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Abstract

This research project presents various advanced predictive control strategies
for different power electronic converters employed in permanent magnet syn-
chronous generator (PMSG) wind energy systems. The proposed systems com-
bine the advantages of proven wind turbine technologies, such as low-cost ma-
chine-side converters, and efficient grid-side converters. The classical control
techniques, based on linear PI regulators and low band-width modulation, present
several technical issues during system operation, to overcome these issues, a high
performance predictive control strategies are proposed in this thesis to control the
power converters. The main feature of these control techniques are that a particu-
lar attention is paid to increase the efficiency and sustainability, reduce the torque
and DC-link ripples, operating at considerably constant switching frequency and
help higher penetration of renewable fluctuating power into the grid. Detailed
technical work is supported by MATLAB/SIMULINK model based simulations
and validated by experimental work on a laboratory prototype consisting in a
PMSG and power converters, considering the fluctuation of the wind speed.

Key words: Permanent magnet synchronous generator (PMSG), Wind energy
systems, Predictive control strategies, Experimental work.

Résumé

Ce projet de recherche présente diverses stratégies avancées de controle pré-
dictif pour différents convertisseurs statiques utilisés dans les systemes d'énergie
¢olienne a générateur synchrone a aimant permanent (GSAP). Les systemes pro-
pos€s combinent les avantages des technologies de turbines éoliennes éprouvées,
telles que des convertisseurs co6té¢ machine a faible colit et des convertisseurs sta-
tiques efficaces coté réseaux électrique. Les techniques de controle classiques, ba-
sées sur des régulateurs PI linéaires présentent plusieurs problemes techniques
lors de 'opération du systeme. Afin de surmonter ces problémes, une stratégie de
controle prédictive de haute performance est proposée dans cette thése pour con-
tréler les convertisseurs statiques. La principale caractéristique de ces techniques
de contrdle est qu'une particuliére attention est accordée pour améliorer 1'efficaci-
té de la conversion électromécanique et la qualité de I'énergie fournie au réseau,
fonctionner a une fréquence de commutation considérablement fixe et aider a une
plus grande pénétration de la puissance de renouvellement renouvelable dans le
réseaux ¢lectrique. Le travail technique détaillé est supporté par des simulations
basées sur des modeles MATLAB/SIMULINK et validé par des travaux expéri-
mentaux sur un prototype de laboratoire composé d'une GSAP et de convertis-
seurs statiques, compte tenu de la fluctuation de la vitesse du vent.

Mots clés : Générateur synchrone a aimant permanent (GSAP), Systemes d'éner-
gie éolienne, Stratégies de commande prédictive, Travaux expérimentaux.
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General Introduction

Wind power is one of the renewable energy sources which have been widely
developed in recent years. Wind energy has many advantages such as no pollu-
tion, relatively low capital cost involved and the short gestation period. The
American Wind Energy Association (AWEA) has suggested that if a 20% of total
energy is generated by wind energy by 2030, it would reduce CO2 emissions by
825 million metric tons. This is a real benefit to reducing greenhouse gasses that
are directly linked to increasing global warming. Considering the wind turbines
installed worldwide, they are typically classified into two types: one is with a
geared generator concept, such as those equipped with doubly-fed induction gene-
rators (DFIGs) and the other is based on a direct drive mechanism such as those
using permanent magnet synchronous generators (PMSGs).

The doubly-fed induction generator (DFIG) has been traditionally preferred to
implement the wind energy systems, because it provides good performance and
variable speed operation with a converter designed for about the 30% of the ma-
chine nominal power. However, current trend points to an implementation based
on a permanent magnet synchronous generator (PMSG) with a full power conver-
ter. Although this configuration has higher converter losses than DFIG, it presents
some interesting properties: gearbox can be avoided in direct drive PMSG, no slip
rings are required, provides extended speed operating range, provides full de-
coupling between the machine-side and the grid-side, which results in higher
power capture at different wind speeds, and enhanced capability to meet the grid
connection requirements enforced by the transmission and distribution system op-
erators, and allows DC voltage power transmission. These properties can make it
preferable than DFIG, because reliability and power ratings are increased, which
are key issues, particularly with larger power and size off-shore wind turbines.
However, the problems associated with their controllability, higher installation
cost, and interconnection with grid are the major issues yet to be solved, as this
kind of wind energy system requires full rating AC/DC/AC conversion stages and
control of various parameters like voltage, frequency, active/reactive power, har-
monics etc. There are several control approaches in the literature for the PMSG
based wind energy systems connected to the grid, most of them based on the con-
ventional control theory and symmetrical components. In the recent years, the
predictive control techniques are emerging as a promising control solution for
power AC machine drives. For that reason, this project adopts the predictive con-
trol theory, to develop several new and competitive control methods for the
PMSG based wind energy systems.
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Motivation for Dissertation Research

The motivation for this thesis is to investigate the next generation predictive
control schemes and power converter configurations for PMSG wind energy sys-
tems, and to propose new technologies to: (1) decrease cost associated with the
power converters, (2) improve wind energy conversion efficiency, and (3) achieve
high-performance operation. In this thesis, both the power converters and predic-
tive control schemes are studied in detail.

Thesis Objectives

The main focus of this thesis is the design and implementation of a high per-
formance predictive control for the improvement of stability and fast response of
PMSG based wind energy system .Taking into account the hybrid nature of the
power electronic converters, the predictive control is a powerful tool for describ-
ing the behavior of the wind energy systems. The thesis deals with the model-
ing and predictive control strategy of five types of power electronic conver-
ters for wind energy applications, namely finite-set model predictive control (FS-
MPC) of two level three-phase voltage source inverter (3PH-VSI), fixed frequen-
cy model predictive control of switched inductor boost converter (SIBC) and sin-
gle-phase full bride inverter, fuzzy model based-multivariable predictive control
(FMMPC) of the DC/DC boost converter, and generalized predictive control
(GPC) of the three-phase two level back-to-back power converter. Predictive con-
trol is chosen from the different control possibilities because it is easy and cohe-
rent, with a comparable simple controller implementation. It is supposed to im-
prove the dynamic performance compared with the classical control schemes.
Other goals pursued in this thesis are to mitigate the computation delay and study
the predictive controller’s sensitivity to parameter uncertainties. Different predic-
tive control schemes could fulfill these goals. Taking into account the simplicity
of the implementation and the flexibility for including the different constraints
and model predictive control (MPC) are the focus of investigation.

Thesis Limitations

One of the characteristics of predictive control strategy is the large computa-
tion time required. The lack of DSPs able to carry on all the required calculations
fast enough for power electronics and drives applications, impede the develop-
ment of the predictive techniques in this area. Computation time is still a limita-
tion. The code should be optimized taking into account that the computation time
for practical implementation is limited by the given dSpace DS1104 platform mi-
cro-controller. It should be noticed that the results obtained are very dependent of
the given system, these are, the blade pitch angle is not regulable, the PMSG has a
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low inductance which benefits the high current ripples and the built inverter im-
poses a maximum switching frequency. For this project the converters compo-
nents are considered ideal, no voltage drop in IGBT’s or diodes are considered in
simulations. Predictive control comprises a broad class of controllers. Because of
time constraint, it is not possible to perform an extensive investigation and com-
plete implementation of all the aspects that could improve the performance of the
different control methods. A parallel study of the proposed predictive controllers
starting from the simpler implementation and control delay compensation.

Thesis Organization

The research presented in this thesis is organized into five main chapters. The
work carried out in each chapter is summarized as follows:

Chapter 1: provides a general overview of the wind power technology, where
the classification of wind turbines based on generators, power electronic conver-
ters, methods for maximum energy extraction and grid connection is described in
detail. The chapter also presents a brief review of the grid interconnection issues
related to output power smoothing, and active and reactive power control in addi-
tion to fault ride through (FRT), and grid support capabilities of PMSG based
wind energy systems.

Chapter 2: proposes two new predictive control algorithms based on the finite
control set strategy. The basic components of a two new finite-set model predic-
tive control (FS-MPC) algorithms are described, such as the cost functions,
weighting factors and prediction equations. As the main part of a predictive con-
trol with finite control set algorithm, the switching model of a power converters is
also described, and the issues related to the control delay compensation, predic-
tion of variables over two samples with reduced computational burden, and stabil-
ity analysis, are also addressed in this chapter. Simulation and experimental re-
sults are presented to verify the performance of the proposed FS-MPC algorithms.

Chapter 3: describes the structure and main characteristics of a fixed frequen-
cy model predictive control (MPC) strategy for variable-speed PMSG wind ener-
gy systems. Two converter topologies are considered in this chapter, the DC/DC
switched inductor boost converter (SIBC) which is the topology utilized in this
research, and the single-phase full bridge inverter which was used in previous
work. Details of their circuit configurations, analytical models and equations, op-
eration principles and component design are presented. This is followed by the
development of a fixed frequency model predictive control (MPC) of the SIBC.
Then the predictive current controller with the traditional (TPCC) and improved
control (IPCC) and the stability for the single-phase full bridge inverter is dis-
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cussed. Simulation results are presented to verify the performance of the TPCC
and IPCC. Finally the experimental results of the proposed control methodologies
are also presented to validate the simulation results.

Chapter 4: presents new encoderless control method for variable-speed PMSG
wind energy conversion system and his combination to the fuzzy model based-
multivariable predictive control (FMMPC) algorithm in order to design a global
optimal controller, overcome the issues related to using a shaft mounted encoder,
improve the overall wind energy conversion efficiency and to deal with the time-
varying operation points and nonlinear characteristic of the wind turbine genera-
tor. It is also presented a significant contribution of the practical implementation
of the wind turbine emulator using real time dSPACE DS1104 controller board,
in which the dSPACE DS1104 controller board is used to control the energy out-
put of the wind turbine by controlling a DC motor torque. Simulation studies and
experimental analysis have been used to verify the effectiveness of the proposed
control strategy compared with the traditional PI controller.

Chapter 5: proposes a generalized predictive control based on the convention-
al vector control strategies for both machine-side and grid-side converters of full
scale back-back converters with PMSG wind energy conversion system. It also
presents a detailed description and development of the reliable DC-link voltage
regulation control and its incorporation into the Uncertainty and Disturbance Es-
timator (UDE) control scheme, which can provide better robustness performance
against the parameter uncertainties, such as power losses, equivalent series resis-
tance, equivalent series inductance and here active power on the capacitor, and
external disturbances with varying wind speed conditions. Experimental studies
for demonstrating the performance of the proposed control methods are carried
out based on dSpace DS1104 platform micro-controller.



Chapter 1 Literature Review of Power Con-
verters and Control Techniques
for Grid Integrated PMSG Based

Wind Energy Systems

Abstract

The growing trends in wind energy technology are motivating the researchers
to work in this area with the aim towards the optimization of the energy extraction
from the wind and the injection of the quality power into the grid. Over the last
few years, wind generators based on permanent magnet synchronous generators
(PMSGs) are becoming the most popular solution for the modern wind energy
systems. This chapter presents literature review on the technologies and control
methods used in grid integrated wind energy systems employing PMSGs. It re-
views the trends in power converter topologies, control methodologies, and me-
thods for maximum energy extraction in PMSG based wind energy systems,
which have been reported in various research literatures during last few years. It
also presents an overview to the grid interconnection issues related to output
power smoothing, and active and reactive power control in addition to fault ride
through (FRT), and grid support capabilities of PMSG based wind energy sys-
tems.

1.1. Introduction

Recently, the clean energy sources such as solar, tidal and wind energy
sources are gaining importance due to their less damaging environmental influ-
ences. The wind energy technology is one of the most emerging renewable energy
technologies. Over the past few decades, the capacities of wind turbine (WT)
units have increased from a few tens of kW power capacity to today’s multi-MW
level. In view to the steady growth in the power level of the WTs and its increased
penetration into the power grid; more advanced generators, power converter sys-
tems and control solutions have to be developed so as to make the WT units more
suitable to be integrated into the power grid. Any WT generator may operate ei-
ther at a fixed or variable speed. For instance, the squirrel cage induction genera-
tors (SCIGs) can be employed both in fixed-speed wind turbines (FSWTs) and in
variable speed wind turbines (VSWTs), while doubly fed induction generators
(DFIGs), and synchronous generators (SGs) usually find their applications in
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VSWTs [1]. An overview of possible wind generator systems along with their
comparisons is presented in [2].

A fixed speed SCIG based wind energy system, even though is simple, relia-
ble and less costly; strictly suffers from the short comings of high mechanical
stress, reactive power burden on power grid, large power fluctuations and very
limited fault-ride-through (FRT) ability [3].

When compared with FSWT, the VSWT can extract maximum power from
the wind at different wind speeds and therefore, reduces the mechanical stress on
WT by absorbing the wind power fluctuations [4]. This way, the variable speed
operation of WT yields more power than the fixed speed operation of the same,
resulting in the maximization of aerodynamic efficiency of the WT.

A mechanical gear box, which is generally employed in VSWT in order to
match the low speed operation of the WT with the relatively high speed operation
of the generator, not only increases the manufacturing cost and maintenance re-
quirements but also reduces the aero-dynamic efficiency of the WT. The efficien-
cy of VSWT may increase further if the mechanical gear box could be eliminated.

Therefore, several WT manufacturers have adopted the direct-drive PMSG
concept so as to eliminate the gear box [5], and a list of such manufacturers is
made available in [1]. A comparison of direct-drive and geared generator con-
cepts for WTs is presented in [6] and a review of generator systems for direct-
drive WT applications is presented in [7].

Modern VSWT systems, usually based on DFIGs with partial scale power
electronic interfaces or PMSGs with full scale power electronics interfaces, are
popular among others. The DFIG based VSWT system requires a multi-stage
gearbox and also needs for excitation current.

Different from the DFIG based wind energy systems, those based on PMSGs
with full scale power electronic interfaces are becoming more popular due to the
number of advantages such as high energy density, simple control methodology,
low maintenance cost, self excitation system and possibility to direct coupling to
a WT with elimination of the gearbox; except initial installation costs [4].

Furthermore, other features such as complete decoupling from the grid, full
controllability of the system for maximum wind power extraction, high perfor-
mance, high efficiency, high precision, high reliability, wide operating range, and
improved FRT capability make wind energy systems based on PMSGs even
more attractive; though power converter losses increase [1,7]. The advantages and
disadvantages of different VSWT generators are outlined in [1].

1.2. Variable speed wind turbines based on PMSGs

It has been recognized that the PMSG based wind energy system is an impor-
tant trend in the development of wind generation systems [8]. The PMSG allows a
small WT blade diameter and, therefore, is preferred in small scale turbine de-
signs also. Besides, the direct-drive PMSG concept has nowadays been adopted
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by many WT manufacturers. A general model, that can be used to represent all
types of VSWT in power system dynamics simulations, is presented in [9] to faci-
litate the analysis of the impact of large penetration of WTs on the behavior of an
electric power system.

The modeling of WT systems based on PMSGs has widely been discussed in
[9, 10] which can be used in computer simulations and analyses.

1.2.1. Wind turbine

A wind turbine basically consists of rotor blades and generator. The rotor
blades transform the linear kinetic wind energy into rotational kinetic energy in a
first step and finally the rotational kinetic energy is converted into electrical ener-
gy with the help of generator.

A schematic of wind turbine showing its basic components is given in Figure
1.1.

@ ..,..----"E}earbox Generator

; 4
Blade _\_
::> b Jd
Wind T, Yaw drive
ind 5 ||| OO e
Hub Nacelle s
T Tower
Control
Transformer
Foundation
High voltage cable (

Figure 1.1. Major turbine components.
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The output mechanical power available from a wind turbine is function of
wind velocity cubed. It can be described mathematically as:

1
=P CAPR, (1.1)

Where p is the air density (kg/m’), R is the wind turbine blade radius (m), A is
the Tip-Speed Ratio (TSR) of the wind turbine, f is the rotor blade pitch angle
(deg), C, (4,B) expresses the turbine power coefficient which is a non-linear func-
tion and depends on the blades aerodynamic design and wind turbine operating
conditions, V,, is the effective wind velocity (m/s).

The power conversion coefficient of a wind turbine (C,) is influenced by the
pitch angle (f) and the TSR, which is given by the following equation:

TSR = 4= 2R (1.2)

w

Where o, is wind turbine angular shaft speed (rad/s). When the pitch angle is
fixed to zero, 4 approaches the maximum value.

Hence, the characteristics of the C, mainly depend on only the TSR 4 and thus
can be expressed by an approximate polynomial as follows:

C, (A ,B)=0.22(1%—0.4 ﬂ—sJe_ﬂ! (1.3)

1

Where:

1 1 0.035

Z - 1.4
A A+0.088 B +1 (14)

Figure 1.2 shows the power coefficient surface for a typical WT. In the condi-
tion of certain pitch angle, there is only one TSR 4 corresponding to maximum
power coefficient C, ,,,, which is the TSR is called the optimum 4,,,.

Hence, the turbine speed should be adjusted in such a way that 4 corresponds
to maximum power point (MPP).



Literature Review of Power Converters and Control Techniques for Grid Integrated PMSG Based
Wind Energy Systems 5

e
[}

o
[

Power coefficient C 3

e

Figure 1.2. Power coefficient C, as a function of 4 and pitch angle of a typical
wind turbine.

1.2.2. Permanent magnet synchronous generator (PMSG)

The permanent magnet synchronous generators (PMSGs) are synchronous AC
machines. The PMSG consist of three-phase stator winding similar to (SCIG)
while the rotor winding is replaced by the permanent magnets.

On the basis of rotor design, the PMSG can be divided in to two parts. De-
pending on the magnet placement on the rotor they are called either surface per-

manent magnet generators (SPMGs) or interior permanent magnet generators
(IPMGs) as shown in Figure 1.3.

In SPMGs, the permanent magnets are glued on the rotor surface as shown in
Figure 1.3(a). The rotor has an iron core which may be solid or made of punched
laminations with skewed poles to minimize the cogging torque

The simple rotor design makes it easy to build. However, the magnets are
subject to centrifugal forces that can cause their detachment from the rotor and
therefore, the SPMGs are mainly used in low speed applications

In the IPMGs, the permanent magnets are inset into the rotor surface as shown
in Figure 1.3(b). This configuration also reduces rotational stress associated with

centrifugal forces in comparison to the SPMGs and, therefore, this type of genera-
tor can operate at higher rotor speeds.
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(b)
Figure 1.3. Design of PMSG (a) SPMG, (b) IPMG.

Figure 1.4 shows the simplified cross section view of three-phase, two-pole
PMSG with symmetrical stator windings, displaced by 120° electrical angle from
each other. The relative motion in between rotor and stator induces sinusoidal
MMF waves centered on the magnetic axes of the respective phases. The phase
difference between rotor magnetic flux (d-axis) and the magnetic axis of stator
phase-a winding is known as rotor position angle (6,). The rate of change of rotor
position angle further calculates the angular rotor speed (®,).

Figure 1.4. Cross section view of PMSM.

The mathematical model of PMSG is similar to that of wound rotor synchron-
ous generator (WRSG). The PMSG stator voltage equations in d-q reference
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frame can be expressed in terms of instantaneous currents and stator flux linkages
as:

Vds:Rslds+Ld%1ds—a)L1 (1.5)

e q" qs
d
I/qs = Rslqs + Lq Elqs + a)eLdIds + a)eq)m (1 6)

where Vy, Vs are the d-q axes stator voltages; I, I, are the d-g axes stator
currents; R, is the stator resistance; L, and L, are the d-g axes stator inductances;
@,, is the rotor flux and, w, is the electrical speed, and w,=(P/2)*wr. where P is
the number of PMSG poles. The d-axis and g-axis equivalent diagram of PMSG
are shown in Figure 1.5.

welL, 1,
Ly qq I, R, L, We Ly Lys

Vds Vqs We ¢m CT)

(a) (b)
Figure 1.5. Equivalent model of a PMSG. (a) d-axis. (b) g-axis.

The electromagnetic torque developed inside PMSG can be expressed as:

3\ (P
T = (5}'(5)'[%'1‘” +(Ly = L)1, ] (1.7)

The surface mounted permanent magnet generator (SPMG) is considered in
this thesis. In SPMGs the rotor design is almost smooth and thus offers equal re-
luctance in both d-axis and g-axis, which results in to equal d- and g-axis induc-
tances (Ls;=L,).

On substituting the equal value of d- and g-axis inductances (L;~=L,), the elec-
tromagnetic torque equation in (1.7) can be further modified as:

T = (%)(§j¢ I, (1.8)

Being the rotor magnetic flux linkage constant in PMSG, the electromagnetic
torque is directly proportional to quadrature-axis stator current, as evident from
equation (1.8). In other words, the electromagnetic torque in PMSG can be con-
trolled by controlling its quadrature-axis current components.



8 Literature Review of Power Converters and Control Techniques for Grid Integrated PMSG Based
Wind Energy Systems

1.3. Power electronic interface

The power semiconductor devices are the backbone of different power con-
verter topologies used for interfacing renewable resources, and provide greater
flexibility in their operation and control both during steady-state and transient sys-
tem operating conditions. In the 1980s, the soft-starters were used to interconnect
the SCIGs with the power grid [11]. In the1990s, the diode bridges with the chop-
per circuits were used for rotor resistance control of wound rotor induction gene-
rators (WRIGs) [12]. Since 2000, advanced AC/DC/AC converters were intro-
duced; initially in the partial-scale power capacity to regulate the generated power
from the DFIG based wind energy systems [13], and afterwards in the full scale
power capacity to regulate the generated power from the SCIG or PMSG based
wind energy systems [14].

The AC/DC/AC converter is one of the best topologies for wind energy sys-
tems in realization of two major objectives; firstly, maximum power extraction
from the wind, and secondly, feeding the grid with high quality electricity. In
DFIG based wind energy system, the stator is directly connected to the power
grid; while the partial scale power converter on the rotor circuit controls the rotor
speed, performs the reactive power compensation and can achieve the decoupled
control of the generator's active and reactive powers. Nevertheless, the use of slip-
rings and the protection issues in the event of grid-faults are the major drawbacks
of DFIG based wind energy systems [15]. The PMSG based wind energy systems
with full scale converters are much preferred since the power converters fully de-
couple the WT from the grid disturbances and can be caring in some sort of grid
support. The full scale power converter offers the merits of high reliability and
good power quality [1]. A full scale power converter configuration may avoid the
bulky grid-side transformer, thereby, reduces the weight and volume of the na-
celle [15]. The high installation cost is the only drawback of full scale converter
though full converter rating is rarely utilized for the reason that the wind is inter-
mittent in nature [16].

Several types of power electronic interfaces are presented in the literatures for
direct-driven variable speed PMSG based wind energy systems [17, 18]. A typical
configuration of PMSG based wind energy system with AC-DC—-AC converter
must consist a machine (generator)-side converter (MSC) and a grid-side conver-
ter (GSC) interconnected through a common DC-link element, which can either
be an inductor in case of current source converter (CSC) or a capacitor in case of
voltage source converter (VSC) based configuration [19], as shown in Figure 1.6
Among different high power and medium voltage power converter topologies the
CSC based AC-DC-AC converter configuration appears to be a promising solu-
tion owing to its natural advantages such as simple topology, low device number,
compact size, high power capability, low dV/dt, simple control scheme, reliable
short-circuit current protection, flexible power flow control, and inherent four qu-
adrant operation ability. On the other hand, in variable speed PMSG based wind
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energy systems, the diode rectifier based unidirectional converters and the back-
to-back IGBT based two-level VSCs are the most popular topologies among oth-
ers and are increasingly favored by the wind power industries [20]. The back-to-
back VSCs used in the PMSG based wind energy system minimize the electro-
magnetic torque ripples for the generator, improves the power controllability, en-
hances the power quality by reducing the current harmonics and also aids to the
FRT capability of the wind energy system [3]. The technology trends of power
electronics used for WT applications and the potential converter topologies are
addressed in [14, 21].

Wind turbine MSC GSC

DC AC

Intermediate
DC Stage

AC DC

Grid

Figure 1.6. A typical configuration of PMSG based wind energy system.

1.3.1. Diode rectifier based topology

A small scale wind energy system scheme usually consists of a PMSG, a di-
ode bridge rectifier based topology employing six diodes, a DC/DC boost conver-
ter (typically a DC chopper) and a grid-side inverter as shown in Figure 1.7 An
uncontrolled diode rectifier cascaded by DC/DC boost converter is used as MSC
to save cost. The variable-magnitude, variable—frequency AC power from the
WT generator is firstly converted to a DC power by means of a diode rectifier cir-
cuit, and then is converted back to an AC power at desired frequency and voltage
level by means of a grid-side controlled inverter.

The DC/DC boost converter utilized on the DC-side has two advantages;
firstly, the ease in maximum power point tracking (MPPT), and secondly, the im-
proved flexibility in GSC control. The control of a variable speed PMSG by a di-
ode rectifier cascaded by a DC/DC boost converter is proposed in [22]. Though,
this system is of low cost and simple in construction, it lacks control capability
over the generator power factor thereby, reduction in the generator efficiency. Se-
rious stator harmonic current distortions in the generator windings further degrade
the efficiency; reduce the life span and lead to the significant electromagnetic tor-
que ripple. Theoretical analysis in [23] suggests that the DC-link capacitor (which
is normally used to smooth the rectified voltage between the rectifier and the
DC/DC boost converter), should be removed to increase circuit impedance and
suppress harmonic current for smoothing DC-side current, thereby reducing tor-
que ripple. A variable structure controller is designed in [24] eliminating the



10 Literature Review of Power Converters and Control Techniques for Grid Integrated PMSG Based
Wind Energy Systems

DC/DC boost converter. On occurrence of the grid fault, such a controller varies
the generator-side power control from the maximum power point tracking
(MPPT) to the reduced power output.

A novel rectifier topology with two three-phase diode bridges and three thy-
ristors are proposed in [19] which provide a cost effective solution for MSC in
high power variable speed PMSG based wind energy systems. Several power
semiconductor manufacturers such as ABB, Mitsubishi Electric and Semikron
produce components in a module form suitable for diode rectifier based converter
topology [21].

Wind turbine Diode Rectifier Boost Converter GSC

Figure 1.7. Diode rectifier based topology for PMSG based wind energy system.

Grid

1.3.2. Two-level back-to-back PWM converter topology

This topology differs from the diode rectifier based topology for the rectifica-
tion stage, where the diode rectifier cascaded by DC/DC boost converter is re-
placed by a pulse width modulated (PWM) converter.

As shown in Figure 1.8, a full scale back-to-back converter consisting of a
PWM rectifier, an intermediate DC-link capacitor and a PWM inverter is used to
connect PMSG to the power grid. The PWM converter (used at the machine-side
to control current) reduces the input current harmonics and results in a ripple free
electromagnetic torque. Such a configuration allows the MSC to completely regu-
late the generator in terms of speed, power factor, and electromagnetic torque
whilst the GSC to regulate the power flow to the grid in order to keep the DC-link
capacitor voltage constant and to improve the output power quality by reducing
the total harmonic distortion (THD).

Besides affording some protection, a technical advantage of two-level back-
to-back converter topology is the simpler configuration, robust and reliable per-
formance and capacitor decoupling between the MSC and GSC which allows the
compensation of asymmetry both on the machine-side and on the grid-side
through independent control of the two converters.

Since back-to-back PWM converter topology consists of two converters, the
switching losses in such topology might be even more pronounced and may also
require extra electromagnetic interference (EMI)-filters.
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Further, this configuration requires more fully controlled switches; conse-
quently, the system may not only suffer from larger switching losses and lower
efficiency but also becomes more expensive, particularly for MW level applica-
tions. Several power semiconductor manufacturers such as ABB, Hitachi, Mitsu-
bishi Electric, Semikron and Siemens produce components in a module form suit-
able for two-level back-to-back converter topology [21].

Gamesa adopted a multi-cell solution for 4.5MW WTs, which has several
two-level back-to-back converters paralleled both on the machine and grid sides
[25].

MSC DC-Link GSC

Wind turbine

] 1 J

Grid

Figure 1.8. Two-level back-to-back VSC based topology for PMSG based wind
energy system.

1.3.3. Z-source inverter based topology

The Z-source inverters, facilitating voltage boost capability with the turning
“ON” of both switches in the same inverter phase-leg (i.e. shoot-through state);
have recently been reported as a competitive alternative to existing inverter topol-
ogies [26].

The Z-source inverter overcomes the limitations of the traditional voltage
source and current source inverters [21]. Recently, the application of Z-source in-
verter in wind energy systems is addressed by several researchers [27, 28].

A PMSG based wind energy system with Z-source inverter is proposed in
[29] where characteristics of Z-source inverter are utilized for maximum power
point tracking (MPPT) and power delivery to the grid.

A robust and reliable grid connected wind energy system, employing a com-
bination of a generator-side three-switch buck-type rectifier and a grid-side Z-
source inverter as a bridge between the PMSG and the power-grid, is proposed in
[30]. The system operation reliability is improved as a result of no shoot-through
risk in both MSC and GSC.

To overcome the drawbacks of the Z-source inverter, an improvement in the
same 1s proposed in [31]. It is worth noticeable that the Z-source inverter based
topology offers lower efficiency and requires two capacitors and two inductors
[32]. A typical configuration of such topology is illustrated in Figure 1.9.
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Figure 1.9. Z-source inverter based topology for PMSG based wind
energy system.

1.3.4. Multi-level converter topology

For large WT applications, the multi-level converters are also becoming very
attractive. The basic idea behind the multi-level converter topology is to produce
a sinusoidal voltage waveform from several levels of voltages so as to achieve
higher voltage capability of the converter topology. A typical configuration of
such topology is shown in Figure 1.10. The neutral-point-clamped (NPC), flying
capacitor (FC), and cascaded H-bridge (CHB) converters are the most well known
topologies among various multi-level converters commonly practiced in high
power and medium / high voltage applications [21,33]. Based on the performance,
complexity and cost, the overall comparison among these multi-level converter
topologies can be found in [15.34]. When compared with the two-level VSCs, the
multi-level converters can handle higher voltages by enabling the use of a series
of lower-voltage rating solid-state switching devices and provide better waveform
quality of the converter output voltage and current [35]. The features of multi-
level converters include lower harmonic distortion of output voltage, lower
switching losses and reduced EMI; though the conduction losses are higher since
the number of semiconductor devices in the conducting path is higher than that of
the other converter topology. The voltage imbalance across the capacitors, and
control complexity are another disadvantages of multi-level converter topology.

The three-level neutral-point-clamped (3L-NPC) topology, usually configured
as a back-to-back structure, is one of the most commercialized multi-level conver-
ter topologies for the WT applications [36]. To improve the operation of back-to-
back NPC converter during steady-state and transient system operating condi-
tions, an advanced control scheme is proposed in [37]. The problem of mid-point
DC-link voltage fluctuation in three-level back-to-back NPC is researched in [38]
and it is considered to be improved by the controlling of redundant switching
states. However, the problem of unequal loss distribution between the outer and
inner switching devices in a switching arm might lead to a de-rated power capaci-
ty during practical use of the converter [36]. With the aim to improve the wave-
form quality of the converter output voltage and current, a new nine-level active
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neutral-point-clamped (9L-ANPC) converter is proposed in [33] as a grid inter-
face of large WTs. A recently investigated topology considers a three-level unidi-
rectional Vienna rectifier (an alternative to be used as MSC of a PMSG based
wind energy system), which has several advantages compared to the convention-
al two-level VSCs, such as low manufacturing cost due to use of only three active
switches, high frequency operation, improved voltage and current THDs and high
efficiency [32,39].

MSC DC-Link GSC
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Figure 1.10. Multi-level converter based topology for PMSG based wind
energy system.

1.3.5. Matrix converter topology

Unlike conventional two-level back-to-back converter which requires 12 ac-
tive switches and a DC-link capacitor so as to make the control of the MSC and
GSC completely independent; a matrix converter includes 6 additional active
switches, requires no bulky and costly energy storage element and controls the
generator-and grid-side quantities simultaneously. The output of the matrix con-
verter is synthesized by selective closings and openings of the bidirectional
switches positioned at the intersection points of the input and output phases. A
matrix converter based topology for PMSG based wind energy system is illu-
strated in Figure 1.11 The superior benefits of matrix converter such as direct sin-
gle-stage AC/AC operation, controllable input power factor and high reliability
make it a good alternative to the back-to-back converter. Compared to the other
converter topologies with constant DC-link capacitor voltage, the output harmon-
ic content and switching losses of the matrix converter are lower [40]. On the oth-
er hand, complicated modulation, buck operation of matrix converter (maximum
output voltage of the matrix converter is 0.866 times the input voltage without en-
tering the over-modulation range), four step switching process of bidirectional
switches, requirement of large number of switches, high manufacturing cost and
no decoupling between the input and output are some of the drawbacks of matrix
converter. Further, the output current of the matrix converter is required to be
1.15 times higher so as to achieve the same output power as of the back-to-back
PWM voltage source converter topology, which results in higher conduction
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losses as well [40]. Recently, matrix converter has attracted considerable interest
for wind power applications [41, 42]. The application of matrix converter in wind
power system is presented in many literatures [43, 44]. For instance, a matrix
converter is implemented in [45] to control the reactive power of permanent mag-
net synchronous wind generator. Optimum control of matrix converter based
wind energy system is proposed in [44] for performance enhancement and effi-
ciency optimization. It is worth noticeable that the hybrid operation of the renew-
able energy sources becomes complicated due to the lack of DC-link in matrix
converter topology.
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Figure 1.11. Matrix converter based topology for PMSG based WECS.

1.3.6. Nine-switch AC/AC converter topology

This converter topology was used in [46] as an AC/AC converter to deliver
the power generated by the PMSG to the power grid. With this converter topolo-
gy, three active switches and three diodes in a two-level back-to-back converter
are omitted without any change in the objective of the wind energy system as
shown in Figure 1.12 This new topology, features sinusoidal inputs and outputs,
unity input power factor, and offers cost advantage compared to the conventional
back-to-back converter topology. The constant frequency (CF) mode of nine-
switch AC/AC converter operation (where only magnitude of the inverter output
voltage is adjustable but output frequency remains the same as supply frequency)
can be applied to UPS applications, whereas the variable frequency (VF) mode of
converter operation (where both magnitude and frequency of the inverter output
voltage are adjustable) can be applied to variable speed drive applications [47].
However, the semiconductor loss analysis performed in [47] reveals that the nine-
switch AC/AC converter while working in CF mode has an overall higher effi-
ciency than the two-level back-to-back converter at the cost of uneven loss distri-
bution. On the other hand, the VF mode of operation requires higher ratings IGBT
devices which results in considerably higher losses [47], and therefore, is not pre-
ferred. The comparison of mainstream power converter topologies used for
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PMSG based wind energy Systems are presented in Table 1.1 with a clear focus
to their features and limitations.

Nine-Switch AC/AC Converter
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Figure 1.12. Nine-switch AC/AC converter based topology for PMSG based
wind energy system.

Table 1.1
Comparlson of mainstream power converter topologles.
Diode 2L-B2B Multi-level = Matrix Nine-switch
Sr Converter topology Features rectifier VSC 81 converter Converter ac/ac convertel
1. Requirement of fully controlled switches None Less Less Large Large Least
2. Circuit configuration Simple Simple Simple More complex Complex Simple
3. Cost Very low  Moderate High Very high High Low
4. Requirement of dc link capacitor Yes Yes Yes Yes No Yes
5. Control complexity Easy Moderate Moderate Most complex More complex Complex
6. Operational stages Two Two Two Two One One
7. Waveform quality Good Better Better  Best Better Depends
8. Harmonic distortion High Moderate Low Least Low Depends
9. Switching losses None High High Low Low High
10. Conduction losses Low Low Low Highest High Low
11. Reliability High Low High Low High Low
12. Bi-directional power flow No Yes Yes Yes Yes Yes
13. Hybrid operation of renewable sources Possible Possible  Possible Possible Not Possible  Possible

1.4. Control Strategies Used in PMSG Based Wind Energy
Systems

The incorporation of advanced control systems into wind energy system is
one of the major technological advances together with improvements in materials,
power electronics and blade designs [48]. In many studies, the researchers have
attempted to develop a variety of control strategies for PMSG based wind energy
system so as to come up with such a system which is simple, reliable, robust, and
has the ability to handle intolerable disturbances those might occur during its op-
eration. Different control issues in small PMSG based wind energy system were
surveyed in [49].



16  Literature Review of Power Converters and Control Techniques for Grid Integrated PMSG Based
Wind Energy Systems

1.4.1. Pitch angle control

The pitch angle control is a mechanical way of controlling the rotor blade an-
gle of the WT so as to regulate the output power of the same. Most of the major
WT manufacturers are now developing new MW scale VSWTs based on PMSGs
with pitch angle control so as to protect the WT from over power and over torque
conditions due to sudden wind gusts at higher wind speeds. The pitch angle is
usually fixed at lower wind speeds. On the contrary, at high wind speeds, the
pitch angle control is activated to shed off the acrodynamic power by turning the
rotor blades through some angle from the direction of striking wind [50]. In ac-
cordance with the variation of wind speed, strategies for turbine pitch angle con-
trol and rotational velocity control are developed in [51]. Neural network and
fuzzy logic control are employed in [52] to improve the performance. Pitch angle
control may become complicated due to the nonlinear aerodynamic characteristics
of the WT [53]. In view to that, a simple and robust pitch control technique,
which can tolerate turbine parameter uncertainties and non-parametric perturba-
tions, is reported in [53, 54].

1.4.2. Control of machine (generator)-side (MSC)/grid-side (GSC)
converters

Two most dominant strategies classified under vector control. Field oriented
control (FOC), and direct torque control (DTC) are used at the machine-side and
have almost similar dynamic responses. The FOC is one of the most established
strategies for generator speed control which involves dual loop control structure -
an outer speed control loop and an inner current control loop usually based either
on hysteresis control in natural reference frame or on PI control in synchronous
reference frame. In FOC, the electromagnetic torque is controlled through g-axis
component of the stator current and the d-axis stator current is forced to be zero
so as to get the maximum electromagnetic torque with minimum stator current.
Since, the current is controlled directly; the line currents of the machine contain
low harmonics which in turn leads to high efficiency. An FOC strategy with hys-
teresis current control applied to the MSC is illustrated in Figure 1.13.
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Figure 1.13. MSC control strategies — FOC.
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On the contrary, the core of the DTC scheme comprises two hysteresis com-
parators and a switching table (ST) as shown in Figure 1.14, and this strategy is of
interest, particularly for low power WT generator control [32, 55].
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Figure 1.14. MSC control strategies — DTC.

In a DTC strategy, the stator flux and the electromagnetic torque are con-
trolled directly and independently. Both methods have their own advantages and
drawbacks. For instance, insensitivity to machine parameter variation, elimination
of rotor position sensor, no current regulation loop, faster torque response, and
reduced computation time are the various advantages; whereas high ripples in tor-
que, flux and current; the variation in switching frequency with load torque and
rotor speed; and two hysteresis comparators’ bandwidth are some of the disadvan-
tages of DTC compared to FOC [55]. However, both of these strategies allow tor-
que and flux to be decoupled for independent control of the active and reactive
powers handled by the generator. The irregular torque, flux and current ripples in
a ST-DTC cause overstress on the turbine shaft, reduce the turbine life span and
produce much acoustic noise. To solve the problems associated with ST-DTC, an
effective approach is to integrate space vector modulation (SVM) into the DTC
[56]. On the other hand, the GSC typically controls the DC-link voltage to bal-
ance the mput and output powers and enables the grid to always absorb/supply a
balanced set of fundamental current at unity power factor by providing parts of
reactive power to the nonlinear loads connected at the point of common coupling
(PCC) [57, 58]. Following the idea similar to that of the FOC, a voltage oriented
control (VOC) strategy for the GSC involves dual-loop control structure -an outer
DC-link voltage control loop and an inner current control loop based either on
hysteresis control in natural reference frame or on PI control in synchronous ref-
erence frame and decouples instantaneously the d-and g-axes components of the
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injected current [59]. In VOC, a unity power factor operation can be achieved
when g-axis current reference is set to zero. The VOC strategy guarantees fast
transient response, high steady-state performance, good power quality and the
minimum power ripple by means of internal current control loop [60, 61]. How-
ever, the cross-couplings between active and reactive components and require-
ment of reference frame transformation are some of the disadvantages of VOC
[61]. A VOC strategy with PI based current control applied to the GSC is illu-
strated in Figure 1.15.
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Figure 1.15. GSC control strategies - VOC.

In contrast, as shown in Figure 1.16, instantaneous active and reactive powers
are two control variables in the direct power control (DPC) strategy for GSC
which follows the idea similar to that of the DTC. There are no inner current con-
trol loop and no PWM modulator block.

A switching table (ST) is used to determine the switching states instead.
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Figure 1.16. GSC control strategies - DPC.
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In DPC, a unity power factor operation can be achieved when reactive power
reference is set to zero. The DPC owns the advantages such as simple implemen-
tation, no coordinate transformation, no cross-coupling effect between the active
and reactive powers, fast dynamic response, reduced computation time and high
robustness to parameter variations; whereas, large THD with high power and cur-
rent ripples are the major shortcomings of the DPC [60, 62].

Further, the DPC needs not only high sampling frequency due to fast chang-
ing estimated values of active and reactive powers but also high filter inductance
because of the variable switching frequency [61]. The problem arising due to
power and current ripples in a ST-DPC can be overcome by integrating a space
vector modulation (SVM) into the DPC which leads to constant switching fre-
quency and low THD [60]. The dynamics of SVM-DPC still depends on the merit
of design of involved PI controller [63].

Nevertheless, the studies on DPC strategy for control of GSC of PMSG based
wind energy system reported in the literature are a few. To establish an optimized
control scheme for the machine-side three-switch buck-type rectifier; two PMSG
control strategies, namely unity power factor control and rotor flux orientation
control, are considered in [30].

The flux and torque ripple are reduced in the DTC scheme proposed in [64]
using a fixed and low switching frequency. Further, for DC-link voltage control
of a PMSG based wind energy system, a feedback linearization technique is re-
ported in [65]. The work presented in [65] was extended in [66] which comprise
experimental results as well. Ref. [60] present comparative analyses of a PMSG
based wind energy system employing FOC and DTC control strategies for the
MSC together with VOC and DPC control strategies for the GSC. A novel direct
current vector control technology has recently been developed for control of the
synchronous generator only in a variable speed wind energy system [67].

Using the conventional and direct current vector control configuration, the
MSC and GSC control structures for a PMSG based wind energy system are de-
signed in [68] so as to realize the MPPT, DC-link voltage regulation, reactive
power control, and grid voltage support. While comparing, the direct current vec-
tor control has demonstrated many advantages over conventional vector control
strategies such as enhanced system stability, reliability and efficiency, minimal
DC-link voltage fluctuations and strong fault ride-through capability [68].

Conventionally, the MSC controls the flow of power produced by the genera-
tor while the GSC controls the DC-link voltage to balance the input and output
powers in PMSG based wind energy Systems. However, in preference to the
GSC, a few research works presented the MSC for DC-link voltage control [66,
69]. When control roles of the MSC and GSC are exchanged with each other, the
DC-link voltage can be controlled to be constant particularly in the event of grid
voltage sags by increasing the generator speed [66].

A scheme using the MSC for DC-link voltage control is investigated in [70]
during normal and fault conditions. However, the control scheme is subject to cer-
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tain limitations implied by the power—speed characteristic of the WT and requires
to be further investigated in full range of turbine’s operation. For the MW class
PMSG based wind energy system operating under different grid conditions, a uni-
fied power control strategy necessitating no system parameters is proposed in [71]
in which the MSC and GSC are responsible for the DC-link voltage control and
the power flow control to the grid, respectively. The comparison of various con-
trol strategies used for MSC and GSC of PMSG based wind energy systems are
presented in Tables 1.2 and 1.3, respectively emphasizing the major considerable
aspects.

Table. 1.2
Comparison of MSC control strategies of PMSG.
Sr Control strategy features FOC DTC DCVC
1. Rotor position sensor requirement Yes No Yes
2. Implementation Complex Simple More complex
3. Control at very low speed Easy Difficult Easy
4. Internal current control loop Yes No Yes
5. Requirement of coordinate transformation Yes No Yes
6. Computation time More Less More
7. Switching table requirement No Yes No
8. Modulation technique PWM/hysteresis Hysteresis PWM
9. Switching frequency Fixed/variable Variable Fixed
10. Cross-coupling effect Yes No Yes
11. Parameter sensitivity Yes Insensitive Sensitive
12. Dynamic response
Rise time High Low Moderate
Overshoot Large Small Moderate
Settling time High Low Moderate
13. Tracking error Low High Low
14. Torque ripple Low High Very low
15. Power/current ripple Low High Very low
16. Current THD Low High Very low
17. Power quality Better Poor Best
Table. 1.3
Comparison of GSC control strategies of PMSG.
Sr Control strategy features FOC DTC DCVC
1. Implementation Complex Simple More complex
2. Internal current control loop Yes No Yes
3. Requirement of coordinate transformation Yes No Yes
4. Computation time More Less More
5. Switching table requirement No Yes No
6. Modulation technique PWM/hysteresis Hysteresis PWM
7. Switching frequency Fixed/variable Variable Fixed
8. Cross-coupling effect Yes No Yes
9. Parameter sensitivity Sensitive Insensitive Sensitive
10. Dynamic response
Rise time High Low Moderate
Overshoot Large Small Moderate
Settling time High Low Moderate
11. Tracking error Low High Low
12. Voltage ripple in dc Link Low High Very low
13. Power/current ripple Low High Very low
14. Current THD Low High Very low

15. Power quality Better Poor Best
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1.5. Maximum power point tracking (MPPT)

Corresponding to each wind speed, there is a specific generator peed which
yields the maximum possible wind power. Beyond this specific generator speed,
the power extracted from the wind subsequently reduces [71]. Operating WT in
variable speed mode, optimum energy extraction from the wind can be achieved.
For the reason, many different MPPT control strategies such as optimum relation-
ship-based (ORB) control, tip-speed ratio (TSR) control, optimal torque control
(OTC), and perturb and observe (P&O)/ hill-climb search (HCS) control have
been developed during the last few decades [72, 73, 74, 75]. Comparative studies
of several MPPT methods are performed in [76]. A brief description of several
MPPT methods used for PMSG based wind energy systems are presented in the
following sub-sections, and their comparison is presented in Table 1.4.

Table. 1.4

Comparison of MPPT methods of PMSG.
Sr MPPT algorithm features ORB TSR OTC HCS Sensorless
1. Requirement of wind speed sensor No Yes No No No
2. Requirement of shaft speed sensor Depends No Yes No No
3. Look-up table requirement Yes No Depends No No
4. Requirement of system pre-knowledge Yes Yes Yes No No
5. Memory requirement Yes No Depends No Yes
6. Complexity Less Least Less Moderate High
7. Cost High Very high Moderate Low Low
8. Convergence speed Fast Very fast  Fast Moderate Moderate
9. Oscillation at MPP No No No Yes Depends
10. MPPT efficiency High Highest High Low Moderate
11. Reprogramming with variation in pitch angle Yes No Yes No Yes
12. Performance under rapid wind condition Good Very good Very good Yes Poor Good
13. Parameter sensitivity Yes No No No No
14. Online updating No No Yes Depends

1.5.1. Optimum relationship-based (ORB) control

The ORB control is a mature MPPT strategy in which wind speed measure-
ment is not required and the response to wind speed change is fast. ORB control
ensures MPPT using a pre-calculated look-up table which is structured with the
aid of knowledge of optimum relationships among various system parameters; for
instance, the power versus shaft speed [77], the power versus torque [78], the
power versus rectified DC-link voltage [74] and the DC-link voltage and DC-side
current [58]. The ORB control is simple to implement, has good dynamic re-
sponse, requires no wind speed sensor, can produce smoother output power when
compared with the other strategies and is widely used in commercial wind energy
systems. The main drawback of ORB control is that system pre-knowledge is a
requisite, which varies from one system to the other and may even change with
the system aging. Furthermore, ORB control may require lots of memory space.
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A schematic of ORB control exploiting the optimal power versus shaft speed
curve for MPPT is illustrated in Figure 1.17.
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Figure 1.17. MPPT control algorithms - ORB.

1.5.2. Tip-speed ratio (TSR) control

Power efficiency maximization is one of the prime control objectives of the
variable speed wind energy systems. At a given wind speed, the efficiency is dras-
tically affected by the TSR, which is defined as the ratio of the rotor speed of the
tip of a blade to the actual wind speed. By maintaining the turbine's TSR at its op-
timum value despite wind variations, the maximum energy conversion efficiency
1s achieved.

The wind speed is estimated/measured using an anemometer and a reference
rotor speed corresponding to the MPP is generated using (1.9) as shown in Figure
1.18.
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Figure 1.18. - MPPT control algorithms TSR.

It 1s obvious that the TSR control is a simple MPPT strategy but extremely re-
liant on the accuracy of the wind speed estimation or measurement using an ane-
mometer which adds to the system cost. The simulation results presented in [79]
show that the TSR control might cause severe power fluctuations in the generator
power which can be mitigated using a modified TSR control algorithm with filter
strategy. The TSR strategy is rarely used in real applications due to the depen-
dence on the wind speed sensor and the fluctuations in the output power. Moreo-
ver, optimal value of TSR differs from one system to another and can be deter-
mined theoretically of experimentally.
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1.5.2. Optimal torque control (OTC)

Without wind speed measurements, the objective of maximum conversion ef-
ficiency can be achieved by producing an optimum torque reference using (1.10)
that relies only on few turbine parameters and on a simple measurement of the
angular shaft speed as illustrated in Figure 1.19.
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Figure 1.19. MPPT control algorithms - OTC.

The underlying principle is to adjust the electromagnetic torque of the PMSG
in accordance with an experimentally obtained optimal reference torque curve or
look-up table. OTC is an indirect strategy, in which the active power is regulated
through the closed-loop control of the generator torque. However, this indirect
strategy can hardly be extended to the situations with other output power re-
quirements as a consequence of the nonlinear relationship in between the ex-
tracted wind power and the generator torque. It is interesting to examine the simu-
lation results of [79] which verify that the OTC has a similar generator power
fluctuations reduction performance as the modified TSR control with filter strate-
gy has. Although OTC is extensively employed in wind energy systems owing to
its simplicity, quick response and efficiency, it entails the information about air
density and WT parameters which differ from system to system. Further, the ex-
perimentally obtained optimal reference torque curve might deviate with the sys-
tem aging which, in turn, affects the MPPT efficiency. In addition, the efficiency
of OTC is lower compared to that of the TSR control in view of the fact that wind
speed changes are not reflected instantaneously on the reference signal [80].

1.5.2. Perturb & observe (P&O)/Hill-climb search (HCS) control

The conventional P&O/HCS control eliminates the necessity of speed sensors
or estimators, and is a simple control concept based on perturbing a control varia-
ble in small step-size and observing the resulting changes in the target variable
until the MPP is reached. Prior information of the WT parameters as well as wind
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speed measurements are also not required for the P&O algorithm to work, making
this MPPT method less complex, flexible, less costly and more reliable.The
schematic of P&O control is illustrated in Figure 1.20.

HCS Control
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Figure 1.20. MPPT control algorithms - HCS.

The P&O algorithm monitors the output electrical power variations of genera-
tor and in relation to the result of comparison between successive generator out-
put power measurements; it adjusts the generator speed towards MPP. The con-
cept of P&O control is demonstrated in Figure 1.21.
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Figure. 1.21. Concept of P&O/HCS control.

In P&O control, a large step size results in a rapid tracking of MPP but inevit-
able oscillations occur around the MPP; whereas, a small step size results in the
improvement in the MPP accuracy but reduces the speed of convergence. Further,
a highly fluctuating wind speed condition always results in the MPP search in a
wrong direction. Thus, there are two serious problems associated with P&O con-
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trol namely, speed efficiency tradeoffs, and the wrong directionality, which sig-
nificantly deteriorate its performance under rapid change in wind speed. In view
to the speed efficiency trade-off problem, a variable-step HCS governed by the
magnitude of the derivative of power with respect to the duty ratio of the MPPT
converter is proposed in [81]. However, such variable-step scheme is impractical
under fluctuating environmental conditions. A formula for the optimal perturba-
tion step-size is proposed in [82] focusing on the solution to the issue of wrong
directionality. However, the solution requires the knowledge of various system
parameters and becomes rather complicated. A novel solution to these problems is
also proposed in [83] which not only solves the tracking speed versus control ef-
ficiency trade-off but also ensures the MPP search in the correct direction during
fluctuating wind speeds. Mostly, the power-speed relation of the WT is used as
control input for P&O MPPT. However, to reduce the system cost, and to increase
reliability by eliminating the need for shaft speed sensing, the use of other wind
energy system parameters as control inputs has also been explored recently; for
instance, the DC-link voltage and the duty cycle [84]. Based on the P&O tech-
nique, an online training method for MPPT has been proposed in [72]. After the
training process, a look-up table containing reference currents of different wind
speeds is populated and is directly applied to the MPPT control. However, it is
time-consuming to train the system over the entire wind speed working range. For
the reason that the response to wind speed change is extremely slow, especially
for large inertia WTs, mostly P&O control is realized in small scale wind energy
systems [72]. An advanced P&O control has been proposed in [72] for wind ener-
gy systems with different turbine inertia. A new MPPT technique combining per-
turb & observe (P&O) and ORB control for PMSG wind energy system is pro-
posed in [85] in which the system’s pre-knowledge is not a requisite.

1.6. Sensorless control

Accurate wind speed measurement is not so easy especially in case of large
sized WTs. The anemometer, usually installed on top of nacelle of large sized
WTs, offers wind speed measurement only at the hub height; therefore, the wind
speed measured by the anemometer may not be the one intercepted by the WT.
Thus, large numbers of researches are made to develop wind speed sensorless
MPPT control algorithms. On the other hand, the PMSG based wind energy sys-
tems implement MPPT control algorithms with an instantaneous speed or torque
control reference for different wind speed conditions using a generator-speed sen-
sor. The problems associated with the use of mechanical speed sensors such as
extra hardware cost, hardware complexity and increased failure rate can be re-
solved by adopting optimal position/speed sensorless control strategies; a variety
of which have been reported for wind energy systems with different power elec-
tronic converters [86]. Because of the intermittent nature of wind power, the op-
erating conditions of a wind energy system always vary from time to time. The
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requirement of sensorless control design for the direct-drive PMSG based wind
energy systems in an attempt to achieve satisfactory steady-state and dynamic
speed estimation/rotor position precision over the entire speed range, in most cas-
es, cannot be met by a single sensorless control method and, therefore, for differ-
ent operating conditions the sensorless control methods may be different. Several
speed-estimating algorithms based on motional electro-motive force (EMF), flux-
linkage variation, and Kalman filter have also been introduced in the past so as to
alleviate the need of mechanical sensors [4]. However, most of these algorithms
involve simplified computations based on several assumptions and ignorance of
parameter variations. In addition, inaccuracy may arise with low-voltage signal
measurement at lower speed, especially in case of directly-driven PMSGs. Con-
sequently, the precise estimation of rotor position and speed is very difficult. Fur-
ther, without pre-knowledge of the WT characteristics and wind speed, a univer-
sal MPPT control algorithm based on fuzzy-logic has been proved to be very
effective [87]. For optimum rotor speed control, a fuzzy logic controller (FLC) is
used in [88] which does not involve detailed mathematical model or linearization
about an operating point, and is insensitive to system parameters' variation. An
ANFIS based speed and position estimation of PMSG is presented in [4] which
are essentially required to operate the system at MPP. Nevertheless, the perfor-
mance of a sensorless control design for a grid connected wind energy system
should also be investigated under abnormal or grid fault conditions [5]. A detailed
study on position/speed sensorless control for PMSG based wind energy system
has been performed in [5].

1.7. Grid interconnection requirements

Wind is a free and abundant source of energy and hence, is attractive in terms
of the cost, and energy security. However, wind is intermittent in nature and due
to wind speed variations, the output power of WT fluctuates which may cause
grid-frequency deviations. This is one of the major technical problems of wind
energy systems. Further, the increased penetration of WTs into the power system
has a large impact on power-grid stability and has, therefore, led to serious con-
cern about its influence. Here, the attention in the grid interconnection require-
ments is drawn mainly to the output power smoothing and reactive power control
in addition to fault-ride-through (FRT) and grid support capabilities in PMSG
based wind energy systems as follows:

1.7.1. Output power smoothing and reactive power control

In a grid integrated wind energy system, the power fluctuations lead to large
ratings of installed electrical components, poor power quality and high losses.
The primary control objective of the variable speed WTs is not only the maximi-
zation of power efficiency but also enhanced dynamic characteristics so as to re-
duce output power fluctuations. The blade pitch angle control, which can be
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viewed as a method for output power smoothing, not only suffers from the short
comings of high mechanical stress on the WT system but also the power captured
by the WT is not optimal.

Energy storage systems (ESSs) might be another good solution to the power
smoothing problems [89]. The variable speed WT inertia is used in a method pre-
sented in [90] for output power smoothing of a PMSG based wind energy system.
However, the large variations in wind speed may lead the system into unstable
operating regions. For a PMSG based wind energy system with Z-source inverter;
two active power control methods; firstly, the capacitor voltage control and se-
condly, the DC-link voltage control, are reported in [29] to address the problem of
power fluctuation. When compared to the DC-link voltage control; the capacitor
voltage control method results in less power fluctuations.

A simple coordinated control of pitch angle, and the DC-link voltage is re-
ported in [10] for stable output power smoothing of a wind energy system based
on PMSG. A high-order sliding-mode controller is designed in [91] for power
control of the PMSG based wind energy system. Even though active power, in
general, is supposed to be very important; reactive power is equally important and
is responsible for system's voltage stability.

For voltage stability at the point of common coupling (PCC), the conventional
wind energy systems usually employ custom power devices like active power fil-
ters (APFs), static compensators (STATCOMs), and static VAR compensators
[92]. The additional hardware cost for these custom power devices can be saved if
the GSC, in addition to its normal task, is utilized for solving power quality prob-
lems at PCC [4]. The GSC of a PMSG based wind energy system e.g. in [4] is
optimally utilized as harmonic as well as reactive power compensator for nonli-
near load at PCC, enabling the grid to always absorb/supply a balanced set of
fundamental currents at unity power factor.

1.7.2. Fault-ride-through and grid-support capability

The wind energy systems are not only required to supply power but also sup-
port the grid under system faults and voltage unbalances. Such ability of wind
energy systems is termed as fault-ride-through (FRT) capability. The FRT capa-
bility of a wind energy system is of particular concern in view of the fact that the
disconnection of a large wind generator caused by grid disturbances may lead to
system instability.

Dedicated grid codes have recently been issued in some countries for inter-
connection of WT system to the power grid. An overview of recent grid codes
prepared specially for large wind farms are presented in [93].

These grid codes essentially demand the FRT capability necessitating the
wind energy system to remain connected with the power grid in the event of vol-
tage dip so that the network voltage and frequency could be maintained stable by
delivering active and reactive powers to the grid with a specific profile depending
on the depth of grid voltage dip. Under a grid voltage dip, the maximum active
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power that can be delivered to the grid is constrained so as to meet FRT require-
ments, which in turn, may result in active power mismatch between the generated
power and the power delivered to the grid [94, 95]. It, therefore, is very challeng-
ing to design the control scheme for the wind energy system to meet the FRT re-
quirements. Since the full-scale power converter decouples the generator system
from the grid, it is easier to realize the FRT and grid support capabilities in PMSG
based wind energy systems. The FRT capability of a 2-MW PMSG based wind
energy system has been investigated in [94].

A unified DC-link current control scheme has been proposed in [96] so as to
assist the CSC based wind energy system for fault-ride-through. Compliant with
the grid codes, additional measure such as the braking chopper is applied to sup-
port the system operation during grid disturbances [94]. In the event of grid fault,
the DC/DC boost converter dissipates the unbalanced power between the genera-
tor and the grid with no more control effort.

However, such a strategy can hardly satisfy the needs of some grid codes as
reported in [71].The ESS added to wind energy system cannot only be viewed as
a method for output power smoothing but also as an effective but costly solution
to FRT problems [97].

The FRT requirements in a wind energy system can also be met by storing
the surplus active power in the generator-turbine inertia system [37]. Similar ap-
proaches are reported for the wind energy systems with two-level back-to-back
VSC in [98], and with CSC based topology in [99].

In other way, the STATCOM has been applied to keep the wind energy sys-
tem connected to the grid during grid faults [100]. With this method, the voltage
regulation is much improved not only in the transient-state but also in the steady-
state.

1.8. Technology trends and status of research

Recent trends in and the status of researches on power converter topologies,
control methodologies, MPPT control algorithms and grid interconnection issues
concerning PMSG based wind energy systems are shown in Figure 1.22 and the
relevant statistics are presented in Table 1.5.
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Figure 1.22. Recent trends in and status of researches concerning PMSG based
wind energy systems - (a) power converter topologies (b) control methodologies
employed at MSC (c¢) control methodologies employed at GSC (d) MPPT control

algorithms, and (e) grid-interconnection issues.
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Tablel.5
Trends in the technological development of permanent-magnet-synchronous-generator (PM SG)-based wind energy systems.
Power converter topologies Control methodologies MPPT control algorithms Grid-inter connection requirements
M SC control GSC control
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The trends in converter topologies point out that the 2-level back-to-back VSCs
are the dominant power converter topologies used in PMSG based wind energy
systems owing to the advantage of capacitor decoupling between the MSC and GSC
which allows independent control of the two converters.

A low cost topology comprising diode rectifier cascaded by DC/DC boost con-
verter has also been given large emphasis by the researchers for small scale PMSG
based wind energy systems.

Multi-level converters are drawing attention of researchers for large WT appli-
cations. In many literatures, the FOC has been found as the most established strate-
gy for PMSG speed control. On the other hand, the DTC scheme is also being con-
sidered by the researchers particularly for low power PMSG control. In a similar
fashion, the VOC strategy for the GSC has been given maximum attention in many
of the research studies; whereas, the DPC strategy for GSC has been given a mod-
erate attention by the researchers. Further, the trends in MPPT control strategies
signify that the ORB control has been established as a mature and the most investi-
gated strategy.

The P&O/HCS control has also been given large consideration by many re-
searchers and has been recognized as a simple MPPT control concept in which pre-
knowledge of the WT parameters is not a requisite.

As far as the grid interconnection requirements are concerned, the enhancement
of FRT capability of PMSG based wind energy systems has been established as a
major issue in many of the research studies. Further, output power smoothing and
reactive power support at PCC are other major challenges those have also been in-
vestigated in several research literatures. Altogether, the trends in technological de-
velopments in PMSG based wind energy systems are shown in Figure 1.23.

Grid Connection Issues 18.42%

Sensorless Control 11.28%

MPPT Control 14.9%

Control of MSC/GSC 22.93%

Pitch Control 3.76%

Power Converter Topologies 29
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Figure 1.23. Trends on the whole in technological developments in PMSG
based wind energy systems.

1.9. Conclusions

Efficient utilization of wind energy has been an important issue. As a result,
VSWT systems with the power electronics interfaces have increasingly drawn the
interest of WT manufacturers.

It is possible to increase the controllability of the WTs with the use of power
electronics, which is a major concern for their integration into the power grid.
Among the most popular concepts in the current VSWTs, the PMSG is the one

.32%
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which provides a realistic opportunity to realize the gearless operation, and is consi-
dered as a potential candidate for new designs in power WT applications. Recently,
the cost reduction and advancements in the permanent magnet materials have made
them even more attractive than before.

In this review, the mainstream power converter topologies used for PMSG
based WTs were systematically reviewed with a clear focus to their features and li-
mitations.

The back-to-back converter topology, which nowadays is state of the art among
power converter topologies used in wind energy systems, can be used as a reference
so as to set a benchmark to the implementation of other converter topologies keep-
ing in view the requirement of active switches and auxiliary components along with
their ratings, the harmonic performance and the converter efficiency.

As the power capacity of WTs is increasing, a trend towards the use of multile-
vel converter topologies in wind energy systems can also be observed. The trends in
MSC and GSC control strategies used in PMSG based wind energy systems were
also reviewed.

While comparing the MSC and GSC control strategies, it can be concluded that
the FOC and VOC control strategies are better as adapted; whereas, the DTC and
DPC control strategies might be preferred so as to achieve high dynamic perfor-
mance.

Moreover, the advantages and limitations of several MPPT methods used for
PMSG based wind energy systems were critically examined which could possibly
be useful in the selection of an appropriate MPPT method for a particular applica-
tion.

Brief opinions in relation to the grid interconnection issues for PMSG WT sys-
tems were also made focusing on the power controllability for better power quality,
fault-ride-through and grid support capabilities during grid disturbances.

Looking at a glance towards the technology trends, and status of research, it was
visualized that the two-level back-to-back converter and the diode rectifier based
topologies; FOC and VOC methodologies; ORB and HCS based MPPT algorithms
being the most researched concepts for PMSG based VSWTs.

It was also recognized that the FRT capability of PMSG based wind energy sys-
tems being the most investigated grid interconnection issue. With a goal toward
more optimized wind energy systems, the future research studies expect more tech-
nological improvements in current WT design concepts.

Moreover, the existing control strategies can further be improved so as to obtain
fast, and optimum control performance of PMSG based wind energy systems. Cer-
tain modifications in or hybrid combinations of MPPT algorithms in future research
might lead to increased wind energy extraction efficiency of the WTs.

The advanced artificial intelligence (Al) based techniques can offer another new
interesting perspective for future research. However, the most economic and relia-
ble solution will only be recognized and preferred.

After all, this review is expected to be useful for not only the researchers work-
ing in the area of grid integrated PMSG based wind energy systems but also the
commercial manufactures and designers of the same.
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Chapter 2 Finite-Set Model Predictive De-
coupled Active and Reactive
Power Control for Grid Con-
nected Wind Energy Systems

Abstract

This Chapter introduces a novel approach for power control of three-phase vol-
tage source inverter (3PH-VSI) in grid connected distribution wind energy system.
In this approach, the control of active and reactive power is based on finite set mod-
el predictive control (FS-MPC) strategy. The proposed strategy has the simplicity of
the direct power control technique and doesn’t require any current control loops. To
meet the future generation of PMSG wind turbines, a DC-DC boost converter is
proposed at the machine-side to simplify the control and potentially reduce the cost
of the wind energy system. In this chapter, the continuous- and discrete-time model-
ing of DC/DC boost convert and 3PH-VSI is analyzed. To achieve an optimal con-
trol performance, a modified two-step model predictive strategy is proposed. The
wind generation system requirements, such as maximum energy harvesting and reg-
ulation of grid active and reactive power are expressed as cost functions. Best
switching states are chosen and applied to the power converters during each sam-
pling interval based on the minimization of cost functions. The feasibility of the
proposed configuration and control scheme are verified through
MATLAB/Simulink tests system and dSPACE 1104 experiments on a low power

prototype.
2.1. Introduction

In efficient wind energy generation system, three main research areas play a
crucial role: (i) semi-conductor devices, (ii) arrangement of these devices (called
power converter configuration), and (iii) proper turn on/off of these devices (called
the control scheme). The power converters’ control is a very active research topic
and is constantly evolving according to the technological developments in semicon-
ductor devices and control platforms, control requirements, power quality standards,
and grid code requirements, etc. [1-3]. To design an efficient controller, one needs
to know about the true nature/behavior of the plant to be controlled. A power elec-
tronic converter exhibits the following properties, constraints and requirements [4,
5]
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* Nonlinear nature.

» Contains finite number of switching states, for example 8 switching
states are available for two level three-phase voltage source converter.

* Imposes restrictions on the maximum current, switching frequency, effi-
ciency and THD, etc., to achieve safe and reliable operation.

* Demands faster response for the electric control variables.

* Favors discrete-time implementation using the industry standard digital
control plat-forms.

Different predictive strategies have been used in power electronics and drives
[4, 6], namely deadbeat control, hysteresis-based predictive control, trajectory-
based predictive control and finite set model predictive control. The finite set model
predictive control (FS-MPC) strategy has proved one of the best methods for treat-
ing all the above properties and conditions. Recent academic works demonstrated
that FS-MPC can easily be applied to a wide range of power converters, drives,
power quality applications and wind energy systems [7].

Compared to the classical control techniques, this scheme eliminates the need
for linear PI regulators and the modulation stage, and offers a conceptually different
approach to control the power converters. This is truly a model-based optimization
control strategy, and involves a large number of calculations [4, 6]. However, the
computational issue is not prominent due to the advanced digital control platforms
(DSPs and FPGAs) available in the market.

It 1s anticipated that this will be one of the next generation control tools, and
thus is considered in this Chapter as a subject to control the wind energy systems.
This Chapter presents the design, simulation and reel-time implementation of the
converters and associated FS-MPC strategy for the grid connected wind energy sys-
tem. Using the discrete-time model of the system, two individual control loops are
developed, and they generate the gating signals to the DC/DC boost converter and
3PH-VSI based on minimization of cost functions. The use of linear controllers and
modulation stage are eliminated with the proposed FS-MPC strategy, and as a re-
sult, good dynamic response has been obtained. The MPPT is effectively controlled
by the DC/DC boost converter, while net DC-link voltage and active and reactive
power are regulated by the 3PH-VSI.

Because of the control freedom for the inverter, a significant improvement in
the grid power quality has been achieved. Through the simulation and experimental
results, it has been demonstrated that the FS-MPC strategy performs very well in
achieving the control goals for the complete wind energy system.

This Chapter will proceed as follows: In section 2, an overview for the FS-MPC
is introduced. In sections 3 and 4, the converters modeling and the implementation
of the FS-MPC control loops are described, respectively. In section 5, the simula-
tion results and comparisons to the results of wind turbine using the conventional PI
controller are illustrated. In section 6, the real-time validation of the different stu-
died and developed FC-MPC algorithms with a scientific interpretation of the prac-
tical results are explained. . In section 7, some conclusions are drawn.
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2.2. Overview of Finite-Set Model Predictive Control

2.2.1. FS-MPC applied to power converters

This section is focused on model predictive control with finite control set (FCS)
or also called finite set model predictive control (FS-MPC), which is based on the
switching model of a power converter and considers the control signal of every
power switch as a control variable. FS-MPC does not need a modulator since the
switching signals are the output of the controller and these are directly applied to
the power converter. Therefore, this strategy produces a variable switching frequen-
cy. For this approach, the optimization is carried out online at every sampling pe-
riod, and generally a prediction and a control horizon equal to one are used [8, 9].
Figures 2.1 and 2.2 shows an example of an FS-MPC scheme when implemented on
a power electronic system and the concept of this control strategy, respectively.

Power
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Input 1 Output
Supply filter \ | filter Load
1 Switching
g Signals g
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Figure 2.1. Scheme of FCS-MPC for a power electronic system.
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Figure 2.2. Concept of FCS-MPC.
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2.2.2. Advantages and disadvantages of FS-MPC

FS-MPC has a lot of advantages over PID controllers in power electronics.
Some of the advantages of FS-MPC are [10-12]:

1. FS-MPC concepts are very intuitive, and are easy to understand and imple-
ment.

2. A variety of processes can be controlled at once: anything from processes
with simple dynamics to complex systems with long delay times.

3. Multiple variables can be controlled at once, without the need for complex
loops. This is in contrast to traditional PID controllers which require super-
position of variables where there is more than one variable to control.

4. Non-linearities, such as dead times, are included in the predictions.

Additional constraints can easily be included.

6. The effects of the present actions on happenings in the future are taken into
account in the control system.

b

Some of the disadvantages of FS-MPC are:

1. The derivation of an FS-MPC control law is more complex than it would be
for the PID controller.

2. Dynamic systems require that all computations be done at each sampling
time.

3. Requires a lot of computing if there are several constraints to be considered.

4. Requires an appropriate model of the plant.

2.2.3. Switching model of a power converter

A power converter can be considered as a set of power switches, which corres-
pond to power semiconductor devices such as IGBT, MOSFET, diodes, etc.

For a switched mode converter, these semiconductor devices operate in two
states, namely “saturation” and “cut-off”, which function as “on” and “off” states,
respectively.

To analyze the behavior of a power converter, a power switch is considered to
be ideal, appearing as a short circuit (zero impedance) when “on” and as an open
circuit (infinite impedance) when “off” [13, 14].

In addition, every change between states, from “on” to “off” and vice versa, is
considered to be instantaneous, incurring zero loss during the transition.

Although an ideal switch operation is considered when analyzing a power con-
verter, in reality, when a switch is “on”, there is a small voltage drop across the ter-
minals whose value depends on the semiconductor device employed and the opera-
tional state of the circuit. Similarly, during an “off” state, there is a small leakage
current [13, 14].
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Furthermore, the process of turning a device “on” and “off” does not occur in-
stantaneously, thus, the current through the device increases or decreases gradually.

The switching model of a power converter is based on the on-off operation of a
power switch, which is defined by a switching function. An example of a switching
function is given in equation (2.1).

Therefore, using this function, voltages and currents of the power converter may
be obtained. Generally, the switching functions are result of a modulation strategy,
such as pulse width modulation (PWM).

2.1)

S(t) = 1, when power switchis"on"
0, when power switchis" off "

Some strategies to control power converters, such as space vector modulation
(SVM), are based on all possible allowed combinations of switching elements.

Each combination [9, 15], called a switching state, produces different input and
output voltages/currents, hence, the behavior of a power converter can be deter-
mined by these states.

In order to determine the switching states of a power converter, it is necessary
to consider some restrictions related to the converter operation.

Thus, depending on whether the power converter has a voltage or current
source, the switching states for a similar power converter structure, considering
ideal switches, are different in order to ensure that Kirchhoff’s voltage and current
laws are maintained.

Figure 2.3 shows a three-phase current source inverter (CSI), using IGBTs. In
addition, Table 2.1 presents the switching states for three-phase CSI.

€ 4% 4/

I, (D A

LU

Figure 2.3 Switching states for three-phase current source inverter (CSI).
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Table 2.1

Switching states for three-phase current source inverter (CSI).

Three-Phase Current Source Inverter (CSI)

Switching state I, Iy I.
% Idc - Idc 0
§ % Idc 0 - Idc
S
=
= 0 Idc - Idc
2
z
g % - Idc Idc 0
I}
<
% - Idc 0 Idc
% 0 - Idc Idc
B
-5
2
R
4B 0
s w2
N
B

(o] Power Switch ON O Power Switch OFF

Consequently, a switching model may be represented mathematically, such
as equations (2.2), (2.3) and (2.4) for three-phase CSI topology [13, 15].

() =[S,®)-S,()]1,

L) =[S,@)-S,()]1,

(2.2)

(2.3)
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1) =[S,()- S, (]I, (2.4)

2.2.4. Prediction equations

For the FS-MPC strategy, prediction equations of every variable to be con-
trolled are needed, hence, to control a power electronic system, a model including
power converter, load, filters, etc. must be defined. From the previous section, a
power converter may be represented by a switching model, thus, in order to obtain
the prediction equations, the model of every component of the system (load, filter,
etc.) must be combined with the switching model, which provides output and input
voltages/currents of the power converter. Prediction equations are usually derived
using a first order approximation of the derivative, as given in equation (2.5), or a
discrete-time state-space representation, as in equation (2.6) [6, 8].

4y~ Xk D= (k)
dt L, (2.5)
x(k+1) = Ax(k)+ Bu(k)

y(k+1) = Cx(k +1)

(2.6)

2.2.5. Cost function and optimization

The controller output (switching state) is determined by minimizing the error
between the reference and the prediction of the variable to be controlled. The ex-
pression to be optimized is denominated cost function (J) and it may include several
variables (multivariable control). Normally, this is implemented via the absolute
value or the square of the error [8, 9], as given by equations (2.7) and (2.8), where
X*is a reference value and X), is the corresponding prediction.

R 2.7)

J = (x* — xp) (2.8)

J =

Optimization of the cost function is carried out by evaluating the cost function
using every switching state and selecting the one which achieves the minimum val-
ue. Since this procedure depends on the number of switching states, it may demand
a significant number of calculations. A flowchart of the optimization process is
shown in Figure 2.4, where. is the number of switching states, X; (1+k)is the pre-

diction at the next sampling interval (z+1) for the i-" switching state (/< i< N), X(k)
is the value of X at sampling time (), k)Siis the i-th switching state, and S, (k) is
the switching state to be applied at sampling time (#;) . As previously mentioned, the
cost function can contain different terms, such as another variable to be controlled,
some additional terms related to the control effort or some constraints, for example,
minimization of switching frequency, reduction of the switching losses and vol-
tage/current limitations [8, 9].
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When the cost function is composed of several terms, in order to consider the
significance of each term, coefficients known as weighting factors are employed [8,
9], which allow tuning of the cost function.

Equation (2.9) gives an example of a cost function with two variables to be con-
trolled and an additional term (F), where A, A, and A5 are weighting factors.

J= A5 x|+ A - g |+ AF (2.9)

Switching state

=1
Yes
A 4
Prediction calculation for one
switching state
sl (Db ) Minimisation

v Jopt=min(J1, oee ,Jz)

Cost function for

one switching state v

G=f(X -Xi(k+1)) Optimum switching state is se-

v lected according to Jop¢

i=i+1 l

Sopt(K)

Figure 2.4. Optimization process.

Furthermore, when two or more variables have to be regulated, the error of each
variable can be normalized [8, 9], resulting in per-unit values, which leads to a ho-
mogeneous cost function. An example is given by equation (2.10), where X;, X, and
X; are the corresponding nominal values.

* * *
xl_xlp‘ ‘xz_xf‘ ‘)@—Xf‘
+4,
n n
X X,

1

J=4

+1, (2.10)

X3
2.2.6. Delay compensation

Ideally, a predictive control strategy can minimize the error at (tk+1) by apply-
ing a new switching state (Sopt) at (tk), as shown in Figure 2.5.
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Figure 2.5. Ideal implementation of FS-MPC.

A\ 4

Since FS-MPC is digitally implemented, every calculation consumes time, as a
consequence, this generates a predictable delay which must be compensated. One
compensation approach is based on optimizing the cost function at (tk+2) and ap-
plying the optimum switching state at (tk+1) /6, 8]. In order to implement this ap-
proach, it is necessary to obtain every variable at (tk+1) instead of measurements at
(tk), therefore, a simple option is to estimate the values at (tk+1) using the optimum
switching state applied at (tk) )previous result of optimization), measurements and
the model of the system. In Figures 2.6 and 2.7, a flowchart of the optimization
process taking into account the calculation delay and a diagram of FS-MPC imple-
mented in a digital control platform are depicted, respectively.

Estimation based on switch-

ing state applied at #
X(kAD)=AIX(K),Sopd k)

Switching state

i=1
Yes i<N
A
Prediction calculation for one
switching state No
(k+2)= + (F+
22l X Al (e Minimisation

v

Cost function for
one switching state

Gf(X -Xi(k+2))

A 4

i=i+1

Jop=min(J1y...,Jy)

v
Optimum switching state is se
lected according to J,

l

Sopdk+1)

Figure 2.6. Optimization process with calculation delay.
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Figure 2.7 Actual implementation of FS-MPC.

2.2.7. FS-MPC Stability

Determining stability of an FS-MPC system has been a difficult subject. The re-

sults have not been valid due to constraints that are active as they are based on li-
near analysis. To ensure existence of stability, however, a system must have the fol-
lowing characteristics:

1. An accurate plant model: An accurate plant model will ensure an accurate

prediction and hence the instability of the plant can be detected early. Predic-
tion mismatch can cause instability.

. Short sampling steps and longer prediction horizon. A shorter sampling step

will detect any deviation from the prediction before the plant goes out of con-
trol. Duration of the sampling step will depend on the boundary of perfor-
mance set by the designer through cost functions and inputs. A longer predic-
tion horizon will also be better able to predict any issues of possibility of
future instabilities.

. Tighter cost function on performance and constraints. The tighter the cost

function and constraints the better effect on stability. The plant will be forced
to operate within safe operating areas and very close to the control objectives
most of the time and hence prevent instances of instability.

2.2.8. Predictive control implementation

There are four basic stages in the implementation of an FS-MPC algorithm:

measurements, estimations, predictions and optimization. Each of these stages is
explained as follows:
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* Measurements: In this stage, all of the variables needed are measured,
either variables to be controlled or any state variable. If it is not possible
to measure some variable, an observer may be utilized in order to esti-
mate its value.

= Estimations: Owing to the calculation delay generated (actual digital
implementation), it is not feasible to minimize the error at (#,+/7) and ap-

ply the optimal switching state at (#;), therefore, the entire process is
shifted from (#;) to (#+1), and, as a result, the model is employed to es-

timate the variables at (z,+1) as well as to predict the variables at (#,+2).
In order to calculate the estimations at (#,+7), the previous optimum

switching state calculated at (#,+/) but applied at (ty), So,(k), 1s used.

* Predictions: The predictions at (#,+2) are calculated by using the esti-
mated values of every variable at (z,+/) and every switching state. These
predicted values are used to obtain the errors at (#,+2) which are in-
cluded in the cost function (J).

= Optimization: After calculating the predicted values for every switching
state at (#,12), a cost function is defined (one value for each switching
state), mainly, based on each error at (#,+2). Then, the optimization (mi-
nimization) is performed online, i.e. it is carried out during every sam-
pling period, and, according to the minimum value of the cost function,
the optimal switching state to be applied at (#,+1) is determined.

In Figures 2.8 and 2.9, flowcharts of FS-MPC implementation with and without
delay compensation are depicted. In these, a general system is considered, hence, a
multi-input/multi-output (MIMO) state-space model is used.

Outputs and inputs are measured, and the output predictions are calculated
based on the state vector predictions, which depend on the converter switching
states.

The cost function (J;) is also given in a general form, where 4 is a diagonal ma-
trix, given in equation (2.11), that contains the weighting factors, and F is an addi-
tional term which represents some constraint or other variable to be taken into ac-
count during optimization.

The optimization process compares every value of the cost function in order to
determine the switching state that minimizes it. Finally, the optimal switching state
is applied to the power converter. The MIMO system considered is given by (2.12),
where X is the state vector, ¥ is an input vector (related to the power converter), S

is a matrix of switching functions, which is different for each switching state, 2 is
the output vector and N is the number of switching states.
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In equations (2.11) and (2.13), n, m, q and r are used to indicate the dimension
of every element.

0 ... 4 (2.11)
[x e +1)] , =LA] xCk A+ D], +[B (LSRN, [0(F)] |

[ yk+1)] =[Cl,,,[x(k+D],,

rxl1
x(k)
v (k)

(2.12)

v

x(k)
v(k)

Measurement {

v

X, (k+1)=Ax(k)+ B[S, (k)v (k)]
v
y.(k+1)= Cx, (k+1)
v
A

J, =ly, (k+ D=y, (k+ D] Aly; (k+ ) =y, (k+ D]+ F

i=i+1

" @
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Figure 2.8. Flowchart of FCS-MPC without delay compensation.
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Figure 2.9. Flowchart of FCS-MPC with delay compensation.

2.3. System Configuration and Modeling

The power conversion system for direct-driven PMSG in grid connected distri-
bution generation system is shown in Figure 2.10. The system consists of three
stages: AC/DC, DC/DC and DC/AC, and these are implemented using a passive di-
ode rectifier, a DC/DC boost converter and three-phase two-level inverter, respec-
tively. The diode rectifier limits the direction of power flow, and only the generat-
ing mode is possible which the typical requirement is in a wind generation systems.
The output voltage of the diode rectifier remains unregulated but is limited by the
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rated speed of the turbine, which defines the voltage rating of the capacitor (800V).
The DC/DC boost converter enables MPPT operation for the wind generation sys-
tem. The system can be operated efficiently in the complete wind speed range by
controlling the gating signals for the DC/DC boost converter. The output of DC/DC
boost converter directly fits the DC-link capacitor of the grid-tied inverter. This
second DC-link provides decoupling for the machine- and grid-side converters and
thus individual control loops can be developed. The inverter is used to transfer
power from distributed generation system to the utility grid through an Lg filter. In
the proposed system, the following four variables need to be regulated:

* Maximum power point tracking (MPPT) during all wind speed condi-

tions to improve wind energy conversion efficiency.

* Net DC-link voltage control to ensure proper operation for the grid-tied
inverter.

* Active and reactive power control to meet the grid codes.

The first variable is regulated by the DC/DC boost converter, and the last two
variables are handled by the three-phase voltage source inverter. In this section, the
modeling is presented to demonstrate that the proposed power converters accom-
plish the above-mentioned control requirements.

Ii L Inverter
+ > I@II A
s
Vin _":% cC——¥, _I
\ 4 .
Diode DC-Link:
Rectifier DC/CDC Boost
Wind onverter
turbine

Figure 2.10. Considered wind energy system.

2.3.1. DC-DC Boost Converter Model

A DC/DC boost converter is a power converter with an output DC voltage (V)
greater than its input DC voltage (V;,). A typical circuit diagram for a standard
DC/DC boost converter is shown in Figure 2.11. it is composed of a switch S, a di-
ode D, a DC inductor L, and a filter capacitor C.
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Figure 2.11. A simplified circuit for DC/DC boost converter.

The modeling and control of a DC/DC boost converter was analyzed in [16]. In
this Chapter, a similar approach is used for the modeling of the DC/DC boost con-
verter. The switching model for DC/DC boost converter is derived by finding ex-
pressions for the inductor current in the “on” and “off” states. A simplified circuit
as shown in Figure 2.12 is derived to facilitate the modeling of the DC/DC boost
converter.

2.3.2. OFF state
As shown in Fig. 2.12(a), the switch § is in off state (s(#)=0), and the load is
connected to the voltage source (V;,). So, the DC/DC boost converter reacts as indi-
cated by the following equation:
d, 1 1
—L=—v+—v

d L°L" (2.13)

2.3.3. ON state
In this state, the switch S is in on state (s(#) =1), and the load is disconnected
from the voltage source (V;,). The equivalent circuit is shown in Figure 2.12 below.
On the other hand, the first order terms of equation (2.13) disappear and the
former equation system is given as:

di, 1
a L (2.14)
PV | ~AA I;L I,
|+T ' ’“j T+ i o
T< Vin Vo Vin C=— V, <T<
T 1
(@) (b)

Figure 2.12. Two operating modes of the DC/DC boost converter circuit,
(a) Open switch, S(1)=0, (b) Closed switch, S(¢)=1.
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2.3.4. Three-phase voltage source inverter (VSI) model

The power circuit of the three-phase two level inverter converts electrical power
from DC to AC form using the electrical scheme shown in Figure 2.13.

P Van

Figure 2.13. Voltage source inverter power circuit.

Considering that the two switches in each inverter phase operate in a comple-
mentary mode in order to avoid short-circuiting the DC-link voltage, the switching
state of the power switches S,, with n = 1,..., 6, can be represented by the switching
signals S,, S, and S, defined as follows:

a

|1 if S, onand S, off
o if S, off and S, on

(2.15)

_{1 if S, onand S off

b .
0 if S, off and S, on (2.16)
1 if S, onand S, o

Sea = f ; s o (2.17)

0 if S, off and S, on

These switching signals define the value of the output voltages:

Vv =8 Vae (2.18)
Viv =8, Vae (2.19)
Vv =S Ve (2.20)

where V. 1s the DC-link voltage capacitor.
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a=e*"" :—%+j\/3/2,

Considering the unitary vector which represents the 120°
phase displacement between the phases, the output voltage vector can be defined as:

Vz%(VaN+aVbN+a2VcN) 2.21)

Where V,y, Vin, and V. y are the phase-to-neutral (N) voltages of the inverter.
In this way, switching state (S,, S, S.) = (0, 0, 0) generates voltage vector V,de-
fined as:

VO=§(0+a0+a20)=o (2.22)

And corresponds to the circuit shown in Figure 2.14(a).

Switching state (1, 0, 0) generates voltage vector V; defined as:
V:g(V +ao+a20):3V (2.23)
1 3 dc 3 dc

And corresponds to the circuit shown in Figure 2.14(b).

Voltage vector V, is generated by switching state (1, 1, 0) and is defined as:

V1=§(Vdc+anc+a20)

(2.24)
Vlzé{Vdc+(—%+j§JVdC}: Vé’ +j?VdL, (2.25)
And corresponds to the circuit shown in Figure 2.14(c).
Switching state (1, 1, 1) generates voltage vector V; that is calculated as:
V1=2(Vdc+an0+612ch)=sz¢(1+“+02)=0 (2.26)
3 3

And corresponds to the circuit shown in Figure 2.14(d).
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(e) 1] (2 (h)

Figure 2.14. Equivalent configurations for different switching states.

By considering equations (2.18), (2.19), (2.20) and (2.21) eight switching states,
six active states and two zero states, can be defined and consequently eight voltage

vectors are obtained (V)...V) as shown in Figure 2.15.
In These figure note that V) = V/;, resulting in a finite set of only seven different
voltage vectors in the complex plane. Moreover, the corresponding output voltage is

given in table 2.2.
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Figure 2.15. Inverter possible output voltage vectors in the aff plane.

Table 2.2
Switching states and voltage vectors of VSI.
S. Sa S. Voltage vector V
0 0 0 v, =0
1 0 0 2
Vl = g Vd(f
1 1 0 1 3
V, ngdc +JTVdc
0 1 0 1 3
V3 :—ngC'l‘_]TV
O 1 1 V4 == def
0 0 1 | Na
V===V, — j——VJ
5 3 dc ] 3
1 0 1 1 3
Véngdu_]TVdu
1 1
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Once the 3PH-VSI model has been presented, the rest of the grid-side system
components are analyzed next: the inductive filter and the grid voltage model.

2.3.5. Grid Model

The grid voltage is modeled as an ideal three-phase balanced voltage. The three-
phase system can be modeled as three independent, but equivalent, single-phase
systems as depicted in Figure 2.16.

a Lg Rg
o— Y V¥ L |
+ +
4 4
Uan
@ Vao Usg @
- Vn() -
— > +
0 n

Figure 2.16. Simplified equivalent single-phase grid circuit (a phase).

Taking into account the definitions of variables from the circuit shown in Figure
2.16, the equations for grid current dynamics can be rewritten in the stationary a-f
reference frame as the following vector equation [17]:

dl,,
Uup =Ly =54 Ry Loy + Vg (2.27)

Where R, and L, are the equivalent series resistance and inductance of grid-side
filter, respectively. V4 is the voltage vector generated by the inverter, /,41s the grid
current vector, and U, is the grid voltage vector. Note that for simulation and expe-
rimental results, the grid voltage is assumed to be sinusoidal with constant ampli-
tude and constant frequency.

For wind energy applications, the power is normally delivered from the inverter
to the grid. The instantaneous active power exchanged with the grid (P,) is a scalar
product between the line grid voltages and currents instantaneous space vectors,
whereas the instantaneous reactive power (Qg) 1s a vector product between them,
and they can be expressed in complex form as:

P, = %Re{UgJ;}

g

(2.28)

O :_Im{U 4 (2.29)

where * denotes conjugate of the vector.
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After calculation in stationary af coordinates, instantaneous active and reactive
power can be calculated as [18]:

3
R=2(Ut. ) -

0, =§(Uﬁ1a—Uafﬁ) (2.31)

On the other hand, the instantaneous change of active and reactive power can be
derived from equations (2.32) and (2.33) as:

dp dU dr
—gzé(dU“Ia+Ua%+—ﬁ1ﬂ+ ﬁ—"”j

dt 2\ dr dt dr d (2.32)
=0 Py yTey, ey oy 2.
dzz(dt“dtﬂdtﬂ“dt (2.33)

Knowing that the mains voltage is sinusoidal and balanced, the components can
be given by the following expression:

U=U,+jU,=|U

e’ =|5| cos a)t+j|5| sinw ¢

(2.34)
where o is the angular frequency of the grid voltage in rad/s given by:
w=27xf (2.35)
And fis the frequency of the grid voltage in Hz.
Therefore, the following equation can be deduced form equation (2.34) as:
d(|Ucosar _
du, _ (M )=—4(4smm
dt dt (2.36)
du. d Ulsin ot _
)
dt dt (2.37)

To simplify, equations (2.36) and (2.37) become as:

dU, __ U,
dt (2.38)
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dU,
—=wU,
dt (2.39

Substituting equations (2.27), (2.38), and (2.39) into equations (2.32) and
(2.33), the power variations can thus be obtained as:

dP. 3 U,
at =2 Ol VU TR o U U =Uy TR
dt 2 L, 2.40)
d U
%=%|:0)Ua[a+fﬁ(l/[;—Ua—[aRg)+a)Uﬂ]ﬁ—%(Vﬂ—Uﬂ—]ﬂRg):|
! ‘ (2.41)
By considering equations (2.30) and (2.31), W =(UJ AUy )+ (UﬂV”’_U”’Vﬂ)’and
o =vz+u;
“ 7P equation (2.40) and (2.41) can be rewritten as:
dP. R o —
Lo Zep_wo +i(Re(U v )—‘Ur)
dt L, 2L, (2.42)
do, R 3 — —
e Y | +—Im(U 7 )
dt ¢ L < 2L, (2.43)

2.4. Control System Development

This section presents a control development for a DC/DC boost converter and a
three-phase voltage source inverter (3PH-VSI) using FS-MPC strategy. Two indi-
vidual FS-MPC control loops are developed due to the decoupled nature of the
DC/DC boost converter and 3PH-VSI. The control strategy minimizes cost func-
tions, which represent the desired behavior of the converters. At the machine-side,
the rectified (inductor) current error is minimized, while at the grid-side, the active
power and reactive power are directly controlled.

24.1. FS-MPC of DC/DC boost converter with Maximum Power
Extraction

2.4.2. Proposed MPPT control

A block diagram of the developed FS-MPC strategy for DC-DC boost converter
is depicted in Figure 2.17. Owing to the control of switch S, the maximum power of
the variable speed wind turbine is extracted and energy is transferred to the utility
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grid via three-phase voltage source inverter (3PH-VSI). The steps necessary for the
control algorithm are as follows:

1. The wind speed V, is measured.

2. The desired generator speed (w* = w, ) is calculated with the following eq-
uation:

* opt

w = w
R (2.44)
3. The error between reference and actual speed is fed into the PI controller to
set the reference torque generator (7,*). The reference torque generator can be ex-
pressed as:

T =(pr+&j(w*—a4)
S (2.45)

Where K,,, and Kj, are the proportional and integral gains for generator speed
control.

4. The reference torque (7,*) participates to calculate the reference rectified (in-
ductor) current (/;*) by measuring the rectified output voltage (V,), as indicated in
the following equation:

Vi (2.46)

5. The I, * obtained from equation (2.46), the actual rectified (inductor) current

11, and the converter voltages V;, and V, are defined as inputs of the digital FS-MPC

to obtain considerable information in one sampling period (7;) and to generate con-

trol pulses for the insulated gate bipolar transistor-based DC/DC boost converter for
operating the wind generator at the optimum speed.

Wind Diode DC/DC Boost Converter

t.l]rhine Rectlﬁer:..-....-.-....-....-.-....-....-.-....-....-.-....-....i-...i
() 12702 o B oy ¢

| Algorithme

Figure 2.17. DC/DC boost converter control for Maximum Power Point Tracking.



64  Finite-Set Model Predictive Decoupled Active and Reactive Power Control for Grid Connected Wind
Energy Systems

2.4.3. Design of the FS-MPC algorithm for DC/DC boost converter

The main characteristic of FS-MPC strategy of converters is the use of the con-
verter model to predict the behavior of the controlled variables in the following
sampling instants. To predict the future behavior of the system variables, the dis-
crete-time model of the DC/DC boost converter should be developed. For simplici-
ty, the forward Euler method is used here.

The discrete-time model of the DC/DC boost converter is used to derive equa-
tion (2.13) and (2.14), considering the sampling period T, when the switch is turned
“off” or “on” the predicted control variables is given by equation (2.47) and (2.48),
respectively.

i (kD) =i, ()42 (v, (6, (K)
L (2.47)

i, (k1) = i, (k) + v, (k)
L (2.48)

The prediction of the controlled variable /; can be realized for the next sampling
interval (z; + 1) with the aim to have control schemes simultaneously in the present
and in the future. Measured values of /;, V;, and V, are considered as inputs for the
FS-MPC algorithm. The estimation of the future behavior of the controlled va-
riables is performed on the basis of the evaluation of a cost function.

The determination of cost function type is a very important factor in FS-MPC
algorithm because it represents the optimized difference between the controlled and
the desired values of the variables.

In our studied case the cost function for the DC/DC boost converter is given by
the following equation:

J=|i, (k+1)~1ij | (2.49)

The cost function assures the tracking of the rectified (inductor) current /; from
the reference current /; * provided by the MPPT algorithm. For each sampling step
the cost function is evaluated twice for each switching state.

Evaluation of cost function for different switching states determines the control
actions for the next time instant. Figure 2.18 illustrates the FS-MPC process for the
MPPT control of DC/DC boost converter.

The dotted line corresponds to the MPPT output, which defines the desired cur-
rent /. *. At the sampling time #; the FS-MPC algorithm must decide between ) and
S; on the basis of having a minimized error thanks to the used cost function J.

The control actions taken by this technique are shown in black line while the
other choices are inactive. All steps of the proposed FS-MPC algorithm are pre-
sented in Figure 2.19.



Finite-Set Model Predictive Decoupled Active and Reactive Power Control for Grid Connected Wind
Energy Systems 65

I; 4

S

So

« Is—»
»Time

0 tr i1 lit2 lirs lirq

Figure 2.18. Finite state MPC process.
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Figure 2.19. Flow chart of FS-MPC.

2.4.4. FS-MPC for direct Power Control of 3PH-VSI

The grid power factor can be unity, leading, or lagging, as shown in Figure
2.20. It is often required by the grid operator that a wind energy system provide a
controllable reactive power to the grid support the grid voltage in addition to the ac-
tive power production. Therefore, a wind energy system can operate with the power
factor angle in the range of n/2 < ¢ < 37/2.
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Figure 2.20. Phasor diagram and of power factor (PF).

Various schemes of control systems for the grid-tied inverter were proposed
[19, 20]. Presented stable systems are based on independent control of the grid ac-
tive and reactive power. Here, to design the structure of the control system a simpler
FS-MPC scheme is developed.

Such strategy makes it possible to directly control the active and reactive power
of the whole system without inner control loops. In order to independently control
the grid power components (P, and Q,), the behavior of the grid active and reactive
power should be predicted.

By using the utility grid model, and considering the instantaneous power theory,
it is possible to predict the behavior of the grid active and reactive power at the out-
put of the 3PH-VSI. So, prediction equations for the both powers can be defined by
discretising equations (2.42) and (2.43). Hence, the discrete-time model of the grid

power components is as follows:
* —2
Uy )—M )}fz,(k)

Pk+1)=T —ﬁp(k)—wg(k)+i(Re(
£ L 2L

g g

(2.50)

0,(k+)=T {wP(k)— 0+ 1m( UV | }Q ® s
g g
where Ts is the time length of sampling period.
However, it can be seen that the prediction based on power derivatives using
equations (2.50) and (2.51) are very complicated, making it not easy to implementa-
tion. Here, a simpler prediction scheme is developed.
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The discrete-time model of equation (2.27) can be expressed as:

Lyp k4D =T (Ung(B) =Voy (0) = Ly (IR, )/ L+ Log(B) ) )

Assuming the constant grid voltage during the sampling period, P,(k+1/) and
Qg(k+1) can then be calculated by substituting equation (2.52) into equations (2.30)
and (2.31).

This prediction scheme is more straightforward than equations (2.50) and (2.51)
where power derivatives are used, thus reducing the computational burden.

This is quite useful because calculating the cost function can be very time con-
suming for a hardware processor, especially if several constraints are included in the
cost function while high sampling frequency is required.

After the power is predicted, the next step is to evaluate the effects of each vol-
tage vector on the active and reactive powers and to select the one which produces
the least power ripple according to a specific cost function.

For this command, the control objectives are chosen as the DC-link voltage and
the power factor of the AC grid, which can be regulated by controlling the active
power P, and reactive power Q,, respectively.

Therefore, the cost function for three-phase voltage source inverter (3PH-VSI)
can be defined as follows:

R R A X )

The block diagram of grid-side inverter control system that’s the FS-MPC ap-
proach performs a direct control of the active and the reactive power for the possi-
ble switching combinations is depicted in Figure 2.21.

The powers are controlled directly without any inner loops. The DC-link vol-
tage V, is regulated by means of a proportional-integral (PI) controller whose output
is the active power delivered to the grid.

The grid reference power can be computed from Equation. (2.54) as:

K?
Br= (V)| K]+ (2.54)

Where:
K, 1s the DC-link voltage controller proportional gain [W/V];
K, is the DC-link voltage controller integral gain [W/Vs];
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There are additional blocks in the control system: the variables transformations,
calculations, and powers estimation. As a result, stable, fast, and decoupled control
of both powers.

Grid-tied Inverter

Rectifier

Generator
L< Qg—P
_l Vap Cost
Function
—“ylabc » Model Based it 2% (27)
Ug af Uap| Power Prediction Qe 2
_> L

*

v PI P,
% Controller

Vo

Figure 2.21. Basic principle of the proposed FS-MPC direct power control
strategy for delivered power to the grid.

Once again, as explained previously, one-step delay influence needs to be elim-
inated. Here, a two-step prediction is employed to eliminate the influence of one-
step delay.

2.4.5. Delay compensation

To compensate the delay associated with the digital implementation, the error
between the reference and the predicted value at (#,+2) is considered, as discussed
in section 2.7. Thus, the predictive algorithms minimize the error at (z+2) and ap-
ply the optimum switching state at (z+2) .

However, it can be seen that the power prediction using equation (2.50) and
(2.51) are very complicated, which makes difficult implementation.



Finite-Set Model Predictive Decoupled Active and Reactive Power Control for Grid Connected Wind
Energy Systems 69

To overcome this issue a simple prediction scheme using linear extrapolations is
used [21, 22]. To visualize this prediction theory, Figure 2.22 depicts an example of
the active power trajectory and the switching position with 2-step prediction.

P (W)A
PORENY e
0T I i
L o | 5
20 e
i N
t tir tiro tn

Time (sampling instant)

Figure 2.22. Active power trajectories and switching position with N-step
prediction.

Since the predicted active and reactive power Po(K+1) and Q,(k+1) they can be
simply extrapolated to the (z,+2) state as follows:

P, (k+2)=2F (k+1)—F,(k) (2.55)

Q,(k+2)=20, (k+1)-0, (k) (2.56)

Hence, the cost function in equation (2.53) should be modified and presented in
the new form as follows:

J:\/((Pg *—Pg(k+2))2 - (0, *—Qg(k+2))2) (2.55)

2.5. Simulation Results and Discussion

Simulations are conducted with MATLAB 7.1 software to confirm the effec-
tiveness of the proposed FS-MPC strategy. The particular parameters of the system
are given in the Table 2.3.
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Table 2.3
Wind Energy System Parameters.

Parameter Value  Units
Rated output power of PMSG (Py) 5 Kw
Rated torque (7y) 22.5 Nm
PMSG stator resistance (R; ) 0.65 Q
PMSG stator inductance (L) 8 mH
Permanent magnet flux (%) 0.39 Wb
Pole pairs (P) 4 -
Torque constant (k7) 2.39 Nm/A
Wind turbine blade length (R) 1.02 m
Air density (p) 1225  kg/m’
Optimal tip speed ratio (Aop) 8.08 -
Maximum power coefficient (C, yqx) 0.48 -

The simulation of the wind speed profile corresponding to the used turbine is
shown in Figure 2.23(a). Figure 2.23(b) show that the power coefficient C, is ad-
justed to its reference, which indicate that the captured power is maximal.

Figure 2.23(c) shows the control performance of the rectified current. As de-
picted, the control performance of the FS-MPC algorithm is good under wind fluc-
tuations. Figure 2.23(d) shows a good following of the rotor speed to the reference
speed which controlled by the generator torque shown in Figure 2.23(e).

Figure 2.23(f) shows the DC-link voltage, which is kept constant at approx-
imately 300V. It is observed that the grid current is almost sinusoidal that improves
the performances of the grid-side converter (Figures 2.23(g)).
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Figure 2.23. Simulation results of system for wind speed variation.

2.5.1. Simulation Results and Discussion

This section compares the simulation results of the PMSG wind turbine using
the proposed FS-MPC control scheme with that of the same wind turbine using the
traditional PI controller.The wind speed profile shown in Figure 2.24(a) is used to
test the proposed FS-MPC strategy and conventional PI controller. We compare
power coefficient C, in Figure 2.24(b). Figure 2.24(b) depicts that with the pro-
posed FS-MPC method, C, only varies in a narrow range, 0.40 < Cp < 0.48. By con-
trast, with the traditional PI controller, C, varies in a wide range. As shown in Fig-
ure 2.24(c), the optimum generator power tracking error can be maintained within
5% by using the proposed FS-MPC strategy, whereas this tracking error commonly
exceeds 15% when the conventional PI controller is used, and thus is completely



72  Finite-Set Model Predictive Decoupled Active and Reactive Power Control for Grid Connected Wind
Energy Systems

unacceptable. Generally because the power coefficient C,, with the conventional PI
controller, is reduced significantly during sudden variations in wind speed.

These comparative simulation results demonstrate that the proposed FS-MPC
strategy is superior to the conventional PI control method in terms of optimum ge-
nerator power tracking control and maximum power extraction. As shown in Figure
2.24(d), rotor speed can be accurately controlled to adapt to the wind speed varia-
tions, and the speed tracking error can be kept within 5% by using the proposed FS-
MPC strategy. On the contrary, the speed tracking error exceeds 10% when the
conventional PI controller is used. Thus, the proposed FS-MPC strategy achieves
better optimum rotor speed tracking control than the conventional PI controller.
Figure 2.24(e) indicates that a higher mechanical energy part is stored in its me-
chanical system to accelerate the rotor speed by the proposed FS-MPC strategy than
that by the traditional PI controller. This result affirms the improved efficiency of
the proposed FS-MPC strategy.
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Figure 2.24. Comparison of the proposed FS-MPC method and traditional PI
control method.

2.6. Experimental Results and Discussion

An experimental platform of wind energy system connected to the grid is devel-
oped in the LAS laboratory as shown in Figure 2.25 to verify the performance of the
developed FS-MPC technique. The first machine is a DC-motor controlled in torque
producing mode, in which the torque reference changes along with the rotor speed.
A preset table is created between the reference torque and speed depending on the
power characteristic of the wind turbine, in which the mechanical torque is changed
by wind velocity and generator speed.

Current Sensor

DS1104 Speed Sensor

Host PC
|

Figure 2.25. Prototype of direct-driven wind energy system.

Figure 2.26 shows the global schema of the studied system connected to the
grid, examined, and evaluated in real-time when the generator speeds up and the
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speed of the PMSG i1s governed by the control device of the machine-side converter.
The real-time implementation of the developed FS-MPC techniques requires
dSPACE 1104 cards and a complex programmable logic device. The DS1104 con-
troller must guarantee the three main tasks, namely, (i) provide the torque reference
from the wind turbine emulator, (ii) extract and exploit the maximum power from
the wind (ii1), and feed the grid with good quality of electric energy. The controller
performance is evaluated in both the machine- and grid-side converter. The ob-
tained results are presented in dynamic conditions for the variations in wind speed
and steady state for reference active and reactive power.

FILTER:@E D

! Capti
> DS 11|04 4—5 —>Me2rs)ulroer;nent
l T : l '| == Control
REC HCOWVA-— .TCONV3 |
x G i JG

____________________________________________

Figure 2.26. Schematic diagram of the experimental platform.

2.6.1. Test Results under Transient State

Figures 2.27(a)-(j) show several experimental results presented using the Con-
trol Desk software. The wind speed is shown in Figure 2.27(a). Figure 2.27(b)
shows that the rotor speed of the PMSG can track the tendency of the optimal refer-
ence speed very well and regulate the turbine torque to extract maximum power
from the wind generator. The power coefficient C, is usually near to the optimal
value of C, ;= 0.48 despite the high rotational turbulence as shown in Figure
2.27(c). Figure 2.27(d) presents the control performance of the rectified (inductor)
current. As depicted, the control performance of the proposed FS-MPC algorithm is
very good under wind variations. Figure 2.27(e) shows the change in electromagnet-
ic torque, we can remark that its value increases as the wind speed increases. The
turbine mechanical input power is illustrated in Figure 2.27(f). Typically, the me-
chanical power is oscillated due to wind speed variations. The DC-link voltage is
controlled at its reference with good precision during the wind variations, as shown
in Figure 2.27(g). The grid current controlled by the proposed FS-MPC algorithm is
displayed in Figure 2.27(h). The grid current can reach the steady state within one
cycle, which illustrates that the proposed method has good dynamic performance.
The grid current is in phase with the main voltage, as depicted in Figure 2.27(i).
Figure 2.27(j) indicates that good tracking performances are achieved in terms of
grid active and reactive power with respect to wind speed variations.
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Figure 2.27. Experimental results of system for wind speed variation.
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2.6.2. Test Results under Steady-State Condition

The characteristic waveforms of the grid-interfaced wind energy system under
steady-state condition, where the wind speed is assumed to be constant, are shown
in Figures 2.28(a) to 2.28(d). It is clearly seen from Figure 2.28(a) that the total
harmonic distortion (THD;) of the injected current is less than 5% in the entire
three-phase, limit imposed by the IEEE-519 norm. Figure 2.28(b) shows the meas-
ured results of the power factor (PF) of the system versus grid connected power. It
is obvious that the power factor (PF) is very close to the unity where it presents a
value of 0.974, and can satisfy the PF demand in industrial applications. Figure
2.28(c) illustrates the three-phase grid currents of sinusoidal waveforms. Also, it
can be clearly remarked that the three-phase currents are symmetric and strictly fol-
low their corresponding phase voltages. The DC link voltage (V,) is maintained
close to its references with good precision and stability. The injected current is in
phase with the main voltage, as depicted in Figure 2.28(d).
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Figure 2.27. Experimental steady-state waveforms of proposed FS-MPC direct
power control (DPC): (a) THD:1 of grid currents. (b) Measured power factor. (¢)
Grid phase voltage and current. (d) Grid phase voltage, grid currents and DC-link
voltage.
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The experimental results in steady state for unity, lagging, and leading power
factor operation with corresponding grid reactive power are illustrated in Figures
2.29(a) to 2.29(c¢), respectively.

It is clearly seen in this representation that the grid voltage and current for the
two cases of the system function.

The first operating with a unity power factor (Figure 2.29(a)) and the second
one with a lagging and leading PF (Figures 2.29(b) and 2.29(c)) are in phase for the
first case and phase shifted for the second case. In addition, the reactive power
reacts correctly in both tests.

In order to test and evaluate the ability of the proposed system to control the
reactive power that is governed for unity, lagging, and leading PF functions at the
grid-side is tested and evaluated with the conservation of active power constant, as
presented in Figure 2.29(d), it shows the capability of controlling the reactive power
of the proposed wind energy system. The steady-state (SS) analysis has been carried
out and summarized in Table. 2.4.

Table 2.4
Steady-state analysis with experimental results.

Case P*(W) Q*(VAR) eP% eQ% eVdc% THDi % fsw(Hz)

SS1 1200 0 385 173 0.63 4.93 885
SS2 850 0 336 1.26 0.75 4.70 926
SS3 1200 700 556  1.07 0.35 5.30 753
SS4 1200 -700 585  1.15 0.47 4.88 992
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Figure 2.29. Experimental steady-state waveforms of proposed FS-MPC direct
power control (DPC): (a) Grid phase voltage, grid current and reactive power for
unity power factor case (b) Grid phase voltage, grid current and reactive power for
leg power factor case. (c¢) Grid phase voltage, grid current and reactive power for
lead power factor case (d) Step change in 0, while P,=Constant.

2.7. Conclusions

In this Chapter, a simple and intuitive approach that uses the FS-MPC strate-
gy was developed for a grid connected PMSG-based wind energy system. For full
use of wind energy, the developed control method ensures the decoupling of active
and reactive power for the grid-side converter and guarantees maximum power
point tracking (MPPT) for the machine-side converter. The operating principle of
FS-MPC strategy is presented for ideal and implementation cases. The cost function
flexibility and potentiality in achieving different control and technical requirements
is discussed. The issues and challenges related to the FS-MPC strategy, such as the
computational burden, development of control algorithm, delay compensation, and
extrapolation of reference variables is discussed in detail. After literature studies,
two FS-MPC strategies were chosen: FS-MPC with MPPT control algorithm for the
machine-side DC/DC boost converter, and FS-MPC with direct power control for
the grid-side inverter. The wind turbine requirements, such as MPPT and active and
reactive power generation, are modeled as the reference control variables. The ma-
chine- and grid-side cost functions are defined to deal with these control objectives.
During each sampling interval, the control goals are achieved based on minimiza-
tion of cost functions. The efficiency of the system has been evaluated through si-
mulation and experimental tests. The results showed fast, accurate, and effective
responses in dynamic and steady-state operating conditions, and the analysis pre-
sented in this Chapter favors the FS-MPC strategy as the next generation control
tool to achieve high performance operation for the wind energy systems.
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Chapter 3 A Novel Predictive Controller
Designs and High Efficiency
Power Conditioning Topology
for Maximum Power Extraction
in Grid Connected Wind Energy
Systems

Abstract

This Chapter suggests a high gain and high efficiency power conditioning to-
pology for grid connected wind energy systems based on permanent magnet syn-
chronous generator (PMSG). The proposed configuration combines the advantag-
es of proven wind turbine technologies, such as efficient machine-side converter,
and low cost grid-side inverter. Two fixed frequency model predictive controllers
(MPCs) are introduced to control the complete wind generation system. The first
one, is a hill climb searching (HCS) algorithm utilizes MPC for controlling the
DC/DC switched inductor boost converter (SIBC) and maximize the energy harv-
est. The second one, is a robust predictive current controller (PCC) is designed for
controlling the single-phase full bridge inverter, improve the power quality, and
achieves a sinusoidal current into the grid with low distortion.

The major tasks being carried out in this Chapter are summarized as follows:
* Continuous- and discrete-time modeling of the complete wind energy sys-

tem including a DC/DC switched inductor boost converter (SIBC) and
single-phase full bridge inverter are presented;

* Independent predictive control loops are presented for the SIBC and sin-
gle-phase full bridge inverter;

» The average semiconductor device switching frequencies are fixed at 10
kHz for the SIBC and single-phase full bridge inverter.

» Feasibility of the proposed converters and control scheme is verified
through MATLAB simulations and dSPACE DS1104-based experiments
on a 3 kW wind energy conversion system prototype.
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3.1. Introduction

The low conversion efficiency of wind turbines is an obstacle to the growth of
wind energy systems. MPPT ensures that the maximum available wind energy is
harnessed from the wind turbines. Many MPPT methods have been suggested
over the past few decades; the relative merits of these various approaches are dis-
cussed in [1, 2]. The critical operating regime in wind energy systems is low wind
velocity. Capturing all of the available wind power during low wind speed pe-
riods can substantially improve the system performance. An effective MPPT con-
troller and converter can use available energy to significantly reduce the amount
of installed wind energy systems. Considering the MPPT techniques listed in [1],
candidate techniques include P&O [3, 4] and hill climb searching (HCS) algo-
rithms [5]. Each approach has certain advantages and disadvantages for the
present application. Hill climb searching (HCS) algorithm is a well-known tech-
nique with relatively good performance [6]; however, HCS algorithm cannot al-
ways converge to the true maximum power point (MPP). Also, HCS algorithm is
relatively slow, which limits its ability to track transient environmental condi-
tions.

The main contribution of this Chapter is to improve the HCS algorithm per-
formance by predicting the error two-steps ahead in horizon of time through the
MPC technique. The proposed method consists of two-stage. The first stage is a
HCS algorithm used to generate the necessary reference current that achieves the
maximum power point (MPP). The model predictive control (MPC) constructs
the second stage. It is based on the optimization of the cost function that deter-
mines the switching action for the SBIC switch. Adding MPC improves the per-
formance of the MPPT control and gives faster response and better operation in
case of fast environmental changes without requiring expensive sensing and
communications equipment. The SIBC is chosen as a DC/DC boosting stage con-
verter. It is controlled using two-steps MPC-MPPT algorithm. The main advan-
tages of the SIBC are high boosting gain, lower switching losses. With this topol-
ogy, the 50 V DC-input voltage can be boosted to 600 V with 12 DC/DC
conversion gain ratio and efficiency reaches approximately to 92.5%. These sur-
veys show that SIBC topologies are more efficient, lighter, less bulky and less
costly than the conventional DC/DC boost converters.

In the wind energy systems grid-connected inverters are required to help con-
vert the DC power to AC power in a single conversion stage [7, 8]. Numerous in-
verter circuits can be used for wind power conditioning system (PCS) [9]. For
small scale distributed renewable energy generation systems, single-phase utility
interactive inverters are of particular interest [10]. This type of application nor-
mally requires a power level lower than 5 kW [11]. The Single-phase full bridge
inverter is widely used in the conventional low power applications. It is simple to
control, easily integrated and reliable. These inverters commutate at high frequen-
cies and thus eliminate the low frequencies harmonics, smaller filters are used and
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the cost and the physical size are reduced. Moreover, the power factor created by
these types of inverters could be controlled and the losses on the grid-side are thus
reduced. Based on that, the single-phase full bridge inverter has been identified as
the best topology for transformerless single-phase grid connected wind energy
systems. Consequently, the performance of the inverters connected to the grid de-
pends largely on the control strategy applied. A suitable control of these inverters
1s needed to get an efficient energy transfer and to ensure the corresponding AC
level in the utility grid. So, many methods for the current control of grid con-
nected single-phase inverters have been developed. These methods include the
use of the proportional integral (PI) controller [12], proportional resonant (PR)
controller [13], repetitive based controller [14], deadbeat controller [15], hystere-
sis controller [16], and predictive controller [17]. Although, the latter has the ad-
vantage of outstanding current regulation, higher power factor, lower current
harmonic distortions and fast dynamic response during the transient conditions,
but demands more computing resources and requires a good knowledge of system
parameters. Thanks to the availability of powerful, low cost digital signal proces-
sors (DSP), the implementation of predictive strategies as digital controllers has
been of particular interests in recent studies. In [18, 19], the digital predictive cur-
rent controllers for single-phase and three-phase voltage source inverters (VSI)
are proposed. The laboratory test studies have shown that the inverter controlled
by this traditional predictive current algorithm has a poor performance under in-
verter component parameter variations. Aiming at overcoming these disadvantag-
es of traditional predictive controller, an improved predictive current controller
(IPCC) has been developed by the authors for single-phase full bridge grid con-
nected inverters and has been verified through simulation studies and experimen-
tal tests.

The organization of this Chapter is as follows: the system structure is de-
scribed in Section 2. Then, the analyses of the switched inductor boost converter
(SIBC) are presented in Section 3, Followed by, the control scheme development
in Section 4. Comprehensive simulation and real-time implementation have been
investigated in detail in Section 5 and 6, respectively. In section 7, some conclu-
sions are drawn.

3.2. System Topology Structure

The circuit configuration of the proposed wind energy system is depicted in
Figure 3.1. The system consists of two stages.

The first stage is a high-gain switched inductor with voltage multiplication
boost converter to provide high-gain, high-efficiency and also the DC source re-
quired by the single-phase voltage source inverter.

The second stage is a single-phase full bridge inverter is used to inject a sinu-
soidal current into the grid with low harmonic distortion as possible.
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The switched inductor consists of two inductors and three diodes with the
shown arrangement in Figure 3.1. This arrangement enables the two inductors to
be charged in parallel during the On-state, and discharged in series manners dur-
ing the Off-state.

The boost converter switch S1 is designed to operate at high frequency to de-
crease the inductor values and the overall system size.

The single-phase full bridge inverter is composed of switches S2—SS5. It has
the advantage of operating at high frequency.

This reduces the volume and cost, and thus the system overall efficiency can
be improved too.

('Onl
» Switched inductor boost converter

Wind L, L
velocity A D, B
Bt D,
D;
Permaent magnet Si } L Ty
Synchronous il S O S 1 Veria
generator

Figure 3.1. Configuration of proposed wind energy system.

3.3. Analyses of the Switched Inductor Boost Converter
(SIBC)

The SIBC topology [20] and its operational modes are shown in Figures
3.2(a—c). It is very similar to the conventional DC/DC boost converter.

It has also two modes of operations based on the inductor current operation:
store or release energy.
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Figure 3.2. SIBC circuit and its operational modes; a) SIBC circuit, b) Circuit
during mode 1 operation, c) Circuit during mode 2 operation.

The arrangement of diodes and inductors of the switched inductor enables the
two inductors to store energy in parallel, whereas the two branches of the inductor
release energy in a series manner. Thus the instantaneous values of the two
branches of the inductor currents /;; and I, are equal; I, ,(¢) = I;(¢) = I.(¢). Also,
to simplify this analysis, the SIBC will be discussed assuming a simple resistive
load R is connected across its terminal instead. SIBC modes of operations are ex-
plained as:

Mode 1: Occurs when the switch S1 is “ON”, this causes diodes D; and Dj; to
be turned “ON” and diodes D, and D, to be turned “OFF”. Thus the two branches
of inductors are charging in parallel. Figure 3.2(b) shows the proposed converter
circuit of mode 1. Let the inductor internal resistance to be R;, diode voltage drop
V, and switch internal MOSFET on-resistance to be Ron. The inductor voltage
V;(¢), capacitor current /.,(¢), and the input current /;,(¢), in this mode are given by
the following equations:

VO=V,0-2,0OR, -V, ~1,OR,

(3.1)
V@)

L, (t)=—2"

() - 52)

1, (0)=21,(t) (3.3)

where V,,(1), V,(¢) and R are the input voltage, output voltage of the SIBC and
the resistor that represents the load connected across the SIBC, respectively.

Mode 2: Occurs when the switch S; is “OFF”, this causes diodes D; and D; to
be turned “OFF” and diodes D, and D, to be turned “ON” and thus the two
branches of the inductor discharge in series. Figure 3.2(c) shows the proposed
converter circuit of mode 2. Similarly, the inductor voltage, the capacitor current
and the input current in this mode are given by the following equations:
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V.(O=05,(0)=2V,=2I, (DR, V(1))

(3.4)
L(0)=1,0)- Vf) s
1,O=1,0) 56

Then, applying inductor volt second balance and capacitor charge balance
[21], equations (3.1)—(3.6) yield the following equations for the proposed conver-
ter model:

(V@) =, ©-21,0R, =V, ~L,OR |+{1-d@[ 057,027, 2L, O V,0)] 3 7,

(L.0), =d(t)[—V"—(t)j+(1—d(r))(lL - V"(t)J
§ K (3.8)
(L,@®), =(1+d(®))1,2) 59

From the DC analyses, the DC operating point of the proposed converter with
a constant duty ratio d= D can be determined by equating the right-hand sides of
equations (3.7) and (3.8) to zero and solving the two resulting algebraic equations
for /; and Vo, resulting in:

[L(t):L
R(1-D) (3.10)
b R(1-D)[0.5(1+ D)V, —V,]
°" R, +2R,D+0.5R(1—- D)’ G.11)

Then, the voltage boosting gain of the proposed converter is found as:

_V, _RA-D)[(1+D)-2V,/V,]
V. 2R +4R D+R(1-D)

in

G

(3.12)

The DC component of the input current is obtained from equations (3.9) to
(3.11) as:
1+ D)|(1+ D)V, =V
[m=(1+D)E: ( )[( ) in d]2
R R +2R D+0.5R(1-D)

(3.13)
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Also, the input power of the system P;, which represents the wind extracted
power P,,;,, 1s derived as:

pop - (1+D)[0.50+ DYV, -V, ]
mo v TR 2R D+0.5R(1- D)

(3.14)

From equations (3.10) to (3.14), the efficiency of the DC-DC SIBC is calcu-
lated as follows:
VIR _ oV, _ (=D

— G—=2
Msime =77 Rl (1+ D)

in"in in

(3.15)

To study the performances of the SIBC, the aforementioned derived analysis
has been used advantageously. The effect of the SIBC circuit parameters has been
considered for the converter boosting gain and its efficiency. The used parameters
in this test are V;,= 30V, R; = 0.012, R,, = 0.012, R =200, and V,=1.5V.

Figure 3.3 shows a comparison between the gain of the SIBC and convention-
al DC/DC boost converter in ideal case. This figure shows that, the gain of the
SIBC is theoretically higher than the conventional DC/DC boost converter by a
factor of (1+D).

25 : : : :
----- Boost converter| |
e Y o F |
c 18 T S S 1
8 | | | |
10 f
5'""'"""""""'""'"""""""""""""" """"15"';'6. """" T
D : ..-.-quuuilll"";"" i
0 0.2 04 0.6 0.8 1
Duty cycle

Figure 3.3. Comparison between the proposed SIBC and the conventional
DC/DC boost converter boosting gain ratio.

Applying the practical conditions of the circuit parameters, Figures 3.4(a) and
3.4(b) gives the gain and the efficiency of the SIBC against duty cycle for various
values of input voltages, respectively. The first observation yield from these two
curves is that, the converter enters the unstable region beyond duty cycle 0.9.
Therefore it should keep the duty cycle below 0.9. The effect of changing the in-
put voltage on the gain is small because as the input voltage increases results in
slight increase on the gain for the same duty cycle as shown in Figure 3.4(a). On
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the other hand, the effect of changing the input voltage on the SIBC efficiency is
very noticeably. As the input voltage decreases, it results in deterioration of the
converter efficiency as shown in Figure 3.4(b). It can be concluded that, the used
input voltage for this converter should not be less than 20V to obtain an accepta-
ble efficiency.

25

ool —Vin=10V i N
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10 ______________________________________________________________________
R NSO S e o] SN SRS S | —Vin=50v ..
: : = - ’ ’ || ===Vin100v
[ = - F 0 I i i I
0 02 04 . 0 02 04 06 08 1
Duty cycle Duty cycle
(a) (b)

Figure 3.4. Performances of the SIBC gain and efficiency, a) Effect of the in-
put voltage on the SIBC gain, b) Efficiency of the SIBC for various values of in-
put voltage.

Figures 3.5(a) and 3.5(b) illustrate the gain and the efficiency of the SIBC
against duty cycle for various values of switch on-resistance, respectively. Figures
3.5(a) and 3.5(b) reveal that, the effect of the switch on-resistance on both the
converter gain and also the efficiency is very trivial especially for low values of
duty cycle (below 0.6). However, the converter efficiency starts to deteriorate as
the duty cycle becomes closer to 0.8. Therefore it limits the upper limit for the du-
ty cycle operation.
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Figure 3.5. Performances of the SIBC gain and efficiency, a) Gain of the SIBC
for various values of switch on-resistance, b) Efficiency of the SIBC for various
values of switch on-resistance
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The calculated efficiency of equation (3.15) has been plotted against the out-
put power for various values of input voltage as shown in Figure 3.6. The main
observation is that, as the input voltage increases, the converter efficiency is im-
proved for the same output power. It is worth to note that for input voltage less
than 50V, the converter efficiency decreases vary rapidly lower than 90% which
means the converter is economically failed.
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Figure 3.6. Efficiency of the SIBC against input power for various values of
input voltage.

3.3.1. Design details

The SIBC is performed by controlling the amplitude of the inductor current
and this in turns is done through the modulation function of switching pulses as
shown in Figure 3.7.

When the switch S1 is turned “ON”, V;, is the voltage across the inductor, and
when the switch is turned “Off”, (V,-V;,)/2 is the voltage across the inductor.

s

O ?
V" e DT " X
: ) : >
'e P = (Vo\'l,Vin)/ 2 Tlme%
v

Figure 3.7. Voltage across inductor.

Applying volt-sec balance theorem:
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VmDn(%ja_D):o

(3.16)
Voltage induced in an inductor is given by:
dl
L—*L=V,
dt (3.17)

By considering Figure 3.7 and equation (3.17), voltage across the inductor
during On-state can be written as:

L (AIL )On — V
Lon (3.18)
From equation (3.18), #,, can be written as:

¢ — L(AIL)On
Vi (3.19)

Similarly, voltage across the inductor during Off-state can be written as:

; BWop Vo=V,

in

oy 2 (3.20)
From equation (3.20), ¢, can be written as:
_ 2L(AL),,
v, (3.21)
The total time period (7) can be written as:
T =t,,+ly (3.22)

From equations (319), (3.21) and equation (3.22):

_LAL)o, | 2L(AL) oy

T
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(AIL)On = (AIL)Oﬁ :AIL

(3.24)
From equations (3.23) and (3.24):
Vm(Vo _Vm) (3.25)
From equations (3.16) and (3.25):
Al, = 2V, D
Lf, (3.26)

where f;=1/T is the switching frequency of the SIBC circuit. The inductor cur-
rent /; can be written as:

Al
[, =—=*
2 (3.27)
From equations (3.26) and (3.27):
;=Y
Lf, (3.28)
Considering converter to be ideal:
2
I/[n]L =—2
R (3.29)
From equations (3.28) and (3.29):
VuD _V,)
Lf, R (3.30)

From equations (3.30) and (3.16) critical inductance of converter can be ob-

tained as:
2
-D
L:@:(l_J
fo \1+D (3.31)

The decoupling capacitance C, controls the double line frequency over the
wind power conditioning stage.



92 A Novel Predictive Controller Designs and High Efficiency Power Conditioning Topology for Maxi-
mum Power Extraction in Grid Connected Wind Energy Systems

Therefore to assure a low voltage ripple, a designed decoupling capacitor is
selected as:

P
P 2mfV,AV (3.32)

where f, is the double line frequency, P is the system power (equals P,,;,; with
ignoring losses), and 4V is the allowed voltage ripple.

3.4. Control System
3.4.1. Improved MPPT Control Scheme

In this section a maximum power tracker controller by using model predictive
control (MPC) will be presented for the SIBC in order to operate the wind turbine
at the optimal power point until wind changes.

In general hill climb searching (HCS) control method has a simple feedback
structure and fewer measured parameters like voltage and current sensor.

It operates on the principle that the slope of the power curve is zero at the
MPP, positive to the left of the MPP, and negative to the right.

Therefore individual signs of the input current and input voltage increments
are determined to get information about power change and the last search direc-
tion, respectively.

In this manner, the peak power tracker continuously seeks the peak power
condition and hence the corresponding current can be calculated. The Possible
conditions and the flowchart for HCS-MPPT algorithm is shown in Figures 3.8
and 3.9, respectively.

When the steady state is reached, the HCS algorithm oscillates around the
peak power point. In order to keep the power variation to be small, the perturba-
tion size is kept very small amount, which limits its ability to track transient con-
ditions during changes in wind velocity and decreasing the efficiency of the sys-
tem.

Based on the above, the main goal to using the MPC technique in HCS-MPPT
algorithm is to increase the response of the control of MPPT on the wind energy
systems when there is abrupt change in the environmental conditions such as
wind speed and direction, because predictions of the future values of the system
variables gives the advantages of fast reference tracking.

The proposed algorithm is developed in such a manner that it sets a reference
current corresponding to the peak power of the wind turbine by predicting the er-
ror at next sampling time before applying the switching signal to the SIBC.
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Figure 3.8. Possible conditions for HCS-MPPT algorithm.
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3.4.2. Principle of Fixed Frequency Model Predictive Control

The main characteristic of MPC is predicting the future behavior of the de-
sired control variables [22] until a specific time in horizon.

The predicted control variables will be used to obtain the optimal switching
state by minimizing a cost function. The discrete-time model of the control va-
riables will be used for prediction which can be presented as state-space model as
follow [23]:

x(k+1) = Ax(k)+ Bu(k)

y(k) = Cx(k) + Du(k) (3.33)

Then a cost function that takes into consideration the future states, references
and future actuations can be defined as [23]:

The defined cost function “g” should be minimized for a predefined horizon

in time “N”’; the result is a sequence of “N’’ optimal actuations will be determined
where the controller only applies the first element of sequence:

u(b)=[1 0 .. O]argmuing (3.35)

At each sampling time the optimization problem is solved again by using new
set of measured data to obtain a new sequence of optimal actuation. The MPC
principle of working is illustrated graphically in Figure 3.10. As it is shown that
by using the measured information and system model until time (#), the future
value of the system state is predicted until time (#+n) in horizon. Then, the op-
timal actuation is calculated by optimizing the cost function (g).

A
Past event Predicted behavior
Reference
u(k+2)
u(k)
u(k+1
u(k-1) (k*1)
u(k-2)
1 1 1 | | >
ti 1 I ti+g litDeeecenes ti+n Time

Figure 3.10. MPC principle of working.
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The MPC for power electronics converters can be designed using the follow-
ing steps [22]:
* Determination of power converter model which specify the input-
output relation of the voltages and currents.
* Determination of discrete-time model of the control variables for pre-
dicting their future behavior.
* Designing the cost function, subject to minimization, which demon-
strates the preferred behavior of the power converter.

The general scheme of MPC for power electronics converters is illustrated in
Figure 3.11. In this scheme, measured variables, x(k), are used in the model to
calculate predictions, ’E(/”'l), of the controlled variables for each one of the n
possible actuations, that is, switching states, voltages, or currents. Then these pre-
dictions are evaluated using a cost function, which considers the reference values,
x*(k+1), design constraints, and the optimal actuation, S, is selected and applied
to the converter. The general form of the cost function, g, subject to minimization
can be formulated as:

g=[X (k+D)—x" (k+DH AR, (k+D =X (k+D)]+...+ AR (k+D)—x(k+D)] (3.36)

where A 1s the weighting factor for each objective. To select the switching
state, which minimizes the cost function g, all possible states are evaluated and
the optimal value is stored to be applied next. The power converter can be from
any topology and number of phases, while the generic load shown in Figure 3.11
can represent an electrical machine, the grid, or any other active or passive load.
In this chapter, the SIBC has been selected as power conversion stage for MPPT
control.

x*(k+1) *IMinimization S
of the cost —»| Converter »| Load
R function
. ~—
Measurements
Predictive Mdel x(k)
il(k+1) ;
Plant 1j<+

X (k+1

2( ) Plant 2}«

_ X(k)

Figure 3.11. MPC general schematic for power electronics converters [24].
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To allow the MPC to operate at a fixed frequency, choose the desired switch-
ing frequency with a time period, 7§, where the switching period is divided into a
number of N steps and each step represents the sampling period, 7;. The relation-
ship between T, N and, T} is as follows:

Lo _ N where Ne{2,4,6.....}
Ts

Figures 3.12 and 3.13 illustrate how the MPC designed to operate at fixed
frequency. The operation of fixing the switching frequency of the MPC can be
simplified as follows: while n<N/2, the algorithm assumes starting in the “ON”
state and predicts whether to stay “ON” or to turn “Off”. The algorithm then ge-
nerates active states until the optimization process indicates that zero states are
required. As a result, zero states remain until n=N/2. For n>=N/2, the algorithm
assumes that the system now starts in the “OFF” state, and a prediction is made to
determine whether the system should stay “OFF” or turn “ON”. Once the system
is switched “ON”, it will remain on until the end of the switching period. After it
has been resettled, the prediction process is restarted for the next switching pe-
riod. This approach ensures that the system is switched at a fixed switching fre-
quency.
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Figure 3.12. MPC principle of working.
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Figure 3.13. Depiction of the MPC switching period and prediction possibili-
ties. (a) redictions when n<N/2. (b) Predictions when n>N/2.
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3.4.3. Proposed MPPT Using Fixed Frequency MPC
3.4.4. Discretization

The main descriptive equations of the SIBC in continuous form when the
switch is turned “ON” and “OFF” can be determined using the following expres-
sions, respectively.

R W
dt 2

(3.37)

Cl dl/m =]dc_lin
dt (3.38)

When switch is “OFF”:
d. 1
L - :_( in _2I/d _I/o _ZIinRL)

d 2 (3.39)

Cl d - =ldc_]in
dt (3.40)

where C; is the SIBC input capacitor value and /. is the DC-side current.

A discretization of the proposed SIBC model is required for the implementa-
tion of the predicted MPPT. By using the Euler forward approximation technique,
the derivative of the input current and input voltage can be approximately discre-
tized as follows:

dly, _1,(k+D)~1, (k)
a L (3.41)
4V, _V,(k+D)~V, (0

dt L (3.42)

Consider the sampling time is 7. As a result, the discretization of the SIBC
equations can derive from equations (3.43) and (3.44) discrete equations when the
switch is “ON”:

T T(R
L(k+)==(V, (k)-V,) +(1—3(—+RMDI,-”(/€)
L L\ 2 (3.43)
V1) =V, () + (1, (k) 1, (k)
G (3.44)

The discrete equations when the switch is “OFF” are given by equations
(3.45) and (3.46) as follow:

T o L
gn(k+1)—2—L(V,-n(k) , Vo(k)){l LRL]IM(") (3.45)
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Y, (k) =V, ()= (1, ()1, (k)
G (3.46)

By using the discrete-time set of equations (3.43), (3.35), (3.36) and (3.37),
the behavior of SIBC can be predicted at the next sampling time (¢,+7). As a good

approximation for number of sensors reduction, the predicted value for Vi (k1)

could be expressed as follow:

Vi (k+D) =2V, (k) =V, (k=1) (3.47)

The model used for prediction is a discrete-time model which can be pre-
sented as State-space model. The above equations when a switch is turned
“ON” can be expressed in the matrix form as in equation (3.48), and when a
switch is turned “OFF” can be expressed in the matrix form as in equation (3.49):

{fm(kﬂ)_: 1—715(%+R,J % _I,.n(k)}{()}{% (k—l)}
mn _ O 2__ m (3.48)

| i V(-1

{Im(kﬂ)}: 1—%RL 2% {Im(k)}_ 0 _Z ; m(V )
G . 02 F® 1.0 0] g (3.49)

Previous work has suggested the addition of a second stage of MPC for even
better system performance and model accuracy [25]. In order to predict the con-
trol variables at time (#+2), the estimated value of the input current and input vol-
tage at time (#+1) are used. Thus at sampling time (#+2), four values for control
variables are predicted, and the optimum value is selected as illustrated graphical-
ly in Figure 3.14. Equations (3.48) and (3.49) are adjusted to get equations (3.50)
and (3.51) for two-stage MPC:

A
{Im(ku)} 1 L( ; +&J . {Iin(kﬂ)How(k)}
0

V. (k+2) LA UN I
(3.50)
V.(k
Lk+2)| |1 L R L Lk+D)] |0 T T1]V%®
i | L Elraen|” Lo2L) W
in( ) 2 in( ) _1 0 0 VO

(3.51)
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This model can then be generalized to m-stage MPC as:

LR L
k). -5 Br, ) 2 ke[0Tt

V. (k+m+1) V. (k+m)| -1

’ ? (3.52)
(K
Im(k+m+l) _ERL T; ]m(k+m+l) 0 _E _ T; m( )
= L 2L + L 2L V,
V., (k+m+1) 0 ) V., (k+m+1) 1 o 0 b
0 (3.53)

Where: M€ 012N Vi A

( Time

Sampling time Sampling time

(interval 1) < interval &

Ik Lirl

Optimal value at

Predicted voltage at first step; second step

these values are used to predict
current for second step

=Y S

( Time

Sampling time Sampling time

(interval 1) < interval a

I (k+2
ILL;k+2 P

1 titg lit2

Optimal value at

Predicted current at first step; second step

these values are used to predict
current for second step

Figure 3.14. Prediction of SIBC inductor current and input voltage observation.
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The input current /;,(k+2) is determined from equations (3.50) and (3518), and
the reference current, /,.,, found using the procedure illustrated in Figure 3.9.

The cost function for the MPC algorithm is calculated with the consideration
that the switch of the SIBC is turned “ON” and “OFF” it is given as:

1,(k4+2)~1,,

gs=1,0 = (354)

So now after using equations (3.50) and (3.51) for the predictive input current
and input voltage for both two states, and equation (3.54) for a cost function, a
flowchart in Figure 3.15 will show all the main steps of the modified MPPT con-
trol by using the MPC.
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Figure 3.15. MPC-MPPT procedure to determine reference current and de-
termination of switching state using cost function minimization.
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The cost function assures the tracking of predicted input current
from the reference provided by the MPPT algorithm. Comparison of cost func-
tion for different switching states determines the control actions for the following
time instant. Figure 3.16 shows the implemented of modified MPPT control
scheme to the proposed SIBC.

T LT |
Switched Inductor Boost \
ACDC Cffl'\> Converter (SIBC) C /]\ / DC/AC
7y Grid
T

r L2 K 3 K N K N N K K2 K N X K X K N K R X K N X R LXK XX KX J []

: Va v S y) :

' I, Predicted .

> | Optimized [

' Predictive | Current P a:!‘;ze :

; Viel  Modet | ree renet | Selector .

: Current .

: :

' MPC-MPPT Alghorithm '

]

Figure 3.16. Simplified schematic of the overall grid connected wind energy
system configuration implementing MPPT through MPC technique.

As shown in Figure 3.16 the SIBC boosts a small voltage of diode rectifier to
be valid for feeding the single-phase full bridge inverter, and in the same time to
extract the maximum power from the wind turbine.

The proposed controller senses the input current, and the input and output vol-
tage of the SIBC. Then the MPC generates the predicted input current and input
voltage signals. Moreover, the optimized and selector take these signals and then
give the pulses to the SIBC. This width of this signal is dependent on the MPPT
control.

3.4.5. Grid connected system

3.4.6. Traditional predictive current controller for the single-phase full
bridge inverter

Figure 3.17 shows the general structure of a single phase full bridge inverter.
It is composed of a DC-voltage source, four power switches and a filter inductor.
The full bridge inverter’s operation can be divided into four modes: two modes in
positive grid current period and two modes in negative grid current period. Table
3.1 illustrates the different operating modes.
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Figure 3.17. Single-phase grid connected full bridge voltage source inverter.

Table 3.1
Single phase grid connected inverter’s operational modes.
Mode S2  S3 S4 S5 D2 D5 Viny | -
1 ON OFF OFF ON OFF OFF Vo +
2 ON OFF OFF OFF ON OFF 0 +
3 OFF ON ON OFF OFF OFF -Vo -
4 OFF ON OFF OFF OFF ON 0 -

Referring to Figure 3.17, the mathematical form of the required inverter out-
put voltage can be written as the following differential equation:

dl

grid

dt (3.55)
where V;,, 1s the inverter terminal output voltage, Vg, 1s the grid voltage, and
L is the series filter inductance with negligible internal resistance.

Assuming that the inverter operates with fixed switching frequency, the grid
voltage and the grid current are known (measured); a simple and direct predictive
current control algorithm is proposed in [19] and [26]. With constant switching
period T}, equation (3.55) can be written in discrete-time form as:

Vi =Va + L

v grid

Igrid [k + 1] - Igrid [k]

1 (3.56)

I/grid—av [k] + L

Vi-an K]

where V;,,..,[k] 1s the average required inverter output voltage during the
switching interval [, f:.], Vgriawlk] 1s the average grid voltage during the
switching interval [ ,f+;], Ts is the constant switching period, y.4[k] and .
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alk+1] are the measured grid currents at the sampling time [#;] and [#,+1], respec-
tively.

The predictive current controller (PCC) goal is to force the grid current /.
idlk+1] to be equal the reference current /,.[k+1] at the sampling time [#,+1], so
that /,;,[k+1] can be replaced with /,,{k+1] and equation (3.56) can be written as:

g Lo 0= T ]

Vin-av [k]= Vgrid—av T
s (3.57)
In practical implementation, the controller needs a certain computational time
to do the required digital sampling and computations before the control command
proceeds to the inverter switches. This means that, the digital controller cannot
solve for Vi,..[k] because V giq.av[k] and Iy, k] are not available for the control-
ler in the switching interval [#, #;].
To overcome these problems, a certain adjustment to the control equation
(3.57) is required.
In [19] D.G Holmes and D.A Martin suggested using the previous switching
period results in order to estimate a proper average grid voltage and grid current
values. Figure 3.18 shows the traditional PCC timing schematic for the proposed

algorithm.

Period

Period

The & Sampling The (k+1)" Sampling The (k+2)" Sampling

Period

"

alculation ti U,.((k) Operation
to get U,..Ak) Period

KT, Sampling instant ~ (K+1)T; Sampling instant  (K+2)7, Sampling instant

Figure 3.18. Traditional PCC Timing Schematic [27].

Referring to Figure 3.18, it is obvious that the traditional predictive controller
should use the measured values of the grid current Igrid[k-1] and grid voltage
Verid[k-1] which are available when the calculations start at the beginning of
switching interval [tk-1, tk].

Then, the required average inverter output voltage will be applied in the inter-
val [tk, tk+1]. This average inverter voltage can be used in any proper pulse width
modulation (PWM) circuit to generate the required inverter gating signals.

Figure 3.19 shows the traditional predictive current control system block dia-
gram.
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Figure 3.19. Traditional PCC system block diagram.

3.4.7. Average grid voltage linear extrapolation

With the known previous grid voltage average value, the average grid voltage
over the switching interval [#, #+1] can be estimated by using the simple linear
extrapolation. Figure 3.20 illustrates the switching intervals with the average grid
voltage values.

Vgrid—av[k]

Vgrid—av[k'] ]

| | | Time
| . . | >
s lg-1 Ik

Figure 3.20. Switching intervals with the average grid voltage values.

In Figure 3.20, we assume that the grid voltage change during the intervals
is linear and this change is equal from one interval to the other. Then the average
grid voltage over the interval [#, #,+1] can be written as:

N e L
u-al k1= 2 (3.58)

The grid voltage value at the sampling point [#,+/] can be predicted as:

V

grid

[k+1]= I/grid[k]-i_AI/grid[k] (3.59)
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Where AV,,;4 1s the grid voltage change during the switching interval, since
the inverter operates with fixed switching frequency we can assume that AV, is
constant in any interval. Taking the interval [#.;, #] , then AV,,;; can be written as:

AV i lk1=V k1 =V [k 1] (3.60)

Substituting equation (3.60) into equation (3.59) lead to:

Vgn‘d [k + 1] grld [k] + ( grid [k] V;’”d [k o 1]) (3 6 1)
Then for the interval [, /], Vgrialk] can be written as:
grtd[ ] grtd [k 1] +( grid [k 1] grid [k a 2]) (3 62)

Substituting equation (3.61) and equation (3.62) into equation (3.58) leads to:

3

Veia-al k1= 2Vl —1] 3 Voialk—2]

Nlm

(3.63)

Notice that V,.u..[k] can be calculated by substituting equation (3.61) into
(3.58). We have:

3 1
v . [kl==V__[k]-=V, _ [k—1
gnd—av[ ] 2 grld[ ] 2 grld[ ] (364)

3.4.8. Grid Current Estimation

Under the same assumption that the inverter operates with constant switching
frequency and linear grid voltage change, we can assume that the grid current is
linearly changed with the inverter voltage change.

We can rewrite equation (3.56) for the sampling time [#-/] as

[K]—Lgiglk—1]

I
Vel =11=V o[l —=1]+ L=

1 (3.65)
Solving equation (3.65) for /,,;4[k] lead to:
Igﬁd[k]=1gn.d[k—l]+—( el k=11, T =1)

(3.66)

We can rewrite equation (3.64) for the sampling time [#-7] as
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Voia-alk—1] _3 Vgﬁd[k—l]—l Voalk—2]
2 2 (3.67)
Substituting equation (3.67) into (3.66) leads to:
R~ k=11 [V,.w_w - [k_l]z_ Feult _2]j
(3.68)

From equation (3.68), it is clear that the grid current at time [#] is estimated
by adding the mustered grid current /g,;4[k-1 ] at time [#-1] to the predicted current
change in the switching period [#.,,t]. Figure 3.21 illustrates the switching pe-
riods with the grid current values.

N
'/ LeridlK)
Yy g
I grid [k'l ] '
. a ; | time
1 1 1 1
Lo li-1 Ik

Figure 3.21. Switching periods with the grid current values.

The estimated average grid voltage and grid currant given by equations (3.63)
and (3.68), respectively, can be substituted in equation (3.57) to give the tradi-
tional predictive current control (TPCC) equation as:

i Tk+1]—i

i
1, (3.69)

[k-11+L, k-]

inv n—

Vool K1=4V, [k =112V, [k=2]-V,

where L, is the modeled inductance of filter inductor. The block diagram of
inverter system with the TPCC is shown as Figure 3.22.
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Figure 3.22. Block diagram of inverter system with the TPCC.

From equation (3.69) we notice that, all values are available to the controller
when the calculation proceeds at the instant time [#-/] and the result will be ap-
plied during the switching period [#, #+1].

The state-space equation of inverter system with the TPCC is derived from
equations (3.68) and (3.69). The target of the controller /y4[k], Ig-ialk-1] and the
output of the controller V;,,..,[k-1] are set as state variables. The closed loop sys-
tem equations are given as:

L T (L, AT 2T T Lylk+1]]
L | I L U B e e
{Igﬂd[kﬂ]}_ T 2 P R A V. k1]
, - i V. .lk=2
L4 i L % L eu-alAl | (3.70)
The characteristic equation of the TPCC closed-loop system is:
L
z +£l — lj z=0
L (3.71)
From equation (3.71) the TPCC closed-loop poles of system are derived:
p =0, P =tJAL (3.72)
AL=1-Lu
where: L is the relative error between the actual inductance L and

modeled inductance L,, of filter inductor.

Igrid(t)
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3.4.9. Improved Predictive Current Control for Single-Phase Grid
Inverter

In TPCC, the controller starts the calculation at the beginning of the previous
switching interval and the result will be applied to the next interval. This means,
the controller has full switching interval time to do the algorithm computations.
Low switching frequencies are used for high power applications. So as a result,
with the availability of high speed controllers we can conclude that this given
time is more than enough and it can be reduced further more.

An improved predictive current control (IPCC) algorithm with better robustness
to parameters mismatch is developed by setting the sampling time just ahead the
controlling point by the total sampling and computation delay (7). Figure 3.23
shows the improved predictive current control (IPCC) timing schematic for the
proposed algorithm.

[£]" Sampling Point

Time Value [£]"Controlling Poi

!
Time(?)

TN Fios 3z S ntesuiot .
Switching Period [#.;, &} Switching Period [#, tx+;] —>

Figure 3.23. Improved PCC timing diagram [27].

As mentioned in Figure 3.23, the sampling period is set at time [k7-7}].

T, is very small compared to T, with fast controllers and low switching fre-
quencies for power applications, we can assume that this delay time is negligible.

With the above assumption, we can write the grid current /,,;4[k] and the grid
voltage Vy,i4[k] as:

Igrld[k]zlgrld[kT; _711] (373)

(3.74)

From above, the values of I,,;4[k] and V,,4[k] are available to the controller at
time [kT,-Ty], so the calculations can proceed and the result will be applied in the
switching period [#, #+1]. The actual grid current at time [#,+/] given as:
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By substituting equation (3.64) into equation (3.57) the control equation for
[PCC can be written as:

3 k+1]-i [k

I/inv—av[k]za [ ;—, grd[ ]
s (3.75)
Comparing equation (3.75) to equation (3.69) it is clear that the improved al-
gorithm has simple computation process and gives more enhanced performance

for the injected power to the grid. The block diagram of inverter system with the
IPCC is shown as Figure 3.24.

v

grid

[k]—% Vgﬁd[k—1]+Lm(i”@’

Vgrid(k;
. : Val(t) y-
Vgrld(t) A\D 1 D\A © +, »1\L.s >
Lyia(t
lref(k) g d( )
A\D
Igrid(k) \

Figure 3.24. Block diagram of inverter system with the IPCC.

Based on equation (3.66) and equation (3.75), the state-space equation of in-
verter system with the IPCC is derived. Again, the controller target /y.4[k] and
controller output V;,,...,[k-1] are set as state variables [17]. The closed loop system
is derived as:

AL 0 0 0 1-AL|[V, [k-1]
|:[gr[d [k+1]:| _ L |: [grid [k] &
0

B T L v .k
V;nv—av [k] _7’" V;nv—av [k —1]:| 05 1.5 ?m , gm]lc[-'—]l
S o ALl (3.76)
The characteristic equation of the IPCC closed-loop system is:
L
22—z =0
L (3.77)

From equation (3.77) the IPCC closed-loop poles of system are derived:

p=0 , p,=AL (3.78)
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3.4.10. Influence of Model Mismatch on the System Stability

From the controller equations, we notice that the average inverter voltage de-
pends on the filter inductance value. The relative error of inductance between the
actual and modeled inductance, AL, will influence the locations of closed-loop
poles. This model mismatch will influence the transient response characteristics
and the stability of the two systems.

The relative error of inductance, AL, could be positive (AL>0) or negative
(AL<0). The positive relative error implies that the modeled inductance value is
smaller than actual inductance value (L,,<L). The negative relative error implies
that the modeled inductance value is bigger than actual inductance value (L,,>L).

For traditional predictive current controller, the poles of closed-loop system in

z-plane are pi=0.py; = im. When the relative inductance error is positive, one
pole is on the positive half real axis and another one is on the negative half real
axis and the third pole is located at the origin. When the relative inductance error
is negative, one pole is on the positive half imaginary axis and another one is on
the negative half imaginary axis and the third pole is located at the origin. Figure
3.25 illustrates the closed-loop poles of traditional predictive system.
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Figure 3.25. Closed-loop poles of traditional predictive system, (a) with posi-
tive AL>0, (b) with negative L<0.

On the other hand, for improved predictive current controller, the poles of
closed-loop system are p,= 0 and p,=AL. When the relative inductance error is
positive, one pole is on the positive half real axis and another pole is at origin
point. When the relative inductance error is negative, one pole is on the negative
half real axis and another pole is at the origin point. Figure 3.26 illustrates the
closed-loop poles of improved predictive system.
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Figure 3.26. Closed-loop poles of improved predictive system, (a) with posi-
tive AL>0, (b) with negative AL<0.

Next, the stable range of two systems is discussed with respect to the relative
error between the actual and modeled inductance. The stable criterion of a con-
trolled system in z-plane is that the poles of closed-loop system are located within
the unit circle.

For traditional predictive system, the poles of closed-loop system are

pi=0,pyy = VAL . So the stable range of relative error of inductance is:
-1<AL<1 (3.79)

The stable range of the modeled filter inductance for traditional predictive
system is then:

0<L <2L (3.50)

For improved predictive system, the poles of closed-loop system are p,= 0
and p,=AL. The stable range of the relative error of inductance is:
—1<ALL] (3.81)

The stable range of the modeled filter inductance for improved predictive sys-
tem is:

0<L <2L 5.52)

Then, traditional and improved predictive systems have the same stable range
of the modeled filter inductance.
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3.4.11. DC-Link Voltage Compensator

To regulate the DC-link capacitor voltage (V,), the voltage controller needs to
be designed properly. For such design, a simple PI controller is used as the DC
voltage loop compensator, which has the form of:

v

K;
G (s)=K" +=
S

(3.83)

Unlike reactive power control, there is no easy way to find a linearized trans-
fer function for DC-link voltage control. Therefore, the process reaction curve me-
thod, developed by Ziegler and Nichols, was used to find a starting point for tun-
ing the PI controller [28]. Based on the process reaction curve (step response), the
initial PI gains were determined as [29]:

K - ~0.9
a (3.84)
and
. _ 03K,
’ T (3.85)

where y is the slope of the tangent line of the curve, and T is the time between
when the step command was issued and the process, the DC-link voltage in this
case, began to change. The process reaction curve for the DC-link voltage is
shown in Figure 3.27. The initial gains were found with equations (3.84) and
(3.85) and tuned until a satisfactory response was obtained. The final gains were

K, =-0.56 and K =032 The gains are negative because this process exhibits

reverse action, meaning an increase in the controller output produces a decrease in
the process variable [30].
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Figure 3.27. DC-link voltage process reaction curve.
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3.5. Simulation Results

The proposed predictive current controllers for the single-phase grid con-
nected inverter are verified by simulation using MATLAB/SIMULINK with a
sampling period of 10 psec. For all of the simulations, the DC-link voltage and
grid voltage are 400V and 220V, respectively.

The filter inductor is 5SmH, the output power is 1 kW, and the switching fre-
quency of IGBTs is set at 10 kHz. For positive relative inductance error (AL>0)
the TPCC and IPCC approaches are simulated with three different modeled filter
inductance values (L,=0.9L, L,=0.6L, L,=0.2L).

The predictive average output voltage, and grid current waveforms with
TPCC and IPCC are monitored in Figure 3.28 and Figure 3.29 respectively for
comparison.
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Figure 3.28. Model mismatch (AL>0) influence with the TPCC.

Figure 3.28 illustrates the simulation results of proposed system with the tra-
ditional predictive current algorithm, where the modeled inductance is smaller
than the actual inductance.

It is noted that the predictive output voltage and grid current begin to oscillate
when AL>0 =10 %. The oscillations become more obvious when AL turns bigger
(AL>0 =40 % and 80 %).
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Figure 3.29. Model mismatch (AL>0) influence with IPCC.

Figure 3.29 illustrates the simulation results of proposed system with the im-
proved predictive algorithm, where the modeled inductance is smaller than the ac-
tual inductance. It is seen that there is no oscillation in predictive output voltage
and grid current. So the conclusion in Section 4.4.1 has been confirmed by simu-
lation results.

Figure 3.30 illustrates the simulation results of proposed system whose con-
troller implements the traditional predictive algorithm, where modeled inductance
is bigger than the actual inductance. It is found that that the predictive output vol-
tage and grid current begin to oscillate when AL = -10 %. The oscillation turns
more obviously when AL = -40 %. When AL = -80 %, the predictive output vol-
tage and grid current oscillate continuously. This confirms the analysis previous
Section 4.4.1 that a traditional system turns unstable when model inductance is
two times bigger than actual inductance.
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Figure 3.30. Model mismatch (AL<0) influence on System I with TPCC.

Comparing Figure 3.28 and Figure 3.30, one can also notice that the oscilla-
tions are similar at AL = 80 % and AL =-10%. This proves that the proposed sys-
tem with the traditional predictive current algorithm is more sensitive to the rela-
tive inductance error when relative inductance error is negative (-1<AL<0) than
when relative inductance error is positive (0<AL<I).

Figure 3.31 illustrates the simulation results of proposed system whose con-
troller implements the improved predictive algorithm, where the modeled induc-
tance 1s bigger than the actual inductance. It is shown that the predictive output
voltage and grid current begin to oscillate when AL = -10 %. The oscillation be-
comes more obvious at AL = -40 %. When AL = -80 %, the predictive output vol-
tage and grid current oscillate continuously. This confirms the analysis in Section
4.4.1 that the proposed system with the improved predictive algorithm becomes
unstable when model inductance is two times bigger than actual inductance.
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Figure 3.31. Model mismatch (AL <0) influence on System II with IPCC.

By comparing both Figure 3.30 and 3.31, it is worth noting that both systems
start to oscillate continuously when modeling inductance is two times bigger than
the actual one, but the magnitude of perturbations in the traditional method is
much bigger than the proposed one.

In addition, for |AL [< 40%, the proposed method has an acceptable output
current waveform with small THDi. However, the traditional method has an un-
acceptable THD1 for |AL |> 10%.

The simulation results have proven that the model mismatch of the filter in-
ductor influences the system stability and transient response characteristics. For
predictive controllers, the accuracy of the model will affect the controller perfor-
mance dramatically.

The system with the improved predictive control algorithm is more robust
than the system with the traditional predictive algorithm.

The closed loop system poles for TPCC and IPCC are shown in Figure 3.32.
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Figure 3.32. Closed loop poles plot for (0<L,, <2L). (a) TPCC poles,
(b) IPCC poles.

3.6. Experimental Implementation and Validation
3.6.1. Experimental Setup

To verify the performance of proposed MPC-MPPT algorithm for the SIBC
and the IPCC algorithm for the single-phase full bridge inverter, a prototype of
grid connected wind energy system based on a small PMSG is developed as
shown in Figure 3.33.

The prototype has been built by Semikron SKM75GB123D dual-pack IGBT
modules, SKKD75F12 dual-pack diode modules and SKHI22B dual core gate
drivers.

The experimental system is set up by coupling a DC-Motor to drive the
PMSG as depicted in Figure 3.34. The DC-Motor is most frequently used for
wind turbine emulators, which is able to simulate the turbine power curves with-
out using a closed loop control system.

The flow chart of the proposed MPC-MPPT algorithm and IPCC algorithm
are implemented by using the dASPACE-DS1104 controller board.

The Real-Time Workshop and dSPACE Control Desk are used together to
handle the control algorithm.
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Figure 3.33. Photograph of the experimental setup.
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Figure 3.34. Control scheme of the turbine emulator that uses a DC-Motor.

Figure 3.35 shows the experimental results of the output power of wind gene-
rator (mechanical power) versus rotational speed curves of the PMSG under the
DC-Motor driver setting as: 100V, 120V, 140V, 160V, 180V, 200V, and 220V.
The above armature voltages can equivalently represent the wind speed as: 6
m/sec, 7 m/sec, 8 m/sec, 9 m/sec, 10 m/sec, 11 m/sec, and 12 m/sec, respectively.
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The curves of Figure 3.34 are the base of the wind turbine emulator, they have
been obtained for a 3 kW DC-motor.
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Figure 3.34. DC-Motor mechanical power curves for various values of the
DC-voltage source

As seen in Figure 3.34, it can be found that each different wind speed has dif-
ferent maximum power points (MPPs). This means that the proposed MPC-MPPT
algorithm must be incorporated in the control of the SIBC to operate the wind
energy system effectively.

Figure 3.35 shows the experimental result of the system using the proposed
MPC-MPPT algorithm. In this test, the algorithm goal is to track the maximum
power operating point of the system and the wind speed has changed in several
steps.

The graphs shown the correspond respectively to: the wind speed, the turbine
shaft speed, the input current of the SIBC and its optimal reference, the power
conversion coefficient C,, the mechanical torque, the power captured from wind
(mechanical power) and the power provided to the grid (electrical power), the
DC-link capacitor voltage (V,) and the armature current of the DC-Motor (/;.).

As can be seen from the plots the turbine shaft speed is continuously matched
to the wind speed in such a way that it is extracted maximum power out of the
wind. The DC-input current of SIBC is controlled according to the MPPT strategy
and can be better regulated to achieve the optimum reference current during wind
speed step changes.

Also, the power conversion coefficient C, is kept constant, and varies in a rel-
atively small range around its optimal value of 0.47, which means the wind tur-
bine tracks maximum power from the wind. The mechanical torque changes ac-
cordingly to accommodate the variations in the wind speed.
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The mechanical power had small fluctuations phenomenon, but the value of
the wind turbine power would back to the best value soon.

It is noticed that the mechanical input power is slightly greater than the elec-
trical power production due to the system losses. The DC-link voltage response is
completely robust with perfect rejection of wind speed disturbances and is main-
tained within the variation of 2%.

Note also that only active power is delivered to the grid when the PI controller
reaches its steady state value. The armature current (/;.) is variable and depends
on the mechanical power variations, thus the armature current is changed as the
wind speed changes.

The obtained results confirm that the proposed MPC-MPPT algorithm of the
SIBC works properly and quite able to track the maximum wind power of the
wind generation system effectively according to an increase/decrease in the wind
speed. This verifies that the tracking performance of the proposed MPC-MPPT
algorithm is very good.
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Figure 3.35. Practical dynamic response of the proposed wind energy system.

Figure 3.36 shows the tracking performance comparison between three typical
MPPT algorithms: the Tip-Speed Ratio (TSR) algorithm, the P&O algorithm, and
the proposed MPC-MPPT algorithm. It can be seen from Figure 3.36 that every
MPPT algorithm works properly, i.e. successfully tracks the maximum power
point (MPP). The proposed MPC-MPPT algorithm was found to be the fastest in
achieving the MPP. The recovery time upon wind speed change was also faster
for the proposed MPC-MPPT algorithm. The dynamic response for algorithms
based on proposed MPC-MPPT and TSR is relatively similar. In comparison, the
P&O algorithm was found to be the slowest algorithm. Therefore it can be con-
cluded that the robust tracking performance is achieved using the proposed MPC-
MPPT algorithm under the wind speed variation.
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Figure 3.36. Comparison of MPPT tracking performance: based on the pro-
posed MPC-MPPT (Black), based on the P&O (Cyan), based on the TSR (Red);
from the top: reference wind speed (m/s), turbine rotational speed (rad/s), turbine

mechanical power (W).

The comparisons of the three typical algorithms considering the efficiency
and energy yield are summarized in Table 3.2 Based on results and analysis, the
proposed MPC-MPPT algorithm reached the highest value of power conversion
coefficient (C,). It was followed by the Tip-Speed Ratio (TSR) algorithm, with
the average value of C, being 0.4627. The P&O algorithm was found to be the
least efficient method.

Table 3.2
Summary of performance of three MPPT algorithms.
Method C, Response time (s Recovery time (s) Energy (W) Efficiency (%)
MPC-MPPT(Proposed) 0.4785  0.0247 0.0007 734.5 96.48
Tip-speed ratio (TSR) 0.4627  0.0885 0.0024 665.9 90.42
P&O 0.4123  0.2478 0.0371 597.4 80.44

The improved predictive current control (IPCC) has been applied in a single-
phase full bridge inverter. After having synchronized and connected the wind
energy inverter system to the grid. The test is conducted on a chosen wind profile
varying as step functions from 7 to 12 m/sec and 12 to 7 m/sec, respectively.

For these operating conditions, the waveforms of the voltage and current on
the utility grid are recorded by using the digital oscilloscope. Figure 3.37 shows
the experimental waveforms of the inverter output current and utility voltage dur-
ing a step transient in wind speed.

As can be seen the output current waveform of the inverter is highly sinu-
soidal, and is in opposite phase with the fundamental component of the grid
voltage. The change of current peak value is created by varying wind speed.

It is obvious that the system has an excellent dynamic performance, whose
controller implements the improved predictive current control (IPCC) algorithm.
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Figure 3.37. Experimental dynamic response of the grid-side inverter during
the wind change. (a) Grid current and grid voltage when wind speed up. (b) Grid
current and voltage when wind speed down.

The characteristics waveforms of grid interfaced wind energy system under
steady state condition where the wind speed is assumed to be constant are shown
in Figure 3.38(a-d).

It is clearly seen that the total harmonic distortion (THD1i) of grid current is
approximately 2.7%, whish respect the standards imposed by IEEE-519 as shown
in Figure 3.38(a). Figure 3.38(b) gives the measured results of power factor (PF)
of the system versus the active power (Pg) injected into the grid.

It is obvious that a unity power factor is achieved (PF=0.999), which can sa-
tisfies the power factor demand in industrial applications. Figure 3.38(c) illu-
strates Fresnel diagram of grid phase current and voltage using the proposed
IPCC scheme of the single-phase full bridge inverter.

As shown in Figure 3.38(c), the grid current leads the grid voltage by approx-
imately 180-. Finally, Figure 3.38(d) shows the experimental waveforms of grid
phase voltage and current, in this figure it can be observed that the grid current
and voltage are well regulated sinusoidal with almost unity power factor, i.e. grid
current and voltage are in a 180° phase shift.

These tests results confirms that the proposed wind energy system can convert
the wind power generated from the PMSG to a high quality AC power, and this
AC power injects into the utility grid.
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Figure 3.38. Experimental steady-state waveforms. (a) THD1 of grid current
and voltage. (b) Measured power factor (PF). (¢) Fresnel diagram. (d) Grid phase
voltage and current.

3.7. Conclusion

In this chapter, an efficient power conditioning system for grid connected
wind energy applications was introduced. The proposed system can potentially
reduce the cost and size of wind turbine generator systems. A switched inductor
boost converter (SIBC) is a totally novel technology, it has been used as DC/DC
boosting stage converter due to its inherent features such as high DC/DC conver-
sion ratio and better efficiency. Hence, MPPT techniques based on HCS algo-
rithm employing a MPC method is proposed to extract maximum power from the
wind generator through the SIBC. Modifications applied to the traditional HCS
algorithm enabled the proposed MPC-MPPT algorithm to interact quickly for ra-
pidly varying wind conditions. Moreover, it has been shown that the proposed
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MPC-MPPT algorithm can be easily implemented with reduced hardware setup
because only current and voltage sensors have been used. So, neither the mea-
surement of the wind speed nor the knowledge of the wind turbine characteristics
is required. Then, three of the typical MPPT algorithms (tip-speed ratio (TSR) al-
gorithm, P&O algorithm, and proposed MPC-MPPT algorithm) have been im-
plemented practically. A comparison between the MPPT algorithms has been car-
ried out to demonstrate the advantages of the proposed MPC-MPPT algorithm,
the results have shown that the proposed MPC-MPPT algorithm is the most fa-
vorable featuring fast dynamic response, and accuracy under almost any condi-
tions. Finally, an additional improved predictive current controller (IPCC) is pro-
posed in order to achieve the synchronization to the grid and to perform the power
management between the wind generation system and the electrical grid. Theoret-
ical analysis of such [PCC and traditional predictive current controller (TPCC) is
presented in this Chapter. Effect of model parameter mismatch on the perfor-
mance of the IPCC and TPCC is presented. The simulation results indicate that
the sensitivity of IPCC is reduced to disturbances and uncertainty in filter induc-
tor. The developed IPCC has been successfully implemented in a single-phase
grid connected wind energy system. The practical results confirm that the applica-
tion of IPCC in grid connected inverters provide better THDi1 value based on
IEEE standards. In addition the power factor can approach to unity (PF=0.999)
and meets IEC commercial standard.
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Chapter 4  Fuzzy MPPT and Fuzzy Model
Based-Multivariable Predictive
Controller Design for Fast and
Efficient Speed Sensorless
Maximum Power Extraction of
Renewable Wind Generators

Abstract

In the Chapter 1, the finite set model predictive control (FS-MPC) of the
DC/DC boost converter was presented. In this chapter, another approach based on
fuzzy logic and fuzzy model based-multivariable predictive control is proposed to
get the maximum power for a direct driven small-scale wind energy systems con-
nected to the grid, assuming that the grid-side converter regulates the active
power delivered to the grid.

The concept of the proposed fuzzy MPPT strategy is simple and does neither
require to measure the wind speed nor to know the turbine parameters. A fuzzy
logic generator is particularly employed to derive the optimum rectified current
corresponding to the best power point based on the variations of measured DC
power and rectified voltage, while a robust fuzzy model based multivariable pre-
dictive controller (FMMPC) is presented to track the derived optimum current
with minimum steady-state error.

The major issues of the proposed control strategy such as detailed design
process and stability conditions analysis of the two controllers have been thor-
oughly investigated and presented in this Chapter. The feasibility of the proposed
control method has been applied to a wind turbine generator driving a PMSG in
variable speed mode through the MATLAB/Simulink tests.

In order to confirm the simulation results, a practical implementation have
been performed on a 3kW test bench consisting of a dSPACE 1104 controller
board, PMSG and DC-motor drive. Comparative experimental results have dem-
onstrated the achievable significant performance improvements on the maximum
wind power extraction and overall system response by using the proposed control
strategy as compared with a conventional PI controller.



130 Fuzzy MPPT and Fuzzy Model Based-Multivariable Predictive Controller Design for Fast and Ef-
ficient Speed Sensorless Maximum Power Extraction of Renewable Wind Generators

4.1. Introduction

Many MPPT approaches are proposed in literature for the maximum power
extraction enhancement of PMSG wind turbines such as: duty cycle control [1],
look-up table for optimum rotor speed control [2], and optimum tip-speed ratio
(TSR) control [3]. Generally, these schemes require a correct knowledge of the
wind power system parameters either before or during execution. Moreover, the
wind turbine components tend to modify their characteristics over the time.
Therefore, a control strategy independent of the wind turbine parameters and does
not require prior knowledge of wind speed, such as perturbation and observation
(P&O) method is very flexible and accurate [4, 5]. This control method is rela-
tively simple and is appropriate for wind turbines with small inertia. Recently,
considerable investigations of this method mainly include simplified and ad-
vanced perturbation and observation algorithm [6], adaptive MPPT compensation
algorithm [7], two-stage control method [8], hill-climb searching control method
[9], and variable step size-based perturbation and observation algorithm [10]. Al-
though relatively simple and flexible. However, this control method suffers from
the problems of high steady state errors and large frequency oscillations. Other
MPPT control algorithms, such as fuzzy reasoning based MPPT control [11],
neural network control [12], and advanced vector control [13], have also been
proposed in the literature. However, such control strategies necessitate time con-
suming computations, and have relatively low efficiency. Furthermore, such con-
trol methods need additional control efforts and expensive sensors [14]. This
Chapter presents a new hybrid MPPT control “Fuzzy MPPT controller + robust
fuzzy model based multivariable predictive controller (FMMPC)” for grid con-
nected wind energy systems. The developed control strategy mainly consists of a
novel fuzzy logic MPPT controller for deriving the reference current and an inno-
vative fuzzy model based multivariable predictive controller (FMMPC) that is de-
signed to exactly track the reference current and hence to realize the MPPT con-
trol. The main reason of the use of FMMPC in wind energy systems is the ability
of the FMMPC to optimally control multivariable nonlinear systems under con-
straints. The presence of constraints in the predictive control strategy is important.
Input constraints give more realism to the control actions by modeling the satura-
tion and the slew rate constraints in the actuator. Output constraints are used to
ensure a safety operation of the plant [15]. Fuzzy logic is widely used in model
predictive control (MPC). Its use can be classified into two general classes of ap-
proaches [16]. In the first class, a fuzzy model is used as a predictor. The second
class of methods depends on the multistage fuzzy decision making [17]. The cost
function and the constraints are fuzzy, while the system model may be fuzzy or no
fuzzy [18, 19].

The design of stabilizing fuzzy model based multivariable predictive control-
lers (FMMPCs) is the main aim of most researchers. In [20], Keerthi and Gilbert
used the cost value function as a Lyapunov function for establishing stability of
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FMMPC, techniques based on end point constraints are used to stabilize the
FMMPC systems in [21, 22]. The main disadvantage of these techniques is that
there is no guarantee that the FMMPC drives the states to the terminal region. In
[23], constraints on the control signal and its increment are given to guarantee ro-
bust asymptotic stability of the FMMPC. This method can be used only for open
loop bounded-input bounded-output (BIBO) stable processes.

In this Chapter, a robust fuzzy multivariable model predictive controller
(FMMPC) using Linear Matrix Inequalities (LMIs) formulation is suggested to
ensure exponential stability of the closed-loop systems. The main idea is to solve
at each time instant, an LMI optimization problem that incorporates input, output
and constrained receding horizon predictive control (CRHPC) constraints. The
proposed FMMPC is easily designed by solving a convex optimization problem
subject to LMI conditions, and adds more flexibility by selecting control actions
that minimizes a general cost function in the predicted errors through a prediction
horizon, the applied control actions through a control horizon, and the increments
of control actions through a control horizon. Furthermore, the proposed FMMPC
ensures robust asymptotic stability, does not need an auxiliary controller, and can
be used with any feasible controller parameters. In addition, this Chapter demon-
strates how major issues in the design and implementation of the two controllers
(Fuzzy MPPT controller + robust FMMPC) can be handled effectively. Compara-
tive experimental results are presented to demonstrate the achievable significant
performance improvements in maximum power extraction, and overall wind
energy system response by using the proposed control strategy.

The Chapter is arranged as follows. In Section 2, the wind energy studied sys-
tem is presented. In Section 3, the fuzzy MPPT control design to attain the maxi-
mum wind energy is introduced. In Section 4, the integrated T-S fuzzy model
based-multivariable predictive controller (FMMPC) is totally reviewed, and the
optimization problem with LMI constraints is also discussed. In Section 5, the
discrete T-S fuzzy model based-multivariable predictive controller (FMMPC) for
the DC/DC boost converter is developed. In Section 6, the fuzzy MPPT control
and the performance of the proposed control strategy under large wind speed var-
iation are verified by simulation results. In Section 6, the experiment validation
and a comparison with traditional PID controller are given. In Section 9, the con-
clusions of this chapter are summarized.

4.2. Configuration of proposed wind energy system

The synoptic schematic of the studied wind energy system is shown in Figure
4.1. The conversion chain is composed of a three-bladed horizontal axis wind tur-
bine, a multi-pole three-phase permanent magnet synchronous generator (PMSQG),
a three-phase bridge rectifier, a DC/DC boost converter and a three-phase voltage
source inverter (3PH-VSI) which is connected to the grid through a LC; filter .
The extracted wind power is directly transmitted to the PMSG, and is converted
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into electrical power by this generator. The generated electrical power can then be
rectified by the simple diode rectifier bridge, boosted by the DC/DC boost con-
verter, and consequently fed to the utility grid via a 3PH-VSI. Due to the uncon-
trollability of the diode bridge rectifier, a DC/DC boost converter is used to guar-
antee the maximum power capture of electrical energy from the wind generator.
The grid-side inverter regulates the power transfer between the DC-link capacitor
and the utility grid. Hence, independent regulations for the active and reactive
powers at the generator and the grid-sides can be achieved effectively.

LG,
Ly L IQI 3PH-VSI Filter

AT [~ P~ A -

[C,y _ErVY\_

" og Ye==GIE P

A\ 4 y

Diode DC'Lln
Rectifier DC/DC Boost
Wind Converter

turbine

Figure 4.1. Configuration of wind energy system.

4.2.1. Generator and Input Rectifier Characteristics

The PMSG, which is driven by a wind turbine, converts mechanical power in-
to electrical power. The mechanical power produced by the wind energy system,
is given by:

P = 5PAC, (1, )95, (4.1)

where p is the mass density of air, C, is the performance coefficient of the
turbine, A4 is the swept area of the turbine blade , 9, is the wind velocity , A is the
tip-speed ratio (TSR) and p is the blade pitch angle, in this study set to zero.

For a PMSG with a constant flux, the phase back electromotive force (EMF)
is proportional to the generator speed and can be expressed as:

E=k,w, (4.2)
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where E is the back EMF of the generator, &, denotes the back-EMF constant
(positive) of the PMSG, and wm is the rotational angular velocity of the PMSG.

Assuming that the inner resistance of the PMSG is zero, the phase terminal
voltage V,. in Root-Mean Square (RMS) for a non-salient PMSG is written as:

Vac = E — jweLsly, (4.3)
We = PWiy 4.4)

where 1,., Lg are the phase current in RMS and the phase inductance of the
PMSG, w, is the electrical angular frequency, and p is the number of pole pairs.
Figures 4.2(a) and 4.2(b) show the equivalent circuit per phase and the phasor di-
agram of the PMSG connected to the diode rectifier obtained at certain operating
conditions.

Ls ] E
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Vae

(o)
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S

Figure 4.2. PMSG run with the diode rectifier wind energy system. (a) Equiv-
alent circuit per phase, (b) Phasor diagram.

We assume that there is no energy loss, the electrical AC power generated by
the PMSG (P,.) is converted into electrical DC power (P;.) can be denoted ideal-
ly as follows:

Poc = Pac = 3Vaclae = Vaclac (4.5)

where P, is the generator power, and V. and /,. are the average rectified vol-
tage and current, respectively, of the three-phase bridge diode rectifier. The recti-
fied voltage (V) at the rectifier output shown in Figure 4.3 is proportional to the
generator phase voltage, and can be expressed as:

3v2 3V/6
Vac = VL= TVac (4.6)

s

where V7, is the line-to-line voltage of the PMSG.
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Diode Rectifier | P
*—o S

PMSG

Figure 4.3. Topology of the PMSG with the diode rectifier supplying DC/DC
boost converter

The rectified current /,. can be obtained by substituting equation (4.6) into
equation (4.5) as:

T

ﬁlac

lye = 4.7)

The rectified voltage V. is proportional to rotational speed w,, as is shown in
Figure 4.4. The speed varies from w,,_min 10 Wm—mayx and then at the minimum
speed the rectified voltage has to be Vy. i, Where the V.. the maximum of
rectified voltage.

Vdc A

Om
>

®m-min Om-max

Figure 4.4. Rectifier output voltage supplying DC/DC boost converter.
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The relationship between the rotational angular velocity of the PMSG and the
rectifier output-voltage can be obtained from equations (4.2), (4.3) and (4.7) is
expressed as follows:

3vV6 V6
Vac = T (ke - ?p ledc) Wm (4.8)

The TSR is defined as the ratio between the linear blade tip-speed and the
wind speed, is expressed as:

__ wmR
A= . (4.9)
where 9, and R are the wind velocity and radius of the turbine blade respec-
tively.

It is considerable to notice that there is a unique optimum value of the 4,,, at
which the power coefficient is maximum C, ., [24]. If the system operates at the
optimal point, the maximum mechanical power expression can be established as
follows:

Prax = Kpa)r3n_opt (4.10)

where P, is the maximum mechanical power, Wy, o, 1S the optimum wind
rotor angular velocity corresponding to a specific wind speed, k,, is a power con-
trol gain given by:

5
k. = PR Cp.max (4.11)

3
p 223 ¢

From equations (4.1) and (4.10), there is the approximate relationship:
Prax & 9% X Wiy opt (4.12)

The relationship between the optimum rectified voltage and the optimum an-
gular velocity near the maximum power point (MPP) is expressed as:

3v6 (ke _ Ve

v, == A
dc_opt - 6

D Lylac) Om opt (4.13)
where V. o, 1s the optimum rectified voltage at the MPP.
Substituting equation (4.10) into equation (4.13) yields:

Vac X wp and Ve ope € Wi opt (4.14)

From equations (4.10) and (4.13), at the MPP, the following relationship is
valid:
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Pmax x V;c_opt (4-15)
Meanwhile, the optimum rectified DC power can be described as:
Pdc_opt =1 Bnax = Vdc_opt Idc_opt (4.16)

where #</ 1s the transmission efficiency is assumed to be a constant to take
into account mechanical and electrical power leakages., /..., denote the optimum
rectified current.
Combining equations (4.15) and (4.16) yields:

Idc_opt X dec_opt (4-17)

Substituting equation (4.17) into equation (4.16) yields:

2
Idc_opt X (Pdc_opt)3 (4-18)

As indicated in equations (4.17) and (4.18), the optimum rectified
rent I, op¢ 18 proportional to the square of the rectified voltage V. ., and is di-
rectly related to the optimum rectified DC power Py, ... Therefore, the maximum
electrical power can be captured by the wind generator when the rectified current
I 1s well kept around its optimum value I op¢-

The stator current (Iac) of the PMSG is described as:

I, Todls sind (4.19)

where § is called the phase angle.

From equations (4.5) and (4.20), the generator active power is expressed as:

P, =3 %gin& (4.20)

By assuming that the inductance of the PMSG and the DC-link output voltage

of the boost converter are almost constant, the back EMF and the terminal voltage
of the PMSG are changed by the duty-ratio control of the boost converter. If the
back EMF (FE) and the terminal voltage (V) are changed to the £" and V', by the
control of the boost converter, the stator current (/,.) of the generator is also
changed to /',.. Thus, power of the generator can be controlled by the duty-ratio
control of the boost converter. Consequently, the generator can be operated at the
optimal operating point using the proposed MPPT control under the given wind
speed condition. A phasor diagram of the proposed system is shown in Figure 4.5.



Fuzzy MPPT and Fuzzy Model Based-Multivariable Predictive Controller Design for Fast and Efficient
Speed Sensorless Maximum Power Extraction of Renewable Wind Generators 137

Figure 4.5. Phasor diagram of the PMSG run with the diode rectifier wind
energy system.

4.3. Fuzzy-Based MPPT Control

The main objective of this section is to construct an MPP current-reference
generator by using a Fuzzy Logic Controller (FLC) that meets the actual MPP. In
particular, this generator is designed in order to compute on-line the optimal
rectified current value ( lac,, -

So that, if the rectified current ( I,.) is being equal to I, o then, the maxim-
al power is captured. The main advantage of this method is that it does not require
either wind velocity sensors or rotor speed sensors.

Generally, there are three stages in this control algorithm, namely
fuzzification, fuzzy reasoning method and defuzzification.

As shown in Figure 4.6, the electrical DC power (P,;.) and rectified voltage
(V4.) variations are selected as the two input variables for the FLC.

At the k™ sampling period, both variables are normalized by the scaling fac-
tors K;, K, and updated using the following equations:

APyc[k] = Ky (Pgclk] = Paclk — 1)) (4.21)
AVqc[k] = K, (Vaclk] = Vgclk — 1]) (4.22)

where AP,;.[k] and AV, .[k] denote the electrical DC power and rectified vol-
tage variations, respectively, Py.[k], Vaclk], Pac[k — 1] and V,.[k — 1] indicate
the electrical DC power and rectified voltage at the sampling instants (t; ) and
(ty—;), respectively.
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Figure 4.6. Block diagram of the proposed FLC-MPPT controller.

The DC power can be defined as:
Pyclk] = Vyclk] 14 [k] (4.23)

Where 1;.[k] and V,.[k] denote the rectified current and voltage at the sam-
pling instant (#;), respectively.

The change in the optimum rectified current (Aly. op¢[k]) s used as an output
of the proposed FLC. To design the fuzzy sets of the inputs and output variables,
the triangular symmetrical membership functions with the overlap are used to
yield more sensitivity to small signals, which are illustrated in Figure 4.7.

The input and output variables, i.e. AP, [k], AV4-[k] and Al ope[K] are
represented by linguistic variables or labels such as PB (Positive Big), PM (Posi-
tive Medium), PS (Positive Small), Z0 (Zero), NB (Negative Big), NM (Negative
Medium), and NS (Negative Small) using basic fuzzy subsets.

The control rules are derived from the experience and knowledge on the con-
trol system. The fuzzy mapping of the input variables to the output is expressed
by the following rules:

Ri:AF AP [k] 1s A; and AV [k] is B;, THEN 41, ,,[k] 1s Cj,
where i,j=1,2,..,7; k=1,2, 3,...,49

where 4; and B; denote the antecedents, and C; denotes the consequent part,
respectively. The fuzzy rules are given in Table 4.1.



Fuzzy MPPT and Fuzzy Model Based-Multivariable Predictive Controller Design for Fast and Efficient
Speed Sensorless Maximum Power Extraction of Renewable Wind Generators 139

Table 4.1 Fuzzy Control Rules.
Alge_opt(K) AVac(k)

NB NM NS ZO PS PM PB

NB PB PB PB ZO NM NB NB

NM PM PM PM ZO NS NM NM

NS PM PS PS ZO NS NS NM

APdc(k) ZO NM NM NS ZO PS PM PB
PS NM NS NS ZO PS PS PM

PM NM NM NM ZO PS PM PM

PB NB NB NB ZO PM PB PB

The fuzzy with the Mamdani type is applied for the inference mechanism
[25]. The output level Al ,,/k] of each rule is weighted by the firing strength W;
of the rule, which is obtained from the minimum operation as:

W; = min{uny, (AP4 [K]), pay .. (AVgc[K]D} (4.24)

The defuzzification is performed using the centroid of area (COA) of final
combined fuzzy set.

The final combined fuzzy set is defined by the union of all rule output fuzzy
sets using the maximum aggregation method [26].

Thus, the change of the optimum rectified current Aac,,, [k] is determined by

the COA method as follows:

n
Zj:l H(Aldc_op tj) XAIdc_optj

Z?:l H(Aldc_optj)

Alge,, [k] = (4.25)

The output of fuzzy logic controller is the change of the optimum rectified
current AIdCopt[k], which is converted to the optimum rectified current

IdCopt [k] by:

Idc_opt[k] = Idc_opt [k —1] + AIdc_opt [k] (4.26)
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Figure 4.7. Normalized membership functions (MFs) and corresponding sur-
face viewer. a). Input variable MF—-AV ., b). Input variable MF—APy,, ¢). Output
variable MF-Alg. op, d). Surface-graph viewer between input and output of fuzzy

rules.

4.4. Design of Constrained Fuzzy Multivariable Model
Predictive Controller (FMMPC)

In the next section, the discrete T-S fuzzy dynamic model is used to describe
the original nonlinear system for the control design aim via the sector nonlinearity
approach.

4.4.1. Fuzzy Discrete Time T-S Model

T-S fuzzy models are suitable for modeling a large class of nonlinear systems
[27-29]. They consist of fuzzy IF-THEN rules which represent local linear input—
output relations of a nonlinear system. The overall fuzzy model of the system is
achieved by fuzzy blending of the linear system models [30]. In a discrete fuzzy
system (DFS), the rules of the T-S fuzzy model take the form [30].
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R,:IF z(k) is M, and...and z,(k)is M, (4.27)

THEN x(k+1)= Ax(k)+ Bu(k)
y(k):Clx(k) i=1,2,...,r (428)

In the above equations zy(k) are the decision variables (fuzzy scheduling va-
riables) assumed measurable, M;; are the corresponding fuzzy set (j =/, ..., p) of
zi(k) in rule R;, k is the time index, 7 is the number of model rules: x(k) €R" is the
state vector, u(k) € R" is the input vector, y(k) € R? is the output vector, 4; ER"™"
,B; RV C; € RT™ ,and D; € RT™ are the state space matrices of the local sys-
tems, z;(k),..., z,(k) are known premise variables that may be functions of the
state variables, external disturbances and time.

Given a pair of (x(k), u(k)) , and by fuzzy blending, the final outputs of the
discrete T-S fuzzy system is inferred as follows [30]:

et 1) = 2 w0 AX0 + Bu(O}
Z,‘:l Wi (Z(k))

, (4.29)
= (&) {4x®)+Bu(k)}
Jkt 1) = Do r(z(k)){Cl.u(k)}
> wi(z(K)
=>" h(zk){Cuk)} (4.30)
where /,(z(k)) is the weight function defined as:
(z(k))
h(z(K) = =
D (=) 431)
w(z00) =[] M, (z, (%))
(4.32)

It 1s also true, for all &, the weight activation function with the i™ sub model is
such that:

D B (z(K))0, h(z(k)e[0,1],i=12,..,r

(4.33)
z2(k) = (z,(K),....z, (k)

The term M;i(z; (k)) is the grade of membership of z;(k) in M;;.
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The following two approaches can be used to obtain the discrete T-S fuzzy model:

1. Identification using input-output data [31, 32].

2. Derivation from the nonlinear system equations [33, 34].

In this Chapter, the second approach is used to construct the discrete T-S
fuzzy model of the DC/DC boost converter. Sector nonlinearity is a method used
to obtain the T-S fuzzy model from the nonlinear system equations. Its idea first
appeared in [33].

Consider a nonlinear system x(k) = fix(k)), where f{0)= 0. The following
Lemma will be used in the sequel of the chapter.

Lemma: Let f(x(k)):R— R is a bounded function (a < f(x(k)) < f).

It always exist tow functions, 7;(x(k) and 7,(x(k)) and two scalars o and f
such that:

(k) = arxag, (<)) + 17, (x(K) (434)
With:
M) + 7, () =1 (4.35)
() 20, 7,(x(K) 20 (4.36)
And:
o =max (f(x(k)), f=min( f(x(k)), (4.37)
o)=L CE=F 4 iy = 2= EED (4.38)
oa—pf oa—pf

4.4.2. Constraints Model Predictive Control
4.4.3. Model Predictive Control (MPC)

The basic function of the model predictive control (MPC) scheme is to calcu-
late a sequence of future actuation signals in such a way that it minimizes a cost
function defined over a prediction horizon [35].

Consider the nonlinear discrete system:

x(k+1) = f(x(k), u(k)) (4.39)

where £ is the discrete time index, x(k) € R" and u(k) € R" is a continous
mapping,

f:R"XR" > R" (4.40)

It is required to find an optimal control sequence for this system with respect
to the following quadratic cost function [36]:



Fuzzy MPPT and Fuzzy Model Based-Multivariable Predictive Controller Design for Fast and Efficient
Speed Sensorless Maximum Power Extraction of Renewable Wind Generators 143

Hp R ~
1= )0 Qeg (b)) = P+ 10T QHrep Gk +1) = P04 /1K)

J=Hy

+ ZHu Uk +j—DTRUKk +j — 1) + AUk + j — DTS AU(k + —1)) (4.41)
j=1

where k is the current sampling instant, J is the cost function, H,, is the con-
trol cost horizon, H,, is first point of the prediction horizon, H,, is last point of the
prediction horizon, H,, < H,, and AU(k +j — 1) is a vector of control incre-
ments, Y. (k + j) is a future reference trajectory is driven by the desired output

reference, Y (k + j|k) is a j steps ahead prediction of the system, Q is the weight-
ing matrix of the tracking error, R and S are weighting matrices of the control ef-
fort.

The predicted output may be written as:

Y(k +jlk) =T + AAU (4.42)

where I' is called the free output response as it does not depend on the control
sequence, and AAU is the called the force output response as it depends on the se-
lected control sequence.
The following constraints are taken into account:

Xonin < X(k +j1k) < Xonax (4.43)
Yoin SY(k+jl1k) S Yoy VE=k+1,..k+N, (444
Unin < Uk +jlk) SUpge Vt=k+1,..k+N, (4.45)

AUpin < AUk + jlk) < AUpgy (4.46)

The cost function (4.41) depends on two terms: the first term concerns the
minimization of the error between the desired trajectory and the predicted output.
The second term represents a penalty on the control effort. Further, the above cost
function can be rewritten to more general matrix form [37]:

J(AU) = Jmin + 2[(T = Yre) TQA — UE_;SAJAU + AUT[ATQA + R + ATSAJAU  (4.47)
where:

Jmin = Yrer Q¥rep + TTQ — 2Y,L QT + U, SU_; + Ui, RUL_;  (4.48)
Jmin 1 the minimum cost due to the reference and the free output response.

The discrete T-S fuzzy model equation (4.29) is used to predict the process
output, subject to level and rate constraints on the control inputs and outputs.
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The constraints can be written as follows [38]:

[ IHu+1 | [ Unax + Ug-1 ]
_IHu+1 _Umin - Uk—l
LH +1 Umax
u AU < (4.49)
—Ly, 41 —Unin
A Ymax —T
Y . | VYo + T
And:
Iyy+1 O 0 0
(1) (1) g _IHu+1 IHu+1 0 0 0
Ul FEEE R RGP, Ly vr =] 0 —layqq Mt 0 0
00 -1 0 0 _IHu+1IHu+1

€ RHu*1xHy+1

4.4.4. Model Constrained Receding Horizon Predictive Control
(CRHPC)

The constrained receding horizon predictive control (CRHPC) [39, 40] is a
variant of the MPC which guarantees the closed-loop stability under certain con-
ditions by imposing constraints on the output, so that the desired output ref-
erence Y..r(k +j) and the predicted value Y(k + jlk) coincide on a horizon
beyond the prediction horizon.

Y(k+ ) =Y, (), j=1,...,m (4.50)

where m is instants beyond the prediction horizon represents the terminal con-
straints.

The prediction that is extended for m instants beyond the prediction horizon
results in ¢ index signifies the terminal constraints:

Y. =T.+AAU (4.51)

where Y, € RHp"0, ', € RHp"o, A € RHpPoxHpni and AU € RHp", n, and n;
are the number of system outputs and system inputs, respectively.

I Is the free output response for m instants beyond the prediction horizon, as
it does not depend on the control sequence, and A AU is the forced output re-
sponse as it depends on the selected control sequence, based on the future control
actions.
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ANAU (Y, (k+])=T,) eyl (0 (4.52)

AAU +(Y,, (k+)~T,)—ayl, (0 (4.53)

Then, the new optimization problem consists of minimizing a cost function
(4.47), on a convex domain (4.54) and terminal constraints (4.52) and (4.53).

[ IHu+1 1 [ Unax + Uka
_IHu+1 —Unin = Uk-1
L1 Unax
—Lp,+1]AU < v U’”L”r (4.54)
A max
—A ~Yinax +T
A Yref — I+ C(}/IHu
L —A, L™ fref + 1+ ayIHu_

This convex minimization has a global minimum only if the Hessian of the
function objective is positive definite [41]. In this sense, the matrix equation
(4.47) can be transformed into the form:

min AU (k)T HAU (k) — PTAU (k) (4.55)

Subject to the inequality constraints (4.54). Where the Hessien matrix H, is
positive definite if the matrix A satisfies:

rank (A) = H,, (4.56)

Therefore, the constraints (4.54) may be structured as a single formalism easi-
ly exploitable later by the optimization algorithms.

AU(k) < B (4.57)

To transform the nonlinear criterion (4.55) in LMI form, the Schur comple-
ment lemma is used.

4.4.5. Robust Model Predictive Control (MPC)

This section illustrates the problem formulations, i.e, modification of the cost
function by deriving an upper bound, and the motivation of the Linear Matrix In-
equalities (LMIs) approach [42].
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4.4.6. LMI form transformation

An optimization LMI problem requires that the initial problem is restructured
so as to involve a linear cost function and strict inequality constraints. In general,
the minimization of a convex quadratic function J(4U) can be obtained by the
following equivalent minimization strategy:

Minimize y and find an AU admissible that satisfied:

J(AU) <y (4.58)

The equation (4.47) can be transformed into LMI problem using the Schur
complements [42].

Given: L(x) = L(xX)T,M(x) = M(x)T, and W(x) depend affinely on X. Then
the following LMIs are equivalent:

L[ L) W)
2 [W(X)T M(x)
.~ (M(x) <0

0 {L(x) —WEME) TWE)T < 0

] <0 (4.59)

(4.60)

From Schur complement, LMI based optimization can be formulated as [42]:
minimize ¢Tx
subject to: F(x) > 0 (4.61)

Here F(x) is a symmetric matrix that depends affinely on the optimization va-
riable x, and c is a real vector of appropriate size. The solution then minimizes the
linear term c” x [43].

4.4.7. LMI conditions for MPC

The LMI formulation consists on solving conditions that incorporates in-
put and output constraints. However inequality (4.58) is in nonlinear form. In
order to get LMI conditions, LMI-based optimization can be formulated using
Schur complement:

miny € R*
Subject to:
2[(T = Y{e)TQA — Uy SAJAU + Jyin — ¥ AU*
AU —[ATQA + R + ATSA]1

(4.62)
<0

Finally, the second inequality of equation (4.62) is always verified by the
Hessian structure in the MPC case.
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The previous constraints equations (4.52), (4.53) and (4.54) must be presented
in a diagonal form defining thus a matrix convex space and symmetric. Therefore,
the final form of the original optimization problem can be formulated as LMI
terms. The cost function is transferred as below:

miny € R*
Subject toLMI constraints :
T _ 4.63
2|(r = v2,) QA = UyosSA| AU + Jpnin — ¥ AUT -0 (4.63)
AU —[ATQA+ R + ATSA] !
[ IHu+1 i [ Umax + Uk—l
_IHu+1 _Umm - Uk—l
Ly, 1 Ug/”ax
“Lu+1laU < v (4.64)
A max
—A _Ymax +T
Ac Yref - rc + ayIHu
[ —A. | | —Yyer + 1+ ayly, |
diag(Ly,+1AU — (Upax — Ux—1)) < 0 (4.65)
diag(—Ly, 414U — (Upin + Ug—1)) <0 (4.66)
diag(ly, +1AU — Upay) <0 (4.67)
diag(—Iy,+14U + Upin) < 0 (4.68)
diag(AAU — Ypper + 1) <0 (4.69)
diag(—AAU + Y —T) <0 (4.70)
diag(AAU — (Yrep — I) — ayly,) <0 (4.71)
diag(—AAU + (Yyer —I) — ayly,) <0 (4.72)

4.5. Design of Robust Fuzzy Model Based-Multivariable
Predictive Controller (FMMPC) for DC/DC Boost
Converter

In this part, robust fuzzy model based multivariable predictive controller
(FMMPC) is designed for DC/DC boost converter to track the derived optimum
current Iy op¢, and hence achieve the fuzzy MPPT control through PWM (pulse-
width modulation).
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The FMMPC controller is suitable for the DC/DC boost converter since the
control strategy is a type of control methods introduced initially as a means for
the regulation of constrained linear or nonlinear systems. Furthermore, the
FMMPC offers the fast dynamic response, high stability and robustness against
parameter uncertainties over a wide range of operating conditions. Due to the fact
that the PMSG can be viewed as a current source to the DC/DC boost converter,
and provide the rectified current (/;.), only the dynamics of the DC/DC boost
converter is considered and expressed. In the next section, the T-S fuzzy model of
the DC/DC boost converter is used to describe the original nonlinear behavior for
the control design aim via the sector nonlinearity approach.

4.5.1. T-S Fuzzy Representation of the DC/DC Boost Converter

The global nonlinear dynamical behavior of the DC/DC boost converter in
standard state variable form is as follows:

dldc _(1 u) 1
‘ l [IdC] + H v (4.73)
dav, (1-uw) —_1 Vo dc .

0

where ;. is the input inductor current or rectified current, u is an equivalent
control function taking values in the set {0, 1}, while R; =V, /I, present the total
equivalent resistance, V/, is the output DC-link voltage, I, is the output DC-link
current, C and L present the capacitance and inductance values of the DC/DC
boost converter, respectively.

The discrete-time state space model of the DC/DC boost converter is used to
derive equation (4.73), considering the sampling period Ty, and replacing the bi-
nary signal u by its respective duty cycle d(k). The result of this discretization
process can be written as:

I (k-l—]_) 1 _E ] (k) Vac=Vo(k))Ts

dc _ L dc L

ACEE V] Rl E R [Vo(k) o rn (200 (374
Cc R;C C

According to the expressions (4.73) and (4.74) and the discrete T-S fuzzy
modeling approach, the DC/DC boost converter can be described by a second or-
der r.- rule discrete T-S fuzzy model. The i™ rule of the discrete T-S fuzzy model

is of the following form:

Fuzzy ruls

if w, (k) is Fj;and ...and wy (k) is Fy;, then x(k + 1) = A;x(k) + Byu(k) (4.75)
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Where, i=1,2,....,r, A; € R™™ B, € R™™, r values denote the number of
fuzzy rules, wy,wy, ...,w, are the premise variables, F;;(j = 1,2, ..., g) are the
fuzzy sets, , x(k) € R™ are the system variables, u(k) are the control input sig-
nal, A;, B; are the state matrices of the local sub-system with appropriate dimen-
sions. By using the singleton fuzzifier, product inference rule, and weighted aver-
age defuzzifier, the above fuzzy rules base is inferred as follows:

x(k +1) = T 1 (w(k){Ax (k) + Bau(k)} (4.76)

where:
] 1Fl](Wj(k))
S T Fij(wj (k)

ui(w(k)) = (4.77)

The term F;;(w;(k)) is the grad of membership of w;(t) in F;; .

Note that: ¥, ul(w(k)) =1, where 0 < ul(w(k)) <1, fori=1.2,... k.
For deriving the discrete T-S system of the DC/DC boost converter, let the
fuzzy premises variable vector w(k) be selected as:

wi(k) = Iac(k), wp(k) =V, (k)

Since, the system states of the DC/DC boost converter are bounded; the pre-
mise variables will also be bounded. In this paper the fuzzy premise variables
vary in the range defined as:

max (Igc(k)) = Dy, min (I4c(k)) = dy, max (V,(k)) = Dz, min (V,(k)) = d;,

From the above, the corresponding membership functions of the discrete T-S
fuzzy model can be written as:

lac (k) — dy Vo (k) — d,

11 — D, — d, y Fio =1=Fyq, F5y = D,—d, ' Foy =1 = Fyp,

These membership functions are considered triangular shape as demonstrated

in Figure 4.8.

Nttt reat) "1 [N uValk) na(vefi)) =~

dq D1 d; D>

Figure 4.8. Membership functions (MFs) of the T-S fuzzy model.
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Based on the sector nonlinearity concept, we have the following relationships:
Ioc(k) = F11D1 + Fiody,  Vo(k) = Fo1D; + Fyad,

Therefore, the exact discrete T-S fuzzy model based dynamic system of the
DC/DC boost converter can be obtained as following:

x(k +1) = Xy i Uac (), Vo (k) {Aix (k) + B;d(k)} (4.78)

Where A4; and B; are the local sub-models matrices given by (for i=1,2,...,4):

Ts
Ay=A,=A;=A,=A=|, . (4.79)
? N R;C
1-(52)
And:
(Vdc - dZ)Ts (Vdc - dZ)Ts
_ L ) _ L )
Be=l ar |'%=| oborn |
C C
(Vdc - DZ)TS (Vdc - dZ)Ts
_ L o L
Bs=l arn, [P=| ar
C C
Since:
1 1 (Uac (), Vo (K))) = 1,and A; = A. (4.80)

Therefore the entire discrete T-S fuzzy DC/DC boost converter model corres-
ponds to:

x(k +1) = Ax(k) + (Xioq pe (Tac k), V, (k) ) B; ) d (k) (4.81)

It 1s worth to observe that equation (4.81) corresponds with the system (4.74)
inside the polytope region [d;, D;] % [d,, D,]. This operating space is shown in
Figure 4.9.
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Figure 4.9. Discrete T-S Fuzzy representation of the DC/DC boost converter.

The control strategy, which takes into account constraints such as control ef-
fort and state variables of the DC/DC boost converter, is presented in the next sec-

tion.
4.5.2. Constraints Model Predictive Control of DC/DC Boost Converter

In order to achieve accurate tracking control of the optimum current for the
DC/DC boost converter, a robust multivariable predictive current control strategy
based on the discrete T-S fuzzy model is used to replace the traditional PI control-
ler. In this section during the system operation, the range of state variables and
control inputs of the DC/DC boost converter is limited by physical constraints
imposed by the turbine actuators due to hardware specifications of the power
converter. Hence, constraints should be considered in the design of the DC/DC
boost converter controller.

The constraints are chosen as:

0<1I,(k)<104,and 0 <V, (k) <600V

Also, an added constraint on the DC/DC boost duty cycle is imposed to en-
sure the asymptotic stability of the closed loop system:

0<d(k) <098

The value of the weighting matrices in the cost function (4.41) are:
Q =eye(H,), S=05xeye((H,+1)*n;), R=01xeye((H,+1)*n)

The discrete-time local models of fuzzy system (4.78) for the DC/DC boost
converter can be easily obtained using a sampling time of 0.001ms, the FMMPC
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scheme is developed with the following conditions: The control horizon is H,= 2,
and the prediction horizon is /,=20, it is required to design a stabilizing FMMPC
for the DC/DC boost converter.

The FMMPC based LMI seen in Section 4.3, shows that when calculating the
objective function (J), the variation between the model and the real plant is
represented in the predicted output by the forced response. This allows the control
of the DC/DC boost converter to maintain the wind energy system tracking of
maximum power while regulating the rectified current (/,.) without fluctuation.

4.6. Current Control of Three-Phase Grid Connected
Inverter

An overview of the total control scheme of a three-phase grid connected wind
energy system is shown in Figure 4.10 Again, it must be remarked that the three-
phase voltage source inverter (3PH-VSI) control is not the focus of this Chapter.
For this reason, a simple control scheme for injecting current satisfying unity
power factor condition is used. As can be seen in Figure 4.10, the instantaneous
voltage and current of the grid and inverter in the abc three-phase AC system are
measured and transformed to two-phase AC system by using the Clarke's trans-
formation af. The grid voltage, in this new reference frame (vg,), is transformed
into polar coordinates and is represented by its magnitude |vz| and its rotating an-
gle HR.

Where:
Ug = |vg| e/OR (4.82)

And :

lvr| = \/(vRa)z + (UR[?)Z

O = tan™?! (vﬂ)

VRa

(4.83)

For a given DC-Link voltage V,, the inverter output voltage is proportional to
modulation index myg. The SVM generator uses the modulation index my can be
approximately expressed as:

V3 |vgl
Vo

mp = (4.84)

From which the modulation index for the SVM scheme is in the range of:

0<mp<1 (4.85)
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It must be noted that the grid and inverter output currents are not in phase, be-
cause the LC; filter introduces a phase shift. In order to correct this deviation,
3PH-VSI reference angle 6 is calculated adding grid voltage angle €, and a PI
controller output, whose input is the cross product between current and voltage
vectors (iap X vap). This product is equal to zero when the current and voltage are
in phase. A saturation block limits the PI output to -772<8 <m/2. The SVM mod-
ule provides voltage at the AC terminals of the 3PH-VSI, whose fundamental
component depends on modulation index my and DC-Link voltage V,. When the
SVM generator, based on symmetrical triangle wave as the carrier and sinusoidal
reference is applied, then output voltage contains components:

e Fundamental frequency f,.;.

e High frequency harmonic, that results from the switching carrier frequency

e
e Side band harmonics f,
e Very high frequency harmonics at MHz range.

The side band harmonics with frequency f;, are function of switching carrier
frequency f.

fir=nXfi=mX fue (4.86)
Where: m=0,2,4...andn=1,3,5...
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Figure 4.10. Proposed fuzzy MPPT control scheme for DC/DC boost converter
and FMMPC control for 3PH-VSI based PMSG wind energy system.

4.7. Numerical Simulation

To evaluate the performance of the proposed fuzzy MPPT control strategy,
numerical simulations were carried out by using Matlab/Simulink. The main pa-
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rameters for computer simulations are listed in Table 4.2. The test scenario is as
follows: Within the interval [0, 20] s, the wind speed is kept constant at 9 m/s,
which leads to a maximum output power of 600 W and an optimum rectified cur-
rent of approximately 5 A. At 20 s the wind speed decreases to 8 m/s and is kept
constant until 40 s, then it starts to change to 6 m/s at 40 s. From 63 s, the wind
speed increases again to 9.5 m/s and is kept at this speed until 90s.

Table 4.2. System parameters.
Parameters of the PMSG used in simulation Values

Rated power 3 kW
Rated phase voltage 380V
Pole pairs 4

Rated torque 9.5 N.m
Rated speed 3000 rpm
Rated phase current 8A
Back-EMF constant 150 V/rpm
Stator resistance 0.245 Q
d-axis inductance 5 mH
g-axis inductance 5 mH
Inertia 5 Kg.m2

The simulation plots of each state variable are shown in Figure 4.11(a-h).
Figure 4.11(a) shows the wind iput used for the simulation results shown in this
subsection. Figure 4.11(b) shows the simulated waveform of the power conver-
sion coefficient C,, which is kept at the maximum value of 0.478, and it is not af-
fected by the variations of the generators speed, which shows good performances
of the developed fuzzy based MPPT scheme. The resulting tip-speed ratio A is
shown in Figure 4.11(c). It shows that the tip-speed ratio of the blade is kept con-
stant and varies in a relatively small range around the optimal tip-speed ratio of
8.01. It 1s seen from Figure 4.11(d) that the measured rectified current follows the
optimum current quite well, and regulate the turbine torque to extract maximum
power from the wind turbine with faster response by using the proposed control
strategy. As illustrated in Figure 4.11(e), the turbine shaft speed is continuously
adapted to the wind speed, in such a way that it is extracted maximum power out
of wind. Figure 4.11(f) displays the generator output power which is related to the
wind speed change i.e. from this figure, it can be observed that by means of the
proposed control method the generator output power recovers to its maximum
value rapidly according to an increase/decrease in the wind speed. As can be seen
from Figure 4.11(g) the rectified voltage is directly related to the optimum recti-
fied current, their relationship agrees well with equation (4.8) and can be better
regulated to achieve the optimum voltage by using the proposed fuzzy MPPT
control strategy. The simulation results indicate that the proposed control system
is quite able to generate the maximum wind power under varying wind conditions
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by regulating the rectified current of the DC/DC boost converter, thus evaluating
and exploring the disturbance rejection capability.
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Figure 4.11. Simulation results of the proposed Fuzzy-MPPT technique.
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4.7. Experimental Verification of Control System

The 5 kW controlled wind energy system scheme is built in laboratory to veri-
fy the validity of the proposed control methods.

In the experimental system, the PMSG is driven by a 3 k¥ DC-shunt motor to
simulate the wind turbine characteristics, and a general DC/DC boost converter is
adopted to drive the DC-motor. The parameters of the experimental wind genera-
tion system are shown in Table 4.3. The power converters are built with
SEMIKRON SKM75GB124DE insulated gate bipolar transistors (IGBTs), and
the driver circuit for the IGBTs is SEMIKRON SKHI61.

Voltage sensors and Hall Effect current sensors are used to sense the rectified
voltage, rectified current, DC-bus voltage and the grid voltages and currents, re-
spectively. The proposed controller is implemented in real-time using a dASPACE
DS1104 controller board installed in a host PC computer, the sampling frequency
is set as 20 kHz, and the switching frequency of the IGBTs i1s also kept at 10 kHz.

For the purpose of recording the experimental data, a power quality analyzer
and a four channel digital storage oscilloscope (DSO) are used. The block dia-
gram of the entire experimental setup is shown in Figure 4.12, and the experimen-
tal components of the wind energy system are shown in Figure 4.13.

Table 4.3. Wind energy system parameters.

Parameters of the PMSG for Experiments Values

Rated power 5 kW
Rated phase voltage 380V
Pole pairs 4

Rated torque 22.5 N.m
Rated speed 2000 rpm
Rated phase current 12 A
Permanent magnet flux 0.39 Wb
Stator resistance 0.65 Q
d-axis inductance 8 mH
g-axis inductance 8 mH
Torque constant 2.39 Nm/A
Mechanical time constant 2.30 ms
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Parameters DC-motor Values
Rated current 15 A
Rated voltage 220V
Grid-connected converter parameters Values
DC-link capacitor 2200 pF
Filter inductance 10 mH
Filter resistance 0.20 Q
Rated grid phase voltage 220V
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4.8.1. Experimental Results

The proposed fuzzy MPPT algorithm is first experimentally tested under a va-
riable wind speed profile.

In this test, the wind speed is step-changed or ramp-changed randomly be-
tween 6 m/s and 8 m/s as illustrated in Figure 4.14(a).

The power coefficient C, of the emulated wind turbine as well as the rectified
voltage, the output electrical power of the PMSG (DC power), and the boost duty
cycle are shown in Figure 4.14(b).

The results show that a fast MPP is achieved by using the proposed control
algorithm. During the wind variation, the actual value of C, tracks the maximum
value Cp.0x=0.47 well. Compared with the fast variation of the wind velocity, the
rectified voltage and the DC power are smoothed because of the system DC-link
capacitor and inertia.

Experiments have also been carried out with time-varying wind speeds. All
the waveforms are given in Figures 4.15(a) and 4.15(b).

It can be seen that the proposed fuzzy MPPT controller of the wind energy
system is always searching for the MPP. Although the actual value of power coef-
ficient C, tracks the maximum value C;.4=0.47 well with only a small deviation.

Therefore, the proposed control algorithm enables the MPPT control to be
adaptive to the aging process of the wind turbine such that it can always generate
the maximum wind power.

. . . . . H H H H s H H H H H
- . + - - - - B [ [ I I EEEERRE
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Figure 4.14. Experimental results with step changes in wind velocity. a). wind
speed (CH3-2m/s/div). b). Power coefficient (CH1-0.2/div), Rectified voltage
(CH2-500V/div), DC-power (CH3-200W/div), Duty cycle (CH4-0.5/div).
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Figure 4.15. Experimental results with turbulent wind changes. a). wind speed
(CH3-2m/s/div). b). Power coefficient (CH1-0.2/div), Rectified voltage (CH2-
500V/div), DC-power (CH3-200W/div), Duty cycle (CH4-0.5/div).

The functionality of the proposed FMMP current controller was of DC/DC
boost converter also experimentally verified and compared with the conventional
PI control method using a 2-minute field measured varying wind speed profile.

The comparison has been accomplished by observing the power coefficient
C,, the rectified voltage, the DC power and the boost duty ratio waveforms.

The test result in Figure 4.16 illustrates the automatic transitioning between
the proposed FMMP and PI current control modes. During the testing scenario,
the C, and output electrical power track their optimal values well by using the
proposed FMMP current control algorithm.

The largest deviation of the C, from its optimal value is 0.02 and no obvious
deviation between the actual and optimal output electrical powers is found. How-
ever, when using the conventional PI control method, the C, form vacillates in a
larger range, and deviations of the actual electrical power from its optimal value
are observed from time to time.

Obviously, by the proposed FMMP current control method, the total electrical
energy output of the generator is higher than that by the conventional PI current
control method, as shown in Figure 4.17.

This affirms the improved efficiency of the proposed FMMP current control
method of DC/DC boost converter.
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Figure 4.16. Comparison of proposed FMMP current controller to conven-
tional PI control method. Power coefficient (CH1-0.2/div), Rectified voltage
(CH2-500V/div), DC-power (CH3-200W/div), Duty cycle (CH4-0.5/div).
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Figure 4.17. Experimental results of total generated electrical energy.

Finally, Figures 4.18(a) and 4.18(b) shows the PMSG phase voltages and cur-
rents at 10 m/sec. The PMSG stator voltage and current waveforms are distorted
due to the natural commutation of the diode-bridge rectifier and the control of the
DC/DC boost converter. The fundamental components of the PMSG stator vol-
tage and current are not in-phase (not shown in figure) due to the higher harmon-
ics in the PMSG three-phase currents. This is the only disadvantage of using di-
ode-rectifiers for the PMSG turbines. Also, due to the decoupled nature of the
power converters, these harmonics are not reflected to the grid and thus they do
not cause any conflict to the grid codes. Figures 4.19(a) and 4.19(b) shows the
system performances on the grid-side inverter. We can see in Figure 4.19(a) that
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the injected grid currents and voltages have a 50 Hz sinusoidal form. It is impor-
tant to note that the grid voltage and current are in-phase. Figure 4.19(b) illu-
strates the Fresnel diagram of grid current and voltage using the proposed control
scheme of the grid-side inverter. As indicted in this figure, the phase shift be-
tween grid current and voltage is 0°, which ensure that the system acts as a reac-
tive power compensator. Figure 4.20(a) illustrate that the THD (Total Harmonic
Distortion) measured for injected grid current and voltage is 2.5%, which is quite
low per Standard IEEE-519. Also, it satisfies the power factor demand with a
0.996 power factor, as illustrated in Figure 4.20(b).
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Figure 4.18. Experimental results of the wind power system with the proposed
fuzzy-MPPT control method. (a) Generator voltage. (b) Generator phase current.
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Figure 4.19. Experimental results of the wind power system with the proposed
grid-side control method. (a). grid currents and voltage. (b) Fresnel diagram.
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Figure 4.20. Experimental results of the wind power system with the proposed
grid-side control method. (a). THD of grid current and voltage. (b) Measured
Power factor (PF).

4.9. Conclusion

In this Chapter, an extension of a robust fuzzy multivariable based model pre-
dictive control (FMMPC) strategy has been applied to the DC/DC boost converter
in order to enhance the capability of capture the maximum wind power of the
wind turbine. In the considered control strategy the FMMPC synthesis is based on
the discrete T-S fuzzy model, optimization technique and linear matrix inequali-
ties (LMIs) formulation. In this approach, at every sampling period a quadratic
cost function with a specific prediction horizon and control horizon is minimized
such that constraints on the control input and output are satisfied. The fuzzy logic
MPPT controller has been also employed in this Chapter to derive the optimum
rectified current corresponding to the best power point of wind turbine based on
the variations of measured electrical DC power and rectified voltage. While the
FMMPC controller has been designed to track the derived optimum current with
minimum steady-state tracking error and hence to achieve the maximum electrical
energy from wind generator. Simulation and experimental results have confirmed
significant enhancements in electrical power harvest, mechanical stresses reduc-
tion, and capability of optimizing the reference rectified current tracking perfor-
mances can be achieved via the suggested control strategy. The proposed control
strategy also has higher overall control efficiency and can be excellent used to
more effectively extract the maximum wind energy as compared with the conven-
tional PI control method.
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Chapter 5 Generalized Ap-
proach for Predictive Control in
High-Performance Back-to-Back
Converters with PMSG Wind
Energy Systems

Abstract

Back-to-back power converter driven systems permit instant power reverse
and allows for true four-quadrant operations, which is an important property for
high performance drives, grid-tied distributed wind energy systems, etc. For such
topology, model predictive control becomes a nice alternative [1]. The Genera-
lized Predictive Control (GPC) strategy is a popular method of process control. It
has been successfully implemented in many industrial applications for over two
decades, showing good performance and certain degree of robustness [2]. This
Chapter presents a development of simple GPC as both the machine-side and the
grid-side control algorithm of a grid integrated wind energy system, which allows
eliminating electromagnetic torque oscillations for the PMSG and exchanging si-
nusoidal currents with the AC grid. In addition to the GPC definition, this Chapter
includes a conceptual study of the DC-link voltage control. Compared with the
classical DC-link PI controller based control scheme, the Uncertainty and Distur-
bance Estimator (UDE) technique shows nice characters such as: easy to tune, fast
and controllable DC-link dynamics, no extra PI DC-link controller, etc. To deal
with this, a reliable DC-link voltage based on the Uncertainty and Disturbance Es-
timator (UDE) control scheme for back-to-back variable speed PMSG wind ener-
gy system is further proposed in this Chapter.

The main contributions of this Chapter are highlighted as follows:

e Generalized predictive-based vector control is developed for both the ma-
chine-side converter with PMSG control, and the grid-side converter with
grid current control to achieve reliable current decoupling control with fast
response in varying wind speed conditions.

e Reliable DC-link voltage regulation control is developed based on the Un-
certainty and Disturbance Estimator (UDE) algorithm to deal with model
uncertainty, such as power losses, equivalent series resistance, equivalent
series inductance and here active power on the capacitor, and external dis-
turbances with varying wind speed conditions.
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e As a natural requirement, the implemented controller was aimed to be
tested at a real plant, or on reasonable wind turbine emulator.

5.1. Introduction

In PMSG-based variable speed wind energy systems, full scale back-to-back
converters are often adopted for achieving maximum capture of wind power, pro-
viding low harmonic distortion of current, and operating the wind energy systems
for provision of supplementary services [3]. The full scale back-to-back conver-
ters include a machine-side converter (MSC) connected with the generator, grid-
side converter (GSC) connected to the AC grid, and a DC-link capacitor placed
between the MSC and the GSC. The vector control strategy based on the d—q ref-
erence frame is still applied in both the MSC for PMSG control, and the GSC for
power output control [4]. However, the conventional vector control with PI regu-
lators faces some difficulties, for example, it is sensitive to parameters tuning and
uncertainty in the d—q reference frame for current decoupling control [5]. Model
Based Predictive Control (MBPC) has enjoyed great popularity for more than a
decade since the introduction of Richalet’s IDCOM algorithm [6] and the Dynam-
ic Matrix Control (DMC) approach developed in the Shell Laboratories [7]. Sev-
eral algorithms pertain to the same category, namely Long Range Predictive Con-
trol (LRPC), the most popular of which is the Generalized Predictive Control
(GPC) algorithm [8]. GPC’s real power lies in several factors:

1. The process model it is built upon, a CARIMA model;

2. Its ease of implementation and great flexibility by allowing for various dif-
ficult multivariable control problems that include inequality constraints.

3. Its inclusion of key control objectives by means of a cost function that en-
compasses the variance of the output as well as the control effort.

However, GPC applications to electrical power generations are largely unex-
plored and they involve only few research laboratories. For example in [9] an ex-
perimental evaluation of GPC is done for the control of a single phase PWM in-
verter. [10] Introduces the GPC for field oriented control of induction machines,
and [11] simulates the GPC as a power flow controller on a UPFC. Therefore, in
order on the control solutions for PMSG wind energy system, simple GPC tech-
niques will be employed in this Chapter and the easy back-to-back voltage source
converter will be used as both machine-side and grid-side converters. The pro-
posed GPC is based on the same control principles as the conventional vector
control technique. Based on this GPC method, the PMSG wind energy system is
able to operate at considerably low electromagnetic torque oscillations and sinu-
soidal currents, in both machine-side converter currents and AC grid-side cur-
rents. Furthermore, the DC-link control issues of the back-to-back power conver-
ter systems have been discussed in this Chapter. The DC-link voltage control
represents a key part of a back-to-back power converter based wind energy sys-
tem. The DC-link voltage is influenced by many factors, such as fluctuating pow-
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er captured from wind, non-sinusoidal currents and reactive power delivered to
the AC grid, and equivalent series resistance and inductance in the DC-link capa-
citor [12]. Therefore, a great amount of investigations have been made in this di-
rection. In [13], a feedback linearization scheme was proposed for controlling the
DC-link voltage of a back-to-back system with an extremely small DC-link capa-
citor. In [14] a similar feedback linearization idea is used for controlling a grid-
tied AFE. In [15], a nonlinear controller that uses a new complex state-space
modeling method was proposed and verified against a grid-tied AFE. In [16], the
DC-link control was fulfilled by using a proportional integration (PI) controller,
which generates the reference for grid-side inner predictive power controller. For
steady state, the DC-link voltage and grid-side active power are controlled nicely.
However, a typical second-order fluctuation of sizable magnitude is observed dur-
ing system transient phases. In [17], by using a dynamic reference generation
concept the DC-link voltage control was directly included into the grid-side pre-
dictive controller for a grid-tied AFE with a DC-link R-Load. The uncertainty and
disturbance estimator (UDE) algorithm, which was proposed in [18], is based on
the assumption that the uncertainty and disturbance can be estimated by using a
filter with the appropriate bandwidth. In recent years, the UDE algorithm demon-
strated excellent performance in handling uncertainties and disturbances in differ-
ent systems, and was employed to robustify an input—output linearization control-
ler [19] and input—output delay systems [20], and applied to robust trajectory
tracking [21], a class of non-affine nonlinear systems [22], three-DOF experimen-
tal helicopters [23], piezoelectric actuator [24], and quadrotor vehicles [25]. In
this Chapter, in the grid-side controller, the UDE-based DC-link voltage regula-
tion control is proposed to generate a real power output reference, then the GPC is
developed for the GSC with grid current control to facilitate the achievement of
reliable DC-link voltage regulation.

This Chapter presents an implementation of GPC as both the machine-side
and the grid-side control algorithm of a grid integrated wind energy systems, and
is organized in the following manner. The system configuration and working
principle of wind energy conversion system are elaborately described in Section
2. A detailed explanation of control scheme and algorithm are mentioned in Sec-
tion 3. The formulation of GPC algorithm, with CARIMA model and its cost
quality function are given and discussed in Section 4. Two robust GPC schemes
applied to the current control loop for a back-to-back power converter PMSG
wind turbine systems are proposed in Sections 5 and 6, respectively. To conquer
its DC-link tracking bias problem, Section 7 presents a UAE controller and its ap-
plication to the DC-link voltage regulation. The efficiency and performance of the
proposed GPC controlled back-to-back power converter driven PMSG system is
verified with a 3 Kw experimental set-up and the experimental results are ana-
lyzed in Section 8. Finally the conclusions are drawn in Section 9.
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5.2. Overview of Full Scale Back-to-Back Converters with
PMSG Wind Energy System

The block diagram shown in Figure 5.1 describes a detailed back-back vol-
tage source converter switching model of the variable speed PMSG wind turbine.
As a configuration suitable for small-scale grid connected wind energy systems,
the variable speed multiple pole PMSG is directly driven by a fixed-pitch low
power wind turbine and connected to an AC grid through a two level three-phase
back-back voltage source converter (VSC). The back-back VSC consists of the
three-phase AC/DC voltage source converter (VSC) at the machine-side and the
same configuration of three-phase DC/AC voltage source inverter (VSI) at the AC
grid-side. The machine-side is connected to the AC grid-side through a capacitor
which serves as a storage device, filters voltage ripple and a point of isolation be-
tween the generator frequency and the grid-side frequency. This configuration can
be modified to include a transformer at the AC grid-side when higher voltage is
needed to integrate to AC grid.
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Figure 5.1. Block diagram of two level three-phase back-to-back PWM vol-
tage source converters switching with variable speed PMSG wind energy system.

Compared with the configuration shown in Figure 2.10 (Chapter 2), the num-
ber of power electronic devices is now increased to a total of 12 power electronic
converter switches and 12 anti-parallel diodes (6 at the generator-side and 6 at the
AC grid-side). Under the action of the proposed generalized predictive control
(GPC) strategy, the generator-side converter and processes variable frequency
AC-voltage to DC-voltage, while the grid-side converter and processes DC-
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voltage to fixed frequency AC-voltage. The controller at the generator-side and
the gird-side depends on the choice of control parameters. In a wind energy sys-
tem, the aim of the control is to track as much power from the wind and delivered
a constant frequency power to the AC grid. In order to achieve MPPT and DC-
link voltage regulation as the wind speed changes, the generator-side converter is
designed to control the wind turbine and generator speed to track maximum pow-
er at various wind speeds, while the grid-side converter matches the output power
from the generator to the AC grid by maintaining a constant DC-link voltage.
This enables a fixed frequency and fixed voltage to be supplied to the utility grid.

5.3. Control Strategy

In order to implement the detailed switching of back-back voltage source
converters with variable speed PMSG wind turbine, a control strategy must be se-
lected, developed and applied. It is obviously very important for any control strat-
egy to take into account the variability of wind speed. The control techniques
considered in this Chapter is based on generalized predictive control (GPC) algo-
rithm. The GPC method was proposed by Clarke et al. [2, 8] is a well-established
independent control technique in which each d- and g-axis current is controlled
independent of the other. It is implemented with GPC regulators. There are four
GPCs, the generator-side controller and the grid-side controller. The generator-
side controller is designed to control the speed and the torque of the PMSG to
track maximum power from the wind by controlling the stator currents, and the
grid-side controller controls the AC grid currents, in order to control the power
flow to the utility grid.

5.4. Formulation of Generalized Predictive Control (GPC)

The design process of GPC algorithm includes system model description and
cost function configuration steps. The model is used to predict the controlled va-
riable trajectory over the chosen horizon and the cost function is used to deter-
mine the optimal control input in accordance with the chosen optimality terms. In
the following sections both design steps are described and control law transfer
function coefficients can be obtained in this way.

5.4.1. Process Model

In predictive controllers, different process models can be applied. In the fol-
lowing the most common ones are presented.
5.4.2. Transfer Function Model

In order to design a GPC control loop, the model must be expressed as a
transfer function formulation described by controlled auto-regressive integrated
moving average (CARIMA) model [26]:
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A(z*)y(t)=B<z‘1>z—"u<z—1>+c<z*>%” 5.0)

Where the expressions of the polynomials 4, B and C in the backward shift
operator z-1 are given as follow [26]:

a

Az HY=1+az" +az" +..+a,z"

(5.2)
B(z)=h+bz" +bz " +..4a,z " (5.3)
CzH=l+cz" +ez° +..+c 27" (5.4)

where u(?) and y(¢) are the control and output variables of the plant and e(?) is
a zero mean white noise. A=1- z” is the discrete differentiation operator.

For simplicity, in the following the delay d is considered to be equal to 0, and
the noise polynomial C(z™")is chosen to be 1.

5.4.3. State Space Model
The model for SISO process is the following:

X(t+1) = Ax(?) + Bu(?) (5.4)

y(t) = Cx(2) (5.5)

where x is the state vector, 4, B, C are the matrices of the system, input and
output respectively. The prediction is given by:

k
P+ jly=Cr(e+ jln) = C{Akx(t) +> A7 Bu(t+k - j‘t)} (5.6)
i=1

This predictor requires the state vector. If the state variables are not measured,
then state observer is required to implement a state space model based predictive
controller. The state space model is the most convenient for multivariable
processes.

Other: Non-linear models can also be used to represent the process but the
problem of their use springs from the fact that they cause the optimization prob-
lem to be more complicated. Neural nets as well as fuzzy logic are other forms of
representation used in some applications.

5.4.4. Cost function

The various GPC algorithms propose different cost functions for obtaining the
control law. The general aim is that the future plant output y(¢+j) on the consi-
dered horizon should follow a determined reference signal r(¢+j) and, at the same
time, the control effort Au(?) necessary for doing so should be penalized. This is
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accomplished by minimizing a multistage cost function J. The general expression
for such an objective function can be written as [27]:

J(NI,NZ,NJ:E{ZZ S5+ jl0=re+ )] +Z"ﬂ(j)[Au<r+j—1]} (5.7)

J=N,
where E{.} is the expectation operator, y(¢+j |t) i1s an optimum j-step ahead

prediction of the system output on data up to time #, and (¢ + ;) is the future ref-
erence trajectory. The tuning parameters of the GPC can be properly seen in the
cost function:

Nj is the minimum costing horizon, specifying the beginning of the horizon in
the cost function, from which point the output error is taken into account. Since
the control action affects the process output only after the process delay, the min-
imum horizon is suggested to be equal or higher than the process delay.

N, is the prediction horizon, specifying the end of the horizon in the cost
function, in other words the last output error that is taken into account.

N, 1s the control horizon, the number of consecutive changes in the control
signals.

A(j), A(j) are the weighting sequences, enabling the weighting of the terms in
the cost function also with respect to their appearance in time.

In order to optimize the cost function the optimal prediction of y(¢+j) for j>N,
and j<N, will be obtained. To get the prediction, the following Diophantine equa-
tion is considered:

1=, MG+ ) 58

1=E,(z")A(z")+z/F(z7) (5.9)

The polynomials Ej(z'l) and Fj(z'l) are uniquely defined with degrees j-/ and
na respectively. They can be obtained dividing 1 by A(z")until the remainder can

be factorized as z‘ij(z'l). The quotient of the division is the polynomial Ej(z'l).
If equation (5.1) is multiplied by AEj(z'l)Z’

AZE (2 YW+ ) =E (2B YAu(t+ j-d-1)+E,(z ) elt+)) (5.10)
Considering equations (5.8) and (5.9), equation (5.10) can be written as:

(I=z7F(z D+ /) =E;(z Bz HAu(t+j—d-D+E,(z )et+)) (5.11)
This can be rewritten as:

y(t+)) =Fj(zfl)y(t)+Ej (z Bz HAu(t+ j- d-D+E, (z )e(t+)) (5.12)
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As the degree of polynomial Ej(z'l )=j-1 the noise terms in equation (5.12) are
all in the future. The prediction of y(z+)) is therefore:

e+ /=G (zHAu(t+j-d-1)+F,(z " )(®) (5.13)
where:

G, (z)=E(z)B(z") (5.14)

It is very simple to show that the polynomials Ej(z'l) and Fj(z'l) can be ob-
tained recursively. The recursion of the Diophantine equation has been demon-
strated in [2]. A simpler demonstration is given in the following. There are other
formulations of GPC not based on the recursion of the Diophantine equation [28].

Consider that polynomials E;(z° " and F; (z " have been obtained by d1V1d1ng 1
by A(z"")until the remainder of the division can be factorized as z? F; (z h.

With:

-1\ -1 —na
E@E)= [0tz +ot Sz (5.15)

EJ(Z) eote, z "tote  zVU (5.16)

j,j-1

Suppose that the same procedure is used to obtain £, ,(z’ " and F Fi(z Y, that is, di-
viding 1 by A(z™")until the remainder of the division can be factorized as z (’”)F ea

With:
F;’+1 (Z_l) = fj+1,0 +fj+1,1 z .. +fj+1,na z™ (5.17)
It is clear that only another step of the division performed to obtain the poly-

nomlals E(z h and F(z ") has to be taken in order to obtain the polynomials

Ej(z )and +1(Z )
The polynomlal 1z " will be given by:

Ej+1(Z_1):Ej(Z )+e+1] 7 (518)
With:

€1 =0 (5.19)

The coefficients of polynomial /(z") can then be expressed as:
fj+17i :fj+i,1 _fj,o d,, 1=0..na—1 (5.20)

The polynomial G, /(z") can be obtained recursively as follows:
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G =E B=(E+f,,2")B (5.21)
Gu=G+f,z'B (5.22)

That is, the first j coefficient of G4 /(z") will be identical to those of Gj(z'l) and
the remaining coefficients will be given by:

&jnjri =&t S0l 1=0..mb (5.23)

To solve the GPC problem the set of control signals u(?), u(t + 1), ..., u(t + N)
has to be obtained in order to optimize equation (5.7). As the system considered
has a dead time of d sampling periods, the output of the system will be influenced
by signal u(t) after sampling period d+1. The values N;, N; and N, defining the
horizon can be defined by N,=d+1, N,=d+N and N,=N. Notice that there is no
point in making N;<d+1 as terms added to expression (5.7) will only depend on
the past control signals. On the other hand, if N;>d+1 the first points in the refer-
ence sequence, being the ones guessed with most certainty, will not be taken into
account. Now consider the following set of j ahead optimal predictions:

5’(t+d+1‘t) =Gy, Au(t)+Fy,, ()

(5.24)
Yt +d+2|0)=G,,, Au(t+1)+F,,, y(1) (5.25)
YE+d+N[)=G,,, Au(t+N—-1)+F,,, y(t) (5.26)
Which can be written as:
y=Gu+F(z)yO+G (z HAu@-1) (5.27)
where:
[ S+d+1n) | Au()
y(t+d +2]r) L Au(t+1)

| J(t+d+NJr) | Au(t+N-1) |
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_go 0 - 0] (Gd+1(Z_1)_go)Z
G= g:l g.o O G'(Z—l): (Gd+2(z_1)—.g0—glz_1)zz
| 8va v 7 8o _(Gd+N(Z_1)_go_g1Z_l_"'_gN—1Z_(N_l))ZN_
_F;m(z_l)
F(Z_l): F:z’+2.Z—l)
_F;J+N Z_l)_

Notice that the last two terms in equation (5.27) only depend on the past and
can be grouped into “f” leading to:

y=Gu+f (5.28)

Notice that if all initial conditions are zero, the free response “f” is also zero.
If a unit step is applied to the input at time ¢, that is:

Au(t) =1, Au(t +1)=0,--, Au(t+ N=1)=0 (5.29)

The expected output sequence [§(t+1),9(t+2),....9(t+N)]" is equal to the

first row of matrix “G”. That is the first row of matrix “G” can be calculated as
the step response of the plant when a unit step is applied to the manipulated vari-
able. The free response term can be calculated recursively by:

f, =z(1-A(z "))f;+B(z ") Au(t—d+j) (5.30)
With: f; =y(t) and Au(t+j)=0for j=0
Equation (5.7) can be written as:
J=(Gu+f-w) (Gu+f-w)+Au'u (5.31)

Where:
w=[wt+d+1) wr+d+2)--wit+d+N)] (532
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Equation (5.31) can be written as:

J =%uTHu+ b'u+f, (5.33)
where:
H=2(G"G +Al) (5.34)
b' =2(f-w)'G (539)
f =(f=w)'(f-w) (5.36)

The minimum of J, assuming there are no constraints on the control signals,
can be found by making the gradient of J equal to zero, which leads to:

-1
u=—H"b (5.37)

Notice that only the first element of “u” is applied and the procedure is re-
peated at the next sampling time. The solution to the GPC given involves the in-
version (or triangularization) of a NXN matrix which requires a substantial
amount of computation. In [2] the concept of control horizon is used to reduce the
amount of computation needed, assuming that the projected control signals are
going to be constant after NV,< N. This leads to the inversion of a N, x N, matrix
which reduces the amount of computation (in particular, if N,=1 it is reduced to a
scalar computation), but restricts the optimality of the GPC. It is worth noting that
future plans are to apply the proposed GPCs technique to other control strategies
such as vector control.

5.5. Design of GPC for the Machine-Side Converter

The machine-side converter control technique shown in Figure 5.2 consists of
two main parts which are the outer speed control loop, and the inner current (tor-
que) control loop. The outer speed control loop controls the PMSG speed by con-
trolling the generator stator current in a manner to track maximum power of the
wind turbine at various wind speeds.

The basic principle is that the machine-side converter controller indirectly
controls the electromagnetic torque by controlling the generator rotational speed
to its optimum rotational speed and in so doing maintains the tip-speed ratio TSR
at the optimum value at various wind speeds.

The machine-side converter uses the MPPT control to generate the optimum
rotational speed o, (speed reference) which the outer speed control loop com-
pares with the measured speed to generate a speed error signal.
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The speed error is fed into and processed by the PI regulator to generate the
reference current for the inner GPC control loop. In the internal loop, the GPC is
applied to the d-g axis stator currents of the PMSG in order to provide the com-
ponents of the stator reference voltages (Ve ep Vi-rer)-

For this aim, both discrete transfer functions of the PMSG first have to be es-
tablished.

l§<

. MSC
Iss =0 g
GPC-based| Vas U Iy .
las | control " | PWM gz >
. . Coordinate Ubi Signal SZ > ‘| IV
Or T Is .| transf. "] Generatof—S ¥ } de

MPPT PI 2/3p® I » GPC-based ti Uci Sﬁ= l

Ty control " ' > =

A

<« Y

o)
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4
Ias
PARK [ T

Transf. < I

L d/dt O

Figure 5.2. Machine-side control technique structure.

5.5.1. Stator Current Loop Model for Machine-Side Converter

To derive the necessary discrete transfer functions for the both GPC stator
current controllers, the electrical part of the PMSG equations considering rotating
reference frame is required:

Vafs :Rsla!s +Ld[a£s~ _Lq[qsa)e (5'3 8)

Vi=RI,+LI —(L,1,+P, )0 (5.39)

where V4, V,, represent stator voltages in the d- and g-axis, I;; and I
represent stator currents in the d- and g-axis, and L,, L, are d- and g-axis induc-
tances.

The stator phase resistance is represented by Ry, and electrical angular veloci-
ty by w,., and o, = p*o,.

Because Iy, 1, and o, will be measured, both PMSG equations can be de-

coupled and a disturbance feed-forward can be implemented as shown in Figure
5.3.
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Figure 5.3. Decoupling and disturbance feed forward for PMSG current control.

Therefore the PMSG equations (5.38) and (5.39) reduce as follows:

I/ds = Rslds +Ldjds (540)

I/qs :Rslqs +Lq]qs (541)

Next, the equations (5.40) and (5.41) will be transformed into S-domain and
rewritten into the following form:

]ds _ 1
VdS RS + S-Ld (5-42)
1 1
qs
= 4
Ve R +s.L, (5:43)

To get the desired discrete transfer functions, the equations (5.42) and (5.43)
will be transformed by means of a zero-order-hold (ZOH) method into Z-domain
with a sampling interval 7, and given in equations (5.44) and (5.45):

L ({_RT/L) A1
L LY RS B
Gy (z ):%(z“): T RTJL I (5.44)
1 (1 —RT/L) -1
-1 N _e te ! Z -1
G (z_l):l"“'(z ): R :Bq(z )
q VqS (Z—l) 1_e_R5]:/Lq Z—l Aq (Zfl) (545)

As the prediction is normally not done withA(Z_l), but with 4 =AAE") ,

the individual coefficient of the polynomial A=) gre calculated. Thus for the po-

lynomials ‘a(z_l)and B(z") the following coefficients can be obtained:
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i, =1 by =0

&1 =_(1+8—RS7;/L,,) bl =i(1_e—R57;/Ld)

According to the GPC theory and employing the CARIMA model, and taking
the previous transfer functions (5.44) and (5.45), where the outputs 1, and /,, are
replaced by y; and y,, and the inputs V,, and V,, are replaced by u; and u,, respec-
(t+j_l|t)and P+ j=1l0 are known. Thus, it
B0 30 g P2+ 10

tively. Next, if in the ¢ instant N

ipossible to obtain the predicted outputs under the form:
W+ jlo=0+a)* p(0)—a *p(t+ j=1|)+b Au(t+ j-1) (5.46)
Dot 0= 43)* 92 (0= * §y(t+ =10 +b Ay (4] =1) (5 4,

The cost function of a GPC problem is defined as the sum of quadratic terms:

I= Y SN p] + XA+ -D]  (5.49)

Subject to: Au(t+j)for j=N,

If normalized weighting sequences are used then J{j) =1/ for all j. Also, if a
constant value of 4 is chosen, i.e. A(j) = 4, the entire control sequence is weighed
equally at every time instant, simplifying the GPC design process.

The polynomial form of GPC requires adjustment of the set parameters N,
N,, N, and A to ensure good stability. Some guidelines may be found in the litera-
ture [29]:

Dead time of the system

1 Sampling period =1 (5.49)

Response time of the system

2 - Sampling period (5.50)

Very often, N, is chosen so that N, << N, and the case N,=1 is very interest-
ing. Based on the former theory, a robust controller using GPC method is estab-
lished in MATLAB to validate the control effect. The main parameters of both
GPCs design are shown in Table 5.1.
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Table 5.1. Design parameters for GPC.
N; N, Ny T A
1 6 1 0.0000001 0.01

5.6. Design of GPC for Grid-Side Converter

The grid-side converter controller ensures that the DC-link voltage stabilizes
at the desired reference value as the wind speed (and therefore power onto the
DC-link) varies. Unlike the machine-side controller, the grid-side outer control
loop 1s the DC-link voltage control loop. The uncertainty and disturbance estima-
tor (UDE)-based control approach is applied to the regulation of the DC-link vol-
tage. The output of the UDE-based DC-link voltage regulation is designed to gen-
erate a real power output reference P, . In the inner loop of the AC grid-side
controller, the generalized predictive-based vector control is developed to regulate
the gird-side currents to achieve real power output control and convert DC power
to grid AC power simultaneously.

5.6.1. Robust GPC Applied to Grid-Side Current Loop

In this subsection, a complete design procedure of current controller using
GPC on a grid-tied three phase two level inverter for distributed wind power gen-
eration systems is presented. The purpose of this controller is to achieve grid cur-
rents with low harmonic content as well as unity power factor. Essentially, to ob-
tain output sinusoidal currents, the control strategy must switch the grid-side
converter in order to synthesize a sinusoidal fundamental component at the out-
put. The system can be represented as shown in Figure 5.4.

. 3PH-VSI .
e LKA R, L s
L ®| T TN .
de Ib_> Ve A >~
v )_l c ’WS‘ '\N\/
C + A 4
L R I P
v, Ty il
‘> Control Control >
Yool wpE) [ (©GPCO) &

Figure 5.4. Grid-Connected Voltage Source Inverter for wind energy system.
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The Power generated from the wind energy system is modeled as current /.
that charges the DC-link capacitor to voltage V. Current /; , with j = [a,b,c] is
injected to the grid by means of an inductor filter.

The per-phase model can be described by the following equation:

dl (1)
dt

v,(6)=R, 1,(t)+L, +e,(1) (5.60)

where v; 1s the voltage applied to the AC grid by the voltage source inverter, ¢;
represents grid voltage in the abc reference frame, R, and L, are the equivalent pa-
rasitic resistance and filter inductance, respectively, of the 3 wire grid-
configuration connection.

Using equation (5.60), a transfer function between applied voltage and output
current in the continuous S-domain can be obtained for each phase as:

1

G(s)=—
(5) R, +s.L,

(5.61)

By means of a ZOH circuit, the grid current is sampled with a sampling pe-
riod T, chosen in order to guarantee R, Ty/L,<<I. Thus a discrete transfer func-
tion is obtained:

-1
- m,.z
do(Z 1)21—_1 (562)

l-n,.z

The system model polynomials in the discrete time domain are obtained from
the plant transfer function (5.62). As aresult A(z") = I-n.z"' and Bz") =m;.z".

So, by means of the method explained in previous section, and the chosen
values of N;, N,, N, and 4, The GPC controller is implemented as a discrete trans-
fer function in the form of a difference equation which uses the error between the
reference and output current samples and gives the control algorithm output sam-
ple wi(k), j= [a, b] as a result.

The grid voltages are measured in each phase and also filtered with a first-
order low-pass filter (LPF) with f. = 4 kHz, as it is sampled at f; =10 kHz. These
measurements are used by the PLL, in order to generate references current rela-
tive to the phase of the grid voltage waveform. This type of PLL was chosen to
guarantee a unit power factor injection. The reference currents r,(k) and r,(k) are
built as:

r,(k) = A(k)sin(p, (k) + ¢(k)) (5.63)

With: j= [a, b]. A(k) is the amplitude of the sinusoidal reference currents, and
@(k) is the phase offset of the reference relative to the grid voltage waveform
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phase. They are used as control system inputs in order to change active and reac-
tive power injection to the AC grid.
The control algorithm output for the phase c is built as:

w, (k) = —w, (k) —w, (k) (5.64)

To each of these outputs, a grid voltage feed-forward (FF) term is added in
order to reject its disturbance effect, and consists of the actual AC grid voltage
sample e;(k), j= [a,b,c]. The resulting feed-forward compensated control input U;
(k) 1s fed into the PWM module, with proper gain correction as shown in Figure

5.5.
Vdc :Za _( : :)
=L
® Zb

ea(k)
en(k)
e(k) LPF

Figure 5.5. Proposed GPC block diagram of grid-side converter.

5.7. UDE-based DC-link voltage Control

A DC-link capacitor between the machine-side converter and the AC grid-
side converter is used to balance the DC-link voltage. In order to keep the DC-
link voltage stable, the power coming out of the DC-link capacitor should be
equal to the power injected into the capacitor. The full DC-link dynamics are very
complex and cannot be used for control directly [12]. A DC-link voltage equation
simplified from [12] with unknown parameters is shown as:

P P P
V. = in__ _“out __ " loss + AVO

“ CVdc CV:ic CVdC (565)
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where V. is the DC-link voltage, C is the capacitance value of the DC-link
capacitor, P, represents the DC power from the machine-side converter, P,
represents the real power output of the AC grid-side converter, P, denotes the
power losses on the DC-link capacitor and the AC grid-side converter, and Av,
represents the effects of unknown parameters, such as equivalent series resistance,
equivalent series inductance and the reactive power. The DC-link dynamics eq-
uation (5.65) show that the DC-link voltage V,. can be controlled through the ad-
justment of the real power output P,,, of the grid-side converter. Normally, P;,
can be measured directly, but P, and Av, are difficult to be measured directly.
Instead of the nominal model (5.65), the following modified model is considered
in the presence of the uncertainties and disturbances:

k

Pin out
dc T %
v, CV, (5.66)
where V) is a constant reference value for V., and Av represents the lumped
— Bn }?)ut B{)SS in + r;t
= — — ) —
uncertainty and disturbance term Ve Vo Ve v, ¢, . In the

normal operation condition, the DC-link voltage V. should be close to V.
In particular, the tracking error e, =V, —V,. asymptotically converges to zero
by following the desired error dynamics:

v T TS (5.67)

Combining equations (5.65) and (5.66), there is:

*

Pz’n + out

y, ——in ~Av=—ke, (5.68)
cv, Cv,

The real power output reference P*,,, needs to satisfy:

P, =-CVV, +P,—CV,ke, +CV,Ay (5.69)
According to the system dynamics in equation (5.66), the uncertainty terms
Av can be represented as:

P P
i_’.

out

Following the procedures provided in [18]. It is assumed that g, (¢) is the im-
pulse response of a strictly proper stable filter G,/ (s) with the appropriate fre-

Av = Vdc —
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quency characteristics over the spectrum of Av. Then Av can be accurately ap-
proximated by:

Av = Av¥g, = (V'dc CI'DV + g’;’ j gy
(5.71)

whereAv is an estimate of Av.

Replacing AvwithAv in equation (5.69) results in:

*

gvf
cv teor J 572

" =—CV.V,+P,—CV ke, +CV( e

These result in the UDE-based control laws:

=B, +CV, [Ll {%}*(—k&)#l {%}V}
~G,(9) —Gy () (5.73)

The filter design is very important in the UDE algorithm, as the filter should
cover the spectrum of disturbances with the unity gain and zero phase shift.

Different choices of filters will result in different forms of UDE controller,
which depends on system dynamics and performance requirements.

In this thesis, it is sufficient to choose the filter G,(s) as the following first-
order low-pass filter:

Gvf (s)= 1
: l+7s (5.74)
Then:
sG,(s) 1
1-G,(s) 7, (5.75)

Therefore, the UDE-based control law (5.73) 1s derived as follows:

V. {(kvrv +1)e, +k, | evdt}
2 0

v

P, =
(5.76)

Considering V), as a constant value, v, = =0 Then, the UDE-based control law
can be reduced to:

P =p - {(kr +1)e, +kjedt}

(5.76)



184 Generalized Approach for Predictive Control in High-Performance Back-to-Back Converters with
PMSG Wind Energy Systems

5.8. Performance Evaluations with Experimental Data

To finally show the effectiveness of the proposed GPC solutions and their
Real-Time applicability on a hardware setup, a grid-tied two-level back-to-back
power converter PMSG wind turbine system emulator was constructed in the
LAS laboratory. An overview of this test-bench is shown in Figure 5.6.

Wind turbine
simulator

3-Phase grid con-
nected inverter

MSC with
MPPT control

Figure 5.6. Grid-tied two-level back-to-back PMSG wind energy system.

In the following, the transient control performances of both, the machine and
grid-side converters are experimentally verified. The testing scenario is maximum
power point tracking (MPPT) where the wind speed changes rapidly, while the
DC-Link voltage remains at its reference value V,= 250V to test the most severe
condition. The reactive power of both the machine and grid-side are set to 0 Var
to achieve a unit power factor. The machine and grid-side transient control per-
formances of GPC algorithm are depicted in Figures 5.7 and 5.8, respectively.

5.8.1. Experimental Results

5.8.2. Transient Analysis of Machine-Side Converter Control

Figures 5.7(a) to 5.7(h) show the dynamic responses of the wind velocity, the
rotor speed, the zoom-in view of the rotor position, the electromagnetic torque,
the d-axis stator current, the g-axis stator current, the 3-phase stator currents and
the zoom-in view of the steady-state 3-phase stator currents of the PMSG system
based on GPC of the machine-side converter, respectively. It has been shown that
the proposed system has better transient response. This is clear in Figure 5.7(b) to
5.7(h) where the system with the proposed GPC has attained the steady state val-
ue very quickly and the field orientation condition is satisfied. On the other hand,
the GPC tracks well the rotor speed reference under large wind variations. The ro-
tor speed overshoot and undershoot is less than 6 rpm at all wind speed conditions
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as depicted in Figure 5.7(b). Figure 5.7(c) illustrates the rotor position angle re-
sponse which exactly matches with the stator 'a' phase current. As the PMSG is
four pole pair machine, one cycle of rotor position angle corresponds to four cycle
of phase ‘a’ stator current. It is seen from Figure 5.7(d) that the electromagnetic
torque follows smoothly according to the disturbances in wind velocity. Accord-
ing to the Figures 5.7(e) and 5.7(f), we can find that the d- and g-axis stator cur-
rents of PMSG are perfectly regulated to the desired values. In the proposed GPC
strategy the g-axis current of the PMSG is maintained at zero and the g-axis cur-
rent is changing corresponding to the wind speed, which achieves maximum wind
power point tracking. Figure 5.7(g) shows the 3-phase stator currents response. It
is obvious that the stator currents of PMSG have less ripple content. The balanced
operation of the PMSG is verified by the zoom-in view of the steady-state three-
phase output currents, which are shown in Figure 5.7(h).
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5.8.3. Transient Analysis of Grid-Side Converter Control

Figures 5.8(a) to 5.8(g) show the dynamic responses of the DC-link voltage,
the electrical angle of grid voltage, the d- and g-axis currents of grid-side inverter,
the 3-phase currents and the zoom-in view of the three-phase currents of grid-side
inverter, the voltage and the current waveforms of one phase in grid-side inverter,
respectively.

As can be seen, quite similar overall performances for machine- and AC grid-
side control including the DC-link control are obtained. The results in Figures
5.8(a) to 5.8(g) emphasize that the GPC of grid-side converter is less sensitive to
wind variation.

Figure 5.8(a) shows that the DC-link voltage is kept steady, no overshoot oc-
curs, and almost not affected during the changing wind velocity. This is due to the
dynamic power reference which is immediately generated accordingly and
tracked by the inner GPC current control loop. Figure 5.8(b) shows that the elec-
trical angle of grid voltage varies from zero to 2w periodically.

When the electrical angle is equal to zero, the grid voltage reaches its peak
value. As displayed in Figures 5.8(c) and 5.8(d), due to the independent control of
the dg-axis currents and the unity power factor operation, the g-axis current of
grid-connected inverter is maintained at zero while the d-axis current is similar to
the wind speed. As shown in Figure 5.8(e) and 5.8(f), the 3-phase currents of
grid-connected inverter are sinusoidal and phase “a” grid voltage is phase with
phase “a” grid current, which achieves unity power factor.

Figure 5.8(g) displays the voltage and the current waveforms of one phase in
grid-side inverter. The phase “a” grid current lags the phase “a” grid voltage by ,
which is the power factor angle.
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Figure 5.8. Performance of various parameters of AC gird-side converter.
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5.9. Conclusions

Within this Chapter, a robust Generalized Predictive Control (GPC) for two
level three-phase back-to-back converters with PMSG wind energy system was
introduced, and a novel design procedure for the Uncertainty and Disturbance Es-
timator (UDE)-based DC-link voltage controller was presented.

The proposed GPC control system is simple, exhibits satisfactory transient re-
sponse and robustness to wind speed variations. The linearized equations of the
system are used to derive transfer functions, in order to select GPC parameters
and analyze its stability.

Therefore, the proposed GPC technique can be included as a practical control-
ler in wind energy systems, even without powerful hardware platforms, as op-
posed to other computationally demanding MPC strategies. For the DC-link vol-
tage regulation, the UDE-based control has been developed to replace the
conventional PI controller, to deal with the model uncertainty and external distur-
bances in the in the DC-link capacitor.

The proposed method is verified for a PMSG wind energy system based on
two-level three-phase back-to-back converters. The system has been successfully
run and controlled via two dSPACs DS 1104 cards: one controlling the machine-
side (wind turbine emulator, PMSG) and the other the grid-side. The experimental
results indicate that the proposed GPC strategy performs very well in achieving
the control goals for the complete wind energy system.

Also, the proposed UDE approach has shown better robustness to handle ex-
treme varying wind conditions with higher real power generation.
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Conclusion and Future Works

1. Conclusions

In summary, this thesis work has presented several predictive control schemes
and various power electronic converters for variable-speed PMSG based wind tur-
bine to improve the power conversion efficiency and transient dynamics of overall
wind energy systems. Moreover, it also proves that with the proper predictive con-
trol algorithms, and optimum utilization of available power electronic converters
(generator- and grid-side converters), the maximum benefits from a wind energy
system can be achieved.

The proposed control techniques are modeled, simulated and successfully im-
plemented in laboratory. The extensive simulation results supported by experimen-
tal results are provided to validate the proposed control approaches.

Some of the major achievements of the thesis are summarized as follows:

» The proposed configurations are very promising for the future development
as they have been designed by combining the best features of the existing commer-
cial wind turbine solutions.

» The research results presented here also endorse the predictive control strate-
gy as a simple, efficient and high performance control tool for power converters
which operate at a medium switching frequency.

« Various control objectives such as grid/inductor currents, grid active power
and grid reactive power are included in the design and operation of the predictive
controller.

« The modeling and analysis presented in this thesis can be used in other power
electronics converters and wind energy system applications.

2. Summary of Major Contributions

The major contributions and conclusions of this research work are summarized
as follows.

2.1. A review of the wind energy systems, power converters
and MPPT control schemes is presented
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* An extensive survey on the past, present and future trends of wind energy
systems are presented to fill gaps in the existing literature.

» A review of practical and emerging power converters topologies used for
PMSG based wind energy systems are presented. Various technical issues, features
and drawbacks are analyzed, and important survey results are summarized by tables.

» Various classical and advanced MPPT methods used for PMSG based wind
energy systems are discussed and compared.

2.2. Various challenges related to the FCS-MPC strategy are
addressed

» A linear extrapolations method is proposed to estimate the future values of
the reference variables. The proposed method eliminates the oscillations in the ref-
erence active and reactive powers (which are control variables for the case study
considered), This method leads to safe and reliable operation for the semiconductor
devices during step-changes in the reference control variables.

« A simplified two-step predictive control strategy is proposed to improve the
performance and also to reduce the computational burden involved in the real-time
implementation. The proposed technique shows a better solution without increasing
the converter switching frequency. The proposed solution is promising for high
wind power applications where lower switching frequency operation is mandatory.

2.3. Two advanced FCS-MPC techniques are proposed to con-
trol the machine-side and the grid-side converters

In this thesis, two advanced control schemes based on FCS-MPC are proposed:

* In the first control strategy, the rectified (inductor) current is controlled, as-
suming that the grid-side converter regulates the DC-link voltage and grid active
and reactive powers.

 In the second control strategy, the grid active and reactive powers are con-
trolled with an assumption that the machine-side converter performs the MPPT con-
trol.

* An excellent dynamic response and power quality has been achieved by eli-
minating the internal current control loops and modulators.

* The proposed solutions can be easily extended to other wind energy conver-
sion system configurations and motor drive applications.

2.4. A continuous-and discrete-time models are presented

* In this thesis, the continuous-time model of the variables to be controlled is
presented in terms of power converter switching states. Several variables, such as
grid/inductor currents, active power and reactive power, are incorporated in the de-
sign of the system model. All the continuous-time models have been converted to
discrete-time so as to incorporate the control delay and prediction horizon.
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2.5. Two advanced predictive techniques are proposed to
control the complete wind energy system

In this thesis, two novel control schemes based on fixed frequency model pre-
dictive control (MPC) are proposed:

* In the first strategy, the hill climb searching (HCS) algorithm utilizes the
MPC for controlling the switched inductor boost converter (SIBC) and maximize
the energy harvest with an assumption that the grid-side converter regulates the DC-
link voltage.

 In the second strategy, robust predictive current controllers (PCC) is designed
for controlling the single-phase full bridge inverter, improve the power quality, and
achieves a sinusoidal current into the grid with low distortion, assuming that the
machine-side converter performs MPPT control.

* In both methods, the voltage stress and switching losses of the semiconductor
switches are reduced by balancing the DC-link capacitor voltages and by minimiz-
ing the switching frequency below 15 kHz, respectively.

2.6. High gain and high efficiency power conditioning topology
is proposed

* A new power conversion system based on switched inductor boost converter
(SIBC) 1s explored aimed at the next generation wind energy conversion system.
The conversion gain ratio and the efficiency with the SIBC topologies has been in-
creased significantly compared to the traditional DC/DC boost converters.

» A single-phase full bridge inverter is proposed as a grid interfacing inverter.
Compared to the commercially available tow level three-phase voltage source inver-
ter, the proposed configuration uses less number of active switches and thus it is
less expensive and reliable.

2.7. A new encoderless MPPT control structure for PMSG
wind energy conversion system is proposed

* The presented method is a simple method and does not require any know-
ledge of wind turbine characteristics, which makes it suitable for wind turbine ap-
plications.

» Advantages of the proposed scheme include simplicity of controller design,
ease of implementation, no need for the aerodynamic control, and avoidance for an
anemometer or shaft encoder.

» The proposed control scheme has the potential to reduce the cost and size of
the wind turbine generator system.
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2.8. A generalized predictive method is proposed to control
the full scale back-to-back converters with PMSG based
wind energy systems

* In this thesis, similar to those in the classical control methods, a generalized
predictive method based on the vector control strategy is presented for both ma-
chine-side and grid-side converters of full scale back-back converters with PMSG
wind energy conversion system. The proposed method shows a promising solution
to controlling the generated power and also to meeting the grid codes requirements.

2.9. A Simulation and experimental studies are conducted to
verify the system operations

 All the simulation studies are carried out using MATLAB/SIMULINK soft-
ware.

» The predictive control algorithms are developed using MATLAB Embedded
Function for an easy transfer of code to real-time implementation.

« Several low power prototype converters have been built such as traditional
DC/DC boost converter and switched inductor boost converter (SIBC).

« All the theory, control system design and simulation results are validated
through the experimental tests.

» A dSPACE DS1104 rapid prototyping controller based test platform has been
developed.

* Wind turbine simulator based on a DC motor is developed, which can gener-
ate different output power as specified by the wind turbine characteristic curves.

3. Future Works

The following future research works are suggested as an extension to the know-
ledge presented in this dissertation.

 The stability issues with the FCS-MPC strategy should be studied by employ-
ing different discretization methods and prediction horizons.

» Predictive control algorithm can be also applied on pitch control of wind tur-
bine (WT) to reduce the mechanical stress on the drive train and improve the energy
conversion efficiency of the WT operating above the rated wind speed. The design
will be based on the two-mass model of the WT, while simulation studies will focus
on the detailed model provided by the FAST (Fatigue, aecrodynamics, structures,
and turbulence) software package.

 Investigation of PMSG based wind energy conversion system behavior under
unbalanced grid fault conditions and development of new predictive control systems
represent a very good research direction to meet the emerging grid code require-
ments.

» The generalized predictive control approach presented in this thesis can be
extended to flying capacitor, active NPC and novel power electronic converters.
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* Investigation of multilevel converter configurations can be used to reduce or
completely eliminate the grid-side filter.

» For the grid-side converter, the next step should consider how to inject the
reactive power into the grid for the purpose of stabilizing the power grid.



