered (25 ps), which reduce

the compute time and, therefore, the hardware requirements.

4.3. Residential microgrid applications

In this section, the FCS-MPC scheme is applied to the field of renewable energies.
Nowadays, on issues of energy generation, the urgency of a change to renewable energies,
such solar energy, is evident. However, the integration of photovoltaic (PV) generation
demands not only modern power electronic equipment, but also state-of-the-art techniques,
that through modeling and control design would ensure the compatibility of renewal sources
with the existing electronic power systems. The complementarity formalism constitutes a
suitable framework to support the integration of PV generations into electric power grids.
In this case, a typical circuit for residential microgrid integration is presented. Figure 4.19
depicts a single-phase photovoltaic generator with a two-stage power conversion subsystem
and LCL filter for a residential microgrid. The solar energy is obtained from an array of
PV cells, the power inversion subsystem includes a DC-DC boost converter that step up

the voltage of PV cell to the required levels in the integration of a renewable resource and
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Figure 4.19: A single-phase photovoltaic generator with a two-stage power conversion

subsystem and and LCL filter for a residential microgrid.

Figure 4.20: The equivalent circuit for a solar cell.

the utility grid. It also includes a power inverter that provides ac power to the microgrid.
A passive LCL filter between the inverter and the utility grid is considered to reduce the
injection of harmonic pollution into the utility grid. The entire system can be modeled in

the complementarity framework using the corresponding electronic device model.

4.3.1. PV system model in complementarity form

First the PV power electronic system, which is shown in Figure 4.19, is modeled
in the complementarity framework. For this, let us first consider the dynamic equation of

the voltage on the capacitor C),, which can be written as follows
d . .
Cpav},U = lpy — L. (4.16)

The PV array consists of a series-parallel connection of ng and n, solar cells, respectively,

whose equivalent circuit is shown in Figure 4.20. By applying the Kirchhoff laws, the diode
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voltage A1 and the PV cell current i,,. can be written as

AL = pRyvis — pRpvp1 + pupy,., (4.17a)
ip’uC = Plb — PPY1 — Rih'vpvc (417b)
S

where p = Ry, /(Rgp+ Rpy). By assuming that all cells are equal, the voltage vy, and current
ipy of the PV array model can be written in terms of the voltage vy,,. and current iy,, of

the solar cell as follows

Upy = NgUpy, (4.18a)

ipo = Npipy,- (4.18D)

By combining (4.17)—(4.18) the dynamic equation (4.16) can be rewritten as

d NppP ) .
Cpavpv = —ns;’%hvpv — i — NppP1 + NppPls. (4.19)

The remaining dynamic equations can be obtained by applying the Kirchhoff laws to the

circuit in Figure 4.19:

d
L&iL = Upv - RSiL — 3 (4.20&)

d
C’avc =2 — P4 — Y6 (4.20b)

d
Lfaif = —(Rf + Rc)if + Reig — vep — @5 + @71 (4.20¢)

d
Lgéig = Reiy — (Ry + Re)ig + vep — e (4.20d)

d S

Cfavcf =if — ig. (4.20e)

The dynamic equations (4.19)—-(4.20) correspond to (2.15a) with the state vec-

T T
tor x = (Upv i, Ve if g Ucf) , the exogenous input vector e = (2'8 63) and the



4.3. Residential microgrid applications 83

following matrices

1
TRl T 0 0 0 0
1 R,
I -7 0 0 0 0
A 0 0 0 0 0
¢ = Ry+R. R. 1
00 0T T
R _BgtRe 1
0 0 0 I " I
1 1
0 0 0 oF oF 0
—-C% 0 0 0 0 0 0
1
0 0 -7 O 0 0 0
o £ o -+ o -1 o0
B, _ c c 1 c N
0 0 0 0 ~I; 0 I;
0o 0 0 0 0 0 0
0o 0 0 0 0 0 0
) T
= 000 0 0
0 00 0 — L 0
The output equations of the dynamic subsystem can be written as
Al = nﬁ'Upv — pRpyip1 + pRpyis, (4-213)
'S
A2 = —Vc+ 3, A3 =iL—p2, M =ve.—pr, (4.21b)

As = Zf + ©s, A6 = Ve — #5, A7 = P4 — va (421C)
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which correspond to (2.15b) with the matrices

p O 0 0 00
00 -1 0 00
01 0 0 00
Cc=100 1 0 00/,
00 0 1 00
00 1 0 00
00 0 —-100
—pR,, 0 00 0 0 0
0 0 10 0 0 0
0 -100 0 0 0
Do=| 0o 0 00 0 0 -1
0 0 00 0 1 0
0 0 00 10 0

FC(171)=pRp’U7 Fe(i,j) =0Vi,j #1

The representation (2.1) can be obtained by collecting the piecewise linear approach of
the diode (2.6) for (¢1, A1), the diode model (2.2) for (2, A2), the switch model (2.7) for
(¢3, A3), the antiparallel switch model (2.7) for (¢4, A1), (p6, As), and the antiparallel switch

model (2.13) for (¢5, As) and (@7, A7). By assuming the same value of the maximum current
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+
for all switches and by defining u = <u3 Uy Us  Ug u7> , and the matrices

lixog O1x3 O1x4
1 0 O
By = | Oax9 0254 )
-1 1
04)(9 04><3 dlag(_1717_171)
.
—1lixo O1x3 O1x4
-1 0 O
Cs = | 0O2x9 O2x4 )
0o 1 -1
04x9 O4x3 diag(1,~-1,1, 1)
diag (1/91...1/99) Ogx7
D, = ’
O7><9 07><7
O3x3 O3x2
(0 I 0) O1x2
E, = 0 0} |
03x3 I 0
0 0
O11x2 O11x3
(IM 0) O1x3
0O 0 O
F, = ’
Iy 0 0
04x2
0O 0 O
0 0 Iy
T

hs = ((‘/1‘/9) 017

4.3.2. Current source of the PV cell

A temperature dependent expression for the photo-generated current is can be
obtained by considering the solar cell in Figure 4.20. To this aim let us consider the current-
voltage diode characteristic

251

o1 = Io(T) (eT . 1) (4.24)
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where 7" is the PV temperature, Iy(7") is the temperature dependent diode saturation cu-
rrent, 0 = ¢/(nK) with ¢ the electron charge, n the diode ideality factor and K the Bol-
tzmann constant [Sera et al., 2007]. The expression for I can be obtained by substracting
the diode current ¢y in the circuit in Figure 4.20 under open-circuit (ip,, = 0, vpy, = Vi)

and short circuit (ipy, = Isc, vpy, = 0) operating conditions, thus obtaining

va + Rsh

o LT, (425)

aVoc(T) o Rpy Isc(T) 1
901|oc_901|sc:[0(T) e T — € r = _R h‘/OC(T)+
S

The temperature dependence of I;. and V,. can be approximated through the

following functions

Lo(T) = I%, [1 + Ki(T — T%)] (4.262)

C

Vool T) = V3o [L+ Ko (T = T7], (4.26b)

where I

ooy Ve, T are the short circuit current, the open circuit voltage and the tempe-

rature in standard test conditions, respectively, and K; and K, are suitable temperatu-
re coefficients for the short circuit current and open circuit voltage variations, respecti-

vely [Villalva et al., 2009]. Then, by computing Iy(7") form (4.25) one can write
(va + Rsh)ISC(T) — VOC(T)

aVoc(T) oRpyIsc(T) ) :
T

Rgp, (e r  —e

Io(T) = (4.27)

The photo-generated current is can be expressed in terms of the short circuit
current and the open circuit voltage by considering the open circuit operating conditions.
In particular, from Figure 4.20 with ip,, = 0 and by using (4.24) one obtains

is(T.5) = [IO(T) (™ = 1)+ V—(T)] >

— 4.2
Rsh S* ( 8)

where S* is the irradiance in standard test conditions, the ration S/S™* takes into account the
photo-generated current variations under not standard irradiance, the saturation current

Ip(T) is given by (4.27) and I;(T) and Vo(T') are given by (4.26) [Sera et al., 2007].

4.3.3. Modelling of a PV array

In this work, an PV cell with a single diode, described in Figure 4.20 is used, i.e.

a PV array composed of a set of n, series and n, parallel connected PV cells. The relevant
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Figure 4.21: LC model approach of the PV cell exponential part.

parameters parameters are given in Table 4.3. Figure 4.21 shows a typical V' —I characteristic
where the blue dots mark the pieces that can be approximated by straight line segments
in order to obtained a LC model of the PV array. In this case, the diode characteristic
has been approximated by nine linear segments which allows to obtain a very accurate
approximation for small temperature variations, as it is shown in Figure 4.22 (a) and (b),
where the simulation results of the curves I —V and P — V show the changes according to
the variations of ambient temperature for a constant irradiance of 1000 W/m?. It must be
noticed that each temperature conditions requires a particular piece-wise approximation.
However, the models can be obtained from a prescribed number of linear segments. It is
important to say also, that a fewer number of segments is used without a significant lose of
accuracy of the results. From Figure 4.22, it can be observed that voltage and power of the

PV module decreases with increasing the cell temperature.

Note that the PV model depicted in Figure 4.20 allows for the full consideration of
the PV losses through both R, and Rg. Let us define p = #ﬂkm and, applying Kirchhoff

laws the diode voltage A1 and the PV array current iy, can be obtained as

A1 = pRpyis — pRpoip1 + popo, (4.29)
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Figure 4.22: Linear complementarity approach of the PV array characteristics: (a) voltage-

current characteristic, and (b) voltage-power characteristic.
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Table 4.3: Photovoltaic array parameters.

Parameter Value Parameter Value
Mg 600 Ny 2
Iz, 527 A |78 310V
K; 0.0032 K, 0.123
T 308 K T* 293K
S 1000 W/m? | §* 1000 W /m?
Rgp 5002 Ry, 0.221 02
o 1.3
ipo = p(npis — npp1) — Rivpv. (4.30)
sh

Then the LC model (2.16) for the PV array can be completed considering that the corres-
ponding matrices are defined as: A, =0, B, =0, E. =0, C. = p, Do = —pRpy, Fr. = pRyy.
with the state z = <Upv) and the exogenous input e = <Zs) While the complementarity

subsystem (2.1) matrices are defined as

B = (11><9> )
D = (diag (1/g1...1/g9)) )

hs (Vl...V9>T,

and Cy = —B/ .

4.3.4. P&O MPPT Algorithm

The efficient operation of any PV array requires implementing a suitable control
strategy to force the panel to work in an operating point that would ensure that the maxi-
mum power is extracted from the solar irradiance. Accordingly, it is necessary to compute
the panel voltage at the point of maximum power transfer Vs ppr and the corresponding pa-
nel current /s ppr, according to the measured voltage vy, and current i,,. Many techniques

have been developed to determine the maximum power that a PV array can deliver, being
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yes

Sense vy, (kp) |

and iy, (kp)

I

[ P(kp) = vpy(kp)ipy (kp) ]

yes

no

Vo (kp) — vpu(kp —1) >0

P(kp) — P(kp —1) > 0

¥

P(kp) — P(kp —1) =0

Ino

yes

no
Vpo (kp) — vpo(kp — 1) > O

Vmppr =

vpo (kp) — A

VMppr =

VUpv (kp) + A

VmpprrT = Vmppr =

Vpwv (kp) - A Upv(kp) + A

Figure 4.23: P&O Algorithm for direct search of Vysppp, where A is the incremen-

tal/decremental step and k, is the sampling step.
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the perturb and observe (P&O) algorithm [Esram and Chapman, 2007 one of them. The
basic P&O MPPT algorithm consists in the calculation of the PV array power P = i,,vp,
at each sample time, which in this case can be considered as the PWM period Ps. Then, by
comparing the calculated power against a previous one, the algorithm moves the Vysppr
reference an incremental/decremental step A in direction of the maximum power point.
An adequate value for A is selected considering that high values produce steady-state os-
cillations and for small values, the convergence to steady-state is slower. In Figure 4.23 a

flowchart of this algorithm is shown.

4.3.5. The PI controller

As it has been shown before, an efficient P&O algorithm is essential to operate
the panel at its maximum power transfer point; however, an additional and dedicated PI
controller is required to indicate to the FCS-MPC controller the amplitude of the current
to be injected into the utility grid to achieve such maximum power injection, by means
of regulating the DC-link voltage v.. In Figure 4.24, the PI controller is in an outer loop,
which in combination with the phase-locked loop (PLL), provides the current reference g4, ;

in-phase with the voltage utility grid, this is
ig,e; = Apsin(wt) (4.32)
where the amplitude A, is defined by means of the PI as

Ap = Kp(ve — e, ;) + K Z(vc — V) (4.33)

where the reference value v, is assumed o be 1.5 times the nominal peak voltage expected
at the grids common coupling point and K, and K’; are the controller parameters, which are
selected by simulation tests to achieve a short transient response and a zero steady-state
error. Simulation experiments carried out during the development of this work have shown
that appropriate values are those presented in Table 4.4. The integration process can be
executed at discrete times, e.g. at every period of the carrier signal, as done in this work,

nonetheless other time periods are possible.
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Figure 4.24: Schematic representation of a two-stage, grid-connected PV generator and

control system. Blue lines represent control signals.

4.3.5.1. The Finite Set control-Model Predictive Control Scheme

The FCS-MPC is design to ensure that the PV array sticks to the operating
point of maximum power transfer by pushing the vy, (t) voltage and i4(t) current to their
respective references Vs ppr and iy, ;- The discrete LCS (2.18) is obtained by considering
the system parameters of the Table 4.4. Where the sampling period « directly influences
on the electrical wave-forms ripples, that is, a higher switching frequency reduces the ripple
and at same time the required components of the circuits can be selected of small values,
by the contrary, a lower frequency requires high components values to reduce the produced
ripples.

The MPC based on the formulation (3.11) is proposed for the operation of the
grid-connected single-phase inverter. The control strategy assumes independent signals for

each ideal switch, but it is necessary to consider the additional constraints
ug+ur <1 and us+ug <1 (4.34)

for the control inputs. These constraints avoid a possible short-circuit in the DC-link. The
main purpose of the scheme in Figure 4.19 is to pull out the maximum power to the PV
source and supply the available power to the grid as active power. Note the salient multi-

tasking feature of MPC schemes. Indeed, multiple constraints and objectives can be included
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Table 4.4: Single phase boost grid-connected PV generator.

Parameter value Parameter value
Cp 4.7mF R 1m¢

L 5.2mH C 4.7mF
Ry 10 m§2 Ly 12mH
R, 0.4 Cy 180 pF
R, 50 m$2 L, 0.12mH
o 10pus Py 100pus
es 110 sin(2750t) V | KCp, 0.5

i 0.0015 A 1

in the cost function (3.11) for instance to transfer the maximum power form the PV array
and keep the dc-link voltage balanced. As presented in Figure 4.24, the MPC is set to
regulate the voltage vp, to the reference Virppr provided by the P&O algorithm and to
track of sinusoidal current reference g4, , which amplitude is provided by the PI controller.
Figure 4.25 shows the time evolution of the main state variables in the PV array, i.e. the
current ip,(t) and the voltage vp,(t). At time ¢t = 0 the initial conditions of the PV array
do not correspond to the MPPT and a transient behavior is observed until the reference
provided by the P&O algorithm reaches the Vi, ppr value. To proof that the P&O algorithm
tracks the changes in irradiation, the simulation set up considers that at time ¢t = 0.8 the
solar irradiance increases from S = 1000 W/m? to S = 1600 W/m?, which changes the
MPPT. Also, a reduction of the solar irradiance S = 800 W/m? is consider to happen at
time ¢t = 1.6. Figure 4.26 also shows a zoom of the current 4,, where the characteristic curve
V-1 of the PV cell is observed, it revels the piece-wise linear approximation of the LC model
of the PV array. Figure 4.26 shows the time evolution of the main state variables in the
boost converter, i.e. the current i7,(t) and the voltage v.(t). where the indirect regulation to
the voltage reference v, , = 300V is achieved. Additionally, a zoom of each state variable
is presented, where a ripple is exhibit, in the case of i (¢) is the characteristic switching

ripple and, in v.(t) a sinusoidal ripple generated by the current iy4(t). In the Figure 4.27, the
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Figure 4.25: Convergence of the voltage vp,(t) to the reference Visppr, provided by the
P&O MPPT algorithm.
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Figure 4.26: Regulated voltage v.(t) across the DC link capacitor C.
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current tracking control of i4 is shown, it varies according to the irradiation and available
power at the PV array. Additionally, a close view of the trajectory tracking is presented,

where the MPC tracking capabilities make difficult to distinguish iy, (t) and i,4(t). Figure

. & |||ml|uuumu||||1||um||||;llun
— Ii i |||
5 “Lﬂfn;ﬂwl.l {:mnﬂl u,ﬂ,wa i u‘lu
g 'ﬁ fil 'ri-.llq m""'"” ’ "',: T IeA
= M
< '| I i,
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Figure 4.27: Current ig4(t) delivered to the residential microgrid and it dynamical evolution
as irradiation changes at t; = 0.8s and t2 = 1.6. Inserted window shows that the FCS-MPC

perfectly trackes i,4(t) references provided by the PI controller

4.28 shows the behavior of the supplied current to the utility together with scaled version of
the utility voltage within a time window. The wave-forms are in-phase, meaning that in this
case only active power is provided to the system, i.e., a unitary power factor. However, the
PV generator may be required to deliver reactive power and thus providing ancillary services
to the system. The later can be achieved by time-shifting the current i4(t) accordingly. It
must be said that in this case the prediction horizon was set to be equal to one period of
the carrier signal but the experiments with larger prediction horizons were simulated, e.g.,
2 and 3 periods of the carrier signal.The main effects of this variations were visualized as
changes in the amplitude of the ripple of current i4(t). Also, it must be considered that the
computational effort increases exponentially with the length of the prediction horizon. In
the Figure 4.29 the active power supplied to the grid is shown, which varies according to
the irradiation and available power at the PV array. It is not shown here but the power

factor at the point of common coupling was unitary during the whole experiment.
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Figure 4.28: PV-generator and microgrid synchronization through the FCS-MPC demons-
trated by the in-phase time response of the delivered i4(t) current and the point of coupling

utility system voltage es (here scaled for comparison purposes).
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Figure 4.29: Active power supplied by the PV array at the maximum point of power trans-
fer(MPPT) in red line, and active power delivered to the microgrid in dashed black line. The

differences in input and output power correspond to the power losses caused by resistive

components of the PV generator
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4.4. Chapter conclusion

In this chapter, the described methodology in the previous chapters is applied
to practical cases of power converters. Through the addressed cases, the FCS-MPC shows
its effectiveness for control tasks, as regulation and trajectory tracking for power conver-
ters. The additional methodologies presented for implementation purposes, guarantees the

success of the controllers at real environments.






Chapter 5

Conclusions

5.1. General conclusions

The guideline for modeling and control design of power converters in the comple-
mentarity framework, presented in this thesis has proven to be a very suitable method for
switched systems. In chapter 3, open loop simulations and the comparisons with System-
Modeler demonstrated that the LC framework can model all the operation modes of the
power converters in compact linear models. The MPC scheme based in the LC system as
the same as other hybrid systems allows to control power converters without PWM sig-
nals, but it is described in chapter 4, the PWM signal present advantages for the controller
performance as a lower control effort and a smoother ripple, due to this, in general, it is
preferable to include a PWM signal in the control design. One of the main drawbacks of
the model-based control design as the MPC is the parameter variations, such can affect the
control performance, this can be attended by the including strategies to given robustness to
the controller in the control design as it is proved in the implementations of chapter 4. Fi-
nally, in the grid-connected photovoltaic array presented in chapter 4, the LC model proves
that can be a suitable framework for the analysis of power converters circuits, capable of
incorporating additional techniques for the control as P & O algorithms and PT controllers.
For the above, this thesis presents the complementarity framework as the better choice for

analysis circuits that involved power converters.

99
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5.2. Future work

The model predictive control, based on the linear complementarity system, is a
framework recently proposed to analysis, study and control of power converters. In this
thesis, a guideline for modeling and control of power converters is presented. However, the
complementarity framework is an area of research with too many opportunities, in the

following points, some possible future works from this thesis are mentioned.

e The development of a software for efficiently modeling power converters in the comple-
mentarity framework. Since this procedure do not required numbering the operation
modes or given a time sequence. Therefore, a general method to model any power

converter topology can be programmed in a software platform.

e Exploring the advantages and benefits of modeling power converters directly as anot-
her hybrid system class, as MLD, PWA, hybrid automata, among others. This thesis
focused on modeling power converters in an LCS format and their transformation to
MLD and PWA systems. However, exploiting these frameworks directly can be present

other advantages for specific power converters topologies.

e Study and analysis of general techniques for reducing the compute time and, to en-
dowed of robustness the FCS-MPC, in order to be implemented in real time environ-
ments. In this thesis, some techniques are addressed with these purposes (Parametric
analysis, integral gains, and RLS algorithm), for the presented study cases. However,
a general procedure to implement an FCS-MPC in a real-time environment is not

proposed.

e Expand the study cases to three-phase power converter systems. In this thesis are
presented in different power converter systems, but all power converters addressed are

single-phase systems.

e In this thesis is considered as a study case the PV energy generation in residential
microgrids, A next step could expand the use of FCS-MPC designs method to anot-
her microgrid configurations, i.e. including wind generation systems, battery charge

system, among others possible stages in a microgrid.
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