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Abstract

This work involves designing and evaluating novel nonlinear control laws to solve the maxi-
mum power point tracking and voltage regulation problems by governing a DC-DC converter
stage’s switching states that connect a photovoltaic cell system to a consumption load.

To design the mathematical model of the systems, we utilize the port-Hamiltonian frame-
work energy-based approach. To verify the capabilities of the port-Hamiltonian framework in
terms of its simplicity, reflected in the physical interpretations of the mathematical structure,
we propose the design of a nonlinear model of a multi-physical solar-powered pumped-hydro
storage system that consists of a photovoltaic cell stage, a DC-DC buck converter, an elec-
trical pump, and a recovery pipe that impulses water into a storage reservoir.

This system interconnects three different physical domains: electrical, mechanical, and
hydraulic; hence, it becomes a suitable case to demonstrate that the port-Hamiltonian frame-
work can display the interconnection between the physical stages transparently, allowing to
identify quick the equivalent physical parameters, the state variables, and the energy dissi-
pation and storage elements. The designed pumped-hydro storage system model is validated
by simulation under several DC-DC converter switching state fluctuations.

Moreover, nonlinear control strategies are proposed and evaluated based on the trans-
parency of the port-Hamiltonian framework modeling. Firstly, a photovoltaic cell stage
connected to a DC-DC boost converter to feed a resistive load is designed and controlled to
solve the maximum power point racking issue. We propose an interconnection and damping
assignment passivity-based control strategy in electrical current monitoring sensorless topol-
ogy to give a non-invasive control solution. We evaluate its performance against a Sliding
Mode Control strategy via simulation. Furthermore, the system is implemented in a simple
controlled physical prototype.

Finally, we design a double-switching, highly nonlinear control law to solve the maxi-
mum power point tracking and voltage regulation issues of a system that interconnects a
photovoltaic cell stage to a battery load across the DC-DC buck-boost own design converter.

Once more, we utilize the port-Hamiltonian framework and the interconnection and
damping assignment passivity-based control strategies to design the system model and the
control stage. The design is implemented in a prototype and validated in terms of power
consumption efficiency by comparing its performance against a commercial device.

The interconnection and damping assignment passivity-based control strategy was se-
lected as it can shape the potential and kinetic energy function without relying on Casimir
functions or overcoming the dissipation obstacle while preserving the port-Hamiltonian at-
tributes. Hence, this strategy is suitable for reaching global stability in photovoltaic cell
systems.



Resumen

En este trabajo se disenan y evaluan nuevas leyes de control no lineal para el rastreo del
punto de maxima potencia y la regulaciéon de voltaje, mediante el control de los estados de
conmutacion de una etapa de convertidor DC-DC, que interconecta un sistema de celdas
fotovoltaicas a una carga de consumo de energia.

El modelo matematico de los sistemas se disena bajo el enfoque energético del marco port-
Hamiltoniano, cuya simplicidad para las interpretaciones fisicas de la estructura matematica
es verificada a través del diseno de un modelo no lineal de un sistema multifisico de almace-
namiento hidroeléctrico por bombeo alimentado con energia solar, que consiste en una etapa
de celda fotovoltaica, un convertidor reductor DC-DC, una bomba eléctrica y una tuberia
de recuperacion para transportar el agua hacia un deposito de almacenamiento.

En este sistema se interconectan tres dominios fisicos: el eléctrico, el mecénico y el
hidraulico, siendo este es un caso idéneo para demostrar como el marco port-Hamiltoniano ex-
hibe la interconexién entre las etapas de forma transparente, permitiendo identificar facilmente
los pardmetros fisicos del sistema, las variables de estado, y los elementos de disipacion y al-
macenamiento de energia. El modelo disenado del sistema de almacenamiento hidroeléctrico
por bombeo es validado mediante simulacién, reflejando los efectos de fluctuaciones de los
estados de conmutacion del convertidor DC-DC sobre otras variables del sistema.

Ademas, se proponen y evalian estrategias de control no lineal que se basan en la trans-
parencia del modelo del marco port-Hamiltoniano. Primeramente, se disena y controla el
rastreo del punto de maxima potencia de una etapa de una celda fotovoltaica conectada a
un convertidor elevador DC-DC que alimenta una carga resistiva. Se propone una estrategia
de control basado en pasividad por transferencia de interconexién y amortiguamiento, sobre
una topologia sin sensores de corriente eléctrica, convirtiéndose en una solucién de control no
invasiva. Su rendimiento es evaluado al compararlo mediante simulaciéon con una estrategia
de control de modo deslizante. Ademas, el sistema es implementado en un prototipo fisico
con una plataforma sencilla.

Finalmente, se disena una ley de control de doble conmutacién altamente no lineal,
tanto para el rastreo del punto de maxima potencia como para la regulaciéon de voltaje de
un sistema que interconecta una celda fotovoltaica a una bateria de carga, a través de un
convertidor reductor-elevador DC-DC de diseno propio.

Nuevamente, se utiliza el marco port-Hamiltoniano y la estrategia de control basado en
pasividad por transferencia de interconexién y amortiguamiento, para disenar el modelo del
sistema y la etapa de control. El disenio se implementa en un prototipo y se valida en cuanto
a eficiencia energética, comparando su desempeno con un dispositivo comercial.

La estrategia de control basado en pasividad por transferencia de interconexiéon y amor-
tiguamiento es seleccionada, porque modifica la funcién de energia potencial y cinética sin
depender de las funciones de Casimir ni de superar obstaculos de disipacién, preservando al
mismo tiempo los atributos port-Hamiltonianos. Por consiguiente, esta estrategia es conve-
niente para asegurar la estabilidad global en los sistemas de celdas fotovoltaicas.
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Notations

Without loss of generality, for a given smooth function f : R® — R, we denote V,f (z) as

the differential expression of (m)
ox
an
Similarly, we denote V" f (z) as the n'* term of the differential expression (’3f (:c)
xn
: L . . df (@) . :
The time derivative of the function f (t), i.e., T is expressed as f.

All vectors are considered column vectors.

For a given vector x € R™ and a matrix A € R™" A is positive definite (or semi-definite),
denoted as A = 0 (or A = 0),if A= AT and 2" Az > 0 (or 2" Az > 0) for all z € R* — {0,,}
(or z € R™).

For a given vector € R" and a matrix B € R"™", the matrix B is skew-symmetric (or
anti-symmetric), if B= —B" and 2" Bx = 0 for all x € R" — {0, }.

For a given vector z € R™, x* denotes the equilibrium states of a system f (x) if the
system dynamics £ =0V z = x*.

We denote R as the set of strictly real numbers > 0.

Given an electrical circuit, the Kirchhoff’s Current Law states: the sum of the n currents
i; flowing into a node equals the sum of the m currents i; flowing out of the same node, i.e.,

n m
> =Y i

=1 j=1

Given an electrical circuit, the Kirchhoff’s Voltage Law states: the sum of the [ voltages
v, around a close loop is zero, i.e.,
!
Z Vr = 0.
k=1

Caveat: When possible, we omit the arguments to simplify the notation.
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Chapter 1

Introduction

During the last century, governments had mainly focused on developing isolated progress
plans to fight poverty and inequality. But today’s reality shows that inequalities within
countries are on the rise, and people and communities across the globe are feeling the climate
change effects and environmental degradation. For this reason, in 2015, the United Nations
General Assembly proposed the Agenda 2030, which defines a route to fight extreme poverty,
inequality, and injustice, and protect the planet’s environment, centering the success in
energy sustainability [2], supported by 17 Sustainable Development Goals (SDGs) and 169
targets.

Researchers have demonstrated that renewable energy technologies can supply two-thirds
of the total global energy demand, enable an inclusive and equitable social-economic develop-
ment, and attenuate global warming to 1.5°C [2, 3]. Added, empirical analysis has confirmed
a positive impact on the economic growth of 58% for several countries with the green energy
transition due to the strong relationship between renewable energy consumption and eco-
nomic growth [4]; i.e., the impact of renewable energy generation on sustainable development
is more significant than the impact of non-renewable energy [5, 6].

There is a global consensus on replacing fossil fuels as the primary sources for generating
electrical energy, transportation, and consumption for the following decades. The increasing
penetration of renewable energy sources aims to become the best option to support the fleet
of hybrid and electric vehicles, together with households and industry consumption, which
will require a much more dynamic electrical infrastructure [7, 8, 6].

The amount of energy that can be provided by a system powered with intermittent
sources, such as solar or wind, faces up technical and economic limits that respond to two
main factors: a) coincidence of production with the energy demand, and b) the ability to
reduce the production of conventional generators or storage the excess of produced energy [8].
Solutions to efficiently implement renewable energy technologies are globally critical, as these
technologies are expected to take the lead role in the following power generation portfolio
and achieve sustainable power generation. With increased energy storage techniques, prices,
and efficiencies become more favorable, reflected in cheaper energy storage and production
systems [6].
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Chapter 1 Introduction

1.1 Electrical Energy in Costa Rica

In 2022, 98.7% of Costa Rica’s electric power demand was supported by renewable sources,
and 1.3% was produced from non-renewable sources (thermal energy from internal and ex-
ternal suppliers) [1], as shown in Fig. 1.1.

Biomass (0.5%)

Wind (11.5%)

External supplier (0.5%)

Geothermal (13.6%)
Thermal (0.8%)

Solar (0.1%)

Hydroelectric (73.0%)

Figure 1.1: Ratio of the energy sources that covered the electric power demand in 2022,
Costa Rica [1].

Thermal energy implies using fossil fuels to support the energy deficit during peak hours,
mainly in the dry season. The efforts to reduce fossil fuel use are threatened since the
historical projection of electrical demand foresees a rise of 26% in 2040 compared to 2022
9].

Conversely, Fig. 1.2 compares a typical Friday’s electrical energy demand trend in the
rainy and dry seasons. From 5 to 23 hours, the energy increases almost twice that of the rest
of the day, with clear peaks at 12 and 18 hours, coincidentally with lunch and dinner time.
Furthermore, the wet season demand (March) is higher than the dry season (September)
due to air conditioners, chillers, and fans compromising the installed hydroelectric capacity.

Since the highest level of solar irradiance in Costa Rica reaches a daily average of
5kWh/m? [10] from 10 to 15 hours, matching the highest demand peak on Fig. 1.1, it re-
mains a feasible alternative to cover the leak of future energy requirements on grid-connected
or stand-alone home and industrial solar energy harvest systems. However, the intermittent
characteristic of Photovoltaic (PV) power generation and the low-efficiency performance of
the PV cells due to the dependence on climatic conditions, such as irradiance and tempera-
ture [11], have become a drawback to increasing its penetration in the country.

1.2 Reliability Improvements on Solar Energy

Science and industry have dabbled with more technologically efficient solutions to harness
the available resources [12, 13], looking forward to improving the throughput of the renewable

20



Chapter 1 Introduction

Electrical power demand (MW) vs time (hours)
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Figure 1.2: Daily demand comparison trend of energy in rainy vs dry season, captured
from the Real Time Operation of the National Electricity Control Center of the ICE
Group, Costa Rica.

energy devices and the system’s performance to harvested energy and enhancing it according
to the final consumption load [14].

Solar energy technology is the most suitable substitute for fossil fuels and most household
products [15]. PV cells convert solar energy into electricity, but a significant amount of the
radiation passes through the cell or is reflected by the surface. Furthermore, the physical
characteristics of the PV cell structure prompt several losses in energy generation, e.g., the
optical absorption edge, the charges recombination into the material layers, the radiative
events, the temperature disturbances, and the optical band gap of the specific technology

16, 17, 18, 19].

1.2.1 Maximum Power Point Tracking Approach

Efficiency improvements to extract the Maximum Power Point (MPP) of the solar PV cell
systems have become a key challenge in renewable energy research [20]. On this wise, nu-
merous control strategies have been extensively proposed to solve the issue of the Maximum
Power Point Tracking (MPPT) of PV cell arrays. Several control algorithms have been pre-
viously proposed to improve the performance of the PV arrays in terms of the MPP and
have been classified under different criteria [21, 22, 23, 20, 24, 25, 26, 27, 28, 29] as tabulated
in Appendix A., e.g.:

e Conventional methods
e Mathematical based methods

e Measurement and Comparison based methods
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e Constant Parameter based methods

e Trial and Error based methods

e Numerical based methods

e Intelligent Prediction and Iterative in Nature based methods

Passivity-based Controllers (PBC) have not been referred to in reviews’ classifications,
even when their reliability has been documented in several articles, such as [30, 31, 32, 33,
34, 35, 36, 37, 38, 39, 40, 41]. Moreover, hybrid and combined algorithms have been proposed
to overcome the intrinsic concerns of the specific methods to track the MPP. See Appendix
B for further information.

1.2.2 MPPT and Voltage Regulation Unified Control

The MPPT of PV cells and the Voltage Regulation (VR) of the load issues have been ad-
dressed by advanced algorithms for either grid-tied or stand-alone PV systems, as detailed in
Appendix C. The referred controllers have been essentially analyzed via simulation resources;
in some cases, the test was extended to hardware emulators under laboratory-controlled con-
ditions. Furthermore, the controller’s power consumption and the comparison to commercial
devices’ performance have been neglected from the test scopes.

1.2.3 Current Sensorsless Control Approach

The sensors for electrical current monitoring usually present disadvantages due to the com-
plexity and the loss of connections, replacement complexity, inconsistent sensibility and
resolution at low current, the parasitic magnetic energy remanence in the cores, periodical
calibration requirements, erratic frequency response, and other inconveniences thoroughly
discussed in [42, 43, 44]. Moreover, current sensors are usually expensive, which increases
the inherent cost of the PV power system and, eventually, reduces its reliability by increas-
ing the number of components and losses [43, 25, 45|. Consequently, the elimination of the
current sensor to track the MPP has been proposed as an alternative option to increase the
cost benefits of PV systems in many different configurations, mainly related to the MPPT
of a single stage of PV cells approach [43, 46, 42, 45, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 34,
57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72]. The validity of the controllers
mentioned above has been confirmed and compared to other methods by extensive simula-
tion and experimental results.

1.3 Problem Formulation

Costa Rica suffered an energy leak of around 1.3% of the total production in 2022. Thermal
sources supply this energy leak every year, which becomes more significant during the dry
season due to the activation of air conditioners, fans, and chillers in houses and industries.
This situation would worsen over the following years with the incursion of electric mobility
to comply with the SDGs of the Agenda 2030. Moreover, the internal politics of energy
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expansion haven’t stimulated the penetration of solar energy technologies in the country.
Consequently, solar production reached only 0.1% of the total electrical generation in 2022.

On the other hand, several areas of the country receive a daily irradiation average of
5kWh/m? during the dry season, in a period that matches the maximum demand of daily
energy consumption. According to the Costa Rican solar systems suppliers, the cost of
electricity has increased an average of 12% year to year in the last 25 years. In contrast,
the return on the investment of a traditional family house stand-alone system ranges from
6 to 14 years [73, 74]. Hence, solar energy becomes an attractive solution for stand-alone or
grid-connected users.

There has been a significant amount of proposals for MPPT and VR controllers, designed
and validated primarily via simulation or emulated in laboratories, but, to the best of our
knowledge, it is required a unified solution for MPPT and output-load VR issues with a low
power consumption of the control stage to improve the development of the home systems PV
cell generation and the storage of energy in batteries, based on a non-invasive monitoring
strategy with a reduced amount of sensors. Thus, this thesis aims to fill this gap by fulfilling
the following goal:

"provide a dependable DC-DC' converter prototype to resolve the MPPT and Output
Load VR problems, created on a nonlinear model framework and controlled by a cost-effective
algorithm. It should be designed for a non-invasive monitoring system that requires less power
consumption than a typical commercial device”

Our primary concern is implementing a current-sensorless prototype to be validated under
natural irradiation conditions, able to reach the MPPT under input fluctuations. At the same
time, the output voltage remains stable on a defined equilibrium state, i.e., a voltage battery
charging level, operating with a lower energy consumption than a rated commercial device.

1.4 Contributions and Outline of this thesis

In this thesis, we propose, design, implement and evaluate novel nonlinear control laws to
solve the MPPT and VR issues of a PV cell system connected to a load across a DC-DC
conversion stage.

To establish the strategies lines of this document, in Chapter 2, we deepen in preliminary
technical and theoretical information related to PV cell models, MPPT control methods,
DC-DC converters generalities, the port-Hamiltonian (PH) modeling framework, and the
Interconnection and Damping Assignment Passivity-Based Control (IDA-PBC) strategy, to
define the survey limits of the subsequent chapters.

Once the scope is delimited, in Chapter 3 we propose the design and simulation of a
nonlinear model of a Solar-Powered Pumped-Hydro Storage System made up of a PV cell
stage, a DC-DC buck converter, an electrical pump, and a pipe to impulse recovery water
into a reservoir. This complex multi-physical system lies between the electrical, mechanical,
and hydraulic domains, becoming a suitable example to confirm the capabilities of the PH
modeling framework in terms of its simplicity, which benefits literal interpretations from the
physical to the mathematical structure. Moreover, the designed system model is validated
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via simulation under several DC-DC converter switching state fluctuations.

Further, we focus on the MPPT issue of a PV cell stage connected to a DC-DC boost
converter to feed a resistive load. To solve it, we propose an IDA-PBC strategy in Chapter
4. The system is designed in a current sensor-less topology under the PH framework. Its
performance is evaluated firstly via simulation with a comparison to a Sliding Mode control
strategy. Then, the system is implemented in a simple controlled physical prototype.

Likewise, in Chapter 5, a system of a PV cell stage feeding a battery with a DC-DC
buck-boost own design converter is controlled to solve the MPPT and the VR issue by a
double switching highly nonlinear control law. Once again, the system and the control follow
the PH framework and the IDA-PBC strategy. The designed system and the control law are
validated by comparing the performance of an own designed prototype against a commercial
device in terms of power consumption efficiency.

Finally, we recapitulate the results and specific conclusions from the proposed systems
along this thesis in Chapter 6, giving the general concluding remarks and some outlook
conducted to suggest future lines of research starting from our results.

1.5 Published Contents

The following articles represent essential contributions to this thesis:

1.5.1 Main Articles

Hayden Phillips-Brenes, Roberto Pereira-Arroyo, and Mauricio Munoz-Arias. Energy-based
model of a solar-powered pumped-hydro storage system. In2019 IEEE 39th Central America
and Panama Convention (CONCAPAN XXXIX), pages 1-6, 2019.

Hayden Phillips-Brenes, Roberto Pereira-Arroyo, Renato Rimolo-Donadio, and Mauricio
Munoz-Arias. Current-Sensorless Control Strategy for the MPPT of a PV Cell: An Energy-
Based Approach. International Journal of Photoenergy, 2022:1747533, 2022.

Hayden Phillips-Brenes, Mauricio Munoz-Arias, Roberto Pereira-Arroyo, Renato Rimolo-
Donadio, and Luis Miguel Esquivel-Sancho. Interconnection and Damping Assignment
Energy Control for Photovoltaic de-de Conversion and Output Voltage Regulation. IEEE
Transactions on control System Technology, Submitted

1.5.2 Other Articles

Luis Miguel Esquivel-Sancho, Mauricio Munoz-Arias, Hayden Phillips-Brenes, and Roberto
Pereira-Arroyo. A Reversible Hydropump—Turbine System. Applied Sciences, 2022, 12(18):9086.
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Chapter 2

Preliminaries

In this Chapter, we provide the theoretical background employed during the development
of this thesis. Firstly, section 2.1 presents a general overview of the MPPT methods scope,
followed by a more specific current-sensorless classification in section 2.2, suitable to deter-
mine the selection of the MPPT method in Chapters 3, 4 and 5. The conceptual model and
the equivalent physical equations of the DC-DC converters and the PV cell to develop the
proposed systems in Chapters 3, 4 and 5 are deeply explained in sections 2.3 and 2.4. The
so-called PH mathematical framework is also introduced in section 2.5 as a tool to establish
the state equations that describe the systems covered in this thesis. Finally, the statements
and requirements to design the control strategy implemented to govern the systems in Chap-
ters 4 and 5 are fully detailed and linked to the PH mathematical framework in sections 2.6.

2.1 Overview of MPPT Methods

The objective and scope of the MPPT control techniques exposed in section 1.2.1 can address
a different approach based on the application requirements and system constraints [26].
A first approach is centered on extracting the MPP of a single stage of PV cells (or a
single PV Cell) under any environmental condition in a relatively small area. The stage
works specifically over a single block exposed to local disturbances, independently from the
rest of the PV cell array, e.g., passivity-based controllers, conventional, mathematics based,
measurement and comparison based, constant parameters based, trial and error based, and
numerical based methods. Since the objective of this approach relies on tracking a local MPP
of a specific area of PV cells, its robustness depends on the control effectiveness under input
and output over the controlled stage, i.e., radiation or output load. Consequently, the shading
issue over different PV cell blocks of the array is neglected from this scope. Although the
effectiveness of several Intelligent Prediction and Iterative Nature methods has been verified
by simulation and experiments to solve the single-stage approach, such algorithms imply
high complexity and slow convergence speed [75]. Moreover, the local MPPT approach is
suitable in applications of small areas, such as solar vehicles, space satellites, and solar water
pump systems [24].

On the other hand, a second approach conducts on the Global MPP of extensive PV
cells array, where Partial Shading (PS) over a section of the array area has an appreciable
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effect due to the dimensions of the whole array. The acrshortps on a single block distorts
the Global MPP of the PV cell array due to the impact of the power-voltage characteristics
of any single shaded block over the features of the whole PV cell stage, leading to multiple
spikes that confused the MPPT control unit, while it remains in a local MPP instead of a
global one [76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86]. This approach is based on the flexibility
to modify the architecture of the PV cell array to balance the power distribution between
fully illuminated, partially shaded, and shaded blocks over the area of the whole array [78].
Intelligent Prediction and Iterative in Nature methods have the advantage of working with
imprecise inputs, becoming more suitable for applications where acrshortps over extensive
areas represents a critical issue [26].

The classification of the MPPT methods according to the scope is summarized in Table
2.1

Table 2.1: MPPT Scope Classification

Local MPP Global MPP

of a single PV cell stage of extensive PV cell array
Passivity-based controllers, Intelligent prediction and
Mathematics based, iterative in nature
Conventional,

Measurement and comparison based,
Constant parameters based,

Trial and error based,

Numerical based

2.2 Current Sensorless Control Classification

The several indirect current-sensorless-based MPPT technologies cited in section 1.2.3 can be
classified according to the control technique and the converter topology [20, 24, 25, 26], i.e.,
Module Integrated Converter (MIC), Voltage Open Based MPPT (VOB-MPPT), DC-Link
Output Side Parameters (DCL-OSP), Curve Fitting with Artificial Intelligence (CFAI), Tem-
perature or Radiation Monitoring (TRM), Quasi-Double Boost Based Converter (QDBBC),
Flyback Inverter (FI), and Interleaved Flyback Inverter (IFI). To outline the relevance of the
current-sensorless based MPPT techniques, in Table 2.2 it has evaluated their dependence
on the topology and the monitoring requirements [21, 22, 23, 20, 24, 25, 26, 27, 28].

Although either VOB-MPPT or TRM has demonstrated a low dependence on the topol-
ogy type, VOB-MPPT implies a more complex process to determine the voltage on the
MPP, while it requires constantly measuring the open voltage of the PV cell array. Con-
trollers that sense radiation instead of electric current are considered an effective solution for
MPPT control due to their economic advantage and faster and minimally invasive character-
istics. Additionally, a single radiation sensor is helpful to drive several controllers governing
PV cell arrays that are exposed to the same radiation circumstances.
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Table 2.2: MPPT Control Techniques Comparison

MPPT Technique Requiered Sensors® Topology Dependence

MIC nVP High
VOB-MPPT A% Low
DCL-OSP 2V High
CFAI 2V Medium
TRM V, T, R Low
QDBBC 2V High

FI 2V High
IFI 3V High

2V: voltage; T: temperature; R: radiation.
Pn: amount of single modules in a serial connection.

2.3 Photovoltaic Cell Description

A PV cell is a superposition of layers of two dissimilar materials that transform light radiation
into electric energy. Usually, one is an elemental metal that works as electrode contact
(positive and negative), and the other is a solid compound of two semiconductors: a p-
type and an n-type doped [87]. This configuration behaves like a diode D; connected to an
equivalent array of parallel and serial output resistors R, and R,. The equivalent circuit of
the PV cell stage is depicted in Fig. 2.1.

pv

i AAAL_
+ R, +
ipn (Ee) D, R, Up Upy
ip - -

! o

Figure 2.1: Electric diagram of a two layers PV cell.

The electrical behaviour of the PV cell current source iy, (E.) and the current ip across
the diode are accurately described in the five-parameter model approach [88, 89, 90, 91, 92,
93, 94] as

. E,
Lph (Ee> = Np (ISC,nom + KOAT> E 5 (21)

where NN, corresponds to the amount of similar PV cells in a parallel connection into the
same stage (N, = 1 for a single PV cell stage), E,,n, is the nominal irradiance given by
the manufacturer in the PV cell information, E. the instantaneous solar irradiance, AT =
T — T, with T, the manufacturer reference temperature and 7, the instantaneous PV cell
temperature, Isc nom the output short-circuit current measured at { Eyom, Tnom }» Ko the PV
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cell thermal correction factor for Isc nom, and

N
Upo + Z.pvﬁRs
p
—1
N,a

= Nyi <eXp (;pa) - 1), (2.2)

with 7¢ the p-n diode saturation current, N, the amount of similar series-connected PV cells,
a = nV; where n the pn junction ideal factor and V; the thermal voltage of the p-n diode.
ip of (2.2) is defined as

ip (Vp, ipw) = Npio | exp

3
. . Tnom E —1 g 1 1
0 Za( T, ) P ( nk (Tnom Tpv)) ’ (2:3)

iq a constant value, V, the band-gap of silicon and & the Boltzmann constant. The i,
constant is given by

I nom
— 5¢, (2.4)

ioz - )
exp VOC,nom 1
nVi

where Vo nom represents the output-open voltage of the PV cell measured at {Eom, Thom } -

2.4 DC-DC Converters Features

Power DC-DC converters are the most accepted solution to improve the systems’ efficiency of
green sources where isolation is unrestricted, such as DC motor drives, computers, cars, ships,
aircraft, PV systems, and others [95, 96]. Transformer-less converters with single-switched
configurations are the preferred selection for design due to their cost, size, lightweight, ef-
ficiency, energy flow, and reliability features at any input variations [97, 98]. Moreover,
the DC-DC converters’ performance depends on voltage or current stress on semiconductors
(transistors and diodes), voltage gain, overall efficiency, input current ripple, and output
voltage ripple [95, 98]. Therefore, they demand a high-performance control algorithm design
to overcome the nonlinear and time-varying behavior of the switched structure. A sturdy de-
sign leads the controller to accomplish system stability with satisfactory dynamic response in
the presence of external disturbances, parametric uncertainties, and load variations [99, 96].

2.4.1 Topologies

Many DC-DC converter topologies have been proposed and implemented to solve several
applications, such as buck, boost, buck—boost, sepic, cuk, and zeta configurations. Improve-
ments to those conventional topologies to reach more stable designs have been reported in
several surveys; however, only the gain, the ripple, or the power can be substantially im-

proved, while the efficiency and the switching frequency remain near the same ranges, e.g.,
[100, 101].
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A comparison of several documented features of the main DC-DC converters configura-
tions has been summarized in Table 2.3 [102, 103, 98, 100, 101, 104].

Table 2.3: DC-DC Converters Topology Comparison

Topology Voltage Gain G, Advantages Disadvantages
buck 0<Gy,<1 Medium complexity High ripple
High conversion efficiency Medium cost
Medium tracking efficiency

boost G, >1 Low cost High ripple
Medium complexity Low tracking efficiency
High conversion efficiency

buck-boost -0 <G, <0 Low ripple Medium conversion efficiency
Low cost

Medium complexity
High tracking efficiency
sepic 0< Gy <40 Low ripple High complexity
High tracking efficiency Medium cost
Medium conversion efficiency
cuk -0 <G, <0 Low ripple High complexity
High tracking efficiency Medium cost
Medium conversion efficiency
zeta 0< Gy <40 Low ripple High complexity
High tracking efficiency Medium cost
Medium conversion efficiency

According to Table 2.3, the buck-boost converter topology has demonstrated the most
advantageous design regarding advantage-disadvantage comparisons.

2.4.2 Electric Diagrams

The electric diagrams of the primary DC-DC converters are shown in Fig. 2.2, where {v;,, i;, }
are the input voltage and current of the stage, and {vous, iout } the output voltage and current
[99].

From Fig. 2.2, it can be determined that the buck, boost, and buck-boost DC-DC
converters demand fewer components than the remaining topologies.

2.4.3 General Equations

The equations of gain and input resistance R;, of the DC-DC converters are shown in Table
2.4. The duty cycle D is define like the ratio between the close state period T};s. and the
open state period T, of the DC-DC converter switch 9, i.e.,
Tm’se
D=—"—. (2.5)
Tm'se - Tfall
The voltage gain of the DC-DC boost converter holds a low efficiency when the magnitude
of the duty cycle D — 1 [95, 105, 106]. Hence, control strategies designed to consistently
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Figure 2.2: Electric diagram of DC-DC converters: a) buck, b) boost, ¢) buck-boost, d)
sepic, e) cuk, f) zeta.

Table 2.4: DC-DC Converters Main Equations

Topology Voltage Gain® Input Resistance

Vout Rload
uc . 2
boost Vo L Ruwa(1— DY
00s = in = oa _
Vin, 1-D foad 5
Vout D (1 — D)
buck-b 5t = — Rm =R oad™ o
uc 00Ss v 1-D load D2
. Vout D
sepic = — -
P Vin, 1—-D
cuk — _
zeta — -

a2D: Duty Cycle
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provide constant output voltage across the load, despite input voltage and load fluctuation,
is the major challenge of researchers of DC-DC boost converters [106, 107, 99, 108, 109].

2.5 Port-Hamiltonian Framework

This section introduces the PH framework for a general class of (non)linear physical sys-
tems which is based on the description of their energy (Hamiltonian) function, interconnec-
tion structure, dissipating elements, and power port-pairs (inputs and outputs) [110, 111,
112]. The dynamics of (non)linear mechanical, electrical, hydraulic, thermal, and electro-
mechanical systems can be modeled and controlled via the PH formalism. A characteristic
of the PH framework is how it clearly shows the energy transfer between the physical system
and the environment is modeled via the energy storage and dissipation elements and their
power-preserving ports, [110, 111].
A time-invariant PH system is given by

. {x =[J @ — R (2)] V.H () + g (2) u, 26)
y=g(z) V,H (),

where the state variable is given by 2 € RV, and the input-output port-pair {u,y} repre-
senting flows and efforts are given by

ueRY, (2.7)

y € RM. (2.8)

Furthermore, the input, interconnection, and dissipation matrices of (2.6) are given by

g(x) € RVM, (2.9)
J(@)=-T ()", T (x) e RV, (2.10)
R(z)=R(z) =0, R(z) e RNV, (2.11)

where M < N being M = N a fully actuated system, and M < N an under-actuated one.
It follows that the energy function of the system (2.6) is

H(z) € R. (2.12)

If the Hamiltonian function is solved along the trajectories of & as in (2.6), i.e., (2.12) is
differentiated concerning time, it follows that

H(x) =V, H(2)i=V,H ()T (x) =R ()] V.H (x) + V; H (z) g () u
=V, H(2) T (2)V.H(z) = V]H (z)R(z) V. H (z) + V) H (z)g(x)u, (2.13)

since J (z) is skew-symmetric as in (2.10) and R (x) is a positive semi-definite matrix as

in (2.11), then V! H (2) J () V,H (x) = 0 and V] H () R (z) V.H (z) > 0. Furthermore,
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the output complies y = g (z) V. H (2) as in (2.6) and we recover the power balance H (z)
in (2.13) as .
H(z) =~V H(@)R(x)V.H (x) +y u<y'u, (2.14)

where we see how (2.6) complies with the description of a conservative system.

2.6 Interconnection and Damping Assignment Passivity-
Based Control

The Passivity-Based Control (PBC) strategy was introduced in [113] to define a controller
design methodology that achieves stabilization by passivation of the system regarding a stor-
age function that has a minimum at the desired equilibrium point. The idea has succeeded
in simple mechanical systems described in the classical Euler-Lagrange (EL) model that can
be stabilized, shaping only the potential energy. However, applications that involve modify-
ing kinetic energy cannot utilize the closed loop system as it is no longer considered an EL
system. Even though it operates passively, the quadratic storage function for the passive
map lacks an interpretation for total energy as these designs perform an inversion of the
system along the reference trajectories [114, 115].

Hence, the IDA-PBC strategy introduced in [115] offers a methodology able to shape the
overall energy of a (non)linear system, particularly advantageous for underactuated systems.
It extends to a broader class of systems in applications that usually require kinetic and
potential energy shaping to achieve the desired stable equilibrium points [116]. IDA-PBC
can shape the energy function without the need for Casimir functions or overcoming the
Dissipation Obstacle [117].

The IDA-PBC adjusts the potential energy shape using a closed-loop function that con-
siders the disparity between the system’s energy and the energy supplied by the controller.
The energy shape is modified by transforming (assigning) the interaction between different
subsystems (Interconnection) or the rate at which energy dissipates or decays in a system
(damping). This modification should preserve the system’s structure and inherent passivity
properties. Hence, the equilibrium point of the system is reached through energy stabiliza-
tion, [117, 115, 118]. This strategy is compatible with the concept of PH, as it preserves
the physical (Hamiltonian) structure within a closed loop. Additionally, the passive map’s
storage function is accurately represented by the total energy of the closed-loop system.

The IDA-PBC process design ensures that the internal energy exchanges of the PH
systems occur in the interconnection and damping matrices. Consequently, the system is
transformed into a new structure with new desired matrices, described by critical parameters
to be solved from a Partial Differential Equation (PDE). The solution of this PDE contains
a set of energy functions that can be assigned to characterize the new system [112, 115].
Moreover, a solution that satisfies the minimum requirements is chosen to solve the control
function u, and (2.6) became in new static state feedback closed-loop system

= Tq(x) — Rq(x)] VoHy (x), (2.15)

with Jy (2) = =Ty (2)", Ra(z) = Ra(z)" = 0 the desired interconnection and damping
matrices, and Hy (x) a resultant energy function, containing a strict local minimum at the
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desired equilibrium state zy, Hence, the desired system’s dissipative performance is preserved
in the desired system (2.15). To ensure that the designed control strategy stabilizes the
overall system and achieves the desired stability and performance goals, the structure of
the desired new system is designed and analyzed under Lyapunov Theory (see Appendix D
about Nonlinear Stability and Appendix E about Lyapunov Function for more details).

The mathematical statements that satisfy the coherence of the passive system are de-
scribed in the following proposition.

Proposition 1. [115]

Given a general time-dependant system of the form (2.6), such that Jq (z,u), Rq(x,u),
H (z), g (x,u) and the desired equilibrium state xo € RV, to be stabilized. Let assume the
functions () = u, T, (x), R, (x), and a vector function K (x) that satisfy

{7 (2,8 (2)) + Ta (2)] = [R (2) + Ra (2)]} K (2) =
— [Ja (2) = Ra (2)] Vol () + g (2,5 (2)) (2.16)

defining the new desired matrices Jy (x), and Rq(x) as

Ja(x) =T (2,8 (x) + Ja (2),
Rai(x) =R (z)+ Ra(x), (2.17)
it follows that the vector function K (z) should be found to obtain a controller function 5 (z),
which meets several requirements defined later on to keep mathematical consistence. M
To preserve the PH structure of the closed-loop system, it must first be satisfied with an
structure preservation of the damping and interconnection matrix properties. Further, the
vector function K (x) should meet integrability statement, that describes a transpose property
of its differential expression, where the control function 5 (z) can be solved. Subsequently,
the control function stability is defined from an equilibrium assignment condition, follow by

a Lyapunov Stability analysis. Henceforth, each statement is mathematically described as in
[118]

(7) Structure preservation: Assume we can find functions 5 (z), J, (z), and R, () that
satisfy

Ja(x) == [Ja ()]
Ra(z) = [Ra(2)]" =0, (2.18)

such that the PH properties of system (2.15) are preserved.
(7) Integrability: Poincare’s lemma states the following equivalence [119]:
[3 H, () : R" — R such that K (z) = V. H, ()] . (2.19)

If the system matrix [Jy () — Rq ()] is invertible, then the system in (2.15) has a
solution if and only if the integrability conditions complies [117]

VK (z) = VK (z)". (2.20)
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(7ii) Equilibrium assignment: If z is a state value at a (locally) stable equilibrium, it can
be verified that

(iv) Lyapunov stability: At o, the Jacobian of K (x) meets the condition of the inequality
VK (7o) > —V2H (o). (2.22)

When the given conditions are met, the closed-loop system where u = 3 (z) becomes a
port-controlled Hamiltonian system with dissipation, as shown in equation (2.15). In
terms of energy, it can be defined

Hy(z) = H (z)+ H, (x), (2.23)

Furthermore, zx* is a (locally) stable equilibrium of the closed loop. If the largest
invariant set under the closed-loop dynamics contained in

{z e R"V,Hy (z)" Rq(z) VoHy(z)" =0}, (2.24)

is equal then xx, it will be asymptotically stable.
Based on the power balance of (2.14), we can calculate
Hy=u"y—V,H(2) R(z)V.H (x) +H, = —V,Hy(x) Rq(x) V. Hy(x), (2.25)

-~

H

given Ry (z) = Ry (x) + R (x), and assuming only the effect of the natural damping
over the system (2.15), i.e., R, (z) = 0, we have that

R (x)V.H, (x) =0, (2.26)
we demonstrate a passivity-based controlled system.

We have introduced several preliminary theoretical based here, suitable for the mathematical
development of the system’s models and controllers designed in Chapters 3, 4 and 5, that
we recapitulate as follows.
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Chapter 3

Energy-Based Model of a
Solar-Powered Pumped-Hydro
Storage System

A Pumped-Hydro Storage (PHS) is an energy storage technology widely used for over a
hundred years, reaching an efficiency round trip up to 80% [120]. For large-scale energy
storage, it is the most cost-effective solution for utility grids. The concept of the system is
shown in Fig. 3.1.

Upper Reservoir

RN N NN Photovoltaic

Generator BT ~ATATA T
System
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CCCCCEEeeCecd

A AT AT A A
|~ A A A

[~ AT A A A — ==
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AYAYAY AYAY A

Electric
Pump

Figure 3.1: Conceptual diagram of the solar-powered pumped-hydro system for energy
storage.

In this section, we proposed a port-Hamiltonian model of a pumped-hydro storage system,
employing a PV cell as the primary source, as in [121]. The PV cell is connected to a DC
motor pump across a DC-DC buck converter. Finally, water is pumped from a lower reservoir
to an upper reservoir, as depicted in Fig. 3.1. We confirmed the model’s functionality
via simulation results under ideal conditions of constant solar radiation. The relationship
between input solar irradiance and the energy stored at the upper reservoir is graphically
demonstrated.
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3.1 Mathematical Modeling of the PHS

Our model is based on the results of [122] and [123], rewriting the system on the PH frame-
work due to the straightforward interpretation of the physical interconnection of multiple
systems domains via power-ports and energy-storing and dissipating elements [111, 112, 110].
The PH design representation of the PHS clearly shows how the system’s internal energy
flows transversely over different physical domains. The PHS system has different stages
that convert solar radiation into hydro-potential energy. A PV cell is an energy source
transformed by a DC-DC buck converter to feed an electro-mechanical pumped-hydro stage.
Subsequently, the pump system raises a water column via a water recovery pipe from a lower
to an upper storage reservoir. A detailed block diagram of the different stages of the PHS
system is shown in Fig. 3.2, where the inputs and outputs of each block are represented.
Added, the stages are sorted in the respective physical domain, and we see how the system
has the irradiance of the sun FE, as the input and the hydraulic flow (). as the output.

Mechanical Hydraulic
Domain Domain

Current is Photovoltaic| Ypv [DC-DC buck] Yout Water Q| Recovery | Qn Upper RP%GIVOIY
cell farm converter pump Pipe Stomgo m>

Electrical Domain

Figure 3.2: Energy storage system’s block-diagram and related physical domains.

3.1.1 Photovoltaic Cell PH Modeling

The equivalent circuit of the PV cell is based on [90] and is shown in Fig. 3.3. This version
includes a capacitor C),, connected in a parallel configuration to the resistor Rp, representing
the parasitic load charging effects between the semiconductor layers. A serial resistor R, is
also included in the system’s output power.

1s a ipv
> IVV\,—D—O
+ R, +
iph (Ee) D, Co, "= % R, Upo
7/’D "’[:C — Z‘p _
b

Figure 3.3: Electric diagram of the PV cell with an equivalent internal capacitor C,.
The PV cell’s output current 7,, depends on the switch function Sy, at the input of
the DC-DC buck converter module of the subsequent stage that we introduce later on. By
Kirchhoft’s Current Law (KCL) in Fig. 3.3, it follows that
ic = —lp+is (Ee) — ipy, (3.1)
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where i,, = Spucrise according to the DC-DC buck converter stage explained in the next
subsection, and

is (Ee) = iph (Ee) = ip (Upu, ipo) , (32)

both currents 4,, and ip explained in (2.1) and (2.2), and

. (Y
bp = ﬁza (33>
ic = Cyip. (3.4)

We introduce the electrical charge g, as a state variable in terms of the voltage v, and
the equivalents circuit’s capacitance C), such that

¢ = Cpuyp, (3.5)

whose dynamics in (3.1) can be rewritten in terms of (3.5) to obtain

qp = _RpCpqp + is (Ee) - SbuckibC' (36)

We define now the dynamics of a second state variable of the system that represents the
electrical flux, i.e., ¢p,, given by
. qp
=2 3.7
pr Cp ( )
and since the only energy-storing element of the system is the charge ,, in the capacitor C,,
the Hamiltonian function H, (g,, ¢,) of the PV cell stage is given by

Ly

H, (qp, ¢p) = fqp-
P

(3.8)
Hence, we solve from (3.8) the Hamiltonian function’s partial-derivatives in terms of the
state variables ¢, and ¢, as

q
V(]pHp (qpa ¢p) = Epa v¢pHP (QP> ¢p) = 07 (39)
p

and the dynamics in (3.6) and (3.7) in terms of the derivatives of (3.9) can be redefined as

1

qp — —ﬁvqup + kV¢pHp + is (Ee) - Sbuckibc (310)
P

Op = quHpv (3.11)

where k represents a constant that is being conveniently chosen as equal to —1 to keep the
skew-symmetric properties of the J (x,) matrix to be defined in (3.12) later on.
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Now, the PH formulation ¥, of a PV cell stage in terms of the dynamics (3.10) and
(3.11), together with the Hamiltonian function (3.8), is given by

( [ dp ;#1 -1 Ve, Hp (4p, p)
. - 7]
¢ Ve H, (¢,
. 1 _ 0 L Ve ziqz? bp)
r T (zp)—R(zp) VmpHp(mp)
Zp 1 _Sbuck (312)
+ Z.s (Ee) + Z.bca
0 0
——
g(zp)
\ Yp =g (2p) Vi, Hy (7)) = vy,

where the power balance in (2.14) for the system in (3.12) clearly holds since R, > 0. The
input-output port-pair of the system in (3.12) is established as (u,y) = (is, vp).

In the following subsections, we introduce the PH formulation for the DC-DC buck
converter, the electro-mechanical stage, and the hydraulic system to connect the recovery

pipe.

3.1.2 DC-DC Buck Converter PH Modeling

We defined the input voltage level of the hydro-pump DC motor as lower than the output
voltage of the PV cell. Thus, the PHS system requires a DC-DC buck converter to reduce
the PV cell’s output voltage vy, to a suitable voltage for the DC motor. Fig. 3.4 depicts the
equivalent circuit of the DC-DC buck converter, based on the results of [124].

S L .
ZPU buck ! Lbe I out
+ +
Upv (@ B— Yout
o o

Figure 3.4: Electric diagram of the DC-DC buck converter governed by a normally open
(NO) switch Spyek-

The discrete switch Sy, describes a function that activates and deactivates the input
voltage of the equivalent circuit in Fig. 3.4, and the state variables (q¢, ¢1) being the charge
of the capacitor C'1, and the flux in the inductor L; of the DC-DC buck converter. Based on
the dynamics from KCL, we know that

C’li}out = Ipe — Lout- (313)
On the other hand, by Kirchhoft’s Voltage Law (KVL) it follows that
Llibc = —Vout + Sbuck’vpva (314)
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since vy, in Fig. 3.3 can be solved
Vpy = Up — Rilpy, (3.15)
where 4., = Shuckive, then (3.14) can be rewritten
Litye = —Vout + SbuckVp — Spuck Rpive- (3.16)

Furthermore, (vgy, ipe) are defined in terms of the state variables (gc, ¢r)

qc = Clvouta ¢L = Llibca (317)
given the Hamiltonian function H, (¢c, ¢r) of the DC-DC buck converter
Hy (g0, ¢ )=—q2+i¢2 (3.18)
b C,¥L 201 C 2L]_ L- :

The partial-derivatives of the Hamiltonian function (3.18) are solved in terms of the state
variables go and ¢, as

Voo H (00, 61) = %, Vi, Hy ge 00) = 2 (3.19)
1 1
thus, (3.13) and (3.16) become
dc = Vg, Hy (90, 1) — tout, (3.20)
o1 = ~Vao Hy (40, 61) = Souck RyV o, Hy (40 61) + Spuckvy (3.21)

and consequently, the PH system 3, of the DC-DC buck converter can be formulated from
(3.20), (3.21) and (3.18) as

( [ o ] [ 0 1 11 VeHs (gc, 1)
oL =1 =Sy | | Vo, Hy (g0, 01
H./_/ N ~~ 4 -~
Iy T (zp)—R(xp) Ve, Hy ()
% 4 0 [ 1 (3.22)
+ Up + Lout
Sbuck 0
—— -
9(xp)
y v =9 " (26) Va, Hy (21) = Spuckive,

with (v, Spuckise) the input-output port-pair (up, yp) of the system ¥,. Moreover, J () is a
skew-symmetric matrix of the form

0 1
J (1) = [ ] : (3.23)
-1 0

R (zp) = 0 when Sy, = 0, and R (z3) = 0 when Sy, = 1, then the power balance in (2.14)
is fully complied.
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3.1.3 Pumping Electrical-Mechanical PH Modeling

The pumping stage in charge of rising water from the lower to the upper reservoir requires
a description in two physic domains. Therefore, Fig. 3.5 depicts the first domain in an
electrical equivalent circuit.

o_._/\i"“t AN nmmn

+ +

p—
Vout Um @
1

[og

Figure 3.5: Equivalent electric diagram of the pump.

The inductance L,, represents the kinetic stored energy of the magnetic field of the motor
engine M, and R, the associated losses. From KVL, the dynamic of the electrical domain
is described as

Lmiaut = _Rmiout + Vout — U (324)

We introduce here the magnetic flux ¢,, as a state variable

gbm = Lmioutv (325)
and the dynamic of the charge stored in the circuit g,

-y

. (3.26)

dm
Since the components of the circuit 3.5 stored only magnetic field energy, then the Hamil-
tonian function H,, (¢, gm) is given by

Hn (s tn) = 570, (3.27)

The Hamiltonian function’s partial-derivatives are solved in terms of the state variables
ém and qp,, i.e.,
_ Pm

v¢mHm (¢ma Qm) - L_a vqm}Im (¢m7 Qm) = 07 (328)

from (3.25) and (3.28) we redefine the dynamics in (3.24) and (3.26) as

Gm = =RV, Hy + kVy, Hpy + Vot — U (3.29)
Gm = Vg, Hp,. (3.30)
being k = —1 an arbitrary constant that preserves the skew-symmetric properties of the

J (z,) in (3.31). Thus, the PH system 3,,; of the pump equivalent electric circuit is defined
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in terms of (3.24), (3.26), (3.27), (3.29) and (3.30), such that

( [ gbm ] _Rm —1 ] Vd)mP[m (¢man)
qm - 1 0 \Y Hm ms dm
R . , - dm ‘Eqs q ) |
2 1 —1 (3.31)
+ Vout + Um
0 0
g(zm)
\ Ym :gT (I’m) vzm]¥m (xm) = ioul‘n

with an input-output port-pair (u,y) = (Vout, tout)-
Afterward, we model the mechanical stage of the pump. An equivalent free-body diagram
of the pump is shown in Fig. 3.6, whose dynamics are described as

IS = =By Qo + Ty — T, (3.32)

where T, and Tj represent the input and output torque, 2, the angular speed, .J,, the
inertia and B,, a friction losses constant.

Figure 3.6: Equivalent mechanical diagram of the pump.

The relationship between the electrical and the mechanical domain of the pumping system

is given by
Tm - miouty Um = KeQm (333)

with K,,, K, constant parameters of the pump. Similarly, a given constant K} to match the
mechanical to the hydraulic domain is described as

. Qm o Ph
Qn T,

where K} has units of rad/m?3. Moreover, from the hydraulic system domain of Fig. 3.7, we
know that

Ky, (3.34)

Py = 1,Qn + RyQn + Py + pyl. (3.35)

All the parameters in (3.35) are explained later on. Solving 7} from (3.34) and (3.35),
we rewrite (3.32) as
: P. [
h
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with I R

h h
T 99 m — Bm + T 9 3.37
Kz K? (3:37)
where 3 represents an apparent mass inertia, and -, a system element of unified dissipation.
Now, we define an angular momentum p,, based on the angular displacement €, as

B= T+

Further, the dynamics expression in (3.36) is rewritten in terms of (3.38)
. Pm (Pso) _ (pgl)
m = —Ym— T Tm — - —, 3.39
p g K. K (3.39)
and a new system’s dynamic ¢,, is conveniently re-difined from (3.38) as
. Pm
Om = —. (3.40
5 )
The Hamiltonian expression H,, (P, ¢m) of the mechanical system domain is given by
H,, ( ) = L (3.41)
and its function’s partial-derivatives are solved in terms of the state variables p,, and ¢,
Pm
VouHu (P om) = 5, Ventln (Pms om) = 0. (3.42)

Thus, the dynamics in (3.39) and (3.40) are redefine from (3.42) as
(Ps0) _ (pgl)

I = —Ym H, +kv, H,+T, — , 3.43

p ,Y me + ©m + Kh Kh ( )
Gm =V Hp, (3.44)

where k = —1 is an arbitrary constant required to preserve the skew-symmetric properties of

the J (z,,) in (3.45). Based on (3.41), (3.42), (3.43) and (3.44), we formulate the dynamics
of the mechanical pump stage in the PH system 3,5 such that

( [ Pm ] B [ ~Ym —1 ] Vo Hin (P> o)

Sbm 1 0 V(pmHm (pma SDm)
Tm T (#m)—R(Tm) mel;rrn(mm)
5 ) -1 (3.45)
+ T+ | Kn | (Pso+ pgl)
0 0
———
9(xm)

\ Ym :gT (-Tm) VzmHm (-Tm) = va
where the input-output port-pair is given by (u,y) = (T, 2,,) and can be rewritten (u,y) =
<Kmiout, 11;’(—”2), by solving the transducer equations from the electrical to the mechanical

domain of the pump as described in (3.33).
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3.1.4 Pumping Hydraulic PH Model

Fig. 3.7 shows a hydraulic pumping system that drives the water from the lower to the upper
reservoir across the recovery pipe.

Upper Reservoir
s O U

Lower Reservoir

Figure 3.7: Equivalent hydraulic diagram of the pipe system.

The system’s dynamic can be written as

1,Qn = —RyQp — Pso — pgl + P, (3.46)

where I, represents the hydraulic inertance, @), represents the hydraulic flow of water across
the pipe, Rj; the hydraulic resistance, Pjy the differential pressure from the upper to the
lower reservoir, p the density of water, g the gravity force constant, [ the length from the
upper to the lower reservoir and P, the pressure from the pump engine. From (3.34) and
(3.32) we solve Py, and (3.46) is rewritten as

. Psy + pgl K,
Qh:_QFQh_%+ h

il o 3.47
5 (3.47)

where « represents an apparent mass inertia and I' joined together the dissipative elements
of the hydraulic system. « and I' are given by

R, + KB,
0= KTyt I, T= i (3.48)
o
Furthermore, the dynamics of the pressure Pjy in Fig. 3.7 it can be considered
Py = — Q (3.49)
30 — Ch h» .
and a Hamiltonian function Hy, (Qy, Pso) given by

Lo 1 2

Hh (Qh, Pgo) = §Oth + §OhP30 + Chpgopgl. (350)
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complemented by its partial-derivatives in terms of the state variables ), and Psq

Vo, Hi (Qn, Pyo) = aQn, Ve, Hyy (Qn, Pso) = C (P30 + pgl) - (3.51)

Thus, the dynamics in (3.47) and (3.49) are redefine from (3.51) as

. 1 K

Qn = —TVo, Hy, (Qn, Pyo) — —+ Ve Hy, (Qn, Pao) + —T,, (3.52)
aCy, «

. 1

P30 — Oé_C'thhHh (Qh, Pg()) . (353)

Subsequently, we can formulate the dynamics of the hydraulic pumping system in the
PH framework ¥, based on (3.50), (3.51), (3.52) and (3.53), such that

. . K
Qn | I aC), Vo, Hi (Qn, P3o) . Fh ,
. I 1 m
P.
Zh .30 | Oé_CYh O J\ ngloiQh7 PSO) 3 0 (354)
h j(zh)YR(xh) Vthh(-Z’h) g(l‘h)
Yn :gT (mh) vthh ('Th) = va

\

with an input-output port-pair (u,y) = (Trn, Q).

3.1.5 PHS System PH Model

The complete PH system X, of the PHS model can be inferred from the stages formulations
in (3.12), (3.22), (3.31), (3.45) and (3.54).
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- . - r —1 T - -
ap — -1 0 —Shuck 0 0 0 0 0 0 Va, Hphs
. Rp
¢p 1 0 0 0 0 0 0 0 0 0 Ve, Hphs
e 0 0 0 1 -1 0 0 0 0 0 Vo Hpns
o1 Spuek 0 =1  —SpuckRp 0 0 0 0 0 0 Vo, Hpns
b 0 0o 1 0 —Rm -1 —-K. O 0 0 Ve Hons
. = 0 0 0 0 1 0 0 0 0 0
qm qu, ths
0 0 0 0 Km 0 —ym -1 0 0
pm " " me th.s
0 0 0 0 0 0 1 0 0 0
Sbm VApm ths
-1
) 0 0 0 0 0 0 0 0o -, —
Qn "oacy, VQ;, Hphs
1
e || 0 0 0 0 0 0 0 0 oCr 0 | L Vg Hpns |
—_— —_——
Fphs T(@phs)—R(2pns) Vapns Hphs (Tphs)
M1 r 0 1 o T
Sphs 0 0 0 (3.55)
0 0 0
0 0 0
0 0 0
+ is (Ee) + (PSO + pgl) + T,
0 0 0
0 -1 0
Kp
0 0 0
0 0 Kn
(e}
L 0 ] L o |
~— N—— N —
g1(xzm) g2(zm) 93(1'7?1)
Ym1 :ng (x'm) Vzm Hp, (xm) = Up,
Ymz =g2 " (@m) Va,, Hm (z )_;lpﬂ_;lg - —Qy
m m Tm Im m Kh Bm Kh m )
Ym3s =93 (Tm) Ve Hm (Tm) = KnQp = Qm,

3.2 Simulation Results

For simulation purposes, we get key constants from the PV cell datasheet SURANA SLV —
175 [125], following the modeling approach of Fig. 2.1 to solve the terms in (2.1) and (2.2)
according to the guidelines of [126], i.e.,

v ] URS v ) ’URS
by = iy (E2) — i (exp (+_) - 1) LR (3.56)
a R,
where a = nV; and 7y are considered as constant values. Table 3.1 shows all parameters we
have used through modeling the system stages.
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Table 3.1: Key parameters of the PHS system

Parameter description Magnitude
Temperature T 25 °C
Irradiance E,, 0y, 1000 W /m?
Output Power Py nom® 175.0 W
Short-circuit current Isc nom® 7.6 A
Open-circuit voltage Voc nom™ 328V

Output current I, QM P P? 6.6 A

Output voltage V;,pm @M PP? 26.7V
Temperature coefficient of Voc nom? —0.35% °C
Temperature coefficient of Isc nom® 0.05% °C
Temperature coefficient of Py, yom® 0.46% °C
Constant aP 1.148 V
Saturation current io” 250 nA

PV cell series resistor R,? 18.85 m$?

PV cell shunt resistor pr 38,984 Q)

PV cell equivalent capacitance Cp, 2.5 uF

Number of series cells IV, 1

Number of parallel cells N, 2

DC-DC buck capacitor Cy 14.1 mF
DC-DC buck inductor Lq 2 mH
Armature inductancelL,, 1.42 mH
Armature resistance R,,° 1.3 mQ)

Torque constant K,,° 0.059 Nm/A
Voltage constant K.° 0.059 V/s
Hydraulic capacitance C},9 2.6 g/(ms)?
Hydraulic inertance Ij,° 2.032107 kg/m*
Hydraulic resistance Rj! 9.28710° kg/(m*s)
Speed-flow constant K2 1.91210° rad/m?
Nominal angular speed Q,om " 55 rev/s
Nominal flow Q,om" 1.8121073 m3/s
Water density p 998.2 kg/m?>
Gravity constant g 9.81 m/s?
Water viscosity u 890 uNm/s?
Pipe length [ 10 m

Pipe diameter d 25 mm

# From PV cell SURANA SVL-175 datasheet [125]

b Estimated as in (126]

¢ From DC-Motor M48x60/15 datasheet [127]

d Ch = ARr/(pg), ARr a reservoir estimated area of 25m?

¢ I, = pl/Ap, with A, the area of pipe cross section

f R, = 871’;;1/1412,7 from Poiseuille law

& Ky, = 21Qnom/Qnom

b Form Water Pump MARSROCK RD9024 datasheet [128]
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For any simulation, the solar irradiance F, was fixed at 1000 W/m?. Added, the duty
cycle D of the switch Sy, of DC-DC buck converter was adjusted at 50%, 66%, 75% and
90%, to compare the response of the system for each case. Hence, the response at the output
of the DC-DC buck converter in terms of the output voltage v,,; and the output power P,
is shown in Fig. 3.8, together with the storage water volume V}, in the upper reservoir. All
Vouts Pout, and Vj, responses of the Fig. increase as the duty cycle D increases. However, the
improvement of v,,; and P,,; in the segment 75% < D < 90% becomes almost negligible.
Furthermore, when the duty cycle D = 50%, the storage water volume Q;, — 0.

DC-DC buck converter output voltage Vout VS time t

25 T T T T T

D=75% D=90%
20 6 7

t(s)

DC-DC buck converter output power Pout vs time t
250 T T T T T
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200
= 150 AT RRERTA A ~ TR
b) ~ 'l-".i"'\i‘-‘.-.i"ﬂ--'l-..nl'.-.-,--._'".Q:l“--"ul'm""nfh,..-‘,,e-m'.u..'-'a.l.--.r-...p--. JRORYH
5100 D=66%
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Figure 3.8: DC-DC buck converter output voltage v,,; and output power P,,;, and storage
water volume V}, in the upper reservoir, for several duty cycles D of the switch Sy, at a
constant input irradiance E, = 1000 W/m?.

3.3 Concluding Remarks and Future Work

We successfully modeled and simulated a solar-powered pumped-hydro system to recover
potential energy from the water under constant solar radiation ideal conditions. In this
system, a PV cell stage feeds a DC pump across a DC-DC buck converter in an open-
loop proposal. We chose a port-Hamiltonian energy-based framework to model the multi-
physic system domain. According to simulation results, the system responses of the stages’
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state variables could be enhanced by controlling the switching behavior in the DC-DC buck
converter, i.e., MPPT or VR control strategies.

This Chapter proposed modeling a PHS under the PH framework, demonstrating the
transparent interpretation of the state variables, the physical parameters, and their inter-
relationship across the system stages. Further, we developed a system of a PV cell inter-
connected to a DC-DC converter. We proposed a nonlinear control to solve the MPPT by
controlling the switching state of the DD-DC converter.
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Chapter 4

Current Sensorless Control Strategy
for the MPPT of a PV Cell: An
Energy-Based Approach

This Chapter reports a novel energy-based modeling and control strategy developed and
implemented to solve the MPPT issue of a PV cell array connected to consumption loads, as
in [34]. Consequently, we propose a PH framework mathematical model that contains critical
characteristic parameters of a PV cell array connected to an energy converter stage. This
formalism is adopted here since the system integrates energy storage and dissipating elements
(inter)connected across input-output power port pairs, becoming a natural and intuitive
modeling approach that allows a simple physical interpretation of the system’s energy flow
towards a robust and scalable control design. A current-sensorless control algorithm is
designed in the framework of an IDA-PBC strategy. This algorithm can track the local
MPP under variations of solar irradiance and output loads. The control monitors the PV
cell’s output voltage and the solar irradiance to match the impedance between two stages,
the PV cell output and a DC-DC boost converter system. Since the control is based on
sensing irradiance as a control input, the strategy allows governing several PV cells with
a single control per stage with the same irradiance sensor, decreasing the cost of sensing
devices. The performance of the proposed strategy is compared to a (classical) Sliding Mode
Control (SMC) law via simulation. Moreover, our energy-based strategy is implemented
in a hardware platform with a sampling rate of 122 Hz, resulting in lower dynamic power
consumption demand than other MPPT control strategies.

4.1 Mathematical Modeling of the PV cell and DC-DC
boost converter stages

Fig. 4.1 depicts a detailed block diagram of the system’s PV cell and DC-DC boost converter
stages. The whole system can be considered into the electrical domain, where the irradiance
of the sun E, and the DC-DC boost converter output voltage v,,; are the system’s input
and output.

The next section defines a PH approach to the PV cell modeling problem.

49



Chapter 4 Current Sensorless Control Strategy for the MPPT of a PV Cell: An Energy-Based Approach

Electrical Domain
Current %s (Ee) |Photovoltaic| Ypv [DC-DC boost| Yout Output load
(A) cell stage converter power (W)
Sbuck
Current Sensor-less
Nonlinear Control

Figure 4.1: Energy storage and control system’s block diagram and related physical do-
mains.

4.1.1 Photovoltaic Cell PH Modeling
The PV cell model is based on the equivalent circuit in Fig. 4.2 Considering the KCL on

1 . .

1 . 1 I

; — ANV~ :

! + R, ! +
: Z‘ph (Ee> Dl Rp Up I : va :: Upv
E iD — : \ ic —
1 . : o

Figure 4.2: Electric diagram of the PV cell with an output DC-link capacitor C,,.

node a of the equivalent circuit, we define

Up

iy = is (Bo) — =2 (4.1)

where i4 (E,) = ipn (Ee) — ip. Moreover, the KVL over the close path I yields

Up = VUpy + Rslpy (4.2)
and solving (4.2) in (4.1)
. . Vpy R .
lpy =1s (Ee> - RL - R_vay
P p
R, . 1
=4, (FE,) — ————v,,. 4.3
Rp+RSZ ( ) Rp‘l'RsUp ( )

Likewise, from the equivalent circuit’s node b, we know that

lc = ipv - ibC?
Conlip = o — . A
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We define the electrical charge g, in terms of the PV cell output voltage v, and the
capacitor Cp, as a state variable, such that g,, = Cpyvp,, then (4.5) could be rewritten in
terms of (4.3), and the dynamics of the electrical charge is expressed

. . 1 dpv Rp
W= "R TR.C
D s “pu

————1s (Fe) — tpe- 4.6
g (B~ (16)

We realize the system’s second state variable that represents the electrical fluz, i.e. ¢,
whose dynamics are given by

] va
v = ——. 4 .
(bp va ( 7)

Since the capacitor C,, is the only energy-storing element of the system in Fig. 2.1, then
the Hamiltonian function H,, (gpy, ¢pv) of the PV cell stage is determined

1
2C,,

Hy, (vaa ¢pv) = quv (4.8)

and the partial-derivatives of the Hamiltonian function in terms of the state variables g,
and ¢,, are

Apv
quvav (vaa ¢pv) - C;? s (49)
pv
v¢p1) HPU (QPM prv) - 0 (410)
Hence, the dynamics in (4.6) and (4.7) can be reformulated in terms of V, H,, and
Vo, Hpy as
j S +kVg, Hy, + Hy o (E.) — i (4.11)
v T T S o v v E=a— e) — Ybe .
dp Rp+Rs Qpv*+p Ppvtip Rp+Rs b
épv = vqp'quU7 (412)
where k = —1 to keep the skew-symmetric properties of a J (x,,) matrix to be defined later

on. The energy function (4.8) together with the dynamics in (4.11) and (4.12), are utilized
to formulate the PH system X py of the PV cell, given by

/ . 1
Gpv —_ -1 Vq vav
[ 1 ] N Ry + I )
\ Q.SPU , 1 g 0 R v¢leP” B
vy T (@p0)—R(zpo) Vapo Hpo
Xpy § Ry 1 (4.13)
+ Rp + RS Z'S (E€> - ibC)
0 0
—_——
g(xpv)
\ Ypv :gT (Zp) Vi, Hpy = Up.
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1
being R (x,,) = diag (m, O), and J (z,,) a skew-symmetric matrix with the form
7 s

0 —1
T (wpo) = [ Lo ] : (4.14)

From the the dynamics of (4.13) with an input-output port-pair (U, Ypw) = (is,vp) and
the Hamiltonian (4.8), the power balance (2.13) holds since R, + R, > 0.

To continue, it is now necessary to find an expression to track the amplitude of vy, ac-
cording to the solar irradiance E, to obtain the so-called current-sensorless control strategy.
Such expression is developed in the following subsection.

4.1.2 Equilibrium Trajectory of the PV Cell State Variables Over
the MPP

The function to track the amplitude of v,, in terms of the solar irradiance E, relies on the
amplitude of the input current i, (E.) as in (2.1) and can be defined from the relationship
between the transfer function of ¢, vs v,, and the MPP of the PV cell, given in terms of
the output power P, (vp,) such that

vav Pout (U;U) - vvpv (Z.I?UUPU)

=0, (4.15)

*
Upv

oo (oo (35) 1))

where v, = vy, + iy, R, and vy, represents the equilibrium state of the PV cell voltage on
the MPP. If the magnitude of resistance I, is shallow compared to Iz, it can be considered
R, ~ 0. Assuming 7 as a constant, thus (4.16) becomes

v

. Uy
% 10€Xp W
i+ do — dgexp | 22 ) — o7, | = 4 ———t2
ph 0 0 P(n%) v Rp nv,

-0, (4.16)

v

X
Up

~ 0, (4.17)

where v; can be solved by numerical methods in terms of the input current i, (E), i.e. the
so-called equilibrium trajectory. Thus, the current 4,, (E.) depends on the solar irradiance
E, as in (2.1), so the equilibrium PV cell voltage vy, in (4.17).

The mathematical PH framework modeling approach of the DC-DC boost converter stage
is presented in the following subsection.

4.1.3 DC-DC Boost Converter Modelling Approach

A DC-DC boost converter configuration is selected for the step-up voltage conversion, gov-
erned by a switching control unit. The converter can draw the MPP from the PV cell by
adjusting the duty cycle of the switch for given solar radiance levels. We refer to [129, 130]
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and the references therein for further details regarding the working principles of the model.
The DC-DC boost converter configuration circuit is shown in Fig. 4.3, where v, at the left
side of the circuit represents the PV cell output voltage and Ry, at the right side a resistive
output load.

M . N lout \ Output Load E

: 2 Y :
UP’U Sboost Cbc :: : Vbe R I :
| 1

o I : !

Figure 4.3: Electric diagram of the DC-DC boost converter governed by a normally close
(NC) switch Spopst-

The DC-DC boost converter system is described by the dynamics of i, and v,.. In addi-
tion to this, we define a two-state switching device represented by Speost = {0, 1}. Further,
the dynamics of i, and vy, in terms of the state variables are given by ¢p. = Lpcip. (magnetic
flux in the inductor), and g,. = Cp.p. (charge in the capacitor). By KCL and KVL, it follows
that

. 1 Qbe ¢bc
c— T 55 Soos e 4.18
o RL C(bc o tLbc ( )
] Qbe
gbbc = _Sboost_ + Upy- (419)
Cbc

The Hamiltonian function Hyc (Gpe, Pp.) of the DC-DC boost converter in Fig. 4.3 is
defined as

1 1
Hbc (Qba gbbc) = 2017 Qz?c + 2Lb Qﬁc» (420)

and the respective partial-derivatives in terms of the state variables g,, and ¢,, are given

V. Hoe (ch> ¢b0) = g_bbca (4.21)
VnHe (qoe; Pve) = (ZC (4.22)

Moreover, the dynamics in (4.18) and (4.19) are rewritten in terms of V, Hp. and V, Hy.
as
B 1

R VchHbC + SbOOStv¢bCHbC; (423)
L

ch

qbbc = _Sboostvqbchc + Upu) (424)

and then, from (4.23) and (4.24) we formulate the PH system Xpc of the DC-DC boost
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converter with an output load Ry as

4 . 1
Gbe SOOS vqbcl—Ibc
[ ¢ ] | m S
be _S 008 O V H C
— . b ir R ¢icr b
Toe J(mbc)_R(Ibc) vﬂcbchc
Ypc 0 (4.25)
+ Ups
1 p
——
g(mbc)
\ Yoe :gT (xbc) vxbchc - Z.bc;

1
where R (z3.) = diag (—, O), and J (zp.) is a skew-symmetric matrix with that complies

Ry,
0 Sh
[—Sbc 0 ] |
From the dynamics of of (4.25) with input-output port-pair (upe, ¥pe) = (Vpy,ip.) and a
Hamiltonian function (4.20), the power balance (2.13) is satisfied since Ry > 0.

We describe the PV cell and the DC-DC boost converter in a single interconnected system
for control design purposes.

T (@4e) = (4.26)

4.1.4 The PV Cell Array and the DC-DC Boost Converter: an
Energy-Based Approach
From the PH formulation of the PV cell modeling approach (4.13) and the DC-DC boost

converter (4.25), and their Hamiltonian functions (4.8), and (4.20), we interconnect both
stages in a single PH framework, rewriting a new system X

(r. 1 [ 1 17 v, H]
- —_— - 0 ~1 oo
o R, + R,
Do 1 0 0 0 Vo,.H
N 1
e 0 0 —— Shoost Vo, H
6 e
H’;_, 1 1 0 —Swo 0 | [ Vg H |
‘ T (2)~R(x) Vo H
x - R, T (4.27)
R, + R,
+ 0 is (Ee),
0
| 0]
~—————
g(x)
Yr :gT (z) VoH = vy,
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where J (z) = diag (J (zp) , J (24e)), R (x) = diag (R (z,,) , R (24)), and the input-output
port-pair (u,y) = (is,v,). The Hamiltonian function of ¥ is defined as

1 1

_ 2 2
H (.T) = Hpv (vaa (bpv) + Hbc (cha (bbc) = mqm; + 2CbCQbC

1 2
4.28
+ 2Lbc¢bc7 ( )

and the power balance (2.13) for (4.27) also holds, since R (z) > 0.

In the follow-up, we design our passivity-based MPPT control strategy based on the X
structure.

4.2 Proposed Control Approach

A novel IDA-PBC design inspired by the work of [41, 115, 118], is introduced to control
the interconnected system (4.27). The main design steps of this strategy are recapitulated
in section 2.6. Moreover, the feedback function 5 (x) in (2.16) is obtained to control the
system (4.27). We compute the control requirements by following the statements of the IDA-
PBC strategy, i.e., structure preservation (2.18), integrability (2.20), equilibrium assignment
(2.21), and Lyapunov stability (2.22).

(i) Structure preservation. To simplify the structure, We assume that the matrix J, (z)
is equal to zero and (2.16) is reduced in terms of J (z, 5 (x)), R (z), g (x), R, (z) and
KC (), such that

{[T (2,8 ()] = [R(z) + Ra ()]} £ (2) = = [Ra (2)] Vo H () + g (2,5 (), (4.29)

where g (z, 5 (z)) = g (x)is, being is the input of the system (4.27). To simplify the
left side of (4.29), R, () is assumed as

i ' ]
l—-———— 0 0 0
R, + R,
0 0 0 0
Ro = X , (4.30)
0 0 1—— 0
Rp
I 0 0 0 0
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and (4.29) becomes

[ -1 -1 0 -1
1 0 0 0
K(z) =
0 0 -1 Sboost
L 1 0 _Sboost 0
[T (2,8(2)]=[R(2)+Ra ()]
~ 1 - I va T - R -
l1— —— 0 0 P
R, + R, Crv R’ + R, )
0 0 0 0 0 0
— Qe | T (4.31)
1—— 0 Che 0
T e
I 0 o 0o ol| g I 0 1
L be -
Ra(z) Vo H(z) 9(z,5(z))
Since we assume [J (z, 5 (2))] — [R () + Rq (x)] invertible, we can solve the matrix K (x)
in (4.31) as
(K@ ] 0 '
K2 (2) o=l g () - Sl I
o (T s \Lve
K (.%’) _ _ Rp,s va Rp,s ﬁ (x) Ry, Cpe : (432)
Ks (x) 0
. Rr —1 o
L K@) || B(z) Ry, Cye |

where R, s = R, + R,. The form of the vector function K (z) in (4.32) guarantees the
structure preservation properties of the closed-loop system as in (2.15).

(i)
[ 0 0 0
VK2 Vg, Ko Vg, o
0 0 0
[ Vg Ka Vo, Ka Vg, Ky

and from (4.33) it holds

\Y
\Y

qpv

Adpv

0
Vi, Ko
0

v(z)bc IC4 .

[0 VK2

dpv

0 V%v ICo
0 Vch ICQ

L 0 vd’bc ’C2

K2 (2) = Vg, Ka () = 0
Ka (2) = Vg, Ki () = 0

V¢bclc2 (1') = v¢pv ,C4 (x> .

0 VK4 ]

dpv

0 V4, K4
0 Vg.Ka

0 v(Zsbc ,C4 m

Integrability. K (z) obtained on (4.32) is now computed to comply the condition (2.20) as

(4.33)

(4.34)

The third line in (4.34) is equal to zero since Ky (x) and K4 (x) are independent of the flux
terms ¢p. and ¢y,. Assuming that the voltage in the serial equivalent resistor Ry, i.e., Rgipy,
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(iii)

is very low respect to vp,, and since the current is (E.) on Fig. 2.1 is a function of gy, (as
defined in (2.2) and (2.1)), one solution for the vector K (z) comes from the differentiation

qu/CQ (x) = 0,
Rp,scpv Rp,scpvn‘/;f vanv;f Ry Cbc ﬂ (qpv)2 .

A solution to the PDE in (4.35) to preserve the structure result in (4.29) and to comply with
the integrability condition is given by

- R be
B (qPU) = R -1 L R v ) (436)
c; — 22 Upy — pioexp< pv)
Rp,s Bp,s nVy

with C] in (4.36) a term to be defined to accomplish the equilibrium assignment and Lyapunov
stability.

Equilibrium assignment at stable equilibrium z*. Based on the Hamiltonian of (4.28),
it can be determined that

Ve H (G G Qs D) :col{q’w 0, Loe %], (4.37)

) ) )
va Cbc L cb

where z* = (q;w Ops Qs gbzc) represent the equilibrium state of the system in (4.27). Onward,
by evaluating (4.37) and (4.32) at «* and equalizing according to the Equilibrium assignment
statement, we accomplish

Rps —1 Gy R, Ry —1 g

g = 0. 4.38
Rp,s va Rp,s B (l’) RL Cbc ( )

We finally recover (4.36) into (4.38) to solve C complying with the equilibrium assignment.
Moreover, we found two expressions that satisfy the solution, and we have labeled such
expressions as C14 and C1pg, such that

2(Rps — 1)\ R, . ,
ClA = (]%{st) Upo + R:S (th (Ee) + 10) >

—2R R R vl
Crm— (220} s Tlp . po )
s <R§ ~ RE) U TR, 0P (nm

Notice how Cy 4 and C1p in (4.39) depend on the equilibrium state Upy» Which in turn depend
on iy, (Ee) and, consequently, on F,.

(4.39)

Lyapunov stability. From the vector functions IC (z) in (4.32) and V H (z*) in (4.37), we
solve the Lyapunov stability in (2.22) as

1 1 1
— . 4.4
0> <va + o + Lbc> (4.40)

and then, the inequality (4.40) complies with the stability statement, leading the close loop
system to satisfy the MPP in the equilibrium trajectory described in (4.17).
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4.2.1 IDA-PBC Switching Control Law

The DC-DC boost converter of Fig. 4.3 is considered as a lossless stage, controlled by the
discrete set Spoost = {0, 1}, as explained by [131]. The exerted control law /5 (g,) drives the
state of the switch Spees in Fig. 4.3, turning between mode 0 or 1, to adjust the controller
to the desired MPP trajectory. This trajectory follows the magnitude of the solar irradiance
E. to adjust the switching on a threshold dynamic level, according to a feedback reference.
The dynamic threshold level is defined from the estimation of the scalar function 5(g,,) on
the desired equilibrium point over the MPP trajectory, i.e., 6(q;v), with gy, as the state
value that reaches the MPP. Consequently, the PV cell output voltage v, at the desired
MPP depends also on the charge, i.e. vy, = g;,/Cp, as in (4.17). Since the current iy, (E)
as in (2.1) depends on the solar irradiance E., then (q;v) becomes a control parameter
dynamically adjusted by the E,.. Hence, we define our primary switching control law in a
proposition and remark as follows:

Proposition 2: Given a system of a PV cell connected to a DC-DC' boost converter
represented in the PH framework as in (4.27), whose duty cycle for the converter switch
Shoost 1S defined by the permanence between two modes, such that 0 < Speest < 1, as in [132],
then a designed control algorithm reaches the MPPT target via a scalar function ((x) in
(4.36), which solves the PDE in (2.16). Hence, inspired by [133, 131], the proposed control
signal is given by

Shoost = { L for Blam) = 5(d) > 0 (4.41)

0 for B am) — B (a) <0,

being B (qp) — B (q;v) an error tracking control, where 3 (q;v) 18 constantly adjusted by the
state variables at the equilibrium point of the system as a dynamic threshold level that tracks
the MPP trajectory. B

Proof. The Hamiltonian function Hy (z, 8 (x)) of the close loop PH system in (2.15) is given
by
Hy(x, 5 () = Hy (2,8 (x)) + Ha (2,8 (), (4.42)

being Hy (x, 5 (x)) defined in (4.28) and H, (z, S (z)) the energy of the desired controller.
Thus, for the given S (x); J (x, 5 (z)); R (x); the solution of (4.29) is a gradient of the form

K(z) =V.H,(z,p (z)) (4.43)

if and only if the integrability condition in (2.20) is satisfied. Furthermore, the system (2.15)
reaches stability at the equilibrium point z* on (4.17) laying over the MPP trajectory: firstly,
the function Hy (z, 8 (z)) has an isolated extremum at z* as shown in the equilibrium as-
signment condition on (4.39), since we solve it to satisfy (2.21); secondly, from the Lyapunov
stability condition (4.40), we demonstrate that it is an isolated minimum of the function.
Hence, we have demonstrated that Hy (x, 5 (z)) is a Lyapunov candidate function. ]

We formulated in the Appendix H a specific type of SMC strategy for our PV cell plus the
DC-DC boost converter system for the MPPT issue according to [132, 133], to compare the
performance of our IDA-PBC control law (4.41) and the SMC strategy (H.6), via numerical
simulations and an experimental setup.
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4.3 Simulation results

We simulate the performance of the terms Cy4 and C}p of the control function § (v,,), PV
cell transfer and power functions, and the PV cell output power response under disturbances
of solar irradiance and output impedance. Further, a behavioral multi-physics numerical
model of the PH system (4.27) is developed and fed with the key parameters of Table 4.2
from section 4.4. Based on this numerical model, the control action of both strategies, our
proposed IDA-PBC and the SMC over the PH system (4.27), are simulated and compared. To
get accurate simulation results, the sampling of the states for the control strategies ({v,y, Ee }
in IDA-PBC and {v,, iy} in SMC is restricted in frequency into the programming code.

According to (4.36) and (4.39), the function 5 (v,,) has a discontinuous behaviour in
terms of Cia and Cp, at right and left side of a given equilibrium state vy, respectively,
as shown in Fig. 4.4. Consequently, to satisfy a continuous swept of the control law over
the whole MPPT trajectory in (4.41), it can be established that C4 must be applied to the
control law (4.41) when the magnitude of v,,. < v;v and Cp in the case vy, > v;U.

B(Vpy) function with €, and C_ o

4 )
2r J e BV, )With Gy

~ HES \
3 : L

S Opummman, - —— == — == = = -=J

Q. ‘u,‘ H ‘|

B(Vp,IWith C g = | Vi ":

4 L
Vou (V)

Figure 4.4: Function § (v,,) behaviour dependance from the constants C4 (dashed red
line) and C}p (dot blue line).

On the other hand, Fig. 4.5 shows the transfer functions iy, vs vy, in a) and P, vs vy,
in b) of a PV cell. The MPP trajectory track defined by the control function /5 (v,,) relies
on these transfer functions. Such characteristic curves are based on the dynamics of (2.2)
to (2.4) and complemented with the critical parameters of the Table 4.2. The magnitude of
Upy, Ipy and Py, are highlighted at the MPP for a solar irradiance £, = 1000 W/ m?. The
reliability of the control laws (4.41) and (H.6) is evaluated following the PV cell transfer
functions’ behavior.

The responses of the PV cell output power P,, of the IDA-PBC and SMC strategies
in Fig. 4.6 b), are compared under disturbances on the solar irradiance level from 960 %
to 670 %, as in Fig. 4.6a). The response of the PV cell’s output power P,, of both the
IDA-PBC and the SMC have no perceptible differences. The simulation sample rate is set
to 1 MHz for both control strategies to accomplish an SMC-suitable performance due to the
extra-computation requirements for the differential equations calculation.

The IDA-PBC and the SMC strategies performance were simulated and compared, where
the DC-DC boost converter load R; behaves as an input time function, following a step
perturbation from 10 Q to 5 2 (Fig. 4.7.a). For both the IDA-PBC and the SMC, the power
signals P, remain unmovable (Fig. 4.7.0). Once more, the simulation sample rate of both
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Figure 4.5: Simulated PV cell transfer functions of a) i,, vs v,, (solid black lines), and
maximum power impedance function at MPP (blue dot line); and b) P,, vs vy, (solid

black lines), and MPP trajectory (blue dot line), at irradiance levels given by steps of 100
W from 100 to 1000 5.
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Figure 4.6: Simulation results of b) PV cell output power response F,, with the IDA-PBC
strategy (dark dashed line) and the SMC strategy (red dot line) to a given a) input irradi-
ance step fluctiation E, = 960 25 for the time interval (0.040,0.112) s and E, = 670 25 for
the time interval (0.128,0.200) s (blue solid line), with a fixed load of R, = 10 €.
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control strategies is set to 1 MHz due to the extra computation required by the SMC for the
differential equations calculation.

Output Load R, vstime t

15 T T T
__10 ,
S
a) B::'
5l
0 1 1 1 1 1 1 1
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PVCell output power va vs time t
6l |
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Figure 4.7: Simulation results of b) PV cell output power response P, with the IDA-PBC
strategy (dark dashed line) and the SMC strategy (red dot line) to a given a) output load
Ry, step fluctuation from 10 Q to 5 Q at t = 0.12 s, under constant irradiance F, = 1000
w

m2"

Furthermore, the control performance of the IDA-PBC and SMC strategies was simulated
regarding the switching frequency response, as shown in Fig. 4.8. The monitoring sampling
frequency was set to 1 MHz in the simulation code for both cases. In a), the switching action
of the IDA-PBC strategy is more intermittent than the switching action of the SMC strategy
in b) (IDA-PBC switches 32 time and SMC only 8 times in the same period). Hence, it can
be considered that the IDA-PBC requires less computational resources than SMC strategy
in terms of calculation to perform the switching control.

4.4 Experimental results

Fig. 4.9 depicts the experimental setup to verify the reliability of the MPPT control strategy,
exerted by the suggested control function Spyes; in (4.41) over the system 3 in (4.27). The
control circuit to govern the the DC-DC boost converter’s switching is a home-made designed,
detailed in the Appendix F. Table 4.1 shows the setup hardware, equipment, and tools. To
calibrate our irradiance sensor Spektron 210 [135], we have referred to sensor-reading real-
time data from the website of the Costa Rican’s National Meteorological Institute.

The physical parameters v, and %,, were monitored from the set up shown in Fig. 4.9,
under constant solar irradiances E, of ~ 1000 %, ~ 850 % and ~ 700 % Simultaneously,
an impedance sweep was induced with a load connected to the output of the PV cell to
drive various matching conditions. Thus, we determine the experimental PV cell output
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Figure 4.8: Simulation results of the
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Figure 4.9: Prototype setup for physical experimental measurements of the current-

sensorless system.
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Table 4.1: Experimental setup hardware, equipment and tools

Name Model Quantity
PV cell ZHIWANG 30W [134] ZW —7W —6V —1 1
Prototyping platform Arduino UNO  Rev3 1
Data logger shield Adafruit Ada fruit 1
Irradiance sensor SPECTRON [135] 210 1
Hall current sensor 5A ACST12 1
Multimeter BK PRECISION 393 1
Oscilloscope BK PRECISION 2540C' 1
Laptop DELL LATITUDE 5491 1
Electronic components N/A N/A
Shielded enclosures N/A N/A

power function by fitting the PV cell output power P, at the MPP, as shown in Fig. 4.10.
The MPP at E, = 1000 % was experimentally estimated, resulting FP,, ~ 5.7 W when the
voltage vy, =~ 4.0 V and ip, =~ 1.41 A, with Iscnom =~ 1.95 A and Vocpom =~ 6.5 V at the
lowest and highest levels of the swept impedance matching. These parameters allow the PV
cell’s experimental characterization to improve the control reliability.

Experimental Data va vsvp,

6r 2
1000W/m
®  350W/m?
—~ 55F 700W/m?
S
3
Q 5F \‘\/N:\
45 = —T '

va( V)

Figure 4.10: Experimental characterization of the PV cell output power transfer function
P,, vs P, at several irradiance levels E..

The modelling approach of (2.1), (2.2), (2.3) and (2.4) is simplified in (4.44) to evaluate
the current i,, following the guidelines of [126], to get key constants from the experimental
PV cell data on Fig. 4.10 for simulation and control purposes,i.e.,

U ] URS v ) ’URS
i = ipn (Ee) — ig (eXp (%) - 1) - %, (4.44)
P

where a = nV, and 4y are considered as constant values. Table 4.2 summarizes the critical
constants and the DC-DC boost converter design parameters.

The frequency performance of the switch Spyest, that controls the DC-DC boost converter
under the IDA-PBC strategy, is evaluated to determine the maximum capabilities of the
hardware platform Arduino UNO Rev3. To reach the maximum allowed frequency, a square
signal cycle is executed from the Arduino UNO Rev3 over the switch Sp,.s:. The executed
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Table 4.2: Key parameters of the sensor-less system

Parameter description Magnitude
Environment temperature T 30 °C

PV cell temperature T, 30 °C

PV nominal irradiance G,,op, 1000 kW /m?
PV cell output short circuit Isc nom® 1.95 A

PV cell output open circuit Vocpom® 6.5V

PV cell output I,,,,, QM P P?* 1.42 A

PV cell output V,,,,, QM P P? 40V
Saturation current 7" 745 pA
Simplified constant a” 0.711 V

PV cell series resistor R,° 43 mf)

PV cell shunt resistor R, 11.28 Q2

PV cell DC-link capacitor C, 470 pkF
DC-DC boost capacitor Ch,. 14.1 mF
DC-DC boost inductor Ly, 2 mH

a Obtained experimentally QG om as in Fig. 4.10

b estimated as in [126]

code considers the delay time of the IDA-PBC algorithm. Fig. 4.11 shows the maximum
reached a frequency of approximately 122 Hz (period of 8.21 ms). Furthermore,[136] estab-
lishes that the dynamic power dissipated on the digital circuit’s clock cycle signals can be
determined as

P = ACV?F, (4.45)

where A represents the activity factor of the switching, C' the equivalent capacitance of the
circuit, V' the source voltage applied across the circuit, and F' the working frequency. From
(4.45), it can be considered that the dynamic switching power increases according to the
magnitude of working frequency F. From Fig. 4.8, it was demonstrated via simulation
that IDA-PBC performs at least four times faster than SMC strategy. If both strategies
were evaluated into the same hardware platform, SMC would require a four times faster
processing to perform as faster as the IDA-PBC, increasing the working frequency F of the
controller and, consequently, the power of the controller according to (4.45).

Afterward, the response of the IDA-PBC strategy is evaluated by exposing the system
setup in Fig. 4.9 firstly to a constant solar irradiance F.. Subsequently, the PV cell ZHI-
WANG ZW-7W-6V-1 [134] is rotated to generate an irradiance step from E, =~ 960 25 to
E. ~ 670 %, as depicted in Fig. 4.12a. Hence, the response of the output power B, to the
irradiance step is measured. Experimentally, Fig. 4.12b demonstrates that the IDA-PBC
strategy implemented into the hardware Arduino UNO Rev3 effectively tracks the MPP,
according to the irradiance trend lines of Fig. 4.12a.

Finally, the response of the IDA-PBC strategy is evaluated once more by inducing an
impedance step from 10 € to 5 €2 at the output of the DC-DC boost converter, at a constant
solar irradiance F, ~ 960 %, as shown in Fig. 4.13. The PV cell output power F,, remains
stable around 5.5 W when exposed to load disturbances (Fig. 4.13b). Such results in Fig.
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Minimum cycle experimental data v vs t

6 -
S —.
4t . s .
N . Period = 8.21ms ] t~ 8.56193
ot e ; >
t~ 8.55372 | .
0r I—————-—; h—-—_—
1 1 1 1 1 1 1 1
8.55 8.552 8.554 8.556 8.558 8.56 8.562 8.564 8.566

t(ms)

Figure 4.11: Minimum period of sampling cycle of the IDA-PBC strategy due to the physi-
cal restrictions of the hardware platform.

Experimental Data G5 vs t

0 5 10 15 20
t(s)

Experimental Data va vs t

t(s)

Figure 4.12: Experimental data of b) PV cell output power response P,, and power target
(red dashed line), to a given a) input irradiance step fluctuation E, &~ 960 X3 for the time
interval (0,10) s and E, ~ 670 % for the time interval (15,25) s, at a fixed load of R, =

10 Q with the IDA-PBC strategy implemented in a physical prototype.
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4.12 and 4.13 are consistent with the MPP estimated on the P,, experimental functions of
Fig. 4.10.

Experimental Data RL vs t

10

R.(%)

a)

0 2 4 6 8 10 12 14 16 18 20
{(s)

Experimental Data va vs t

'o
oss, $ e

0 2 4 6 8 10 12 14 16 18 20
{(s)

Figure 4.13: Experimental data of b) PV cell output power response P,, and power target
(red dashed line), to a given a) output load Ry step fluctuation from 10 2 to 5 Q at ¢ =
10 s, at constant sun irradiance E, =~ 970 %, with the IDA-PBC strategy implemented in
a physical prototype.

Remark 1. The proposed IDA-PBC' strategy is a non-invasive approach since it per-
forms without electrical current sensors, requiring to monitor of only the PV cell output
voltage v, and the irradiance power E. as input parameters; contrary to the SMC' law in
(H.6), and the IDA-PBC law of [41], that require electrical current monitoring at the output
of the PV cell.

4.5 Concluding Remarks and Future Work

We have proposed a novel control law for the local MPPT issue, modeled in an energy-based
approach, which takes advantage of the structure preservation properties of the system under
study. The simplicity of the calculations allows an adequate response under uncertainties in
irradiance inputs and output load disturbances. We have also simulated an SMC control law
strategy for comparison purposes. Our novel control law and the SMC were simulated under
the same conditions, and we demonstrated that both strategies reached the addressed MPPT
issue. However, our IDA-PBC approach requires no direct electrical current measurements
in an eventual physical implementation, being less invasive and requiring fewer monitoring
sensors than the SMC strategy.

Although our control strategy was tested for a single PV cell’s MPPT, the proposed
solution can be extended to larger applications without critical partial shadow. Since the
irradiance was established as a sensing state for control performance, then a single irradiance
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sensor is suitable to govern the control of several separated DC-DC converters, each one
connected to single PV cell stages, as long as all the PV cell stages remain exposed to the
same irradiance level or localized under the same shadowing conditions, i.e., several PV cell
arrays could be controlled with a single sensor. Furthermore, since the sensor is externally
connected, its installation does not depend on a specific place and requires a single sensor
requires a single connection line. Such installation simplicity benefits the implementation in
terms of costs, e.g., wiring over the array, in applications such as low-power production PV
farms and roof PV cell arrays.

The proposed IDA-PBC strategy was implemented in a physical prototype governed by
a control hardware platform Arduino UNO Rev3, reaching a maximum control switching
rate of 122Hz. According to simulation results, our control strategy requires fewer compu-
tational resources than the SMC strategy due to the simplicity of the proposed algorithm’s
calculation. Such an advantage results in a low-cost implementation and a reduction in
dynamic-power consumption.

Further, the PV cell is physically characterized to obtain an accurate MPP trajectory
at several solar irradiance inputs. We evaluate the performance of our IDA-PBC strategy
implemented into the physical prototype by inducing step disturbances in the dynamics
of the system: firstly, in the solar irradiance displayed over the PV cell; secondly, in the
impedance output load of the DC-DC boost converter. As a result, our algorithm shows an
efficient performance under input irradiance and output load disturbances.

Implementing our control law requires identifying the PV cell’s parameters. Those pa-
rameters can be collected mainly from the PV cell manufacturer’s datasheet once the PV
array is homogeneous in terms of the PV cell’s characteristic performance.

Future work will consider re-designing the proposed control law for a higher power system
and a physical implementation under reactive output loads conditions.

We have proposed a nonlinear switched-controlled system of a PV cell stage intercon-
nected to a DC-DC boost converter that solves the MPPT issue for a low power load. Now,
we introduce in the next Chapter a more complex double-switched proposed control that
solves the MPPT issue and the output voltage regulation to feed a battery load from a PV
cell interconnected by a DC-DC own-designed buck-boost converter. Moreover, the proposal
is implemented and compared to a commercial device to demonstrate its reliability in terms
of power consumption.
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Chapter 5

Passivity-Based Control Approach for
Photovoltaic MPPT and Output
Voltage Regulation

This Chapter presents the reliability comparison between a proposed prototype and a com-
mercial device to control both the MPPT of a PV cell and the VR of a DC-DC Converter,
interconnected to charge a battery load under natural irradiance conditions. Based on the
PH framework, We have modeled a PV cell system that feeds a battery load across a double-
switched non-inverted DC-DC buck-boost own converter configuration. Further, a prototype
of the system was implemented and calibrated. Moreover, an MPPT and a VR control stages
were designed with an IDA-PBC novel nonlinear algorithm to govern the suggested system.
Both the linear and nonlinear characteristics of the system are considered in the proposed
algorithms, which provide a simple mathematical expression to develop the control strate-
gies, resulting in fast response times from the controller and low computational resource
consumption. The suggested control strategy also includes temperature dependencies of the
internal PV cell parameters. The proposed prototype and a commercial solar charger were
evaluated under natural critical low-level sun irradiance conditions to compare the effec-
tiveness and reliability performance of the systems. We demonstrated that the proposed
prototype demands less energy than the commercial solar charger control, which collapses
at low irradiation power levels.

5.1 Mathematical Modeling of the DC-DC Conversion
and Output VR system

The diagram of the proposed configuration of the energy harvest system: PV cell, DC-DC
buck-boost converter, battery, and nonlinear control module, is shown in Fig. 5.1.

We split the system into several stages for analysis and modeling purposes, as follows in
the next subsections.
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Electrical Domain
C-DC buck DC-DC boost| Yout Battery
cell farm converter converter Voltage (V)

Sbu . Sboost
IDA-PBC MPPT IDA-PBC VR
Nonlinear Control Nonlinear Control

Figure 5.1: Energy storage and control system’s block-diagram and related physical-
domains.

Current is (Ee)
(4)

5.1.1 PH modeling of the PV Cell stage
Fig. 5.2 shows the PV cell stage, where the KVL over the close path I holds

PV Cell is a Uiy b o
. ANN———3—

1
1
1
: !
1
Uiy (Ee) D, R, Up , ECP” p— Upo
E ip — : Yic —
| o 1
1

Figure 5.2: Electric diagram of the PV cell with DC-link output capacitor C,,.

Upy = Up — Tpp Ll
= (is (Ee) — z'pv) R, — iy R (5.1)
= pis (Ee) - Z‘pv (Rp + RS) )

re-writing (5.1) in terms of iy,

R, . 1
iy = Rp is (Ee) — R—vpv, (5.2)
p7s p?S

with R, s = R, + Rs. Then, the KCL analysis is applied over the node b, and solving for
(5.2) it follows

iC - Z.pv - iout
. R, . 1 , (5.3)
vavpv = ils (Ee) - %Upv - Sbuckzbm
where Sy, = {0, 1}, being {0, 1} the {open, close} states of the switch. Hence, 4. from Fig.
5.3 depends of the state of Sp,. Further, we defined the state variable in terms of charge
G = CppUpy, to rewrite (5.3)

W TR, C | Ry,

Z.s (E'e> - Sbuck:ibc- (54)
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We define a second state dynamics expression in terms of the electrical flux, i.e. ¢,
given by

i e
Do = o (5.5)

Moreover, the PV cell stage’s Hamiltonian function H (g, ¢py) is expressed

Ly
H (qpo; Ppo) = fpvqu (5.6)
and its partial-derivatives in terms of the state variables g, and ¢, are given by
Qpv
quvH (me (bpv) - CL’ v¢va (qZJm ¢pv> =0. (57)
pv
Hence, (5.4) and (5.5) are redefined as
: 1 R, . :
qP'U = __V(IIM)H + kv¢P1JH + s (Ee) - SbUCkZbC (58)
Rp75 Rp,s
¢Pv = VvaH7 (59>

where the constant k is chosen equal to —1 to keep the desired structure of the PV cell
stage’s PH system X, formulated from (5.8), (5.9) and (5.6) as follow

) -1
v -1
Ppu 1 0
5,—/

vavH (qu7¢pv) ]

v¢pv H (qu7 ¢pv)

Tpv T (zpv)—R(zpv) prv H(zpo)
Epv 7Rp _Sbuck (510)
+ | Bps | s (Ee)+ ibes
0 0
9(@pv)

Ypu :gT (zpo) Va,, H (Tpv) = vp,

with an input-output port-pair (tp,, Ypy) = (is (Ee) , vp), where the matrix R (x,,) = diag ( 1

and J (x,,) complies the skew-symmetric condition, since

0 —1
T (wpo) = [ Lo ] : (5.11)

Based on the dynamics of the PH system X, in (5.10), the Hamiltonian function (5.6),
and since R, s > 0, the power balance in (2.13) is fully satisfied.

70

Y
Rp,s

)



Chapter 5 Passivity-Based Control Approach for Photovoltaic MPPT and Output Voltage Regulation

S L .
Lout buck be Tbe ]0ut2
o—p—o” ———» o
+ +
Up’u Cbc :: Ve
o o

Figure 5.3: Electric diagram of the DC-DC buck converter governed by a normally open
(NO) switch Sbuck-

5.1.2 PH Modeling of the DC-DC Buck converter Stage

A diagram of the DC-DC buck converter is shown in Fig. 5.3, where the input voltage is
Upy, supplied across a DC-link capacitor C,, of Fig. 2.1, and 4y, is the input current. The
output voltage and current to the output stage are represented by vy, Louso.

By solving KVL and KCL on the DC-DC buck converter circuit diagram of Fig. 5.3, it
follows that

C(bcf[)bc = ibc - ioutZa (512)

Lbcibc = —Upe + Sbuckvpvv (513)

being iouo = ipe2 in line with Fig. 5.3 and 5.4. Once again, the dynamics in (5.12) and (5.13)
are rewritten in terms of the state variables of charge ¢,. = Cpevpe and flux ¢p. = Lipelpe, as

Qbe = ?I;C — Tbe2, (514)
] Qoc
¢bc = _Cb + Sbuckvpv' (515)

The DC-DC boost converter Hamiltonian function H (gy., ¢p) complies

1
B 2Cbc

1
H (cha ¢bc) C]z?c + QSgca (516)
2Ly,

and its partial-derivatives in terms of the state variables g,, and ¢, are given by

Qbe
qucH (cha ¢bc) = C,bb s (517)
Vo H (Qve, doc) = Z (5.18)

Then, we rewrite the dynamics in (5.14) and (5.15) as
Qe = Vg, H — tpea, (5.19)
ébc = _vqbcH + Sbuckvpva (520)

71



Chapter 5 Passivity-Based Control Approach for Photovoltaic MPPT and Output Voltage Regulation

and we formulate the PH system 3. of the DC-DC buck converter from (5.19), (5.20) and

(5.16) as
[ Gbe ] [ 0 1 vqbcH(cha¢bc)
Q‘sbc B -1 0

v¢bc H (chv (bbc)

Toe T (@) —R(Tpe) Vay, H(@be)
She 0 ~1 (5.21)
+ Upy + ibcg
Sbuck: 0
—_——
g(xbc)

Ybve :gT (xbc) vbeH (xbc) = Sbuckibc'

where input-output port-pair (s, yp.) of the system ¥, are given by (vpy, Shuckise). More-
over, J (xp.) complies the skew-symmetric matrix condition, i.e.,

0 1
-1 0

and R (zp.) = 0, then the power balance in (2.13) is complied.

5.1.3 PH Modeling of the DC-DC Boost Converter stage

The basic design of the DC-DC boost converter electrical diagram is depicted in Fig. 5.4
where the input voltage and current are represented by vpe, tpe2, and vpeo, 1wz are the output
voltage and current of the converter.

The2 Lic2 R N lout3 \ OutputLoad E
1 T [

+ 1 : + :
Ube Sboost Cbc? — 1 Ubc2 RL !
) 1

o | :

Figure 5.4: Electric diagram of the DC-DC boost converter governed by a normally closed
(NC) switch Spopst-

Correspondingly to the DC-DC buck converted, solving the KVL and KCL on the diagram
of Fig. 5.4 follows

. . Vpc
CbCQUbCZ = SboosthCZ - Fbi27 (523)
L
LchibCQ = _SboostUbCQ + Vpe. (524)

where Spoos = {0, 1} are defined as the {close, open} switch states of the circuit. As well,
(5.23) and (5.24) are expressed in terms of the state variables of charge gy = Cheatpen and
flux ¢b02 = Lchib027 that ylelds

QbCZ = - + Sboos T
RL Cch ! L bc2
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éch = _Sboost% + Vpe, (526)
bc2

whose Hamiltonian function H (gpe, ¢pe) is given by

1 1
H (qbe2, Poe2) = mqgcg + fmﬁbgcza (5.27)

and its partial-derivatives in terms of the state variables g, and ¢, comply

Qbc
V‘]chH (qb027 ¢bc2) == Cj) & 3 (528)
bc2
Ve H (Qve2; Do) = im (5.29)
bc2
We can rewrite the dynamics in (5.25) and (5.26) as
) 1
qu2 = _R_vqbQQH + SbOOStV(f)bCQ H7 (530)
L
ébc? = _Sboostvqbch + Vpe, (531)
achieving a DC-DC boost converter PH system ;.o of the form
(T g 1 Vo H
[ Adbc2 ] e Sboost Qb2 (Qb027¢bc2)
i = Ry,
\j& —Shoost 0 Vo H (qve2> Pe2)
ibC2 j(beQ)_R(beQ) VEbch(xb(;Z)
Ybe2 0 (5.32)
+ Upe,
1
g(l’b(ﬁ)
\ Ye2 :gTvmbch (Tpe2) = Tbca-

In ¥y the input-output pair is given by (upea, Ybe2) = (Vbe, ine2), While R (2pe) =

diag (RLL, 0) and J (zpe2) is a skew-symmetric matrix of the form

0 Sboos
t ] , (5.33)

\.7 (beZ) =
_Sboost 0

such that the system Y. complies the power balance in (2.13). The complete integration

of the stages can be expressed as PH systems since all single stages of the proposed energy-

harvest system do. We suggest a PH-based control algorithm to solve the issues of the MPPT

and VR.
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5.2 IDA-PBC Strategy Approach

We design two independent control algorithms for both MPPT and output VR issues based
on the IDA-PBC Strategy. Firstly, an algorithm integrating together the PV cell and the
DC-DC buck converter stages from Fig. 5.2 and 5.3 is proposed to solve the MPPT problem
by controlling the timing of the {close,open} states of the DC-DC buck converter switch
Spuck- Next in order, we consider the control over the isolated DC-DC boost converter stage
feeding resistive load Ry as in Fig. 5.4, where the {open, close} timing of the switch Spopst
performs the VR control task.

5.2.1 MPPT IDA-PBC design

Recapitulating from the PH systems ¥, (5.10) and 3. (5.21), we interconnect the PV Cell
and the DC-DC buck converter stages in a more general PH system ¥, as follow

- . - =1 1T AV UHl 1
dpv R -1 0 _Sbuck i
. P,S H
ow | | 1 0 0 0 Vep 1
be 0 0 0 1 V. Hi
O N L O N 0 ()
T1 J(x1)—R(z1) Vay Hi
21 B Rp 7] - 0 - (534)
Bl 0|
+ 1g (Ee) + 1he2,
0 —1
0 L 0]
i i
g(z1)
y1 =g (x1) Vo, Hi = vp,

where the full integration of the Hamiltonian functions in (5.6) and (5.16) remains

1 1 1
Hl (vaa ¢pv> Qb ¢bc) = quw + 20{, qgc + 2Lb ¢l§c’ (535)
pv c c

and the input-output port-pair is defined by (is (E.),v,). Since ¥,, and 3. comply the
power balance in (2.13), as well ¥; do. Attending to the IDA-PBC design procedure of
section 2.6, we start our algorithm configuration to solve the MPPT issue by assigning Spyck
as the control law term f (z1) of the system (5.34) becoming a dependant function on the
state variables of the system ;. Hence, to comply the statement Structure Preservation (1)
of subsection 2.6, we assume the matrices 7, (z1) and R, (z1) are equal to zero, simplifying
in (2.16), such that

K (1) = [T (21,8 (1)) = R (@1)] " g (21, 8 (1)), (5.36)
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[ -1 17 [ Ryis (Ee)
_1 _ 'pUs e
Rp,s 0 ,3 (.%'1) 7Rp,s
Kay=| +~ ° ° 0 o, (5.37)
0 0 0 1 —ipen
| Bz1) 0 -1 0o | | o
and solving for IC
K (1) [ 0 ]
—-R
’C x D - .
Koy = | 2| | g (B B ) (5.38)
IC4 (xl) L _iout .

Since (3 (x1) is still an unknown function, the statement (ii) of Integrability is refered as
follow

Vo, K (21) = Vo K (21) (5.39)

then, from (5.38)

\Y% ’CQ (.1'1) = quC]CQ (331) = ngbcICQ (33'1) =0. (540)

4pv

The expression VK (21) = 0 is selected as a candidate to solve 3 (1), since the voltage
Upy 18 a suitable state variable to sense, in order to implement a current sensor-less strategy
for the MPPT, as in [34]. Thus, from (2.1) and (2.2) we rearrange [ (z1) in terms of g, as

R, '
VCIpv (R—pZS (EE) + /81 <va) Zbc?) - 07 (541)
p,S
solving (3 (1) as
_iO Rp qpv
v) = = | 5.42
B (qpv) fos (Rp,s> exXp <vaa> ( )
and (5.38) becomes
_ 0 -
_RP . . Qpv ))
— | 15 + 10€xX —_
K(ap) = | Ryps ( 0exp (Opva . (5.43)
0
L _ibCQ _

The state variable dependency in (5.43) suggests a (locally) equilibrium spot ¢, as a
particular case to be determined from the statement Equilibrium Assignment (iii). Then,

_R . . q*v
Rp,j (zs (E.) + igexp (C’]:)a)> =0, (5.44)
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where vy, = g’:’ and we solve
_.s Ee
v,, = nVn <g> . (5.45)
2]
From (2.1) and (2.2), we expand (5.45) as
v;v = aln (exp (%) —_1— (ISCvnomi"' KoAT) EEC ) 7 (5.46)
0 nom

where v, = Rslp, + vy,. To guarantee the system reaches the equilibrium on the MPP
trajectory of the PV cell, the specific value of vy, is estimated from the transfer function of
ipy VS Upy. Therefore, the reliance between v, and the MPP trajectory is determined from
the output power term Py, (v,,) as in [34], such that

Vo Bpo ( v) = Vo, (ipuUps)
solving from (2.1) and (2.2)

Vo (i (B0 = 0 (o0 () =1) = 12 ) )

where the magnitude of R, is very low compared to R, accordint to Table 5.2 (e.g.,. Ry <
0.001R,), and we assume R,l,, — 0 = v, — v} ; thus, (5.48) becomes

=0, (5.47)

= 0. (5.48)

*

o>
: : 2 Yo Vpy
iph (Ee) + 19 — R_Up“ ipexp - 1+ o 0. (5.49)
In (5.49), v¥, can be solved in terms of the irradiance E. in (2.1) by numerical methods,

i.e. the so- Called equilibrium trajectory. It can be demonstrated that all solutions of v}, in
(5.49) achieve the MPP trajectory and, consequently, the statement Fquilibrium Assignment
in (5.45) is complied by the values of vy, on the equilibrium trajectory.

Since the control strategy proposed for the scalar function /5 (v,,) has been developed
based on requirements derived from a closed-loop arbitrary structure, i.e. the system in
(2.16), we can confirm the compliance of the Lyapunov Stability statement in (2.22) of
section 2.6. It follows that based on K (g,,) in (5.43) and Hi (qpu, Ppus Qoes Pbe) in (5.35) we
can establish

Ve, K (27) > V7 H (z}). (5.50)
-R, . . dpv _ dpv dbc Poe
Rp,s V¢pv (Zs (Ee) + 10eXp <va06>> i, > <VQPU va + quc C + V¢bc Lbc IT (551)
Further, recovering 44 from (2.1) and (2.2)
R . . . dpv Apv dbc Dpe
R:s Vi <zph (Ee) — ip + dpexp (C’;;oz>> > — <quv Ciw + Vq”CC’ + V. Lbc> . (5.52)
and solving
1 1 1
0>— + + . 5.53
(Opv C’bc Lbc) ( )

Thus, (5.53) holds since {Cpy, Che, Lp.} € RT and then Lyapunov Stability statement is
satisfied.
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5.2.2 VR IDA-PBC design

In this case, Spoost from (5.32) was assigned as the control law [ (xp.2) of the VR IDA-PBC
algorithm design, becoming a function dependant on the state variables of the system ..
To satisfy the Structure Preservation statement, the matrices J, (Tpe2) and R, (Zpeo) from
(2.16) are assumed equal to zero, simplifying (2.16) to

K (xpe2) = [T (Tpe2, B (Tpe2)) — R (xbc2)]_1 9 (Tpe2, B (Tpe2)) (5.54)

and then K (xpe2) is solved as

—Ube
K1 (24 .
K () = | 0| 53’}’ o (5.55)
Ko (2pe2) —“2
Ry B (l‘bcz)
shifting Integrability statement into
vacQICQ (ajbCQ) = v¢bCQIC1 (':CbCQ) ) <556)
—Ube —Vpe
(Y (), -
P2\ RLB (2pea)’ %2 \ B (2pe2)

The PDE in (5.57) is solved and the resulting control function § (xp.) is explicitly de-
scribed in terms of gpeo and ¢y as

2 ¢b02

o) = — , 5.58
B (@) Rp (C — que2) ( )
with C an unknown constant to be defined later. Hence, K (zp2) in (5.55) becomes
—Rr (C — gvea) Ve
2¢bc2
K (zpe2) = (5.59)
_RL (C - Qb62)2 Ube
4¢l%c2

The constant C is defined by accomplishing the Fquilibrium Assignment statement, where
the magnitude of the state variables in the equilibrium target is described by 2* = (¢}.q, ®res)

R, (C = Ghp) Une Qoo
25, Chez
SOV I R (5.60)
R, (C — ghes)” Vbe @
4¢;022 Lch
and solving for C
2059
* C 1
Gy Toe2 (RLCbczvbc i )
CQ 2¢* ( QS;CZ )2 4 q*
be2 RL L bc2Vbe bez
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Being {C;,Cs} in (5.61) represent the possible solutions for C, both of then suitable
in (5.59). Moreover, the control function f(zpe) in (5.58) is finally defined in terms of
C;. Additionally, the equilibrium states gy, dpeo can be defined depending on the woltage,
current demands of the final load.

As well as proposed to § (v,y), to find the conditions where [ (z42) holds the Lyapunov
Stability statement in (2.22), we formulate from I (zp2) in (5.59) and H (gpe2, Gpe2) (5.27)

that
Yoc2 ’Vg 2
Ry (v, (22 +vc( ))
LY ( dbc2 (2¢b02) Ppe2 4¢§C2
Qb2 (bch
vy A2y, b2
( Qbe2 Cbc2 T Ve Lbc2)
being Ypeo = C; — Qpe2- Furthermore

R LUbe 1 ( 1 )
+ > — , 5.63
2¢Z¢2 Lbc2 Och ( )

>
Zher (5.62)

?

*
Lhe2

and then, the Lyapunov Stability statement complies since { Lyea, Cpe2, R} € RT and {vpe, dr0} >
0.

5.3 Switching Control Implementation

We have defined a scalar control function f(g,,) in (5.42) which solves the PDE in (5.41)
to reach the MPPT objective of the close-loop PH system 3; proposed in (5.34). However,
since the performance of the switch Sy, lies between the states modes {0, 1}, as in [132, 34],
we formulate a switching modification based on [133, 131, 34] surveys, as follow

Sbuck = { T S (5.64)

1 for B (q;,) — B () <0,

Hence, the new suggested switching control law Sy, in (5.64), in terms of the previous
control function f (¢,,), can be implemented as a current sensor-less control since it depends
only on vy, and E, states.

Similarly, the control function S (gpe2, Ppe2) in (5.58) is adapted to achieve a new Spost
control function, that relies between switching state modes {0,1} and performs over the
proposed close-loop PH system Y. in (5.32). Then, it can be defined

{ 0 for [ (x5,) — B (xp2) <0
Sboast =

5.65
1 for B (z}y) — B (xpe2) > 0. ( )

The new control function Syees; depends on vy O 7p2, in agreement with the relationships
Qb2 = CheaVpeo and ¢peo = Lpeatpea. The selection of the equilibrium state, either the vy or
1pe2, depends on the load control requirements.
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5.4 Testing Prototype Set Up

The experimental prototype designed to verify the performance of the MPPT and VR control
algorithms proposed in section 5.3, is shown in Fig. 5.5. The home-made switching control
of the DC-DC boost and buck converters is described in Appendices F and G. The setup

) Victron VOLTCRAFT
Photovoltaic Multimeter and MPPT 75/15 PL-110SM Solar
Cell Thermocouple  charge Controller Light Meter

Figure 5.5: Prototype setup for physical experimental measurements of the MPPT and VR
System.

hardware, equipment, and tools are described in Table 5.1. A signal conditioner amplifier
active filter was included to raise the output voltage signal from the Spektron 210 [135] sensor,
which reaches only 70 mV at E. = 1000 %, Moreover, to calibrate the irradiance sensor
Spektron 210, we utilize the solar light meter VOLTCRAFT PL — 110SM [138]. Likewise,
the current and voltage sensor calibration was referred to the multimeter BK PRECISION
393.

Since the equilibrium state vy, in (5.49) and the control function (g,,) depend on the
internal parameters of the PV cell and their dependencies in terms of the temperature T,,, as
n (2.1) and (2.2), the suitable Method for the Analytical Extraction of the Single-Diode PV
Model Parameters developed by [126] has been called forth to estimate R,, Rs, ig and «, since
it makes use of the PV cell data-sheet to determine the required parameters. Furthermore,
We formulate the parameters R,, Rs, iy in terms of the temperature fluctuation AT, as
shown in the Table 5.2.

We validate the computed parameters of the PV cell by simulating the transfer functions
ipy VS Uy, and Py, vs vy, based on (2.1) and (2.2), at several irradiances E, in steps of 100
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Table 5.1: Experimental setup hardware, equipment, and tools

Name Model Quantity
PV cell CELLEVIA 30W [137] CL — SM30M 1
Prototyping platform TEENSY 4.1 1
Irradiance sensor SPECTRON [135] 210 1
Solar light meter VOLTCRAFT [138] PL —110SM 1
Hall current sensor 5A ACST12 1
Multimeter BK PRECISION® 393 1
Laptop DELL LATITUDE 5491 1
Solar charger VICTRON BLUE SOLAR [139] MPPT 75/15 1
Electronic components N/A N/A
Shielded enclosures N/A N/A

a Thermocouple K included.

Table 5.2: Key parameters of the MPPT and VR control system

Parameter description Magnitude
Temperature T 25 °C
Irradiance E,,,,,* 1000 W /m?
Output Power Py, yom™ 30.0 W
Short-circuit current Isc nom® 1.77 A
Open-circuit voltage Voc nom® 229V
Output current I,,,,, QM PP* 1.62 A
Output voltage Vo, @M P P?* 186V

Temperature coefficient of Voc nom®

—(0.40 £ 0.05)% °C

Temperature coefficient of Igc pom®

(0.065 + 0.01)% °C

Temperature coefficient of P, nom®

(0.5 £ 0.05)% °C

Constant o

761 mV

Saturation current i,"

9e(0-T0T=AT) /A

PV cell series resistor R,"

—100AT + 0.0213 102

PV cell shunt resistor R,"

—1.1301AT + 248.36 (2

& From CL-SM30M data-sheet
b Estimated as in [126]
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kW /m? between zero to 1000 kW /m?, at several temperature conditions Ty, i.e., 25 °C, 40
°C and 55 °C, as shown in Fig. 5.6. According to the Temperature coefficient of Py nom
reported on the data sheet and included in Table 5.2, the simulated transfer function F,, vs
Upy holds the manufacturer technical data for any tested temperature.

ipv vs v, PVCell tranfer function

i (A)

40 va vs v, PVCell power function
T T T

25°C ——

T

16
va(v)

Figure 5.6: Simulation of the PV cell transfer functions: a) iy, vs vy, and b) P, vs vy, at
different temperatures.

The prototype in Fig. 5.5 was compared to the commercial solar charger Victron Blue
Solar MPPT 75/15 [139], in terms of controlling energy demand and reliability by exposing
both systems to solar irradiance disturbances. Both systems (prototype and commercial)
are entirely fed from the PV cell source, and then the consumption of the control stages
is extracted from the PV cell power. As the available commercial PV cell CL — SM30M
[137] has a power specification of 30 W at 1000 W/m?, we selected a battery that expends
around 6 W (430 mA at 14.4 V) in the charging process to operate as the output load
Ry, to generate circumstances of power demand and compare the controllers’ consumption
of both the prototype and commercial systems. For comparison purposes, the equilibrium
state at the output voltage of the proposed prototype was also adjusted to 14.4 V since the
output voltage from the commercial solar charger to feed the battery is also 14.4 V. The
parameters of irradiance E., the PV cell output voltage {v,, and current i,,}, and battery
voltage vy were collected from the control module governed by the electronic prototyping
platform Teensy 4.2 all along the experimental testing for both systems, Added, the battery
was pre-charged to 12.5 V (around 80% of the entire charge state) for both systems before
testing.

5.5 Experimental Results

We exposed the proposed prototype and the commercial solar charger Victron BlueSolar
MPPT 75/15 to solar irradiance between 11 a.m and 2 p.m. at the earth coordinates
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10.007820, —84.151131 on November 2022 to compare the energy demand and reliability of
their control modules. The PV cell was first exposed perpendicularly to the sun and then
rotated to different positions to emulate irradiance disturbances. The PV cell parameters FE,,
T\, Upy, tpy and the battery voltage vy were monitored during the sun irradiance exposition
for both systems, to obtain the required data to compare their MPPT and VR controls’
behavior.

Fig. 5.7 shows the reliability measurement results of the commercial solar charger Victron
BlueSolar MPPT 75/15’s MPPT and VR control strategies. The PV cell CL—SM30M [137]
was connected to feed the commercial solar charger. This system was exposed to irradiance
fluctuations E, between 1100 to 600 W/m? for a period ¢ of 45 s at 48 °C, as depicted in the
black solid line of the graphic a) Sun irradiance (E.) vs time (t) of the figure. The MPPT
control strategy of the commercial solar charger (solid green line) meets the MPPT control
target (red dotted line) at irradiances below 800W/m?, into the time range from 13 to 34
seconds approximately. Still, it failed out of this range, at irradiances above 800 W/m?, out
of the time range from 13 to 34 s, as depicted in the graphic b) PV cell output power (P,,)
vs time (t). Contrariwise, the VR control strategy (solid green line) reaches 14.4 V of the
VR control target (red dotted line) above to 800 W/m?, out of the time range from 13 to 34
s, and fails the control performance into the time range from 13 to 34 s, where the irradiance
magnitude remains below 800 W/m?, as shown in the graphic ¢) Battery Voltage (vpe) vs
time (t). Thus, based on the MPPT control target, at irradiation levels up to 800 W/m? the
MPPT of the commercial controller collapses; e.g., at given irradiation of 1000 W/m? the
theoretical PV cell output power P,, must be 29 W, but falls to 23 W. Conversely, when
the irradiation falls below 800 W/m?, the VR breaks off, and the battery voltage collapses,
moving away from the VR control target. At the same time, the MPPT recovers to the target
correctly. Hence, since the MPPT and VR controllers collapsed alternately at input levels
lower than 29 W and the battery load demands 6 W on charging state, then we conclude
that the control hardware of the commercial battery charger expends at least 23 W.

Furthermore, we evaluate the control strategies MPPT and VR of the proposed prototype
by exposing the PV cell C'L — SM30M under irradiance fluctuations E, between 800 to 500
W /m? for a period t of 30 s at 42 °C, as depicted in the solid black line of the graphic a) Sun
irradiance (E.) vs time (t) on the Fig. 5.8). As shown in the graphic b) PV cell output power
(Pyy) vs time (t), the MPPT control strategy of the prototype reaches the MPPT control
target (red dotted line) all along the test period. Nevertheless, the PV cell output power p,,
fluctuates at 500 W/m? at 12 W power level and recovers up to this magnitude. Equivalently,
at any irradiance, the VR control strategy (solid green line) reaches the VR control target
(red dotted line) but also fluctuates at 500 W/m?. Hence, the prototype system’s MPPT
and VR controllers can support the battery power at 12 W lower input power F,,, being 6
W the controllers’ consumption of the proposed prototype. We highlight that a few noises
affect the controllers’ responses due to the prototype’s double-switching nature, as shown in
Fig. 5.8.
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Figure 5.7: Response of the PV cell output power P,, in b), and the DC-DC stage con-

verter output voltage vy in ¢), of the commercial solar charger with MPPT and VR con-
trollers at 48 °C, to a natural solar input irradiance E, in a).
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Figure 5.8: Response of the PV cell output power P, in b), and the DC-DC stage con-
verter output voltage vy in ¢), of the proposed prototype with MPPT and VR controllers
at 42 °C, to a natural solar input irradiance E, in a).

5.6 Concluding Remarks and Future Work

We have modeled an MPPT and a VR-controlled system, integrating a PV cell and a DC-DC
buck-boost converter to charge a 12V battery. The model was released in the PH framework,
and the controllers were developed in an IDA-PBC strategy. The system was implemented
in a prototype to verify the MPPT and the VR control design. To develop the prototype’s
MPPT and VR controllers, we adapted the control strategy in a two-states control signal
over the switches of the DC-DC buck and the DC-DC boost converters.

The prototype and a commercial solar charge were tested under natural sun irradiance
conditions by connecting each system to a 30 W PV cell to feed a 6 W charging power com-
mercial battery to evaluate the proposed controllers’ reliability. As a result, the commercial
solar charger demonstrates erratic behavior at 29 W input power and collapses under this
power level. Hence, we determine that the power demand of the commercial solar charger
controller is estimated at at least 23 W. Contrariwise, the proposed prototype collapsed at
12 W input power, and then the power demand of the proposed controller is estimated at 6
W.

This chapter compares the reliability of the MPPT and VR controllers between a proto-
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type and a commercial solar charger under natural irradiance conditions, including temper-
ature corrections. As far as we know, this is the first time this comparison has been made.
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Chapter 6

Conclusions and Outlook

6.1 Conclusions

Recapitulation of our surveys from Chapters 3, 4, and 5 in this thesis, we can summarise the
subsequent conclusions. It is demonstrated that the PH framework energy-based approach
becomes a suitable modeling tool, able to set and concatenate nonlinear systems of different
physical domains.

The resulting model from a PH framework transparently shows the interconnection be-
tween the physical stages, allowing modification of the equivalent physical parameters quickly
to tune and evaluate the effect of the system’s behavior.

Added, the PH model explicitly displays the input and output state variables, and the
energy dissipation and storage elements are highlighted in separated matrices, simplifying
the understanding of the energy flow and the interaction of the stages.

The transparency of the PH framework modeling allows for to proposed and evaluate
nonlinear control strategies. Those strategies are mainly aimed at modifying the distribution
or consumption of energy by changing the original system structure and preserving the PH
model attributes.

The IDA-PBC strategy demonstrates high performance in controlling a PV cell system’s
MPPT to feed a load across a DC-DC converter. This system has a stochastic behavior
since the input irradiance state is entirely independent regarding time. Hence, the IDA-
PBC strategy is designed from a proposed close-loop structure that complies with several
statements to reach global stability.

Furthermore, an IDA-PBC strategy to control both MPPT and VR at the input and
output of a double switch highly nonlinear DC-DC converter stage has demonstrated a per-
formance better than a homologous commercial device, even in terms of energy consumption.

6.2 Outlook

Finally, from our results, we provide recommendations on the next possible future lines:

e The parameters nonlinear behavior described in the PV cell internal equivalent circuit
applied for the proposed systems was assumed into the i, (E,) current as part of the
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input matrix g (x). Since this matrix is explicitly contained in the solution of control
law function g (z), the PV cell model nonlinear parameters are included in the control
strategy when the PDE is solved. However, those nonlinear terms (specifically the
dependence of the current ip from the state variable v,,) can be extended into the
interconnection and dissipation matrices of the mathematical model the PV cell.

Although the home-designed circuit to evaluate the proposed control strategy was
implemented in a Bipolar Junction Transistors topology to ensure the system reaches
high-frequency switching actuation, it’s possible to implement the control with more
power-efficient semiconductor devices, such as Junction Field-Effect Transistors.

The IDA-PBC was successfully proposed and evaluated to solve the MPPT and VR
issues of a photovoltaic energy harvesting system. Moreover, other nonlinear PH
framework-compatible strategies could be designed and evaluated; e.g., the so-called
Error Trajectory Tracking strategy has been proposed to control PH systems via canon-
ical transformations and passivity-based control [140, 141].

In terms of extending the scope of the physical system, we suggest designing a control
strategy for other renewable energy sources where power extraction represents an im-
portant issue, i.e., wind energy-powered systems.

A DC-AC converter stage to connect output AC loads could also be added to evaluate
the system’s performance under both DC and AC consumption environments. Simi-
larly, a DC-AC 3-phase converter stage could allow connecting high-power and induc-
tive loads, i.e., motor, water pumps, or a complete PHS system to verify the high-power
performance of the control strategies, under stand-alone and grid-connected circum-
stances.
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Appendix A

MPPT Methods Classification

Table A.1: MPPT Methods Classification by the Scope

Classification

MPPT Method

Conventional

Perturb and Observe (P&O) [142, 143, 144, 145, 146, 147, 148, 149, 150,
151, 152, 153, 154, 29, 155, 156, 157, 158]; Incremental Conductance (INC)
[29, 75, 159, 160, 161, 162, 163, 164, 165, 154]; Differential Fixed-step

Size (DFS) and Differential Variable-step Size (DVS) [160, 161, 164]; Hill-
Climbing (HC) [166, 167, 151, 168, 29]

Mathematics

Linear Reoriented Coordinates Method (LRCM) [20, 169, 21, 170]; Curve
Fitting [171, 20]; Incremental Resistance (INR) [20, 172, 173, 174, 175];
Beta [176, 20, 177, 178, 179, 180]; Ripple Correlation Control (RCC) [181,
20, 182]; Analytical solution (AS) [183, 184, 185, 186, 187]

Measurement and
Comparison

Look-up Table [188, 152]; Load Current or Voltage Maximisation (LCVM)
[189, 20]; Linear Current Control (LCC) [190, 191, 192, 193]; Current Sweep
(194, 195, 20]

Constant Parameters

Constant Voltage (CV) and Constant Current (CC) [20, 196, 154, 197];
Open Circuit Voltage (OCV), Fractional Open Circuit Voltage (FOCV)
and Fractional Short Circuit Current (FSCC) [198, 199, 200, 29, 196]; pn
Junction Drop Voltage Tracking [20, 27]; Best Fixed Voltage (BFV) and
Temperature Parametric (TP) [20, 27, 201]

Trial and Error

Output Senseless (POS) [202, 20]; Three Point Comparison [203, 20];
DC-Link Capacitor Droop [20, 202]; Variable Inductor [20, 202]; Gra-
dient Descent [204, 205]; Sliding Mode Controller (SMC) [79, 206, 207,
132, 208, 209, 133, 210, 211, 80, 212]; Extremum Seeking Method (ESM)
[213, 20, 214, 215]

Numerical

Newton-Raphson (NR) [216, 217, 218]; The Secant Method (SM) [219, 220,
221]; Central Point Iterative (CPI) [20, 222]; False Position Method (FPM)
and Bisection Search Method (BSM) [223]; Brent method (BM) [224, 20]

Intelligent Prediction and
Iterative in Nature

Fuzzy Logic (FL) [225, 226, 227, 228, 229, 230, 231, 232, 233, 234,

156, 235]; Artificial Neural Network (ANN) [225, 236, 237, 238, 239,
240, 241, 242, 243, 231, 235, 244, 245]; Adaptive Neuro-Fuzzy Infer-
ence System (ANFIS) [20, 246, 247, 248, 249, 250, 251]; Evolution-

ary Algorithm (EA) [252, 20]; Particle Swarm Optimization (PSO)
[253, 254, 155, 255, 256, 257, 258, 259, 260, 158, 86], Genetic Algorithm
(GA) [261, 262, 263, 235], Fruit Fly Optimization (FFO) [261, 264],
Firefly Algorithm (FA) [265, 266, 254, 155, 267, 268, 261, 157], Cuckoo
Search (CS) [255, 269, 270, 271, 272, 244, 158], Teaching Learning
Based Optimization (TLBO) [256, 273, 274, 275], Grey Wolf Opti-
mization (GWO) [256, 276, 277, 278, 279, 280], Ant Colony Opti-
mization (ACO) [281, 282, 283, 284], Flower Pollination Algorithm
(FPA) [285, 286, 287, 156, 288, 289, 157], Artificial Bee Colony (ABS)
[284, 290, 291, 292], Differential Evolution (DE) [293, 294, 295, 296],
Bat Algorithm (BA) [297, 298, 299, 300], Whale Optimization Algorithm
(WOA) [278, 301, 302, 303, 304]

Passivity-Based

Passivity-based controllers (PBC) [30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
41]
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Several Reported Hybrid MPPT
Techniques

GWO and ANN [305]; GWO-optimized FL [306]; FL with four different optimizations:
TLBO, FF, Biogeography Based Optimization (BBO) and PSO [307]; CS and GWO [308];
CS and Golden Section Search [309]; GA to optimize the FL [310, 80]; GA and FOCV [311];
IC and PSO [312]; ACO to train a developed ANN [313]; optimization of Fractional Order
(FO) with INC [314]; ABC and Semi-supervised Extreme Learning Machine [315]; TLBO
and ABC [316]; ABC and P&O [317]; PSO and Optimum-Relation-Based (ORB) [318]; FL
and BA [319]; Overall Distribution (OD) integrated and PSO [320]; optimization of a Frac-
tional Chaotic FPA [321]; FPA assisted by P&O [322]; GA and ACO [323]; DE and GA [324];
ANFIS and ABC [325]; FO-based ANFIS combined and P&O [326]; Opposition-based learn-
ing (OBL) and FA [327]; GA, FA and DE [328]; FPM and HC [329]; BA with CS [330]; ABC
and P&O [331], WOA and Simulated Annealing (SA) [332]; WOA, Pattern Search (PS),
INC and ANFIS [333]; Model Predictive Control (MPC) and ESM [334]; PSO to improve
SFLAESM and MPC [335]; SFLA modified by SMC and P&n [336]; FL tuned via SFLA
[337]; P&O, CC and CV [338]; FL and ANN in [339, 340]; INC and CV [341]; P&O based on
Pythagorean theorem and CV in [342]; ANN and NR [343]; NR and P&O [344]; SM based
on NR [345]; BAT algorithm using Cultural Evolution Process [346]; CV, INC and PSO
[347]; FL optimized by SFLA [348]; PSO and Adaptive Linear Active Disturbance Rejection
Control (A-LADRC) [349]; Load Current Maximization(LCM) and P&O [350]; P&O and
CV [351]; FL and BAT [352]; SFLA and P&O [353]; HC and FL [354]; beta parameter and
FL [355, 356]; HC, FOCV and FSCC [357]; P&O and Look-Up Table [358, 359]; IC, CV and
look-up table [360]; ABC and simultaneous heat transfer search [361]; P&O and Current
Sweep in [362]; a variant of PSO known as Adaptive Perceptive PSO in [363]; ANN with
MPC using Kalman Filter (KF) [364]; PSO and DE [85]; DE and Jaya optimization based
[365]; Magic Square (MS) array and DE-based adaptive P&O [366]; two different hybrid
algorithms of WOA and improved DE in [367]; GWO and DE [368]; Salp Swarm Algorithm
(SSA), DE and P&O [369]; combinations of the Bat-based algorithm with P&O, IC and
Beta, named as Bat-P&O, Bat-Beta and Bat-I1C [370].
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Appendix C

MPPT and Voltage Regulation
Unified Control

Table C.1: MPPT and Voltage Regulation Methods Unified Control

Hardware MPPT Voltage Regulation Validation
Method Method
Two-stage DC-DC con- P&O Not detailed Simulated
verter
DC-DC boost converter Steped P&O Modified Synchronous  Laboratory
and a DC-AC 3f inverter Reference Frame bench emulated
(MSRF)
Two-stage three-switches  P&O Fractional Order Pro- Simulated
DC-DC boost portional Integral
(FOPI)
Sepic converter and DC- INC Duty cycle pulse width ~ Simulated
DC buck-boost stage
Two sepic converters P&O Passivity Based (PB) Simulated
Single-stage power con- P&O fre- Duty cycle pulse width ~ Simulated
verter quency
Two-input DC-DC buck Small-signal Small-signal modeling Laboratory
converter modeling bench emulated
DC-DC boost converter Integral SMC  Space Vector Modula- Simulated
and a DC-AC 3f inverter tion (SVM)
DC-DC boost converter Proportional-  AC signal Voltage- Simulated
and a DC-AC converter Integrative frequency (V-f)
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Appendix D

Nonlinear Stability

Consider an autonomous (time-invariant) [371, 372] system given by

= f(x), (D.1)

where f : D — R"™ is a locally Lipschitz map from a domain D € R" into R", with an
equilibrium point x* such that f (z*) = 0. Let’s assume that * = 0. Based on the Lyapunov
stability, the equilibrium stability in z* of the given system (D.1) can be classified into several
categories:

e Stable: The system remains close to the equilibrium point or trajectory for any small
perturbation in the initial conditions; for each & > 0 there is a § = (¢) > 0, such that

[z 0) [<d=lz()|<e VE=0

e Asymptotic Stable: All trajectories that start sufficiently close to the equilibrium point
converge to the equilibrium point as time approaches infinity, literally

I 2(0) <6 = Jim a(t) =0

e Exponential Stable The trajectories converge to the equilibrium point exponentially,
such that the system reaches the equilibrium point at an increasingly faster rate as
time progresses, more precisely

<4§= lim fx) <0

e Global Stable All trajectories converge to the equilibrium point regardless of the initial
conditions. Only in global stability the concept of a stable system can apply.

vV |z(0)] = tlim z(t)=0

Characterizing stability properties allows for understanding complex systems’ behavior
and designing control strategies to ensure stability and reliable operation.
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Appendix E

Lyapunov Function

In the context of the Lyapunov theory, stability refers to the behavior of a dynamical system
over time. It provides insights into the system’s long-term behavior and convergence proper-
ties. The Lyapunov theory is widely used to analyze the stability of dynamical systems. This
theory relies on the Lyapunov function concept. A Lyapunov function is a scalar function
that satisfies specific properties, such as being positive definite, continuously differentiable,
and having a negative definite derivative along the trajectories of the system. Lyapunov
functions assigns a value to each system state. It characterizes the system’s energy or po-
tential at a particular state. The key idea is that if a Lyapunov function can be found for a
given system, its behavior can be analyzed to determine stability properties [371, 372].

Consider a scalar function V' (z) to be positive definite that complies the following con-
ditions

e V' (z) and its first partial derivatives are continuous together in a given open region {2
surrounding the origin z* = 0.

e 1V (0)=0.

e V (z) is positive outside the origin z* = 0 (and always in ). Hence, V (x) vanishes
only at the origin and * = 0 becomes an isolated minimum of V' (z).
If the derivative V () < 0, then the equilibrium point z* = 0 is stable.

If the derivative V () <0in Q — {0} , then the equilibrium point z* = 0 is asymptot-
1cally stable.

The scalar function V' () is the so-called Lyapunov function that describes the stability
of the equilibrium point x*

92



Appendix F

Electric Diagram of the DC-DC Boost
Converter Switching Control
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Figure F.1: Electric diagram of the DC-DC boost converter controller to governed a nor-
mally closed (NC) switch Spopst-
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Appendix G

Electric Diagram of the DC-DC Buck
Converter Switching Control
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Appendix H

Sliding Mode Control Strategy

This strategy considers the dynamics of the input and output states of a DC-DC transfer
system to perform on two operation modes: approach and sliding. In the approach mode,
the system states converge to a finite-time predefined domain known as the sliding function
o1. The sliding mode is also called oy, where the states of the system are restricted to
operate over a sliding surface that reaches the system’s origin, as in [206, 132, 133]. Given
the electrical power supplied by the PV cell system at the DC-DC transfer system input,
i.e., By, and its input voltage and current v,, and iy, the partial-derivative V, P, = 0 can
be chosen as the sliding surface for the MPPT objective, such that the states of the system
persistently lies on the maximum power transference trajectory. Hence, the sliding surface
is defined as

Ve Pro = Upo (vvmz’pv + ZL) . (H.1)
Uy
From (H.1), we can define the sliding mode o4 as
0y (£, 1) = Vi iy + 2. (H.2)
Upy

Moreover, the system dynamics & are given by
t=F(z)+G(x)oy, (H.3)
where the approach sliding function o; is obtained by solving the PDE
oy = [Vao]' & = 0. (H.4)
Similarly to [133], we assume that [9o/dz]" is a reversible matrix, and (H.4) is solved as

Vool Flo) _ | vw

Voo] Glo) . (H.5)

o1 = —

Hence, the approach mode is obtained from solving the sliding function ¢y, and the
control algorithm for the controller is completed. Subsequently, from this SMC algorithm,
it is proposed a switch control signal Ssy; as in [133], to govern the DC-DC transfer system
by controlling the duty cycle. Then, Sg,; is given by

1 for o1+ koy > 1
Soy = o1+ koo for 0 <oy +koy<l1 (HG)
0 for o1+ kO'Q S 0,

where k is a positive magnitude scaling constant suitable to adjust the SMC strategy per-
formance.
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