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Introduction

Global energy necessities are essentially given by the burning of fossil fuels. The result of this
overwhelming reliance is turning into an expanding worry because fossil fuels have restricted
potential [1]. Because of the present rate of misuse, these assets will exhaust in the coming decades.
The CO2 discharged from the conventional energy sources into the air from these fuels fills limits
the earth from emanating the warmth from the sun once again into space, bringing about an ascent
in worldwide temperature. Sustainable power sources that are normally renewed are those created
from regular assets, for example, wind, sunlight, tidal, hydro, biomass, geothermal, and sea sources,

has been growing rapidly during the recent years [2].

Tidal power, additionally called tidal energy, is a type of hydropower that changes the energy
of tides into power or other valuable types of energy. Despite the fact that it is not yet broadly
utilized, tidal power has the potential for a future power era. Tides are more unsurprising than wind
energy and sun-based power [3]. Among wellsprings of renewable power sources, tidal power has
customarily experienced moderately high cost and constrained accessibility of destinations with
adequately high tidal ranges or stream speeds, hence chocking its aggregate accessibility. The
exploitable marine current power with present technologies is estimated about 75 GW in the world.
The Kinetic energy available in tidal currents can be converted to electricity using relatively mature
turbine technologies called “Tidal turbine or marine current turbine”. However, there are still some
difficulties before commercialization of the marine current turbine system. On the one hand, the
installation cost, geographical constraints and social acceptance should be considered in planning

the marine current turbine projects [4].

The aim of this Ph.D. thesis is to investigate the transformation of the tidal power to electrical
power using tidal turbine conversion system and some control strategies are developed to improve
the harnessed power quality and energy management capability. The contribution of this thesis can

be summarized as follows:

e A tidal conversion system-based permanent magnet synchronous generator (PMSG) is
simulated under Matalab/Simulink platform and investigated which is constituted by a
tidal turbine, PMSG, power converters and grid-connection.

¢ Original control strategies based on an energy approach are proposed to improve the

power quality harnessed by the PMSG-based tidal conversion system.

The rest of this thesis is organized in chapiters as follow:



Introduction

Chapter | presents the review of tidal power generation and power plant, developments in large
marine current turbine technologies are summarized, it gives the state of the art of tidal energy

systems: issues, challenges and possible solutions.
Chapter Il proposes an up-to-day and review on the passivity theory.

Chapter 111 proposes a new control strategy based on passivity principe for a grid-connected tidal

turbine-based PMSG conversion system.

Chapter 1V deals with a fuzzy passivity-based current controller with a linear feedback to improve

the performances of the conversion system based on the flux orientation of the PMSG.

Chapter V presents an original controller which is inspired from the aforementioned controls
associated to backstepping method with adaptation of the PMSG stator resistance, that improve the

robustness, stability and power generation quality.
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Chapter | Current Statues in Tidal Power Technologies

1 Introduction

There is worldwide agreement on the need to reduce greenhouse gas emissions, and different
policies are evolving both internationally and locally to achieve this. This kind of world trend drives
people to explore different kinds of renewable energy such as wind power, solar power and ocean
power. More and more organizations, companies and laboratories start to focus on exploring ocean
power [1]. More than 70% of the earth area is covered by ocean and in which stored a vast of
energy. The existed various forms in ocean power are namely tidal rise & fall energy, tidal (ocean)
current energy, wave energy, salinity gradient and thermal gradient energy. Among them, tidal
current energy has obtained a strong increasing interest due to the advantages of predictable, high
power density and huge potential characteristics in the last decade [2]. However, the maximum
power which can be extracted is nonlinear, due to the water flow speed, also a tidal system based
PMSG can capture significantly more power than a wind system with the same characteristic due
to the water density which is thousand times higher than the air density. In this chapter, a review

and state of the art of tidal energy storage technologies are presented [3].

2 Tidal Energy Technologies Review

There are two fundamentally different approaches to exploiting tidal energy. The first is to
exploit the cyclic rise and fall of sea levels using barrages where energy is extracted from the
potential head of the water similar to a hydropower generation. The second is to harness local tidal
currents in a manner somewhat analogous to wind power. This method extracts the kinetic energy

of the moving water by means of tidal current energy converters such as tidal turbines [1].

In contrast, tidal current turbines, or also referred as tidal stream turbine, are designed to
generate electricity by directly converting the Kinetic energy from the marine current. It resembles
more closely wind turbines in that they directly harness the kinetic energy of the water flow using
individual units, rather than the tidal barrages that block entire water channels in order to utilize
potential energy to funnel water into their generators. For this reason, tidal current turbines are
significantly less detrimental towards the environment (Figure 1.1) [4].

Generating energy from tidal current turbines are less environmentally invasive too as compared
to tidal barrages generation. As water is much denser than air, tidal current turbines do not need to

run at excessive speeds to produce reasonable amount of energy [5]. Due to the same reason, tidal

1
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current turbines are also smaller in size as they do not require large blade to capture as much energy
as a wind turbine would as the water is thousand time denser than air. Similarly, the hydrodynamic
forces subjected on the tidal current devices are higher requiring them to be more robust. Various
tidal current energy converters have been developed, diverting from the traditional concept of

extracting tidal energy using tidal barrages [6].

1 PS2 : o "/' 0 4 AR1500

Size: 1
Production:

ower

diameter ro!
Production: 2.5 MW
Deployment: Fall 2016

FIGURE 1.1 Tidal energy turbines.

There are two types of tidal current turbines. One is the horizontal axis turbines and the other is
the vertical axis turbines. Horizontal axis turbines rotate around an axis parallel to the waterflow,
and vertical axis turbines rotate around an axis perpendicular to the waterflow. Both types of
turbines consist of a group of blades attached to a rotor, which ultimately connects to a generator.
As the water passes through the turbine, the rotor uses the blades to rotate, and this kinetic motion
is then converted to electric energy, which is stored in the generator. The configuration of the blades
themselves has been varied from design to design, as researchers try to find the most efficient

pattern that could generate the most electricity with the least amount of kinetic energy [1].

The power generation that can be exploited with tidal current technologies is assessed to be
around 75 GW worldwide, 11 GW in Europe especially in UK (6 GW) and France (3.4 GW).
Numerous researches have been carried out on TCT in recent years but these studies are still in the
experimental phase in diverse sites. In a recent survey, some researchers had listed the companies
that have started establishing tidal current turbine farms such as Andritz Hydro Hammerfest (AHH)

in Anglesey (Wales, UK), Sabella in France, GE & Alstom Energy (France), MeyGen in Scotland,
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GE & Alstom Energy, and DCNS, EDF (France & Canada) which will start working in following
years. The French industrial group DCNS and French electric utility company EDF have chosen to
build a first demonstrative marine current turbine (MCT) farm off the coast of Paimpol-Bréhat in
Brittany, France at European Marine Energy Center (EMEC) off Orkney Islands in Scotland
(namely “OpenHydro turbine”). The first 500 kW OpenHydro turbine (Figure 1.2) was tested in
September 2011 near Brest, France. This 850 t turbine has a diameter of 16 m and is supposed to
be installed at a depth of 35 m. This technology uses multi-blades fixed between the open-center
rim and the outside shell in a rim-driven configuration. A permanent magnet synchronous generator
(PMSQ) is integrated into the rim shell. Andritz Hydro Hammerfest, pre- commercialezed the 1
MW turbine HS1000 (showed in Figure 1.3) at EMEC tidal test site at the end of 2011. It started

FIGURE 1.2 500 kW OpenHydro turbine. FIGURE 1.3 Atlantis AR1500 turbine.

Atlantis Resources Corporation hes been tested the MeyGen project is AR1500 turbine (showed
in Figure 1.4) at the EMEC facility during the summer of 2011. This 1 MW turbine adopts fixed
pitch configuration and reaches its rated power at a current velocity of 2.65 m/s. A yaw drive
mechanism enables the turbine to face the tide when the tidal flow changes direction, which is is
now under development for future turbine farm installation in the Pentland Firth in Scotland and
the Bay of Fundy in Canada. The 1 MW pre-commercial turbine HS1000 (showed in Figure 1.4)
was tested by Andritz Hydro Hammerfest at EMEC tidal test site at the end of 2011. It started
delivering energy to the grid in 2012. The HS1000 turbine technology uses advanced composite
blades consisting of glass and carbon fiber for enduring severe seawater environment. The blades

can be pitched for two-direction current flows [1], [6], [7].
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FIGURE 1.4 The HS1000 turbine technology.

Acquired by Atlantis Resources in April 2015, the 1.2 MW SeaGen S (2x600 kW) turbine
(showed in Figure 1.5) developed by Marine Current Turbine Ltd, is the world first grid-connected

megawatt-level MCT system. It was installed in Strangford Lough in Northern Ireland in 2008 and
has
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FIGUER 1.5 SeaGen S (2x600 kW) turbin. FIGURE 1.6 Voith Hydro turbine system.

Another candidate, is the Voith Hydro turbine system (shown in Figure 1.6) developed by
German hydropower equipment maker Voith Company. It uses fixed-pitch blades and direct-drive
PMSG to achieve compact structure. The first test turbine of 110 kW has been in operation near

4
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the South Korean island of Jindo since 2011. The up-scaled version of 1 MW turbine is now
installed and tested at EMEC tidal test site [1], [5-7].

3  Electricity Production From Marine Renewable Energies

For the installation of a tidal turbine, it is crucial to select the right site. This is why a good
knowledge of the characteristics of marine currents is fundamental. There are two main types of
currents. Global currents due to differences in temperature and salinity of nearby water masses.
They can be divided into two categories : local currents linked to winds and regular currents such
as the Gulf Stream. Another type of current consists of the so-called tidal (or tidal range) currents
that are found near the coasts or at the mouths of rivers. These currents originate from the
movement of the stars of the solar system. They result from the interaction of the earth, the moon
and the sun and are directly related to the movement of water associated with the tides. Offshore,
they are roundabout but turn into alternating currents in a preferred direction as they approach the
coast. Tidal currents are generally accelerated according to the topography of the bottom,
particularly around headlands, straits between islands and in shallow water areas. It is the latter that

are of most interest to industrialists [3].

Some areas are of particular interest because their underwater topography allows high current
speeds. Indeed, the extractable power depends on the cube of the velocity, which shows the interest
of choosing sites with the highest possible velocities. For both technological and economic
constraints, the minimum exploitable threshold value is currently established at 1 m/sec, i.e. about
2 nodes. This minimum threshold value is likely to be lowered as technology evolves. Nevertheless,
to avoid possible additional costs, it is also necessary to consider the maximum current value which
corresponds to the nominal power of the system and which is thus preponderant in the

dimensioning of the installation [8].

The choice of the installation site for the tidal turbines is also made in relation to the depth of
the seabed. The depth values of sites that have been identified as having exploitable currents are
characterized by water depths between 30 and 40 m. It is also necessary to take into account the
variations in levels and speed due to the swell and more generally to the sea state. It thus appears
that among the different technologies proposed and studied up to now, some appear to be much

more adapted to certain sites than to others depending on the nature of the current ellipse, the nature
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of the seabed and the local bathymetry. The search for an optimal combination between a site and

a technology therefore appears to be a multi-objective multi-criteria analysis [4], [8].

4  Tidal Conversion System Configuration Choices

4.1 Tidal Conversion System-based on Doubly Fed Induction Generator

The Doubly Fed Induction Generator (DFIG) is the most commonly used one for wind
integration due to its high efficiency, fast reaction and robustness during faults. This type of
generator (Figure 1.7) is built out of a wound-rotor induction generator with its stator is directly
connected to the grid, whereas the wound rotor is connected through a power electronic converter.
The variable speed range is =30% around the synchronous speed. The rating of the power
electronic converter is only 25~30% of the generator capacity, which makes this concept attractive
and popular from an economic point of view. However, DFIG is probably not the case in tidal

turbine applications except in special cases comparing to PMSG direct drive system.
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FIGURE 1.7 Doubly Fed Induction Generator System Topology.

This method of generation was analyzed, implemented, and tested in using the linear version
intended for Tidal generator applications.

4.2 Tidal Conversion System-based Permanente Magnet Synchronous Generator

The advantages of PMSG are compact structure, high efficiency, and the possibility to eliminate
the gearbox. These characteristics lead to low maintenance requirement and enable the PMSG to
be very favorable in underwater applications. Recent industrial tidal current projects have adopted
the PMSG as the generator type in the tidal conversion system, for instance, the OpenHydro turbine

system (proposed by French Electricity) and the Clean Current project (proposed by Alstom).

PMSG is normally used in direct drive train option with full scale power converter connect to
the grid as Figure 1.8 showed. PMSG system has high potential for the tidal current turbines because

of its reduced failure, increased energy yield and reliability.
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FIGURE 1.8 Permanent Magnet Synchronous Generator System Topology.

Both gearbox or direct drive system now are using in the new energy market. However, in direct
drive system, the low rotational speed characteristic leads to bigger pole pairs generator design and
then leads to bigger system volume and mass. In order to reduce the size and mass of system, a
gearbox can be introduced as the dotted line shown in Figure 1.8. Especially for floating platform
turbines, this seems to be the trend even that gearbox system needs high maintenance cost. For the

direct-drive, particularly for the horizontal ducted turbines, PMSG are preferred [9].

5 Modeling of Tidal Energy Conversion Systems

5.1 Modeling of Tidal Power

The basic ideology applied to the pulling of hydrokinetic energy from the rated value of tidal
currents at different tidal ranges is the same as those for wind and hydro energy systems. The power
delivered in a moving fluid is a function of the mass flow rate, which is a measure of the mass of
fluid passing a point in the system per unit time, it is working as the active element of the system.
The output of mechanical power captured from the low and high tides by a tidal turbine can be

formulated as

1
B, = EpAv? (1.1)

Where, v, denotes the tidal speed, p represents water density, A represents the blades swept area
[3].

This formula provides a computation of the amount of active power that could be extracted per
unit area from a hydrokinetic resource if the given power from the tidal power plant could be
extracted at 100% efficiency. It is a functional measure for determining the ability of the tidal
resource. However, in practice a tidal turbine will only be able to extract a fraction of this available
power. The above equation is modified to give the actual power that a tidal turbine is able to extract.

This is given by the following equation
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1
Pn =5 PCp (B, DAV (1.2)

Where, f denotes the pitch angle, A denotes tip-speed ratio, C, is a dimensionless term that
describes the hydrodynamic efficiency of a turbine. The C, value is a ratio between the actual

power extracted by the rotor to the total kinetic energy incident over the cross-sectional area of the

rotor
@)
C,(B,) =05 (Ti — 048 —5)e & (1.3)
A7t =(1+0.088)"1 —0.035(1 + B3)* (1.4)

Due to the Betz limit, it is only possible to extract a total of 59.3% of the total kinetic energy
available in the flow of tidal current. In addition, the conversion efficiency of hydrodynamic,
mechanical, and electrical processes reduces the overall output further. So in practice, most real
turbines have efficiencies that are lower than the Betz limit, with values in the range 0.4-0.5 for
modern axial flow turbines [1, 4]. The tip speed ratio (TSR) is the ratio between the rotational

velocity at the tip of the rotor blade and the flow speed, and is given by

(1.5)

Where w; is the rotational velocity of the rotor of the tidal turbine and R is the radius of the rotor
of the tidal turbine. And torque developed by a tidal turbine can be expressed as
T, =— .6
m= o (1.6)
6 Modeling of Permanent Magnet Synchronous Generator
The synchronous machines (see Figure 1.9) have many advantages over induction machines.
One of them is a higher efficiency. It is because the magnetising current is not a part of the stator
current. In induction machines reactive power for rotor excitation is carried by stator winding as
well as the active power for conversion. Accordingly, synchronous generators (SGs) will have
better efficiency and better power factor. In tidal systems, usually, the synchronous generators are

connected to the grid via a power electronic converter. The amount of deliverable active power

from Synchronous Generator depends on rating of a converter in Volt-Amperes and its power
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factor. Thus, for the same rating of the converter, the closer the power factor gets to unity, the more

active power can be delivered [10, 11].

Operational advantages of a SG with power electronics converters are numerous, like for
example voltage regulation which is handled by the grid-side-converter. Another advantage is that
dynamic disturbances of the grid and the wind turbine are isolated from each other and SG is not
at risk of losing synchronism. Furthermore, starting and synchronising equipment is not needed as
this is taken care of by power electronics converter. The only advantage of induction generators
(IGs) over SGs is that the converter is not dimensioned for full power. However, with recent

decrease in cost of power electronic components, this is not of concern anymore.
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Permanent

magnets

FIGURE 1.9 Permanent Magnet Synchronous Generator.

A direct drive tidal energy systems cannot employ a conventional high speed (and low torque)
electrical machines. In [10] has shown that the weight and size of electrical machines increases
when the torque rating increases for the same active power. Therefore, it is essential task of the
machine designer to consider an electrical machine with high torque density, in order to minimise
the weight and the size. It has also been shown that PM synchronous machines have higher torque
density compared with induction and switched reluctance machines. Thus a PMSG is chosen for
further studies in this work. However, since the cost effectiveness of PMSG is an important issue,
low manufacturing cost has to be considered as a design criterion in further steps. There are a
number of different PMSG topologies, some of them are very attractive from the technical point of
view. However, some of the state of the art topologies suffer from complication in manufacturing
process which results in high production costs. PM excitation offers many different solutions. The
shape, the size, the position, and the orientation of the magnetisation direction can be arranged in

many different ways [10, 12].
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6.1 Permanent-Magnet Synchronous Generator dg-Model
The permanent magnet synchronous generator (PMSG) uses buried rare earth magnets. Its
electrical behaviour is described by the well known dg model, given by

. didq ~ ,
1% q= qu laq + qu W + pme(quldq + ll)f) (I 7)

. i
Where, 1 = [d())f ] represents the vector of the flux linkages, i, = [id] represents the vector of the
a

1ol

Ry O : .
stator currents, Ry = [05 R ] represents the matrix of the stator resistance, J = [
N
vd Ld 0 .
Vaq = [vq] represents the vector of the voltage stator, and Ly, = [0 L ] represents the matrix
q
of the stator inductions.

The mechanical equation of the PMSG is given by

dw
]—m + frowm = Ty — Tem (1.8)

Where, T, is the electromagnetic torque, J represents the total inertia of the system, and f,, is the

viscous coefficient. The electromagnetic torque T,,,, can be expressed in the dq frame as follows

3 .. .
T, = Ep(Ld — Lg)iaiq + ¢iq (1.9)
The interdependence between the induced flux linkage in the PMSG 4, and the currents vector
Laq IS given by

] [Ldld * ¢f] (1.10)

Where 4 and 1, are the flux linkages in the dq frame, and ¢ represents the flux linkages due to

the permanent magnets.

Substituting the i, value obtained from (10) in Egs. (7) and (9) yields

dyg
dt

q o~ .
—PWnIPaq = Vaq — Raglag (I.11)

10
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6.2 Permanent-Magnet Synchronous Generator afp-Model
The PMSM uses rare earth surface mounted magnets with no significant aliency effects. The

standard two phases afp- model of PMSG obtained via direct application of EL equations is given
by

di

Lﬂ-’ﬁ d”;ﬁ + lpaﬁ(ee)pwm = Vap — Raﬁiaﬁ (I.12)

dw '
=t = Tm = Teliap 8) = froom (1.13)
T,(iap 0e) = Vip(Be)iap (1.14)

: . —sin (6,)] .
Where, T, denotes the electromagnetic torque in af-frame, 1,3(0,) = 5 [ cos (6,) is the flux
e

. : i :
linkages vector in of-frame, i,p = [ig] represents the stator current vector in aff-frame, L,p =
L, O _ . . Ry O
0 Ly denotes the stator induction matrix in af-frame, Ryp = 0 R represents the stator
S

D,
resistance matrix in of-frame, v,z = [v;] denotes the voltage stator vector in ap-frame, and 6, =

pw,, represents the electrical angular velocity [10].

7  Control Strategies for PMSG-based Tidal Conversion Systems

In renewable power generation, the tidal energy has been noted as the most swiftly growing
technology. It draws interest as one of the most money-spinning ways to generate electricity from
renewable sources. Recently, voltage source converter (VSC) based permanent magnet generator
(PMSG) tidal turbine is assessed to be higher ranked than doubly fed induction generator (DFIG)
tidal turbine in terms of reliability and efficiency. The variable speed tidal turbine with a direct
drive multi pole PMSG with fully controllable voltage source converters is catching market
progressively specially in offshore applications. Among the various power electronics topologies
used in tidal energy conversion system, the most promising one is permanent magnet synchronous
generator (PMSG) with a full-scale back-to-back power converter. The basic components in Tidal
energy conversion system (TECS) include tidal turbine, an electric generator (PMSG) and power
electronic interface. Tidal energy conversion system is interfaced with the utility system through

power electronic converters. However, the high performance controller design for PMSM is still a

11
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challenging work, because numerous issues still need to be addressed, such as varying operating
conditions, parametric uncertainties, unknown modeling errors, unstructured system dynamics and

external disturbances.

During the past decades, extensive control theories and techniques have been proposed for
PMSM, including classical and robust control laws. In [13], a new control for a PMSG-based tidal
conversion system is proposed, namely a second-order active disturbance rejection control (ADRC)
approach which is applied to fully maintain the advantages of “large error, small gain; small error,
large gain” compared to classical ADRC. Figure 1.10 shows a classical double-loop control scheme
of a permanent magnet synchronous generator (PMSG), the current loop control is usually based

on Pl controllers, and the speed controller can be either Pl controller or another advanced controller.
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FIGURE 1.10 Conventional Pl controller of the PMSG.

In order to fully benefit from the ADRC strategies advantages, an all-ADRC approach, as shown
in Figure 1.11, is proposed in this work. In this approach, all the controllers both in speed and
current loops are designed by ADRC strategies. In the proposed cascaded ADRC approach, the
decoupling terms in the classical PI current control loops are not needed and thus the dependence
of system parameters can be reduced. Using a higher order ADRC controller to combine the speed
ADRC controller and the g-axis ADRC current controller can achieve a possible variant of this
ADRC approach.

12
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FIGURE 1.11 Second-order cascaded ADRC of the PMSG.

A resilient control of a permanent magnet synchronous generator-based tidal turbine subjected
to magnet failures is proposed in [14]. In this context, a magnetic equivalent circuit method is used
to model the synchronous generator magnet failures. A fault-resilient controller is therefore derived
for magnet failure resilience purposes (Figure 1.12). In fact, high-order sliding modes have been
adopted to address the robustness problems faced by conventional techniques such as PI controller

(see Figure 1.10).
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FIGURE 1.12 Fault-resilient controller ADRC of the PMSG.
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High-order sliding modes, namely the second-order ones, are adopted for resilient-control of the
permanent magnet synchronous generator-based tidal turbine experiencing demagnetization.
Indeed, such kind of robust control approach has been extensively used for wind and tidal systems,
where it has been demonstrated their ability to achieve simple control algorithms and chattering-

free phenomenon in a finite-time.

A new fuzzy terminal sliding mode control strategy is proposed to extract the maximum marine
current energy. The control strategy as illustrated in Figure 1.13, mainly consists of a fuzzy logic
controller for deriving the reference g-axis generator current and a non-singular terminal sliding
mode current controller capable of accurately tracking the derived reference generator current. A
swell filter is also involved in the control strategy to improve the generator power quality in case
of swell effects. The detailed design process and stability condition analysis of this control strategy

have been thoroughly investigated [15].
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FIGURE 1.13 Fuzzy terminal sliding mode control of the PMSG.

Marine

Experimental validation of a Matlab-Simulink simulation tool of marine current turbine (MCT)
systems is demonstrated in [16]. The developed simulator is intended to be used as a sizing and
site evaluation tool for MCT installations. For that purpose, the simulator is evaluated within the

context of speed control of a permanent magnet synchronous generator based (PMSG) MCT. To
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increase the generated power, and therefore the efficiency of an MCT, a nonlinear controller has
been proposed. PMSG has been already considered for similar applications, particularly wind
turbine systems using mainly PI controllers. However, such kinds of controllers do not adequately
handle some of tidal resource characteristics such as turbulence and swell effects. Moreover,
PMSG parameter variations should be accounted for. Therefore, a robust nonlinear control strategy,
namely second-order sliding mode control, is proposed. The proposed control strategy is inserted
in the simulator that accounts for the resource and the marine turbine models. Simulations using
tidal current data from Raz de Sein (Brittany, France) and experiments on a 7.5-kW real-time

simulator are carried out for the validation of the simulator (see Figure 1.14).

m

tides

Resource 1% Order Model
Marine Current Turbine
Hydrodynamic Model e

Permanent Magnet | 7
Synchronous
Generator

1.1\ )

ref

\_SOSM Controller
MPPT Strategy

FIGURE 1.14 Sliding mode control of the PMSG.

Flux-weakening strategy is investigated in [17] to realize appropriate power control strategies
at high marine current speeds. During flux-weakening operations, the generator can be controlled
to produce nominal or overnominal power for a specific speed range (constant power range). These
two power control modes are compared, and the constant power range is calculated. The
relationship between the expected constant power range and generator parameter requirements
[stator inductance, permanent magnet (PM) flux, and nominal power coefficient] is analyzed. A
Torque-based control with a robust feedback flux-weakening strategy is then carried out in the
simulation. The proposed control strategies are tested in both high tidal speed and swell wave cases.
The achieved simulation results have confirmed that, at overrated current speed, the constant active

power mode enables to limit the generator output power to the nominal value with lower losses,
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while the maximum active power mode enables to produce over-nominal power (better use the
generator-side converter— rating) but with high copper losses. The parameter requirements of the
nonsalient PM machine for expected constant power speed ratio are provided in this paper. The

compromise between high power factor and large constant power range should be noted for
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FIGURE 1.15 Flux-weakening strategy of the PMSG.

An adaptive Takagi—Sugeno (T-S) fuzzy model predictive control (ATSFMPC) scheme is
proposed for the design of a PMSG-HTs as illustrated in Figure 1.16. The main objective is to
maintain the maximum hydrokinetic energy extraction, i.e., tracking a specified rotational speed of
the PMSG when random fluctuations due to the uncertainty of tidal flow are incorporated. To
derive the reference torque and stator flux of the PMSG at the maximum power point, an ocean
current meter is employed to measure the ocean flow speed before the maximum power point
tracking (MPPT) scheme is used to estimate the reference angular speed of the generator. Next,
using the maximum torque per ampere control (MTPA) approach, the reference torque and stator
flux of the PMSG could be extracted as the tracking target for the model predictive torque control
(MPTC) strategy. In addition, to represent the PMSG-based nonlinear hydrokinetic turbine
systems, the adaptive T-S fuzzy model is presented to establish the approximate model. The
designed scheme is capable of concurrent estimations of the stator current and voltage along the d—
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axis and the g-axis. Finally, a model predictive torque controller for the PMSG system is employed
to indirectly control the stator current and the stator flux magnitude, which improves the control

performance and achieves maximum hydropower tracking [18].
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FIGURE 1.16 Adaptive Takagi—Sugeno (T-S) fuzzy model predictive control of the PMSG.

8 The problematic of this thesis

In this thesis, the control problem is challenging for at least two reasons. First, how to control
the PMSG so that it generates the power received at its input, as the dynamics of the conversion
system are described by a highly coupled set of nonlinear differential equations and various
uncertainties of the PMSG model. Second, it is preferable to operate this kind of systems at the
point of maximum power, which is a nonlinear function. Thus, the design of a controller that take

in consideration the major part of these issues is the principal aim of the present work.

9 Conclusion

This chapter has introduced up-to-date in large marine current turbine technologies and
reviewed state of the art of tidal energy technologies. The emphasis has been put on challenges of
power extraction from tidal current turbine systems. The characteristics and the strength/weakness
of various energy storage system technologies have been presented for tidal energy application. It

has been shown that PMSG-based tidal turbine conversion system connected to the grid is the most
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investigated in the literature and industry. A comparison between the PMSG and the DFIG has
been performed for the application in tidal current conversion. it has also shown that the use of the
PMSG in this kind of underwater applications, presents numerous inconvenient and an adequate
controller is needed to improve its performances. A state of art of the nonlinear controls proposed

in the literature concerning the PSMG has also reviewed.
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1 Introduction

Passivity is a fundamental property of many physical systems which may be roughly defined in
terms of energy dissipation and transformation. It is an inherent Input-Output property in the sense
that it quantifies and qualifies the energy balance of a system when stimulated by external inputs
to generate some output. Passivity is therefore related to the property of stability in an input-output
sense, that is, we say that the system is stable if bounded “input energy” supplied to the system,
yields bounded output energy. This is in contrast to Lyapunov stability which concerns the internal
stability of a system, that is, how “far” the state of a system is from a desired value. Passivity is a
concept that is closely related to electric circuits and mechanical systems and, thus, passivity is
well suited for the study of electromechanical systems. In electric circuits, for instance, the basic
phenomena are described by inductances, capacitances, and resistances. These circuit elements
have the property to either store energy (inductors and capacitors) or dissipate energy (resistors).
Moreover, energy stored by inductors and capacitors is never greater than energy that they receive
and energy dissipated by resistors is never greater than energy that they receive. This means that
inductances, capacitances, and resistances do not generate energy and, because of that, they are
called passive circuit elements. In other words, how differently a system behaves with respect to a
desired performance. Passivity based control is a methodology which consists in controlling a

system with the aim at making the closed loop system, passive [1,2].

The field constitutes an active research direction and therefore in this chapter we give only a
basic overlook of the most important concepts involved. A section is also devoted to a wide class
of physical passive systems: the Euler-Lagrange (EL) systems and their passivity-based control.
The reader should rather consider this presentation as very concise image of the material cited in
the Bibliography. Therefore, we invite the reader who wishes to obtain a deeper knowledge in the

subject, to see those references [3,4].

2 Passivity Based Control

To better understand the passivity concept and passivity-based control (PBC), we need to leave
behind the notion of state of a system and think of the latter as a device which interacts with its
environment by transforming inputs into outputs. From an energetic viewpoint we can define a

passive system as a system which cannot store more energy than is supplied by some “source”,
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with the difference between stored energy and supplied energy, being the dissipated energy. Hence,
it shall be clear that passivity is closely related to the stability of a system, in the input-output sense
evoked in the Summary. In PBC achieving stability from this viewpoint is the first goal. A
fundamental property of passive systems is that, regarding a feedback interconnection of (other
physical) passive systems, passivity is invariant under negative feedback interconnection. In other
words, the feedback interconnection of two passive systems yields a passive system. Thus, if the
overall energy balance is positive, in the sense that the energy generated by one subsystem, is
dissipated by the other one, the closed loop will be stable in an input-output sense. This property
constitutes the basis of passivity-based control (PBC) (see Figure I11.1) [4,5].

Total energy of the
system

Naturally

dissipated energy
Desired operating point
(minimum)

FIGURE I1.1 Naturally dissipation of the system energy.

To that end, we must keep in mind that passivity is a property of the system, seen as an operator
which maps inputs into outputs. In this respect, we will find characterizations and sufficient
conditions for passivity, which apply to systems that can be modeled by rational transfer functions
as well as to systems modeled by nonlinear (possible time-varying) differential equations. We

consider a dynamical nonlinear system expressed such that [6]:

{X= f(xu)

= hix.u) (11.1)

Where, x e R"denotes the state, u  R?and Y € R" are the input and the output, respectively with

f(0)=0,h(0)=0.
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Definition 1. The system (9) is said to be passive if there exists a non-negative function Vv (x)

called the storage function such that:
t
V() -V (%) < [y (Du(z)dr (11.2)
0

Where, X(0)=x, €R".

If, in addition there is a positive definite function S : R" — R such forall u e RPandall X, €R"

t t
V() -V (%) < [y (2)u(z)dz - [S(x(r))dz (11.3)
0 0
Then the system (9) is said to be strictly passive.

3 Passivity Based Control: Stat of The Art

The term PBC was first introduced in [7] to define a controller methodology whose aim is to
render the closed-loop passive. This objective seemed very natural within the context of adaptive
control of robot manipulators, since as shown in that paper the robot dynamics defines a passive
map, and it had been known since the early work of Koditschek [8] that parameter estimators are
also passive. The PBC approach presented in this thesis may be viewed as an extension of the by
now well-known energy-shaping plus damping injection technique introduced to solve state-
feedback set point regulation problems in fully actuated robotic systems by Takegaki and Arimoto
in [9]. This methodology has been instrumental in the solution of several robotics problems [10,11],
which were untractable with other stabilization techniques. Passivity concept has gained
importance in many control areas. Passivity was used originally in classical mechanics problems
and then it was extended to control problems [12]. Passivity-based control with energy molding for
induction motors was carried out in [13]. The passivity-based control for PMSM was carried out
by Qiu [14]. Achour et al [15] developed a passivity-based current control. The authors proposed
to use the magnetic fluxes as the state variables instead of the currents for a PMSM. The PBC can
also be found in other engineering applications such as in the smart grid [16], Building [17], recent
advances of passivity theory in Cyber-physical systems in [18], Electric vehicle [19], Food systems
[20].
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Power systems play an important role in the currmt development of every society since the
nurriber of tasks that require decrtrical energy is increasing day by day. From a control point of
view these systems impose a very interesting problme since their dynamic behaviour is described
by a mathematical nonlinear model [21]. One of the basic elements of this kind of systems are
synchronos gencrators, which are intended for transforming into electrical energy the mechanical
energy delivered by some source, usually turbines. In this sense, the control of these machines

becomes in a problem that must be considcred at a fiindaniental level.

The PBC was introduced to control general rotating electrical machine by [22] and instrumented
as a solution for a synchronous generator [23]. Several publications including some variants of this
approach applied to the PMSG have been appeared in literature. A standard nonlinear passivity-
based control that ensures asymptotic convergence to the maximum power point of wind system
connected to a battery, and rendered adaptive is proposed [24], where the adaptation mainly consist
on the wind speed estimated, the standard PBC is a variation of PBC that is principally used for
systems described by Euler-Lagrange equations [25]. The similar work was considered in [26],
replacing the battery by the DC-link with grid-connection, this modification has significantly
complicated the control problem. So, a PI-PBC is proposed to control the grid-side to compensate
the coupling term from the PMSG-based wind turbine. In [27], the interconnection and damping
assignment passivity-based control (IDA-PBC) approach is investigated. Contrary to the classical
PBC, the IDA-PBC doesn’t propose the storage function of the closed-loop, but it derives as a
result of the choice of the interconnection and damping structures of the system. A passivity-based
sliding mode control to achieve MPPT of the PMSG-based system is presented in [28], where the
aim is to enhance the system robustness by incorporate a sliding-mode control (SMC) to the PBC.
The authors in [29], presented on the same conversion model a passivity-based linear feedback
control for PMSG which attempts to achieve MPPT, where the sliding-mode control is replaced by
a linear feedback control. A passivity-based voltage control is also developed by Belkhier et al in
[30], to improve the performance of the PMSG dedicated to the tidal current conversion system,
which is the first application of the PBC in this area. [31], investigated a passivity-based control
associated with two other methods, the fuzzy logic control and the integral sliding-mode control
for the PMSG to gain the asymptotically stability by constructing a suitable fuzzy Lyapunov
function. An intelligent PBC combined with adaptive backstepping control was investigated by

Belkhier et al., in [32] to get an optimal extraction of the marine current power by the PMSG.
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Total energy of the
system

Naturally dissipated energy Artificially dissipated energy

Desired operating point (minimum)

FIGURE I1.2 System energy modification and damping injection.
The design of the PBC is reduced to the following three steps [4]:

First Step:

e Representation of the system in energetic form, using EL equations.
e Check the passivity of the controlled system in open-loop.
e Decomposition of the system into two sub-systems interconnected by negative feedback.

e Check the passivity of each sub-systems
Second Step:

e Modification of the model of the system using the vector of non-dissipating forces based
on controller system passivity in open-loop (see Figure 11.2).
e Establishment of the desired dynamics using the modified model of the system illustrated

by Figure 11.3.

23



Chapter Il

Desired
dynamic

\ 4

\ 4

Nonlinear
control

Passivity-Based Control: A Review

Nonlinear

A

4

1

PBC

System

Inner loop

FIGURE 11.3 Passivity principe diagram.
Third Step:

Outer loop

e Calculation of the desired coordinates using the desired dynamics.

e Calculation of the error dynamics (between measured and desired coordinates).

v

e Invocation of stability in the sense of Lyapunov, controller design and a damping term is

injected to make the system passive (see Figure 11.2).

e Check the passivity of the controlled system in closed-loop.

4  Conclusion

In this chapter, a review on the passivity-based control and the up-to-date has been introduced.

The it has been shown that the passivity theory is investigated largely in the literature and industry.
Also, a state of the art of the PBC applied to the PMSM has been reported. It has been depicted

also, that the PBC was more applied to the PMSG especially in renewable energies. The

aforementioned theory has been adopted in the rest of this thesis and investigated on the PMSG-

based tidal turbine.
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Chapter lll Passivity-Based Voltage Control for Tidal System with PMSG

1 Introduction

The majority of marine current conversion technologies are based PMSG that is for their
numerous advantages, such as high-power density, clean energy, low cost, and favorable electricity
production. However, the maximum power that can extract the tidal turbine is nonlinear,
depending on the load demand. Moreover, due to the PMSG time-varying parameters, nonlinear
dynamic and external disturbances, make the control design a real task. Furthermore, reactive
power support and DC-link over voltage, are considered as the necessary conditions to connect the
tidal conversion system to the grid, as indicated in [1, 2]. During the last decades, extensive control
theories and techniques have been reported in the literature proposing solutions to the stated PMSG
problems. In [3], a jaya-based sliding mode approach to enhance the performances of a tidal
conversion system, the authors proposed an association of the tidal system with superconducting
magnetic energy system (SCMES), for which, the jaya-based controller is applied. However, this
association improve the costs and maintenances time of the conversion system. In [4], a fuzzy
sliding mode controller that adaptively extract the maximum tidal power under swell effects, is
developed. However, the PMSG parameter changes and uncertainties have not considered. The
authors in [5], proposed a novel active disturbance rejection controller as an alternative to the
conventional Pl control. This strategy treats the parameter uncertainties or changes as an element
to be rejected which can be cancelled during the control design. A magnetic equivalent circuit
method-based second-order sliding mode is proposed in [6] for a tidal turbine-based PMSG
subjected to magnet failures to address robustness problems. However, external disturbances and

parameter changes have not been considered.

In the same context, in the present chapter, is proposed a novel passivity-based voltage control
(PBVC), that forces the PMSG to track the tidal turbine time-varying speed, and maintain this one
operating at the optimal torque. Inherent advantages of the passivity-based control (PBC) strategy
are the guaranteed stability, the compensation of the nonlinear terms not by cancellation but in a
damped way, and enhanced robustness properties. The system dynamic is decomposed into
feedback interconnection of two passive subsystems, its electrical and mechanical dynamics. The
PBC is applied only to the direct subsystem (electrical dynamics), while the second, e.g., the

mechanical dynamics, is treated as a "passive disturbance"”, unlike the aforementioned nonlinear
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controls, which are usually signal-based, and neglecting the PMSG mechanical part as mentioned
in [7]. The PBC was introduced in [8] to control general rotating electrical machine and it has been
adopted as a solution for a synchronous generator in [9]. Many publications including some
variants of this strategy adopted to control the PMSG have been investigated now by researchers.
Literature [10], investigated a passivity-based fuzzy integral sliding-mode control for the PMSG
by constructing a suitable fuzzy function. In [11], the interconnection and damping assignment
passivity-based control (IDA-PBC) approach is applied to a wind turbine associated to a PMSG. In
[12], an adaptive passivity-based controller is proposed to achieve the MPPT. The authors in [13],
investigated a passivity-based linear feedback control for which attempts to achieve MPPT.

The maximum power extraction from the tidal turbine, with taking into account its entire
dynamic when synthesizing the controller, represents the main motivation of the present work. The
other aim of the study consists to maintain the DC-link voltage and the generated reactive power at
their reference values, despite the disturbances related to the PMSG nonlinear properties and
parametric uncertainties, that is to improve the overall performances of the tidal conversion
system, a special focus is given to the generator control, as it’s the bridge between the tidal turbine
and the grid, that is, by using the new proposed control strategy. Furthermore, the robustness
against parameter changes has been taken a special attention. To confirm the performance and the
feasibility of the proposed method, numerical tests are carried out under MATLAB software for
1.5 MW PMSG-based tidal turbine connected to the grid via a buck-to-buck converter.

2 Design of the PBVC strategy

The application of the PBVC proposed in this work and combined to the nonlinear observer
needs number of steps: First, it is necessary to calculate an Euler-Lagrange model, to choose an
appropriate input and output vectors such that the relationship between them is passive. Second,
the system has to be decomposed into two interconnected subsystems with negative feedback.
Finally, the last step consists to identify the non-dissipative terms in the system model. The
controller design process is depicted in Figure I11.1, in which, two main parts can be distinguished:
In the first, the desired dynamic described by the desired current, which is based on the reference
electromagnetic torque, computed by the PID controller. The second part computes the control

voltage using the desired dynamic and the damping term. The controller objective is to make the
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system passive and forces the PMSG to track tidal turbine speed, by reshaping the closed-loop

system energy and injecting a damping term.

By using the PMSG of-frame model given in equations (1.12)-(1.14) the desired dynamic is

formulated as follow:

. dig o
Vap = Lap =2 + Yap(0)Pwm + Ragisg (11.2)
dof s )
T =] =22 = T¢ (i, ) — frv@in (111.2)

-k

Where, T¢ denotes the desired electromagnetic torque, vgs, inp, are respectively the desired
voltage and current, and wy, is the desired rotor speed. Therefore, the aim is to find v,z which

ensure the convergence of the dynamic, i.g., the error between the desired dynamics and the

measured, to zero. Then, the Egs. (I11.1) and (111.2) are reduced to the following expressions:

* de; - % .
Vap = Vap = Lap 3 + Rap(iap = iap) (111.3)
A o fix .
J =gt = T (iap, 6) = fro(wm — @) =0 (111.4)

The desired energy for the closed loop system V¢ (¢;) is put as follows:

Vi (&) =5 el (Lage:) (111.5)

Where, ¢; = (i;B — iaﬁ) is the current tracking error. The time derivative of V' (¢g;) along the

trajectory (111.3), yields:

Vi(e) = —¢f (Raﬁei + (Vap — v(’;ﬁ)) (111.6)

We deduce the following dynamic to ensure the fast convergence to zero of the currents vector

error, by tracking the control law:
Vap = Vap — Bi&i (1n.7)

Where B; = b;I, is a 2-by-2 matrix of positive gains, and I, identity matrix.
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Remarque 1. With high gains b;, the positive definite matrix B; will address the parameter
uncertainties of the system in the closed-loop system, and increases the convergence of the
tracking error.

The proof of the fast convergence to the desired state trajectory, is given by Appendix A.

Tidal turbine
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FIGURE 1111 The PBVC diagram. _______~—~~—~—~~— - =-===777°7
The PMSG operate at an optimal speed if the desired is taken as [7]:
o= 2 [_Sin (6e) (111.8)
@B = 3pys| cos (6,) '

The desired torque is deduced from the mechanical dynamic equation (I11.4), which is expressed
by:

dwm

TS =28 — £ (wh — ) (111.9)

The suitable dynamic is to minimize as much as possible the speed error between the PMSG
and the marine current turbine. As can be seen from the above Eq. (111.9), the desired torque T, has
two drawbacks: its convergence depends on the PMSG mechanical parameters (J, f7,,) and it is in

open loop [15]. To overcome that inconvenient, a PID controller is adopted by the PBVC design in
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order to eliminate the static error, guarantee a fast convergence of the speed error ¢, =
(w;, — wy,), and ensure a robustness under different operation conditions. Thus, T, is calculated

as.
]d“’—m—kp Em — ki J em dT — kg 2 (111.10)
Where, k,>0, k;>0, and k,>0.

Remark 2. The speed and current errors convergence are ensured by the different internal and
external loops of the proposed control in Figure 1, where the PID controller in the desired torque
expression (Eq. (111.10)) imposes the desired currents (Eq. (111.8)) and ensure the convergence of
the speed error, while the robustness of the PBVC and convergence of all errors are assured by the
damping term "B;&;" in the voltage v,z (Eq. (111.7)). The condition expressed by Eq. (l11.5)
ensures a negative time derivative of the function V' (g;) (Eq. (I11.6)), which ensures the stability

of the closed loop system.

3 Pl Controller of the GSC

There are many strategies used to control GSC [4, 17, 18]. In this study, the classical PI
controller is adopted and applied to integrate the total generated active power from the MSC into
the grid through the DC-Link when the reactive power is regulated at a predefined reference value.
The dynamic model control of the GSC is represented in Figure I11.2. The grid-side and DC-Link
system equation in the dg-frame can be given as [17]:

17 L L (UL v
vld] Rf[df] ff riaf +[Ugd] (111.12)
tq qf+a)L iaf 94

Where, vgq and v,, are the grid voltages, izr and i, are the grid currents, v;4, v;, denotes the
inverter voltages, w denotes the network angular frequency, Ry represents the filter resistance, and

Ls is the filter inductance. The distributed network Pl current controller contains two closed

control. The inner, it consists to inject only the active power into the grid by enforcing quadrature

current i,r to zero, and the d-axis reference current i, is determined by DC-bus voltage
controller. While, the g-axis current i, is produced by the reactive power Q, is the outer. The

model of the DC voltage is [18]:
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av 3Vgd .
C djc = ZVg iar + lqc (111.12)

Where, C denotes the DC-link capacitance, iy, represents the grid side line current, and V,,

denotes the DC-link voltage. The current Pl loop is given as:

p(L”f far) =Kol (lref e (111.13)
Vgq = p(lref iqf) f (lref iqf)dT
Where, kg, > 0, kg; > 0, kg, > 0, kJ; > 0. The g-axis current i;]‘Lf Pl is expressed by:
ref kdcp (Vdc ref — Vdc) kaci f (Vdc ref — Vdc)dT (111.14)

Where, kqc, > 0 and kg > 0. Finally, the reactive power and active power are given by:

_ 3 .
P, =- ngldf
(111.15)
Q g~ ng qu
Tidal turbine
MSC GS5C Filter Griel
DCHlink Transformer

@ % L iy MWWWV: 1 Irfw%

|7

g _ref

DC-Link Voltage control
FIGURE I11.2 Classical Pl control schema.
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4 Numerical validation

To evaluate the fusibility and performance of the proposed passivity-based voltage control
(PBVC), extensive simulations under MATLAB/Simulink has been performed on a tidal turbine
associated to a 1.5 MW, 125 rpm rated PMSG. The DC-link reference is set to 1150V and the
reference reactive power fixed to zero. The overall tidal conversion system parameters are listed in
Table 1 in Appendix B. The initial conditions used in simulation are: [w,,(0),i44(0)] = [0,0,0] for
the PMSG, Vdc(0) = 0 and i4,(0) = [0,0] for the grid. From the imposed pole location, the gains
of the DC-link Pl are k4., = 5 and k4; = 500. The PBVC-PID controller gains are k,, = 5, and

k; =100, and kg = 0.5. The GSC current PI controller gains are kg, = kl, =9, kg; = k], =

200. Three scenarios are carried out in the simulation tests. The first one deals with the
performances of the control strategies to the fixed parameter values. The second situation is
assessing robustness of the developed strategy in regards to disturbances and parameter
uncertainties. To verify the performances against parameter changes, three tests are carried out in
this part. First, +50% and +100% stator resistance R,variations are provoked. Second, a change of
+50% and +100% of the total inertia J. Finally, simultaneous variations of +100% Rjand +100% J
are performed. For the last scenario, a comparison of the robustness performance of the proposed

strategy, SMC and the Pl against parameter changes is performed.

4.1 Controller performance under fixed parameters

Figure 111.3, show the dynamic of the used tidal speed. In Figure 111.4, is represented the pace of
the electromagnetic torque where the established regime is stabilized. It should also mentioned that
during the steady-state, the torque remains constant without any fluctuation when using the
proposed control. Figure 111.5, shows the DC-link voltage response, here also, the proposed control
results in a faster tracking of the reference value (1150V). As shown in Figure 111.6, the reactive
power is well kept at its zero-reference value. This is also confirmed this figure, which one can see
that only the active power is transmitted to the grid. In summary, under fixed parameters, the
proposed PBVC has successfully achieved the control objectives.

4.2 Proposed controller performance under parameter changes

Case 1: Stator resistance R, variations
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In Figure 111.7, it can be seen that a variation of +50%, 75% and +100% of R, does not
influence the dynamic of the electromagnetic torque. The same remark can be made for the DC-

link voltage shown in Figure 111.8. No effect of resistance change on the reactive power and the
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active power is also observed in Figure 111.9. On can conclude after this test, that the proposed

control firmly resists against stator resistance changes.

Case 2: The total inertia J variations

From Figures 111.10-111.12, it can be seen that the system under +50% and +100% changes in J,

is slightly influenced by this perturbation on the performance of the system. This is due to the PBC

design which based on the electrical part has no compensation between the electrical part and the

mechanical part.

Case 3: simultaneous change R, and J.
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The simultaneous +100% change of R and +100% of J, has no impact on the dynamic of the

system as shown in Figures I11.13-111.15, which show similar response as in the case 1.

Finally, for the three above tests, the robustness property of the proposed PBVC is interpreted
as follow: for the first test, the system dynamic is not influenced by R, due to the fact that the
resistance variations are compensated by the imposed damping gain b; in the PBVC design, (see
Eq. (111.3)). The control robustness is ensured when that damping factor is chosen larger than R,.
Concerning the second test, the robustness sensitivity against the change of the inertia moment J is
due to the desired torque (Eq. (111.10)) computed by the PID controller adopted by the PBVC
which is still influenced by the inertia moment. For the simultaneous variations, the obtained
performances are due to the large values of the gains of the dissipation term that compensate the
error convergence as well as the parametric uncertainties. Finally, Figure 111.16, show that the
proposed control respects the power quality requirement with a perfect sinusoidal grid voltage

absorption without overshoot.

5 Conclusion

In this chapter a novel passivity-based voltage controller (PBVC) for a permanent magnet
synchronous generator-based tidal turbine conversion system is developed. The methodology for
the proposed controller applied to PMSG has been illustrated. The simulation results performed
using MATLAB/Simulink environment with the inclusion of the dynamics of the PMSG for a used
tidal speed, show the effectiveness of the conversion system. The developed control strategy,
shows the fast-tracking of the maximum tidal power harnessed, the reactive power generated and
the DC-link quickly track their set values with an extremely minimized error. The objectives of the
chapter are very well achieved. The PMSG-based conversion system provides a higher

performance, robustness against generator parameter uncertainties, and efficiency. The control
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strategy is reasonable, relatively simple structure, and is highly promising in marine current energy

applications.
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Chapter IV Fuzzy Passivity-Based Linear Feedback Current Control of PMSG-Based Tidal Turbine

1 Introduction

Recently, a large part of the control methods that are inspired from the wind technologies are in
the development or testing phase, and the reference technology has not yet clearly established [1].
This work is motivated by the fact of controlling the PMSG without neglecting its mechanical part
or removing it, to make it work at an optimal point. The key challenge, is the maintaining of the
DC-link voltage and the reactive power to their reference values, whatever the disturbances related
to nonlinear properties of the PMSG and its parameters which can vary significantly from their
nominal values. With an important advantage of being an energy-based approach, in this chapter, a
new passivity-based controller (PBC) which forces the PMSG to operate at an optimal torque and
track time-varying speed of the tidal turbine is developed. The PBC was introduced to define a
controller design methodology that achieves stabilization by reshaping the natural energy of the
system and inject the required damping term. The main objective is to bring the system to a desired
dynamic, without canceling the nonlinear dynamics and avoid introducing singularities in the

closed-loop [2].

This proposed method is related to previous work [1] concerning the current control of a
permanent magnet synchronous motor (PMSM), where the objective is the control of the PMSM,
the mechanical torque Tm in equation (7) is estimated, but in our work, the PBC is used to control
the permanent magnet synchronous generator (PMSG), where the mechanical torque Tm is
generated by the tidal turbine which is a useful input for the PMSG. Also, the speed imposed on
the PMSG is that of the tidal turbine which requires an adaptation of the control law. So, in order
to much this adaptation, we operated an important modification on that proposed passivity-based
current controller, a linear feedback is applied to the PMSG model that allows the maintaining of
the armature reaction flux in quadrature with the rotor flux which introduces a fast-internal loop
that decouples the variables from the PMSG, this leads to simple control structure and simple
mathematical calculation, and allows the PBC to be faster and more efficient. Also, a fuzzy logic
controller is adopted to design the desired torque dynamic to guarantee a fast convergence,
stability, and robustness against parameter variations of the controlled system. In the proposed
method, the dynamic of the PMSG were represented as feedback interconnection of a passive
electrical and mechanical subsystem. The PBC is applied only to the electrical subsystem while the
mechanical subsystem has been treated as a passive perturbation. The use of the PMSG dg-model
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in the computation of the PBC avoids the model structure destruction due to singularities, since dg-
model does not depend explicitly on the rotor angular position. The PBC is an energy-based
approach therefore the dependence of the controller on system parameters is extremely reduced
and avoids the cancellation of non-linearities of the system. Then, the dynamic response is fast,

efficient, the asymptotic stability and the robustness of the conversion system are improved.

An up-to-date of the development and the newest achievement in large marine current turbine
technologies from 500 kw to 2 MW have been reported by [2]. The authors have provided an
important background for researchers in tidal energy domain, all types of the tidal turbines have
been investigated. In order to achieve the maximum power extraction under large parametric
nonlinearities and uncertainties of a new hydrostatic tidal turbine, in [3], a nonlinear predictive
controller that uses short-term predictions of the approaching tidal speed field when is below the
rated value to enhance the maximum tidal power generations. An integral action is incorporated
into the control loop and a nonlinear observer-based smooth second order sliding mode control to
improve the robustness against parameter variations and uncertainties. The same system is also
investigated in [4], in that work, a nonlinear observer-based extreme learning machine is proposed,
associated to a sliding mode control and compared to the conventional PID control, which showed
that the proposed control systems achieved much better performance than the conventional one.
However, as mentioned in [5], the aforementioned strategies are signal-based and a large part of
them usually neglect the physical properties of the PMSG during the controller computation. The
proposed controller is compared to conventional approaches, such as second-order sliding mode
control [6], and Pl-control [7]. The proposed fuzzy-PBC has the following advantages: It presents
simple structure and mathematical calculation, it shows a fast convergence and guarantees stability
considering the nonlinear model of the system and it provides a higher robustness again parameter

variations.

2  Passivity-based control theory and design procedure

The controller objective is to forces the PMSG to track the tidal turbine speed. The first step of
our design procedure, is the decomposition of the PMSG model into the feedback interconnection
of two passive subsystems, its electrical and mechanical dynamics, where the latter can be treated
as a "passive disturbance". We design then a PBC for the electrical subsystem and a damping term
is injected to make the electrical subsystem strictly passive, which forces the PMSG to track
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velocity. The design procedure of the passivity-based current control with linear feedback applied
to the MSC is represented by the Figure 1V.1, it consists in tow main parts: the desired dynamics

described as the reference current and the reference electromagnetic torque and then, calculating
the control voltage [8].

Vg = —pwnlLqig

Vg = kgp(ih — iq) — kgi j(i;; —ig)dt

.. Vd.I ..ivq.. . .

PARK Transformation Reverse PARK Transformation

A
Vabc %

PWM inverter

+ =
I \ 4
PMSG

labce

Wy

FIGURE 1V.1 Proposed passivity control block diagram.

2.1 Linear feedback current-controlled dg-model of the PMSG
The interdependence between the flux linkage ¥4, and the current vector i, can be expressed

as follow:
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Waq = ﬁﬂ = [Ldifq;;lpf ] (IV.1)

Substituting the i, expression obtained from (1V.1) in (1.7) yields:

o ay o
vdq - quldq = qu + pwmdl,l)dq (|V2)

Before calculating the PBC, we will apply to the PMSG a nonlinear feedback which allows
maintaining the armature reaction flux in quadrature with the rotor flux. This flux orientation
control will enforce the d-axis current i; to zero and the behavior of the PMSG will be similar to

that of a DC-generator, so this control method has a linearizing feedback.
The equation that expresses this linearizing feedback is given as:
Vg = —pwmlglg (1v.3)

The application of the relation (IV.1) to the model (IV.2) imposes a zero i, current and we get

then the following simplified model:

_ $¥q

Vg — Rsig = - PWmIYPq (IvV.4)

The proportional-integral (P1) loop which forces the quadrature current i, to track the reference

value ig is:

e tow .
Vg = kap(i5 — ig) + ki Jy (is — ig)dt (IV.5)

Then, the PMSG model decoupled by the oriented flux control given below is controlled by the

input i :
e pomiby = —Rsiy (IV.6)
JE = Ty = Tom — frotom (IV.7)
Tem = =2 pyi; (IV.8)

The control input i is designed by the passivity approach, using the previous simplified model

(IV.6)-(40).
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2.2 Fuzzy passivity-based linear feedback controller structure of a PMSG

We consider the desired value of the flux linkage vector ¥z, = [Wqg ¥q]" and the vector of
the tracking error is ef = [€ra erq]” = Yaq — Yaq- By replacing e in Eq. (1V.1), we deduce the
dynamic equation of ef. By considering the function V(ef) = 0.5efTef and by using the Lyapunov
theory, we deduce the control signals iz, = [ia iq]" which ensure the convergence of the flux
linkage tracking error ef, given below:

i7=0

1 ( dyg
lq = R_(_ dtq + pa)mqbf + Kfqefq)

S

(IV.9)

With K¢, > 0. The proof of exponential convergence and stability of the currents error, is given in

Appendix A as is the same for the PMSG in the af3-model.

2.3 Desired flux computation
The computation of the control signal iz, requires the desired flux vector ig,. If the direct

current i; is maintained equal to zero, then the PMSG operates under maximum torque. Under this

condition, and using (IV.1), it results [1]:
Yg = Lqig (IV10)

Therefore, the expression of the flux reference is deduced from (1V.8) and (1V.10) as:
Wi =2l (IV.11)
q 3pds em :

where, T,,, is the desired torque.

2.4 Desired torque computation using a fuzzy logic controller
From the mechanical dynamic Eq. (IVV.8) and taking the rotor speed w,, equal to its set-point,

we compute the desired torque, which is given as follows:

d

Tom =] =2 = fro@im + Ty (IV.12)

Where, w;, is the tidal turbine speed. As mentioned in chapter Il, this expression of the desired

torque T,,, has two drawbacks: it is in an open loop and its convergence is limited by the

mechanical parameters (J, ff,,) of the PMSG. In this work, we introduced a fuzzy logic controller to

design the desired torque dynamic to eliminate the static error, stability, and robustness against
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parameter variations of the closed-loop, and ensure the fast convergence of the speed tracking error
En = Wm — wy. The fuzzy controller design procedure has three steps which are: fuzzification,
rule base and defuzzification. Two inputs signals are considered for the fuzzy block, the speed
error &, and its derivative. The membership function of the fuzzy controller inputs and outputs
shown as two trapezoidal and three triangular groups type (see Figure 1V.2). In Table II, we
definite five fuzzy sets (linguistic variables) for the inputs and outputs of the fuzzy logic block to
get the rule base, which are expressed as: Negative Big (NB), Negative Small (NS), Zero (2),
Positive Small (PS), Positive Big (PB). The defuzzification step is performed by using the center

of gravity method. Then the desired torque is computed as expressed in Figure 1V.3.

NG NP EZ PP PG

| | | | bl | |
1. 1 1 i

a. The membership function of the speed error &y,.

NG NP EZ PP PG

1 1= 1 1 1
1

b. The membership function of the speed err

or variation Ag,,.

NG EZ NP PP

PG

=]

c. The me'mbershi'p function of the outpuf of the fuzzy controller.
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d. The fuzzy controller surface.
FIGURE IV.2 The fuzzy controller configuration.

Wm Fuzzy controller
™ €
(‘)m

FIGURE 1V.3 Desired torque computation using fuzzy logic controller.

TABLE 1. Fuzzy logic rules.

£, Aem NB NS z PS PB
NB NB NB NS NS Z
NS NB NB NS Z PS
Z NS NS Z PS PS
PS NS Z PS PB PB
PB Z PS PS PB PB

3 Conventional PI controller of a PMSG

The PI controller used in this work, in order to compare the performances of the proposed PBC
strategy, has two interdependent loops, the d-axis current loop, and the g-axis current loop, as
illustrated in Figure 1.10. The first loop aim is to fix at unity power factor by controlling the d-axis
stator current i; component and setting the desired d-axis stator current ij; to zero. The g-axis loop
has the objective to control the generator speed and torque by computing the desired g-axis

component of the stator current with a tidal turbine which is the reference speed and PMSG speed
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tracking error [9]. The voltage controller components of the PMSG can be computed by the

following expression

Vg = Vg — welgyly (IvV.13)
vy = vy — we(Laiqg + ¢5) (1V.14)
With,
vy = k5L — ia) — k5! (i — ig)dt (IV.15)
vy = kB — 1g) — kLT [ (iz — ig)de (IV.16)

Where ki, > 0, kb, ki, >0, kil >0, w, = pw,, and the desired current i; is given by the

following PI expression:
iy = kp(wpm — 0m) = ki J (@ — wm)dr (IV.17)

Where k, >0 and k,>0.

4  Simulation results and observation

The proposed control structure of Figure 1V.1, were performed using the simulated tidal
conversion system illustrated on Figure 1.8, under MATLAB/Simulink environment based on
PMSG with rated power of 1.5MW and rated speed of 125rpm, the DC-link reference is set to
1150V and the reference reactive power is fixed to zero, in order to confirm the proposed method
performances and reliability. The parameters used for the simulation of the conversion system are
same as in chapter |11 (see Table I). From the pole placement method, The gains concerning the
generator side and the grid side current PI controller are listed in Table Ill. The proposed fuzzy
passivity-based linear feedback current (FPBLFC) controller will be compared to the conventional
(PI) controller method. The simulation tests are divides into two scenarios, the first aspect shows
the performance of the conversion system to the initial parameter values. The second scenario,
concerns the robustness tests of the proposed control design against parameter changes and
disturbances is carried out. Three cases are studied in this part. In the first case, a variation of

+50% of the stator resistance value Ry is performed. For the second case, a variation +100% of the
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total inertia J is simulated and the last test deal with the simultaneous variation of +50% R, and

+100% J. Concerning the PBC simulation, the parameter k¢4 = 100.

4.1 Performance of the proposed method under initial parameter values

Figure IV 4, illustrate the used tidal speed characteristics, with variation between 4 m/s and 8
m/s. Figure IV.5, show the DC-link voltage response, which indicates that the DC voltage under
the FPBLFC method is very well maintained at its reference value 1150V, with an extremely fast
convergence when compared to the Pl response which present a slow convergence. Figure 1V.6
and Figure 1V.7, shows that only the active power is transmitted to the grid, while the reactive
power is very well kept at its zero-reference value, as indicates that the reactive power is extremely
minimized for both conventional and proposed control. However, as can be seen, the FPBLFC
strategy present a fast convergence to the zero-reference then the conventional one. In Figure 1V.8,
it can be seen that the control operation achieves with a perfect sinusoidal grid voltage absorption
without overshoot. In this part, the control objectives of the proposed method are very well
achieved for the initial parameter conditions. The proposed FPBLFC method provides a best
performance when compared to the conventional Pl method. As demonstrated, the FPBLFC
controller show a higher tracking error with a fast convergence of the DC-link voltage and the

reactive power.

TABLE |1l CONTROLLER STRATEGIES GAINS VALUES

Pl (MSC) Pl (GSC) FPBLFC

GAINS VALUES GAINS VALUES GAINS VALUES
kg’;, 0.5 kgp 9 kqp 800

kai 50 kg 200 kqi 50

k& 05 kg, 9

kbt 50 kel 200

k, 5 kacp 5

k; 500 Kaci 500

4.2  Performance of the proposed method under parameter changes

Case 1: a change of +50% of the stator resistance R,

Due to the PMSG dynamical, the stator resistance is influenced by the temperature,
consequently the stator currents dynamic becomes more aggressive. In Figure 1V.9 and Figure
IV.10, we can see that a change of +50% of the stator resistance does not influence the speed
convergence of the FPBLFC strategy for all the DC-link voltage, and the reactive power responses,
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when compared to the PI control, which its response present an increases of the convergence error
due to the fixed gains that are very sensitive to parameter changes. This means that the proposed
FPBLFC controller has remedied to the disturbance of the PMSG, this is due to the imposed
damping gain kg, appearing on the PBC design in Eq. (46), which compensated the variation.

Because, it is these gain that ensure robustness if it is chosen large compared to R, value.

Case 2: a change of +100% of the total inertia J

As can be seen in Figure 1VV.11 and Figure 1V.12, a change of +100% of the inertia moment /,
has no influence on the system performance. This is because the FPBLFC controller design
illustrated in section 4, which is not influenced by the total moment J, due to the fuzzy controller of
Figure 1V.3, that has compensated the effect of / on the mechanical part. However, the
conventional is also influenced by the variation of total moment for the same reason as in the

previous case.

Case 3: a simultaneous variation of +50% of the stator resistance Ry and +100% of the total
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inertia J

As indicated in Figure 1V.13 and Figure 1V.14, a simultaneous variation of +50% of the stator
resistance R, and +100% of the total inertia J, give a similar response concerning the proposed
FPBLFC controller, as in the case 2, this is due to the procedure design of the PBC in section 2 and
3, which compensate the parametric uncertainties as well as the convergence of the pursuit errors

which is assured, while the classical method which is impacted by simultaneous change.

4.3 Comparative analyse of the proposed method with the conventional PI controller

All tests performed in this section under the simulated conversion system platform, show clearly
that the FPBLFC control strategy exhibits an efficient tracking speed. Furthermore, the FPBLFC
controller present an extremely robustness performance against parameter changes compared to the
classical Pl controller. So, as depicted, the proposed control method has a higher effectiveness.
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5 Conclusion

In this chapter, a new passivity-based control associated with a fuzzy logic controller for a tidal
conversion system based PMSG, has been developed. The modeling and methodology for the
proposed strategy applied to PMSG, has been described, analyzed and compared to the
conventional PI controller. The simulation results show the effectiveness of the conversion system,

with the inclusion of the dynamics of the PMSG.

The simulation studies under MATLAB/Simulink, show the fast-tracking of the maximum tidal
power point, the DC-link is very well kept at its constant value and reactive power generated is
extremely minimized with the proposed method. The control strategy is reasonable, simple
structure, and is highly promising in tidal energy applications. The tidal conversion system-based
PMSG provides a good performance, significant robustness against generator parameter

uncertainties and efficiency.
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Chapter V An Intelligent Passivity-Based Backstepping Control for PMSG-Based Tidal Turbine

1 Introduction

In this chapter, a new control strategy, that uses a passivity theory is proposed. As mentioned
previously, the inherent advantages of controller based on passivity theory are the guaranteed
stability, the compensation of the nonlinear terms not by cancellation but in a damped way, and
enhanced robustness properties, that forces the PMSG to track the time-varying speed of the tidal
turbine and operate at an optimal torque. A methodology is introduced to define a controller design
that achieves stabilization by reshaping the natural energy of the system and inject the required
damping term [1]. This chapter proposes a new adaptive fuzzy linear feedback passivity-based
backstepping controller (AFL-PBBC) to solve the problems related to the PMSG. The main
objectives of this chapter are same as in the previous chapters which is controlling the PMSG without
neglecting its mechanical part or removing it to make it work at an optimal point, the DC voltage
and the reactive power must be maintained at their set values whatever the disturbances related to
the PMSG. To improve the performance of the conversion system, special attention is made to the
robustness against parameter variations. The first step of our design procedure is also the same as in
chapter 4 which is the decomposition of the PMSG model into feedback interconnection of two
passive subsystems, its electrical and mechanical dynamics, where the latter can be treated as a
"passive disturbance™. Then, the proposed new passivity-based control is designed for the electrical
subsystem. The contribution Novel adaptive fuzzy linear feedback passivity-based backstepping
controller is proposed and applied to a PMSG in the tidal conversion system. A linear feedback is
applied to the PMSG model that allows the maintain of the armature reaction flux in quadrature with
respect to the rotor flux, introducing therefore a fast-internal loop that decouples the PMSG
variables. This leads to simpler control structure and easy mathematical calculation, and then faster
and more efficient PBC. A fuzzy logic controller is associated with the PBC to design the desired
torque dynamic, in order to accommodat the nonlinear operation of the PMSG which is the control
structure proposed in chapter 4. The improvement which has been apported in this chapter is that the
proposed controller in chapter 4 is combined with a backstepping controller to design a hybrid
control law, while the stator resistance value is adapted to overcome its variations due to the
temperature, which increases the robustness of the system. In fact, due to the designed PBC in

chapter 3 that has no direct compensation between the electrical and the mechanical parts [2]. The
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stator resistance that appears in the expression of the control vector vy, is affected by the
temperature, requiring therefore to be adapted.

2 Proposed PMSG controller design

The design of the AFL-PBBC applied to the MSC requires the following steps: the desired torque
computed by the fuzzy logic controller and the desired currents that are described as the desired

dynamics and the desired voltage designed by the backstepping controller as the control law as
shown in Figure V.1.

Tidal turbine
MSC GSC
AC DC-link - Filter  Transformer
L o] Grid
T Ay
DC AC
liabc
PARK
" transformation
Wm m ‘ ‘
i i PWM Classical
d q |
fvabc
Revers PARK
transformation ig iq W
% SR Vo '
€q iy
Controller (V. - |
Eq ((Y/?) and Eq. (V.1) Eq. (IV.9)
: e -
eq lq
om 4 v : I
ol e, Fuzzy controller dt
] lp* 2 Lq *
T 3pps©
Jr Desired dynamic

FIGURE V.1 Proposed passivity controller design.
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3 Control law of the PMSG using Backstepping

In the backstepping controller design, it is aimed to transform the system and make it a first-order
cascade subsystem [3]. The voltage controller v,, which is the controller output of the PMSG is
computed by using the Backstepping control, to allow the PMSG to operate at the same speed with
the marine current turbine by generating a stabilizing function. The current controller iz, computed
with the linear feedback passivity-based control expressed by (IV.14), can be considered as the
current reference components of the backstepping controller to release the stabilizing function. Then,
we define the current tracking errors given by [4]:

et

reay  [is—ia
eaq = [eq = [i;",—iq] (V.1)

From (1.11), (1V.9) and (V.1), the derivative of current tracking errors is computed as follow:

dij _ dig
deaq _ |dt dt| _
a = |aig _dig
dt dt
Rg . pmeq. Vq
Ll T T T,
d d d

(V.2)

14 _d_ll)Z} _ [ _Rs | pwmlgiq pPrwm _Yq
Rs dt(( ar +pwm¢f) + Kfe‘l’) ( LT L, Lg Lq>

To compute the stator voltage controller v4,, we define the following Lyapunov function:

1
V= E(eﬁ +e2) (V.3)
The derivative of (V.3) yields:
L deg deg 2 Rs . Pwmlq . Vg
V—edE+eqd—:——kled—kze§+ed(ald— qulq—a+k1ed)

R, 1T fro 1 (Rs  (p9p)"\ | P
+eq( [—Rslwq+wmp¢f(é+—>+zq(———f>+—me—"—d+

Rs+KfLg Lq Lg JRs JRs Lgq
ke, RS*}Zf Ld]) (V.4)

Finally, we get:
V=—kiel—kye2<0 (V.5)
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Where, k; > 0 and k, > 0. The equation (V.5) guarantees the overall asymptotic stability of the

system only if the voltage components v,, in Egs. (IV.3) and (1V.5) are chosen as follow:

Vg = Rsid - pmeqiq + leded (V6)

. Lof v L 2 L Re+K¢L
Vg = Lqu_llpé + wmp¢f (‘I_ff_|_ 1) + iq (Rs _ q(P‘Pf) )-I- qPPr Tm + Lqed +Krlg (V.7)

]RS ]RS ]RS RS

The convergence of current errors is ensured by the different internal and external loops in the
proposed control (Figure V.1), where the fuzzy logic controller of the desired torque guarantees the
convergence of the speed tracking error and imposes the desired currents computed by the PBC in
Eq. (IV.9), while the damping term "K;" in the expression of the voltage v, computed by the
backstepping controller (Egs. (V.6) and (V.7)) ensures the convergence of the current tracking error

"eqq" and then, the equality between the measured flux linkage ¥4, and the desired 14,. Therefore,

* n

the convergence of the flux linkage tracking error " 144 — 14," should be ensured.

4  Adaptation of the stator resistance

Due to the designed PBC that has no direct compensation between the electrical the mechanical
parts [4]. The stator resistance that appears in the expression of the control vector v, is affected by
the temperature, requiring therefore to be adapted. Then, a new Lyapunov function is defined taking

into account the parameter variations as follows:

ARZ
2kg

V, = (e +e2) + (V.8)

Where, AR, = R, — R, R, is the estimated stator resistance and k > 0 is the adaptive gain.

The derivative of (56) yields:

Vs = V- PR (V.9)
After calculation, we get:
R, =k, (% + %) (V.10)
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5 Simulation results and discussion

The evaluations of the proposed AFL-PBBC has been performed under MATLAB/Simulink,
based on 1.5MW PMSG and 125rpm rated speed, the DC-link set value is 1150V and the reference
reactive power is fixed to zero. The overall tidal conversion system parameters are listed in Table I.
The initial conditions used in simulation are: the parameter krq = 100, [w;,(0),iq4(0)] = [0,0,0]
for the PMSG, Vdc(0) = 0 and iqq¢(0) = [0,0] for the grid. Using the pole placement method, the
gains concerning the generator side converter controllers and the grid side current PI controller are
listed in Table I11. The proposed AFL-PBBC controller will be compared to FL-PBBC (the proposed
method without adaptation of the stator resistance) and the conventional (PI) controller method. Two
scenarios are carried out in the simulation tests, the first scenario deal with the performances of
control strategies to the initial parameter values. The second scenario deal with the robustness of the
proposed strategy against parameter uncertainties and disturbances. Three cases are studied in this
part. In the first case, a variation of +50% of the stator resistance value R is performed. For the
second case, a variation +100% of the total inertia J is simulated and the last test seal with the

simultaneous variation of +50% R, and +100% J.

FIGURE V.2 The fuzzy controller configuration.
(a) Speed error &,, membership function, (b) Variation of the speed error &,, membership function, (c) Output membership
function, (d) Control surface.
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5.1 Performance analysis under fixed parameter conditions

Figure V.3, show the dynamic of the used tidal speed to test the stability of the proposed
controller. Figure V.4a, show the pace of the electromagnetic torque where the established regime
is stabilized, as can be seen, the proposed AFL-PBBC shows a fast convergence and a higher torque
than the conventional PI control. Figure V.5 and Figure V.64, illustrates the DC-link response, that
quickly track the set value 1150V, without overshoot for the AFL-PBBC, unlike the PI strategy.
Figure V.8 and Figure V.9a, shows that the reactive power quickly tracks its zero-set value, and
extremely minimized for both the conventional and the proposed method. Furthermore, as can be
seen, the AFL-PBBC presents a fast convergence to the zero-reference than the conventional one. In
Figure V.10, as shown, the control operation achieves a perfect sinusoidal grid voltage absorption
without overshoot. In this part, the proposed AFL-PBBC has successfully achieved the control
objectives. The AFL-PBBC shows a higher torque, a fast convergence of the DC-link voltage and,

the reactive power than the conventional Pl method.

5.2 Robustness analysis
Case 1: a variation of +50% of Ry

In Figures V.4b, V.6a, V.7b, and V.9b, it can be seen that a variation of +50% of the stator
resistance does not influence the dynamic of the system with the AFL-PBBC, contrary to the FL-
PBBC and the conventional PI, which are sensitive to this variation. For the PI control, this is due to
the fixed gains that are very sensitive to the parameter changes, concerning the FL-PBBC this is due
to the backstepping controller design expressed by (V.6) and (V.7) which are influenced by R,. Not
that the linear feedback PBC is not influenced by R, due to the imposed damping gain ks, appearing
on the PBC design in Eqg. (IVV.9), which compensated the variation. Because it is this gain that ensures
robustness if it is chosen large compared to R, value. As illustrated, the AFL-PBBC has remedied
the disturbance of the PMSG, the DC-link voltage response, and the reactive power, quickly track

their reference values.
Case 2: a variation of +100% of |

As shown in Figures. V4c, V6b, V7c, and V9c, a variation of +100% of J, has no influence on
the system performance for both AFL-PBBC and FL-PBBC, this due to the fuzzy controller adopted
by the PBC to design the desired torque (see Figure V.1), which has compensated the effect of / on
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the mechanical part, contrary to the Pl controller which is also influenced by the variation of the total

moment for the same reason as mentioned in the previous case.
Case 3: simultaneous variation Ry and J

As indicated in Figures V.4d, V.6c¢, V.7d, and V.9d, a simultaneous variation of +50% of R,
and +100% of /, yields a same response as in the case 1 concerning the AFL-PBBC and FL-PBBC
except the conventional method which is more impacted by the simultaneous variations. For the
AFL-PBBC, this is due to its procedure design in section 2, 3 and 4 which compensate the parametric
uncertainties as well as the convergence of the pursuit errors which are assured. Concerning the FL-

PBBC response, this is due to the reasons mentioned in section 4.
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FIGURE V.7 Zoom on DC-link permanent regime.
(a) Initial parameters, (b) change +50% of Ry, (c) Change +100% of J, (d) Simultaneous change.
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5.3 Comparison

The numerical study performed in this section under the simulated tidal conversion system,
demonstrate clearly that the AFL-PBBC exhibits an efficient tracking speed, higher effectiveness, it
shows a fast convergence, guarantees stability, and an extremely robustness performance against
parameter changes compared to conventional approaches, such as second-order sliding mode control

[5] and PI-control [6], considering the nonlinear model of the system.
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FIGURE V.10 Voltage transmitted to the grid (pu).

6 Conclusion

A new control strategy for a tidal turbine-based PMSG conversion system is developed. The
modeling and the methodology for the adaptive fuzzy linear feedback passivity-based backstepping
control of the PMSG have been described. The simulation results performed using
MATLAB/Simulink environment with the inclusion of the dynamics of the PMSG for a used tidal
speed, show the effectiveness of the conversion system. The proposed method, shows the fast-
tracking of the maximum tidal power point, the DC-link and the reactive power generated are very
well kept at their constant values with an extremely minimized error. The control strategy exhibits
higher torque, an efficient tracking speed, higher effectiveness, and an extremely robustness
performance against parameter changes compared to the conventional controller. Then, the tidal
conversion system-based PMSG provides good performance, efficiency, and significant robustness
against generator parameter uncertainties. The control strategy has a simple structure, is reasonable,

and is highly promising in tidal energy applications.
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Conclusions



This PhD thesis has focused on some important challenges in tidal turbine systems. Firstly, up-
to-date information on tidal current turbine technologies and demonstrative farm projects has been
presented. Therefore, a review of energy storage system technologies has been carried out in the
first chapter and also the deferents configuration of the tidal conversion system investigated in the
literature and the industry. Moreover, a review on passivity-based control has been investigated
and updated. The problematic concerning this thesis has also been illustrated. This thesis has
proposed three deferents controller to overcome the problematic. The main conclusions are listed

as follows:

e The era of megawatt-level tidal conversion system has arrived. Concerning the identified
problemes in marine current-based PMSG generation systems, hybrid energy storage
systems should be considered to improve the system power performance.

¢ In tidal conversion system the mechanical parameters of the PMSG causes numerous
problems. In this case, a pasivitity-based voltage controller has been proposed. The
simulation results have clearly shown the effectiveness of the proposed control strategy.

e A second controller is proposed also, this time a passivity-based current controller
combined with a fuzzy logic controller and a linear feedback controller is investigated.
The simulation results have clearly shown the effectiveness of the proposed control
strategy.

e For over-rated current speed and parameter uncertainties, a robust passivity controller is
developed, the proposed controller combined the proposed one in the chapter three with
a backstepping controller which has improved considerably the proposed one in the
chapter three. Also, an adaptation of the stator resistance has been adopted to guarantee
the robustness of the controller. The simulation results show that this adaptive control

strategy is more effectiveness than the two other strategies proposed in this thesis.

The perspectives following the above development can be mainly divided into two aspects: fault
tolerant control strategies and turbine farm simulations. Indeed, some improvements should be
considered in future works: Include fault-tolerant control strategies. For a grid-connected system,
how to maintain a stable operation in case of grid faults (low voltage ride through, frequency
distortion) is very important. Extend the single tidal conversion system case of this thesis toa MCT

farm study.
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1 Appendix A
proof of the currents error exponential stability

Considering Eq. (I11.3), which by the Rayleigh quotient and the matrix L,p positivity,

guarantees the following inequality:
0< Amin{La[f}llgillz < Vf*(gi) < Amax{Laﬁ}”Eillz (Al)
Where, Amax{Laﬁ} and Amin{Laﬁ} are the matrix L,z maximum and the minimum eigenvalues.

The time derivative of (111.3) along (111.4) and (I11.5), which by the Rayleigh quotient and the

dissipation term R,z + B; positivity, guarantees the following inequality:
Vi (&) = —&f (Ryp + Bi)&i < —Amin{Rap + Bi}ll&ll2, Ve = 0 (A.2)
Where, Amm{Raﬁ + Bi} > 0 represents the matrix R, + B; minimum eigenvalue.
From (A.1) and (A.2), we deduce the following inequality:
Vie) = -V (g) (A.3)

Amin{Raﬁ +Be}

> 0.
Amax{Laﬁ}

Where, r; =

By integrating (A.3), we obtain the following inequality:

Vi(e) < VF(0)e™t (A.4)
From (A.1) ad (A.4), we get:
lell < rllelle™* (A.5)
Where, r, = % > 0.

Therefore, the current tracking error is exponentially decreasing with a rate of convergence ;.



2 Appendix B
The System parameters used in the simulation:

Table 2. System parameters

PMSG PARAMETER Value
Tidal turbine radius (R) 10m
Water density (p) 1024 kg/m?3
Stator resistance (R;) 0.006 Rs
Stator inductance (Lq = Lg) 0.3 mH
Pole pairs number (p) 48

Flux linkage (¢¢) 1.48 Wb
Total inertia (J) 35000 kg.m?
DC-link voltage (V4.) 1150 V
DC-link capacitor (C) 29 uF
Grid voltage (1) 574V
Grid-filter resistance (Ry) 0.3 pu

Grid-filter inductance (Lg) 0.3pu




ABSTRACT: This PhD thesis models the whole power chain of a tidal current turbine system and
investigates the use of passivity-based control strategy to improve power quality. First, a passivity-based
voltage control method is proposed to address the problems faced by the conventional PI controls in the
machine-side of the tidal current generation system. Second, a passivity-based current control combined
with fuzzy logic strategy is investigated. The proposed control strategy uses a Pl loops to design the
control law and the desired torque on the generator-side. Finally, a passivity-based backstepping control
and fuzzy logic control is proposed. In this context, the backstepping strategy is selected to improve
speed tracking error convergence, while the fuzzy logic controller is introduced to design the desired
torque and introducing more robustness properties over the nonlinear dynamical and time-varying
parameters of the closed-loop system. in the present work, the tidal conversion system is connected to
the grid, thus, a classical Pl control is adopted for the grid-side converter, for injecting a smoothed power
to the grid.

RESUME : ces travaux de these concernent I’étude d’une chaine de conversion d’énergie hydrolienne
connecté aux réseaux électrique. L’objectif principale est de maximiser 1’énergie extraite du courant
marin et de résoudre les problémes liés au variation paramétriques ainsi que les propriétés non linéaires
du system de conversion en utilisant la commande basée sur la passivité (CBP). Une CBP commandée
en tension est proposée pour résoudre les problemes de robustesses rencontré par les commandes
classique dans le coté génératrice. Ensuite, une CBP commandée en courant associée a la commande
floue est développé. Enfin, une CBP associée a la commande de backstepping et de la commande floue
est proposé. Pour cette derniére, le backstepping est utilisé pour améliorer le temps de réponse, et la
commande flou est sélectionné pour améliorer la robustesse du system. La méthode vectorielle classique
est utiliser pour injecter la puissance €électrique produite par la génératrice dans le réseau électrique.
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