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Abstract

Contrary to conventional electric power generators, such as diesel generators and

hydroelectric power generators, existing wind energy conversion systems (WECS)

are designed to operate in either grid-connected or stand-alone mode only. Differ-

ent controllers are therefore designed for each mode of operation. The trend is that

WECS should be able to work in both modes. Very few studies have been done

to address this issue. The available control methods use the conventional linear

PID-based control method. These methods are not always effective for high order

multivariable nonlinear systems such as WECS. This thesis presents the devel-

opment of a robust nonlinear controller for a hybrid wind energy battery-storage

system that can operate in both grid-connected and stand-alone modes using a

single unified controller. A new approach is proposed to improve the efficiency

and increase the reliability of the hybrid wind turbine system. The proposed con-

trol strategy includes a power estimation module obtained based on the Thévenin

equivalent model of the grid side subsystem. While ensuring a seamless transition

between the two modes, the controller efficiently manages the power distribution

between the load, the battery, and the grid. Next, an adaptive control algorithm is

proposed to overcome parameter change which could occur due to extreme weather

conditions such as Canadian winter conditions. This algorithm is based on the

Lyapunov stability theory, which guarantees that the parameters are bounded and

the state variables converge asymptotically to steady-state values. Mathematical

analysis and results are presented to validate the performance of the proposed

techniques. This was successfully applied for both wind-based three-phase power

generation systems and single-phase residential applications.
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Résumé

Contrairement aux générateurs d’énergie électrique conventionels, tels que les

générateurs diesel et les générateurs hydroélectriques, les systèmes de conversion

d’énergie éolienne existants (SCEE) sont conçus uniquement pour fonctionner en

mode connecté au réseau ou en mode autonome. Différents contrôleurs sont donc

conçus pour chaque mode de fonctionnement. La tendance est que les SCEE de-

vraient être capable de fonctionner dans les deux modes. Très peu d’études ont été

réalisées pour résoudre ce problème. Les méthodes de contrôle disponibles utilisent

les méthodes de contrôle classique basée sur le proportionnel-intégral-dérivé (PID)

linéaire. Ces méthodes ne sont pas toujours efficaces pour les systèmes non linéaires

multivariés d’ordre élevé tels que les SCEE. Cette thèse présente le développement

d’un contrôleur non linéaire robuste pour un système hybride d’énergie éolienne

avec batterie de stockage pouvant fonctionner à la fois en mode connecté au réseau

qu’en mode autonome en utilisant un seul contrôleur unifié. Une nouvelle approche

est proposée pour améliorer l’efficacité et la fiabilité du système éolienne hybride.

La stratégie de contrôle proposée comprend un module d’estimation de la puis-

sance obtenu sur la base du modèle équivalent Thévenin du sous-système côté

réseau. Tout en assurant une transition souple entre les deux modes, le contrôleur

gère efficacement la répartition de la puissance entre la charge, la batterie et le

réseau. Ensuite, un algorithme de contrôle adaptatif est proposé pour surmonter

le problème de changement des paramètres qui pourrait survenir en raison de con-

ditions météorologiques extrêmes telles que les conditions hivernales canadiennes.

Cet algorithme est basé sur la théorie de la stabilité de Lyapunov, qui garantit

que les paramètres sont bornés et que les variables d’état convergent de manière

asymptotique vers des valeurs à l’état d’équilibre. L’analyse mathématique et les
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résultats sont présentés afin de valider les performances des techniques proposées.

Ceci a été appliqué avec succès à la fois pour les systèmes triphasés de production

d’énergie éolienne et les applications résidentielles monophasées.
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Chapter 1

Introduction

1.1 Introduction

Presently, renewable generation systems such as wind turbines (WT) and pho-

tovoltaic (PV) generators, because of their intermittent nature, are not designed

to operate in both stand-alone (or off-grid) and grid-connected (or on-grid) mode.

Therefore, once a power outage occurs, they have to be automatically disconnected

from the main utility grid (UG), which causes huge financial losses to electricity

suppliers. The trend is that they should be maintained under operation in both

situations, whether the utility grid is available or not, to feed local loads. Thus,

one of the new challenges facing today’s wind energy-based electricity supply in-

dustry is how to adapt a single wind turbine model to both stand-alone (SA) and

grid-connected (GC) modes.

Successful utilization of wind energy conversion system (WECS) for both uses

will have a wide impact in the electricity supply industry by increasing the wind

energy penetration, in particular in remote areas and in developing countries where

utility grid outages are widespread. However, this requires adequate power elec-

tronics and an effective controller.

The overall objective of this research project is to help overcome these issues,

i.e. to develop, perform fundamental analyses and design an effective hybrid con-

trol system, for making it viable to utilize a single wind turbine adjustable in both
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1.2. Justification and Motivation

on-grid and off-grid modes. To ensure a seamless transition between the two modes

effectively with the minimum impact on the critical loads and the utility grid, a

robust control algorithm is required. Most of the currently used approaches to

control WECS employ classical control strategies that don’t take into account the

dynamic aspects of all the different components of the system. The suggestion, in

this research, is to adopt a modern control theory approach, feedback lineariza-

tion based nonlinear controller design for large size of WECS. This method is

shown to be intrinsically more effective than PI controllers. Hence, a new control

method was proposed to improve the dynamic response and the efficiency of the

on-grid/off-grid WECS. Besides, a battery storage unit (BSU) was added to the

system to make it more autonomous.

1.2 Justification and Motivation

1.2.1 Global Context of the Study

Energy is a key factor in human development. It is used in every aspect of daily

life: agriculture, transportation, heating, cooling, waste collection, information

technology, and communications. Its demand continues to increase worldwide. By

2040, energy is expected to increase by more than 50%. It is clear that the largest

share of the world electricity generation is still provided by the conventional coal

energy, although its share declines over the projection period as shown in Fig. 1.1

[1].

Figure 1.1: World Energy Consumption by Energy Source, 2017 [1].
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Using electrical energy with conventional technologies has already brought with

it several serious problems. Some of them, such as climate change, present poten-

tially serious risks to the world. Therefore, it is urgent for the world to develop

alternative sustainable energy sources that are non-polluting (not carbon-based)

to respond to the needed expected amount of energy. Significant progress has been

made in the last twenty years. Renewable energy continued to grow strongly and

supplied an estimated 20.4% of global final energy consumption in 2016 as shown

in Fig. 1.2. In 2017, about 70% of net new electricity capacity installed worldwide

was renewable-based. Fig. 1.3 presents renewable power capacities in the world,

EU-28, BRICS, and the top six countries in 2017 [2].

Among renewable energy technologies, wind energy is one of the fastest-growing

[2]. At the end of 2018, as shown in Fig. 1.3, its global power capacity was

539 Gigawatts (GW). Also, its operation and maintenance cost is continuing to

drop, boosting the competitiveness of the sector significantly. To maintain the

strong growth that the wind energy industry has experienced in recent years, we

need a fair policy supports from governments worldwide and fast development in

innovative technologies dealing with new challenges.

Figure 1.2: Estimated Renewable Energy Share of Global Final Energy Consump-
tion, 2016.
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Figure 1.3: Renewable Power Capacities in World, EU − 27, BRICS, and Top Six
Countries, 2017 [2].

1.2.2 Canada Context of the Study

Canada has the 6th largest electrical network in the world producing and distribut-

ing 648.4 terawatt-hours (TWh) of power in 2016 [3]. About 66% of its electricity

comes from renewable sources, predominantly hydro [4]. In 2014, total electricity

exports to the United States were 72 TWh valued at more than $3.8 billion [5].

However, Canada has much to be done in renewable energy to preserve its electric-

ity benefits and ease the environmental burden. When it comes to wind energy,

Canada has trailed most of the developed world, although it is growing dynam-

ically. In 2018, the total wind-based installed capacity was 12, 816 MW, driving

over CAD 1 billion in investment and creating 64, 500 person-years of employment

[6]. There is potential for further expansion on land and offshore.

Despite the progress of Canada on renewable energy, diesel-generated electric-

ity remains the most commonly used power source to produce heat or electricity in

rural areas. Approximately 200,000 people live in more than 300 remote communi-

ties (Yukon, Northwest Territories, Nunavut, islands). Diesel-generated electricity

is more expensive than large electric production plants (gas, hydro, nuclear, wind),

because of the transport and associated environmental cost. Moreover, it is re-

sponsible for the emission of 1.2 million tons of greenhouse gases annually [7, 8].
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Unfortunately, most of the existing wind turbines in Canada are grid-connected

only. So they have to stop operating in case of a power outage as they are not

equipped with smart technology that allows them to switch in stand-alone mode

and continue operating. Therefore, adaptable grid-connected/stand-alone WECS

is a good solution to keep wind turbines under operation and avoid financial loss.

Also, this technology could provide a sustainable and cost-effective alternative to

the diesel generators or other unsustainable energy sources, such as kerosene lamps

and traditional biomass, that would be otherwise deployed in rural areas.

1.2.3 Developing Countries Context of the Study

Electricity plays an essential role in economic and social development, yet there are

still over 1.3 billion people in remote areas who don’t have access to it. More than

99% of them live in developing regions, and 4/5 of them are in rural South Asia and

sub-Saharan Africa [9]. These countries have the particularity of having a growing

population coupled with very low investment to increase capacity in the electricity

sector. This situation has led to increased power demand, in addition to inadequate

transmission lines. As a result, rolling blackouts have become a common or perhaps

a normal daily event in many developing countries. Having wind turbines that can

flexibly connect to the grid and switch to the stand-alone mode in case of a power

outage, could significantly reduce the harmful consequences of long-duration grid

failures in developing countries.

1.3 Problem Statement

The majority of wind turbines operating in the industry are on-grid systems (Fig.

1.4.a). One of the main problems of this category of wind turbines is that they can

only produce and send energy to the utility grid. Therefore, they cannot operate

in case of a power outage (Fig. 1.4.c), which can lead to considerable financial

losses.

It is reported in [10] that electrical power outages cause the Canadian economy

annual damage of over 12 billion CAD. On the other hand, off-grid WECS (Fig.
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1.3. Problem Statement

Figure 1.4: On-Grid/Off-Grid WECS.

1.4.b) are limited in terms of power availability as wind speeds fluctuate. Hence,

the need to have multiple power sources to increase the resilience of the system.

On-grid/off-grid WECS (Fig. 1.4.d) gives that flexibility. It allows a single WECS

to operate both in grid-connected mode when the grid is available and in stand-

alone mode in case of power interruption. However, such a system requires ade-

quate power electronics and effective control strategies.

On-grid/off-grid WECS control began with UPS (uninterruptible power sup-

ply) applications (Fig. 1.5.d) where the primary energy source connected to the

dc-bus is considered stable. This is not the case for WECS which is subject to

6



1.3. Problem Statement

Figure 1.5: On-Grid/Off-Grid for UPS Applications.

the stochastic behavior of the wind velocity. In recent years, many researchers

have started investigating the On-grid/off-grid control solution for WECS applica-

tions. An extensive literature review is given in Chapter 2 in this regard. Therein,

we presented the state-of-the-art as well as the theoretical and methodological

contributions to this topic. Most of the proposed control methods found in the

literature employed two different controllers depending on whether the system is

operating in grid-connected or in stand-alone mode. Some authors suggested the

use of a unified controller for both modes. However, these controllers are mainly

proportional-integral-derivative (PID) control based. PID-based controllers ap-

pear to be less effective for high-order nonlinear systems such as WECS [11, 12].

In addition, they may fail to limit the converter current rise below the permitted

limit during the islanding to the grid detection transition period.

In this research project, the design of a unified multi-input-multi-output (MIMO)

nonlinear controller for a WECS was investigated. The challenge was that the sys-

tem should operate in both grid-connected and standalone modes using a single

controller. In addition, the controller should guaranty a seamless transition be-

tween the two modes and efficient power distribution between the load, the battery,

and the grid.

7
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Figure 1.6: On-Grid/Off-Grid Wind Energy COnversion System.

Although good wind sites are important for the wind turbine power density,

they are often located in remote harsh environment locations. The weather con-

ditions such as low temperatures can have an impact on the physical properties

of materials used in the fabrication of the wind turbines. Hence, changing the

parameters of the WECS. Conventional controllers cannot guarantee the stability

and performance of such systems due to their time-varying nature. To address this

issue, we proposed an adaptive controller where the controller does not require a

priori knowledge of the system parameters. The control algorithm continuously

adapted its parameters with time to maintain the performance of the control sys-

tem.

Lastly, in order to apply the proposed techniques originally designed for three-

phase systems to single-phase residential wind turbine systems, a DQ-synchronous/single

phase transformation module was proposed.

The block diagram of the system considered in this work is depicted in Fig.

1.6. It consists of a PMSG driven by a wind turbine, a generator-side AC/DC con-

verter and a grid-side DC/AC converter that connects the load and the grid to the

system. Furthermore, it includes a storage capacity to cover the energy demands

of low wind time intervals when the wind turbine is not generating electricity or

8
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period, during which planned the power is not available for numerous unforesee-

able contingencies. A power management strategy was proposed for this purpose.

A bi-directional buck-boost DC/DC converter is used to connect the storage unit

to the DC-link. In the stand-alone mode, the switch Sw1 is opened and the system

supplies critical local loads only. The switch Sw1 is closed in the grid-connected

mode. The switch Sw2 is used to add more load to the system. The role of the

wind turbine is to convert part of the kinetic energy of the wind into mechanical

energy. This energy is converted into electrical energy via the generator. Since the

generator output frequency is variable (depends on the wind conditions), the back-

to-back converter synchronizes its output with the grid frequency. The buck/boost

converter adjusts the dc-link voltage to the required battery voltage.

The tests in this study were carried out using the SimPowerSystems toolbox

[13] in Matlab/Simulink software.

1.4 Objectives

The main objective of the present work was to study the design of a robust non-

linear controller for a hybrid wind energy conversion system that is capable of

flexibly operate in both grid-connected and stand-alone mode using a single con-

troller. The second objective was to address the problem of parameter change of

WECS in harsh environment operation conditions by developing an adaptive non-

linear controller for the grid-connected/stand-alone system where the knowledge

of the parameters of the system is not necessary. The third objective was to inves-

tigate the transferability of the on-grid/off-grid control concept, initially designed

for three-phase WECS, to single-phase residential on-grid/off-grid WECS.

In order to achieve the first objective, the MIMO feedback linearization control

design methodology was adopted to find the controller equations. A variable-speed

wind turbine based permanent magnet synchronous generator (PMSG) was used.

A back-to-back (AC/DC and DC/AC) power converter was used to connect the

WECS to the grid, the battery bank, and the load. Also, a bi-directional buck-

boost DC/DC converter was used to regulate directly the dc-link voltage and the

9
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load power based on the system stability and the energy balance between the

components of the hybrid system. In addition, the controller of the system should

achieve the following system’s performance:

1. Maximum power point tracking (MPPT) control, i.e., keeping the wind tur-

bine operating at its optimum rotor speed allowing extracting the maximum

power from the wind turbine.

2. Zero d-axis current (ZDC) control: this control scheme is employed to achieve

a linear relationship between the generator stator current and its electromag-

netic torque for effective control performance.

3. The converter DC bus voltage should always be kept constant to ensure

power transfer from the generator-side subsystem to the load/grid-side sub-

system through the back-to-back (B2B) power converter.

4. The grid-side converter output voltage needs to be controlled in terms of

amplitude and frequency when the grid is not available in order to match

the load requirements.

5. Managing the power distribution between the load, the battery bank, and

the grid. The algorithm took into account several scenarios, based on the

produced power, the grid availability and the load demand, to determine the

amount of energy that should be taken from the battery or stored into the

battery. Therefore, a load power estimation module that dynamically calcu-

lates the load active power and reactive power requirements, was developed.

6. The system controller should be flexible and fast enough to guarantee a

seamless transition between the stand-alone and the grid-connected opera-

tion modes and vice-versa.

7. All the sub-objectives above should be achieved by using a single controller

with no need to switch between two controllers.

The first objective was achieved based on the assumption that all the param-

eters of the system were well known. This is not always the case, especially, in
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a harsh environment such as Canadian cold weather conditions where certain pa-

rameters are subjected to change. Hence, the need to go beyond the first objective.

Therefore, as a second objective, an adaptive nonlinear control algorithm, which

estimates the parameters of the system, was developed. All the parameters of the

system (15 in total) were considered unknown. Based on the Lyapunov stability

theory, an adaptive law that ensures the parameters are bounded and the state

variables converge asymptotically to steady-state values was proposed.

In order to broaden the scope of the proposed unified on-grid/off-grid control

approach to domestic dwelling applications, a novel single-phase DQ transforma-

tion module was proposed. This module converts the grid-side converter three-

phase output signals in a single-phase DQ synchronous frame. The single-phase

WECS control was performed without changing the dynamic equations of the

controller. This constitutes the third objective of the thesis.

1.5 Research Contributions

This research project has four main contributions:

1. A novel unified robust nonlinear controller was proposed for WECS, which

guarantees the operation of the system in both grid-connected and stand-

alone modes with smooth transition between modes. A single controller was

used to accomplish this task contrary to conventional methods found in the

literature.

2. An energy management strategy between the wind-turbine, the load, the

storage unit, and the grid was proposed. This was done in such a way

that the grid contribution is significantly reduced and the storage unit can

provide backup energy or store the surplus wind energy efficiently to preserve

system reliability. It can also support the grid by selling power back to the

grid during high wind conditions.

3. An online parameter estimation algorithm for on-grid/off-grid WECS was

proposed, which suppresses the need for accurate knowledge of system pa-
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rameters for it to operate.

4. A DQ-synchronous frame transformation module for single-phase full-bridge

converter was proposed, which allows the control to be used for single-phase

residential applications.

1.6 Thesis Organization

This thesis is presented in an article-based format and is divided into six chap-

ters. Chapter 2 reviews different control algorithms and approaches proposed in

the literature for on-grid/off-grid WECS. It is under revision in the IEEE Trans-

actions on Industrial Informatics journal. Chapter 3 investigates the motivation

for selecting the feedback linearization design approach for the controller in this

work. Hence, performance comparative analysis of three different control algo-

rithms for WECS is presented therein as illustrated in Fig. 1.7. They are namely,

the conventional PID-based control, the Taylor series expansion linear approxima-

tion based (TSLA-based) control and the feedback linearization based (FL-based)

nonlinear control. From that comparative study, the FL-based nonlinear control

method appears to show the better system performance. Therefore, the next three

controllers

were designed based on that design methodology. Chapter 3 is presented in the

form of manuscript format and is published in the International Conference on

Ecological Vehicles and Renewable Energies (EVER). Chapter 4 presents the de-

scription of the on-grid/off-grid WECS, including its mathematical model and the

design methodology of the proposed unified on-grid/off-grid nonlinear controller.

Chapter 4 is published in the IEEE Transactions on Smart Grid journal. Chapter

5 discusses the online parameter estimation of the hybrid wind energy system. It

is also presented in the form of a research article and is under revision in the IEEE

Transactions on Reliability journal. Chapter 6 presents the DQ single-phase syn-

chronous frame transformation module that allows the nonlinear controller initially

designed for three-phase on-grid/off-grid WECS to work for single-phase residen-

tial systems. This chapter is under revision in the Electric Power Components

12



1.6. Thesis Organization

Figure 1.7: Control Techniques Investigated.

and Systems journal. Finally, an overall summary, conclusion and recommended

future work are presented in Chapter 7.
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Chapter 2

Comprehensive Literature Review of

On-Grid/Off-Grid Wind Energy

Conversion Control System

Abstract

Current wind turbine systems are not designed to operate in both stand-

alone (or off-grid) and grid-connected (or on-grid) modes. Therefore, when

a power outage occurs, they are automatically disconnected from the main

utility grid. The trend is that they should be able to work in both modes,

whether they are connected to local loads or to the utility grid. This has been

the subject of several recent research investigations. In this contribution,

a comprehensive review on on-grid/off-grid wind energy conversion system

control strategies is presented. From the conventional control methods which

use two separate controllers to the single unified control approach are in-

vestigated. Their main advantages and drawbacks that can be found in the

literature are studied. A description of their control structure is given. In

addition, their main characteristics and some of the works that analyze and

compare them are presented.

Index terms— Wind turbine, control, PID control, PMSG, linear control,

nonlinear control, grid-connected, stand-alone.
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2.1 Introduction

Nowadays, renewable energy has become the focal point of any green economy and

sustainable development strategy. More and more governments around the world

acknowledge its environmental, social and economic benefits, and long-term posi-

tive impact. In developed countries, the influence of environmental organizations,

civil society and pressure groups, on the nation wide policy making processes is in-

creasingly evident. In addition, consumers have come to expect a secure, reliable,

carbon free and high-quality electricity supply. These explain the peak increase

of wind and solar based energy sources integration to the grid in the last twenty

years. Electricity supply industry has gone through many decentralization, pri-

vatization and deregulation programs worldwide. This new situation has created

many new business opportunities in the electrical energy sector but also some of

the greatest operational challenges in the history of electricity supply. One of these

issues is the effective integration of wind energy into utility grid. The fact that

presently, wind turbines can only operate either in stand-alone mode (or off-grid)

or grid-connected (or on-grid) mode makes the integration more difficult. They

are not designed to operate in both modes. Therefore, when a power outage oc-

curs, they are automatically disconnected from the main utility grid (UG). This

may causes significant financial losses to electricity suppliers [14, 15]. Therefore,

one of the new challenges the wind energy based electricity supply industry will

have to address is the adaptation of a single wind turbine so that it can operate in

both modes [16]. The trend is to use the grid-side converter to disengage the wind

turbine system from the grid to allow a continuous supply to critical loads during

a power outage. Moreover, transitions between the two modes should be fast and

seamless to minimize any abrupt voltage or current changes [17]. Several studies

have been conducted to deal with issues related to the on-grid/off-grid mode of

operation. This is investigated in this paper.

The trend toward on-grid/off-grid systems also occurs within a context where

the nature of grid users is drastically changing, electricity generation is becom-

ing less controllable and the electricity consumption is becoming increasingly var-

ied; the architecture and technology used for the transmission and distribution
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grids and their system interaction will need to change. Legal frameworks must be

adapted to go along with this evolution of the electricity system and grids. Hence,

an evolution to so-called smart grids is inevitable. As the European Telecommu-

nications Standards Institute (ETSI) defines it, the smart grid is an electricity

network that can intelligently integrate the actions of all users connected to it

– generators, consumers and those that do both – in order to efficiently deliver

sustainable, economic and secure electricity supplies [18]. Having a WT (wind

turbine) system which will be able to operate in both modes of operation is nec-

essary to cover the energy demands of low wind time intervals when WT are not

generating electricity, winter days in cold climate regions when not enough heat

is generated by wind power or heat pumps and during intervals (days or weeks)

when planned power is not available for unforeseen contingencies. Additionally,

future grids will also require massive amounts of storage, relying on technologies

such as bulk storage and hydro energy in the mountain regions, and distributed

storage relying on other technologies, e.g. electrochemical [19].

For a large country where access to electricity in rural or remote areas is a

concern, on-grid/off-grid technology can play an important role. It can provide

a sustainable and cost-effective alternative to the diesel generators or other un-

sustainable energy sources, such as kerosene lamps and traditional biomass, that

would be otherwise deployed in remote areas. Therefore, successful utilization of

wind energy conversion system (WECS) that is capable to operate in both modes

will have a significant impact in electricity supply industry by increasing the wind

energy penetration, in particular in remote areas and in developing countries.

However, this requires adequate power electronics and effective control strategies.

This paper presents a comprehensive review of on-grid/off-grid control strate-

gies that can be found in the literature. A comparative study highlighting the

advantages and drawbacks of the different control methods is given. Moreover,

their control structures is discussed. Two main approaches can be distinguished

for on-grid/off-grid WECS. The first one is by using two separate controllers, one

for on-grid mode et the other for off-grid mode with the ability to smoothly tran-

sition between the two modes. The other approach is the unified on-grid/off-grid
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Figure 2.1: Wind Energy Conversion System (WECS).

control strategy which uses a single controller for both mode of operation.

The paper is organized as follows. First, in section 2.2, the background of

WECS is explained. A literature review of on-grid/off-grid control strategies

WECS is presented in section 2.3. Section 2.4 presents a case study. Finally a

discussion on the advantages and disadvantages of the different control strategies

is given in 2.5.

2.2 Wind Energy Conversion System (WECS)

2.2.1 Wind Turbine

Wind turbines are mechanical devices specifically designed to convert part of the

kinetic energy of the wind into useful mechanical energy [20]. Several designs have

been devised throughout the times. Most of them comprise a rotor that turns

round propelled by lift or drag forces, which result from its interaction with the

wind. Depending on the position of the rotor axis, wind turbines are classified

into vertical-axis and horizontal-axis ones [21]. A schematic diagram of a basic

WECS system is depicted in Fig. 2.1. The main components are the wind-turbine,

the gear box, the generator, the power converter, the controller and the grid. A

battery-storage unit is often used in the case of stand-alone WT system.

Fig. 2.2 shows turbine mechanical power as a function of rotor speed at various

wind speeds. The power for a certain wind speed is maximum at a certain value of
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Figure 2.2: Pm as a function of rotor speed for various wind speeds.

rotor speed called optimum rotor speed ωmopt. This is the speed which corresponds

to optimum tip speed ratio λopt. In order to have maximum possible power, the

turbine should always operate at λopt. This is possible by controlling the rotational

speed of the turbine so that it always rotates at the optimum speed of rotation. A

maximum power point tracking (MPPT) control methods survey has been provided

in [22, 23, 24]

2.2.2 Generator

The type of machine used is important in WECS. Many industrial motors make

effective and affordable wind generators. Three groups of generators are usually

used for variable speed wind turbine systems: permanent magnet synchronous

generator (PMSG), squirrel cage induction generator (SCIG) and doubly-fed in-

duction generator (DFIG). The first group, PMSG, has the advantage of having
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2.2. Wind Energy Conversion System (WECS)

higher efficiency and smaller size, but more expensive. The SCIG are inexpensive,

robust and can operate in any environmental condition. They are maintenance free

generator due to the absence of brushes, commutators and slip rings. However,

they require external reactive power support from the grid to operate. DFIG is

three-phase variable speed generator. Its main advantage is its low power converter

rating, which is lower than the generator rating. Hence, reduces the inverter and

output filter cost. With DFIG, active and reactive power can be decoupled and
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Figure 2.3: WECS based Permanent Magnet Synchronous Generator.
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Figure 2.5: WECS based Double Fed Induction Generator.
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controlled independently. However, this machine is very sensitive to grid faults.

Depending on the type of generator and the power electronics converter config-

uration used in the WECS, a suitable controller is developed for its control. A

detailed description and models of these generators can be found in [21].

2.2.3 Power Converters in WECS

Power converters have been widely used in industry for many different applications.

According to the system power ratings and type of wind turbines, a variety of power

converter configurations are available in the literature for the optimal control of

wind energy systems. A review of the state of the art of power electronics for wind

turbines can be found in [25, 26].

In on-grid/off-grid WECS applications, the back-to-back converter is mainly

used. It is composed of two identical voltage source converters (VSC) connected

by a capacitor. Fig. 2.6 depicts the back-to-back converter layout. As it can be

seen, the power flow can be bidirectional. Therefore the VSC can operate as a

rectifier or as an inverter. First, the AC is converted to DC through the generator

side converter and then the DC is converted to AC through the grid-side converter.

Therefore, the generator-side converter works as a rectifier and the grid-side con-

verter works as an inverter. The DC-link voltage must be higher than the peak

main voltage and it is regulated by controlling the power flow to the AC grid. In

fact, one important property of the back-to-back converter is the possibility of fast

control of the power flow [27].
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Figure 2.6: Back-to-back converter.
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2.2. Wind Energy Conversion System (WECS)

2.2.3.1 Generator-Side Converter

The generator-side converter (rectifier) is illustrated in Fig. 2.7. It transforms

variable generator AC output voltage to an adjustable DC voltage. It also controls

the speed/torque of the generator where the speed reference is chosen to be equal

with the optimal speed in order to extract the maximum power from the wind

turbine at a certain wind speed.
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Figure 2.7: Basic block diagram of Current Controller PWM converter.

2.2.3.2 Grid-Side Converter

The grid-side converter is electrically similar to the generator-side converter,

except for the presence of a line inductance Lf , which represents the leakage in-

ductance of the transformer/filter. This converter controls the AC real current

and AC reactive current feed into the AC grid in grid-connected mode. In case

of grid unavailability, the controller makes sure that the terminal output voltage

always matches the reference voltage of the load.

In off-grid mode, a battery storage unit is often used to store energy when there

is more power generation than the load demand, as well as supply energy to the

load on the other hand. This is described in the next section.
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2.2. Wind Energy Conversion System (WECS)

2.2.4 Bi-Directional Buck-Boost Converter Model

This converter operates as a boost converter during the discharging mode and

as a buck during the charging mode. It is a bi-directional buck-boost converter.

The dc-link voltage can be controlled through this converter rather than the grid-

side converter like in the conventional method [28]. In general, its dynamic equa-

tion is derived from the power balance equation of the back-to-back converter.

There are two main operation modes of WECS: grid-connected and stand-alone.

In recent years, more and more researchers have been studied the possibility of

having an on-grid/off-grid WECS operation mode which is the focus of this paper.

In the following, we give more details of these operation modes.
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Figure 2.8: Bi-Directional Buck-Boost Converter.

2.2.5 Operating Modes of a WECS

2.2.5.1 On-Grid Mode

The majority of wind turbines operating in the industry are on-grid (or grid-

connected) systems. Fig. 2.9 describes the on-grid WECS. It is mainly consist

of a wind turbine, generator, power converter, utility meter and the grid. In this

mode, the power generated is directly sent to the grid [21]. In addition, electric

utilities, in many countries, allow net metering. It is an arrangement where the

excess electricity generated by grid-connected WECS is fed back into the grid.

And the costumer will be paid for every excess kilowatt hour.
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Figure 2.11: On-Grid/Off-Grid WECS.

23



2.2. Wind Energy Conversion System (WECS)

The legend for Fig. 2.9, 2.10 and 2.11 is as follows: 1. Wind turbine, 2. Generator-

side converter, 3. Battery bank, 4. Grid-side converter, 5. Utility meter, 6. Utility

grid, 7. Load.

2.2.5.2 Off-Grid Mode

The wind turbine can operate as off-grid (or stand-alone) units. Fig. 2.10

describes the off-grid WECS. It is mainly consist of a wind turbine, generator,

power converter, battery bank, utility meter, grid and load. They are usually

small power capacity WECS to provide power to villages, farms, and islands where

access to the utility grid is remote or costly [21]. But this system is also used by

people who live near the grid and wish to obtain independence from the power

provider or demonstrate a commitment to non-polluting energy sources.

Since the power generated from the wind is not constant, other energy sources

are normally required in stand-alone systems. It is common that a stand-alone

wind energy system operates with diesel generators, photovoltaic energy systems,

or energy storage systems to form a more reliable distributed generation system

[29].

2.2.5.3 On-grid/Off-grid Mode

On-grid/Off-grid WECS is a relatively new concept. As described in Fig. 2.11,

it combines the two previous modes within one system. To better illustrate the

concept, a more detailed on-grid/Off-grid WECS is shown in Fig. 2.12, where a

back-to-back (B2B) power converter is employed with battery storage unit con-

nected to the B2B converter DC-link trough a DC/DC converter. In the grid-

connected mode, the switch Sw is closed and all of the produced power is sent

to the grid. Whereas, in the stand-alone mode, the switch Sw is opened and the

system supplies the critical local load only.

The basic concepts and WECS fundamentals and operation modes given in

this section provide a technical background for the more advanced discussion in

the other sections of this work.
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Figure 2.12: On-gri/Off-grid WECS based permanent magnet synchronous gener-
ator.

2.3 On-grid and Off-grid Control

Strategies-Review

Their earliest usage of on-grid/off-grid control can be traced back to 2004, when

a PI-based current/voltage control with a back-to-back converter for small wind

turbines is proposed [16]. Since then, various studies with different PI-based and

nonlinear control methods have been developed. The principle is that the grid-

connected converter should be able to disengage itself from the grid and provides

sustainable and high quality wind energy based power to emergency or critical

loads during power outage. Moreover, the transition between the two modes should

be smooth to minimize any sudden voltage change across the emergency or any

sudden current change provided into the grid; also fast and precise to minimize

the interruption in the power supply [17]. The main challenge to fulfill these

requirements is a proper control algorithm, allowing to disconnect/connect grid-

connected converter to utility grid without large shock [30].

In the following, we present a comprehensive study of on-grid/off-grid control

strategies that can be found in the literature. Two main approaches can be distin-

guished. The first one is by using two separate controllers, one for on-grid mode et
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the other for off-grid mode with the ability to smoothly transition between the two

modes. The other approach is the unified on-grid/off-grid control strategy which

uses a single controller for both mode of operation.

2.3.1 On-Grid Control

The purpose of the grid-side converter is to keep the DC-link voltage constant,

regardless of the magnitude and the sign of the generator power.

In grid-connected control mode, all the available power that can be extracted

from the wind turbine is transferred to the grid. Various current algorithms have

been proposed in this regards. In addition, the grid-side converter must keep the

DC-link voltage constant, regardless of the magnitude and the sign of the generator

power. Also, reactive power compensation can be considered if required [16].

2.3.1.1 Synchronous PI current controller

The synchronous PI based current control is the most widely used algorithm

for grid-connected and stand-alone converter control. Fig. 2.13 illustrates its

basic concept, where two PI compensators of current vector components, defined

in synchronous coordinates d-q, are used. The role of these compensators is to

reduce the error between the reference current signals and measured ones to zero.

References [31, 32] propose concepts and tests results on a flexible sensorless

control strategy for a PMSG driven by a small wind turbine with back-to-back

power converters capable to function in both stand alone and grid connection mode.

In grid-connected mode, the grid-side converter is current PI based controller with

direct axis aligned to grid voltage vector, enabling independent control of the

active and reactive power. Furthermore the paper investigates the ride-through

performance of the proposed system during asymmetric power grid-voltage sags.

A PMSG microturbine-based distributed generation system is also used in [33].

In [33], a dynamic model of a PMSG system, suitable for grid connection/islanding

operation has been presented. A B2B converter is used as power electronic inter-

face allowing a bidirectional power flow between the grid and PMSG system. The
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machine-side converter controls the PMSG speed and displacement factor using

synchronous PI current control PWM modulation technique. However, a gas tur-

bine is used as a motor in this work instead of WT. Thus a stochastic behavior of

WT was not at all a constraint in this case.

The authors in [16] use a SCIG as generator and standard PI-controllers for

the grid currents control. The control method has one inner loop, to regulate the

grid currents in the dq-synchronous frame, and one outer loop for the dc-voltage.

A modified SVPWM-based switching pattern for stand-alone and grid-connected

three-phase single-stage boost inverters has been proposed in [34], using the topol-

ogy of current-source inverters. The six main switching states, and two zeros, with

three switches conducting at any given instant in conventional SVPWM tech-

niques are modified into three-charging states and six discharging states with only

two switches conducting at any given instant. But, this proposed method is par-

ticularly for small PV and fuel cell applications (output voltage 35V) with low

switching frequency (3 kHz).

Several others PI-based grid-connected and stand-alone operations control, for

DC/AC grid connected converter, have been recently reported [17, 35, 36, 37].

However, these techniques are purely oriented on power electronics (only grid-side

converter control) and do not take into account the source of the DC voltage. The
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main disadvantage of synchronous PI current control is that it does not guarantee

optimal control of the system.

2.3.1.2 Droop Controller

The concept of current and frequency droop control is to use the active and

reactive power exchange between a WE generator and the grid to control the grid

current magnitude and frequency.

Several techniques of droop control have been proposed in the literature for

active and reactive power control [38, 39, 40, 41]. In [39] an adaptive droop control

with grid parameters estimation provided by an identification algorithm has been

developed. Hence, the grid-side converter is able to injected independently active

and reactive power to the grid. But this algorithm does not consider the dynamic

of the primary energy source which leads to a fall-short in achieving seamless

transfer between grid-connected and isolated microgrid modes. Fig. 2.14 depicts

the control model where P and Q are first transformed into novel variables Pc and

Qc respectively which are independent from the magnitude and phase of the grid

impedance. Some techniques for detecting the grid parameters can be found in

[42, 43, 44, 45, 46].
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Figure 2.14: Block diagram of droop controller.

2.3.1.3 Hierarchical Controller
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The hierarchical control structure is widely accepted in on-grid/off-grid WECS

applications. In [47] a hierarchical control system of distributed generation con-

verters for microgrid operation and seamless transfer between grid-connected and

isolated modes has been reported. The proposed control scheme is given in Fig.

2.15. Other hierarchical controls are reported in [48, 49, 50, 51, 52, 53, 54]. How-

ever this control technique suffers from weak disturbance rejection performance

[55].
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Figure 2.15: Block diagram of hierarchical controller.

2.3.1.4 Hysteresis Controller

Various hysteresis control methods are reported in the literature to control

the current of the grid-side converter in grid-connected mode [56, 57, 58, 59, 60].

The hysteresis control has advantages of automatic peak-current limitation, simple

implementation, load parameter independence and good stability [61, 62]. In grid-

connected mode, the hysteresis controller is used to control the active and reactive

power as described in Fig. 2.16.

2.3.1.5 Feedback Linearization Controller

Feedback linearization is an approach of nonlinear control design which has

attracted increasing attention over the last two decades. The controller structure
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is illustrated in Fig. 2.17. The main idea of this approach is to algebraically

transform a nonlinear system dynamics into a fully or partly linear system, so

that linear control techniques can be applied [63]. Feedback linearization approach

has been successfully applied to a number of practical control problems including

WECS [64, 65].

Author [64] studied a low-voltage ride-through control scheme for a PMSG wind

power system using a combined PI-based and input-output feedback linearization

control method. In the proposed method, the DC-bus voltage is controlled by the

generator-side converter instead of the grid-side converter. However, the feedback

linearization theory based controller is employed only to control the dc-link voltage.

The other control signals such as the generator current, grid current and grid power

are controlled by using a sequential PI controller. Thus, the nonlinear control

u
v	=	-k.E

x

x	=	f(x)+g(x)u
x

Nonlinear	Controller MIMO	Syst

E	=	T(x)

u	=	[B(x)]-1[-A(x)+v]

E Linearization	Loop

Feedback	Control	Loop

v .

Figure 2.17: Proposed MIMO controller structure.

30



2.3. On-grid and Off-grid Control Strategies-Review

system is a SISO (single input, single output) model with the generator power as

input and the DC-bus voltage as output.

Some proposed MIMO (multiple input multiple output) feedback linearization

methods for UPS converter and hydraulic turbine applications can be found in

[66, 67, 68] and [69] respectively. After the system is linearized, the tracking

control law is obtained by using pole placement technique. The resulted control

scheme gives high dynamic responses to load variation as well as a zero steady-

state error. However, despite the advantages of the feedback linearization method,

the fact that important intuition might be lost with the linearization can be seen

as a disadvantage.

2.3.1.6 Sliding Mode Control

Sliding mode control is a variable structure control method which provides

a systematic approach to the problem of maintaining stability in the presence

of modeling imprecisions [63]. This nonlinear control method has been used for

WECS in [70, 71, 72]. Reference [70] studied a power control strategy for a grid-

connected variable-speed wind turbine, based on a doubly-fed induction generator

(DFIG) with slip power recovery. The control design, based on the second-order

sliding modes (SOSM) and Lyapunov with variable gains, is applied to nonlinear

MIMO systems. In [71], a direct drive synchronous generator driving by a wind

turbine with a back-to-back converter via a sliding mode control approach has

been proposed. The objective is to avoid the increase of the grid current when

network fault occurs. However, the drawback of using sliding mode control for high

frequency power converter applications is the diversity of the switching frequency

[73]. This can lead to a high THD (Total Harmonic Distortion) generation in the

case of grid-connected/stand-alone control system.

2.3.1.7 Backstepping Control
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The backstepping control method proposes a stepwise control design of a sys-

tem based on a Lyapunov stability function. Author [74] came up with a robust

adaptive nonlinear controller using backstepping approach for a Doubly-Fed In-

duction Generator (DFIG) wind turbine supplying a power grid. As grid parame-

ters are assumed unknown, the controller is provided with an adaptation module

that automatically readjusts the controller parameters when the grid condition

changes. In [75], a backstepping power control design is proposed for the grid-side

voltage source converter in a voltage source converter-based high-voltage DC wind

power generation system. The method was compared with the traditional PI-

based control strategy under a wide range of operating conditions and the possible

occurrence of uncertainties. A sensorless control system of permanent magnet syn-

chronous motor fed by current source inverter is presented in [76]. The adaptive

backstepping control system and the backstepping speed observer are employed.

The DC-link voltage and the output current vector pulsation are used as control

variables. However, a disadvantage of this control method might be the exact

knowledge of the nonlinear system model.

2.3.2 Off-Grid Control

In the off-grid (or stand-alone) mode, since the grid does not exist and the power

generated from the wind is not constant, storage unit becomes necessary [77]. The

role of the latter is to compensate or absorb the difference between the generated

wind power and the required load power. This significantly reduces the grid con-

tribution to the system. A system that contains multiple sources are known as

hybrid power systems [78]. They require a suitable energy management strategy.

In this mode, the load voltage is regulated (voltage control) in terms of amplitude

and frequency by the grid-side converter with its phase dictated by the converter

controller [17, 16, 79]. The transition between stand-alone and grid-connected

operations, that will ensure continuous power delivery to the load, requires con-

tinuation in the phase of the system voltage [17]. Voltage control has been largely

investigated and analyzed in literature. The basic block diagram is presented in

Fig. 2.18.

32



2.3. On-grid and Off-grid Control Strategies-Review

2.3.2.1 PI-based Voltage Oriented Controller

The control scheme of the conventional voltage oriented control for stand-alone

mode is given in Fig. 2.19. A standard PI controller operating in the synchronously

rotating coordinate system, where Vq is kept to zero, is used. The PI controller

maintains the dc voltage to the reference. The dc-link voltage controller is acting

only when the dc-link is below the reference and it lowers the voltage reference of

the main voltage controller in order to avoid inverter saturation. For fast response

there is a direct forward connection to the voltage controller output [80].

In stand-alone mode, a PI-based voltage oriented control scheme with selec-

tive harmonic compensation has been reported in [31, 33, 32, 35, 38]. The PMSG

motion-sensorless control system uses an active power controller and a PLL based

observer to estimate the rotor position and speed without using the emf inte-

gration and initial rotor position. In [80], a PI-based grid-side converter output

voltage control and dc-link voltage control have been presented with a minimal

influence from the shape of the load currents or load transients. A PMSG is used

as generator.

The reference [16] use a SCIG as generator and standard PI controller operating
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Figure 2.18: Stand-alone mode: grid-side converter voltage oriented control.
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in the synchronously rotating coordinate system where Vq is kept to zero is used.

The dc-voltage PI controller maintains the dc voltage to the reference. In addition,

a damp resistor is employed to dissipate potential excess of power in the case of

unbalance between the generated and the load-required power. As it has been

said earlier, the disadvantage of synchronous PI voltage control is that it does not

assure optimal control of a nonlinear system.

2.3.2.2 RMS Voltage Controller

RMS voltage control has been used in [17], for the SA converter operation.

Fig. 2.20 shows the RMS voltage control method of the SA converter. The PI

controller produces the right amount of inverter RMS voltage, and the result is

multiplied with a sinusoidal variation based on the estimated utility phase. The

PWM signals are generated from the reference sine-wave voltage for the inverter to

produce the desired output voltage. This type of control method has the advantage

of providing stable output voltage in the steady state, but transient performance

may not be adequate for aggressive load transients [81] and [82] such as starting

compressor-driven loads.
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Figure 2.19: Grid-side converter voltage oriented control for stand-alone mode.
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Figure 2.20: Basic block diagram of RMS voltage controller.

2.3.2.3 Instantaneous voltage controller

The block diagram for the instantaneous voltage control of the SA Converter

is shown in Fig. 2.21. This regulation technique provides more aggressive control

during transients [83]. However, the compensator is more difficult to design espe-

cially in the presence of noisy analog measurements [36]. In [84], an instantaneous

voltage control has been used for DC/AC converter with three phase output using

a PWM cycloconverter which converts a high frequency voltage into a three phase

commercial frequency voltage in SA mode.
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Figure 2.21: Instantaneous voltage controller for SA mode.
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2.3.2.4 Multiloop Voltage Controller

References [85, 86, 87] investigate a multiloop voltage controller for SA mode

with voltage differential feedback, and with output voltage decoupling and output

current decoupling by using the output voltage feedback as shown in Fig. 2.22.

The decoupling of output voltage and current makes the inner loop equivalent

to a first-order system and thus improves to the system a better load disturbance

rejection capability. However, this controller has high requirement for the accuracy

and dynamic performance of the current sensor because filter capacitor current is

small-scale. The pole placement technique has been used to design the inner loop

and outer loop gain, with considering the effect of system control delay.

2.3.2.5 Time averaged approach voltage controller

A voltage source converter control is presented, based on time-averaging theory

[88] in the synchronous reference frame [46]. In this method, the terminal voltage

during the sampling interval from time t = nT until t = (n+1)T are approximated

by

Vd(nT ) ≈ dd(nT )kVdc and Vq(nT ) ≈ dq(nT )kVac (2.1)

Where k is the converter constant and dd(nT ) and dq(nT ) are the d- and q-axis

duty cycles, subject to the constraint

dd
2(nT ) + dq

2(nT ) ≤ 1 (2.2)

Σ Kp

Inner current

loop
+

1
Cfs

-
Vref

Vc

Figure 2.22: Multiloop voltage controller.
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2.3.2.6 Predictive voltage controller

The predictive voltage controller offers a good reference tracking with less volt-

age harmonic distortion for balanced, unbalanced and nonlinear loading conditions

[89, 90, 91, 92, 93, 94, 95]. A PI-based predictive voltage controller with a feed-

forward voltage compensator is developed for a single phase Uninterruptible Power

Supply (UPS) inverter of a stand-alone wind turbine system in [96, 97, 98]. In this

scheme Dead-Time (DT) compensator is also used as volt-second compensation

which is based on the well-known instantaneous average voltage method. The ba-

sic principle is to compensate for the average loss or gain of voltage per carrier

period [99]. Fig. 2.23 shows the control diagram of this control technique. Within

each control period, the system samples the inverter output voltage V0 and passes

back to the predictor. This yields a predicted output voltage V0
′
for the next PWM

period. Assuming the sampling period T is so tiny that the changes of the voltage

could be regarded as linear. By using a simple linear extrapolation, we get:

V0
′ ≈ V0[n+ 1] ≈ (V0[n]− V0[n− 1]) (2.3)

V0
′ ≈ 2V0[n]− V0[n− 1] (2.4)
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Figure 2.23: Predictive voltage controller.

2.3.3 Seamless transition control

In order to realize the seamless transfer between grid-connected and stand-alone

modes, the load voltage must match the magnitude, frequency, and phase of the
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grid voltage well before connecting to the utility. This is called the grid synchro-

nization. The load voltage can match the grid voltage well through sampling the

grid voltage as the reference voltage before connecting to the grid, especially in pol-

luted grid voltage [33]. On the other hand, when the grid comes back, the system

should be able to detect it automatically and then connect to it - anti-islanding

detection - without any interruption. Thus, the grid synchronization and anti-

islanding detection are the two main important parts of seamless transition period

of time.

Reference [32] and [100] present a novel seamless (without load current inter-

ruption), PLL-method for automatic switching from the grid to the load, when

the grid is disconnected and back to the grid when the latter is restored. The

control strategy is applied on a PMSG driven by a small wind turbine with back-

to-back power converters. In [34] a modified seamless transfer control method

for single-phase grid-side converter, with no transfer between grid-connected and

stand-alone modes controller, has been proposed.

2.3.3.1 Grid synchronization

In transition mode, the wind energy generator system is synchronized to grid

thanks to the phase tracking module. Therefore, in the grid-connected mode,

the grid frequency (g) which is used in the dq-abc coordinate transformation is

generated by the phase tracking module. However, in the stand-alone mode, g

is generated internally by the controller. Several algorithms have been proposed

[101, 102, 103, 104, 105, 106]. The easiest phase tracking algorithm is one which is

based on zero crossing detection. However, the latter suffers from noise and higher

order harmonics in the utility voltage; also, from speed, as it adapts to utility

phasing only twice [107]. Furthermore, it can be only used when the input is a

stable signal. [106].

The Phase-locked loop (PLL) techniques have better performance in tracking

of the grid phase even in the presence of higher order harmonics in the grid volt-
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age. But, PLL performance might decrease in the presence of unbalance in the

grid voltage [81].

2.3.3.2 Anti-islanding Detection

Based on IEEE-1547 standards, all distribution generation systems must be

disconnected from an islanded grid in a specified time [108, 109]. Thus, the anti-

islanding detection algorithm should provide to the grid-connected converter, the

ability to disconnect itself from the grid if the grid is interrupted for any reason.

In the literature, a number of anti-islanding control methods have been suggested

to the presence or interruption of the grid [108, 110, 111, 112, 113, 114, 115].

2.3.4 Unified On-Grid/Off-Grid Control

In all the aforementioned works, two distinct controllers are used for the system.

One controller is used for the on-Grid mode and another one for the off-Grid

mode. An islanding detection module is needed in these cases to take the decision

to switch between the two controllers. More recently, researchers have been investi-

gating the notion of the unified on-grid/off-grid control strategy. In this approach,

a single controller is used for both modes of operation contrary to the other control

methods. In [116], a unified control strategy of a three-phase inverter in uninter-

ruptible power supply (UPS) applications was presented. The inverter operates

as a current source in a grid-tied mode and as a voltage source in a stand-alone

mode. PI controllers is used in the paper. A PI-based unified on-grid/off-grid

energy management strategy for wind energy battery-storage system has been

proposed in [117]. Authors in [28, 118, 119] propose a unified robust nonlinear

control method for a wind energy battery-storage system that can operate in both

grid-connected and stand-alone modes. The design method is based on the MIMO

feedback linearization control technique. A back-to-back (B2B) power converter is

used to connect the WECS to the grid and the load. In addition, a bi-directional

buck-boost DC/DC converter is used to regulate directly the dc-link voltage and
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Figure 2.25: Unified Nonlinear Control based: Optimum Rotor Speed.

the load active power based on the energy balance and the system stability. The

unified MIMO controller is able to calculate and generate the appropriate con-

trol signals for each converter. To validate and demonstrate the robustness the

proposed control method, different types of loads are used, namely, 1) a balanced

three-phase load, 2) an unbalanced three-phase load, 3) a single-phase nonlinear

load, and 4) a dynamic load. Fig. 2.24 illustrates the structure of the proposed

MIMO controller.

2.4 Case Study

A case study has been performed to compare a synchronous PI controller to a

nonlinear feedback linearization-based controller using real wind speed data [120].
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The on-grid/off-grid WECS system consists of a 2.45 MW wind power genera-

tor supplying a 2MW nonlinear variable load. A variable speed nonsalient-pole

PMSG is employed as generator. A back-to-back converter (AC/DC/AC) and

a bi-directional buck-boost (DC/DC) are utilized to connect the generator and

the grid to the load, and the battery-storage-unit to the dc-link voltage, respec-

tively. The dynamic and steady-state performances of the system when it switches

from one mode of operation to another is evaluated. The simulation starts with

a stand-alone mode and switches in the grid-connected mode at time t = 0.7 sec.

Fig. 2.25 and 2.26 show the generator rotor speed and output power, respectively.

The black solid line, the dashed line and the red solid line stand for the reference

signal, the signal for the PI controller and the signal for the nonlinear controller,

respectively. It can be observed that the nonlinear controller has a fast and better

dynamic behavior as well as a good tracking performance than the synchronous

PI controller.

2.5 Discussion and Conclusion

We have seen through Section III that initially most of on-grid/off-grid converter

control algorithms which have been developed are employed in UPS (Uninterrupt-

ible Power Supply) applications, where the primary energy source does not have

stochastic nature as in the case of wind energy source. In recent years, more and
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more studies have been undertaken to explore on-grid/off-grid control for wind

turbine applications. Which has risen new challenges. Among them the con-

troller has to be more faster and suitable in order to limit the converter current

rise below the permitted limit during the islanding and the grid detection period.

However, most of current control approaches for on-grid/off-grid WECS employ

classical PI control methods as shown in Table 2.1 where a summary of the dif-

ferent control strategies discussed in this paper is given. The PI-based controllers

have the advantage of being simple and easy to implement. On the other hand,

they have some drawbacks that limit their effectiveness, in particular in high or-

der MIMO nonlinear control systems such as WECS: (1) They are insensitive to

systems having highly nonlinear components. Thus, in the presence of the high

system nonlinearity, they may fail to provide sufficient control performance [11].

(2) They work best with SISO systems. In fact, with SISO systems, there is only

one variable to control and only one actuation to apply. MIMO systems may be

controlled with PID controllers by means of a sequential structure of a number

of SISO PID controllers. However, this technique is not easily implemented. Be-

cause it implies the tuning of a number of coupled PID controllers. As the PID

controllers are used sequentially, a wrong signal produced by one controller could

lead the entire system to instability [12]. (3) They have very poor transient re-

sponse and weak disturbance rejection because of the integral action. Thus, the

integral action increases the oscillations in the output of the closed loop systems.

Despite the fact that it helps to eliminate the steady state error. (4) They have

difficulty to limit the converter current rise below the permitted limit during the

islanding and the grid detection transition period [16]. (5) Another challenge for

PID controllers is the tuning of the controller gains. Although Matlab provides

an automatic tuning option. However, this does not usually result in an optimal

overall system performance because stability is a concern. And tuning for better

performance might lead to losing control over the system [12]. Several techniques

have been proposed to improve PID behavior and system performance, such as

increased loop rate and gain scheduling. However, one drawback with the latter is

that PID gains tuning is required for the different operating points. The transition
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between two operating points may lead to instabilities.

One of the ways to control the load voltage in islanding mode is by using

predictive voltage control method. This strategy has a good reference tracking,

but requires high computational resource to be implemented. It also requires a

very well known model of the system.

Nonlinear control based methods such as feedback linearization control ap-

pear to be more suitable control strategy for on-grid/off-grid WECS. Feedback

linearization control has the advantage of being able to both stabilize the nonlin-

earities of the system and also tracking many control reference signals (in MIMO

control system configuration). Also, it allow the user to have a complete decoupled

control system where each control variable can be controlled independently. In ad-

dition, in contrast to traditional PI-based method, is that it is possible to reduce

the number of controlled variables with feedback linearization control method. In

traditional schemes, at the generator-side, the generator active power and rotor

speed are controlled through three variables (d-axis, q-axis of the generator stator

current and the rotor synchronous speed) in cascade. Adding to that, three other

variables (d-axis, q-axis of the grid-side converter current and the DC-voltage) are

used to control the active/reactive power and DC-link voltage, at the grid-side.

In contrast, in the feedback linearization method, only four variables are needed

(instead of six) to perform the same task either it is in on-grid or off-grid oper-

ation mode. This helps for better control efficiency, providing fast response time

and tracking capability. The two later are essential to insure a smooth transition

between the two modes of operation.

The nonlinear unified on-grid/off-grid control approach appears to have the

best performance compare to other approaches. It has the advantage off being

nonlinear control method, hence being able to cancel all nonlinearities in the sys-

tem. In addition, there is no need for switching between two different controllers,

contrary to previous methods. Moreover, an islanding detection module is not

necessary [121, 122] as the same controller can perform the MPPT, power man-

agement and load voltage control, regardless of the mode of operation. Therefore,

problems related to the islanding detection, such as poor dynamic performance
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[123, 38], poor load current waveform quality [124, 125] and inrush grid current

[126] during the transition of operation mode, can be avoided.
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Table 2.1: On-Grid/Off-Grid Control Methods Summary

Control

Methods

Advantages Disadvantages

Synchronous

PI current

Simple implementation, suitable
for SISO systems

Not optimal, use lookup table,
multiple loops

Droop Control independently active
and reactive current

Mainly used for UPS applica-
tions, low seamless performance

Hierarchical Simple implementation, Can
limit peak-current

Multiple loops

Feedback lin-

earization

Suitable for nonlinear systems,
decoupled control system, sta-
bilize MIMO systems, high dy-
namic responses to load varia-
tion, better efficiency

Might loss some dynamic perfor-
mance with the linearization

Sliding mode Suitable for imprecise systems Low performance for high fre-
quency converter applications,
low THD reduction

Backstepping Suitable for MIMO and nonlin-
ear systems

Low load transients performance

PI-based volt-

age oriented

Simple Not suitable for nonlinear sys-
tems

RMS voltage Good steady state stability Not adequate for aggressive load
transients

Instantaneous

voltage

Good aggressive load transient
stability

Difficult to design for system of
noisy analog measurements

Multiloop

voltage

Good load disturbance rejection
capability, require high accurate
current sensor

Tuning of multiple gains

Predictive

voltage

Good reference tracking, low
voltage harmonic distortion for
balanced, unbalanced and non-
linear loading conditions

Require high computational re-
source, low performance when
the model of the system is not
very well known

PLL grid syn-

chronization

Simple to implement, good per-
formance in tracking of grid
phase

Not suitable for unbalance grid

Zero crossing

detection

Simple to implement, good per-
formance in tracking of grid
phase

Suffer from noise and higher or-
der harmonics in the grid volt-
age, required stable input signal

45



Chapter 3

Performance Comparison of Variable

Speed PMSG-based Wind Energy

Conversion System Control Algorithms

Abstract

This paper presents a comparative analysis of three control algorithms

for a wind turbine generator using a variable speed permanent magnet syn-

chronous generator (PMSG). The design methodologies of the conventional

PI-based controller, the Taylor series expansion linear approximation based

(TSLA-based) controller and the feedback linearization based (FL-based) non-

linear controller are provided. The objective is to keep the wind turbine

operating at its optimum rotor speed (MPPT control), while insuring the

power transfer from the turbine to the generator, regardless of the wind

speed. The controller gains of the nonlinear controller are determined via

Linear Quadratic Optimal Control (LQOC) approach. The results show a

better control performance for the nonlinear controller. This performance is

characterized by fast and smooth transient responses as well as a zero steady

state error and reference tracking quality.

Index terms— Feedback linearization, multi-input muti-output controller,

optimal control, permanent magnet synchronous generator, Taylor series expan-

sion, wind turbine.
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3.1 Introduction

Wind energy is one of the fastest growing renewable energy technologies. At the

end of 2015 its global power capacity was around 433 Gigawatts (GW), represent-

ing cumulative market growth of more than 19%, an excellent industry growth

rate given the economic climate [127].

Wind-turbine systems can work in two modes of operation: grid-connected

and stand-alone. However, the majority of them operating in the field are grid-

connected. In this mode, the power generated is directly uploaded to the grid

[21]. When WT are not generating enough energy in low wind time intervals,

electricity from the grid supplies costumer needs. WT in stand-alone mode are

usually employed as small power capacity to power homes, farms, and isolated

areas where access to the utility grid is remote or costly. Since the power generated

from the wind is not always available, other energy sources are commonly required

in stand-alone systems. It is common that a stand-alone wind energy system

operates with diesel generators or energy storage systems to form a more reliable

distributed generation (DG) system.

Due to their random nature, wind-turbine systems are characterized by an

unpredictable output. Hence, a suitable control system is required to ensure a

good system dynamic behavior and an efficient extraction of the power from a

wind turbine. This has been the subject of several recent research investigations.

Most of the proposed control methods for WECS in the literature employed the

conventional PI-based control method with different techniques [128, 129, 130,

131].

Methods of nonlinear control that use input-output feedback linearization method

for WECS have been reported in [119, 64, 65]. Feedback linearization control

method has the advantage of being able to be used to both stabilize a nonlinear

system, such as WECS, simultaneously tracking many control reference signals.

Also, it allows the user to have a complete decoupled control system where each

variable can be controlled independently.

The type of machine used is one of the most important part of the wind energy

conversion system (WECS). Many industrial motors make effective and affordable
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Figure 3.1: WECS based permanent magnet synchronous generator.

wind generators. Three groups of generators are usually used for variable speed

wind turbine systems: permanent magnet synchronous generator, squirrel cage in-

duction generator (SCIG) and doubly-fed induction generator (DFIG). Depending

on the type of generator and the power electronics converter configuration used,

a suitable controller is developed [21]. The most preferred option for variable

speed wind turbine are the direct-drive PMSG and DFIG. PMSG has the advan-

tage of having a very wide speed variation range (0-100% of the rated speed),

high efficiency and high power density, due to its rare earth metal-based perma-

nent magnets. This yields to a compact direct-drive small-scale wind turbine with

capability to operate at very low-speed.

In this paper, feedback linearization is adopted as a design approach of the

nonlinear MIMO controller. Moreover, optimal control technique is used to cal-

culate the feedback gains. In contrast to pole placement technique, using optimal

control allows us to assign one cost function to whole system. Hence a better

control performance. The challenge is to control the generator’s current and ro-

tor speed at the same time through MIMO configuration instead of sequentially,

while ensuring the operation of the system at its optimum rotor speed allowing

the extracting of the maximum power from the wind turbine.

This paper is organized as follows. First, in Section 3.2, the WECS dynamic

model depicted in Fig. 3.1 is described. Section 3.3 is dedicated to the design of

the controllers. The simulation results are presented in Section 3.4. Finally, we
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conclude with Section 3.5.

3.2 Wind Turbine System Dynamic Modeling

3.2.1 Wind Turbine

The wind turbine converts part of the kinetic energy of the wind into useful me-

chanical energy. Its generated mechanical power can be express as follows [119]:

Pm =
1

2
πρCp(λ, β)R2v3w (3.1)

where ρ is the air density, Cp is the power coefficient, which is a function of λ, the

tip speed ratio and β, the pitch angle. R is the radius of the turbine and vw is the

wind speed.

The tip speed ratio is defined as the ratio of the blade tip speed to the speed

of the wind, given by [21]

λ =
ωmR

vw
, ωr = Pωm (3.2)

where ωm and and ωr are the mechanical rotating speed of the blade and the

electrical speed of the generator, respectively. Neglecting the friction forces, the

dynamic equation of the wind turbine is given by [21]

dωm
dt

=
P

J
(Tm − Te) (3.3)

where P is the number of pole pairs, J is the moment of inertia of the generator,

Tm is the torque developed by the turbine and Te is the torque due to load which

in this case is the generator electromagnetic torque.
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3.2.2 PMSG Model

The dq reference frame model for the PMSG is given by [21]
uds = Rsids + Ld

dids
dt
− ωrLqiqs (3.4a)

uqs = Rsiqs + Lq
diqs
dt

+ ωrLdids + ωrλr (3.4b)

where, ids and iqs are the stator dq-axis currents (A); Rs is the stator winding

resistance (Ω); Ld and Lq are the stator dq-axis self-inductances (H); ωr is the

rotor electrical angular speed (rad/s); and λr is the rotor flux generated by the

permanent magnets.

In this study, a round rotor PMSG is considered. The d- and q-axis magnetizing

inductions are therefore equal (Ld = Lq = Ls). However, we keep Ld, Lq notations

so that the derived equations can be applied to both salient and nonsalient (round)

PMSG.

The electromagnetic torque is given by [21]

Te =
3P

2
[λriqs − (Ld − Lq)idsiqs] (3.5)

3.2.3 PWM Voltage Source Converter Model

The PWM voltage source converter works as a rectifier. It converts the generator

output voltage into a DC voltage. The generator active power and the rotor speed

(MPPT control) are controlled through this converter. Two-level rectifier will be

chosen and controlled using a space vector pulse width modulation (SVPWM)

scheme. Compared to the traditional PWM, the SVPWM modulation technique

offers a better THD and increases the DC-bus voltage utilization by about 15%

[132].

The relationship between the modulation index, ma, the DC-bus voltage, Udc,

and the rms value of the generator output voltage, uan, in one of the rectifier legs

is [21]

ma =
√

6
uan
Udc

(3.6)
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The dq-axis synchronous reference frame representation of Eqn. (3.6) has the

following form [21]


uds =

1√
6
maUdc cos(θr) (3.7a)

uqs = − 1√
6
maUdc sin(θr) (3.7b)

where θr is the generator rotor flux position angle and Udc, the DC-link voltage.

3.3 Design of the Controllers

Three different types of control schemes are studied and designed herein. They are:

1) the traditional PI-based controller, 2) the state feedback controller based Taylor

series expansion linear approximation (TSLA-based) and 3) the proposed nonlinear

MIMO control feedback linearization based (FL-based). The performances and

robustness of the three controllers are analyzed and compared in Section 3.4.

3.3.1 PI-based Controller Design

Fig. 3.2 illustrates the basic concept of the conventional PI-based control scheme.

It consists of three PI compensators: two inner loops for the control of the dq-axis

currents ids and iqs, and one outer loop for the control of the generator rotor speed.

The role of these compensators is to reduce the error between the reference signals

and measured ones to zero.

The output of the decoupled PI current controllers can be written as


uds = (kpd +

kid
s

)(idsref − ids)− ωrLqiqs +Rsids (3.8a)

uqs = (kpq +
kiq
s

)(iqsref − iqs) + ωrLdids + ωrλr +Rsiqs (3.8b)

where [kpd , kid ] and [kpq , kiq ] are the gains of the d-axis current and q-axis current

PI controllers respectively.
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Figure 3.2: PI-based control scheme.

Substituting Eqn. (3.8) into Eqn. (3.4) yields


dids
dt

=
1

Ld
(kpd +

kid
s

)(idsref − ids) (3.9a)

diqs
dt

=
1

Lq
(kpq +

kiq
s

)(iqsref − iqs) (3.9b)

The output of the generator rotor speed controller is

iqsref = (kpω +
kiω
s

)(ωrref − ωr) (3.10)

where [kpw , kiw ] are the gains of the generator stator d-axis current and q-axis

current controllers respectively.

3.3.2 TSLA-based Controller Design

The linearised model that approximates the system behaviour around the operat-

ing point using Taylor series expansion is expressed as follows:
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d

dt


îds

îqs

ω̂r

 =


−Rs

Ld

Lq

Ld
ωr0 0

−Ld

Lq
ωr0 −Rs

Lq
−λr+Ldids0

Lq

0 3P 2

2J
λr kwt

P 2

J

v3w0

ω2
r0



îds

îqs

ω̂r



+


1
Ld

0

0 1
Lq

0 0


[
ûds

ûqs

]
+


E1(ids0)

E2(ids0)

E3(ωr0)

 (3.11)

where E1(ids0), E2(ids0) andE3(ωr0) are approximately equal to zero, and (ids0, ids0, ωr0, vw0)

is the operating point.

To stabilize the system at the operating point, a state feedback controller is

used to design the TSLA-based Controller. The control input is as follows

[
uds

uqs

]
= −kts


ids − ids0
iqs − iqs0
ωr − ωr0

 (3.12)

where kts, given in Table 3.2, is the feedback gain matrix selected by pole place-

ment.

3.3.3 Proposed MIMO Nonlinear Controller Design

For the design of the proposed MIMO nonlinear controller, two control objectives

have been considered in order to: 1) keep the wind turbine operating at its maxi-

mum power by controlling ωr; 2) achieve a linear relationship between the stator

current and the electromagnetic torque by controlling the stator d-axis current,

ids.

The input-output feedback linearization control is adopted as design method

for the proposed nonlinear controller. Fig. 3.3 illustrates its structure.

One of the advantages of feedback linearization versus traditional PI-based

method, is that it is possible to reduce the number of gains of controller with feed-

back linearization. In the traditional schemes, at the generator-side, the generator
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Figure 3.3: Proposed MIMO controller structure.

active power and rotor speed are controlled through three PI controllers in cascade

with two gains each (kp and ki). In contrast, in the feedback linearization method

proposed in this paper, only three gains are needed (instead of six in the case of

PI) to perform the same task. This helps to better performance as it will be seen in

the simulation results section. Thus, the chosen state space vector, control inputs

and controlled outputs of the WECS are respectively


x = [ids, iqs, ωr]

T (3.13a)

u = [uds, uqs]
T (3.13b)

y = [ids, ωr]
T (3.13c)

By rewriting Eqs. (3.3) and (3.4), the dynamic model of the system can be

expressed into the form as follows

d

dt


ids

iqs

ωr

 =


−Rs

Ld

Lq

Ld
ωr 0

−Ld

Lq
ωr −Rs

Lq
− λr
Lq

0 3P 2

2J
λr kwt

P 2

J
v3w
ω2
r



ids

iqs

ωr



+


1
Ld

0

0 1
Lq

0 0


[
uds

uqs

]
(3.14)

It can be observed from Eqn. (3.14) that the system is nonlinear. To make

the system behave like a linear system, we design a nonlinear controller using the

input-output linearization method.
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3.3. Design of the Controllers

As the controlled outputs are y1 = ids and y2 = ωr, let differentiate each one

until at least one input appears. For simplicity, not all steps are presented. Note

that y1 has been differentiated once, whereas, y2 has been differentiated twice,

before a control input emerges. Thus, we obtain

[
ẏ1

ÿ2

]
︸ ︷︷ ︸
T (x)

=

[
A1(x)

A2(x)

]
︸ ︷︷ ︸

A(x)

+

[
1
Ld

0

0 3P 2

2JLq
λr

]
︸ ︷︷ ︸

B(x)

[
uds

uqs

]
︸ ︷︷ ︸

u

(3.15)

where



A1(x) = −Rs

Ld
ids +

Lq
Ld
ωriqs (3.16a)

A2(x) = −3P 2Ldλr
2JLq

ωrids −
3P 2Rsλr

2JLq
iqs

− 3P 2λ2r
2JLq

ωr +
kwt

J(3λr
2J
iqs − kwt

Jωr
v3w)

v3w (3.16b)

Since the relative degree associated with y1 and y2 are 1 and 2 respectively.

The total relative degree of the MIMO system is then r = 1 + 2 = 3.

Note that both the linearized input-output system (Eqn. (3.15)) and the orig-

inal nonlinear system are of order three. Therefore, there is no internal dynamics.

In other words, all the state variables can be seen from the input-output relation-

ship.

By choosing a control input vector to be in the form

[
uds

uqs

]
=

[
1
Ld

0

0 3P 2

2JLq
λr

]−1 [
−

[
A1(x)

A2(x)

]
+

[
vgc1

vgc2

] ]
(3.17)

where vi (with i = 1, 2) are the new inputs, the nonlinearity in Eqn. (3.14) is

cancelled and a linear relationship between the outputs, [ẏ1, ÿ2]
T , and new inputs,

[v1, v2]
T , is obtained as follows: [

ẏ1

ÿ2

]
=

[
v1

v2

]
(3.18)
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Now that the closed loop system is linear, it is simple to design a tracking

controller, due to the availability of various linear control techniques. Therefore,

we propose the feedback control law as follows:

[
v1

v2

]
=

[
k11 0 0

0 k21 k22

]
︸ ︷︷ ︸

kfl


e1

e2

e3


︸ ︷︷ ︸

Efl

(3.19)

where Kfl is the feedback gain matrix and Efl represents the errors between ref-

erence signals and the outputs of the linearized input-output system, defined as

e1 = idsref − ids, e2 = ωrref − ωr and e3 = ω̇rref − ω̇r.

Note that idsref is constant and ω̇rref is assumed constant. Hence, i̇dsref = 0 and

ω̈rref = 0.

Optimal control is a good alternative design strategy by which all the control

design parameters can be determined even for MIMO systems. With this tech-

nique, the performance objectives of the control system can be directly formulated

through a cost function, J , which need to be minimized. This can be written as

J(t) =

∫ ∞
0

[
Y T (t).Q.Y (t) + V T (t).R.V (t)

]
dt (3.20)

and the feedback gain matrix Kfl as

Kfl = R−1BTM (3.21)

where B, C and D, given in Eqn. (3.23) are the input matrix, output matrix and

feedforward matrix of the linearized system of Eqn. (3.18) respectively, whereas Q,

Rgc and M are respectively the state weighting matrix, control cost matrix and the

optimal matrix that minimizes the objective function, J . The latter is determined

through the Riccati equation given in Eqn. (3.22) below. Full details on the linear

optimal control can be found in [133].

ATM +MA−MBR−1BTM +Q = 0 (3.22)
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where

A =


0 0 0

0 0 1

0 0 0

 , B =


1 0

0 0

0 1

 , C =


1 0 0

0 1 0

0 0 1

 , D =


0 0

0 0

0 0

 (3.23)

Y =


e1

e2

e3

 , V =

[
v1

v2

]
, Q =


10 0 0

0 1011 0

0 0 1

 , R =

[
1 0

0 1

]

The reference signals are chosen as follows:

idsref is set to zero to realize the zero d-Axis current (ZDC) control scheme.

This control scheme is employed to achieve a linear relationship between the stator

current and the electromagnetic torque [21].

iqsref represents the torque-producing stator current, whereas ωrref is generated

from the MPPT controller. They are calculated, respectively, as

iqsref =
Teref

1.5Pλr
, ωmref

= 3

√
Pm
kopt

(3.24)

where

kopt =
0.5πρCpmaxR

5

λ3opt
(3.25)

Pm in Eqn. (3.10) is measured, whereas Cpmax and λopt, in Eqn. (3.25), are given

in Table 3.1.

3.4 Results

In order to demonstrate the effectiveness of the proposed nonlinear MIMO control

feedback linearization based scheme (FL-based), simulations have been carried

out using Matlab/Simulink. The generator used in the study is a variable speed

nonsalient-pole PMSG driven by a wind turbine whose electrical parameters are

given Table 3.1 of Appendix Chapter 3. The performance and robustness of the
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proposed controller have been compared to those of the two control techniques:

(1) the traditional PI-based controller and (2) the feedback controller based Taylor

series expansion linear approximation (TSLA-based). In the following pages, we

present the simulation results of the three controllers tested for three different case

studies: (1) constant wind speed, (2) variable wind speed and (3) variable wind

speed with variable generator parameter.

Feedback controller gain matrices Kts and Kfl, respectively, for Taylor series

based linearized controller and feedback linearization based controller, are selected

by optimal control. The gains are given in Table 3.2 of Appendix Chapter 3.

3.4.1 Nonlinear Controller

First, the power-versus-rotor speed characteristics of the system at different wind

speeds are illustrated in Fig. 3.4. For each speed, the system operates at its
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corresponding maximum power point as indicated by the red.

Next, the transients of a nonsalient-pole PMSG wind energy system caused by

a step change in wind are investigated.

Fig. 3.5 illustrates the simulated waveforms for the feedback linearization based

nonlinear control wind energy system when the wind speed changes from 11 m/s

to 13 m/s, then to 15 m/s, and then decreases to 8 m/s. The waveforms include

the wind speed, the rotor mechanical speed ωm, generator electromagnetic torque

Te, three-phase stator current, is, and voltage vs.

It can also be observed that the dq-axis stator currents, ids and iqs, in the
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synchronous frame are DC variables, whereas the abc-axis stator currents, ias, ibs,

and ics in the stationary frame are sinusoids in steady state.
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Figure 3.5: Simulated waveforms for the FL nonlinear control WECS.

With the zero d-axis control scheme, the d-axis ids is kept at zero. The q-axis

stator current iqs, is proportional to the generator torque Te. At t = 0.005 sec, the

61
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wind speed starts to increase. It takes 0.01 sec for the system to reach 1230 W,

the steady-state operating point with a negligible overshoot indicating that the

nonlinear control WECS has a good dynamic performance.

3.4.2 Comparison to PI-based and Taylor Series Based

Linear Controllers

To further study the proposed nonlinear control system performance, the waves-

forms of the rotor mechanical speed ωm and generator electromagnetic torque Te of

the proposed control scheme have been compared to the PI-based and TSLA-based

control schemes, for the following three case studies.

Case 1: Constant wind speed

In this case, the wind turbine operates at its rated wind speed. As illustrated

in Fig. 3.6 with ωm and Te wave-forms, the three controllers are very close in

steady-state response. However, the transient response of the FL-based control
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Figure 3.6: Comparison of FL, PI and TSLA controllers for fix wind speed (rated
speed, Vw = 11 m/s).
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system is much smoother and faster compared to the other two. It can be noticed

that, the TSLA-based control system has a close dynamic behavior to the FL-

based one. This is due to the fact that the TSLA-system has been derived and

approximated around the rated speed operating point which is 11 m/s.

Case 2: Variable wind speed with constant generator parameter

This case study investigates the transients and steady-state when the wind

speed experiencese a series of suddenly increases and decreases. The simulated

wavesforms of the rotor mechanical speed ωm and generator electromagnetic torque

Te, depicted in Fig. 3.7, show that FL-based control system has the best tran-

sient and steady-state performance compared to the other two control systems.
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Figure 3.7: Comparison of FL, PI and TSLA controllers for variable wind speed
(Vw = [11, 13, 15, 8] m/s).

Moreover, the FL-based control system has better tracking performance, whereas

a high overshoot of the PI-based controller during each transient period can be

observed. And the TSLA-based shows certain differences between the references

and the actual torques and speeds at high wind speed.
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Case 3: Variable wind speed with variable generator parameter

For this case, the robustness of the proposed nonlinear control system is tested

by increasing the generator fixed magnetic flux, λr, by 30%. The torque and rotor

speed successfully reaches their references signals with a good transition. However,

the TSLA-based control method is sensitive to parameter variations. Fig. 3.8(d)

shows the effects of it on the control performance. For TSLA-based control system,
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Figure 3.8: Comparison of FL, PI and TSLA controllers for variable wind speed
(Vw = [11, 13, 15, 8] m/s) and variable parameter (by 30% of λr).

this variation of generator magnetic flux results in steady-state errors of 10 rd/s

and 10 N.m in the rotor speed and electromagnetic torque, respectively. Fig.

3.8(d) shows also that the transient performance for the torque and the speed is

superior for the nonlinear control system.
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3.5 Conclusion

This paper has proposed a nonlinear MIMO controller based on feedback lin-

earization theory to regulate the generator current and rotor speed of a WECS.

The controller gains have been selected by using optimal control. The perfor-

mance and robustness of the proposed controller have been compared to those of

the traditional PI-based controller and the feedback controller based Taylor se-

ries expansion linear approximation (TSLA-based). For this purpose, full detailed

PI-based and TSLA-based control schemes for WECS have also been given. The

comparison has been done under three case of studies: 1) constant wind speed,

2) variable wind speed with constant generator parameters and 3) variable wind

speed with variable generator parameters. The simulation results show that apply-

ing nonlinear feedback linearization based control strategy combined with optimal

control, while keeping the wind turbine operating at its optimal maximum power

and controlling the generator active power, provides a better control performance

compare to the PI-based and TSLA-based control systems. This performance is

characterized by fast and smooth transient response as well as good steady state

stability and reference tracking quality, even with variable wind speed operation.

However, this study focuses on the generator-side subsystem. A future work will

be to include the utilities grid in the control system.
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Appendix Chapter 3

Table 3.1: System Parameters

Parameter Description Value

Pm Rated Mechanical Power (W ) 3230

ωm Rated Rotor Speed (rd/s) 89

λr Rated Rotor Flux Linkage (Wb) 0.2275

P Number of Pole Pairs 4

J Moment Inertia of the Generator (kg.m2) 0.0008

Rs Stator Winding Resistance (Ohm) 2.875

Lds d-axis Synchronous Inductance (H) 0.0085

Lqs q-axis Synchronous Inductance (H) 0.0085

Vw Rated Wind speed (m/s) 15

R Blade Radius (m) 1

β Pitch Angle (degree) 0

Rho Air Density 1.25

λopt Optimal Tip Speed Ratio 8.1

Table 3.2: Controller Gains

Controller

Gains Description Value

PIil PI Inner Loop Gains Kp = 20, Ki = 40

PIold PI Outer Loop Gains for ids Kp = 2, Ki = 4

PIold PI Outer Loop Gains for iqs Kp = 2, Ki = 4

Kgcts TSLA-based Gain Matrix

[
2.34 −2.53 −0.2

−2.53 32.25 2.13

]

Kgcfl FL-based Gain Matrix

[
1 0 0

0 316230 800

]

69



Chapter 4

Robust Nonlinear Controller Design for

On-grid/Off-grid Wind Energy

Battery-Storage System

Abstract

This paper investigates the design of a unified robust nonlinear multi-

input-multi-output (MIMO) controller for a wind energy battery-storage sys-

tem. The system can be operated either in grid-connected mode or stand-

alone mode. Feedback linearization control design method is used to find the

controller equations. The main advantage of the proposed control strategy

over the existing methods is that only a single controller is used to con-

trol the system regardless the mode of operation. With the new approach,

the controller is designed so that the grid contribution is significantly re-

duced and the battery can provide a backup energy or store the surplus wind

energy efficiently. In addition, the dc-link voltage and load power are regu-

lated by adjusting the charging and discharging cycle of the battery through

a bi-directional buck-boost DC/DC converter in contrast to existing methods

where the dc-link is regulated by the grid-side converter. The robustness of

the proposed controller is evaluated in simulation with various types of loads

including unbalanced load and dynamic load. The results show that a good

performance in closed loop is achieved.
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4.1. Introduction

Index terms— Battery storage, energy management, feedback linearization,

grid-connected, nonlinear control, robust control, stand-alone, wind turbine con-

version systems.

4.1 Introduction

Electric power generation sources are becoming broadly diversified with the ad-

vent of renewable energy sources such as wind turbines and photovoltaics (PV).

In previous years, about half of new electric power generation sources in the world

were renewable sources. Among them, wind power is one of the new electricity

production means that has grown rapidly. The global installed wind power capac-

ity was around 433 GW at the end 2015. This represents a market growth of more

than 17% [127]. However, the energy generated by wind turbines is unpredictable

due to their intermittent nature unlike conventional power plants. In addition,

power systems management becomes more complex with this massive integration

of wind energy sources. The architecture and technology used to control power

grids will need to change. Control algorithms need to be adapted to go along with

this evolution of power grids [134].

Current wind turbine systems are not designed to operate in both stand-alone

(or off-grid) and grid-connected (or on-grid) modes. When a power outage occurs,

they are automatically disconnected from the main utility grid (UG). This may

causes significant financial losses to electricity suppliers [14, 15]. Therefore, one

of the new challenges the wind energy based electricity supply industry will have

to address is the adaptation of a single wind turbine so that it can operate in

both modes [16]. The trend is to use the grid-side converter to disengage the wind

turbine system from the grid to allow a continuous supply to critical loads during

a power outage. Moreover, transitions between the two modes should be fast and

seamless to minimize any abrupt voltage or current changes [17].

Several studies have been conducted to deal with issues related to this on-

grid/off-grid mode of operation. References [135] and [32] propose concept and test

results on a control strategy for a PMSG (Permanent Magnet Synchronous Gen-
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Figure 4.1: On-grid/Off-grid WECS based permanent magnet synchronous gener-
ator.

erator) driven by a small wind turbine capable to operate in both grid-connected

and stand-alone modes. In the grid-connected mode, a PI current controller is

used for the grid-side converter. The active and reactive power are controlled

independently. The authors in [16] use a SCIM (Squirrel Cage Induction Ma-

chine) as a generator and PI current controllers. A modified space-vector pulse

width modulation based (SVPWM) switching pattern for stand-alone and grid-

connected three-phase single-stage boost inverters has been proposed in [34]. The

proposed method is particularly for small PV and fuel cell applications (output

voltage 35V) with low switching frequency (3 kHz).

In [80], a dynamic model of a PMSG system, suitable for a grid-connected/stand-

alone operation has been presented. The machine-side converter controls the

PMSG speed using a PI current control. A gas turbine is used instead of a wind-

turbine to provide the mechanical power. Other grid-connected and stand-alone

operations control for uninterruptible power supply (UPS) applications have been

reported in [17, 47, 35, 39]. In these applications, the dynamics of the primary

energy source is not taken into account. This may lead to a fall-short in achieving

a seamless transfer between the grid-connected and stand-alone modes. Further-

more, the proposed control methods are PI-based. Although PI controllers have

the advantage of being simple and easy to implement, they have several draw-

backs. Indeed, they are sensitive to systems with highly nonlinear components
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such as wind energy battery-storage systems [11]. They have a poor transient

response and a weak disturbance rejection for non constant perturbations. They

have difficulty to limit the converter current rise below the permitted limit during

the off-grid and the grid detection transition period [16]. In all the aforementioned

works, two distinct controllers are used for the system. One controller is used for

the grid-connected mode and another one for the stand-alone mode. An islanding

detection module is needed in this case to take the decision to switch between the

two controllers.

Some nonlinear control methods have been proposed for Wind Energy Conver-

sion Systems (WECS). This include backstepping [74] and feedback linearization

controllers [64]. However they are mostly for grid-connected mode only. Moreover,

no backup storage was used in these references. Since the grid does not exist in

stand-alone mode and the power generated from the wind is not constant, storage

unit becomes necessary [77]. The role of the latter is to compensate or absorb the

difference between the generated wind power and the required load power. This

significantly reduces the grid contribution to the system. A system that contains

multiple sources are known as hybrid power systems [78]. They require a suitable

energy management strategy. In [116], a unified control strategy of a three-phase

inverter in uninterruptible power supply (UPS) applications was presented. The

inverter operates as a current source in a grid-tied mode and as a voltage source

in a stand-alone mode. PI controllers is used in the paper.

The main contribution of the paper is the utilization of a single robust nonlinear

controller for a wind energy battery-storage system that can operate in both grid-

connected and stand-alone modes. The challenge is that the system should operate

in both modes with no need for switching between two different controllers, con-

trary to conventional methods found in the literature. In the proposed approach,

there is no need for an islanding detection system [121, 122]. The same controller

performs the MPPT, power management and load voltage control, regardless of the

mode of operation. Thus, problems related to the islanding detection, such as poor

dynamic performance [123, 38], poor load current waveform quality [124, 125] and

inrush grid current [126] during the transition of operation mode, can be avoided.
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The design method is based on the MIMO feedback linearization control technique.

A back-to-back (B2B) power converter is used to connect the WECS to the grid

and the load. In addition, a bi-directional buck-boost DC/DC converter is used to

regulate directly the dc-link voltage and the load active power based on the energy

balance and the system stability. Different types of loads are used to demonstrate

the robustness of the proposed control method, namely, 1) a balanced three-phase

load, 2) an unbalanced three-phase load, 3) a single-phase nonlinear load, and 4)

a dynamic load.

The rest of this paper is organized as follows. Section 4.2 describes the system

dynamic modeling. In Section 4.3, the design of the proposed controller is pre-

sented. Feedback linearization theory for MIMO systems is also presented therein.

The robustness of the proposed control method is evaluated with various types of

loads for both grid-connected and stand-alone modes of operation in Section 4.4.

Finally, we conclude in Section 4.5.

4.2 System Dynamic Modeling

The schematic diagram of the system is depicted in Fig. 4.1. It consists of a PMSG

driven by a wind turbine, a generator-side AC/DC converter, a grid-side DC/AC

converter, a battery-storage unit connected to the DC-link trough a bi-directional

buck-boost DC/DC converter. In the stand-alone mode, the switch Sw1 is opened

and the system supplies the critical local load only. The switch Sw1 is closed in

the grid-connected mode. The wind turbine converts part of the kinetic energy of

the wind into mechanical energy. This energy is converted into electrical energy

via the generator. Since the generator output frequency is variable (depends on

the wind conditions), a back-to-back converter is used to synchronize its output

with the grid frequency. The buck/boost converter is used to adjust the dc-link

voltage to the required battery voltage. The mathematical model for each of the

components will be presented in the following sections.
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4.2.1 Wind Turbine

The wind turbine retrieves only a fraction of the wind’s kinetic power. This power

is determined by the area swept by the blades, Sw (Sw = πR2), the wind speed, vw,

the air density, λ, and the power coefficient, Cp, which characterizes each turbine.

Hence, the generated mechanical power, can be express as follows [21]:

Pm =
1

2
πρCp(λ, β)R2v3w and λ =

ωmR

vw
(4.1)

where R is the radius of the turbine. Cp is a function of λ, the tip speed ratio and

β, the pitch angle. ωm is the turbine angular speed. Neglecting the friction forces,

the dynamic equation of the wind turbine is given by

dωm
dt

=
P

J
(Tm − Te) (4.2)

where ωm is the rotating speed of the blade, P , the number of pole pairs, J , the

moment of inertia of the generator, Tm, the torque developed by the turbine and

Te, the torque due to load which in this case is the generator electromagnetic

torque.

4.2.2 PMSG Model

The PMSG converts the mechanical energy obtained from the wind turbine to elec-

trical energy. In order to simplify its analysis, the three-phase PMSG is modeled

in the dq reference frame. It is given by [21]


uds = Rsids + Ld

dids
dt
− ωrLqiqs (4.3a)

uqs = Rsiqs + Lq
diqs
dt

+ ωrLdids + ωrλr (4.3b)

Te =
3P

2
[λriqs − (Ld − Lq)idsiqs] (4.3c)

where uds, uqs and ids, iqs are the generator stator dq-axis voltages (V) and currents

(A), respectively; Rs is the stator winding resistance (Ω); Ld and Lq are the stator

dq-axis self-inductances (H); ωr is the rotor electrical angular speed (rad/s); and
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4.2. System Dynamic Modeling

λr is the rotor flux (Wb) generated by the permanent magnets. Non-salient (or

round) rotor PMSG is considered in this study, the d- and q-axis magnetizing

inductions are therefore equal (Ld = Lq).

4.2.3 Back-to-back Converter Model

The back-to-back (B2B) converter consists of two identical voltage source convert-

ers (VSC) and a capacitor which is connected in between them. The generator-side

VSC converts the three-phase generator AC output signal into DC voltage, whereas

the grid-side VSC converts the DC voltage into the load input three-phase AC volt-

age. The power flow of the B2B converter can also be bidirectional, flowing from

the grid to the battery. The load voltage will be controlled through the grid-side

VSC. Its dq reference frame output voltage model is given by


udi = Lf

didi
dt
− ωgLf iqi + udl (4.4a)

uqi = Lf
diqi
dt

+ ωgLf idi + uql (4.4b)

where udi, uqi and idi, iqi are the grid-side converter output dq-axis voltages (V)

and currents (A), respectively; udl and uql are the load dq-axis voltage (V); Lf

and ωg are the grid-side filter inductance (H) and the grid electrical angular speed

(rad/s), respectively.

4.2.4 Bi-Directional Buck-Boost Converter Model

A bi-directional buck-boost converter will be used in this paper to interface the

battery and the dc-bus. This converter, as illustrated in Fig. 4.2, operates as a

boost converter during the discharging mode of the battery and as a buck during

the charging mode. The dynamic equations of the current through the inductor,

Lb, is given by


dilb
dt

=
1

Lb
(ubat −Dudc) (4.5a)

dEdc
dt

= udcisdc −
3

2
udiidi + Pbat (4.5b)
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Figure 4.2: Bi-Directional Buck-Boost Converter.

where ubat, ilb, isdc, Pbat and D are the battery voltage, the current through the

inductor Lb, the generator-side converter dc current, the battery power and the

duty cycle respectively. D and D̄, comprised between 0 and 1, determine the

percentage of the PWM pulse period that the output is on. Also, note that the

switches at D and D̄ are logical complement of each other. The dc-link capacitor

voltage, udc, will be regulated through Edc where Edc = 1
2
Cdcu

2
dc, using the bi-

directional buck-boost converter rather than the grid-side converter. Eqn. (4.5b)

is derived from the energy storage variation of the dc-link capacitor [119].

4.2.5 Battery Storage Unit Model

The battery-storage is connected to the dc-link through a bi-directional buck-boost

converter. A Nickel-Metal-Hydride Model is used for the battery [136].

4.2.6 Grid-Side Circuit

The grid-side circuit is composed of a RL load, a filter, Lf , the line inductance, Lg,

and the grid when the system operates in the grid-connected mode. For the sake of

simplicity, the transformer leakage inductance is included in Lg. One of the advan-

tages of the proposed control system is that the voltage of the load is constantly

controlled in grid-connected mode and stand-alone mode. It is therefore not nec-

essary to use a capacitor in the output filter of the converter. Characteristics and

advantages of this strategy are discussed in Remark 6, Section 4.4.

For the design of a unique controller for this system which can operate in two

different modes, it is proposed to represent the grid-side circuit by a model which
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4.2. System Dynamic Modeling

is valid in both modes of operation. The main idea behind this modeling approach

is to represent the grid and the load by an equivalent Thévenin model. This model

will be connected in series with Lf at A as illustrated in Fig. 4.3.

If Zl = Rl + jωgLl denotes the load impedance and ug = udg + juqg represents

the grid voltage, then the Thévenin voltage and impedance in the grid-connected

mode are given respectively by


Eth =

(Rl + jωgLl)(udg + juqg)

Rl + jωg(Ll + Lg)
(4.6a)

Zth =
jωgLg(Rl + jωgLl)

Rl + jωg(Ll + Lg)
(4.6b)

Note that Rl and Ll are obtained from the active and reactive power supplied

to the load as follows

Rl =

√
3u2llPl

P 2
l +Q2

l

and Ll =

√
3u2llQl

P 2
l +Q2

l

(4.7)

where ull is the load line-to-line RMS voltage. Pl and Ql are the load active and

reactive power of the system, respectively. They can be obtained from the load

current and voltage

Pl =
3

2
(udlidl + uqliql) and Ql =

3

2
(uqlidl − udliql) (4.8)
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Figure 4.3: Grid-side circuit Thevenin equivalent.
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When the grid is not available (in the stand-alone mode), the Thévenin voltage

and impedance are respectively given by

Eth = ul and Zth = Zl (4.9)

The grid-side circuit is assumed in a quasi-static mode, therefore, the following

relationships are valid

{
udl = Rthidi − ωgLthiqi + Ethd (4.10a)

uql = Rthiqi + ωgLthidi + Ethq (4.10b)

where Rth and ωgLth are real and imaginary parts of the Thévenin impedance,

respectively (Zth = Rth + jωgLth).

The next section presents the theory of feedback linearization for nonlinear

multivariable systems.

4.3 Nonlinear Controller Design

Before applying the nonlinear multi-input-multi-output (MIMO) control to the

wind energy conversion system (WECS), a background on the feedback lineariza-

tion method for multivariable systems is described in the following section.

4.3.1 Feedback Linearization

Let consider the following MIMO system [63]

{
ẋ = f(x) + g(x)u (4.11a)

y = h(x) (4.11b)

where x ∈ IRn is the state vector. u ∈ IRm is the vector of m inputs ui (i = 1, ...,m).

y ∈ IRm is the vector of m outputs yj (j = 1, ...,m). f and g are smooth vector

and matrix fields, respectively. h is the smooth vector function.

The input-output linearization method for MIMO systems consists of differen-

tiating the outputs yj until at least one input appears.
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Consider Lfh and Lgh the Lie derivatives of h with respect to f and g, ẏj can

be written as

ẏj = Lfhj +
m∑
i=1

(Lgihj)ui (4.12)

If Lgihj(x) = 0 for all i, then no inputs appears and one has to differentiate

again. Assumed that yj needs to be differentiated rj times before at least one

input appears, then

y
(rj)
j = Lrjf hj +

m∑
i=1

LgiL
rj−1
f hjui, (j = 1, ...,m) (4.13)

Eqn. (3) can be written into a matrix form as follows
y
(r1)
1
...

y
(rm)
m

 =


Lr1f h1(x)

...

Lrmf hm(x)

+B(x)


u1
...

um


︸ ︷︷ ︸

u

(4.14)

where the m ×m matrix B(x) is referred to as the decoupling matrix for the

MIMO system. It has the following expression.

B(x) =


Lg1Lr1−1f h1 · · · LgmLr1−1f h1

...
. . .

...

Lg1Lrm−1f hm · · · LgmLrm−1f hm

 (4.15)

Eqn. (4) is linearized by choosing the control input vector u as follows.

u = −B−1


Lr1f h1(x)

...

Lrmf hm(x)

+B−1


v1
...

vm


︸ ︷︷ ︸

v

(4.16)

where v is the new input yet to be determined.
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The closed loop equation of the system is obtained by substituting Eqn. (6)

into Eqn. (4) to get 
y
(r1)
1
...

y
(rm)
m

 =


v1
...

vm

 (4.17)

The input-output relationship given by Eqn. (7) is not only linear but also

decoupled.

Remark 2: (r1, ..., rm) is called the relative degree of the system (Eqn. 1) and

the scalar r = r1 + ...+ rm is called the total relative degree of the system [63]. In

the case where the total relative degree of the nonlinear system is smaller than the

order of the system (n), the system (Eqn. 1) has some internal dynamics which

cannot be seen from the output. There is no internal dynamics when the total

relative degree is equal to n.

4.3.2 Proposed Nonlinear Controller Design

The design of a unified nonlinear MIMO control system for the wind energy

storage-system, which is capable to operate in the grid connected and the stand-

alone modes, is studied in this section. The MIMO controller will be able to

calculate and generate the appropriate control signals for each converter. The

controller is designed using the input-output feedback linearization method. Fig.

4.4 illustrates the structure of the proposed MIMO controller.

u
v	=	-k.E

x

x	=	f(x)+g(x)u
x

Nonlinear	Controller MIMO	Syst

E	=	T(x)

u	=	[B(x)]-1[-A(x)+v]

E Linearization	Loop

Feedback	Control	Loop

v .

Figure 4.4: Proposed MIMO controller structure.
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Five control objectives have been considered in order to: 1) keep the wind

turbine operating at its maximum power by controlling ωr; 2) achieve a linear

relationship between the stator current and the electromagnetic torque by control-

ling the stator d-axis current, ids; 3) meet load voltage requirement by controlling

both load d-axis and q-axis voltages, udl and uql respectively; 4) ensure the regu-

lation of the dc-link voltage by controlling, udc, (through Edc); 5) perform power

management between the battery, load and grid subsystems by controlling the

battery current, ilb.

Regardless the mode of operation, the system to be controlled is represented by

Eqs.(4.2), (4.3), (4.4) and (4.5). It is a seven-order nonlinear multivariable system

that has six inputs and six outputs. The vector of state variables, x ∈ IRn, the

vector of control inputs, u ∈ IRm, and the vector of controlled outputs, y ∈ IRm,

are respectively


x = [ids, iqs, ωr, idi, iqi, ibl, Edc]

T (4.18a)

u = [uds, uqs, udi, uqi, Pbat, D]T (4.18b)

y = [̃ids, ω̃r, ũdl, ũql, Ẽdc, ĩlb]
T (4.18c)

where ĩds, ω̃r, ũdl, ũql, Ẽdc and ĩlb are defined as follows

ĩds =

∫
(ids − i∗ds)dδ, ω̃r =

∫
(ωr − ω∗r)dδ (4.19)

ũdl =

∫
(udl − u∗dl)dδ, ũql =

∫
(uql − u∗ql)dδ (4.20)

Ẽdc =

∫
(Edc − E∗dc)dδ, ĩlb =

∫
(ilb − i∗lb)dδ (4.21)

The output variables ĩds, ω̃r, ũdl, ũql, Ẽdc and ĩlb represent the integral of the

errors between the variables ids, ωr, udl, uql, Edc and ilb to be regulated, and their

references i∗ds, ω
∗
r , u

∗
dl, u

∗
ql, E

∗
dc and i∗bl, respectively. Integral actions are added into

the control-loop to ensure zero steady state errors and to increase the robustness

of the controller when the system structure changes. This happens, for instance,

when the system switches from the stand-alone mode to the grid-connected mode.
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Note that integrators have increased the order of the system. The new system

to be controlled is now represented by Eqs. (4.18)-(4.21) which is a 13-order

nonlinear model.

The input-output feedback linearization control design method is used to lin-

earize and decouple this nonlinear model. Each output is differentiated therefore

until at least one input appears. For the sake of simplicity, not all of the design

steps are presented. However, it can be noted that each controlled variable has

been differentiated twice, before a control input emerges, except for ω̃r which has

been differentiated three times. One obtains



¨̃ids
...
ω̃ r
¨̃udl
¨̃uql
¨̃Edc
¨̃ilb


︸ ︷︷ ︸

yd(x)

=



A1

A2

A3

A4

A5

A6


︸ ︷︷ ︸
Anl(x)

+



1
Ld

0 0 0 0 0

0 −3P 2λr
2JLq

0 0 0 0

0 0 Rth

Lf
−ωgLth

Lf
0 0

0 0 ωgLth

Lf

Rth

Lf
0 0

0 0 0 0 1 0

0 0 0 0 0 −udc
Lb


︸ ︷︷ ︸

Bnl



uds

uqs

udi

uqi

Pbat

D


︸ ︷︷ ︸

unl

(4.22)

where

A1 = −Rs

Ld
ids +

Lq
Ld
ωriqs

A2 = − 3P 2

2JLq
λr(−Ldωrids −Rsiqs − λrωr)−

2Koptωr
PJ2

(
3P 2λr

2
iqs −

Koptω
2
r

P
)

A3 = Rth(ωgiqi −
udl
Lf

)− ωgLth(−ωgidi −
uql
Lf

) + ˙Ethd

A4 = Rth(−ωgidi −
uql
Lf

) + ωgLth(ωgiqi −
udl
Lf

) + ˙Ethq

A5 = udcisdc −
3

2
idiudi and

A6 =
ubat
Lb

(4.23)

The control input has the following form
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unl =
[
Bnl

]−1
[−Anl(x) + vnl] (4.24)

where vnl is the new control inputs vector, yet to be determined. The suffix nl

stands for nonlinear.

Eqn. (4.24) is valid since the determinant of the matrix Bnl(x), given in Eqn.

(4.25), is nonzero during the normal operation of the system. Indeed the dc-link

voltage, udc, and the rated rotor flux linage, λr, are not equal to zero.

det(Bnl) =
−3P 2λr(R

2
th + ω2

gL
2
th)udc

2JLdLqLbL2
f

(4.25)

By choosing unl as in Eqn. (4.24), the nonlinearities in Eqn. (4.22) are canceled

and the following linear relationship between the new outputs yd(x) and the new

inputs, vnl, is obtained.

yd(x) = vnl (4.26)

where yd(x) =
[̈̃
ids,

...
ω̃ r, ¨̃udl, ¨̃uql,

¨̃Edc,
¨̃ilb

]T
and vnl = [v1, v2, v3, v4, v5, v6]

T .

Note that the total relative degree (r = 13) is equal to the order of the system n

(n = 13). Therefore the linearization is complete and there is no internal dynamics.

Remark 3: The closed loop system (Eqn. (4.26)) is consisted of six decoupled

linear subsystems. There are five second-order subsystems (̈̃ids, ¨̃udl, ¨̃uql,
¨̃Edc and

¨̃ilb), and only one third-order subsystems (
...
ω̃ r).

It becomes now simple to design a stabilizing controller for Eqn. (4.26). A

state feedback controller is used. It has the following equation:

vp = −kpqep (4.27)

where kpq (p ∈ {1, 2, 3, 4, 5, 6} and q ∈ {1, 2, 3}) is the feedback gain matrix and

ep represents the errors between the outputs variables (̃ids, ω̃r, ũdl, ũql, Ẽdc and ĩlb)
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and the reference signals. These references are equal to zero. Therefore, the vp

(p ∈ {1, 2, 3, 4, 5, 6}) have the following expressions

v1 = −k11ĩds − k12 ˙̃ids, v2 = −k21ω̃r − k22 ˙̃ωr − k23 ¨̃ωr,

v3 = −k31ũdl − k32 ˙̃udl, v4 = −k41ũql − k42 ˙̃uql,

v5 = −k51Ẽdc − k52 ˙̃Edc, v6 = −k61ĩlb − k62 ˙̃ilb (4.28)

The feedback gain matrix, kij, is chosen so that the eigenvalues of the closed

loop system are Hurwitz. They are calculated in such a way that the slowest

dynamic, which is that of the mechanical speed, stabilizes in 0.3 seconds with

a damping coefficient of 0.9. The desired poles are determined accordingly and

given in the Table 4.1 below. The closed loop system is asymptotically stable.

Consequently, errors between outputs and references will converge to zero.

Table 4.1: Performance Specifications

Dynamics ĩds ω̃r ũdql Ẽdc ĩlb

Desired
Poles

 −50

−10000

  −15± 6.5i

−1470

  −2,−50

−1,−10

  −13

−50

  −6

−700



To choose the reference signals i∗ds, ω
∗
r , u

∗
dl, u

∗
ql, E

∗
dc and i∗bl, the following points

are considered:

1. i∗ds is set to zero to realize the zero d-Axis current (ZDC) control scheme.

This control scheme is employed to achieve a linear relationship between the

stator current and the electromagnetic torque.

2. ω∗r is generated by the MPPT controller.

3. u∗dl is aligned with the grid voltage vector to achieve voltage oriented control

(VOC). Therefore, u∗dl is equal to the gird voltage magnitude. Hence u∗ql is

equal to zero.

4. udc∗ (E∗dc = 1
2
Cdcu

∗2
dc) is the reference of the dc-link voltage.
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5. i∗bl is generated from the dc-link voltage controller according to the load power

requirement.

ω̇rref is assumed constant. Therefore, ω̈rref = 0

Remark 4 : The synchronization to the grid is done by using a PLL (Phase-

locked Loop) [104]. Therefore, in the grid-connected mode, the grid frequency (ωg)

which is used in the dq-abc coordinate transformation is generated by the PLL.

However, in the stand-alone mode, ωg is generated internally by the controller

[135].

Performances of the proposed controller is evaluated in the next section. Simu-

lations are performed to demonstrate the effectiveness and robustness of the MIMO

nonlinear controller. Various case studies will be presented.

4.4 Results

Various tests are carried out using the SimPowerSystems toolbox [13] in Mat-

lab/Simulink software to demonstrate the effectiveness and robustness of the pro-

posed unified nonlinear control scheme in both grid-connected and stand-alone

modes. As illustrated in Fig. 4.1, the system consisted of a 2.45 MW wind power

generator supplying a nonlinear variable load (1-to-2 MW ). A variable speed

nonsalient-pole PMSG was employed as generator which parameters are given in

Table 4.2 [21]. A back-to-back converter (AC/DC/AC) and a bi-directional buck-

boost (DC/DC) were utilized to connect the generator and the grid to the load,

and the battery-storage-unit to the dc-link voltage, respectively. The feedback

gains kpq of the nonlinear controller, is given in Table 4.3.

Three case studies have been conducted. In Case 1, the dynamic and steady-

state performances of the system when it switches from one mode of operation

to another is evaluated. The maximum power tracking capability under variable

wind speed has been verified. The power management capability of the controller

has been tested in Case 2. Finally, in Case 3, the robustness of the proposed

controller is evaluated in the grid-connected and stand-alone modes under four

different loads, namely, a balanced three-phase load, an unbalanced three-phase
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load, a single-phase nonlinear load, and a dynamic load. An induction motor is

used as the dynamic load.

4.4.1 Case 1: Dynamic Performance and Steady-State

Analysis in On-grid/Off-grid Modes

To analyze the dynamic and steady-state performance of the system, simulations

have been carried out under different wind speeds. The simulation starts with a

Table 4.2: System Parameters

Parameter Rated Value Parameter Rated Value

Pm 2.45 MW ug 4000 V

ωm 4.3 rd/s udc 8000 V

λr 28 Wb Cdc 1667 µF

P 8 Lf 16.884 mH

J 4000 kg.m2 Lg 1.6884 mH

Rs 24.21 mΩ Fgen 740 Hz

Lds, Lds 9.81 mH Fgrid 2040 Hz

Vw 15 m/s ull 4000 V

R 28.16 m Pl 2 MW

Rho 1.25 ubat 4000 V

λopt 8.1 Pbat 1.5 MW

Table 4.3: Controller Gains kpq

Controller Gains Description Value

ĩds and ˙̃ids Gains [K11K12] = [500, 1].103

ω̃r, ˙̃ωr and ¨̃ωr Gains [K21K22K23] = [400, 45, 1.5].103

ũdl and ˙̃udl Gains [K31K32] = [800, 600]

ũql and ˙̃uql Gains [K41K42] = [30, 300]

Ẽdc and ˙̃Edc Gains [K51K52] = [300, 0.3]

ĩlb and ˙̃ilb Gains [K61K62] = [4000, 700]
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stand-alone mode and switches in the grid-connected mode at time t = 1.2 sec

when the switch Sw1, in Fig. 4.1, closes. The wind speed is 12 m/s, from 0 to 0.8

sec, 14 m/s, from 0.8 to 1.6 sec, 16 m/s, from 1.6 to 2.1 and 13 m/s from 2.1 to

2.5 sec, respectively.

Fig. 4.5(a) shows the generator rotor reference speed (dashed line) and the actual

speed (solid line), while Fig. 4.5(b) shows the generator output power. It can

be observed that the waveforms reach their steady state fast and smoothly within

approximately 0.5 sec. Fig. 4.6 shows the d-axis current, ids (solid line), and

the q-axis current, iqs (dashed line). It can be observed that the d-axis current

is maintained to zero, while the q-axis and generated power profiles are similar.

Fig. 4.7 shows the dq-components of the load voltage. One may notice that the

d-axis load voltage, udl (solid line), and the q-axis load voltage, uql (dashed line)

remain constant, despite the variation of the generated power. When the generator

output power becomes higher than the load power, the extra energy is stored in

Figure 4.5: Optimum Rotor Speed and Output Power.
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the battery. Throughout the simulation time, The dc-link voltage udc remains

constant, allowing the power transfer between the two converters, as shown in Fig.

4.8.

Remark 5: Note that the transition between the stand-alone mode and the grid-

connected mode is very smooth despite that no islanding detection mechanism was

used. The generator stator current and all the variables (ωr, ids, udl, uql, udc) are

stables before and after the switching time (t = 1.2 sec.), as it can be observed in

Fig. 4.5(a), 4.6 and 4.7.

The robustness of the proposed controller has been compared to the conven-

Figure 4.6: dq-components of the Generator Stator Current.

Figure 4.7: dq-components of the Load Voltage.
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tional PI controller using real wind speed data [120]. Fig. 4.9 and 4.10 show the

generator rotor speed and output power, respectively. The black solid line, the

dashed line and the red solid line stand for the reference signal, the signal for the

PI controller and the signal for the nonlinear controller, respectively. It can be
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Figure 4.8: dc-link Voltage.
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observed that the nonlinear controller has a fast and better dynamic behavior as

well as a good tracking performance.

The controller capability to always operate the wind-turbine system at its max-

imum power (MPPT ) has been tested during this case study. The generator rotor

speed reference is generated by the MPPT module for the MIMO controller. The

speed reference corresponds to the value at which the wind-turbine delivers its

maximum power to the PMSG. Fig. 4.11 shows these maximum power operat-

ing points (MPP) for different wind speeds. For the tests, the wind was changed

from 10 m/s to 11 m/s, 12 m/s, 13 m/s, 14 m/s, and 15 m/s. The corresponding

generated active power were 0.5341 MW, 0.7327 MW, 0.9752 MW, 1.2660 MW,

2.0104 MW and 2.4727 MW respectively. One can see that these active power

correspond to the operating points B, C, D, E, F and G, respectively. The MIMO

controller is therefore able to operate the system at maximum power operating

points. Transitions between operating points are fast and smooth as illustrated at

Fig. 4.11.

4.4.2 Case 2: Power management between the

wind-turbine, the load, the battery-storage and the

grid

The power management capability of the system between the wind-turbine, the

load, the battery-storage and the grid has been tested in this case study with two

different wind speed profiles. In the first test (Fig. 4.12), a constant wind speed

is used. It is kept at 13 m/s during the simulation time, which corresponds to a

generated power of 1.61 MW. The system starts in the stand-alone mode and the

battery is initially charged at 70%. Fig. 4.12 shows the wind-turbine output power

(solid line), the load power (dashed line) and the battery power (dotted line) when

a constant wind speed is applied. When 0 < t < 1 sec, the generated power is

higher than the load power. The surplus of energy is stored. This is indicated by

the negative power for the battery in Fig. 4.12 (dotted line). At t = 1 sec, while

the system is operating in stand-alone mode, the load power increases from 1 MW

to 2 MW when the switch Sw2 closes. The wind-turbine output power is therefore
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not enough to supply the load. The battery provides the deficit of the required

power. This is indicated by the positive power for the battery in Fig. 4.12 (dotted

line). At t = 2 sec, the system switches in the grid-connected mode when the

switch Sw1 closes. The battery keeps on providing almost the same amount of

Rotor Speed (m/s)

0 1 2 3 4 5 6 7 8

M
ec
ha
ni
ca
lP
ow
er
(W
)

#106

0

0.5

1

1.5

2

2.5

Pm
Pmppt

Vw=15

Vw=14

Vw=13

Vw=12

Vw=11

Vw=10

Vw=9A

B

C

D

E

F

G

Figure 4.11: MPPT control: Output Power.
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Figure 4.14: Battery’s State-Of-Charge (0.70 corresponds to 70%).

power to the load. This reduces the grid contribution. When 2 < t < 4 sec, while

the system is operating in grid-connected mode, the load power decreases from 2

MW to 1 MW at t = 3 sec. At this moment, the load demand becomes lower

than the generated power. The surplus of power is stored now in the battery as

indicated in Fig. 4.12 (dotted line). In the second test, a real wind speed profile

is used. The corresponding generated power is given at Fig. 4.13 (solid line). One

can observe at Fig. 4.13 (dotted line) the battery-storage charging and discharging

capability even under a real wind speed profile. When the generated power is high

the battery stores more energy and it is low the battery compensates to supply

the load requirements. A SOC (state of charge) control module is added to the

system to prevent the battery from overcharging and undercharging when the SOC

reaches 90% and 20%, respectively. Fig. 4.14 shows the battery’s state-of-charge

variation when it is charging and discharging.
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Remark 6: It is the control of load voltage that allows the use of an L filter

even for high power applications [137]. The voltage drop across the bulky L filter

is mitigated by the capacitive reactive power generated by the inverter. Fig. 4.15

clearly shows that the converter reactive power (dashed line) is quadrupled when

the active power (solid line) doubled. The control system increases significantly the

phase shift between the inverter voltage and its current while keeping the DC bus

voltage constant. This is shown in Fig. 4.16 where the solid and the dashed lines

represent the grid-side converter output voltage and current phases, respectively.

The obvious advantages of this strategy are the reduction of the installation cost

and the guarantee of stability for the load voltage. Indeed, the utilization of

multi-level converters may not be required and the possible instability caused by

LC filters could be avoided.
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4.4.3 Case 3: Robustness test in both on-grid and

Off-grid modes under 4 different loads

To study the robustness of the proposed nonlinear control system, the currents

and powers when the system switches form one mode of operation to another have

been analyzed for the loads given in Table 4.4 below.

A scenario similar to the previous case study (Section 4.4.2) is used. The

simulation starts when the system is in the stand-alone mode and the generated

power is 1.61 MW. The system is initially supplying a three-phase series RL load,

indicated by H in Fig. 4.1. When 1 < t < 3 sec, the second load (Hi, i = 1 to 4)

is applied. The Hi are given in Table 4.4. At t = 2 sec, the system switches into

the grid-connected mode.

4.4.4 Balanced three-phase load (H1)

In Fig. 4.12 (red line), 4.17(a), the power and the current of the load are shown,

respectively. Waveforms show that the current is sinusoidal. In addition, the tran-

Table 4.4: Loads

Loads H1 H2 H3 H4

Type of
Load

Balanced
three-
phase
series RL

Unbalanced
three-
phase
series RL

Nonlinear
single-phase
parallel RC

Induction
motor

Value R1=16 Ω
L1=16 mΩ

R21=10 Ω
L21=11
mΩ
R22=20 Ω
L22=11
mΩ
R23=30 Ω
L23=11
mΩ

R3=50 Ω
C3=20 nF

S3=149.2
kVA
u3=460 V
Fr3=60 Hz
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Figure 4.17: Current of Loads: a. Balanced 3-Ph Load, b. Unbalanced 3-Ph Load,
c. 1-Ph Nonlineaer Load, d. Dynamic Load (IG).

sition between the stand-alone mode and the grid connected mode which occurred

at t = 2 sec is smooth.
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Figure 4.18: Powers of Loads: a. Unbalanced 3-Ph Load, b. 1-Ph Nonlineaer
Load, c. Dynamic Load (IG).

4.4.5 Unbalanced three-phase load (H2)

In Fig. 4.17(b), one can observe that the load three-phase current amplitudes

are essentially different, whereas the voltages remain balanced. Therefore, the

proposed controller can handle an unbalanced load. Fig. 4.18(a) shows the power

waveform for H2.

4.4.6 Nonlinear load (H3)

This is a three-phase rectifier with parallel RC load. The nonlinear load, H3,

is simulated. Fig. 4.17(c) and 4.18(b) show its current and power, respectively.
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Small ripples can be observed in the waveforms which are due to nonlinearities.

However, waveforms are close to sinusoidal.

4.4.7 Dynamic load (H4)

A 149.2 kVA, 460 V, 60 Hz, squirrel cage induction motor (SCIM) model from

SimpowerSystem has been used as the dynamic load in this case study. The wind

turbine supplies the SCIM through the step-down 4000V/460V transformer. The

SCIM is equipped with two PI controllers, the speed controller and the field-

oriented controller (FOC). The speed controller regulates the motor rotor speed,

whereas the FOC regulates the load torque. As shown in Fig. 4.18(c), when H4

is connected, a mechanical load power of 200 kW is applied to the SCIG, first.

At t = 1.5, the mechanical load increases from 200 kW to the full nominal load,

396 kW. In Fig. 4.17(d), a zoom out plot of H4 current is illustrated in order to

observe the current flowing the change of the mechanical load power (from t = 1.5

to t = 2.5).

One can see from Fig. 4.12, 4.17 and 4.18 that the proposed nonlinear control

system performs a seamless transition between the stand-alone and grid-connected

mode, for the above different loads, even though their models were not taken into

consideration when designing the controller. This demonstrates that the MIMO

controller is robust with respect to unmodeled dynamics.

4.5 Conclusion

A robust unified nonlinear control strategy for a wind energy battery-storage sys-

tem is proposed in this paper. The system has the capability to flexibly operate

in grid-connected and standalone modes. Our approach is different from the con-

ventional methods found in the literature, which use a different controller for each

mode of operation. Instead, the proposed controller used only a single controller.

Moreover, it does not need an islanding detection system. Consequently, problems

related to the islanding and grid detection during the transition mode, such as

poor system dynamic performance, poor load current quality and inrush grid cur-
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rent, can be avoided. MIMO feedback linearization control technique is adopted as

design method. Integrators are added into the control-loop to ensure zero steady

state errors when the operating point changes. This considerably increases the

robustness of the system. The MPPT, power management and load voltage con-

trol performance have been successfully evaluated for both grid-connected and

standalone modes under four different loads: 1) balanced three-phase load, 2) un-

balanced three-phase load, 3) single-phase nonlinear load, and 4) dynamic load.

The simulation results show that the proposed control strategy provides a good

control performance. This performance is characterized by fast and smooth tran-

sient responses and zero steady state error despite changes in the system model.
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Chapter 5

Online Parameter Estimation and

Nonlinear Adaptive Control for

Stand-Alone and Grid-Connected

Hybrid Wind Energy System

Abstract

Model-based design approach can be used to design a controller for a wind

energy conversion system (WECS). However, this requires precise knowledge

of the parameters of the system. Which is not always the case, in particular,

in harsh environment where certain parameters are subject to change. The

purpose of this paper is to study online parameter estimation of a hybrid

wind energy system that is capable to flexibly operate in both grid-connected

and stand-alone mode using a single controller. All the parameters (15 in

total) of the system are assumed unknown. An adaptive law derived from

Lyapunov stability theory ensures that the parameters are bounded and the

state variables converge asymptotically to steady-state values. In addition,

the hybrid system provides backup capability to preserve system reliability.

The effectiveness of the proposed nonlinear adaptive control method has been

evaluated in simulation using real wind speed profile under various type of

loads including unbalanced and dynamic load. Moreover, the performance of

the proposed adaptive controller has been compared to those of the traditional
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PI-based controller and the nonadaptive controller. Results show that the

adaptive control can both estimate and update the unknown parameters of

the dynamic system online. Also, all the control objectives are achieved with

rapid response, good stability and zero steady-state error performance.

Index terms— Adaptive nonlinear control, Battery storage, energy manage-

ment, feedback linearization, grid-connected, Lyapunov stability, online parameter

estimation, robust control, stand-alone, wind turbine.

5.1 Introduction

Although wind energy’s contribution to Canada electricity continues to grow every

year, their operation in the cold weather conditions arises new challenges which

are not present in warmer areas. Among them are the reduction of production

power or efficiency and the reduction of lifespan of equipment due to ice accretion.

Based on a study conducted by Natural Resources Canada (NRCan) on the effect

of cold climate on wind energy production in Canada, the average annual energy

loss across the country were estimated to be around 959 GWh as of December 2015

[138]. Nowadays, wind turbine manufacturers are more and more acknowledging

the impacts of cold weather operation and are developing turbines equipped with

advanced control techniques to increase their performance and reliability in winter

conditions. The generator parameters such as stator resistance (Rs) changes with

temperature and operation frequency whereas stator self-inductance (Ls) changes

with temperature and saturation of electromagnetic core [139, 140]. Any mismatch

between the parameter values used in the controller and those in the generator can

introduce parametric perturbations in the closed loop system and as a consequence

influences the operation and stability of the control system [141].

Several researchers are still investigating the best control system that could

support wind generators even with these new operating constraints. A comprehen-

sive literature review on this topic is presented in [142]. Reference [143] presents

a parameter estimation method with a grid synchronisation algorithm for wind

turbine driven a doubly fed induction generators (DFIGs) by combining a sliding-
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mode control (SMC) scheme with adaptive system observer. Extended Kalman

Filter (EKF) is used as observer in [144]. Authors in [145] propose a particle swarm

fuzzy algorithm based adaptive controller to achieve power maximization and min-

imization of the generator torque ramp rate. However, these methods are offline

based estimation techniques. Also, the unknown parameters are considered to be

the rotor position and speed, and not the actual system parameters. Therefore,

the performance of such control systems becomes highly sensitive to the genera-

tor parameters as they are assumed known. Particularly in hostile environments

[140] and [146]. Levenberg–Marquardt optimization method is used to estimate

the drive system parameters of a WECS (wind energy conversion system) in [147].

However, a fixed wind speed induction machine is utilized as generator instead

of variable speed and only the drive system parameters are estimated. Moreover,

the dynamic induction machine is neglected in this application, consequently the

system could only operate in the designed operation condition.

It is important, for large countries where access to electricity in rural or re-

mote areas is a concern, to have wind turbine systems that can operate in both

grid-connected mode and stand-alone mode. A such system is necessary to cope

with power outages and enhance the resilience of the power grid. Unfortunately,

the existing wind turbines are not designed to operate in both grid-connected

and stand-alone modes, contrary to conventional electric power generators, such

as diesel generators and hydroelectric power generators. This is due to their in-

termittent nature. There is nowadays a tendency in research on how to adapt

a single wind turbine to operate in both modes, which constitutes a challenge.

Many control algorithms have been proposed in the literature to deal with this

issue. Authors in [135] and [32] suggest a control technique for a PMSG-based

WECS which can operate in both stand-alone and grid-connected modes. A PI

current controller has been used. A similar method is presented in [16] and [34]

where an asynchronous generator is utilized as generator. In [148] and [149] a

virtual generator control method is proposed where the WECS behaves like syn-

chronous generators to support the grid. Although the system can operate in

stand-alone and grid-connected modes, the WT (wind turbine) are modeled by
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voltage sources with a magnitude and a phase, which is a system-level represen-

tation. Therefore, results may not be accurate when modeled at component level.

In addition, different equations are used in stand-alone mode and grid-connected

mode. This may require different controller for each mode of operation.

This paper investigates online parameter estimation of a hybrid wind/battery

system. The main contribution is that, without prior knowledge of the parameters

of the hybrid system different components (wind turbine, generator, converters,

filter, grid, battery and load), it can flexibly operate in both grid-connected and

stand-alone modes using a single controller. The controller includes an online

Lyapunov-based adaptation module that continuously update its parameters when

the system operation changes. In addition, the hybrid system provides backup

capability to preserve system reliability. It can also support the grid by selling

power back to the grid during high wind condition. Moreover, the system does not

need an islanding detection module [121, 122] to seamlessly transit from one mode

to another. Therefore, issues related to islanding detection, such as poor dynamic

performance [123, 38], low quality load current waveform [124, 125] and inrush

grid current [126] throughout the transition of operation mode, can be avoided.

As opposed to the WT generator used in [28] where a nonsalient-pole one was

used, a variable speed salient-pole permanent magnet synchronous machine is used

here. A three-phase dual power converter is utilized to connect the wind turbine

to the load and the grid. Additionally, the dc-link voltage and the power of the

load are directly controlled through a bi-directional buck-boost DC/DC converter

based on the power balance and also the system stability. Regardless of the mode

of operation, the single controller performs the power point tracking, load voltage

regulation and power management between the battery the load and the grid. The

effectiveness of the proposed control scheme is demonstrated utilizing unbalanced

three-phase load and single-phase nonlinear load under a real wind speed profile.

The paper is organized as follows. The description of the hybrid wind/battery

system along with the dynamic equations of the system are presented in Section

5.2. The proposed nonlinear adaptive control strategy is discussed in Section

5.3. The results of the hybrid system simulated with different wind profiles and
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load variations demonstrating the performance of the proposed control method are

presented in Section 5.4. Section 5.5 concludes the paper.

5.2 Problem Formulation

The wind energy battery-storage system under study is illustrated in Fig. 5.1. It

consists of a PMSG driven by a wind turbine, a generator-side AC/DC converter,

a grid-side DC/AC converter, a battery-storage unit connected to the DC-link

through a bi-directional buck-boost DC/DC converter. In the stand-alone mode,

the switch Sw1 is opened and the system supplies critical local load only. In the

grid-connected mode, the switch Sw1 is closed.

It has been shown in [150] that regardless the mode of operation, the mathe-

matical model in the dq frame of the wind energy battery-storage system, can be

represented by Eqn.(5.1).
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(5.1)

The description of the hybrid system variables is given in Table 5.1. One

may observe that the system is a seven-order nonlinear multi-input-multi-output

(MIMO) system. It has six inputs and six outputs. The vector of state variables,

x ∈ IRn, the vector of control inputs, u ∈ IRm, and the vector of controlled outputs,

y ∈ IRm, are respectively


x = [ids, iqs, ωr, idi, iqi, Edc, ibl]

T (5.2a)

u = [uds, uqs, udi, uqi, Pbat, D]T (5.2b)

y = [ids, ωr, udl, uql, Edc, ilb]
T (5.2c)

The study presented in [150] is done with the assumption that all the param-

eters of the system were well known. Let’s see how that controller performs to

large parameter changes before designing the adaptive controller. For the test, the

inertia of the turbine generator was increased by 50%. The effect of this change on

the performance of the system is shown in Fig. 5.2. The upper figure represents
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5.2. Problem Formulation

Table 5.1: System Variables

Parameter Description and Rated Value

ids, iqs Generator stator d- and q-axis currents (A)

uds, uqs Generator stator d- and q-axis voltages (V )

ωr Rotor electrical angular speed (4.3 rd/s)

idi, iqi Grid-side converter output d- and q-axis currents (A)

udi, uqi Grid-side converter output d- and q-axis voltage (V )

ilb Current through the dc/dc converter inductor (A)

Edc Electric energy of the dc-link capacitor (A)

Pm Rated Mechanical Power (2.45 MW )

λr Rated Rotor Flux Linkage (28 Wb)

P Number of Pole Pairs (8)

J Moment Inertia of the Generator (4000 kg.m2)

Rs Stator Winding Resistance (24.21 mΩ)

Lds d-axis Synchronous Inductance (9.81 mH)

Lqs q-axis Synchronous Inductance (16.7 mH)

Vw Rated Wind speed (m/s)

R Blade Radius (28.16 m)

β Pitch Angle (0 degree)

Rho Air Density (1.25 kg/m3)

λopt Optimal Tip Speed Ratio (8.1)

ug Grid Voltage Line-to-Line Module (4000 V )

udc dc-link Voltage (8000 V )

Cdc dc-link Capacitor (1667 µF )

Lf Grid-side Filter (16.884 mH)

Lg Grid Inductance (1.6884 mH)

ubat Battery Rated Voltage (4000 V )

Pbat Battery Power (1.5 MW )

the generator rotor reference speed (dashed line) and the actual speed (solid line),

ωr, while the lower figure represents the generator output power, Pm, waveforms
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Figure 5.2: WT Rotor Speed and Output Power.

respectively.

One may observe that controller was sensitive to large parameter variation,

which resulted to transient and steady-state errors as shown in Fig. 5.2. Hence,

the importance of having a control scheme that is independent to the parameters

of the system and that can allow the controller to handle large parameter changes,

especially for operation in harsh environment. This is discussed in the next section.

5.3 Nonlinear Controller Design

This section presents the design of the proposed control scheme developed to sta-

bilize the wind energy battery storage system and to meet the control objective,

which are as follows: 1) keep the wind turbine operating at its maximum power by

controlling ωr; 2) achieve a linear relationship between the stator current and the

electromagnetic torque by controlling the stator d-axis current, ids; 3) meet the

load voltage requirement by controlling both load d-axis and q-axis voltages, udl
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and uql respectively; 4) ensure the regulation of the dc-link voltage by controlling,

udc; 5) perform power management between the battery, load and grid subsystems

by controlling the battery current, ilb; 6) estimate all the parameters of the system

to be used in the controller as they are assumed unknown.

To find the controller equation and its structure, the input-output adaptive

feedback linearization control is considered as design method. The controller struc-

ture is illustrated in Fig. 5.3. It includes an adaptation module to find the esti-

mated parameters θ̂, a change of variables T (x, θ̂), a nonlinear control, u(x), and

the stabilizing linear control vp.

5.3.1 Feedback Linearization

If the generator parameters (Rs, Ld, Lq, λr, P J), the grid and load parameters

(Rth, ωgLth, Ethd, Ethq), and the battery-buck-boost converter parameters (Lb, Cdc)

were known, it has been shown in [28, 151] that the input-output feedback lin-

earization design method could be used to design the controller. The correspond-

ing change of variables, z = T (x), the nonlinear control, u(x), and the stabilizing

linear control, vp(z), have the following expressions, respectively

Figure 5.3: Proposed MIMO Adaptive controller structure.
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5.3. Nonlinear Controller Design

z1 = ĩds, z2 = ids − i∗ds, z3 = ĩqs, z4 = iqs − i∗qs,

z5 = ω̃r, z6 = ωr − ω∗r , z7 =
kopt
JP

ω2
r −

3P 2λr
2J

iqs,

z8 = ũdl, z9 = udl − u∗dl, z10 = ũql, z11 = uql − u∗ql,

z12 = Ẽdc, z13 = Edc − E∗dc, z14 = ĩlb, z15 = ilb − i∗lb

u = [B(x)]−1 [−A(x) + v]

v1 = −k11ĩds − k12 ˙̃ids, v2 = −k21ω̃r − k22 ˙̃ωr − k23 ¨̃ωr,

v3 = −k31ũdl − k32 ˙̃udl, v4 = −k41ũql − k42 ˙̃uql,

v5 = −k51Ẽdc − k52 ˙̃Edc, v6 = −k61ĩlb − k62 ˙̃ilb (5.3)

the matrix A and B were provided in [119] and vp is the new control inputs

vector. The controller gains kpq are determined such that the close loop system is

asymptotically stable.

5.3.2 Adaptive Controller Design

All the parameters of the system are assumed unknown. Therefore, they need to

be determined by the adaptive controller. The objective here is to find the new

expression of the input u = [uds, uqs, udi, uqi, Pbat, D]T using the vector z. First,

let’s define the following change of variables of the system parameters

θ1 =
Rs

Ld
, θ2 =

Lq
Ld

, θ3 =
1

Ld
, θ4 =

Ld
Lq

θ5 =
Rs

Lq
,

θ6 =
λr
Lq

, θ7 =
1

Lq
, θ8 =

Pkopt
J

and θ9 =
3P 2λr

2J
, θ10 = Rth

θ11 = ωgLth, θ12 = Ethd, θ13 = Ethq, θ14 =
1

Lb
, θ15 =

1

Lf
(5.4)

The corresponding change of variable signals of the system, Ω = T (x, θ̂) has the

following expressions
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Ω1 = ĩds

Ω2 = ids − i∗ds
Ω3 = ω̃r

Ω4 = ωr − ω∗r
Ω̂5 = θ8ω

2
r − θ9iqs

Ω6 = ũdl (5.5)

Ω̂7 = θ10idi − θ11iqi + θ12 − u∗dl
Ω8 = ũql

Ω̂9 = θ10iqi + θ11idi + θ13 − u∗ql
Ω10 = Ẽdc

Ω11 = Edc − E∗dc
Ω12 = ĩlb

Ω13 = ilb − i∗lb

The vectors θ and Ω are defined respectively as

θ = [θ1, θ2, θ3, θ4, θ5, θ6, θ7, θ8, θ9, θ10, θ11, θ12, θ13, θ14, θ15]
T ,

Ω = [Ω1,Ω2,Ω3,Ω4,Ω5,Ω6,Ω7,Ω8,Ω9,Ω10,Ω11,Ω12,Ω13]
T

Ω̂5, Ω̂7 and Ω̂9 represent the estimated value of Ω5,Ω7 and Ω9, respectively, as

they contain θ in their equations (Eqn. 5.5).

The dynamic equation of the system can be written as in Eqn. (5.6).

110



5.3. Nonlinear Controller Design



Ω̇1 = ids − i∗ds
˙̂
Ω2 = −θ1ids + θ2ωriqs + θ3uds

Ω̇3 = ωr − ω∗r
˙̂
Ω4 = θ8ω

2
r − θ9iqs

˙̂
Ω5 = 2θ̂8ωr(θ8ω

2
r − θ9iqs)− θ̂9(−θ4ωrids − θ5iqs − θ6ωr + θ7uqs)

+
˙̂
θ8ω

2
r −

˙̂
θ9iqs

˙̂
Ω6 = θ10idi − θ11iqi + θ12 − u∗dl
˙̂
Ω7 = θ̂10(ωgiqi − θ15udl + θ15udi)− θ̂11(−ωgidi − θ15uql + θ15uqi)

+
˙̂
θ10idi − ˙̂

θ11iqi +
˙̂
θ12 (5.6)

˙̂
Ω8 = θ10iqi + θ11idi + θ13 − u∗ql
˙̂
Ω9 = θ̂10(−ωgidi − θ15uql + θ15uqi) + θ̂11(ωgiqi − θ15udl + θ15udi)

+
˙̂
θ10iqi +

˙̂
θ11idi +

˙̂
θ13

Ω̇10 = Edc − E∗dc
Ω̇11 = udcisdc −

3

2
idiudi + Ppat

Ω̇12 = ilb − i∗lb
˙̂
Ω13 = θ14ubat − θ14Dudc

To compensate for the unknown actual parameters θ, let introduce θ̂ as its

estimated values, where θ = θ̂ + θ̃. Therefore, Eqn. (5.6) became
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Ω̇1 = ids − i∗ds = Ω2

˙̂
Ω2 =

[
−θ̂1ids + θ̂2ωriqs + θ̂3uds

]
+
[
−θ̃1ids + θ̃2ωriqs + θ̃3uds

]
Ω̇3 = ωr − ω∗r = Ω4

˙̂
Ω4 =

[
θ̂8ω

2
r − θ̂9iqs

]
+
[
θ̃8ω

2
r − θ̃9iqs

]
= Ω̂5 +

[
θ̃8ω

2
r − θ̃9iqs

]
˙̂
Ω5 =

[
2θ̂8ωr(θ̂8ω

2
r − θ̂9iqs)− θ̂9(−θ̂4ωrids − θ̂5iqs − θ̂6ωr + θ̂7uqs)

]
+
[

2θ̂8ωr(θ̃8ω
2
r − θ̃9iqs)− θ̂9(−θ̃4ωrids − θ̃5iqs − θ̃6ωr + θ̃7uqs)

]
+
[

˙̂
θ8ω

2
r −

˙̂
θ9iqs

]
˙̂
Ω6 =

[
θ̂10idi − θ̂11iqi + θ̂12 − u∗dl

]
+
[
θ̃10idi − θ̃11iqi + θ̃12

]
(5.7)

= Ω̂7 +
[
θ̃10idi − θ̃11iqi + θ̃12

]
˙̂
Ω7 =

[
θ̂10(ωgiqi − θ̂15udl)− θ̂11(−ωgidi − θ̂15uql) + θ̂15(θ̂10udi − θ̂11uqi)

]
+
[

˙̂
θ10idi − ˙̂

θ11iqi +
˙̂
θ12

]
˙̂
Ω8 =

[
θ̂10iqi + θ̂11idi + θ̂13 − u∗ql

]
+
[
θ̃10iqi + θ̃11idi + θ̃13

]
= Ω̂9 +

[
θ̃10iqi + θ̃11idi + θ̃13

]
˙̂
Ω9 =

[
θ̂10(−ωgidi − θ̂15uql) + θ̂11(ωgiqi − θ̂15udl) + θ̂15(θ̂11udi + θ̂10uqi)

]
+
[

˙̂
θ10iqi +

˙̂
θ11idi +

˙̂
θ13

]
Ω̇10 = Edc − E∗dc = Ω11

Ω̇11 = udcisdc −
3

2
idiudi + Pbat

Ω̇12 = ilb − i∗lb = Ω13

˙̂
Ω13 = θ̂14

[
ubat −Dudc

]
+ θ̃14

[
ubat −Dudc

]
From Eqn. (5.7), the new output vector, yd, is obtained as

yd = [
˙̂
Ω2,

˙̂
Ω5,

˙̂
Ω7,

˙̂
Ω9,

˙̂
Ω11,

˙̂
Ω13]

T (5.8)

To linearize the system in Eqn. (5.8), the following control input, u = [uds, uqs, udi, uqi, Pbat, D]T ,

is selected.
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u =
[
B(x, θ̂)

]−1 [
−A(x, θ̂) + v

]
(5.9)



uds

uds

udi

uqi

Pbat

D


︸ ︷︷ ︸

u

=



θ̂3 0 0 0 0 0

0 θ̂9θ̂7 0 0 0 0

0 0 θ̂10θ̂15 −θ̂11θ̂15 0 0

0 0 θ̂11θ̂15 θ̂10θ̂15 0 0

0 0 0 0 1 0

0 0 0 0 0 −θ̂14udc



−1

︸ ︷︷ ︸
[B(x)]−1


−



A1

A2

A3

A4

A5

A6


︸ ︷︷ ︸
A(x)

+



v1

v2

v3

v4

v5

v6


︸ ︷︷ ︸

v


(5.10)

where

B =



θ̂3 0 0 0 0 0

0 θ̂9θ̂7 0 0 0 0

0 0 θ̂10θ̂15 −θ̂11θ̂15 0 0

0 0 θ̂11θ̂15 θ̂10θ̂15 0 0

0 0 0 0 1 0

0 0 0 0 0 −θ̂14udc


A(x) = [A1, A2, A3, A4, A5, A6] with

A1 = −θ̂1ids + θ̂2ωriqs

A2 = 2θ̂8ωr(θ̂8ω
2
r − θ̂9iqs)− θ̂9(−θ̂4ωrids − θ̂5iqs − θ̂6ωr)

A3 = θ̂10(ωgiqi − θ̂15udl − θ̂11(−ωgidi − θ̂15uql) +
˙̂
θ12

A4 = θ̂10(−ωgidi − θ̂15uql) + θ̂11(ωgiqi − θ̂15udl) +
˙̂
θ13

A5 = udcisdc − 3
2
idiudl

A6 = θ̂14ubat

and v =
[
v1, v2, v3, v4, v5, v6,

]T
v1, v2, v3, v4, v5 and v6 are the auxiliary input yet to be determined.
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The close loop model of the system in Eqn. (5.8) is obtained when Eqn. (5.9)

is substituted into Eqn. (5.8). Therefore, Eqn. (5.7) becomes as

Ω̇1 = Ω2

˙̂
Ω2 = v1 +

[
−θ̃1ids + θ̃2ωriqs + θ̃3uds

]
Ω̇3 = Ω4

˙̂
Ω4 = Ω̂5 +

[
θ̃8ω

2
r − θ̃9iqs

]
˙̂
Ω5 = v2 +

[
2θ̂8ωr(θ̃8ω

2
r − θ̃9iqs)− θ̂9(−θ̃4ωrids − θ̃5iqs − θ̃6ωr + θ̃7uqs)

]
+
[

˙̂
θ8ω

2
r −

˙̂
θ9iqs

]
˙̂
Ω6 = Ω̂7 +

[
θ̃10idi − θ̃11iqi + θ̃12

]
(5.11)

˙̂
Ω7 = v3 +

[
˙̂
θ10idi − ˙̂

θ11iqi +
˙̂
θ12

]
˙̂
Ω8 = Ω̂9 +

[
θ̃10iqi + θ̃11idi + θ̃13

]
˙̂
Ω9 = v4 +

[
˙̂
θ10iqi +

˙̂
θ11idi +

˙̂
θ13

]
Ω̇10 = Ω11

˙̂
Ω11 = v5

Ω̇12 = Ω13

˙̂
Ω13 = v6 +

[
θ̃14ubat − θ̃14Dudc

]
One can notice that Eqn. (5.11) is in the form of

˙̂
Ω = AadΩ̂ +Badv + ψadθ̃ +Wad

˙̂
θ (5.13)

The following state feedback stabilizing controller is proposed for the auxiliary

input vector

v = [v1, v2, v3, v4, v5, v6]
T = −kpqΩ̂ (5.14)

where kpq is chosen such as the closed loop matrix

Asad = [Aad −Badkpq] is Hurwitz. Note that the system (Aad, Bad) is controllable.
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By substituting Eqn. 5.14 into Eqn. (5.13), Eqn. (5.13) becomes

˙̂
Ω = AsadΩ̂ + ψadθ̃ +Wad

˙̂
θ (5.15)

The matrix Aad, Bad, Wad and ψad are given in the Appendix Section.

Let define ε and e such that respectively

 ε̇ = Asadε+Wad

˙̂
θ, where ε(0) = 0 (5.16a)

e = Ω̂− ε (5.16b)

ε and e are referred to as the error augmentation and the augmented error, re-

spectively.

The dynamics of e is obtained as follows

ė =
˙̂
Ω− ε̇

= (AsadΩ̂ + ψadθ̃ +Wad

˙̂
θ)− (Asadε+Wad

˙̂
θ)

= Asade+ ψadθ̃ (5.17)

Next section discusses how the adaptive law used to update the estimated

parameters that appear in the controller equations is derived.

5.3.3 Adaptive Control Law

This section presents how the adaptive law is obtained. It is obtained by showing

that both
˙̂
θ is bounded and ˙̂e converges to zero using the Lyapunov stability criteria

and Barbalat Lemma [152].

Let consider the following Lyapunov function candidate

VLyap = eTPe+ θ̃Γ−1θ̃ (5.18)

where Γ is a positive definite matrix given in Table 5.3.
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The main idea of Lyapunov’s theory is that if the derivative of the Lyapunov

function candidate (V̇Lyap) is negative along the trajectories of the system, then

VLyap will decrease as time goes forward. Therefore, the adaptation law is selected

in sush a way that V̇Lyap is negative semi-definite. The derivative of VLyap has the

following expression

V̇Lyap = eT (Asad
TP + PAsad)e+ 2θ̃

T

Γ−1
˙̃
θ + 2θ̃ψTadPe (5.19)

= −eTQe+ 2θ̃(Γ−1
˙̃
θ + ψTadPe) (5.20)

if θ = Cste =⇒ θ̇ = 0, then
˙̃
θ = −

˙̂
θ

Considering that the following inegality is always true

−eTQ e < 0 (5.21)

V̇Lyap will be negative (V̇Lyap < 0) if
˙̂
θ is chosen as

˙̂
θ = ΓψTadPe (5.22)

The Eqn. (5.22) is the adaptive law for the unknown parameters. The matrix

P is the solution of the following Lyapunov equation and I is the identity matrix.

They are provided in the Appendix section.

ATsadP + PAsad = −I (5.23)
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5.4 Results

To Demonstrate the effectiveness of the proposed stand-alone and grid-connected

nonlinear nonlinear controller, simulation was carried out using the SimPowerSys-

tems toolbox [13] in Matlab/Simulink software. The system is shown in Fig. 5.1.

It composes of a 2.45 MW wind power generator supplying a 2 MW variable load.

In this work, a different generator is used, variable speed salient-pole permanent

magnet synchronous machine, that the one used in [28]. The generator parameters

and the nonlinear controller feedback gains kpq, are given in Table 5.1 [21] and 5.3,

respectively. kpq, was chosen so that the eigenvalues of the closed loop system are

Hurwitz. They were calculated in such a way that the slowest dynamic, which was

that of the mechanical speed, stabilized in 0.3 seconds with a damping coefficient

of 0.9. The desired poles were determined accordingly and given in the Table 5.2

below. The closed loop system was asymptotically stable. Consequently, errors

between outputs and references converged to zero.

Table 5.2: Performance Specifications

Dynamics ĩds ω̃r ũdql Ẽdc ĩlb

Desired
Poles

 −50

−10000

  −15± 6.5i

−1470

  −2,−50

−1,−10

  −13

−50

  −6

−700



Table 5.3: Controller Gains kpq

Controller Gains Description Value

ĩds and ˙̃ids Gains [K11K12] = [500, 1].103

ω̃r, ˙̃ωr and ¨̃ωr Gains [K21K22K23] = [400, 45, 1.5].103

ũdl and ˙̃udl Gains [K31K32] = [800, 600]

ũql and ˙̃uql Gains [K41K42] = [30, 300]

Ẽdc and ˙̃Edc Gains [K51K52] = [300, 0.3]

ĩlb and ˙̃ilb Gains [K61K62] = [4000, 700]
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Figure 5.4: Estimated Parameters θ̂.

First, the effectiveness of the proposed nonlinear adaptive controller to estimate

the parameters of system on-line was evaluated. Fig. 5.4 shows the estimated

parameters within the same order of magnitude. Initially, random values were

assigned to them at the beginning of the simulation. Noticed that they behave

as expected, that is, they are bounded. In addition, they converge to stable values.

To investigate the dynamic and steady-state performance of the system, sim-

ulations have been carried out under different wind speeds. The test begins with

a stand-alone mode and at the time t = 0.4 sec when the switch Sw1, in Fig. 5.1,

closes, it switches in the grid-connected mode. The wind speed is 12 m/s, from 0

to 0.2 sec, 14 m/s, from 0.2 to 0.6 sec, 17 m/s, from 0.6 to 0.8 and 13 m/s from

0.8 to 1 sec, respectively.
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5.4. Results

(a) Optimum Rotor Speed.

(b) Optimum Output Power.

Figure 5.5: (a) Optimum Rotor Speed and (b) Output Power.

The generator rotor reference speed (dashed line) and the actual speed (solid

line) are shown in Fig. 5.5(a), while the output power is shown in Fig. 5.5(b).

It can be observed that the waveforms reach their steady state fast and smoothly

within approximately 0.05 sec. Whereas the nonadaptive controller, in the same

operation conditions, takes 0.5 sec.
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5.4. Results

(a) dq-components of the Generator Current.
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(b) 3-Phase Current of the Generator.

Figure 5.6: (a) dq-components and (b) 3-Phase of the Generator Current.

The d-axis current, idl (solid line), q-axis current, iql (dashed line) and the

three-phase stator current, iabcs, are shown in Fig. 5.6. The objective here is to

maintain to zero the d-axis current, so that the stator current (iqs) will have linear

relationship with the torque. Hence iqs and Pm have similar profiles.
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5.4. Results

(a) dq-components of the Load Voltage.

(b) dc-link Voltage.

Figure 5.7: (a) dq-components of the Load Voltage., (b) dc-link Voltage.

The dq-components of the load voltage are shown in Fig. 5.7(a). Despite the

variation of the generated power on the wind turbine side, it can be observed that

the d-axis load voltage, vdl (solid line), and the q-axis load voltage, iql (dashed line)

remain constants. To allow power transfer between the two converters, the dc-link

voltage, udc, is controlled to a constant reference as shown in Fig. 5.7(b). One

may notice in Fig. 5.5(a), 5.6 and 5.7, that the transition between the stand-alone

mode and the grid-connected mode, at time t = 0.4 sec, is fast and smooth in spite

of that no islanding detection mechanism was utilized.
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Figure 5.8: Powers of the Wind Turbine, the Load and the Battery with a Constant
Wind Speed (Vw = 13m/s) with Nonadaptive Controller.

It took less than 0.25 sec to stabilize the load voltage and reach the steady state.

In addition, the excess electricity generated by wind turbine is captured and stored

in the battery whenever the generated power is higher than the required power of

the load.

A test was conducted to evaluate the capability of the nonlinear controller to

efficiently manage the power between the wind-turbine, the battery-storage, the

load and grid based on the load power requirement. Two different wind speed

profiles were used for the test. A constant wind speed was applied in the first

test. The system starts in the stand-alone mode and the battery was initially

charged at 70% while the load power is 2MW . The wind-turbine output power

(solid line), the load power (dashed line) and the battery power (dotted line) are

shown in Fig. 5.8. At the beginning t = 0 sec, the produced power was greater

than the load power. The extra energy was stored in the battery unit. This is

shown in Fig. 5.8 (dotted line) by the negative power for the battery. At t = 0.2

sec, while the system was operating in stand-alone mode, the load power increases

from 1 MW to 2 MW when the switch Sw2 closes. The produced power was

therefore insufficient to supply the load. Hence, the battery provided the deficit

of the required power. This is shown by the positive power for the battery. At

t = 0.4 sec the switch Sw1 closes, the system switched back into grid-connected

mode. The battery continued on providing almost the same amount of power to
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Figure 5.9: (a) Nonadaptive Rotor Speed, (b) Adaptive Rotor Speed.

the load. This reduced significantly the grid contribution. At t = 0.6 sec, while

the system was operating in grid-connected mode, the load power decreased from

2 MW to 1 MW at t = 3 sec. At this moment, the generated power higher than

the load demand. The surplus of power was stored now in the battery as indicated

in Fig. 5.8 (dotted line).

The battery charging and discharging performance of the proposed adaptive

controller was compared to the nonadaptive and PI controllers using real wind

speed data [120]. Fig. 5.9 and 5.10 show the generator rotor speed and output

power, respectively. The black solid line, the dashed line and the red solid line
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stand for the reference signal, the signal for the PI controller and the signal for

the nonlinear controller in Fig. 5.9(a) and Fig. 5.10(a), respectively. Whereas,

the red solid line represents the adaptive controller signal in Fig. 5.9(b) and Fig

5.10(b). It can be observed that the adaptive controller has a fast and better

dynamic behavior as well as a good tracking performance.
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To demonstrate the robustness of the proposed nonlinear adaptive control sys-

tem despite that the parameters of the system were unknown, simulation was run

using three different loads as described in Table 5.4 below: balanced three-phase

load, unbalanced three-phase series RL load and a nonlinear single-phase parallel

RC load. The results of the currents when the load power levels change as well

as when the system switches from one mode of operation to another are plotted

in Fig. 5.11. The test starts with stand-alone mode and then switches into the

grid-connected mode at t = 0.6 sec. On can observe that the Waveforms of the

currents show good performance, despite, the variation of the load and the change

of the mode of operation. Although, some amplitude mismatches were observed in

Fig. 5.11(b) current waveform due to the unbalanced phases. Also, Small ripples,

due to nonlinearities, can be observed in in Fig. 5.11(c). However, the waveforms

were close to sinusoidal.

Table 5.4: Loads

Loads H1 H2 H3

Type of Load Balanced
Load

Unbalanced three-phase
Load

Nonlinear
Load

Value R1=16 Ω
L1=16 mH

R21=10 Ω, L21=11 mH
R22=20 Ω, L22=11 mH
R23=30 Ω, L23=11 mH

R3=50 Ω
C3=20 nF
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Figure 5.11: Current of (a) Balanced 3-Ph Load, (b) Unbalanced 3-Ph Load, (c)
1-Ph Nonlinear Load.
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5.5 Conclusion

In this paper, online parameter estimation of a hybrid wind energy system has

been studied. Although, all the parameters of the system were assumed unknown,

the hybrid system is capable to flexibly operate in both grid-connected and stand-

alone mode using a single controller. A Lyapunov-based adaptive control law

that guarantees that the parameters are bounded was proposed. The adaptive

controller allowed the system, through its backup battery source, to stay stable

and continue to operate when the grid is connected or disconnected due to power

outage. Hence, improving the resilience of the power grid and prevent energy

delivery interruption. Moreover, a change from the generator, the grid or the load,

due to environmental condition, does not affect the efficiency of the system. This

was achieved by continuously updating the parameters of the system by means of

the adaptive controller. Unlike conventional control design, the proposed control

scheme uses a single controller for both grid-connected and stand-alone operation

modes. And this without the need of an islanding detection module. Therefore,

problems related to the grid detection and islanding during the transition of mode

can be avoided. In addition, the controller was capable of accommodating wind

turbine system nonlinearities and uncertainties. This has been illustrated in the

results section where unbalanced and nonlinear loads were used. The MPPT and

power management have been successfully evaluated for both grid-connected and

stand-alone modes using real wind speed profile. The simulation results show

that the proposed control scheme can effectively track its references achieving the

desired control objectives.
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Appendix Chapter 5

On-grid/Off-grid System model Dynamic

Regardless the mode of operation, the system to be controlled is represented by

Eqs.(5.28), (5.29), (5.30) and (5.31). It is a seven-order nonlinear multivariable

system that has six inputs and six outputs. The vector of state variables, x ∈ IRn,

the vector of control inputs, u ∈ IRm, and the vector of controlled outputs, y ∈ IRm,

are respectively


x = [ids, iqs, ωr, idi, iqi, ibl, Edc]

T (5.24a)

u = [uds, uqs, udi, uqi, Pbat, D]T (5.24b)

y = [̃ids, ω̃r, ũdl, ũql, Ẽdc, ĩlb]
T (5.24c)

where ĩds, ω̃r, ũdl, ũql, Ẽdc and ĩlb are defined as follows

ĩds =

∫
(ids − i∗ds)dδ, ω̃r =

∫
(ωr − ω∗r)dδ (5.25)

ũdl =

∫
(udl − u∗dl)dδ, ũql =

∫
(uql − u∗ql)dδ (5.26)

Ẽdc =

∫
(Edc − E∗dc)dδ, ĩlb =

∫
(ilb − i∗lb)dδ (5.27)

The output variables ĩds, ω̃r, ũdl, ũql, Ẽdc and ĩlb represent the integral of the

errors between the variables ids, ωr, udl, uql, Edc and ilb to be regulated, and their

references i∗ds, ω
∗
r , u

∗
dl, u

∗
ql, E

∗
dc and i∗bl, respectively. Integral actions are added into

the control-loop to ensure zero steady state errors and to increase the robustness

of the controller when the system structure changes.

dωm
dt

=
P

J
(Tm − Te) (5.28)
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uds = Rsids + Ld

dids
dt
− ωrLqiqs (5.29a)

uqs = Rsiqs + Lq
diqs
dt

+ ωrLdids + ωrλr (5.29b)

Te =
3P

2
[λriqs − (Ld − Lq)idsiqs] (5.29c)


udi = Lf

didi
dt
− ωgLf iqi + udl (5.30a)

uqi = Lf
diqi
dt

+ ωgLf idi + uql (5.30b)


dilb
dt

=
1

Lb
(ubat −Dudc) (5.31a)

dEdc
dt

= udcisdc −
3

2
udiidi + Pbat (5.31b)

{
udl = Rthidi − ωgLthiqi + Ethd (5.32a)

uql = Rthiqi + ωgLthidi + Ethq (5.32b)
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Matrix

P =



−39.999 −0.5 0 0 0 0 0 0 0 0 0 0 0

−0.5 200 0 0 0 0 0 0 0 0 0 0 0

0 0 0.5670 −0.5 −0.2673 0 0 0 0 0 0 0 0

0 0 −0.5 0.2673 −0.5 0 0 0 0 0 0 0 0

0 0 −0.2673 −0.5 0.5045 0 0 0 0 0 0 0 0

0 0 0 0 0 0.0163 −0.5 0 0 0 0 0 0

0 0 0 0 0 −0.5 25 0 0 0 0 0 0

0 0 0 0 0 0 0 0.0163 −0.5 0 0 0 0

0 0 0 0 0 0 0 −0.5 25 0 0 0 0

0 0 0 0 0 0 0 0 0 −0.5 4.4 0 0

0 0 0 0 0 0 0 0 0 −4.4 −0.5 0 0

0 0 0 0 0 0 0 0 0 0 0 0.1 −0.5

0 0 0 0 0 0 0 0 0 0 0 −0.5 0.1


(5.33)

Γ = 10−8I, where I is matrix identity 15x15. (5.34)
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Aad =



0 1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 1 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 1 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 1 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 1

0 0 0 0 0 0 0 0 0 0 0 0 0



(5.35)

Bad =



0 0 0 0 0 0

1 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0

0 1 0 0 0 0

0 0 0 0 0 0

0 0 1 0 0 0

0 0 0 0 0 0

0 0 0 1 0 0

0 0 0 0 0 0

0 0 0 0 1 0

0 0 0 0 0 0

0 0 0 0 0 1



(5.36)
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Wad =



0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 ω2
r −iqs 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 idi −iqi 1 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 iqi idi 0 1 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0



(5.37)

ψad =



0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

−ids ωriqs uds 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 ω2
r −iqs 0 0 0 0 0 0

0 0 0 θ̂9ωrids θ̂9iqs θ̂9ωr −θ̂9uqs 2θ̂8ω
3
r −2θ̂8ωriqs 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 ids −iqs 1 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 iqi idi 0 1 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0


(5.38)
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Chapter 6

Single-Phase Stand-Alone and

Grid-Connected DQ Nonlinear

Controller Design for Enhancing the

Resilience of Hybrid Wind-Battery

Microgrid

Abstract

This paper presents a novel DQ synchronous frame nonlinear controller

design for a single-phase residential wind-battery system. The main contri-

bution of the proposed controller is its ability to improve the resilience of

the power grid and prevent energy delivery interruption. It allows the mi-

crogrid to either operate in grid-connected mode or stand-alone mode with

no requirement for switching between two different controllers, as opposed

to traditional techniques. In addition, the hybrid system provides backup ca-

pability to preserve system reliability. It can also support the grid by selling

power back to the grid during high wind condition. A single-phase DQ trans-

formation module is used to convert the grid-side converter signals in DQ

synchronous frame. The proposed nonlinear controller has been successfully

tested using a variable speed nonsalient-pole PMSG driven by a wind tur-

bine under real wind speed profile as well. The simulation results shows that

the system can capture the maximum power available from the wind, control
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load voltage, as well as perform power management control, regardless of

the mode of operation.

Index terms— Battery storage, energy management, feedback linearization,

grid-connected, nonlinear control, reliability, resilience, single-phase, stand-alone,

wind turbine.

6.1 Introduction

Electricity plays a key role in economic and social development, yet more than

1.3 billion people in remote areas still don’t have access to it. More than 99% of

them live in developing regions, and 4/5 of them are in rural South Asia and sub-

Saharan Africa [29]. In 2012, about 70 developing countries now have renewable

energy targets in place [127]. Developing countries have the particularity of hav-

ing a growing population coupled with underinvestment in the electricity sector.

This situation has led to the increase in energy demand without any significant

investment in capacity or grid infrastructure. Diesel generators are commonly used

as alternative backup during power outages and the majority of people use tradi-

tional wood and charcoal for their regular needs, such as cooking and heating. As

a result, rolling blackouts have become more frequent or even a normal daily event

in many developing countries [153, 154].

In most of developing countries, wind power is one of the most abundant and

increasingly cost-competitive energy resources. Which makes it a viable solution

to the growing power outage problem in these countries. More and more grid-

connected wind farms and small wind turbines are being installed in these regions.

Over the past decade, their use has increased more than 25% per year [155].

However, the current installed wind turbines are mainly either stand-alone (or

off-grid) or grid-connected (or on-grid) systems. They are not designed to operate

in both modes. Consequently, when a power outage happens, the grid-connected

WECS are automatically disengaged from the utility grid. This causes important

monetary losses to electrical energy suppliers [14, 15]. Nowadays, the trend is that

they should be maintained under operation in both situations to continue supply
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Figure 6.1: Wind Energy Conversion System.

power to critical loads [156]. In addition, transition between the two modes ought

to be quick and consistent to limit any sudden voltage or current changes [119].

Improving the reliability of the power grid now became a crucial factor. To

meet this goal, the power grid needs to be resilient [157, 158]. This depends upon

the ability of the system controller to react, absorb and rapidly recover from an

outage [159, 160]. On-grid/off-grid wind turbine systems can play a key role in

this regard. Particular attention has been paid to the on-grid/off-grid wind tur-

bine systems in recent years. Authors in [135] and [32] suggest a control technique

for a PMSG (Permanent Magnet Synchronous Generator) driven by a small wind

turbine capable to operate in both grid-connected and stand-alone modes. In

the grid-connected mode, a PI current controller is used for the grid-side con-

verter. The active and reactive power are controlled independently. The authors

in [16] utilize a asynchronous generator and PI current controllers. A modified

space-vector pulse width modulation based (SVPWM) for stand-alone and grid-

connected three-phase converter has been proposed in [34]. In the aforementioned

works, two different controllers are utilized. One controller for each mode of oper-

ation. An islanding detection module is required in this case to take the decision

to switch between the two controllers.

A main feature of the proposed stand-Alone and grid-connected nonlinear con-

trol method is that it doesn’t require any additional dynamics to apply it to

a single phase residential systems or a three-phase systems. A dq synchronous

frame transformation module for single-phase full-bridge inverter is added into the
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controller.

Several researchers have explored the possibility of transforming a single-phase

inverter control signals into a DQ synchronous frame signals and vise versa. In

[161] a current control method has been proposed using the dq synchronous frame

for single-phase converters. The method consists of transforming the actual single-

phase input current and a fictitious current, from a stationary to a rotating frame.

Similar methods have been suggested in [162, 163, 164, 165]. A modified method

that improves the inverter output power quality and dynamic performance has

been presented in [166]. Other DQ controllers for Single-Phase vehicle-grid system

in railway and grid-connected PV inverters have been reported in [167] and [168,

169], respectively. Most of these proposed control methods are PI-based. In spite

of the fact that PI controllers have the benefit of being simple and convenient, they

have some disadvantages. They are sensitive to highly nonlinear systems such as

wind energy battery-storage systems [11]. They have a poor transient response and

a weak disturbance rejection for non constant perturbations. They have difficulty

to limit the converter current rise below the allowable limit during the stand-alone

and the grid detection transition time [16].

This paper presents a single nonlinear DQ controller design for a hybrid wind-

battery system used in single-phase domestic dwelling applications. The control
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system has the ability to enhance the resilience and reliability by allowing micro-

grids to either operate in grid-connected mode or stand-alone mode. Contrary to

conventional methods found in the literature, in the proposed approach, a single

controller is used for both operation modes. And there is no need for an islanding

detection system [121, 122].

Regardless of the mode of operation, the single controller performs the power

point tracking, load voltage regulation and power management between the bat-

tery the load and the grid. Therefore, issues related to the islanding detection,

such as poor dynamic performance [123, 38], low quality load current waveform

[124, 125] and inrush grid current [126] throughout the transition of operation

mode, can be avoided. The design approach is based on the MIMO feedback lin-

earization control method. A three-phase rectifier and a full-bridge single-phase

power converter are utilized to connect the wind turbine to the load and the grid.

Additionally, the dc-link voltage and the power of the load are directly controlled

through a bi-directional buck-boost DC/DC converter based on the power balance

and also the system stability. To the best of our knowledge, this is the first study

investigating a stand-alone and grid-connected WECS for single-phase domestic

dwelling applications.

In the following pages, first, an overview of the problem study and the dynamic

equations of the hybrid wind/battery system are given in Section 6.2. In Section

6.3, the design of the proposed DQ synchronous reference frame nonlinear con-

troller is presented. The validity and the performance of the proposed method is

evaluated in Section 6.4. The conclusion is presented in Section 6.5.

6.2 Hybrid Wind/Battery System Dynamic

Modeling

6.2.1 Wind Turbine

Fig. 6.1 describes the principal of operation of wind turbines. Wind turbine

converts part of the kinetic energy of the wind into useful mechanical energy.
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By means of the generator, this energy is converted into electrical energy. Since

the generator output frequency depends on the wind conditions, a back-to-back

converter is used to synchronized its output with the grid frequency. Depending

on the position of the rotor axis, wind turbines are classified into vertical-axis and

horizontal-axis ones [21].

The power produced by the wind turbine is given by [21]

Pm = 0.5πρCp(λ, β)R2v3w (6.1)

where R is the radius of the turbine, vw is the wind speed, ρ is the air density, Cp

is the power coefficient, λ is the tip speed ratio and β is the pitch angle.

The tip speed ratio is given by [21]

λ =
ωmR

vw
(6.2)

where ωm is the turbine angular speed. Neglecting the friction forces, the dynamic

equation of the wind turbine is given by [21]

dωm
dt

=
P

J
(Tm − Te) (6.3)

where J is the system inertia, Tm is the torque developed by the turbine, Te is the

torque due to load which in this case is the generator torque. The target optimum

power from a wind turbine can be written as [21]

Pmax = koptω
3
mopt (6.4)

where [21]

kopt =
0.5πρCpmaxR

5

λ3opt
and ωmopt =

λoptvw
R

(6.5)

In order to have maximum possible power, the turbine should always operate

at λopt. This is possible by controlling the rotational speed of the turbine so that

it always rotates at the optimum speed of rotation. Cp is optimum when λ = λopt.
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6.2.2 PMSG Model

The dq reference frame model for the PMSG is given by [21]


uds = Rsids + Ld

dids
dt
− ωrLqiqs (6.6a)

uqs = Rsiqs + Lq
diqs
dt

+ ωrLdids + ωrλr (6.6b)

where, ids and iqs are the stator dq-axis currents (V); Rs is the stator winding

resistance (Ω); Ld and Lq are the stator dq-axis self-inductances (H); ωr is the

rotor electrical angular speed (rad/s); and λr is the rotor flux generated by the

permanent magnets.

A round rotor PMSG is considered in this study. The d- and q-axis magnetizing

inductions are therefore equal (Ld = Lq = Ls). However, we keep Ld, Lq notations

so that the derived equations can be applied to both salient and nonsalient (round)

PMSG. The electromagnetic torque is given by [21]

Te =
3P

2
[λriqs − (Ld − Lq)idsiqs] (6.7)

6.2.3 Battery Storage Unit Model

A bi-directional buck-boost converter is used to connect the battery-storage to

the back-to-back converter dc-link. A Nickel-Metal-Hydride Model is used for

the battery [136]. During the discharging mode of the battery, the bi-directional

converter operates as a boost converter and during the charging mode as a buck.

The dynamic equations of the current through the inductor, Lb, is given by


dilb
dt

=
1

Lb
(ubat −Dudc) (6.8a)

dEdc
dt

= udcisdc −
3

2
udiidi + Pbat (6.8b)

where ubat, ilb, isdc, Pbat and D are the battery voltage, the current through the

inductor Lb, the generator-side converter dc current, the battery power and the
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6.2. Hybrid Wind/Battery System Dynamic Modeling

duty cycle respectively. Note that D and D̄ are logical complement of each other.

Instead of the grid-side converter, the bi-directional buck-boost converter is utilized

to control the back-to-back converter dc-link capacitor voltage, udc, through Edc

where Edc = 1
2
Cdcu

2
dc. From the energy storage variation of the dc-link capacitor,

Eqn. (6.8b) can be obtained [119].

6.2.4 PWM Voltage Source Converter Model

If the inverter, the load and the grid were three-phase, it has been shown in [28]

that the mathematical model in the dq frame of the wind energy battery-storage

system, can be represented by Eqn.(6.14), regardless the mode of operation. The

description of the different variables is given in Table 6.1.

One may observe that the system is a seven-order nonlinear multi-input-multi-

output (MIMO) system. It has six inputs and six outputs. The vector of state

variables, x ∈ IRn, the vector of control inputs, u ∈ IRm, and the vector of con-

trolled outputs, y ∈ IRm, are respectively


x = [ids, iqs, ωr, idi, iqi, ibl, Edc]

T (6.9a)

u = [uds, uqs, udi, uqi, Pbat, D]T (6.9b)

y = [ids, ωr, udl, uql, Edc, ilb]
T (6.9c)

For the design of a unique controller for the wind energy battery storage system

that can operate in both grid-connected and stand-alone modes, the grid-side

circuit is represented by a model which is valid in both modes of operation. When

the system operates in the grid-connected mode, the grid-side circuit is composed

of a RL load, a filter, Lf , the line inductance, Lg, and the grid. The transformer

leakage inductance is included in Lg for the sake of simplicity. The principal

concept behind this modeling approach is to represent the grid and the load by an

equivalent Thevenin model. This model will be connected in series with Lf .

The Thevenin voltage and impedance in grid-connected mode are as follows

respectively by Eqn. (6.10)
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6.2. Hybrid Wind/Battery System Dynamic Modeling


Eth =

(Rl + jωgLl)(udg + juqg)

Rl + jωg(Ll + Lg)
(6.10a)

Zth =
jωgLg(Rl + jωgLl)

Rl + jωg(Ll + Lg)
(6.10b)

where Zl = Rl + jωgLl and and ug = udg + juqg are the load impedance and the

grid voltage, respectively. Rl and Ll can be obtained from the load active and

reactive power as given

Rl =

√
3u2llPl

P 2
l +Q2

l

and Ll =

√
3u2llQl

P 2
l +Q2

l

(6.11)

where ull is the load line-to-line RMS voltage. The load active and reactive power

of the system are respectively Pl and Ql. They can be calculated from the load

voltage and current.

Pl =
1

2
(udlidl + uqliql) and Ql =

1

2
(uqlidl − udliql) (6.12)

In off-grid mode, Eth = 0 and Zth = Zl.

The grid-side circuit is assumed in a quasi-static mode, hence, the dq compo-

nents of the load voltage can be written as

{
udl = Rthidi − ωgLthiqi + Ethd (6.13a)

uql = Rthiqi + ωgLthidi + Ethq (6.13b)

where Rth and ωgLth are real and imaginary parts of the Thevenin impedance,

respectively (Zth = Rth + jωgLth).
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d

dt



ids

iqs

ωr

idi

iqi

ibl

Edc


=



−Rs

Ld

Lq

Ld
ωr 0 0 0 0 0

−Ld

Lq
ωr −Rs

Lq
− λr
Lq

0 0 0 0

0 −3P 2λr
2J

kopt
JP
ωr 0 0 0 0

0 0 0 0 ωg 0 0

0 0 0 −ωg 0 0 0

0 0 0 0 0 0 0

0 0 0 −3
2
udi 0 0 0





ids

iqs

ωr

idi

iqi

ibl

Edc



+



1
Ld

0 0 0

0 1
Lq

0 0

0 0 0 0

0 0 − 1
Lf

0

0 0 0 − 1
Lf

0 0 −udc
Lb

0

0 0 0 1





uds

uqs

udi

uqi

D

Ppat


+



0

0

0
1
Lf
udl

1
Lf
uql

1
Lb
ubat

isdcudc


(6.14)

6.3 Proposed Control Strategy and Design

6.3.1 Robust Nonlinear Feedback Linearization

Controller Design

This section presents the design of the proposed control scheme developed to sta-

bilize the wind energy battery storage system and to meet the control objective,

which are as follows: 1) keep the wind turbine operating at its maximum power by

controlling ωr; 2) achieve a linear relationship between the stator current and the

electromagnetic torque by controlling the stator d-axis current, ids; 3) meet the

load voltage requirement by controlling both load d-axis and q-axis voltages, udl

and uql respectively; 4) ensure the regulation of the dc-link voltage by controlling,

udc; 5) perform power management between the battery, load and grid subsystems

by controlling the battery current, ilb.
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Table 6.1: System Variables

Parameter Description

ids, iqs Generator stator d- and q-axis currents (A)

uds, uqs Generator stator d- and q-axis voltages (V )

ωr Rotor electrical angular speed (rd/s)

idi, iqi Grid-side converter output d- and q-axis currents (A)

udi, uqi Grid-side converter output d- and q-axis voltage (V )

ilb Current through the dc/dc converter inductor (A)

Edc Electric energy of the dc-link capacitor (A)

Pm Rated Mechanical Power (MW )

λr Rated Rotor Flux Linkage (Wb)

P Number of Pole Pairs

J Moment Inertia of the Generator (kg.m2)

Rs Stator Winding Resistance (Ohm)

Lds d-axis Synchronous Inductance (H)

Lqs q-axis Synchronous Inductance (H)

Vw Rated Wind speed (m/s)

R Blade Radius (m)

β Pitch Angle (degree)

Rho Air Density

λopt Optimal Tip Speed Ratio

ug Grid Voltage Line-to-Line Module (V )

udc dc-link Voltage (V )

Cdc dc-link Capacitor (F )

Lf Grid-side Filter (H)

Lg Grid Inductance (H)

ubat Battery Rated Voltage (V )

Pbat Battery Power (MW )
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6.3.2 Feedback Linearization based Three-Phase

To find the controller equation and its structure, the input-output feedback lin-

earization control is considered as design method. The controller structure is

illustrated in Fig. 6.3. It includes a change of variables T (x), a nonlinear control,

u(x), and the stabilizing linear control v.

Integral actions are added into the control-loop to ensure zero steady state

errors when the system structure changes, namely when the system switches from

the grid-connected mode to the stand-alone mode. Therefore the output vector,

y, becomes yi = [̃ids, ω̃r, ũdl, ũql, Ẽdc, ĩlb]
T

where the output variables ĩds, ω̃r, ũdl, ũql, Ẽdc and ĩlb represent the integral of the

errors between the variables ids, ωr, udl, uql and Edc, to be controlled, and their

references i∗ds, ω
∗
r , u

∗
dl, u

∗
ql, E

∗
dc and i∗bl, respectively.

ĩds =

∫
(ids − i∗ds)dδ, ω̃r =

∫
(ωr − ω∗r)dδ (6.15)

ũdl =

∫
(udl − u∗dl)dδ, ũql =

∫
(uql − u∗ql)dδ (6.16)

Ẽdc =

∫
(Edc − E∗dc)dδ, ĩlb =

∫
(ilb − i∗lb)dδ (6.17)

Eqs. (6.18) represents the new system to be controlled. It is now a 13-order

nonlinear model as the added integrators have increased the order of the system.

u
v	=	-k.E

x

x	=	f(x)+g(x)u
x

Nonlinear	Controller MIMO	Syst

E	=	T(x)

u	=	[B(x)]-1[-A(x)+v]

E Linearization	Loop

Feedback	Control	Loop

v .

Figure 6.3: Proposed MIMO Nonlinear controller structure.
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x = [ids, iqs, ωr, idi, iqi, ibl, Edc]

T (6.18a)

u = [uds, uqs, udi, uqi, Pbat, D]T (6.18b)

yi = [̃ids, ω̃r, ũdl, ũql, Ẽdc, ĩlb]
T (6.18c)

It has been shown in [119] that input-output feedback linearization design

method could be used to obtain the change of variables required for the lineariza-

tion. Therefore, we got



¨̃ids
...
ω̃ r
¨̃udl
¨̃uql
¨̃Edc
¨̃ilb


︸ ︷︷ ︸

yd(x)

=



A1

A2

A3

A4

A5

A6


︸ ︷︷ ︸
A(x)

+



1
Ld

0 0 0 0 0

0 3P 2λr
2JLq

0 0 0 0

0 0 Rth

Lf
−ωgLth

Lf
0 0

0 0 ωgLth

Lf

Rth

Lf
0 0

0 0 0 0 1 0

0 0 0 0 0 −udc
Lb


︸ ︷︷ ︸

B(x)



uds

uqs

udi

uqi

Pbat

D


︸ ︷︷ ︸

u

(6.19)

where A(x) = [A1, A2, A3, A4, A5, A6]

with A1 = −Rs

Ld
ids + Lq

Ld
ωriqs

A2 = − 3P 2

2JLq
λr(−Ldωrids −Rsiqs − λrωr)

−2Koptωr

PJ2 (3P
2λr
2

iqs − Koptω2
r

P
)

A3 = Rth(ωgiqi − udl
Lf

)− ωgLth(−ωgidi − uql
Lf

) + ˙Ethd

A4 = Rth(−ωgidi − uql
Lf

) + ωgLth(ωgiqi − udl
Lf

) + ˙Ethq

A5 = udcisdc − 3
2
idiudi and A6 =

ubat
Lb

,

To linearize and decouple the nonlinear model in Eqs. (6.19), the following

control input can be used

u = [B(x)]−1 [−A(x) + v] (6.20)
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where

B(x) =



1
Ld

0 0 0 0 0

0 3P 2λr
2JLq

0 0 0 0

0 0 Rth

Lf
−ωgLth

Lf
0 0

0 0 ωgLth

Lf

Rth

Lf
0 0

0 0 0 0 1 0

0 0 0 0 0 −udc
Lb


(6.21)

and v is the new control inputs vector.

The nonlinearities in Eqn. (6.19) are eliminated by choosing u as in Eqn.

(6.20). Therefore, a linear relationship between the new outputs yd(x) and the

new inputs, v, is found as follows

yd(x) = v (6.22)

where yd(x) =
[̈̃
ids,

...
ω̃ r, ¨̃udl, ¨̃uql,

¨̃Edc,
¨̃ilb

]T
and v = [v1, v2, v3, v4, v5, v6]

T .

A state feedback controller is used. It has the following equation:

vp = −kpqep (6.23)

where ep is defined as the errors between the outputs variables (̃ids, ω̃r, ũdl, ũql, Ẽdc

and ĩlb) and their references. kpq (p ∈ {1, 2, 3, 4, 5, 6} and q ∈ {1, 2, 3}) is the

feedback gain matrix. These references are equal to zero. Hence, the vector vp

(p ∈ {1, 2, 3, 4, 5, 6}) will be

v1 = −k11ĩds − k12 ˙̃ids, v2 = −k21ω̃r − k22 ˙̃ωr − k23 ¨̃ωr,

v3 = −k31ũdl − k32 ˙̃udl, v4 = −k41ũql − k42 ˙̃uql,

v5 = −k51Ẽdc − k52 ˙̃Edc, v6 = −k61ĩlb − k62 ˙̃ilb (6.24)

kij, the feedback gain matrix, is selected so that the eigenvalues of the closed

loop system are Hurwitz.
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6.3.3 Single-Phase DQ Rotating Frame Transformation

In the previous section, the nonlinear controller equations were presented. In this

section, we discuss how to apply the DQ-Transformation in the single-phase con-

trol systems. The main idea is to utilize the DQ-based on-grid/off-grid nonlinear

controller, initially designed for three-phase system, for a single-phase system while

keeping all its benefits without adding any additional dynamics to the controller

equations.

The rotating frame (or dq-model) is commonly used as approach to analyze

three-phase systems. First, the Clarke transformation abc to αβ in a fixed reference

frame is performed using Eqn. (6.25). Then, the Park transformation αβ to dq

in a rotating reference frame is done by using Eqn. (6.26). The dq frame is

synchornized with the angular speed ω, where ω = 2πfg and fg is the fundamental

frequency of the system.

[
xα

xβ

]
=

2

3

[
1 −1/2 −1/2

0 −
√

3/2
√

3/2

]
xa

xb

xc

 (6.25)

PWM
Generator

dq

dq
Σ+

-
   MIMO

Nonlinear

Controller
q_ref

Σ+

-
Xq

        Single-Phase

DQ-Transformation

Xd

X       d_ref

θ

Vdc

X  a

Grid

a

a

αβ

αβ

αβ

αβ

X

Controller

H

Figure 6.4: On-grid/Off-grid WECS based permanent magnet synchronous gener-
ator.
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and [
xd

xq

]
=

[
cos (ωt) sin (ωt)

− sin (ωt) cos (ωt)

][
xα

xβ

]
(6.26)

ual, ubl and ucl are the three-phase time-domain signals of the system from a

stationary phase coordinate system (abc).

For the dq-Transformation in single-phase systems, the orthogonal imaginary

circuit concept is proposed. The basic idea of this method is illustrated in Fig.

6.4. It consists of having two variables, one real (voltage or current) and another

fictitious with identical characteristics, but multiply by cos (ωt). Here ω is the

load voltage angular speed. Therefore, the single-phase a to αβ transformation

can be given as [
xα

xβ

]
=

[
cos (ωt)

1

][
|xa|
xa

]
(6.27)

where |xa| is the magnitude of xa.

In other words, the a to dq transformation can be done by using the equation

below [
xd

xq

]
=

[
cos2 (ωt) + sin (ωt)

− sin (ωt) cos (ωt) + cos (ωt)

][
|xa|
xa

]
(6.28)

To obtain back the single-phase variable xa, Eqs. (6.29) is used, which was

derived from (6.26).

xa =
[
sin (ωt) cos (ωt)

] [ xd

xq

]
(6.29)

In the above equations the variable x can be replaced by any variable from the

grid-side single-phase subsystem. Therefore, the controller dq state variables, idi,

iqi, idl and iql, and input variables, udi, uqi, udl and uql, are obtained using Eqn.

(6.29)
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6.4 Results

To Demonstrate the effectiveness of the single-phase stand-alone and grid-connected

nonlinear DQ controller, simulation is carried out using the SimPowerSystems

toolbox [13] in Matlab/Simulink software. The system is shown in Fig. 6.2.

It composes of a 2.45 MW wind power generator supplying a 2 MW variable

load. The generator used here is a variable speed nonsalient-pole permanent mag-

net synchronous machine. A three-phase rectifier (AC/DC), single-phase inverter

(DC/AC) and a bi-directional buck-boost (DC/DC) are utilized to connect the

generator to the grid and the load, and the battery-storage-unit to the dc-link

voltage, respectively. The generator parameters and the nonlinear contoller feed-

back gains kpq, are given in Table 6.2 [21] and 6.3, respectively.

The proposed nonlinear controller has been tested in three different case stud-

ies. First, the dynamic and steady-state performances of the system when it

switches from one mode of operation to another has been analyzed in Case 1.

Also, the maximum power point tracking capability of the controller under vari-

able wind speed has been verified. In Case 2, the power management ability of

Table 6.2: System Parameters

Parameter Rated Value Parameter Rated Value

Pm 2.45 MW ug 4000 V

ωm 4.3 rd/s udc 8000 V

λr 28 Wb Cdc 1667 µF

P 8 Lf 16.884 mH

J 4000 kg.m2 Lg 1.6884 mH

Rs 24.21 mΩ Fgen 740 Hz

Lds, Lds 9.81 mH Fgrid 2040 Hz

Vw 15 m/s ull 4000 V

R 28.16 m Pl 2 MW

ρ 1.25 ubat 4000 V

λopt 8.1 Pbat 1.5 MW
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Table 6.3: Controller Gains kpq

Controller Gains Description Value

ĩds and ˙̃ids Gains [K11K12] = [500, 1].103

ω̃r, ˙̃ωr and ¨̃ωr Gains [K21K22K23] = [400, 45, 1.5].103

ũdl and ˙̃udl Gains [K31K32] = [5, 2]

ũql and ˙̃uql Gains [K41K42] = [10, 5]

Ẽdc and ˙̃Edc Gains [K51K52] = [600, 60]

ĩlb and ˙̃ilb Gains [K61K62] = [4000, 700]

the controller has been tested . Finally, the effectiveness of the proposed con-

troller has been evaluated under real wind speed profile in both grid-connected

and stand-alone modes in Case 3.

6.4.1 Case 1: Dynamic Performance and Steady-State

Analysis in On-grid/Off-grid Modes

Simulations have been carried out under different wind speeds to investigate the

dynamic and steady-state performance of the system. The test begins with a

stand-alone mode and at the time t = 1.2 sec when the switch Sw1, in Fig. 6.2,

closes, it switches in the grid-connected mode . The wind speed is 14 m/s, from

0 to 0.4 sec, 12 m/s, from 0.4 to 0.8 sec, 15 m/s, from 0.8 to 1.6 sec, 13 m/s

from 1.6 to 2.2 sec and 17 m/s from 2.2 to 2.5 sec, respectively. Fig. 6.5(a) shows

the generator rotor reference speed (dashed line) and the actual speed (solid line),

while Fig. 6.5(b) shows the generator output power. One can notice that the

generator speed and output power attain their steady state quick and smoothly

within about 0.5 sec.
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Figure 6.5: (a) Optimum Rotor Speed and (b) Output Power of the Generator.

The three-phase generator current and its corresponding dq-axis current are

shown in Fig. 6.6. It can be observed that the d-axis current (solid line) is

maintained to zero, while the q-axis (dashed line) and generated power profiles are

similar. Hence, performing Zero d-axis current (ZDC) control.
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Fig. 6.8 and 6.9 show the single-phase load voltage and current with their

respective dq-components. The load voltage is controlled to its reference voltage.

The dq-axis load current remain constants, despite the variation of the generated

power on the wind turbine side. The excess electricity generated is captured and

stored in the battery whenever the produced power of the wind turbine is higher

than the required power of the load.

Figure 6.8: Single-phase and dq-components of the Load voltage.

One may notice in Fig. 6.8 and 6.9, that the transition between the stand-

alone mode and the grid-connected mode, at time t = 1.2 sec, is fast and smooth

in spite of that no islanding detection mechanism was utilized. It took less than

0.15 sec to stabilize the load voltage and reach the steady state. Also, it can be

observed that the dc-link voltage (Fig. 6.7), the generator (Fig. 6.5 and 6.6) and

the load controlled variables (udc, ωr, ids, udl and uql) are stables before and after

the switching time (t = 1.2 sec.).

In this case study, the controller capability to continually operating the wind
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Figure 6.9: Single-phase and dq-components of the Load Current.

energy conversion system at its maximum power (MPPT ) has been examined.

The generator rotor speed reference is generated by the MPPT control module for

the MIMO controller. The speed reference corresponds to the speed at which the

wind-turbine can provide its maximum energy to the generator. The maximum

power operating points (MPP) for various wind speeds are shown in Fig. 6.10.

The wind was changed from 10 m/s to 11 m/s, 12 m/s, 13 m/s, 14 m/s, and 15

m/s for the tests. The corresponding generated active power were 0.5341 MW,

0.7327 MW, 0.9752 MW, 1.2660 MW, 2.0104 MW and 2.4727 MW respectively.

It can be seen that these maximum power correspond to the operating points B,

C, D, E, F and G, respectively. The MIMO controller is therefore able to operate

the system at maximum power operating points. As outlined in Fig. 6.10, the

transitions between operating points are fast and smooth.
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Figure 6.10: MPPT control: Wind Turbine Output Power.

6.4.2 Case 2: Power management between the

wind-turbine, the load, the battery-storage and the

grid

In this case study, a test has been conducted to evaluate the capability of the

nonlinear controller to efficiently manage the power between the wind-turbine, the

battery-storage, the single-phase load and grid based on the load power require-

ment. Two different wind speed profiles have been used for the test. A wind

speed profile, same as in case1, is used in the first test. The system starts in the

stand-alone mode and the battery is initially charged at 70% while the load power

is 2MW . The wind-turbine output power (solid line), the load power (dashed

line) and the battery power (dotted line) are shown in Fig. 6.11. In time interval

[0.4, 0.8] sec and [1.6, 2.2] sec, the produced power is insufficient to supply the
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Figure 6.11: Power Management: Wind Turbine, Load and Battery Powers under
Different Wind Speed.

load as it is lower than the load power. The battery provides the deficit of the

required power. This is shown in Fig. 6.11 (dotted line) by the positive power for

the battery. In time interval [0.8, 1.6] sec and [2.2, 2.5] sec, the produced power is

greater than the load power. The extra energy is stored in the battery unit. This

is shown in Fig. 6.11 (dotted line) by the negative power for the battery. The

system switches in the grid-connected mode when the switch Sw1 closes at t = 1.2

sec, while it was operating in stand-alone mode. As shown in Fig. 6.11 (dotted

line), the battery continues on delivering nearly the same quantity of power to the

load. Consequently, the grid contribution is significantly reduced.

6.4.3 Case 3: Test Under Real Wind Speed Profile

In this test, a real wind speed profile is used [120]. Fig. 6.12(a) shows the generator

rotor reference speed (dashed line) and the actual speed (solid line), while Fig.

6.12(b) shows the generator output power. It can be observed that the nonlinear

controller has a fast and a good dynamic behavior as well as a good tracking overall

performance under real wind speed. Fig. 6.13 shows the DQ synchronous frame

nonlinear controller power management capability under real wind speed profile.

One can observe the battery-storage charging and discharging capability of the

stand-Alone and grid-connected hybrid wind/battery system. The battery stores
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Figure 6.13: Power Management: Wind Turbine, Load and Battery Powers under
Real Wind Speed.

more energy when the produced power is high and it compensates to furnish the

load requirements when the produced power is low.
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6.5 Conclusion

In this paper, a single-phase stand-alone and grid-connected DQ nonlinear con-

troller design for domestic dwelling WECS systems has been presented. The goal

is to strengthen the resilience of the power grid and provide power to the load in

a consistent manner with as less disruptions as possible. Hence, improving the

reliability of the power grid. The design method is based on the MIMO feedback

linearization control technique. A DQ transformation module is utilized to con-

vert the grid-side single-phase converter signals in DQ synchronous reference frame.

The system has the capability to either operate in grid-connected and stand-alone

mode using a single controller, contrary to conventional methods. Moreover a

seamless transition between the two modes of operation was achieved with no

need for an islanding detection system. In addition, the system provide backup

capability to preserve system reliability. As seen in Section 6.4, the MPPT, power

management and load voltage control performance of the proposed controller has

been successfully tested using a variable speed nonsalient-pole PMSG driven by a

wind turbine under real wind speed. The simulation results show fast and smooth

transient and steady state responses. To the best of our knowledge, this is the

first study investigating a stand-alone and grid-connected WECS for single-phase

domestic dwelling applications.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

This research project occurred in a context where the nature of grid users is dras-

tically changing due to the fact that electricity generation is becoming less control-

lable. The electricity consumption is becoming more and more diversified. As a

consequence, the frameworks and technology used for energy production, transmis-

sion and distribution and their system interaction will need to change. Traditional

control systems must be adapted to the new environment of the electricity system

and grids. Future wind turbines should have the ability to continue to operate

supplying emergency loads when the grid is not available.

In this thesis, the analysis, the development and the design of a grid-connected/stand-

alone controller for WECS were presented. The main challenge of using a single

controller to flexibly operate a WECS in both grid-connected and stand-alone

mode has been addressed. A new control approach has been proposed to over-

come the challenge of a seamless transition between the two modes of operation.

The key contributions and conclusions of this thesis are summarized as follows:

1. The feedback linearization based nonlinear control design is an effective tech-

nique for controlling high order nonlinear dynamic system such as WECS.

The results of Chapter 3 demonstrate its good control performance compared

to the conventional PI-based and Taylor series expansion linear approxima-
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tion based control method. This is characterized by a negligible overshoot

during the transient periods and fast response time. The input-output lin-

earization method was used to linearize the nonlinear system model. This

lead to a decoupled overall system and hence provide good steady-state sta-

bility and reference tracking quality, which is necessary for variable-speed

WECS.

2. The thesis introduced a novel MIMO nonlinear control approach for WECS

with the ability to operate in both grid-connected and stand-alone modes.

The proposed approach, described in Chapter 4, uses a single controller to

perform the following tasks: the wind turbine generator zero d-axis current

control scheme, MPPT control, the dual-inverter dc-linc voltage control, load

voltage, and frequency control, power management based on the load power

demand, and smooth transition between the two modes of operation. The

integral actions added to the control-loop strongly reinforce the robustness

of the controller when the system structure changes. This robustness has

been successfully evaluated in both grid-connected and stand-alone modes

using real wind speed profile. Despite that the controller was initially de-

signed for a balanced three-phase load, it was able to perform successfully

for an unbalanced three-phase load, a nonlinear load, and a dynamic load.

In addition, the controller is able to stabilize the system when its structure

changes from the standalone mode to the grid-connected mode. Therefore,

an explicitly robust nonlinear control method is not necessary for the design.

3. The system studied in this work was equipped with back-up storage capa-

bility. Hence, the energy management strategy has been proposed to deal

with high and low energy generation situations. The main purpose was to

ensure a continuous supply of the load and to provide reliable, affordable

power to the grid, enhancing grid resilience and performance. Therefore, a

power estimation module has been developed for the grid-connected/stand-

alone WECS. The results demonstrate that the control system dynamically

adjusts the phase shift between the inverter voltage and its current to ac-

commodate the active and reactive power exchange that is required by the
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load while keeping the load voltage and frequency constant.

4. The primary purpose of Chapter 5 was to provide extra flexibility to the

closed-loop system against uncertainties and parameter change in the sys-

tem that could destabilize it. The risk of parameter change is high especially

in a harsh environment such as extreme temperature and high wind veloc-

ity. Therefore, nonlinear adaptive control and online parameter estimation

algorithm have been proposed. By applying Lyapunov stability theory, an

adaptive law, that guarantee parameters are bounded, has been derived. The

results demonstrate that the proposed adaptive nonlinear controller is effec-

tive in tracking the time-varying and constant desired output signals in the

case of full unknown parameters of the power generation system.

5. We also evaluate the performance of the proposed approach from a different

perspective, applying the control concept to single-phase residential hybrid

system. For this purpose, a novel DQ-synchronous frame nonlinear controller

design has been proposed. The DQ-transformation module converts the

grid-side converter single-phase signals into DQ synchronous frame. The

effectiveness of the proposed controller in this regard has also been presented

in Chapter 6 using real wind speed profile.

7.2 Future Work

As seen in the previous sections, the proposed unified grid-connected/stand-alone

nonlinear control method provides faster and better control performance than

conventional PI-based controllers. However, more research and study are suggested

in the following points:

1. Variable frequency drives such as converters and high power generators are

known to be a source of electromagnetic interference (EMI). Therefore, the

challenge regarding noise amplification and control saturation should be fur-

ther investigated experimentally. Additional filter or more accurate sensors

may need to be used to filter out signal instability that could be caused by
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EMI. However, the fact that the proposed designed controller doesn’t require

accurate knowledge of system parameters, should help in this regard.

2. Double feed induction generator (DFIG) is the second most commonly used

electrical machine for wind turbine applications. The proposed control ap-

proach could be explored using different generator such as DFIG for a grid-

connected/stand-alone control system.

3. The adaptive control technique developed for parameter estimation employed

a constant gain matrix, Γ, for the parameter update law. Future work could

focus on using dynamic matrix Γ instead of a constant one. The accuracy

of the parameter estimation is usually best observed when dynamic matrix

Γ is used, in particular, in the presence of disturbance in the system.

4. As the thesis involves battery storage unit, future development should focus

on control techniques to extend better the life of the battery and boost

its range. In hybrid electric systems, variable switching frequency control

methods are often utilized for the bi-directional buck-boost converter instead

of fixed frequency. For instance, the converter switching frequency is reduced

under light load conditions and increased in otherwise.

5. Finally, This work focused on the control and operation of a single wind-

turbine. Future work should be extended to incorporate multiple wind-

turbines in the context of distributed energy systems. This would require

the development of a higher layer of control at the system level to describe

the interactions between the wind-turbines.
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Feedback Linearization of MIMO Systems

Let consider the following MIMO system [63]

{
ẋ = f(x) + g(x)u (1a)

y = h(x) (1b)

where x ∈ IRn is the state vector. u ∈ IRm is the vector of m inputs ui (i = 1, ...,m).

y ∈ IRm is the vector of m outputs yj (j = 1, ...,m). f and g are smooth vector

and matrix fields, respectively. h is the smooth vector function.

The input-output linearization method for MIMO systems consists of differen-

tiating the outputs yj until at least one input appears.

Consider Lfh and Lgh the Lie derivatives of h with respect to f and g, ẏj can

be written as

ẏj = Lfhj +
m∑
i=1

(Lgihj)ui (2)

If Lgihj(x) = 0 for all i, then no inputs appears and one has to differentiate

again. Assumed that yj needs to be differentiated rj times before at least one

input appears, then

y
(rj)
j = Lrjf hj +

m∑
i=1

LgiL
rj−1
f hjui, (j = 1, ...,m) (3)

Eqn. (3) can be written into a matrix form as follows
y
(r1)
1
...

y
(rm)
m

 =


Lr1f h1(x)

...

Lrmf hm(x)

+B(x)


u1
...

um


︸ ︷︷ ︸

u

(4)
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where the m ×m matrix B(x) is referred to as the decoupling matrix for the

MIMO system. It has the following expression.

B(x) =


Lg1Lr1−1f h1 · · · LgmLr1−1f h1

...
. . .

...

Lg1Lrm−1f hm · · · LgmLrm−1f hm

 (5)

Eqn. (4) is linearized by choosing the control input vector u as follows.

u = −B−1


Lr1f h1(x)

...

Lrmf hm(x)

+B−1


v1
...

vm


︸ ︷︷ ︸

v

(6)

where v is the new input yet to be determined.

The closed loop equation of the system is obtained by substituting Eqn. (6)

into Eqn. (4) to get 
y
(r1)
1
...

y
(rm)
m

 =


v1
...

vm

 (7)

The input-output relationship given by Eqn. (7) is not only linear but also

decoupled.
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