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Abstract

Increasing concerns regarding global warming caused by greenhouse gases, which are mainly

generated by conventional energy resources, e.g., fossil fuels, have created significant interest

for the research and development in the field of renewable energies. Such interests are also

intensified by the finitude availability of conventional energy resources. To take full benefit

of renewable energy resources, e.g., wind and solar energy, interfacing power electronics

devices are essential, which together with the energy resources form Distributed Generation

(DG) units. If properly controlled and coordinated, the optimal and efficient operation of DG

units, which are the main building block of rapidly emerging microgrid technologies, can

be ensured. In fact, the optimal and efficient operation of any energy conversion systems,

e.g., microgrids, traction networks, etc., necessitates some sorts of control strategies. Being

structured into two main parts and exploiting two-level Voltage Source Converters (VSCs),

this thesis introduces several control strategies in the context of microgrids and electrified

traction networks. Although the proposed approaches of this thesis are mainly tailored for

two-level VSCs, the methods are equally applicable to other converter technologies.

In the first part, adopting an optimization-based loop shaping approach, a vector current

control strategy for three-phase grid-tied VSCs is proposed. The proposed control strategy is

able to independently regulate the direct and quadrature (d q)-components of the converter

currents in a fully decoupled manner and shows very fast dynamic response similar to the

existing methods. In order to extend the applicability of the proposed vector control method

to single-phase systems, a countermeasure is also proposed. In single-phase systems, to

form the orthogonal component of the current needed to create the d q-axes, the converter

current is phase-shifted a quarter of a fundamental period. This phase-shift is the reason

of strongly coupled d q-axes and oscillatory dynamic response in such systems. To obviate

the need for the problematic phase-shifting, adopting a Fictive Axis Emulator (FAE), the or-

thogonal fictive current is created concurrent to the real one. In such a case, utilizing the

proposed decoupled vector control strategy and the FAE, the d q-currents of single-phase

converters are also regulated in a fully decoupled manner. Moreover, in this part, using a
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ABSTRACT

generalized version of the optimization-based loop shaping approach, three voltage control

schemes are proposed for the voltage regulation of islanded microgrids. Since the dedicated

loads of islanded microgrids are not fixed, the loop shaping is simultaneously carried out for

various operating points of interests, i.e., for various combinations of the load parameters.

Two single-stage control strategies and a cascade one are proposed: (i) a single-stage PI-based

Multi-Input Multi-Output (MIMO) controller, (ii) a single-stage PI-based MIMO controller

in conjunction with resonant terms, which is able to compensate for the adverse impacts of

nonlinear loads, and (iii) a cascade PI-based MIMO controller. The cascade control scheme

utilizes the proposed decoupled vector control strategy as its inner loop for regulating the

converter current.

In the second part, this thesis focuses on electrified traction networks and addresses a power

quality problem in such networks, i.e., catenary voltage fluctuations. The Active Line-side

Converter (ALC) of modern locomotives is utilized as STATic COMpensator (STATCOM) in

order to inject reactive power to compensate for the adverse effects of catenary line voltage

fluctuations. To determine the proper amount of reactive power, several control strategies be-

longing to the PI-controllers family are proposed: (i) a P-controller, (ii) a PI-controller, and (iii)

a gain-scheduled PI-controller. Among the proposed approaches, the gain-scheduled strategy

provides the best performance. The gain-scheduling is performed through identifying the

catenary inductance at the connection point of the locomotive to that. The inductance identi-

fication is carried out by the injection of harmonic current through the ALC and monitoring its

effect on the locomotive voltage. Despite its acceptable performance, the gain-scheduled ap-

proach shows several shortcomings. Therefore, utilizing the optimization-based loop shaping

technique, a high-order voltage support scheme is also proposed. The proposed high-order

scheme does not need any online tuning and/or modification while provides excellent perfor-

mance for various operating points.

Keywords: Active Line-side Converter, Current Control, Grid-connected Mode, Islanded Mode,

Identification, Locomotive, Loop Shaping, Low System Voltage, Microgrids, Traction Networks,

Vector Control, Voltage Control, Voltage Source Converter
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Résumé

Les préoccupations croissantes concernant le réchauffement climatique causé par les gaz

à effet de serre ont créé beaucoup d’intérêts pour la recherche et le développement dans le

domaine des énergies renouvelables. Ces intérêts sont renforcés par la disponibilité limitée

des ressources en énergies fossiles. Afin d’exploiter au mieux ces ressources renouvelables,

telles que l’énergie éolienne et l’énergie solaire, des dispositifs de l’électronique de puissance

sont essentiels comme interface avec le réseau électrique. Avec les ressources renouvelables,

ces interfaces forment des unités de production décentralisées, qui constituent les éléments

principaux des micro-réseaux. De manière à garantir le fonctionnent optimal et efficace de

ces unités de production décentralisées, des stratégies de contrôle sont nécessaires comme

pour tout type de système de conversion d’énergie. Cette thèse est structuré en deux parties

principaux et présente plusieurs stratégies de contrôle dans le contexte des micro-réseaux et

des réseaux de traction électrifiés. Bien que les approches proposées soient principalement

adaptées pour les onduleurs de tension deux niveaux, les méthodes développées sont égale-

ment applicables aux autres technologies de convertisseurs.

Dans la première partie de cette thèse, une stratégie de commande vectorielle du courant pour

l’onduleur de tension triphasé est proposée. Elle repose sur une démarche de synthèse de la

boucle basée sur l’optimisation. Cette stratégie est capable de réguler indépendamment les

composants directe et quadrature (d et q) des courants des onduleurs de tension triphasés. En

outre, elle montre une réponse dynamique au moins aussi rapide que les méthodes existantes,

tout en découplant totalement les axes d et q . Afin d’étendre l’applicabilité de la méthode de

régulation proposée aux onduleurs monophasés, une adaptation est proposée. De manière

traditionnelle, dans des systèmes monophasés, la composante orthogonale du courant né-

cessaire à la création des axes d et q est formée par un déphasage du courant de l’onduleur

d’un quart de période fondamentale. Ceci cause un fort couplage des axes d et q , ainsi q’une

réponse dynamique oscillante dans ces systèmes. Afin d’éviter ce couplage problématique, un

émulateur d’axe fictif est adopté. Il émule le courant orthogonal simultanément au courant

réel. Dans un tel cas, en utilisant le contrôle vectoriel proposé et l’émulateur d’axe fictif, les
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courants d et q de l’onduleur monophasé sont également réglés d’une manière totalement

découplée. En outre, en utilisant une version généralisée de l’approche à la synthèse de la

boucle développé précédemment, trois stratégies de contrôle de tension sont proposées pour

la régulation de la tension des micro-réseaux îlotés. Étant donné que les charges dédiées

des micro-réseaux îlotés sont variables, la synthèse de la boucle est réalisée simultanément

pour des points de fonctionnement d’intérêts différents, c’est à dire, pour diverses combinai-

sons des paramètres de charge. Trois stratégies sont proposées : (i) un contrôleur de type PI

multivariable, (ii) un contrôleur de type PI multivariable en conjonction avec des termes de

résonance, qui est capable de compenser les effets néfastes des charges non-linéaires, et (iii)

un contrôleur cascadé de type PI mutlivariable. Le système de contrôle en cascade utilise la

stratégie de réglage de courant découplé proposée comme boucle interne pour la régulation

du courant de l’onduleur.

Dans la deuxième partie, cette thèse se concentre sur les réseaux de traction et traite d’un

problème de qualité de puissance dans de tels réseaux. Les convertisseurs 4-quadrants des

locomotives modernes sont utilisés comme compensateurs statiques afin d’injecter de la puis-

sance réactive. Ceci doit permettre de compenser les effets néfastes des fluctuations de tension.

Pour déterminer la puissance réactive à injecter, plusieurs stratégies de contrôle appartenant

à la famille des contrôleurs PI sont proposées : (i) un régulateur de type P, (ii) un régulateur de

type PI, et (iii) un régulateur de type PI à gains programmés. Parmi les approches proposées,

la stratégie à gains programmés fournit les meilleures performances. Les gains appropriés

sont déterminés en identifiant l’inductance de la caténaire au point de raccordement de la

locomotive. L’identification de l’inductance est réalisée par l’injection de courant harmonique

par le convertisseur 4-quadrants et en mesurant son effet sur la tension d’alimentation de

la locomotive. En dépit de performances acceptables, cette approche souffre de plusieurs

lacunes. C’est pourquoi un système de contrôle d’ordre élevé est également proposé. Il ne né-

cessite pas l’identification des paramètres de al ligne de contact et garantit des performances

excellentes pour des points de fonctionnement multiples.

Mots clefs : Chute de tension de caténaire, contrôle de courant, contrôle de tension, contrôle

vectoriel, convertisseur 4-quadrants, identification, locomotive, micro-réseaux, micro-réseaux

îlotés, onduleur de tension, réseaux de traction, synthèse de la boucle
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1
Introduction

Global warming mainly caused by greenhouse gases generated by conventional energy re-

sources, e.g., oil and coal, and also the finitude availability of such resources have induced

significant research and development in the field of renewable energy resources. Consistent

increase in the penetration of Distributed Generation (DG) units, which normally interface

renewable energy resources to the grid through Voltage Source Converters (VSCs), has created

significant interest in the optimal grid integration, control, and operation of DG units in the

context of microgrids [1]. Microgrids are considered as a basic feature of active distribution

networks and are able to take full advantage of DG units, if controlled, coordinated, and

operated efficiently in both grid-connected and islanded modes [2–8]. Moreover, the transport

sector, which is the main consumer of energy in the world, is also abandoning fossil fuels

for energy generation through electrification. Electrified traction networks and also electric

vehicles are attracting significant interest and are expected to hold a significant share of the

transport industry in the future. For example, in Switzerland, 99% of the traction network is

electrified [9]. To take full benefit of such electrified systems and also for their optimal opera-

tion especially in terms of energy efficiency and reliability, they must be properly controlled

and operated through state-of-the-art control strategies.

Being structured into two parts, this thesis introduces several control strategies in the con-

text of microgrids and electrified traction networks. In the first part, mainly relying on an

optimization-based control design procedure, the thesis proposes several current and voltage

control tools for the grid-connected and islanded operation of microgrids. However, the pro-

posed approaches are general and may be utilized in various energy conversion applications

where voltage and/or current regulation are required. In the second part, exploiting some

ideas and control schemes of the first part, the thesis focuses on electric traction networks and

addresses a power quality problem in such networks. To obviate the studied power quality

problem, several countermeasures are also proposed.
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1.1 Statement of the Problems

1.1.1 Microgrids

In the grid-connected mode of operation of a microgrid, the frequency and voltage at the

Point of Common Coupling (PCC) are imposed by the utility grid. In this case, each DG unit

controls its real/reactive power exchange based on current control techniques. In the islanded

mode of operation, however, the frequency and voltage are no longer imposed by the grid,

and the current control techniques used in the grid-connected mode cannot guarantee the

sustainable operation of the islanded microgrid. Therefore, subsequent to an islanding event,

the islanding must be detected as fast as possible [10], and an appropriate control strategy

must be adopted to regulate the voltage and frequency of the microgrid and to manage/share

the power among the DG units. Therefore, for the sound operation of DG units, they must be

equipped with both voltage regulation schemes for the islanded mode and current control

methods for the grid-connected mode.

1.1.2 Traction Networks

AC traction networks can be regarded as special microgrids whose DG units are the locomo-

tives traveling within them. These special microgrids are expected to always operate in the

grid-connected mode, and since they are normally supplied by weak single-phase grids, they

are susceptible to various distortions. However, benefitting from the control strategies tailored

for microgrids and exploiting the line-side converter of locomotives, one can provide traction

networks with some ancillary services.

The line-side converters of locomotives, classified into two major classes, i.e., Passive Line-

side Converters (PLCs) and Active Line-side Converters (ALCs), are mainly responsible for the

adverse effects of locomotives on the network voltage and current. Moreover, they determine

how the locomotives themselves are affected by the network voltage distortions. Traditionally,

two major types of PLCs have been being employed [11]: (i) diode rectifiers and (ii) phase-

angle-controlled thyristor converters. These topologies absorb distorted current polluted with

low-order harmonic distortions, which results in two power quality degradation issues [11]: (i)

harmonic over-voltage and (ii) loss of average voltage. Thanks to the rapid advancements in

the semiconductor technologies, high voltage and current Insulated Gate Bipolar Transistor

(IGBT) switches able to commutate at relatively high frequencies, e.g., 1-2 kHz, can be uti-

lized to form Pulse-Width Modulation (PWM) four-quadrant ALCs [12–14]. Adopting such

converters at switching frequencies higher than 1 kHz results in the significant reduction of

switching harmonics at the catenary AC side, while practically no low-order harmonic current

is generated. Therefore, modern locomotives do not have the aforementioned problems of

low-order harmonics. However, voltage drop along the catenary line or low system-voltage

is another limiting power quality issue in traction networks [11, 15], which is caused by both

PLC-based and ALC-based locomotives. Low system-voltage normally occurs at the end of a
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heavily loaded line, which is supplied by one substation, or in the middle of a line supplied

by two substations at both ends. Note that in other points of the line, this effect also exists.

However, in the aforementioned points, the effect of the low system-voltage phenomenon is

maximum. Low system-voltage limits the performance of the locomotives fed by the affected

line and also limits the maximum transmittable power along the line.

Old thyristor/diode-based locomotives will soon be obsoleted by their ALC-based competitors.

This fact alleviates the importance of PLC-related problems. However, the low system-voltage

problem is a common issue for both old and modern locomotives. Moreover, the increasing

number of high-speed and high-power locomotives being constantly added to traction net-

works intensifies the importance of the low system-voltage problem. Therefore, necessary

countermeasures must be explored and implemented.

1.2 Existing Methods

1.2.1 Microgrids

1.2.1.1 Current Control of Grid-connected VSCs

Various current control approaches have been proposed for grid-tied VSCs in the litera-

ture [3, 6, 16–32], which can be categorized into two major classes [21]: (i) linear and (ii)

nonlinear controllers. Due to their structural simplicity and fully digital implementability, the

linear approaches such as Stationary Reference Frame (SRF)-based and Rotating Reference

Frame (RRF)-based controllers are more commonly used. Among SRF-based controllers,

Proportional Resonant (PR) regulators [19, 25, 26] are very well known and popular. PR-

controllers track AC references in the stationary reference frame with zero steady-state error.

However, they suffer from several drawbacks, e.g., sensitivity to grid frequency variations,

exponentially decaying transients during step changes, and being pushed toward instability

margins even by a small phase shift introduced by the adopted current sensors [25]. More-

over, since PR-controllers have more poles than Proportional Integral (PI)-controllers, they

introduce a greater phase lag in the Nyquist plot of the open loop transfer function, which

makes their tuning more complicated compared to PI-controllers. Furthermore, the choice

of the damping ratio of non-ideal PR-controllers, which are used in practice instead of ideal

PR-controllers, is itself another design issue. Therefore, RRF-based controllers are normally

preferred in many applications and show acceptable performance. Among RRF-based con-

trollers, PI-based regulators are the most renowned and easy-to-design ones, which provide

fulfilling performance. The control scheme proposed in [24] is probably the most well-known

and utilized approach in the literature. In this method, two current axes, i.e., direct-quadrature

(d q)-axes, are defined, and a control strategy is proposed based on the mathematical model

of the system. Using feedforward signals and PI-controllers, the axes are independently con-

trolled. However, due to the imperfect disturbance rejection of PI-controllers, the parametric

errors and the mathematical modeling mismatch result in the coupled current axes. That is,
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upon a step change in each axis, the other axis experiences a transient, which results in power

quality problems and performance degradation.

Another RRF-based approach is proposed in [3, 18] whose structure is similar to that of the

controller of [24], however, its axes decoupling capability is more efficient. This current control

strategy is based on the pseudo-continuous model of the converter, and hereinafter, it is called

the Pseudo-continuous Multivariable-PI Current Controller (PMCC). Although the PMCC

results in very sound performance, however, even adopting this approach, the current axes

cannot be fully decoupled. The reason is that the PMCC also relies on the mathematical model

of the system and the exact values of the system parameters. In this thesis, it is shown that

the parametric errors and modeling mismatch deteriorate the dynamic performance of the

PMCC and result in the coupling of the d q-axes.

It must be noted that although PI-based approaches can be efficiently used for the current reg-

ulation of three-phase VSCs in rotating reference frames, however, they exhibit shortcomings

when utilized in single-phase systems. In such systems, the common approach is to create

a set of imaginary quantities orthogonal to those of the single-phase system so as to obtain

DC quantities by means of a stationary to rotating frame (αβ to d q) transformation [33, 34].

The orthogonal imaginary current component is obtained by phase shifting the measured real

signal by a quarter of the fundamental period. The measured and the shifted current com-

ponents are then employed in an αβ to d q transformation, and a conventional d q-currents

controller with decoupling strategy is used. The output quantities of the controller are then

back-transformed to the αβ-frame to obtain the ac control signals. The α-component of the

control signal is employed and fed into the PWM block while the β-component is discarded.

This approach is relatively simple and straightforward, however, the introduction of such

delay in the system tends to deteriorate the dynamic response, which becomes slower and

oscillatory.

1.2.1.2 Voltage Control of Islanded Microgrids

The voltage control of islanded microgrids has been extensively investigated in the literature,

and various control strategies have been proposed [2, 35–53]. The most reported strategy is

the frequency/real-power and voltage/reactive-power droop-based method for the voltage

and frequency control of islanded microgrids with multiple DG units [2, 36–43]. In the context

of a single-DG-unit microgrid, several islanded mode control strategies have been proposed

and reported [50–53]. The control strategy in [50] is intended for a pre-specified balanced load

and cannot accommodate large variations in the load parameters. To enhance the stability

and robustness of a microgrid in the presence of balanced linear load conditions, a linear

quadratic gaussian controller has been proposed in [51]. Reference [52] presents a multivari-

able controller for the voltage regulation of a microgrid with its local RLC load, with uncertain

parameters perturbed around their nominal rated values. The control method proposed in [52]

leads to a high-order multivariable controller. Although, the designed controller has robust

stability to load parameters variations, the performance is guaranteed only for the nominal
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load. To accommodate highly unbalanced loads, a control strategy has been proposed in [53]

that utilizes an internal oscillator to maintain the frequency and a feedback control system to

regulate the voltage.

In the presence of nonlinear loads and harmonically polluted load currents, the voltages of a

microgrid become severely distorted, and the power quality is deteriorated. Consequently,

neither of the above-mentioned control strategies can eliminate/minimize the adverse impacts

of the harmonics. Furthermore, the robust stability of a microgrid may not be guaranteed for

large variations of the load parameters if the above-mentioned methods are utilized.

1.2.2 Voltage Support in Traction Networks

Traditionally, to compensate for the adverse effects of low system-voltage, various compen-

sators, e.g., thyristor-switched reactors and thyristor-switched capacitors, are used [54, 55].

Moreover, several semiconductor-based solutions are proposed [15, 56–60]. For some specific

traction systems, supercapacitor-based compensators are also suggested [61]. These solutions,

however, are all static and can only locally compensate for low system-voltage. Moreover, in

some cases, their initial cost is a prohibitive issue.

1.3 Thesis Objectives

1.3.1 Microgrids

1.3.1.1 Current Control of Grid-connected VSCs

The widespread applicability of d q-currents controllers provides substantial inducements to

investigate and propose alternative regulation schemes that can overcome the axis-coupling

problem. Using nonparametric models, this thesis proposes a robust current regulation

scheme for VSCs in which the d- and q-axes are decoupled. The design procedure consists of

an optimization-based loop shaping. The shaping is performed by minimizing the second

norm of the error between the system nonparametric transfer function matrix and a desired

one. The minimization is subject to a few constraints, which guarantee the stability and

the desired performance of the closed-loop system [62, 63]. The structure of the achieved

controller is similar to that of the PMCC [3], however, instead of integrators in the transversal

arms of the controller, PI-controllers are used. The proposed method provides better dynamic

performance compared to its predecessors and is structurally simple.

Moreover, in this thesis, an alternative current regulation scheme for single-phase systems

is proposed. In the proposed method, instead of introducing a delay of a quarter of a fun-

damental period, the β-component of the control signal along with that of the grid voltage

are fed into a fictive model of the system to create the imaginary current orthogonal to the

converter current. The created orthogonal current and the converter current are then fed into

a d q-currents regulator. Therefore, upon step changes in the d- or q-axis reference value, the
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actual quantities in the real and imaginary systems react at the same time and in the same way

to track the reference quantities. This is in contrast with the common approaches in which the

imaginary component reacts a quarter of a cycle after the real component, which is the reason

of the relatively poor dynamic response of the conventional d q-currents control strategies in

single-phase converters.

1.3.1.2 Voltage Control of Islanded Microgrids

This thesis proposes a general multivariable voltage controller design methodology for is-

landed single-DG-unit microgrids. The design approach consists of an optimization-based

open-loop shaping with a few constraints. The constraints guarantee the desired dynamic

performance and the stability of the closed-loop system. To shape the open-loop transfer

function matrix, the nonparametric model of the system at several operating points of interest

are derived, and the summation of the second norm of the errors between their respective

transfer function matrices and a desired one is minimized, while the constraints are respected.

Based on the proposed methodology, three d q-voltages control schemes are proposed: (i)

a single-stage PI-based Multi-Input Multi-Output (MIMO) controller, (ii) a single-stage PI-

based MIMO controller in conjunction with resonant terms, and (iii) a cascade PI-based

MIMO controller. All proposed controllers are able to accommodate large variations in the

load parameters of the islanded microgrid, while the single-stage controller with resonant

terms and the cascade one are also able to compensate for the adverse effects of nonlinear

and/or harmonically polluting loads, e.g., resistors fed by rectifiers.

1.3.2 Voltage Support in Traction Networks

The real and reactive power exchange of ALCs with the catenary are normally regulated

through current control schemes [64–71]. In such a case, utilizing a voltage-oriented system,

the d-component (q-component) of the ALC current is proportional to the real power (reactive

power). The set-point of the d-component is then determined according to the real power

demand of the locomotive, while that of the q-component is normally set to zero. However,

due to railways speed limits, railways traffic, etc., locomotives normally do not operate at their

rated power levels. Therefore, benefiting from the unused capacity of their ALCs, one can

utilize locomotives as mobile STATic COMpensators (STATCOMs) and inject reactive power to

compensate for low system-voltage. In this thesis, inspiring from the proposed cascade voltage

control scheme of islanded microgrids, the set-point of the q-component of the ALC current

is determined through a secondary control loop responsible for maintaining the locomotive

voltage at its connection point to the network.

Several PI-based approach are proposed for the secondary control loop in this thesis. Since the

physical positions of locomotives and also the network architecture are not fixed, a single P-

or PI-controller is not able to stabilize the system and/or to provide acceptable performance
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for all operating scenarios. Therefore, identifying the parameters of the system in real-time,

a gain-scheduled controller is used, whose parameters depend on the catenary inductance.

Although, the gain-scheduled PI approach shows acceptable performance, it exhibits several

shortcomings, e.g., the pollution of the network with harmonic currents injected for the iden-

tification, susceptibility to errors in the identification, etc. To overcome such shortcomings,

and since a single PI-controller does not show acceptable dynamic performance for all scenar-

ios, i.e., for all positions of the locomotive in the network and for all network architectures,

higher-order controllers must be utilized. In this thesis, utilizing such high-order controllers,

another compensation scheme is also presented that does not require any online modifica-

tions and does not pollute the network, while shows acceptable performance for all assumed

scenarios. To design such high-order controllers, a model of the system is essential. Since a

parametric model of the system is not readily achievable, the nonparametric models of the

system for various locomotive positions and system architectures are obtained. Then, using

an optimization-based loop shaping approach [63], a high-order controller is designed.

1.4 H∞ Control Design Method for Nonparametric Models

In this thesis, as mentioned in the previous sections, to design controllers for several SISO and

MIMO applications, an H∞ control design method is utilized [62,63]. Contrary to many control

design methods, this approach acts on nonparametric or spectral models, and therefore, it

does not suffer from drawbacks associated with parametric models. Moreover, this method

is able to design fixed-order controllers, which is in contrast with many of its counterparts,

e.g., robust control techniques applied to state representation of MIMO models. Another

important feature of this design method is that it can treat the case of multimodel uncertainty,

which is very useful in various industrial applications.

The core idea of this design procedure is shaping the open-loop and closed-loop transfer

functions of the system through convex optimizations. In the following chapters, this design

procedure is explained step by step to design controllers for each of the aforementioned appli-

cations, i.e., the current control of grid-tied VSCs, the voltage control of islanded microgrids,

and voltage support in traction networks.

1.5 Thesis Outline

This thesis consists of two parts. In the first part, several current and voltage control strategies

applicable to VSCs are proposed. Although the controllers are proposed in the context of mi-

crogrids, they are rather general and can be utilized in various energy conversion applications.

In the second part, which is dedicated to traction networks, several ancillary services using the

ALC of modern locomotives are proposed. Note that in Part II, some of the ideas and methods

of Part I are adopted.

The next two chapters, which constitute Part I, are structured as follows:
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• Chapter 2 presents a vector control strategy for regulating the current of three-phase

grid-tied VSCs in an RRF. The proposed approach is based on shaping the open-loop

and closed-loop transfer function matrices of the system and results in decoupled

d q-axes. Moreover, proposing a Fictive Axis Emulator (FAE), this chapter extends the

applicability of the decoupled vector current control scheme to single-phase grid-tied

VSCs.

• Chapter 3 proposes a multivariable digital control design methodology for the volt-

age regulation of an islanded single-DG-unit microgrid and its dedicated load. The

controller design methodology is based on a family of spectral MIMO models of the

microgrid system and performs open-loop and closed-loop shaping simultaneously for

the assumed models by a convex optimization approach similar to that of Chapter 2.

Adopting the proposed methodology, two single-stage and one cascade voltage control

schemes for islanded microgrids are presented.

Chapters 4 to 6 constitute Part II and are organized as follows:

• In Chapter 4, adopting the ALC of modern locomotives, an identification strategy is

proposed, which estimates the parameters of the catenary line through the injection of

low-order harmonic current and monitoring the corresponding voltage at the connec-

tion point of the locomotive to the network.

• Chapter 5 details the low system-voltage problem in traction networks and proposes

several voltage support schemes for such systems. The proposed methods are based on

the injection of capacitive reactive power through the current-controlled ALC of locomo-

tives. Among the proposed approaches, the gain-scheduled PI-controller shows the best

performance. The gain scheduling is carried out through identifying the parameters of

the catenary line by the method of Chapter 4.

• Chapter 6 introduces another voltage support scheme to compensate for the adverse ef-

fects of low system-voltage, which overcomes the deficiencies of the proposed methods

of Chapter 5. Similar to the methods of Chapter 5, the proposed approach is based on the

injection of reactive power through the current-controlled ALC of modern locomotives.

However, instead of a gain-scheduled PI-controller, a 5th-order controller is utilized,

which does not need any online tuning. To design the 5th-order controller, adopting

the nonparametric models of the system at various locations, an optimization-based

open-loop and closed-loop shaping approach is used. The loop shaping guarantees

the stability and the acceptable performance of the closed-loop system for various

locomotive positions in the network.

Finally, Chapter 7 concludes the thesis and expresses its contributions and possible future

works.

8



Part IGeneral Control Tools for Microgrids

9



Introduction to Part I

In this part, several general-purpose control tools for the regulation of the current and voltage

of grid-connected and islanded microgrids are proposed. Chapter 2 presents an existing vector

current control scheme for grid-tied three-phase VSCs and discusses its deficiencies in terms

of axis-coupling. Then, adopting an optimization-base controller design procedure, a vector

control scheme for such VSCs is proposed that obviates the axis-coupling problem of the

existing one. Moreover, proposing a countermeasure, the applicability of the proposed vector

control method is extended to single-phase systems. In Chapter 3, adopting the same design

procedure, three voltage control approaches for islanded microgrids and their dedicated loads

are proposed. Two of the proposed approaches directly regulate the voltage and consist of

only one stage. The third one, however, has a cascade structure and utilizes the developed

vector current control scheme of Chapter 2 as its inner current control loop.

It must be noted that the proposed control tools of this part, although primarily developed for

microgrids, are equally applicable to various energy conversion systems where current and/or

voltage regulation are required.
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2
Decoupled Vector Control of Grid-tied VSCs

2.1 Introduction

Using nonparametric models, this chapter proposes a vector control strategy for the current

regulation of three-phase grid-tied VSCs, in which the d- and q-axes are decoupled. The

design procedure consists of an optimization-based loop shaping, which guarantees the

stability and the desired performance of the closed-loop system [62, 63]. The structure of the

achieved controller is similar to that of the PMCC [3], however, instead of integrators in the

transversal arms of the controller, PI-controllers are used. The proposed method provides

better dynamic performance compared to its predecessors and is structurally simple. In this

chapter, the design procedure of the decoupled d q-currents control strategy is presented, and

its performance is evaluated for three-phase systems based on simulation and experimental

results.

Moreover, in this chapter, the applicability of the proposed vector control scheme is extended

to single-phase grid-connected VSCs. In such systems, conventionally, to create two orthogo-

nal signals required for extracting the d q-components of the current, the converter current

is delayed a quarter of a fundamental period. Such delay results in oscillatory dynamics and

strongly coupled axes. In the proposed method of this chapter, theβ-component of the control

signal along with that of the grid voltage are adopted in order to create the imaginary current

orthogonal to the converter current such that the real and imaginary currents concurrently

react to set-point changes. The feasibility of the proposed strategy is validated based on

time-domain simulation studies and experimental results.

The rest of the chapter is structured as follows. Section 2.2 describes the axis-coupling problem

in the d q-currents control of VSCs and also briefly presents the previously proposed PMCC [3].

Section 2.3 presents the proposed d q-currents control strategy for three-phase systems and

compares its performance with that of the PMCC. Section 2.4 extends the applicability of the

decoupled d q-currents controller to single-phase systems. Section 2.5 concludes the chapter.
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Figure 2.1: The one-line diagram of the three-phase test system

2.2 Statement of Problem and An Existing Current Controller

Grid-tied VSCs are normally interfaced to a utility grid through a line reactor filter comprising

an inductor, while their currents are regulated. In this section, adopting a three-phase VSC, a

three-phase test system is studied, and its mathematical model is developed. Then, using the

model, the axis-coupling problem of d q-currents controllers is detailed. Moreover, an existing

d q-currents control method, i.e., the PMCC, is briefly reviewed.

Figure 2.1 shows a one-line schematic diagram of the utilized test system that is a three-phase

VSC connected to the utility grid through a series line reactor filter and a coupling transformer.

The filter is modeled by an inductor, Lt , and a resistor, Rt . Moreover, the leakage inductance

and series resistance of the transformer are added to the corresponding parameters of the

filter. Table 2.1 presents the parameters of the test system. Note that the dynamics of the VSC

DC-side are neglected, and utilizing a DC source, the DC-link voltage is fixed at 350 V.

It must be noted that in this thesis, all variables in time-domain are represented by minuscules,

while variables in z- or s-domain are represented by majuscules. Moreover, all transfer function

matrices are depicted by bold characters while transfer functions and the individual entries of

transfer function matrices are shown by italic characters. Furthermore, throughout the thesis,

the input signals of PWM blocks and the converters outputs are identically labeled. However,

the input signals of PWM blocks are accompanied by asterisks in order to emphasize that they

are not exactly the same, as the converters outputs contain switching ripples.
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Table 2.1: The parameters of the three-phase test system of Figure 2.1

Quantity Value Comment

Lt 5 mH (0.18 pu) Inductance of VSC Filter
Rt 0.3Ω (0.036 pu) Resistance of VSC Filter

Sbase 0.8 kVA (1 pu) VSC Rated Power
vdc 35 0 V DC Bus Voltage
vabc 46 V (rms) (1 pu) VSC-side Ph-G Grid Voltage
nt 5 Transformer Ratio
fsw 5 kHz PWM Carrier Frequency
fs 5 kHz Sampling Frequency
f 50 Hz System Nominal Frequency
ωn 314.15 rad/s Nominal Angular Frequency

2.2.1 Axis-Coupling Problem

In this section, deriving the mathematical model of the three-phase system of Figure 2.1, the

axis-coupling problem is explained. The dynamics of the VSC AC-side variables of Figure 2.1

are described in an abc-frame as follows:

vt ,abc = Rt it ,abc +Lt
dit ,abc

d t
+ vabc , (2.1)

in which vabc and vt ,abc are the grid voltages and the VSC terminal voltages, respectively.

Moreover, it ,abc represents the converter currents. Extracting the phase-angle of vabc , (2.1) is

transformed to the d q-frame and is expressed by

vt ,d q = Rt it ,d q +Lt
dit ,d q

d t
+ jωnLt it ,d q + vd q (2.2)

in which ωn is the nominal angular frequency. Separating the real and imaginary terms, the

dynamics of the d- and q-axes are then deduced as

Rt it ,d +Lt
dit ,d

d t
= vt ,d +ωnLt it ,q − vd (2.3)

and

Rt it ,q +Lt
dit ,q

d t
= vt ,q −ωnLt it ,d − vq . (2.4)

Equations (2.3) and (2.4) represent the relationship between the control signals and the

current of each axis along with the mutual coupling effect of the axes, and confirm that the

axes are coupled. Applying Laplace transform to (2.3) and (2.4), the structural diagram of the

system in the rotating reference frame is achieved, as shown in Figure 2.2, which contains the

coupling terms. However, designing proper controllers, the resulting closed-loop system can
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+ +

++

Figure 2.2: The structural diagram of the test system in the RRF

be decoupled. In the following, an existing current control method, i.e., the PMCC, is briefly

reviewed, which although reduces the coupling effect, however, it cannot fully decouple the

system. Then, adopting an optimization-based loop shaping approach, a controller capable

of decoupling the axes is introduced.

2.2.2 Pseudo-continuous Multivariable-PI Current Controller - PMCC

In this section, the PMCC is briefly described, and its structural diagram is provided. To design

the PMCC, the system transfer function is essential. Applying Laplace transform to (2.2), the

following is derived:

Vt ,d q (s) = Rt It ,d q (s)+Lt sIt ,d q (s)+ jωnLt It ,d q (s)+Vd q (s) (2.5)

in which Vt ,d q , Vd q , and It ,d q are vectors represented by xd + j xq . In the following, for sim-

plicity reason, the Laplace operator (s) of Vt ,d q , Vd q , and It ,d q are omitted. Since the system

is symmetric, instead of using the matrix representation of the transfer functions for MIMO

systems, one can introduce a so-called Complex Transfer Function. Therefore, subtracting Vd q

from both side of (2.5), the complex transfer function of the system from Vt ,d q −Vd q to It ,d q is

achieved as

GS(s) = Ks

1+ (s + jωn)Ts
(2.6)
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in which Ts = Lt
Rt

and Ks = 1
Rt

. In (2.6), the coupling between the d- and q-axes is represented

by the term jωnTs . The PWM block of Figure 2.1 is also modeled by a so-called pseudo-

continuous approach [3, 18] as follows:

GP (s) = 1

1+ (s + jωn)TpE
. (2.7)

In (2.7), TpE is the average value of the delays caused by the PWM converter, the measurement

devices, the sampling, etc. In case the switching frequency of the converter and the sampling

frequency are high enough, the effect of jωnTpE is negligible. Therefore, assuming high

switching and sampling frequencies, (2.7) can be approximated by

GP (s) = 1

1+ sTpE
. (2.8)

The open-loop transfer function of the system utilizing the PMCC is then deduced as

Go(s) =GR (s)GS(s)GP (s) (2.9)

in which GR (s) represents the PMCC. Substituting for GS(s) and GP (s) from (2.6) and (2.8),

respectively, in (2.9), the following open-loop complex transfer function is achieved:

Go(s) =GR (s)
Ks

1+ (s + jωn)Ts

1

1+ sTpE
. (2.10)

In order to obtain a standard transfer function without complex coefficients, GR (s) is selected

as follows:

GR (s) = 1+ (s + jωn)Ts

sTi
, (2.11)

which leads to the simplification of (2.10) as

Go(s) = Ks

sTi (1+ sTpE )
. (2.12)

The open-loop transfer function of (2.12) is a standard transfer function without complex

coefficients. Therefore, the closed-loop system is decoupled. The remaining parameter to

design is Ti , which can be calculated by a usual criterion on the phase margin. Note that since

the grid voltages are fixed and imposed by the utility grid, one can add their d q-components

to the outputs of the controller as feedforward signals to cancel their effects.

The PMCC defined by (2.11) has a complex transfer function with the real and imaginary terms.

Separating the terms, the controller is written as

Yd + j Yq =
(1+ sTs

sTi
+ j

ωnTs

sTi

)(
Iε,d + j Iε,q

)
(2.13)
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in which Yd q and Iε,d q are the controller outputs and the error signals in the d q-axes, respec-

tively. Therefore,

Yd = 1+ sTs

sTi
Iε,d − ωnTs

sTi
Iε,q (2.14)

and

Yq = 1+ sTs

sTi
Iε,q + ωnTs

sTi
Iε,d . (2.15)

Equations (2.14) and (2.15) represent the control signals in both d- and q-axes, which include

cross coupling terms. The structural diagram of the PMCC is shown in Figure 2.3 in which the

grid voltages feedforward signals are also depicted.

Note that the PMCC relies on low-order parametric model of the system to decouple the

axes. For example, Gp (s) is a low-order parametric model of the PWM converter, which does

not fully reflect its dynamic behavior. Since no mathematical model can precisely model a

real system, the axis-decoupling achieved by the PMCC is not perfect, although it is superior

compared to that of the conventional d q-currents controllers [24]. Moreover, the parametric

Vt,d

Vt,q

Vd

Vq

It,d

It,q

sTi

ωnTs

sTi

1+sTs

sTi

ωnTs

sTi

1+sTs

It,d,ref

It,q,ref

Iε,d

Iε,q

PMCC

+

+++

+ +

Yd

Yq

Figure 2.3: The structural diagram of the PMCC with the grid voltage feedforward signals
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Figure 2.4: Typical PRBS in the time domain

errors, i.e., the errors in determining the parameters of the system, intensify the imperfect

decoupling problem. In the following, adopting the nonparametric model of the system,

a MIMO controller is designed whose structure is similar to that of the PMCC, however, it

provides decoupled current axes and superior dynamic performance.

2.3 Optimization-based Multivariable-PI Current Controller - OMCC

The Optimization-based Multivariable-PI Current Controller (OMCC) design is based on

minimizing the difference between the open-loop transfer function matrix of the system

and a desired open-loop transfer function matrix. The minimization is subject to some

convex constraints and forms a convex optimization problem. In the following, first, the

nonparametric model of the system is derived, which is a 2×2 nonparametric model consisting

of frequency response functions. Then, the utilized controller structure is explained, and

finally, solving the optimization problem subject to some constraints, the optimal coefficients

of the controller are determined.

2.3.1 System Nonparametric Model

To achieve the open-loop transfer function matrix, the nonparametric model of the to-be-

controlled system is necessary. The 2× 2 model of the system can be represented by the

transfer function matrix G as follows:[
It ,d

It ,q

]
=

[
G11 G12

G21 G22

]
︸ ︷︷ ︸

G(s)

[
Vt ,d

Vt ,q

]
. (2.16)

To achieve the nonparametric model, one can excite the system through applying a Pseudo-

Random Binary Sequence (PRBS) as the inputs and monitor the outputs. A PRBS, as depicted

in Figure 2.4, is a sequence of pulses with random width and a pre-specified amplitude,
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which has the properties of a discrete-time white noise (a flat spectrum) and has special

mathematical characteristics that make it attractive as a stimulus signal [72]. In the system of

Figure 2.1, exciting vt ,d with a PRBS, one can identify the frequency responses of G11 and G21

as

G11( jω) = F (it ,d )

F (vt ,d )
and G21( jω) = F (it ,q )

F (vt ,d )
(2.17)

in which F stands for Fourier Transform. The same holds for identifying the nonparametric

model of G22 and G12 through exciting vt ,q . Note that for the system identification, it is

recommended that the inputs, i.e., vt ,d and vt ,q , take their steady-states values corresponding

to zero VSC currents, and then, the PRBS is superimposed to one of the inputs. Moreover,

note that the selection of the PRBS amplitude is of high importance. The reason is that the

amplitude must be large enough to sufficiently excite the system, while it does not violate the

operating ranges of the system.

Figure 2.5 depicts the identified nonparametric model of the system of Figure 2.1 whose

parameters are set according to Table 2.1 for two values of Rt : (i) 0.3Ω and (ii) 1.1Ω. Note that

Rt = 0.3 Ω is the sum of the series resistance of the line filter and the coupling transformer,

which is measured by an RLC meter in a real experimental system. However, other resistive ele-

ments, e.g., the resistance of the cables and the resistance of the grid, are present in the system

and affect the nonparametric model. Assuming such resistive elements, Rt can be as high as

1.1Ω. These resistive elements are not taken into account in the PMCC design procedure and

can be regarded as parametric errors, which together with the modeling mismatch result in the

axis-coupling problem. Figure 2.5 shows that the parametric errors and modeling mismatch

can lead to substantial discrepancies in the identified nonparametric models. However, since

the OMCC utilizes the identified nonparametric model, which precisely reflects the dynamic

behavior of the system, the modeling mismatch and/or parametric errors do not deteriorate

its performance.

2.3.2 Controller Structure

The test system of Figure 2.2 has two outputs, i.e., it ,d and it ,q , which are aimed to be controlled

by two inputs, i.e., vt ,d and vt ,q . Therefore, a typical 2×2 multivariable control structure, as

shown in Figure 2.6, is used. The matrix representation of the controller is as follows:[
Vt ,d

Vt ,q

]
=

[
K11 K12

K21 K22

]
︸ ︷︷ ︸

K(s)

[
Iε,d

Iε,q

]
. (2.18)

Since the controller to be designed should be the competitor of the PMCC, the PI-controllers

are selected as the elements of the controller matrix, i.e., Ki j (s) = ρP,i j + ρI ,i j

s in which i = 1,2

and j = 1,2. Therefore, Ki j (s) = ρT
i jφ(s) in which ρT

i j = [ρP,i j ,ρI ,i j ] and φT = [1, 1
s ]. This

implies that the open-loop transfer function matrix of the system is a function of the vector
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Figure 2.5: The nonparametric models of the system for two values of Rt

ρ = [ρP,11,ρI ,11, ...,ρP,22,ρI ,22] and is shown as a function of frequency by

L( jω,ρ) = G( jω)K( jω,ρ) =
[

L11 L12

L21 L22

]
. (2.19)

In the following, using convex optimization theory and defining some constraints that guaran-

tee the robustness and the stability of the closed-loop system, the optimal coefficients of the

controller, i.e., the elements of ρ, are calculated.

2.3.3 Optimization-based Controller Design

Shaping the open-loop transfer function matrix, L(s,ρ), is performed by minimizing the second

norm of the error between L(s,ρ) and a desired open-loop transfer function matrix, LD(s).

Therefore, the controller design approach consists of the following optimization problem:

min
ρ

∥ L(ρ)−LD ∥2 . (2.20)

The primary goals in the d q-currents control are decoupling the axes and showing satisfactory

dynamic performance. Therefore, a reasonable desired open-loop transfer function matrix for

the d q-currents controlled system of Figure 2.1 is as follows:

LD(s) =
[

LD1 0

0 LD2

]
=

[
ωc
s 0

0 ωc
s

]
. (2.21)
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K12(s)

K22(s)
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++

Figure 2.6: The generic structure of a 2×2 multivariable controller for the system of Figure 2.1

The transfer function matrix of (2.21) results in the desired decoupled system, while the

dynamic performance of each axis, e.g., the system bandwidth and response time, can be

manipulated by the choice ofωc . Moreover, the closed-loop sensitivity function of the diagonal

elements, Sqq = (1+Lqq )−1, can be shaped using |W1( jω)Sqq ( jω)| < 1 ∀ω, where W1( jω) is

a weighting filter, and q = 1,2. This is an H∞ performance condition that guarantees the

robustness of the main axes [73]. A convex approximation of this condition can be given by

the following linear constraints [62, 63]:

|W1( jω)[1+LDq ( jω,ρ)]|−Re{[1+LDq (− jω)][1+Lqq ( jω,ρ)]} < 0

∀ω ∈R for q = 1,2. (2.22)

Note that solving the optimization problem of (2.20) constrained to (2.22) results in a decou-

pled open-loop transfer function matrix that has excellent reference signal tracking capability.

However, it does not guarantee the stability of the multivariable closed-loop system. To en-

sure the stability of the multivariable closed-loop system, the Generalized Nyquist Stability

criterion must be respected. This criterion guarantees the stability of the feedback system if

and only if the net sum of anticlockwise encirclements of the critical point (−1+ j 0) by the set
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of eigenvalues of the matrix L( jω) is equal to the total number of the right-half plane poles of

L(s). To satisfy this condition, adopting Gershgorin bands, the references [62, 63] prove that

assuming the nonparametric model G( jω), the linearly parameterized controller K(s) defined

in (2.18) stabilizes the closed-loop system if

rq (ω,ρ)− Re{[1+LDq (− jω)][1+Lqq ( jω,ρ)]}

|1+LDq ( jω)| < 0 ∀ω ∈R for q = 1,2. (2.23)

In (2.23), the diagonal matrix LD( jω) should be chosen such that the number of counterclock-

wise encirclements of the critical point by the Nyquist plot of the set of its eigenvalues is equal

to the number of unstable poles of G(s). Therefore, the transfer function matrix of (2.21) is a

fulfilling choice. Moreover, r1(ω,ρ) and r2(ω,ρ) are defined as:

r1(ω,ρ) = |L21( jω,ρ)|, (2.24)

and

r2(ω,ρ) = |L12( jω,ρ)|. (2.25)

Considering the constraints for the desired performance, as shown in (2.22), and the con-

straints for the stability of the closed-loop system, as shown in (2.23), the OMCC design is

summarized into the following optimization problem:

min
ρ

∥ L(ρ)−LD ∥2,

subject to

|W1( jω)[1+LDq ( jω,ρ)]|−Re{[1+LDq (− jω)][1+Lqq ( jω,ρ)]} < 0

and

rq (ω,ρ)− Re{[1+LDq (− jω)][1+Lqq ( jω,ρ)]}

|1+LDq ( jω)| < 0 ∀ω ∈R for q = 1,2. (2.26)

The optimization problem of (2.26) includes infinite number of constraints and finite number

of variables and is known as a Semi-Infinite Programming (SIP) problem, which is hard

to solve. A practical solution to this problem is to neglect the frequencies above a certain

frequency, i.e., ωmax , for which the gain of the open-loop transfer function matrix is close
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to zero. For discrete-time systems, this frequency can be chosen as the Nyquist frequency

that is half of the sampling frequency. Then, one can only consider the gridded frequency

interval [0 ωmax ], which contains finite frequency points. Such problems are referred to as

Semi-Definite Programming (SDP) problems and are solved utilizing standard SDP-solvers,

e.g., SeDuMi [74].

Choosing N linearly spaced frequencies in the interval [0 ωmax ] ∈R, the quadratic objective

function is approximated by:

∥ L(ρ)−LD ∥2 ≈
N∑

k=1
∥ L( jωk ,ρ)−LD( jωk ) ∥F (2.27)

where ∥.∥F is the Frobenius norm. Therefore, the following optimization problem is deduced:

min
ρ

N∑
k=1

∥ L( jωk ,ρ)−LD( jωk ) ∥F ,

subject to

|W1( jωk )[1+LDq ( jωk )]|Re[1+LDq (− jωk )][1+Lqq ( jωk ,ρ)] < 0

and

rq (ω,ρ)− Re{[1+LDq (− jω)][1+Lqq ( jω,ρ)]}

|1+LDq ( jω)| < 0 for k = 1, ..., N and q = 1,2. (2.28)

2.3.4 Performance Evaluation

The purpose of this section is to evaluate the performance of the OMCC and also to com-

pare it with that of the PMCC both in simulation and experiment. For the simulation part,

the system of Figure 2.1, whose parameters are set according to Table 2.1, is simulated in

MATLAB/PLECS environment. Using the bilinear method [75], the continuous-time control

and signal processing commands are transformed to discrete-time and are developed into

a S-function in MATLAB/Simulink. Moreover, for the experimental part, adopting the test

system of Figure 2.1 and the corresponding parameters of Table 2.1, a three-phase experi-

mental setup is implemented. To implement the control strategies and signal processing

algorithms, an FPGA-based controller, which provides a C programming environment, is used.

The adopted FPGA is XC4010PC84 FPGA manufactured by XILINX. The control and signal

processing algorithms are first discretized using the bilinear method and then developed into

C codes. It should be noted that in order to achieve perfect isolation between the power and
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Figure 2.7: The reference values for the inverter currents: (a) the d-component and (b) the
q-component

control circuits, optic-based gate drivers are adopted for driving the IGBTs.

For the performance evaluation, a reference tracking test is conducted for each control strategy.

Figures 2.7 (a) and (b) depict the reference signals utilized in the conducted tests for the d-

and q-axes, respectively. it ,d ,r e f consists of three step changes, i.e., 0 to 10 A, 10 to 6 A, and 6

to 0 A, at the time instants t = 0.01 s, t = 0.02 s, and t = 0.045 s, respectively. Moreover, it ,q,r e f

experiences two step changes from 0 to 8 A and from 8 to -10 A, at the time instants t = 0.03 s

and t = 0.055 s, respectively.

To design the PMCC, for the simulation, the parameters of Table 2.1 are adopted. Moreover,

for the experimental part, the measured values of the resistance and inductance of the filter

along with those of the transformer are used, which are measured by an RLC meter. The

experimentally measured values comply with those of Table 2.1. However, Figure 2.8 depicts

that the identified model of the experimental setup does not match the nonparametric model

of a system whose parameters are set according to Table 2.1, and rather comply with the

nonparametric model of a system with Rt = 1.1 Ω. The difference between the measured

value of Rt = 0.3Ω and the identified value of Rt = 1.1Ω represents the parametric errors and

also the unmodeled resistive elements of the system. Therefore, to design the OMCC for the

simulation and the experiment, the simulation-based nonparametric model corresponding

to Rt = 1.1 Ω and the experiment-based nonparametric model of Figure 2.8 are adopted,

respectively. Moreover, to mimic the experimental case in the simulation part, although the

PMCC is designed for Rt = 0.3Ω, Rt is set to 1.1Ω in the simulated system. Of course, it must

be noted that using a trial-and-error approach, one can tune the PMCC to achieve better

results and to reduce the error between the real value of Rt and the value used for the design.

However, the purpose of this chapter is to demonstrate the deficiencies of the PMCC, while
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Figure 2.8: The nonparametric models of the simulated system for two values of Rt and the
nonparametric model of the experimental system

systematically designed, compared to the OMCC.

To design the controllers in the following sections, the same bandwidth is selected for all

cases, which is ωc = 1000 r ad
s . Moreover, the weighting filter adopted for the OMCC design is

W1( jω) = 0.5. This value guarantees a gain margin of at least 2 and a phase margin of greater

than 29 degrees [72].

2.3.4.1 Simulation Results

In the simulation part, Rt is set to 1.1 Ω. However, in order to mimic the parametric errors

of a real scenario, for the PMCC design, Rt is assumed to be 0.3 Ω. Then, adopting the

aforementioned design parameters, the PMCC is designed, and it is represented by

KPMCC(z) =

 5.08z−4.92
z−1 −0.157z+0.157

z−1

0.157z+0.157
z−1

5.08z−4.92
z−1

 . (2.29)

Moreover, utilizing the simulation-based nonparametric model of Figure 2.8 corresponding to

Rt = 1.1Ω and taking the aforementioned design procedure, the OMCC is designed, which is

represented by

KOMCC(z) =

 5.089z−4.899
z−1 −0.320z+0.0001

z−1

0.320z+0.0001
z−1

5.089z−4.899
z−1

 . (2.30)
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Figure 2.9: The simulation results of the test system of Figure 2.1 equipped with the PMCC
designed for Rt = 0.3Ω during step changes in the d- and q-axes: (a) the line currents, (b)
the d q-components of the currents, and (c) the d q-components of the control signals

In the following, the performance of the designed controllers of (2.29) and (2.30) are respec-

tively evaluated in simulation.

Reference Tracking Test for PMCC In this section, adopting the aforementioned reference

tracking test scenario in MATLAB/PLECS environment, the performance of the PMCC is

evaluated. It is shown that due to the parametric errors and modeling mismatch, the dynamic

performance of the PMCC deteriorates, and subsequent to step changes in the d-axis (q-axis),

a non-negligible transient is experienced in the q-axis (d-axis). This verifies that the PMCC

may not fully decouple the current axes.

The test signals of Figures 2.7 (a) and (b) are applied to it ,d ,r e f and it ,q,r e f , respectively. Upon

each step change, the line currents and their corresponding d q-components, as shown in

Figures 2.9 (a) and (b), change to track the reference signals in less than 2 ms with zero steady-

state errors. However, Figure 2.9 (b) shows that upon each step change in each axis, the other
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Figure 2.10: The simulation results of the test system of Figure 2.1 equipped with the OMCC
during step changes in the d- and q-axes: (a) the line currents, (b) the d q-components of
the currents, and (c) the d q-components of the control signals

axis experiences a transient whose magnitude depends on the amount of the step change

and verifies that the PMCC suffers from axis-coupling problem. Figure 2.9 (c) depicts the

d q-components of the control signals, which subsequent to each step change, are adapted to

the new operating points by the PMCC.

Reference Tracking Test for OMCC Utilizing the system of Figure 2.1 equipped with the

OMCC of (2.30) and applying the test sequences of Figures 2.7 (a) and (b) to it ,d ,r e f and it ,q,r e f ,

respectively, the same test is conducted for the OMCC to evaluate its performance. After

each change in the d- or q-axis reference value, the OMCC regulates the line currents at the

desired level in less than 2 ms, as shown in Figures 2.10 (a) and (b). Figure 2.10 (b) depicts the

d q-components of the line currents, which subsequent to each step change, are regulated

at the desired values as fast as the PMCC case and with zero steady-state errors. Moreover,

Figure 2.10 (b) verifies that upon each step change in the d-axis (q-axis), the q-component
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(d-component) of the currents does not experience any transient, which confirms the full

axis-decoupling capability of the OMCC. Figure 2.10 (c) depicts the d q-components of the

control signals.

To numerically compare the decoupling capability of the controllers, the second norm of

the error in d-axis during a step change in the q-axis is calculated. The utilized criterion is

summarized as D = 1
t2−t1

√
t2∫

t1

i 2
ε,q . Calculating this norm for t1 = 0.055 s and t2 = 0.075 s, D =

3.82 for the PMCC, while D = 0.001 for the OMCC, which confirms more effective decoupling

capability of the OMCC compared to that of the PMCC. Moreover, although the rise time of

both controllers are the same, the OMCC settling time is much less than that of the PMCC. For

example, subsequent to the last step change in the q-axis reference value, the OMCC reaches

the ±5% steady-state boundary within 2 ms while it takes 20 ms for the PMCC to reach that.

In order to compare the performance of the OMCC with that of the PMCC when designed

for the exact values of the system parameters, i.e., filter resistance and inductance, the same

reference tracking test is also carried out for a PMCC designed for Rt = 1.1Ω. Figure 2.11 (a)

shows the abc-frame currents of the converter. The d q-components of the current are also

shown in Figure 2.11 (b), which confirm that even if the parameters of the system are available

with no measurement errors, the PMCC is not able to fully decouple the d q-components of

the line currents. This is mainly due to the modeling mismatch of the system in the PMCC

design procedure, e.g., the modeling mismatch of the PWM converter, which is modeled by

a first-order transfer function. The d q-components of the control signal are also shown in

Figure 2.11 (c).

2.3.4.2 Experimental Results

In this section, the performance of the OMCC is experimentally evaluated and is compared

with that of the PMCC. To design the PMCC, the filter parameters are of most importance

and are measured using an RLC meter. The measured inductance and resistance of the

line reactor filter and the transformer are Lt = 5.0 mH and Rt = 0.3 Ω, which are used to

design the PMCC. However, to design the OMCC, the nonparametric model of the system

is obtained through a PRBS-based identification on the experimental setup, as shown in

Figure 2.8. Note that although the measured Rt is 0.3 Ω, however, the experiment-based

identified nonparametric model complies with a theoretical model corresponding to Rt =
1.1Ω. A photo of the experimental setup is shown in Figure 2.12.

The designed controllers in discrete-time are represented by

KPMCC(z) =

 5.080z−4.920
z−1 −0.157z+0.157

z−1

0.157z+0.157
z−1

5.080z−4.920
z−1

 (2.31)
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Figure 2.11: The simulation results of the test system of Figure 2.1 equipped with the
PMCC designed for Rt = 1.1Ω during step changes in the d- and q-axes: (a) the line currents,
(b) the d q-components of the currents, and (c) the d q-components of the control signals

and

KOMCC(z) =

 5.140z−4.851
z−1 −0.324z−0.0004

z−1

0.324z−0.0005
z−1

5.140z−4.850
z−1

 . (2.32)

In the following, using the aforementioned reference tracking test, the performance of the

designed controllers of (2.31) and (2.32), respectively, are experimentally evaluated.

Reference Tracking Test for PMCC In this section, the performance of the PMCC is experi-

mentally evaluated in terms of tracking reference signals. It is shown that in accordance with

the simulation results, utilizing the PMCC, the d q-axes of the currents are not fully decoupled,

mainly due to the parametric errors and modeling mismatch.
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Figure 2.12: The three-phase experimental setup

To experimentally evaluate the performance of the PMCC, the reference tracking test is con-

ducted. Figures 2.13 (a) and (b) show the inverter currents and their d q-components, re-

spectively, which follow the step changes in the reference values in less than 2 ms. However,

subsequent to each step change in the reference value of the d-axis (q-axis) current, the q-axis

(d-axis) current experiences a non-negligible transient. Note that the d q-components of the

currents contain 300 Hz ripples, which are caused by the lag-time of the PWM strategy [76].

Figure 2.13 (c) shows the d q-components of the control signals that upon each step change,

vary to accommodate the requested change. The results confirm that the PMCC may not fully

decouple the axes due to the parametric errors and modeling mismatch.

Reference Tracking Test for OMCC Utilizing the implemented experimental setup equipped

with the OMCC and applying the same reference tracking test, the performance of the OMCC

is experimentally evaluated. Figure 2.14 (a) and (b) depict the line currents and their corre-

sponding d q-components, respectively. Figure 2.14 (b) shows that after each step change in

the reference value of the d- or q-axis, the OMCC regulates the line currents at the desired

level in less than 2 ms. Moreover, it confirms that upon a step change in each axis, the current

of the other one remains unchanged. Figure 2.14 (c) depicts the d q-components of the control

signals, which subsequent to each step change, are adapted to the new operating points by

the OMCC.
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Figure 2.13: The experimental results of the test system of Figure 2.1 equipped with
the PMCC during step changes in the d- and q-axes: (a) the line currents, (b) the d q-
components of the currents, and (c) the d q-components of the control signals

The presented test results confirm the simulation results and show that the proposed controller,

i.e., the OMCC, (i) is capable of tracking reference signals with zero steady-state errors, (ii)

has fast dynamics, and (iii) contrary to the PMCC, provides fully decoupled d- and q-axes of

currents.

2.4 Extension to Single-Phase VSCs

The control strategy of the previous section necessitates a stationary to rotating reference

frame transformation, which in three-phase systems is viable through an abc to αβ and then

an αβ to d q transformation. Since the transformation to a rotating reference frame requires

two orthogonal signals, i.e., α and β, such a transformation cannot be directly applied to

single-phase systems as variables in a single-phase system contains only one component.

To obviate the aforementioned shortcoming, one solution is to generate fictive orthogonal
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Figure 2.14: The experimental results of the test system of Figure 2.1 equipped with
the OMCC during step changes in the d- and q-axes: (a) the line currents, (b) the d q-
components of the currents, and (c) the d q-components of the control signals

components of the current and voltage by phase shifting the physical ones a quarter of a

fundamental period [33,34]. In such a case, the physical single-phase variables form theα-axis

while the fictive variables represent the β-axis. The α- and β-axes are then transformed to a

rotating reference frame in which the d q-currents controller is implemented. The resulting

control signals in the d q-reference frame are transferred back to the αβ-frame, and the α-

component of the control signals is fed into the PWM block while itsβ-component is discarded.

The structural diagram of this controller is depicted in Figure 2.15. However, phase shifting

the current and voltage to create the required orthogonal signals deteriorates the dynamics

of the system and makes it slow and oscillatory as the physical and fictive axes do not run

concurrently. Therefore, any transient in the physical axis is also experienced in the fictive axis

a quarter of fundamental period later. To obviate this shortcoming, the orthogonal component

of the current must be concurrently generated with the physical axis current.

To generate the reference phase angle for the stationary to rotating reference frame transforma-
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Figure 2.15: A single-phase test system consisting of a grid-tied VSC and the grid along
with the conventional single-phase current regulation scheme

tion, a single-phase Phase Locked Loop (PLL) based on a Second Order Generalized Integrator

(SOGI) [77] is used. Using the SOGI, the utilized PLL generates the required orthogonal com-

ponent of the voltage concurrently with the physical axis and prevents the introduction of the

delay to create that.

2.4.1 Fictive Axis Emulator - FAE

To concurrently generate the required orthogonal current, one can use a fictive model of the

system, which is the transfer function of the real system in a SRF, hereinafter called the FAE.

The detailed structural diagram of the FAE is represented in Figure 2.16. In such a case, the

orthogonal component of the grid voltage created by the SOGI and the orthogonal component

of the control signal created by the d q-currents controller are fed to the FAE. The orthogonal

current component is emulated as a fictive one with the FAE block of the controller system.

Then, the classical αβ to d q transformation is used, followed by a d q-currents controller as

described in Section 2.2 or Section 2.3. The link to the system is made through a d q to αβ

transformation. The real component path is closed through the physical system, and the

imaginary path is closed through the FAE. Figure 2.17 shows the proposed control strategy in

which the FAE is used to generate the orthogonal component of the current. In the following,

the performance of the FAE-based single-phase d q-currents control strategy is evaluated

based on simulation studies and is compared to that of the delay-based method, and the

findings are verified by experimental results.
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Figure 2.17: The single-phase test system along with the proposed current control scheme
based on the FAE

2.4.2 Performance Evaluation

The purpose of this section is to evaluate the performance of the FAE-based regulator based

on simulation and experiment and also to compare it with that of the delay-based control

strategy. For the comparison, in a simulation test bench, a reference tracking test is conducted

for each controller. Moreover, for the experimental performance evaluation of the FAE-based

method, the same reference tracking test is carried out. To implement the control strategy

and the FAE, a 16-bit digital signal controller developed by Microchip, i.e., dsPIC30F6010A,

which provides a C programming environment, is used. The control and the signal processing

algorithms are first discretized by using the bilinear method and then developed into C codes.
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Table 2.2: The parameters of the system of Figures 2.15 and 2.17

Quantity Value P.U. Comment

Lt 5 mH 0.023 pu Inductance of VSC Filter
Rt 0.15Ω 0.002 pu Resistance of VSC Filter

Sbase 0.8 kVA 1 pu VSC Rated Power
v 230 V (rms) 1 pu Grid Nominal Voltage

vdc 300 V DC Bus Voltage
fsw 10 kHz PWM Carrier Frequency
fs 5 kHz Sampling Frequency
f 50 Hz System Nominal Frequency

2.4.2.1 Simulation Results

To evaluate the performance of the proposed current control scheme and to compare it with

that of the delay-based method, a simulation test bench is developed in Simulink/MATLAB

software environment. The test systems of Figures 2.15 and 2.17 are utilized, and their param-

eters are set based on Table 2.2. In the following, a reference tracking test is conducted for

each controller, and their performances are contrasted.

Delay-based Controller Adopting the control strategy of Figure 2.15 with the bandwidth of

200 Hz, the inverter is initially injecting zero current. At time instant t = 0.343 s, the reference

value of the q-axis steps up to 1 pu. Moreover, at time instant t = 0.357 s, the reference

values of both d- and q-axes are changed to 0.8 pu and 0.6 pu, respectively. As shown in

Figure 2.18 (a), since the grid is stiff enough, the grid voltage, i.e., the α-component, and

accordingly, the generated orthogonal voltage, i.e., the β−component, do not change during

the step changes. However, subsequent to the step changes in the d- and/or q-axes reference

values, the controller tries to regulate the α−current at the desired value. However, due to

excessive transients caused by the delay, there is an overshoot in the regulated current, as

depicted in Figure 2.18 (b). Moreover, as shown in Figure 2.18 (c), the d- and q-axes of the

currents experience non-negligible transients for even more than a quarter of a cycle due to

the delay used in the controller. Therefore, it takes more than a quarter of a cycle for the d-

and q-components of the current to track the requested reference values. The conducted

study demonstrates that the delay-based control scheme suffers from excessive transients

subsequent to step changes in its d- and/or q-axes.

Note that in the steady-state, the controller can regulate the current with zero steady-state error.

Moreover, the measured Total Harmonic Distortion (THD) of the current in the steady-state is

3.9%.

34



Extension to Single-Phase VSCs

−1

0

1
 v

α
β

 (
p

u
)

 (a)

 

 

 α

 β

−1
−0.8

0

0.8
1

 i
t
,α

β
 (

p
u

)

 (b)

 

 

 t,α

 t,β

0.34 0.35 0.36 0.37 0.38 0.39

0

0.6
0.8

1

 i
t,

d
q (

p
u

)

 Time (s)

 (c)

 

 

 t,d

 t,q

 i

 i

 i

 i

 v

 v

Figure 2.18: The simulation results of the test system of Figure 2.15 equipped with the con-
ventional delay-based current controller: (a) the grid voltage and its orthogonal component,
(b) the converter current and its orthogonal component, and (c) the d- and q-components
of the converter current

FAE-based Controller In order to fairly compare the performance of the methods, exactly

the same test as the previous section is conducted for the FAE-based approach, and also

the same PI-controllers with the same bandwidth of 200 Hz are utilized. The inverter of

Figure 2.17 is initially injecting zero current. At time instant t = 0.343 s, the reference value

of the q-axis steps up to 1 pu. Moreover, at time instant t = 0.357 s, the reference values of

both d- and q-axes are changed to 0.8 pu and 0.6 pu, respectively. The grid voltage and its

orthogonal component generated by the SOGI PLL are shown in Figure 2.19 (a), which do not

experience any transient during the test due to the stiffness of the grid. Subsequent to the step

changes in the d- and q-axes references, both α-and β-currents track the desired reference

values in almost 2 ms with zero steady-state error, Figure 2.19 (b). Moreover, as shown in

Figure 2.19 (c), the d- and q-axes of the currents track the reference values in almost 2 ms with

zero steady-state error. The conducted study demonstrates that the proposed vector control

scheme works as if the system is with multiple phases represented by space-phasors, however,

the components of the fictive space-phasors correspond to a physical quantity for the real
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Figure 2.19: The simulation results of the test system of Figure 2.17 equipped with the
FAE-based controller: (a) the grid voltage and its orthogonal component, (b) the converter
current and its emulated orthogonal component, and (c) the d- and q-components of the
converter current

part and to a fictive quantity for the imaginary part.

Note that similar to the delay-based controller, the FAE-based controller is capable of regu-

lating the current with zero steady-state error, and the measured THD of the current in the

steady-state is 4%, which verifies that the performances of the controllers in the steady-states

are quite similar. However, the reported studies verify that the proposed FAE-based method

has superior dynamics performance compared to that of the conventional delay-based ap-

proach upon step changes in the set-points. In the following, the performance of the proposed

FAE-based controller is also experimentally evaluated.

2.4.2.2 Experimental Results

In this test, the performance of the proposed FAE-based current control scheme is experi-

mentally evaluated. The test system of Figure 2.17 is adopted, and a prototype, as shown in
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Figure 2.20: The single-phase FAE-based experimental setup

Figure 2.20, is implemented based on that. The VSC initially injects zero current as both d-

and q-reference values are set to zero. At time instant t = 0.343 s, the reference value of the

q-axis steps up to 1 pu, and also at time instant t = 0.357 s, the reference values for both d-

and q-axes are changed to 0.8 and 0.6 pu, respectively. The grid regulates its voltage and con-

sequently, its orthogonal component at the rated value during the transients, as depicted in

Figure 2.21 (a). However, upon each step change, theα-current, i.e., the converter current, and

the β-current, i.e., the fictive axis current, and also their corresponding d- and q-components

change to track the reference value step changes in almost 2 ms, as shown in Figures 2.21 (b)

and (c). Note that the simulation and the experimental results of the FAE-based controller do

agree, which verifies the validity of the proposed control scheme.

It must be noted that inconsistencies between the resistance and the inductance of the fictive

axis and those of the real one may result in slightly oscillatory dynamic responses. However,

as shown in [6], the method is robust with respect to such inconsistencies, especially if the

bandwidth of the closed loop system is high enough.

2.5 Conclusions

A vector control strategy for the decoupled d q-currents regulation of grid-tied VSCs is pro-

posed. The proposed method can be utilized in various grid-tied applications for regulating
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Figure 2.21: The experimental results of the test system of Figure 2.17 equipped with the
FAE-based controller: (a) the grid voltage and its orthogonal component, (b) the converter
current and its emulated orthogonal component, and (c) the d- and q-components of the
converter current

the current and consequently the power exchange with the grid. The method relies on shap-

ing the nonparametric open-loop and closed-loop transfer function matrices of the system

through constrained convex optimization. The adopted constraints ensure the stability of the

closed-loop system and also result in the desired performance. The nonparametric model is

obtained through system identification, and therefore, the proposed method is immune to

the modeling mismatch and/or parametric errors.

Similar to the previously proposed current regulation schemes [18, 24], the proposed method

independently regulates the d q-components of the currents while it does not impose excessive

structural complexity. However, contrary to the previously proposed methods, the proposed

approach fully decouples the current axes, i.e., the d q-axes. The performance of the proposed

method is evaluated in MATLAB/PLECS environment, and the findings are confirmed by the

experiments. It is concluded that the proposed optimization-based method:

• tracks the reference signals with zero steady-state errors,
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• has better dynamic performance compared to the previously proposed approaches,

• results in decoupled current axes.

Moreover, the applicability of the proposed decoupled d q-currents control strategy is extended

to single-phase grid-tied VSCs. In such systems, in order to form a stationary and also a

synchronous frame, orthogonal components are required for both voltage and current. The

orthogonal component of the voltage is generated by a SOGI-based PLL. In the conventional

approaches phase shifting is adopted in order to create the orthogonal current, which results

in strongly coupled axes. However, the proposed control strategy generates the required

orthogonal current concurrently with the physical system. The proposed countermeasure

generates the required orthogonal current component by the FAE, which results in fast non-

oscillatory dynamics and decoupled d q-axes. The performance of the proposed control

strategy is evaluated based on simulation and experiment, and moreover, it is compared with

that of the conventional delay-based approach. The conducted studies conclude that the

proposed method:

• can maintain the stability of the system and track reference values with zero steady-state

error,

• has superior dynamic response compared to the conventional approach.
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3
Voltage Control of Islanded Microgrids

3.1 Introduction

This chapter proposes a general digital multivariable controller design methodology for the

voltage control of an islanded single-DG-unit microgrid with large variations of the load

parameters. The proposed method is based on the system open-loop shaping with some

constraints to ensure the stability of the closed-loop system. It uses MIMO nonparametric or

spectral models of the system for an arbitrary number of desired operating points along with a

linearly parameterized MIMO controller to form a set of open-loop transfer function matrices.

Based on the dynamic performance and decoupling requirements, a desired open-loop trans-

fer function matrix is also formed, and its diagonal and off-diagonal elements are determined.

Minimizing the summation of the errors between the open-loop transfer function matrices

and the desired one, the coefficients of the controller are optimally determined. The diagonal

elements of the controller are tuned to satisfy the desired dynamic performance, while simul-

taneously, the off-diagonal elements are designed to decouple the d q-axes components. To

ensure the stability of the designed controller, the minimization problem is subject to some

constraints. The salient feature of the proposed design methodology, as compared with the

existing multivariable controllers, is its capability to accommodate multi-model uncertainties

and to achieve robustness with respect to the uncertainties in the load parameters [62].

Based on the proposed design methodology, three novel MIMO d q-voltages control methods,

to regulate the voltages of an islanded single-DG-unit microgrid, are presented: (i) a single-

stage PI-based MIMO controller, (ii) a single-stage PI-based MIMO controller in conjunction

with resonant terms, which is able to compensate for the adverse impacts of nonlinear loads,

and (iii) a cascade PI-based MIMO controller. The cascade control strategy consists of an inner

d q-currents control loop, which is realized by the approach of Chapter 2, and an outer loop

responsible for providing the set-points of the inner loop. The proposed controllers guarantee

the robust stability and provide satisfactory performance of the islanded microgrid, despite

load uncertainties. The performances of the proposed controllers are evaluated based on
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Figure 3.1: The single-line diagram of the three-phase single-DG-unit microgrid

time-domain simulation studies and are experimentally validated.

The rest of this chapter is organized as follows. Section 3.2 describes the single-DG-unit

microgrid study system. Section 3.3 presents the proposed multivariable controller design

methodology. Section 3.4 presents the details of three designed d q-based voltage controllers

for the islanded system. The performance evaluation of the proposed voltage controllers,

under various operating scenarios, is reported in Section 3.5. Section 3.6 concludes the

chapter.

3.2 Study System Description

Figure 3.1 shows a schematic single-line diagram of the study microgrid system. The microgrid

system comprises a single DG unit, which is connected to its dedicated load and the utility

grid at the PCC. The DG unit is represented by a DC voltage source, a VSC, and a series LC

filter. The filter is realized by an inductor, L f , and a capacitor, C f . The inductor has a series

internal resistance, R f . The load can be any combination of a three-phase parallel RLC load

and a three-phase diode rectifier. The microgrid can be connected to the utility grid through

a coupling transformer and a switch. The parameters of the study system of Figure 3.1 are

summarized in Table 3.1.

In the grid-connected mode of the operation of the system of Figure 3.1, the switch S is closed,

and the grid imposes the amplitude and the frequency of the PCC voltages. However, In the
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Table 3.1: The parameters of the study system of Figure 3.1

Quantity Value PU Comment

R f 0.3Ω 0.11 Resistance of VSC Filter
L f 1.5 mH 0.18 Inductance of VSC Filter
C f 100 µF 0.074 Capacitance of VSC Filter

Sbase 0.6 kVA 1 VSC Rated Power
vdc 200 V DC Bus Voltage

v 40 V (peak) 1 Ph-G Nominal Voltage
fsw 10 kHz PWM Carrier Frequency
fs 50 kHz Sampling Frequency
f 50 Hz System Nominal Frequency
ωn 314.15 rad/s Nominal Angular Frequency

islanded mode, which is the main focus of this chapter, the switch S is open, and the voltages at

the PCC are no longer imposed by the utility grid. Thus, the primary purpose of the controller

block of Figure 3.1 is to regulate the amplitude and frequency of the load voltages, vabc . This

is achieved by a controller that regulates the d q-components of the load voltages, i.e., vd q , at

their desired values. The d q-components of the load voltages, converter currents, and load

currents along with the reference values of the d q-voltages are fed into the controller. The

controller then generates the control signals, i.e., the d q-components of the VSC terminal

voltages, vt ,d q . The d q-voltages controller block along with the required input signals and

their associated output signals are depicted in Figure 3.1. As shown in Figure 3.1, the frequency

of the islanded microgrid is set at the system nominal frequency, ωn , in an open loop manner.

In the next section, a general multivariable design methodology for the voltage control of the

system of Figure 3.1 is proposed. Then, in the following sections, using the presented design

methodology, three d q-voltages control strategies are proposed.

3.3 Proposed Multivariable Control Design Methodology

This section proposes a general methodology to design a voltage controller for a VSC-based

system. The proposed methodology originates from the MIMO controller design approach

in [62], which based on a family of spectral MIMO models of the system, develops a convex

optimization-based control method. The basic idea of this approach is to shape the open-loop

transfer function matrix of the system by minimizing the absolute errors between a family of

the open-loop transfer function matrices of the system, obtained for various operating points

of interest, i.e., L = {Li( jω); i = 1, ...,m;∀ω ∈ R}, and a desired open-loop transfer function

matrix, i.e., LD(s). The system open-loop transfer function matrix at the i th operating point

of the system is Li( jω) = Gi( jω)K( jω), where Gi( jω) represents the system transfer function

matrix at the i th operating point of the system, and K( jω) represents the controller transfer

function matrix. Since this loop shaping approach does not necessarily guarantee the desired
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performance and stability of the closed-loop system, to meet performance and robustness

specifications, the minimization problem is subject to some constraints. The design procedure

includes the following main steps: (i) the determination of a family of the nonparametric

models of the system at various operating points, (ii) the determination of the class of the

controller, and (iii) system open-loop shaping by the minimization of the summation of the

square second norm of the errors between the system open-loop transfer function matrices

and a desired open-loop transfer function matrix.

It must be noted that the following design procedure is basically a generalization of the design

approach presented in Chapter 2. Therefore, some part of the following discussions are similar

to those of Chapter 2.

3.3.1 Determination of a Family of Nonparametric Models

Assuming a system with two inputs and two outputs, the transfer function matrix of the system

at each operating point, based on nonparametric models, is given by[
y1

y2

]
=

[
Gi ,11 Gi ,12

Gi ,21 Gi ,22

]
︸ ︷︷ ︸

Gi( jω)

[
u1

u2

]
, (3.1)

where the index i represents the i th operating point of the system. Moreover, u1 and u2

represent the inputs while y1 and y2 represent the outputs. The elements of the matrix Gi( jω)

are determined by frequency response measurements of the system, i.e., the estimation of the

frequency response of the system in the range of the frequencies of interest. To achieve this, a

potential approach is to stimulate the system by using a PRBS generator at its input ports [72]

and measure the response at the output ports as explained in Section 2.3.1. Applying a PRBS

with a sufficient amplitude, within the operating range of the system, to u1, two elements of

the matrix Gi( jω) can be identified as follows:

Gi ,11( jω) = F (y1)

F (u1)
and Gi ,21( jω) = F (y2)

F (u1)
, (3.2)

where F represents the Fourier transform. Likewise, by applying a PRBS to u2, the other two

elements of the matrix Gi( jω) are identified as

Gi ,12( jω) = F (y1)

F (u2)
and Gi ,22( jω) = F (y2)

F (u2)
. (3.3)

Repeating the same procedure for m operating points, a family of the nonparametric models

of the system is determined as

G = {Gi( jω); i = 1, ...,m;∀ω ∈R}. (3.4)
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The family of the nonparametric models of the system, represented by (3.4), are used as a

basis to design the voltage controllers. It must be noted that if the parametric model of the

system is available, one can extract the frequency response of the parametric model for various

operating points to form the required spectral model family. However, since parametric models

do not precisely reflect the dynamic behavior of the system, the PRBS-based identification

approach is preferred.

3.3.2 Determination of the Class of Controller

To form the open-loop transfer function matrix of the overall system including the controller,

the class of the to-be-designed controller is required. Since the objective is to design a linearly

parameterized multivariable digital controller, the class of the controller is determined in the

z-domain. A generic form of such a multivariable discrete-time controller in the z-domain is

given by

K(z) =
[

K11 K12

K21 K22

]
. (3.5)

Each element of the controller matrix of (3.5) is then given by

Ki j (z,ρ) = ρTφ(z), (3.6)

where

ρT = [ρ1,ρ2, . . . ,ρn] (3.7)

and

φT (z) = [φ1(z),φ2(z), . . . ,φn(z)]. (3.8)

In (3.7) and (3.8), n is the controller order for each element of the controller matrix, and

φm(z), m = 1, . . . ,n, are stable transfer functions possibly with poles on the imaginary axis.

Therefore, the 2×2 controller of (3.5) has 4×n controller parameters, which must be deter-

mined.

Replacing z = e− jω in (3.5), the frequency response of the controller, i.e., K( jω), is deduced.

Then, having the family of the nonparametric models of the system from (3.4) and the fre-

quency response of the controller class of (3.5), a family of the open-loop transfer function

matrices of the overall system is concluded by

L = {Li( jω); i = 1, ...,m;∀ω ∈R}, (3.9)

in which Li( jω) = Gi( jω)K( jω).
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3.3.3 Loop Shaping by Convex Optimization

The loop shaping of the open-loop transfer function matrix of a system with a family of

nonparametric models like L is carried out by minimizing the summation of the square

second norm of the errors between the individual entries of L and a desired open-loop

transfer function matrix, LD(s). Consequently, the control design procedure turns to an

optimization problem as follows [62]:

min
ρ

m∑
i=1

∥ Li(ρ)−LD ∥2, (3.10)

where m is the number of the open-loop transfer function matrices that form the family

of L . The desired open-loop transfer function matrix, LD, is chosen to meet the system

requirements, e.g., satisfactory dynamic response and reduced coupling between the inputs

and the outputs. As an example, for a 2× 2 MIMO system, a potential desired open-loop

transfer function matrix is

LD(s) =
[

LD1 0

0 LD2

]
=

[
ωc
s 0

0 ωc
s

]
. (3.11)

In the transfer function matrix of (3.11), the off-diagonal elements are set at zero to decouple

the system while the diagonal elements are tuned to provide the required dynamic response

by adjusting ωc . Furthermore, the closed-loop sensitivity function of the diagonal elements,

Si ,qq = (1+Li ,qq )−1, can be shaped using |W1( jω)Si ,qq ( jω)| < 1 ∀ω, where W1( jω) is a weight-

ing filter, q = 1,2, and i = 1, ...,m. This is an H∞ performance condition that guarantees the

robustness of the main axes [73]. A convex approximation of this condition can be given by

the following linear constraints [62]:

|W1( jω)[1+LDq ( jω,ρ)]|−Re{[1+LDq (− jω)][1+Li ,qq ( jω,ρ)]} < 0

∀ω ∈R, i = 1, ...,m, and q = 1,2. (3.12)

Solving the optimization problem of (3.10) constrained to (3.12) results in a decoupled open-

loop transfer function matrix, which provides satisfactory reference tracking capability. How-

ever, it does not guarantee the stability of the multivariable closed-loop system. To ensure the

stability of the multivariable closed-loop system, the Generalized Nyquist Stability criterion

must be respected. This criterion guarantees the stability of the feedback system if and only

if the net sum of counterclockwise encirclements of the critical point (−1+ j 0) by the set of

eigenvalues of the matrix Li( jω) is equal to the total number of the right-half plane poles of

Li(s). To satisfy this condition, adopting Gershgorin bands, reference [62] proves that assuming

the nonparametric model Gi( jω), the linearly parameterized controller K(z) defined in (3.5)
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stabilizes the closed-loop system if

ri ,q (ω,ρ)− Re{[1+LDq (− jω)][1+Li ,qq ( jω,ρ)]}

|1+LDq ( jω)| < 0

∀ω for i = 1, ...,m and q = 1,2. (3.13)

In (3.13), the diagonal matrix LD( jω) should be chosen such that the number of counterclock-

wise encirclements of the critical point by the Nyquist plot of the set of its eigenvalues is equal

to the number of unstable poles of Gi(s). For example, the transfer function matrix of (3.11) is

a fulfilling choice. Moreover, ri ,1(ω,ρ) and ri ,2(ω,ρ) are defined as

ri ,1(ω,ρ) = |Li ,21( jω,ρ)| (3.14)

and

ri ,2(ω,ρ) = |Li ,12( jω,ρ)|. (3.15)

Considering the constraints for the desired performance given by (3.12) and the constraints

for the stability of the closed-loop system given by (3.13), the design procedure is summarized

into the following optimization problem:

min
ρ

m∑
i=1

∥ Li(ρ)−LD ∥2, (3.16)

subject to

|W1( jω)[1+LDq ( jω,ρ)]|−Re{[1+LDq (− jω)][1+Li ,qq ( jω,ρ)]} < 0

∀ω ∈R for i = 1, ...,m and q = 1,2. (3.17)

and

ri ,q (ω,ρ)− Re{[1+LDq (− jω)][1+Li ,qq ( jω,ρ)]}

|1+LDq ( jω)| < 0

∀ω ∈R for i = 1, ...,m and q = 1,2. (3.18)

The optimization problem of (3.16), known as a SIP problem, includes infinite number of

constraints and finite number of variables, which is difficult to solve. A practical solution to

this problem is to neglect the frequencies above a certain frequency, i.e., ωmax , for which the
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gain of the open-loop transfer function matrix is close to zero. For discrete-time systems, this

frequency can be chosen as the Nyquist frequency. Then, one can only consider the gridded

frequency interval [0 ωmax ], which contains finite frequency points. Such problems are

referred to as SDP problems and are solved utilizing standard SDP-solvers, e.g., SeDuMi [74].

Choosing N linearly spaced frequencies within the range of [0 ωmax ] ∈ R, the quadratic

objective function is approximated by

m∑
i=1

∥ Li(ρ)−LD ∥2 ≈
m∑

i=1

N∑
k=1

∥ Li( jωk ,ρ)−LD( jωk ) ∥F , (3.19)

where ∥.∥F is the Frobenius norm. Therefore, the following optimization problem is deduced:

min
ρ

m∑
i=1

N∑
k=1

∥ Li( jωk ,ρ)−LD( jωk ) ∥F , (3.20)

subject to

|W1( jωk )[1+LDq ( jωk )]|−Re[1+LDq (− jωk )][1+Li ,qq ( jωk ,ρ)] < 0

for k = 1, . . . , N , i = 1, ...,m, and q = 1,2 (3.21)

and

ri ,q (ωk ,ρ)− Re{[1+LDq (− jωk )][1+Li ,qq ( jωk ,ρ)]}

|1+LDq ( jωk )| < 0

for k = 1, . . . , N , i = 1, ...,m, and q = 1,2. (3.22)

The optimization problem of (3.20) in conjunction with the constraints in (3.21) and (3.22) is

then used as a basis to determine the optimal coefficients of the proposed MIMO controllers

in the following section.

3.4 Proposed d q-Augmented Voltage Controllers

In this section, the spectral-model-based multivariable control design approach of Section 3.3

is used to propose three d q-based voltage control strategies for the single-DG-unit islanded

microgrid of Figure 3.1: (i) a Single-stage Multivariable-PI Controller (SMPC) comprising four

PI-controllers to regulate the load voltages in the presence of linear balanced three-phase

loads, (ii) a Single-stage Multivariable-PI Resonant Controller (SMPRC), which uses resonant

terms in conjunction with the PI-controllers of the SMPC to regulate the load voltages in the

presence of linear and/or nonlinear loads, and (iii) a Cascade Multivariable-PI Controller
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Figure 3.2: The cube formed by the intervals of (3.23) in the three-dimensional RLC space

(CMPC) that utilizes four PI-controllers to form an outer voltage control loop, which generates

the set-points of an inner current control loop. In the following, the controllers are detailed.

3.4.1 Single-stage Multivariable-PI Controller - SMPC

Based on the design methodology of Section 3.3, the first step is to obtain the nonparametric

models of the system at the operating points for which the controller is designed, and form

a family of models. To form the family, it is assumed that the load parameters may change

within some uncertainty ranges as presented by

6Ω≤ R ≤ 600Ω,

25 mH ≤ L ≤ 50 mH ,

200 µF ≤C ≤ 400 µF,

(3.23)

which form a cube in the three-dimensional RLC space, as shown in Figure 3.2. Then, eight

models corresponding to the vertices of the cube are taken to form the family of models

and are utilized in the optimization problem. Figure 3.3 depicts two of the assumed models

corresponding to RLC = [6Ω, 25 mH ,200 µF ] and RLC = [600Ω, 50 mH ,400 µF ]. Therefore,

the family of spectral model is determined as follows:

G = {Gi( jω); i = 1, ...,8;∀ω ∈R}. (3.24)

In the single-stage controllers, the inputs of the to-be-controlled system are the d q-components

of the VSC terminal voltages, vt ,d q , while the system outputs are the d q-components of the

load voltages, vd q . Therefore, applying a PRBS to vt ,q , two elements of the matrix Gi( jω) for
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Figure 3.3: Two spectral models of the system corresponding to RLC = [6 Ω, 25 mH,200 µF]
and RLC = [600 Ω, 50 mH,400 µF]

the i th operating point can be identified as follows:

Gi ,11( jω) = F (vd )

F (vt ,d )
and Gi ,21( jω) = F (vq )

F (vt ,d )
, (3.25)

where F represents the Fourier transform. Likewise, by applying a PRBS to vt ,q , the other two

elements of the matrix Gi( jω) are identified as

Gi ,12( jω) = F (vd )

F (vt ,q )
and Gi ,22( jω) = F (vq )

F (vt ,q )
. (3.26)

It must be noted that even if the to-be-designed controller stabilizes the closed-loop system

for the assumed points, it does not necessarily guarantee the stability of all points within

the assumed cube. However, taking more points within the assumed cube and solving the

optimization problem for all of them, the resulting controller more likely stabilize the system

for all points. It should be noted that as far as the optimization problem is feasible and has a

solution, any desired number of models can be utilized in the optimization problem.

The second step is to determine the class of the controller. The primary goal of the SMPC

is to stabilize the system and to regulate the voltages in the presence of linear balanced

three-phase loads. Therefore, four PI-controllers are selected for the individual elements of

the transfer function matrix of the MIMO controller. Figure 3.4 depicts the structure of the

SMPC. The coefficients of the individual PI-controllers are determined in the third step of the

control design methodology, i.e., solving the constrained minimization problem. To solve the

constrained minimization problem of (3.20), a desired open-loop transfer function matrix is
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Figure 3.4: The structural diagram of the SMPC

required. A reasonable open-loop transfer function matrix for this application is chosen as

LD(s) =
[

ωc
s 0

0 ωc
s

]
, (3.27)

where ωc = 150 r ad
s . The zero off-diagonal elements of LD are to decouple the d− and q−axes.

Solving the minimization problem of (3.20), the controller transfer function matrix is calcu-

lated as

K(z) =


ρ1+ρ2z−1

1−z−1
ρ5+ρ6z−1

1−z−1

ρ3+ρ4z−1

1−z−1
ρ7+ρ8z−1

1−z−1

=

 0.061−0.058z−1

1−z−1
−0.048+0.048z−1

1−z−1

0.048−0.048z−1

1−z−1
0.061−0.059z−1

1−z−1

 . (3.28)

3.4.2 Single-stage Multivariable-PI-Resonant Controller - SMPRC

The SMPC in Section 3.4.1 is designed based on the assumption of having linear, balanced

three-phase loads. In the presence of nonlinear loads where the currents are significantly

polluted with low-order harmonics, e.g., 5th and 7th harmonics, the designed SMPC does not

provide satisfactory performance. The objective of this section is to improve the performance

of the SMPC by modifying the class of the controller and adding additional resonant terms

to the individual PI-controllers and also to the desired open-loop transfer function matrix.

The structure of the modified SMPC in conjunction with the resonant terms, i.e., the so-called
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Figure 3.5: The structural diagram of the SMPRC

SMPRC, is depicted in Figure 3.5. The harmonics of the order of 5 and 7 in the abc-frame both

appear at the frequency of 300 Hz in the d q-frame. Therefore, adding a single resonant term

tuned at the frequency of 300 Hz to the elements of the controller matrix can eliminate both

5th and 7th voltage harmonics. As an example, the second diagonal element of the controller

transfer function matrix, i.e., K21(z), is expressed as

K21(z) = ρ4 +ρ5z−1

1− z−1 +ρ6
b1z−1 +b2z−2

1+a1z−1 +a2z−2 . (3.29)

The term b1z−1+b2z−2

1+a1z−1+a2z−2 in (3.29) represents an equivalent term for
ω2

h

s2+2ζωh s+ω2
h

in discrete-time

domain, in which ωh = 2π300, and ζ = 3
ωh

is the damping ratio. Moreover, a1 = −2αβ and

a2 =α2, and the coefficients b1 and b2 are determined as follow:

b1 = 1−α(β+ ζωh

ωb
η) and b2 =α2 +α(

ζωh

ωb
η−β), (3.30)

in which ωb =ωh

√
1−ζ2 for ζ< 1, α= e

−ζωh
fs , β= cos(ωb

fs
), η= si n(ωb

fs
), and fs represents the

sampling frequency. Note that in the presence of highly nonlinear loads, the most significant

harmonics are the low-order harmonics of the order of 5 and 7, which both appear at the

frequency of 300 Hz in the d q-frame. Therefore, using only one resonant term tuned at

the frequency of 300 Hz is enough to eliminate the low-order harmonics generated by such

nonlinear loads. However, in case the elimination of higher-order harmonics, e.g., 11th and
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13th harmonic voltage components, is also of interest, additional resonant terms can be added

to the existing terms.

To determine the coefficients of the SMPRC, similar to the design procedure of the SMPC,

the identified spectral models of the system are required. Similar to the SMPC, eight spectral

models as expressed in(3.24), corresponding to the vertices of the cube formed by the intervals

of (3.23), are obtained and utilized in the design procedure. Moreover, the desired open-

loop transfer function matrix is determined by adding resonant terms tuned at 300 Hz to the

diagonal elements of the transfer function matrix of (3.27). Therefore, the desired open-loop

transfer function matrix is:

LD(s) =
 ωc1

s + ωc2

s2+2ζωh s+ω2
h

0

0 ωc1
s + ωc2

s2+2ζωh s+ω2
h

 (3.31)

in which ωc1 = 70 r ad
s . Moreover, ωc2 for the models with R = 6 Ω is 90000 r ad

s and for the

models with R = 600 Ω is 80000 r ad
s . Then, solving the optimization problem of (3.20), the

coefficients of the SMPRC are determined and expressed by

K(z) =


ρ1+ρ2z−1

1−z−1 + ρ3(b1z−1+b2z−2)
1+a1z−1+a2z−2

ρ4+ρ5z−1

1−z−1 + ρ6(b1z−1+b2z−2)
1+a1z−1+a2z−2

ρ7+ρ8z−1

1−z−1 + ρ9(b1z−1+b2z−2)
1+a1z−1+a2z−2

ρ10+ρ11z−1

1−z−1 + ρ12(b1z−1+b2z−2)
1+a1z−1+a2z−2



=


0.061−0.060z−1

1−z−1 + −0.013(b1z−1+b2z−2)
1+a1z−1+a2z−2

0.032−0.032z−1

1−z−1 + −0.002(b1z−1+b2z−2)
1+a1z−1+a2z−2

−0.032+0.032z−1

1−z−1 + 0.002(b1z−1+b2z−2)
1+a1z−1+a2z−2

0.061−0.06z−1

1−z−1 + −0.013(b1z−1+b2z−2)
1+a1z−1+a2z−2

 . (3.32)

3.4.3 Cascade Multivariable-PI Controller - CMPC

Cascade control or multi-loop control strategies have been extensively utilized and reported

in the literature [78] for the islanded operation of inverters. In such methods, an inner loop

is responsible for the regulation of the inverter current, while the set-points of the current

controller are delivered by an outer voltage control loop. The main advantage of cascade

control is the capability of load disturbance rejection by adding feedforward signals to the

set-points of the current loop.

Reference [78] utilizes Proportional-Resonant controllers to realize the inner and outer loops.

However, in this chapter, the controllers are implemented in rotating reference frame, and

therefore, a d q-currents controller realized by PI-controllers, i.e., the OMCC as explained in

Chapter 2, is utilized to form the inner loop. Figure 3.6 depicts the structure of the controller,

in which the OMCC is used as the inner loop. To design the outer voltage loop, which consists

of four PI-controllers, the spectral model-based multivariable control design of this chapter

is used. It is assumed that the load currents are directly measurable, and may be used as
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feedforward to reduce the adverse effects of load changes. Therefore, the d q-components of

the load currents are added to the outputs of the voltage loop, as shown in Figure 3.6. Thus,

the outputs of the voltage loop may be regarded as the set-points of the d q-components of

the filter capacitance currents.

To design the outer loop, the first step is to determine the spectral models family. Since the goal

of the outer loop is to provide the inner loop with its set-points, the spectral models utilized

to design the outer loop are different from those utilized for the SMPC and the SMPRC. The

inputs of the to-be-controlled system by the outer loop are the set-points of the d q-currents

controller, while the outputs are the d q-components of the load voltages. Therefore, exciting

it ,d ,r e f with a PRBS at the i th operating point, one can identify the frequency response of Gi ,11

and Gi ,21 as

Gi ,11( jω) = F (vd )

F (it ,d ,r e f )
and Gi ,21( jω) = F (vq )

F (it ,d ,r e f )
. (3.33)

The same holds for obtaining Gi ,22 and Gi ,12 through exciting it ,q,r e f . Two spectral models

of the system are identified: (i) the spectral model corresponding to the full load and (ii) the

model corresponding to the no load.

PI-controllers are selected as the elements of the controller matrix. Therefore, to design the

controller, eight coefficients must be determined for the four PI-controllers of the multivariable

control structure. The desired open loop transfer function is also selected as

LD(s) =
[

ωc
s 0

0 ωc
s

]
(3.34)

in which ωc = 300 r ad
s . Note that the bandwidth of the voltage loop can be manipulated by the
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choice of ωc . Solving the minimization problem of (3.22), the control matrix is calculated as

K(z) =


ρ1+ρ2z−1

1−z−1
ρ5+ρ6z−1

1−z−1

ρ3+ρ4z−1

1−z−1
ρ7+ρ8z−1

1−z−1

=


0.06+64.69z−1

1−z−1
−0.01+7.85z−1

1−z−1

0.01−7.89z−1

1−z−1
0.06+64.68z−1

1−z−1

 . (3.35)

Note that taking the design procedure of Chapter 2, an OMCC is designed and used to form

the inner current loop. The bandwidth of the designed OMCC is 500 Hz.

In the following, the performance of the designed SMPC, SMPRC, and CMPC are evaluated

for several inductive, capacitive, and resistive load changes.

3.5 Performance Evaluation

This section presents a set of simulation and experimental results to evaluate and validate the

performance of the proposed controllers for the microgrid system of Figure 3.1.

3.5.1 Simulation Results

The simulation studies of the single-DG-unit microgrid system of Figure 3.1, based on the

proposed SMPC, SMPRC, and CMPC, in the MATLAB/PLECS environment are reported in

this section. The simulation studies are conducted to demonstrate the performance of the

proposed controllers under two load change scenarios: (i) inductive-capacitive load changes

and (ii) linear and nonlinear resistive load changes. For the former, the RLC load parameters

as well as their arrangement are chosen based on the three-phase balanced RLC load of

Figure 3.7 while for the latter, the three-phase load of Figure 3.8, which includes both linear

and nonlinear resistive loads, is used.

3.5.1.1 Inductive-Capacitive Load Changes

Initially, the system of Figure 3.1 operates in the islanded mode, and the three-phase load of

Figure 3.7 is connected at the PCC. One of the above-mentioned controllers is in service, and

the d q-components of the load voltages are respectively regulated at 40 V and 0 V. The switches

S1 and S2 in Figure 3.7 are closed at t = 0.05 s and t = 0.1 s, respectively. This corresponds to

two load changes, i.e., an inductive and a capacitive load change.

SMPC: Figure 3.9 shows the dynamic response of the islanded system to the load changes

while the SMPC is in service. The load voltages are depicted in Figure 3.9 (a). The correspond-

ing d- and q-components of the load voltages are shown in Figure 3.9 (b), which during and

subsequent to the load changes are regulated at 40 V and 0 V, respectively, by the SMPC. The

d− and q-components of the VSC ac-side currents are shown in Figure 3.9 (c), which after
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each load change, are changed accordingly to accommodate the load demand requirements.

Subsequent to each load change, the SMPC adjusts the d- and q-components of the VSC

terminal voltages at their corresponding new values, as depicted in Figure 3.9 (d).

SMPRC: The simulation results of a similar case study, when the SMPRC is in service, are

also shown in Figure 3.10. The load voltages and their respective d q-components are depicted

in Figures 3.10 (a) and (b), respectively. Moreover, the d q-components of the load currents are

shown in Figure 3.10 (c), which subsequent to each change in the load parameters, change to

accommodate the requested load power demand. The d q-components of the VSC terminal

voltages are also shown in Figure 3.10 (d), which are determined by the controller to keep the
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d q-voltages at the requested set-points.

CMPC: To evaluate the performance of the CMPC under the inductive-capacitive load

change scenario, the test system of Figure 3.1 is adopted, which operates in an islanded

mode, and the CMPC regulates the d q-voltages of the load. Figures 3.11 (a) and (b) show

the load voltages and their corresponding d q-components, respectively, which are regulated

at their respective set-points. The d q-components of the load currents are also shown in

Figure 3.10 (c), and the outputs of the outer loop are depicted in Figure 3.10 (d). Note that the

outputs of the outer loop can be regarded as the set-points for the currents of the capacitors
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of the VSC filter. The reason is the load currents are fed to the inner loop as a portion of the

reference currents.

The presented results show that in the presence of three-phase linear loads, all controllers

act in a similar way in steady-state. However, upon a change in the load parameters, the

CMPC manages to reject load disturbance faster than the single-stage controllers. The reason

is that the CMPC benefits from the load currents feedforward signals to reject the imposed

disturbances. Moreover, the single-stage controllers act similarly in this regard, which is

due to the absence of any harmonic distortion in the system. The difference between the

performance of the SMPC and the SMPRC is highlighted in Section 3.5.1.2, where significant
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low-order harmonic currents and consequently voltages flow in the system. The simulation

results of Figures 3.9, 3.10, and 3.11 verify the robust stability and the acceptable performance

of all proposed controllers with respect to the balanced linear load parameter uncertainties.

3.5.1.2 Resistive Load Changes

To evaluate the performance of the proposed controllers upon resistive load changes, the

system is loaded with the three-phase load of Figure 3.8. As shown in Figure 3.8, the system

is subject to three resistive load changes. At t = 0.05 s, a three-phase purely resistive load of

6Ω is connected in parallel to the load. This resistive load is stepped up from 6Ω to 12Ω at
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resistive load change of Figure 3.8 when the SMPC is in service: (a) the three-phase load
voltages, (b), (c), and (d) the d- and q-components of the load voltages, the VSC ac-side
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t = 0.1 s. Then, at t = 0.15 s, a three-phase rectifier, with a resistive load of 15Ω, is paralleled

to the RLC load. Note that to create the worst case scenario in terms of generated harmonic

components, the rectifier is directly connected to the network, and no interfacing inductance

is utilized.

SMPC: Figure 3.12 shows the responses of the system to the load changes when the SMPC

is in service. Figure 3.12 (a) shows the instantaneous load voltages, which are regulated at

their reference values during and subsequent to the linear resistive load changes. As shown

in Figure 3.12 (a), upon the connection of the nonlinear load with the SMPC, significant

low-order harmonics of the order of 5 and 7 appear on the voltages, and the THD of the
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instantaneous load voltages increases significantly to about 12%. This is due to the inability of

the SMPC to reject harmonic disturbances. Figures 3.12 (b) to (d) show the corresponding d-

and q-components of the load voltages, the ac-side VSC currents, and the controller outputs,

when the SMPC is in service, prior, during, and subsequent to the resistive load changes.

SMPRC: The instantaneous load voltages regulated by the SMPRC are depicted in Fig-

ure 3.13 (a). Thanks to its resonant terms, the SMPRC is able to eliminate the 5th and 7th

harmonics. Therefore, upon the nonlinear load change, after a transient, the THD of the

voltages remains within an acceptable range, i.e., less than 2%. Figure 3.13 (b) shows the

d q-components of the load voltages regulated at 40 V and 0 V, respectively. The d q-currents
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of the load and the controller outputs are presented in Figures 3.13 (c) and (d), respectively.

As shown in Figure 3.13 (d), subsequent to the connection of the nonlinear load, the d- and

q-components of the VSC terminal voltages, which are the control signals generated by the

SMPRC, contain a ripple component with the frequency of 300 Hz. This ripple component is

generated by the SMPRC to eliminate the harmonic voltage distortions of the rectifier load.

CMPC: To evaluate the performance of the CMPC, the above-mentioned resistive test sce-

nario is used. Figure 3.14 depicts the responses of the system to the load changes when the

load voltages are regulated by the CMPC. The instantaneous load voltages and their corre-

sponding d q-components are shown in Figures 3.14 (a) and (b), respectively. Upon each
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transient, thanks to the utilized feedforward signals of the CMPC, the disturbance is quickly

rejected. Moreover, the adverse effects of the nonlinear load are also obviated by the CMPC,

and the THD of the load voltages is below 2%, subsequent to the connection of the nonlinear

load. The d q-currents of the load are also depicted in Figure 3.14 (c). Moreover, the outer loop

outputs are shown in Figure 3.14 (d).

The comparison of Figures 3.12 (a), 3.13 (a), 3.14 (a) confirms the identical performance of

the controllers in the presence of linear loads, in steady-state. However, in the presence of

nonlinear loads and/or harmonically polluted loads, only the CMPC and the SMPRC have the

capability of rejecting the imposed disturbances. Moreover, thanks to its feedforward signals,

the CMPC can reject the disturbances caused by load changes more rapidly compared to the

other controllers. It must be noted this is achieved at the cost of utilizing current sensors

for measuring the load and the converter currents, which means more cost compared to the

SMPC or the SMPRC.

3.5.2 Experimental Results

The experimental evaluation and comparison of the performance of the proposed controllers

are performed using an experimental test system with the same layout of the system of Fig-

ure 3.1. The parameters of the experimental setup are the same as those given in Table 3.1.

The setup is loaded with the three-phase load configuration shown in Figure 3.15. The pro-

posed controllers are implemented in a fully digital control platform based on DSP/FPGA

called Boombox, designed and developed in the Laboratory of Industrial Electronics at the

EPFL, with a sampling frequency of up to 100 kHz. A photograph of the experimental setup,
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with the highlighted main components, is shown in Figure 3.16. It must be noted that since

Boombox can accept up to six inputs, only two sets of three-phase variables may be fed to that.

Therefore, it is not possible to implement the CMPC with Boombox. Thus, in the following,

just the performance of the SMPC and the SMPRC are evaluated and compared.

Initially, the system operates based on the SMPC, and the islanded test system is supplying

a three-phase RLC load. The SMPC regulates the d q-components of the load voltages at

40 V and 0 V, respectively. At t = 0.05 s, as a nonlinear load, a three-phase full bridge rectifier

with a 15 Ω resistive load is paralleled with the RLC load. Figure 3.15 depicts the utilized

load. Figure 3.17 shows the dynamic response of the system to the rectifier energization.

Figures 3.17 (a) and (b) depict the instantaneous load voltages and the VSC ac-side currents,

respectively. Figures 3.17 (c) and (d) show the d q-components of the load voltages and the

VSC ac-side currents, respectively. As opposed to the simulation results of Figure 3.12, prior to

the nonlinear load energization, the load voltages contain the 5th and 7th order harmonics,

and have a THD of about 5.5%. This is due to the 4 µs dead-time of the VSC, which pollutes

the VSC terminal voltages, and consequently, the VSC currents and the load voltages with

low-order harmonics. This dead-time distortion is created dominantly by the 5th and the 7th

order harmonics [79]. Subsequent to the nonlinear load energization, as shown in Figure 3.17

(b), the VSC currents become further distorted due to the rectifier operation, and consequently,

the load voltages are also further distorted, i.e., their THD increases to 15.5%.
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Figure 3.17: The experimental response of the test system of Figure 3.16 with respect to
a nonlinear load energization when the SMPC is in service: (a,b) the instantaneous load
voltages and the VSC currents, and (c,d) the d- and q-components of the load voltages and
control signals

As expected, the SMPRC provides a unique capability to eliminate the adverse impacts of

the harmonically polluting nonlinear loads. To demonstrate this capability, the same load

change test is carried out when the system operates based on the SMPRC. Figure 3.18 shows

the dual waveforms of Figure 3.17 when the SMPRC is in service. As Figure 3.18 (a) shows,

prior to the nonlinear load energization, the load voltages, even with the dead-time effect, are

harmonic free. This is due to the resonant terms of the SMPRC, which are tuned to, specifically,

eliminate the harmonic components of the order of 5 and 7. Subsequent to the nonlinear

load energization, due to the residual harmonic terms, the load voltages are slightly distorted.

Nevertheless, the THD of the load voltages remains within the acceptable range, about 2.5%,

which is mainly due to the residual harmonic components of the order 11 and 13.
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Figure 3.18: The experimental response of the test system of Figure 3.1 with respect to
a nonlinear load energization when the SMPRC is in service: (a,b) the instantaneous load
voltages and the VSC currents, and (c,d) the d- and q-components of the load voltages and
control signals

The experimental results of Figures 3.17 and 3.18 show that both single-stage controllers

successfully regulate the load voltages despite the imposed nonlinear dynamics. In addition,

the SMPRC is able to counteract the adverse impacts of the low-order harmonic components

and provide harmonic-free voltages.

3.6 Conclusions

A multivariable digital design methodology for voltage control of a single-DG-unit microgrid

is proposed in this chapter. The proposed methodology is based on shaping the open-loop

MIMO transfer function matrix of the system by (i) attaining a family of nonparametric models
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of the system at various operating points, (ii) the determination of the class of the to-be-

designed controller, and (iii) solving a convex optimization problem. The proposed controller

design methodology is fully investigated in the context of voltage control of a single-DG-

unit microgrid and its dedicated load. Three digital controllers are designed for the voltage

regulation of the studied single-DG-unit microgrid system, i.e., SMPC, SMPRC, and CMPC.

The performance of the designed controllers is evaluated for various operating scenarios.

Based on the simulation and experimental results, the following conclusions are made:

• All proposed controllers show satisfactory dynamic performance in terms of load volt-

ages regulation and robustness, upon step changes in linear loads.

• The CMPC has faster dynamic response compared to that of the SMPC and the SMPRC

in terms of rejecting the disturbances in the load voltages caused by load changes.

• Compared with the SMPC, the SMPRC and the CMPC provide superior performance in

the presence of nonlinear loads as they eliminate/minimize the adverse impacts of the

low-order harmonics on the load voltages and system operation.

Although the proposed voltage control strategies have been investigated for a single-DG-

unit microgrid, they are applicable to multi-DG-unit microgrids as well. In a multi-DG-unit

microgrid, one of the DG units can act as a master controller. In such a case, the master

DG-unit takes control over the voltage and frequency based on the proposed SMPC, SMPRC,

or CMPC, and the rest of the DG units will be equipped with d q-currents controllers, e.g., an

OMCC, as if they are connected to the grid.
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Introduction to Part II

In the previous part, several current and voltage regulation schemes are developed for VSCs.

In this part, exploiting the ALC of modern locomotives and inspiring from the proposed

approaches of Part I, several ancillary services are proposed for electrified traction networks.

Inspiring form the cascade voltage control of islanded microgrids, a cascade voltage support

scheme is proposed whose outer loop consists of a SISO controller and only delivers the

reference value of the q-component of the locomotive current. Note that this is in contrast

with the outer loop of the CMPC, which determines the reference values of both d− and

q−components of the current. To realize the outer or secondary loop of the proposed catenary

voltage support scheme, several possibilities are proposed. Among the proposed approaches,

a gain-scheduled and a high-order controller show better performance, while that of the

high-order one is superior. To perform the gain-scheduling, a catenary line inductance

identification method is also developed in this part, which relies on the harmonic current

injection through the ALC of modern locomotives. Moreover, the high-order controller is

designed through a SISO version of the optimization-based design procedure of Chapter 3.

This part is structured as follows. Chapter 4 presents a catenary parameters identification

strategy that is able to estimate the parameters of the catenary at the connection point of the

locomotive to the line. Chapter 5 proposes several voltage support schemes, which belong to

the PI-family, and Chapter 6 proposes the high-order voltage support scheme.
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4
Catenary Parameters Identification

4.1 Introduction

Thanks to the rapid advancements in the semiconductor technologies, currently, modern

locomotives with IGBT-based ALCs are extensively manufactured and utilized in traction

networks [80]. Adopting IGBTs in the ALCs results in (i) the elimination of previously used

snubber circuits in old locomotives, which reduces the cost and weight, (ii) less low-order

harmonic distortions, (iii) better controllability of power, etc. Traditionally, to overcome

various existing shortcomings in traction networks [11, 81], Flexible AC Transmission Systems

(FACTS) devices have been utilized to improve the power quality [15,82]. However, unlike their

passive predecessors, modern locomotives can exploit their ALCs for various contributions

toward the network. For example, the ALC of locomotive drive system can be adopted as a

reactive power source to compensate for voltage drop along the catenary line, which is the

subject of the two next chapters. To optimally determine the required reactive power, adaptive

control strategies may be utilized, which depend on the parameters of the line at each time

instant.

In this chapter, in addition to its primary function, the ALC is exploited to identify the catenary

line parameters at the connection point of the locomotive to the network. The identification is

carried out through the periodic injection of low-order harmonic current and monitoring the

corresponding voltage at the PC. The adopted current control scheme is a PR-controller-based

strategy [19, 68], which is able to inject currents at various harmonics provided at each target

harmonic frequency, a resonant term is added in parallel to the rest of the PR-controller. In

order to accurately estimate the line parameters, an identification strategy is adopted, which

acts in real-time and uses a forgetting factor to incorporate the most recent measurements

in the estimation process. The utilized identification approach is a real-time recursive least

squares identification method [83].

The rest of this chapter is structured as follows. Section 4.2 describes the adopted test system
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Figure 4.1: A simple traction network consisting of two substations and one locomotive

and details the control strategy utilized for the fundamental and also harmonic current injec-

tion. Section 4.3 presents the identification strategy taken for the estimation of the catenary

parameters. Section 4.4 evaluates the performance of the proposed identification scheme,

and Section 4.5 concludes the chapter.

4.2 Study System and Its Current Control Strategy

In this section, the adopted test system, which is an AC single-phase traction network as shown

in Figure 4.1, is presented. Then, the utilized current control strategy of this chapter for both

fundamental and harmonic frequency current is detailed.

4.2.1 Study System

The study system consists of a locomotive connected to the catenary through a coupling

transformer, which can be modeled by an ideal transformer plus its leakage inductance and

series resistance. The catenary is fed by two substations (the SS1 and the SS2), which are 60 km

away from each other. The line connecting two substations is represented by its resistance and

inductance. The ALC of the drive system of the locomotive is implemented by a single-phase

IGBT-based inverter whose DC-link consists of an ideal DC source, and the dynamics of the

locomotive motor and its driver are neglected. The schematic diagram of the test system is

depicted in Figure 4.2. Note that the line impedance is segmented into two portions according

to the position of the locomotive. The segmentation is shown in Figure 4.2 in which each

segment is represented by a variable impedance, i.e., Z1 = R1 + jωnL1 and Z2 = R2 + jωnL2.

Table 4.1 presents the parameters of the system.
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Figure 4.2: The schematic diagram of the traction network of Figure 4.1

4.2.2 Current Control Strategy of Locomotive

The conventional practice for the ALC of locomotives is utilizing current control schemes for

the regulation of the input current, which itself results in the active and reactive power regula-

tion. The conventional approaches for the current regulation of single-phase converters are

PI-based and PR-based methods [6, 68]. In this chapter, the PR-based current control scheme

is adopted for the current regulation. The reason is that injecting harmonic currents, which is

needed for identification, is more straightforward with the PR-based current controllers. For

the synchronization purposes a single-phase PLL is adopted, which acts on the PC voltage and

Table 4.1: The parameters of the system of Figure 4.2

Quantity Value P.U. Comment

Sbase 0.625 MVA 1 pu Base Value of Locomotive Power
vpc 385 V (rms) 1 pu Locomotive Nominal Voltage
vdc 840 V DC Bus Voltage
Lt 0.4 mH 0.14 pu Inductance of Coupling Trafo
Rt 0.019Ω 0.06 pu Resistance of Coupling Trafo
nt 38.961 Transformer Ratio
fsw 2 kHz PWM Carrier Frequency
fs 5 kHz Sampling Frequency

vSS 15000 V (rms) 1 pu Substation Nominal Voltage
ωn 2π×16.67 rad/s System Angular Frequency
Rl 0.08Ω Line Resistance/km
Ll 1.2 mH Line Inductance/km
d 60 km Line Length
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Figure 4.3: PR-controller for the fundamental frequency

its orthogonal component to extract the phase-angle. The orthogonal component is achieved

through a SOGI [77]. In the following, the adopted PR-control strategy of the locomotive is

briefly explained for both fundamental and harmonic frequency.

4.2.2.1 PR-Control for Fundamental Frequency Current

Contrary to RRF-based controllers [3, 5, 6], which exhibit very high gains at DC, SRF-based

controllers act on AC quantities and therefore, must have theoretically infinite gains at target

frequencies. PR-controllers are among the best SRF-based controllers, which can inject

harmonic currents in parallel with the fundamental frequency current. The transfer function

of an ideal PR-controller is as follows [19]:

GPR (s) = Kpr + 2Ki s

s2 +ω2
n

, (4.1)

where ωn is the nominal angular frequency of the system, and Kpr and Ki are the coefficients

of the controller to be designed. The ideal PR-controller of (4.1) shows an infinite gain at the

AC frequency of ωn and no phase shift and gain at other frequencies. Similar to PI-based

approaches, the proportional part is tuned for the desired dynamics of the system in terms of

bandwidth, and phase and gain margins. Note that in order to avoid instability issues related

to the infinite gain of the controller, non-ideal PR-controllers are more practical, which have

finite, however, still very high gains at the target frequency in order to ensure perfect tracking

in steady-states. A typical non-ideal PR-controller is described as

GPR (s) = Kpr + 2Kiωc s

s2 +2ωc s +ω2
n

. (4.2)

Proper ωc tuning is exploited for manipulating the bandwidth of the controller, which eventu-

ally results in the reduction of the controller sensitivity to grid voltage frequency deviations.

Moreover, Ki can be tuned for shifting the magnitude response [19]. Figure 4.3 shows a simple
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Figure 4.4: PR-controller for the fundamental and harmonic frequencies

schematic diagram of the non-ideal PR-controller along with a ALC whose current is regulated.

4.2.2.2 PR-Control for 7th Harmonic Current

Utilizing PR-controllers offers an interesting advantage in terms of harmonic current injection

compared to other methods. In order to regulate any harmonic current, one resonant term

associated with that harmonic frequency should be added in parallel to the resonant term

of the fundamental frequency current controller. Figure 4.4 depicts a schematic diagram of

the PR-controller along with the harmonic resonant terms. Note that similar to the controller

for the fundamental frequency current, the resonant terms responsible for harmonic current

injection show very high gains at their target harmonic frequencies while they do not change

the gain and phase at other frequencies [19].

4.2.2.3 Determination of Reference Signal

The ultimate goal of many input-current-regulated grid-tied VSCs is to control the power

flow between the converter and the grid. Therefore, the selection of the reference current is

of high importance. In RRF-based controllers, the active and reactive power are regulated

by manipulating the reference values of the d- and q-axes of the current. In such systems,

extracting the phase-angle of the grid voltage, the currents are transformed to a d q-frame.

Utilizing the PLL for phase-angle extraction, the q-component of the grid voltage is forced to

zero. Therefore, the d-component of the current is responsible for the active power regulation,

while the q-component of the current determines the reactive power, i.e., P = 1
2 vpc,d it ,d and

Q = 1
2 vpc,d it ,q . The same procedure can be taken for the determination of the reference
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currents for PR-controllers in a SRF. In the single-phase system of Figure 4.2, the SOGI PLL is

adopted [77], which extracts the phase-angle of the grid voltage. Assuming reference values for

the real and reactive power, i.e., Pr e f and Qr e f , one can determine the required d- and q-axes

currents as id ,r e f = 2Pr e f

vpc,d
and iq,r e f = 2Qr e f

vpc,d
. Transferring the calculated reference currents to

an αβ-frame and discarding the β-component, the α-component is the reference value for

the PR-controller, which results in the injection of the required real and reactive power.

To determine the reference value for the harmonic currents, the same procedure is taken.

However, the required phase-angle for the transformations is generated by multiplying the

phase-angle of the fundamental frequency by the rank of the target harmonic. The schematic

diagram of the reference current generator is shown in Figure 4.5.

4.3 Catenary Line Parameters Identifier - CLPI

In this section, the Catenary Line Parameters Identifier (CLPI) adopted to estimate the induc-

tance and the resistance of the catenary line at the PC is detailed. Note that the impedance

measured/estimated at the PC is the parallel combination of the two line segments shown in

Figure 4.2, i.e., Z1 and Z2. Therefore, the estimated parameters are the inductance and the

resistance of Z = R + j Lωn = Z1 Z2
Z1+Z2

.

The identification is carried out through the injection of low-order harmonic current through

an extra resonant term tuned to the 7th harmonic current, and monitoring the corresponding

harmonic voltage at the PC. Note that the injected harmonic current for the identification

should not necessarily be low-order harmonic. It can be of any frequency, e.g., 220 Hz,

provided the selected frequency is within the viable range of the ALC. For example, with a

switching frequency of 2000 Hz and the nominal frequency of 16.67 Hz, one can easily inject

the 11th harmonic, however, the injection of the 40th harmonic is not viable. Moreover, the

harmonic frequency selection is dependent on the standards adopted by railway companies.
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Figure 4.6: The amplitude extraction of the 7th harmonic of the PC voltage and inverter
current

The reason is that the injected harmonic must not affect the signals used for signaling or other

applications in the network. For example, in the Swiss Federal Railways, the injection of the

7th is permitted provided its amplitude is not beyond a pre-determined threshold, i.e., 100 A.

4.3.1 Identification Through Injection of 7th Harmonic Current

The first step of the identification is the excitation of the system. The system of Figure 4.2 is

excited through the injection of the 7th harmonic current. In order to inject the 7th harmonic

current, the first step is to determine the required reference signal, which is generated using the

block of Figure 4.5. The next step of the identification process is analyzing the consequences

of the injected current on the PC voltage at the 7th harmonic. Using notch filters, the 7th

harmonic components of the PC voltage and the ALC current are extracted. Then, applying

a delay of a quarter of the period of 7th harmonic, the orthogonal components of the PC

voltage and the converter current are generated, which are used to calculate their amplitude.

Figure 4.6 depicts the blocks responsible for the amplitude generation of the 7th harmonic

current and voltage. Using the calculated voltage and current amplitudes corresponding to

the 7th harmonic, one can estimate the magnitude of the line impedance at the 7th harmonic

as follows:

∥ Z ∥= ∥ vpc,7 ∥
∥ it ,7 ∥

. (4.3)

In the frequencies enough higher than the fundamental one, e.g., the 7th harmonic frequency,

the impedance is mainly inductive. Therefore, the magnitude of the impedance of (4.3)

divided by the angular frequency at the 7th harmonic, i.e., ω7, is a fair approximation of the

line inductance. Thus, the estimated inductance is

L ' ∥ Z ∥
ω7

. (4.4)
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Since the inductance and the resistance of a line are normally proportional to each other, one

can estimate the line resistance through the estimated inductance. Therefore, in this chapter,

only the line inductance identification is discussed. Figure 4.7 depicts the complete diagram

of the adopted controller along with the identification blocks.

To more precisely estimate the parameters of the line, one can benefit from the injection of

several harmonics at the same time. For example, the concurrent injection of the 7th and the

11th harmonic, and estimating the parameters of the line independently for each harmonic,

one can more precisely estimate the parameters as the average of the two identified values.

4.3.2 Recursive Least Squares Real-time Identification

In real systems, measurements are subject to noise and may not be precise. To accurately

estimate the line parameters, a real-time identification method [83] is adopted. The method is

based on a recursive least squares scheme, which utilizes a forgetting factor to emphasize on

the most recent measurements.

78



Catenary Line Parameters Identifier - CLPI

4.3.2.1 Offline Least Squares Identification

Assume that the system to be identified has a parametric model as follows:

y(t ) =ϕT (t )γ+e(t ) (4.5)

in which y(t ) is a measurable quantity, ϕ(t ) is an n-dimensional vector of known quantities, γ

is an n-dimensional vector of parameters to be identified, and e(t ) is the measurement noise.

To better clarify the adopted model, a polynomial, y(t ) = a0 +a1t + ...+an t r , is expressed by

the model of (4.5) through defining

ϕ(t ) = (1 t . . . t n)T and γ= (a0 a1 . . . an)T . (4.6)

Note that the model defined by (4.6) can be used to express a measured constant if n = 0.

Assuming N measurements of the output, the least squares estimation of γ is then the vector γ̂

that minimizes the following loss function:

V (γ) = 1

2

N∑
t=1

ε2(t ) (4.7)

in which ε(t ) can be interpreted as the prediction error, as it represents the error between the

measured value at time t , i.e., y(t ), and the output of the predicted model of one step before

the measurement. Reference [83] proves that the following recursive equation minimizes the

loss function of (4.7):

γ̂(t ) = γ̂(t −1)+H(t )ε(t ),

H(t ) = M(t )ϕ(t ),

ε(t ) = y(t )−ϕT (t )γ̂(t −1),

(4.8)

where M(t ) can be calculated as follows:

M(t ) = M(t −1)−M(t −1)ϕ(t )ϕT (t )M(t −1)

1+ϕT (t )M(t −1)ϕ(t )
, (4.9)

and H(t ) at each time step is calculated as

H(t ) = M(t −1)ϕ(t )

1+ϕT (t )M(t −1)ϕ(t )
. (4.10)

Note that to accurately estimate γ, M and γ̂ must be properly initialized.

4.3.2.2 Real-time Recursive Least Squares Identification

For the real-time identification, the derived equations of (4.8) should be manipulated such

that the most recent measurements are paid more attention to. Introducing a forgetting factor,
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the loss function of (4.7) can be written as

V (γ) = 1

2

t∑
s=1

λt−sε2(s). (4.11)

Selecting 0 <λ< 1, as time passes, older measurements are given less importance. If λ is close

to one, the past measurements are not forgotten so quickly. Note that the loss function of (4.7)

is a special case of (4.11) in which λ= 1. Utilizing a forgetting factor is very crucial in real-time

identification since the parameters to be identified can change with time. Therefore, the old

measurements reflect the information associated with the old parameters of the system, which

can mislead the identification process. Note that the selection of λ depends on the rate of

change of system parameters, e.g., a rapidly changing system needs a smaller λ compared

to a system with very slow rate of parameters change. Introducing the forgetting factor, the

derived recursive equations of (4.8) are changed to the following equations [83]:

γ̂(t ) = γ̂(t −1)+H(t )ε(t ),

H(t ) = M(t )ϕ(t ) = M(t −1)ϕ(t )

λ+ϕT (t )M(t −1)ϕ(t )
,

ε(t ) = y(t )−ϕT (t )γ̂(t −1).

(4.12)

4.3.3 Real-time Recursive Least Squares Identification of Catenary Parameters

Equation (4.3) calculates the inductance of the catenary line through the injection of harmonic

current. This calculation can be regarded as the measurement. In such a case, the measured

output of the system is basically the parameter to be estimated. Assuming a model, the

measured value for the inductance, i.e., Lm , is

Lm(t ) = L+e(t ) (4.13)

in which L and Lm(t) are the real and measured inductance, respectively, and e(t) is the

measurement error. Using the model of (4.13), one can apply the real-time identification

approach of the previous section, and estimate the inductance in real time. Note that in the

model of (4.13), ϕ(t ) = 1, γ= L, and y(t ) = Lm . Therefore, the identification algorithm of (4.12)

for the inductance estimation is

L̂(t ) = L̂(t −1)+H(t )ε(t ),

H(t ) = M(t ) = M(t −1)

λ+M(t −1)
,

ε(t ) = Lm(t )− L̂(t −1).

(4.14)

Since the identification is implemented in discrete-time domain, in (4.14), t denotes the

current sampling period, and t−1 corresponds to the previous sampling period. Moreover, the

selection of M(0) and L̂(0) are of high importance. In the problem of catenary line inductance

identification, L̂(0) can be selected as the inductance of a line with the length of 15 km.

Moreover, M(0) in the inductance estimation problem can be a small number, e.g., 0.5.
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Figure 4.8: The reference value of the injected harmonic current in the d− and q-axes

Note that locomotives normally operate with speeds of less than or around 200 km/h. There-

fore, for example, a locomotive traveling at 200 km/h moves almost one kilometer every 20

Seconds. Therefore, the change of the line parameters is not so rapid. Due to this gradual

change versus time, the permanent harmonic current injection and parameters estimation are

not necessary. Moreover, in a traction network, there are many locomotives traveling at the

same time. If they concurrently inject harmonic currents, not only they pollute the network,

but also the interaction of the locomotives on each other may render their identifications

invalid. Therefore, traction companies must formulate some guidelines and standards for the

current injection and identification of the locomotives. For example, the locomotives can be

obliged to perform the identification every 15 seconds, and at some specific times. In this

case, assuming the network consists of 15 locomotives, each locomotive can perform its iden-

tification in a time frame of 1000 ms, at a specific instant in each 15 second period, meaning

that Locomotive #1 can start injecting the harmonic current at hh:mm:00, Locomotive #2 at

hh:mm:01, etc.

4.4 Performance Evaluation

In this section, the performance of the CLPI is evaluated in MATLAB/PLECS environment. The

system of Figure 4.1 is adopted in which the position of the locomotive is not fixed. The initial

position is 1 km away from the SS1, and it moves toward the SS2. The final position is 1 km

away from the SS2, i.e., 59 km away from the SS1. The simulation time is 120 s corresponding

to a locomotive average speed of 1740 km/h. In order to have the same identification samples

as in a locomotive traveling along a 60 km railway with the speed of 180 km/h, the number

of performed identifications are increased. Assuming the identification process takes place

every half a kilometer, in a 60 km railway, 120 identification processes are needed. Therefore,

traveling along a 60 km railway with the speed of 1740 km/h, the identifications are repeated

every seconds in the simulation. Note that this unrealistic locomotive speed, which is chosen

due to the shortcomings of the simulation software, does not affect the validity of the studies.

The reference value for both d- and q-components of the injected harmonic current during

a time span of 2 seconds is depicted in Figure 4.8. The reference values for the d- and q-

components of the injected current are the same. To prohibit the dynamics of the notch
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Figure 4.9: The simulation results of the test system of Figure 4.2 while the locomotive
travels from the SS1 to the SS2: (a) the amplitude of the locomotive-side catenary voltage,
(b) the locomotive current, (c) the zoomed version of the locomotive-side catenary voltage,
and (d) the zoomed version of the locomotive current

filters affecting the identification process, the identification is performed only during 0.2 s

of the injection period. The sampling frequency for the identification in the example of this

chapter is chosen to be 1 kHz. Therefore, during 0.2 s, 200 samples are taken and fed to the

identification algorithm of (4.14). It should be noted that the initial point for the identification

process at every second is the last point of the previous second.

During the locomotive movement, it periodically absorbs -2000 A of the locomotive-side

d-component current, corresponding to 0.5445 MW of real power, from the catenary, while

the q-component of the current is regulated at zero. In order not to impose unacceptable

acceleration on the locomotive, the d-component reference value smoothly decreases from

zero to -2000 A. Figures 4.9 (a) and (b) depict the PC voltage and the locomotive current during

the whole simulation process, respectively. The zoomed version of the PC voltage and the

locomotive current are shown in Figures 4.9 (c) and (d), respectively, which include the data

between the time instant 47.4. s until 48.9 s.
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Figures 4.10 (a) and (b) show the d q-components of the PC voltage and the locomotive current,

respectively. The zoomed version of the d q-components of the PC voltage are depicted in

Figures 4.10 (c1) and (c2), respectively. The zoomed version of the d-component of the PC

voltage shows that before the injection of the d-component of the locomotive current at the

time instant 47.52 s, the PC voltage is at its nominal value, i.e., 544.5 V. However, subsequent

to the injection of the d-component locomotive current and due to the voltage drop along

the line, the d-component of the voltage drops. Moreover, subsequent to the injection of the

harmonic current at the time instant 47.54 s, the d-component and also the q-component

of the voltage are polluted with the injected harmonic component, as shown in Figures 4.10

(c1) and (c2). The zoomed version of the d q-components of the locomotive current are also

depicted in Figures 4.10 (d1) and (d2). The d-component of the locomotive current in the

zoomed version is initially set to zero, and at the time instant 47.52 s, it smoothly decreases
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Figure 4.11: The simulation results of the test system of Figure 4.2 while the locomotive
travels from the SS1 to the SS2 at the 7th harmonic: (a) the locomotive-side catenary
voltage, (b) the locomotive current, (c) the zoomed version of the locomotive-side catenary
voltage, and (d) the zoomed version of the locomotive current

from zero to -2000 A. Note that the q-component of the locomotive current at the fundamental

frequency is constantly kept at zero, in order not to inject any reactive power.

For the identification, 30 A (rms) of the 7th harmonic current, i.e., it ,d ,7 = 30 A and it ,q,7 = 30

A, is injected, and its consequence on the PC voltage is analyzed. That is, the corresponding

amplitudes of the PC voltage and the injected current at the 7th harmonic are extracted, as

shown in Figure 4.6, and used for the identification. In order to extract the amplitudes of

the injected current and its corresponding voltage at the PC at the 7th harmonic, the notch

filters tuned to the 7th harmonic are utilized. Figures 4.11 (a) and (b) depicts the extracted PC

voltage and the locomotive current at the 7th harmonic, respectively. Although the amplitude

of the injected current during the simulation time is constant, however, the amplitude of the

resulting voltage changes due to the change of the line impedance. The zoomed versions

of the PC voltage and the locomotive current from the time instant 47.55 s to 48.3 s are also
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Figure 4.12: The identified line inductance and its real value estimated by the 7th harmonic
current injection for several forgetting factors

presented in Figures 4.11 (c) and (d), respectively. Note that due to the smooth injection of the

harmonic current, the extracted voltage and current at the 7th harmonic smoothly increase

from zero to their final values.

After extracting the amplitudes of the PC voltage and the locomotive current at the 7th har-

monic, they are fed to the CLPI in order to estimate the inductance of the catenary line as

explained in Section 4.3. Figure 4.12 (a) depicts the estimated inductance for three different

forgetting factors and also shows the real value of the inductance versus the distance from

the SS1, which verifies that the CLPI is able to effectively estimate the inductance of the line.

The results show that for the forgetting factors close to one, the estimation might not be

very accurate. The reason is that the forgetting factors very close to one result in forgetting

old measurements very slowly, which itself results in inaccurate estimation. However, for

locomotives with low speed, forgetting factors close to one can be helpful. In the presented

simulation case study, the forgetting factor of 0.99 shows satisfactory results.

4.5 Conclusions

An identification strategy for the estimation of the catenary line parameters is proposed. The

method is based on the injection of harmonic current through the ALC of the locomotive drive

system, and monitoring the corresponding low-order harmonic voltage at the connection

point of the locomotive to the catenary. Adopting the 7th harmonic current injection, the test

results show that the estimation through the current injection is viable and can be adopted for

the parameter estimation. It must be noted that the injected current can be of any frequency
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provided the frequency is within the viable range of the ALC of the locomotive drive system.

Note that the choices of the identification sampling time, the forgetting factor, and the pattern

of harmonic injection determine the quality of the estimated inductance, which can be

selected according to the system specifications, e.g., the number of locomotives in the system,

their speeds, the distance between substations, etc.
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5
ALC-based Catenary Voltage Support

5.1 Introduction

The adoption of reactive power in power systems for voltage support has been largely in-

vestigated and studied in the literature [37, 84–88]. In traction networks, utilizing the same

concept, to compensate for the adverse effects of low system-voltage, various compensators

have been proposed and utilized, e.g., thyristor-switched reactors and thyristor-switched

capacitors [54,55], semiconductor-based solutions [15,56–60], and supercapacitor-based com-

pensators [61]. These solutions, however, are generally costly and can only locally compensate

for low system-voltage. A potential solution for obviating the low system-voltage problem is to

take advantage of the ALC of modern locomotives in order to support the catenary voltage.

In this chapter, the ALC is utilized as a STATCOM to provide the network with capacitive

reactive power to compensate for the voltage drop along the line. Inspiring from the CMPC

of Chapter 3, a cascade catenary voltage support scheme is proposed whose outer or sec-

ondary loop is realized by a Single-Input Single-Output (SISO) controller that just delivers

the set-point of the q-component of the locomotive current. Note that the set-point of the

d-component is generated by another secondary loop realized by another SISO controller

responsible for maintaining the DC-link voltage. To realize the voltage support secondary

loop, three types of controllers are utilized, which all belong to PI-controllers family: (i) a

Proportional-based Voltage Support Scheme (PVSS), (ii) a Proportional-Integral-based Voltage

Support Scheme (PIVSS), and (iii) a Gain-scheduled Voltage Support Scheme (GVSS). The

difference between the filtered d-component of the catenary voltage and its rated value is

fed to the controllers whose outputs are the set-point of the q-axis of the ALC current, which

determines the injected reactive power.

The rest of this chapter is structured as follows. Section 5.2 describes the adopted traction

network. Section 5.3 details the low system-voltage problem. Adopting the ALC, three con-

trollers for overcoming the low system-voltage problem are described in Section 5.4, and their
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Figure 5.1: The single-locomotive test system

performances are evaluated. Section 5.5 concludes the chapter.

5.2 System Descriptions

In this section, the adopted test system is presented, which is an AC single-phase traction

network, as shown in Figure 5.1. The system consists of two substations (the SS1 and the SS2)

and a locomotive connected to the catenary through its pantograph. The test system is similar

to that of Figure 4.1, however, a switch is added to the test system, which is responsible for

disconnecting the SS2 from the rest of the network. The schematic diagram of the system

is also depicted in Figure 5.2 along with its dedicated control blocks. The line connecting

two substations is represented by its resistance and inductance. Moreover, the locomotive

is connected to the catenary through a coupling transformer, which is modeled by an ideal

transformer plus its leakage inductance and series resistance represented by Lt and Rt , respec-

tively. The ALC of the locomotive drive system is implemented by a full-bridge single-phase

IGBT-based inverter. Note that the DC-link of the inverter consists of a DC voltage source

whose voltage is regulated at 840 V, and the dynamics of the locomotive motor and its driver are

neglected. The parameters of the test system of this chapter are similar to those of Chapter 4

and are presented in Table 4.1.

Note that there is no line reactor filter added for harmonic switching filtering. The reason is

that the leakage inductance of the adopted transformer is large enough and is exploited for

switching harmonic filtering.
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Figure 5.2: The schematic diagram of the test system of Figure 5.1 with its dedicated control
blocks

5.2.1 ALC Current Control Strategy

The common practice for the ALC of locomotives is utilizing current control schemes for the

regulation of the input current, which itself results in the active and reactive power regulation.

In this chapter, the PR-based current control scheme, which is detailed in Chapter 4, is adopted

for current regulation. Figure 5.2 depicts the complete schematic diagram of the test system.

Similar to the control system of Chapter 4, the utilized PR-based control strategy consists of

resonant terms to regulate the fundamental frequency and also harmonic frequency current

components. The fundamental frequency component is responsible for controlling the power

exchange of the locomotive with the catenary, while the harmonic frequency component is

injected for catenary parameters identification. The utilized harmonic frequency is 116.7 Hz

corresponding to the 7th harmonic. Note that the identified catenary parameters are utilized

in the following sections to implement a gain-scheduled low system-voltage compensation

scheme.

In the single-phase system of Figure 5.2, extracting the phase-angle of the catenary voltage

through the SOGI PLL, the q-component of the voltage is forced to zero. Therefore, the d-
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Figure 5.3: The reference current generator for PR-controller

component of the current is responsible for the active power regulation, while its q-component

determines the reactive power, i.e., P = 1
2 vpc,d it ,d and Q = 1

2 vpc,d it ,q . To determine the

reference values in the SRF, the reference signals are first determined in the RRF synchronized

with the PC voltage. That is, the required d- and q-components of the reference current

are determined according to the demanded real and reactive power of the locomotive as

if the system is in a RRF. Then, adopting the extracted phase-angle of the PC voltage, the

d q-reference values are transferred to an αβ-frame. Discarding the β-component, the α-

component is the reference value for the SRF, which results in the injection of the required

real and reactive power. Figure 5.3 shows the blocks responsible for generating the reference

signal for the current controller. Note that the q-axis reference value is determined through

PC Voltage Controller block of Figure 5.3, which is explained in the following. This controller, if

implemented in an adaptive way, requires the inductance of the line to schedule its parameters,

which is identified through the identification strategy of Chapter 4. Therefore, the reference

signal of the ALC must contain the 7th harmonic components for identification, as explained

in Chapter 4.

5.3 Low System-Voltage

In this section, adopting the system model of Figure 5.2, the low system-voltage problem is

detailed. Note that in the following, first, the low system-voltage is explained in the traction

system of Figure 5.2, in which the switch S is closed, and both substations are in service. Then,

assuming an open switch, the results are extended to a single-substation system.

Assume that the locomotive of Figure 5.2 is consuming P watts of real power and is located
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Figure 5.4: The phasors of the system voltages and currents corresponding to the SS1 while
the locomotive operates at unity power factor

x kilometers away from the SS1. The length of the line is d kilometers. Applying KVL to the

system of Figure 5.2, the following is deduced:

vSS1 = nt vpc +Z1i1 (5.1)

in which nt is the turn ratio of the transformer, and Z1 = R1 + jωnL1. Moreover, R1 and L1 are

the resistance and inductance of a segment of the line whose length is x km. Figure 5.4 depicts

a vector diagram of (5.1). Adopting the diagram, one can deduce

v2
SS1 = (nt vpc +R1i1)2 + (ωnL1i1)2. (5.2)

Assuming the impedance of the line per kilometer is Zl = Rl + jωnLl and vSS1 = vSS2, the

current of the SS1, i.e., i1, is expressed in terms of the locomotive current as follows:

nt i1 = Z2

Z1 +Z2
(−it ) = (d −x)Zl

d Zl
(−it ) =

(
1− x

d

)
(−it ). (5.3)

Moreover, the locomotive current is expressed in terms of its real power consumption and the

catenary voltage as

−it = P

vpc
. (5.4)

Substituting for it from (5.4) in (5.3), the following is deduced:

i1 = (1− x

d
)

P

nt vpc
. (5.5)

Moreover, substituting for i1 from (5.5) in (5.2), the following is derived:

(
nt vpc

)4 +
(
2R1P

(
1− x

d

)
− v2

SS1

)(
nt vpc

)2 +
(
R2

1 + (L1ωn)2
)
P 2

(
1− x

d

)2
= 0. (5.6)
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Figure 5.5: The catenary voltage versus the distance of the locomotive from the SS1 for
three different locomotive power levels

Substituting xRl and xLl for R1 and L1, respectively, in (5.6), the following is achieved:

(
nt vpc

)4 +
(
2Rl P

(
x − x2

d

)
− v2

SS1

)(
nt vpc

)2 +
(
R2

l + (Llωn)2
)
P 2

(
x − x2

d

)2
= 0. (5.7)

Solving (5.7) for nt vpc , the voltage of the catenary at the connection point of the locomotive

to the network is then determined as

nt vpc =

√√√√√( v2
SS1

2
−Rl P

(
x − x2

d

))2 −
(
‖Zl‖P

(
x − x2

d

))2 + v2
SS1

2
−Rl P

(
x − x2

d

)
. (5.8)

Figure 5.5 shows the voltage of the catenary as a function of the locomotive physical position,

i.e., x, for several power demand levels. Figure 5.5 confirms that absorbing real power from

the catenary results in the voltage drop along the line.

The conducted studies for two-substation networks can be extended to single-substation

systems. If the switch S in the system of Figure 5.1 is open, the system is a single-substation

one. This situation is similar to a system with a closed switch, in which the length of the

catenary line is close to infinity, i.e., d ' ∞. Therefore, taking the limit of (5.8) as d → ∞
for x ¿ d , the voltage of the catenary at the connection point of the locomotive to a single-

substation network is determined as

nt vpc =

√√√√√( v2
SS1

2
−Rl P x

)2 −
(
‖Zl‖P x

)2 + v2
SS1

2
−Rl P x. (5.9)
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Figure 5.6: The catenary voltage versus the distance of the locomotive from the SS1 for
three different locomotive power levels in a single-substation system

Figure 5.6 shows the voltage of the catenary as a function of the locomotive physical position,

i.e., x, for several power demand levels, in a single-substation network.

To show the effect of real power absorption on the catenary voltage, a simple test is conducted

in MATLAB/PLECS environment. The test system of Figure 5.1 is adopted in which the

locomotive moves from the proximity of the SS1 toward the SS2 while the switch S is closed.

The parameters of the locomotive, the line, and the substations are set according to Table 4.1.

The real power demand of the locomotive periodically changes between zero and 544 kW to

simulate deceleration and acceleration along the line. However, no reactive power is injected.

Figure 5.7 depicts the simulation results. Figure 5.7 (a) shows the filtered PC voltage amplitude,

which drops upon absorbing real power by the ALC. The voltage drop depends on the amount

of absorbed real power and also on the impedance of the catenary. Figure 5.7 (b) depicts

the d q-components of the locomotive current. Note that the maximum amount of voltage

drop in Figure 5.7 (a) is 0.3%, which is not significant. However, the voltage drop in this case

corresponds to the absorbed power of only one small locomotive. Assuming several more

powerful locomotives with the power of ten times larger than that of the studied one, the

voltage drop can be 15% or even more. Such voltage drop can result in shut down or power

decrement of the locomotives fed by the affected line.

5.4 Low System-Voltage Compensation

Having lower voltage in the middle of the line not only limits the performance of the locomo-

tives fed by the affected line but also limits the capacity of the line. That is, less real power can
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Figure 5.7: The simulation results of the single-locomotive system of Figure 5.1 without
compensation: (a) the filtered PC voltage amplitude and (b) the d q-components of the
locomotive current

be transmitted through the affected line. However, injecting reactive power through the ALC of

the locomotive, one can compensate for the voltage drop along the line without installing new

infrastructure. In the system of Figure 5.2, assuming the phase-angle between the locomotive

voltage and current is φ, the phasors corresponding to the locomotive voltage, the SS1 voltage,

and the current flowing from the SS1 to the locomotive are as depicted in Figure 5.8.

Taking the same procedure as explained for calculating the locomotive voltage working with

cos(φ) = 1 in the two-substation system, one can determine the voltage of the locomotive,

which operates at the power factor of cos(φ), as follows:

nt vpc =

√√√√√
√√√√( v2

SS1

2
− ‖Zl ‖P

cos(φ)
cos(ψ−φ)

(
x − x2

d

))2 −
( ‖Zl ‖P

cos(φ)

(
x − x2

d

))2 +
v2

SS1

2
− ‖Zl ‖P

cos(φ)
cos(ψ−φ)

(
x − x2

d

)
.

(5.10)

Assuming a real power demand of 9 MW , Figure 5.9 shows the catenary voltage as a function

of x for three different levels of reactive power injection, i.e., three different power factors, in a

two-substation system. Figure 5.9 verifies that injecting capacitive reactive power, the voltage

drop along the line is compensated.

To compensate for the low system-voltage in single-substation systems, similar to the two-
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Figure 5.8: The phasors of the system voltages and currents corresponding to the SS1 while
the locomotive operates at an arbitrary power factor cos(φ)

substation system, the locomotive can inject reactive power. Assuming the locomotive is

operating at the power factor of cos(φ), the voltage of the locomotive at its connection point

to the single-substation system can be determined by taking the limit of (5.10) as d →∞ for

x ¿ d and can be presented as

nt vpc =

√√√√√( v2
SS1

2
− ‖Zl‖P

cos(φ)
cos(ψ−φ)x

)2 −
( ‖Zl‖P

cos(φ)
x
)2 + v2

SS1

2
− ‖Zl‖P

cos(φ)
cos(ψ−φ)x. (5.11)

Figure 5.10 shows the voltage of a 9 MW locomotive at its connection point to the catenary

as a function of the locomotive physical position, i.e., x, for several power factors, in a single-

substation network.

Note that the capacity of the ALC in terms of injecting real and reactive power must be

considered. Figure 5.11 shows the capacity of a typical converter with the maximum apparent

power of Smax in which the locomotive always operate in the motor mode. If the converter

works at the unity power factor, i.e., cos(φ) = 1, the maximum injectable real power is 1 p.u.

while no reactive power is injected. However, sacrificing for 10% of the maximum real power,

43.5% of reactive power can be injected corresponding to a power factor of 0.9. Note that due

to various reasons, e.g., the speed limit of railways, locomotives normally travel with speeds

and power levels less than their nominal values. Therefore, operating at power factors less

than one and injecting reactive power are feasible.

Operating at a fixed power factor may efficiently compensate for the voltage drop at a given

point for which the power factor is calculated. However, due to several reasons, e.g., nonuni-

form impedance of the line in the network, fluctuations in the substation voltages, etc., the

required reactive power levels for the compensation in various locations in the network are

different. Therefore, a fixed power factor may not efficiently compensate for the voltage drop

in the whole network. In the following, using a closed-loop approach, which dictates the refer-

ence value of the locomotive current in the q-axis, several low system-voltage compensation

schemes are proposed.
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Figure 5.9: The catenary voltage versus the distance of a 9 MW locomotive from the SS1
for three different levels of compensation in a two-substation system

5.4.1 PI-Family-based Compensators

In this section, several simple closed-loop approaches are investigated, which are based on

feeding the error between the filtered d-component of the PC voltage and its reference value

to various controllers of the PI family. Since the adopted PLL forces the q-component of

the voltage to zero, the d-component of the PC voltage is equal to its amplitude in steady-

state, i.e., vpc,d = vpc,amp . In transients, vamp might be slightly different from vpc,d . If

the difference is significant, one can calculate the amplitude of the PC voltage as follows

vpc,amp =
√

v2
pc,d + v2

pc,q . In this thesis, however, it is assumed that vpc,d = vpc,amp even

during transients. In the following, three PI-based techniques are taken and described in the

following: (i) the PVSS, (ii) the PIVSS, and (iii) the GVSS. Note that these controllers replace

the PC Voltage Controller of Figure 5.1. Moreover, note that to filter out various distortions

of the network, the PC voltage is first filtered through a Low-Pass Filter (LPF) whose cutoff

frequency is set to 100 r ad
s .

To evaluate the performance of the proposed closed-loop methods, a simulation test is per-

formed. The test is similar for the three aforementioned closed-loop approaches. The test

system of Figure 5.1 is taken in which only one locomotive travels from the proximity of the

SS1 toward the SS2. The parameters of the system are selected according to Table 4.1. The

reference signal of the locomotive d-component current, and consequently the absorbed

real power, increase and decrease with a predetermined slope to mimic acceleration and

deceleration. The maximum absorbed power is 544 kW . Due to the limited capacity of the

simulation software, the simulation time span is selected to be 60 s, which corresponds to an

unrealistic locomotive speed of almost 3600 km/hour. However, this unrealistic speed does
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Figure 5.10: The catenary voltage versus the distance of a 9 MW locomotive from the SS1
for three different levels of compensation in a single-substation system

not affect the validity of the analysis.

5.4.1.1 Proportional-based Voltage Support Scheme - PVSS

The simplest controller of the PI family is P-controller, which multiplies the error by a gain to

generate the control signal. Reference [89] introduces a voltage support scheme through the

0
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Figure 5.11: The ALC capacity
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Figure 5.12: The PC Voltage Controller of Figure 5.3 realized by the PVSS

ALC, which utilizes a proportional controller. In the technical literature, P-controllers are also

known as droop controllers. In the case of voltage compensation, the error is the the difference

between the filtered d-component of the catenary voltage and its reference value, and the

control signal is the reference value of the q-component of the locomotive current. Figure 5.12

depicts the PVSS block diagram. This controller is simple to implement, however, since it does

not show infinite gain at DC, it is not able to eliminate the error in the steady-state. Note that

increasing the gain of the P-controller in order to reduce the steady-state error, destabilizes the

closed-loop system, and therefore, the gain must be limited. The gain of the P-controller in the

PVSS must be selected such that it stabilizes the system for all operating scenarios. The gain

that destabilizes the closed-loop system is inversely proportional to the line inductance seen

from the PC. Therefore, the location at which the locomotive sees the largest line inductance

must be identified, and the PVSS must be designed for that operating scenario. This scenario

corresponds to a single-substation system in which the locomotive is at the end of the line.

The gain for this point is selected 0.8 of the gain that destabilizes the closed-loop system.

Therefore, the gain of the designed PVSS, i.e., Kp , equals 0.8×400.

To evaluate the performance of the designed PVSS, the aforementioned test scenario is con-

ducted. Figure 5.13 (a) shows the filtered amplitude of the locomotive voltage, and verifies

that the controller practically fails to regulate the voltage. Figure 5.13 (b) depicts the d q-

components of the locomotive current. The P-controller output, i.e., the reference value of the

q-component of the locomotive current, is shown in Figure 5.13 (c).

5.4.1.2 Proportional-Integral-based Voltage Support Scheme - PIVSS

In this section, the performance of the PIVSS in terms of low system-voltage compensation is

evaluated. Figure 5.14 depicts the PIVSS block diagram in which the error between the filtered

d-component of the catenary voltage and its reference value is fed to a PI-controller. Similar to

the PVSS design procedure, the PIVSS is designed for the operating scenario in which the line

inductance is maximum in the system of Figure 5.1. Applying the Ziegler-Nichols method [90]

to this operating point, the designed controller is

GPI (s) = Kpi + 1

Ti s
(5.12)
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Figure 5.13: The simulation results of the test system of Figure 5.1 in which the locomotive
equipped with the PVSS travels from the SS1 to the SS2: (a) the filtered amplitude of the
locomotive voltage, (b) the d q-components of the locomotive current, and (c) the controller
output
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Kpi+ Ti s
1

Figure 5.14: The PC Voltage Controller of Figure 5.3 realized by the PIVSS

in which Kpi = 200 and Ti = 0.07.

The aforementioned test scenario is performed to evaluate the performance of this controller

in terms of regulating the PC voltage at its rated value. Figure 5.15 (a) depicts the filtered

amplitude of the PC voltage, which is regulated at its rated value by the PIVSS without steady-

state error. Figure 5.15 (b) shows the d q-components of the locomotive current, and the

reference value of the q-component is shown in Figure 5.15 (c), which is the output of the
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Figure 5.15: The simulation results of the test system of Figure 5.1 in which the locomotive
equipped with the PIVSS travels from the SS1 to the SS2: (a) the filtered amplitude of the
locomotive voltage, (b) the d q-components of the locomotive current, and (c) the controller
output

PIVSS. Note that although the PIVSS regulates the PC voltage, however, its performance in the

vicinity of substations is not flawless. The reason is that the PIVSS is designed to achieve the

desired performance only for the operating scenario with maximum line inductance, while it

only stabilizes the closed-loop system for other cases. To have superior performance for all

cases, a gain-scheduled PI-controller is proposed in the following section.

5.4.1.3 Gain-scheduled Voltage Support Scheme - GVSS

Since the physical position of the locomotive is changing in the network, a single PI-controller

may not achieve acceptable performance for all possible scenarios. In the following, identify-

ing the line inductance seen from the connection point of the locomotive to the catenary, a

gain-scheduled PI-controller, i.e., the GVSS, is proposed.

As explained in the previous section, the PIVSS of (5.12) provides acceptable dynamic perfor-

mance for the operating scenario in which the locomotive is far from the substations. However,
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Figure 5.16: The PC Voltage Controller of Figure 5.3 realized by the GVSS

as the locomotive moves toward the SS1 or the SS2, the performance of the PIVSS is not

excellent. Exploiting the catenary parameters identification of Chapter 4, one can adapt the

parameters of the the PIVSS of (5.12) according to the identified inductance. Applying the

Ziegler-Nichols frequency response method for various points in the test system of Figure 5.1

and designing PI-controllers, i.e., GPI = Kpi + 1
Ti s , it is concluded that the parameter Ti for

all points is the same. However, the parameter Kpi changes inversely proportional to the

identified inductance, L̂. Therefore, assuming the designed controller of (5.12) and a gain

Kapi , a gain-scheduled PI-controller is designed as

GPI (s) = Kapi + 1

Ti s
, (5.13)

in which Ti = 0.07, and the gain Kapi is determined as follows. Defining several intervals for the

estimated inductance and assigning a single gain Kapi to each interval, the gain Kapi can only

take predetermined values corresponding to the interval to which L̂ belongs. The intervals

are selected based on the network specifications, e.g., the length of the line, locomotives

speed, etc. Note that the number of the intervals must be finite, and the last interval must be

right-bounded. The reason is that in case of the failure of the identification scheme and the

divergence of L̂, the voltage regulation strategy should still be in service. Figure 5.16 shows the

block diagram of the GVSS, on which the gain of the PI-controller, i.e., Kapi , depends on the

identified line inductance, i.e., L̂.

In the following, using MATLAB/PLECS, the performance of the GVSS is evaluated. Two

scenarios are taken: (i) the aforementioned single-locomotive test scenario and (ii) a new test

scenario in which the traction network consists of two locomotives and three substations.

Scenario #1 To schedule the gain of the GVSS, the proposed identification scheme of Chapter

4 is active and identifies the inductance of the line every second through the injection of 50

A (rms) of the 7th harmonic corresponding to 0.035pu. Note that the harmonic current is

injected for 500 ms in each identification period.

Figure 5.17 (a) depicts the filtered amplitude of the catenary voltage during the travel time

span of the locomotive, which is well regulated at the rated value by the GVSS with acceptable

performance and zero steady-state error. The d q-components of the locomotive current and
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Figure 5.17: The simulation results of the test system of Figure 5.1 in which the locomotive
equipped with the GVSS travels from the SS1 to the SS2: (a) the filtered PC voltage
amplitude, (b) the d q-components of the locomotive current, (c) the reference value of the
locomotive q-component current, (d) the estimated catenary inductance, and (e) the GVSS
gain

also the reference signal of the q-component current are shown in Figures 5.17 (b) and (c),

respectively. The d-component current rises and falls with a predetermined steepness to

resemble the acceleration and deceleration. The injected harmonic current for the identi-

fication is also visible in the d q-currents of Figure 5.17 (b). To tune the parameters of the

GVSS, the inductance of the line is estimated as shown in Figure 5.17 (d). Using the estimated

inductance, the gain of the PI-controller of the GVSS is adaptively scheduled, as depicted in

Figure 5.17 (e).
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Figure 5.18: The double-locomotive test system

Scenario #2 In order to test the feasibility of the GVSS in more complex systems, a traction

network consisting of two locomotives and three substations is assumed as shown in Fig-

ure 5.18. Both locomotives are equipped with the proposed voltage support scheme. As shown

in Figure 5.18, the lines connecting the SS1 and the SS2 to the Junction Point (JP) are both

30 km long, and the length of the line connecting SS3 to the JP is 10 km. Locomotive 1 and

2 are initially in the proximity of the SS1 and the SS2, respectively. The parameters of the

locomotives are the same and are chosen according to Table 4.1.

During the simulation time, Locomotive 1 travels 20 km toward the JP, while Locomotive

2 moves 30 km toward the JP, i.e., its final position is the JP. Similar to the previous single-

locomotive test scenario, the locomotives periodically absorb real power to mimic acceleration

and deceleration. Figure 5.19 (a) and Figure 5.20 (a) depict the filtered amplitude of the PC

voltages of Locomotive 1 and 2, respectively, which are regulated at the reference value with

zero steady-state error. Figure 5.19 (b) and Figure 5.20 (b) show the d q-components of the

currents of Locomotive 1 and 2, respectively. Moreover, the q-component reference value for

the current of Locomotive 1 and 2 are shown in Figure 5.19 (c) and Figure 5.20 (c), respectively.

Note that when the locomotives are close to each other, they mutually impact their voltage

regulation schemes. However, every locomotive is mainly responsible for compensating for

the voltage drop caused by itself. In order not to render the identification process invalid, each

locomotive utilizes a unique harmonic frequency to identify the line inductance. Locomotive 1

uses the 7th harmonic while Locomotive 2 adopts the 8th harmonic. Note that each locomotive

injects 0.05pu of harmonic current, which is below the permitted limits. Figure 5.19 (d) and

Figure 5.20 (d) show the identified inductances at the connection point of Locomotive 1 and

Locomotive 2, respectively. The identified inductances are then used by the locomotives to
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Figure 5.19: The simulation results of Locomotive 1 in the system of Figure 5.18 equipped
with the GVSS: (a) the filtered PC voltage amplitude, (b) the d q-components of the
locomotive current, (c) the reference value of the locomotive q-component current, (d) the
estimated catenary inductance, and (e) the GVSS gain

schedule the gains of their GVSSs responsible for the voltage support. Figure 5.19 (e) and

Figure 5.20 (e) show the gains of the GVSSs of Locomotive 1 and 2, respectively.

The presented simulation test studies confirm that the GVSS provides the best dynamic

performance among the proposed methods.
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Figure 5.20: The simulation results of Locomotive 2 in the system of Figure 5.18 equipped
with the GVSS: (a) the filtered PC voltage amplitude, (b) the d q-components of the
locomotive current, (c) the reference value of the locomotive q-component current, (d) the
estimated catenary inductance, and (e) the GVSS gain

5.5 Conclusions

The low system-voltage problem is studied in traction networks. Adopting the ALC of modern

locomotives, three low system-voltage compensation schemes are also proposed: (i) a P-

controller-based method, i.e., PVSS (ii) a PI-controller-based method, i.e., PIVSS, and (iii) a

gain-scheduled PI-controller-based method, i.e., GVSS. Among the proposed approaches,

the GVSS shows the best performance. In this approach, employing a gain-scheduled PI-

controller fed by the voltage error, the compensation scheme injects capacitive reactive power

through the current-controlled ALC of locomotives. The gain-scheduling for the PI-controller
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is performed through the identification of the line inductance. The identification is carried

out by the injection of harmonic frequency current.

The performance of the proposed compensation schemes are evaluated in MATLAB/PLECS

environment, and it is concluded that

• among the proposed approaches, the GVSS has the best performance and fully compen-

sate for the voltage drops with acceptable dynamics provided the capacity of the ALC

permits,

• the GVSS can also be successfully used in networks consisting of more than one loco-

motives provided the locomotives are equipped with identification strategies operating

at different frequencies.
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6
ALC-based Catenary Voltage Support Using High-order

Controllers

6.1 Introduction

Among the proposed compensation schemes of Chapter 5, the GVSS provides the best dynamic

performance. However, this compensation approach exhibits several shortcomings: (i) it

pollutes the network with harmonic currents injected for the identification, (ii) the method

is susceptible to errors in the identification, (iii) the method is not easy to implement as it

requires additional regulators for harmonic current injection and also extra signal processing

efforts for the identification, (iv) the design procedure of the GVSS is not systematic and is

based on Ziegler-Nichols method, and therefore, no robustness margin is guaranteed, and (v)

sudden changes in the network architecture, e.g., failure of a substation, might destabilize the

closed-loop system. The reason of the latter is that upon sudden changes, the parameters of the

catenary also suddenly change, which may not be immediately followed by the identification

strategy to adapt the parameters of the GVSS.

In this chapter, to overcome the above-mentioned shortcomings, higher-order controllers

are utilized to form the secondary control loop, which do not require online tuning and/or

modifications. To design such high-order controllers, the nonparametric models of the system

for various locomotive positions and system architectures are obtained. Then, using an

optimization-based loop shaping approach [63], a high-order controller is designed whose

performance for all assumed operating points is satisfactory. In the following, using a simple

traction test system, the design procedure of the method is detailed. Then, designing a 5th-

order controller, the performance of the proposed method is evaluated in MATLAB/PLECS

environment. Moreover, implementing a scaled-down experimental setup, the performance

of the method is experimentally evaluated.

The rest of this chapter is structured as follows. Section 6.2 describes the utilized test system

and explains the current control strategy used for the locomotive. Section 6.3 presents the
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Figure 6.1: A simple traction system consisting of one locomotive and two substations

design procedure of the optimization-based compensation scheme. Section 6.4 evaluates the

performance of the designed controller, and Section 6.5 concludes the chapter.

6.2 System Descriptions

In this section, a traction network, based on which the low system-voltage compensation

scheme of this chapter is proposed, is explained. A simplified model of the system along

with its parameters are also presented. Moreover, the utilized current control strategy of the

locomotive is briefly reviewed.

6.2.1 Traction Network

The adopted traction network is an AC single-phase system consisting of two substations

connected through a catenary line. The catenary line has an inductive/resistive behavior and

can be modeled by an inductor and a resistor. In the utilized system, only one locomotive

travels along the line. The architecture of the system is shown in Figure 6.1. Note that Substa-

tion2 can be disconnected from the rest of the network by the switch S. This switch is used in

the performance evaluation section in order to change the architecture of the system from a

two-substation network to a single-substation one.

The simplified schematic diagram of the traction network of Figure 6.1 is depicted in Figure 6.2.

The substations are modeled by AC voltage sources, a resistor, and an inductor. The resistor

and inductor represent the internal impedance of the substation. The catenary line is modeled

by two variable inductors and two variable resistors whose inductance and resistance change
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Table 6.1: The parameters of the system of Figure 6.2

Quantity Value P.U. Comment

Sbase 0.5 MVA 1 pu Base Value of Locomotive Power
vpc 385 V (rms) 1 pu Locomotive Nominal Voltage
vdc 840 V DC Bus Voltage
Lt 0.4 mH 0.14 pu Leakage Inductance of Transformer
Rt 0.019Ω 0.06 pu Resistance of Transformer
nt 38.961 Transformer Ratio
fsw 2 kHz PWM Carrier Frequency
fs 5 kHz Sampling Frequency

vSS 15000 V (rms) 1 pu Substation Nominal Voltage
Rs 0.6Ω 0.0012 pu Substation Internal Resistance
Ls 8 mH 0.0016 pu Substation Internal Inductance
ωn 2π×16.67 rad/s System Nominal Frequency
Rl 0.08Ω 0.00016 pu Line Resistance/km
Ll 1.2 mH 0.00025 pu Line Inductance/km
d 60 km Line Length

according to the position of the locomotive. The locomotive is connected to the catenary at

the PC through its coupling transformer. The transformer is modeled by an ideal transformer

plus its leakage inductance and series resistance. The parameters of the transformer are

represented by Lt and Rt . The ALC of the locomotive drive system is implemented by a

single-phase IGBT-based inverter whose DC-link consists of an ideal DC source. Since just the

control at the AC-side of the line-side converter of the locomotive is of interest of this chapter,

the dynamics of the ALC DC-side, including the locomotive motor, is neglected, and the ALC

DC-side is implemented by a dc-source. Table 6.1 presents the parameters of the system.

6.2.2 Current Control Strategy of Locomotive

The conventional practice for the ALC of locomotives is utilizing current control schemes

for the regulation of the input current, which itself results in the active and reactive power

regulation. Various control strategies for the ALCs are proposed in the literature [9, 64–71].

However, the common approaches for the current regulation of single-phase converters are

PI-based and PR-based methods [6, 68]. In this chapter, a PI-based current control scheme is

adopted for the current regulation that consists of two parts: (i) an FAE, and (ii) a decoupled

d q-currents controller, as explained in Chapter 2. Figure 6.2 depicts the block diagram of the

adopted control strategy of the locomotive. For the synchronization purposes, a single-phase

SOGI-based PLL [77] is adopted. The SOGI PLL generates an orthogonal component for the

PC voltage, vpc,β, and then acts on the PC voltage and its orthogonal component to extract

the phase-angle, i.e, θ. The obtained phase-angle is then used for the transformation of the

αβ signals into d q ones or vice versa. Note that if offset is present in the measured PC voltage,

a SOGI PLL with offset rejection capability as presented in [91] can be utilized.
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Figure 6.2: The schematic diagram of the traction network

The FAE is responsible for the generation of the required orthogonal component of the current,

it ,β. To generate it ,β, the difference between the β-component of the control signal, vt ,β,

and the β-component of the PC voltage, vpc,β, is fed to a fictive model of the plant, i.e.,

Gs(s) = 1/(Lt s + Rt ). The converter current and its orthogonal component form the αβ-

currents, which are then transferred to a d q-frame. The achieved d q-currents, it ,d q , are

then fed to the utilized d q-currents controller, which is responsible for the regulation of

the converter d q-currents. The outputs of the decoupled d q-currents controller are the

d q-components of the control signal, vt ,d q , which are transformed to an αβ-frame. The

α-component, vt ,α, is fed to the PWM block, while vt ,β is fed back to the FAE block to generate

it ,β.

The reference values of the d q-currents are determined as follows. The reference value of

d-component, it ,d ,r e f , is determined according to the real power demand of the locomotive.

Moreover, it ,q,r e f is generated through the secondary control loop responsible for compen-

sating for the voltage drop and even over-voltage along the catenary line. In the following,

adopting the test system of this section, an Optimization-based Voltage Support Scheme

(OVSS) is designed as the secondary loop, which contrary to the approach of Chapter 5, does

not need any online modification.
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6.3 Optimization-based Voltage Support Scheme - OVSS

The GVSS of Chapter 5 can compensate for the voltage drop along the line, however, it requires

online tuning, which results in the pollution of the network. Moreover, the line parameter

identification required for adapting the parameters of the GVSS might fail, which results in

very poor dynamics. An alternative approach for the compensation is utilizing controllers

that are fixed and are not adaptive. However, low-order controllers, e.g., the PVSS and the

PIVSS, do not exhibit acceptable dynamic performance for all locomotive positions in the

network. Therefore, higher-order controllers must be explored and designed. Designing such

controllers is not a trivial task and needs either parametric or nonparametric model of the

plant. Since a parametric model of the plant to be controlled is not readily available, one can

utilize nonparametric models and design higher-order controllers based on them.

In this section, adopting nonparametric models and convex optimization, the design proce-

dure of a high-order H∞ controller capable of supporting the PC voltage along the catenary

line is detailed. This optimization-based control approach is originally presented in [63]

and is basically a SISO version of the design procedure utilized in Chapter 3. The main idea

of this method is to minimize the error between a family of the system open-loop transfer

functions, i.e., L = {Li ( jω); i = 1, ...,m;∀ω ∈ R}, and a desired open-loop transfer function,

i.e., LD (s). Note that in the example of this chapter, Li ( jω) =Gi ( jω)K ( jω), while Gi ( jω) and

K ( jω) represent the plant transfer function at the i th position for the locomotive and the

controller, respectively. Since shaping the open-loop transfer function does not guarantee the

required performance and stability, the minimization is subject to some constraints, which

ensure the desired performance and stability of the closed-loop system.

The design procedure of the OVSS consists of three main steps: (i) obtaining the required

family of nonparametric models of the system at various locomotive positions, (ii) defining the

class of the controller, and (iii) minimizing the summation of the second norm of the errors

between the system open-loop transfer functions and a desired open-loop transfer function

subject to the constraints ensuring the excellent performance and the stability. In the following,

first, the family of the models is derived. Then, the utilized class of controller is explained, and

finally, solving the optimization problem subject to some constraints, the optimal coefficients

of the controller are determined. Note that the designed controller replaces the PC Voltage

Controller block of Figure 6.2.

6.3.1 Nonparametric Models

For the PC voltage control strategy of the system of Figure 6.2, the output is the reference

value of the q-axis of the locomotive current, i.e., it ,q,r e f , and the input is the d-component

of the PC voltage. Since the adopted PLL forces the q-component of the voltage to zero, the

d-component of the PC voltage is equal to its amplitude in steady-state, i.e., vpc,d = vpc,amp .

Therefore, the transfer function of the system to be controlled is G( jω) = vpc,d ( jω)
i t ,q,r e f ( jω) . Note that

since in traction networks, the PC voltage is normally polluted with various distortions, using
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an LPF, vpc,d is filtered to achieve a clean DC signal. In this chapter, a second-order LPF with

the cutoff frequency of 100 r ad
s is utilized.

The nonparametric model of the system at the i th position, i.e., Gi ( jω), is achieved by de-

termining the magnitude and phase of Gi ( jω) at all frequencies of interest, e.g., frequencies

smaller than the system bandwidth. To do so, one can excite the system through applying a

PRBS [83] as the input and monitor the output. The PRBS is a sequence of rectangular pulses

with random width, which has the properties of a discrete-time white noise (a flat spectrum).

In the system of Figure 6.2, exciting it ,q,r e f with a PRBS, one can identify Gi ( jω) as

Gi ( jω) = F (vpc,d , f )

F (it ,q,r e f )
(6.1)

in which F stands for the Fourier transform, and vpc,d , f is the filtered d-component of the

PC voltage. Note that the selection of the PRBS amplitude is of high importance. The reason is

that the amplitude must be large enough to sufficiently excite the system, while it does not

violate the operating ranges of the system.

To achieve the required family of models G = {Gi ( jω); i = 1, ...,m;∀ω ∈R}, one can excite the

system at various locomotive locations in the network. Note that in the studied system of this

chapter, the system transfer function is mainly dependent on the parameters of the catenary

line, i.e., its inductance and resistance. Moreover, the resistance is fairly proportional to the

inductance. Therefore, at any point in the network, the transfer function is mainly dependent

on the inductance seen from the PC. Assuming several typical scenarios for the locomotive

position and the switch status, the corresponding nonparametric models are achieved, which

form the family of models. The obtained models are similar in pattern and are only different

in a gain, which is not frequency dependent. Therefore, one can take the extreme points of

the network and derive the corresponding models. The minimum inductance seen by the

locomotive is 8 mH, which corresponds to the internal inductance of a typical substation,

while the locomotive is very close to one substation. Moreover, assuming the switch S is

open, 80 mH is the maximum inductance seen by the locomotive in the network. This value

corresponds to the inductance of a 60 km catenary line plus the internal inductance of the

substation, while the locomotive is at the end of the line. Thus, the family of models utilized

to design the controller consists of two models and is described as follows:

G = {G8( jω),G80( jω);∀ω ∈R}, (6.2)

in which G8 and G80 correspond to the model for the inductance of 8 and 80 mH, respectively.

The corresponding bode diagrams of G8 and G80 are shown in Figure 6.3. It must be noted

that the models are achieved for the points of interest just once, and the locomotives do not

require to perform the identification online and during their normal operation.
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Figure 6.3: The nonparametric models for two locations: (a) L = 8 mH and (b) L = 80 mH

6.3.2 Class of Controller

In order to form the open-loop transfer function, in addition to the obtained nonparametric

models, the class of the controller to be utilized is needed. Since the controller is implemented

in the discrete-time, the class of the controller is defined in z-domain. A generic discrete-time

controller in z-domain is of the form of

K (z,ρ) = K0 +K1z−1 +K2z−2 +·· ·+Kn z−n

1− z−1 (6.3)

in which ρ = [K0,K1,K2, . . . ,Kn]. Such a controller includes an integrator, which results in zero

steady-state error. The control strategy is then implemented as follows:

it ,q,r e f = K (z,ρ)× (vpc,r e f − vpc,d , f ), (6.4)

where vpc,r e f is the reference value of the PC voltage. Figure 6.4 depicts the schematic dia-

gram of the controller along with its dedicated low-pass filter, which replaces the PC Voltage

Controller block of Figure 6.2.

Adopting the obtained nonparametric family of models and the defined controller class, the

family of the open-loop transfer functions is

L =G K ( jω,ρ) = {L8( jω),L80( jω);∀ω ∈R}. (6.5)

L8( jω,ρ) and L80( jω,ρ) are linear functions of the controller parameters, ρ. In the following,

using convex optimization theory and defining some constraints that guarantee the robustness

and the stability of the closed-loop system, the optimal coefficients of the controller, i.e., the

elements of ρ, are calculated.

It must be noted that the minimum value for n is dependent on the required dynamics

response for the point in which locomotives experience the minimum line inductance and

also on the maximum inductance seen by locomotives in the network. The reason is that for

the point with the minimum inductance, the controller shows the slowest dynamic response,
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It,q,ref
Vpc,d

K(z)

Vpc,ref

LPF

Vpc,d,f

OVSS

Figure 6.4: The structure of the PC Voltage Controller block of Figure 6.2 realized by the
OVSS

and therefore, for this point, the controller must be fast enough. Moreover, for the point with

the maximum inductance, the controller must be stable. For example, in the studied test

system of this chapter, choosing n = 5 results in satisfactory dynamic response for Lmi n = 8

mH and a stable system for Lmax = 80 mH. Therefore, in the following, n = 5.

6.3.3 Loop Shaping and Minimization Problem

Assuming the obtained family of the nonparametric models, shaping their corresponding

open-loop transfer functions, L , is performed by minimizing the summation of the second

norm of the errors between them and a desired open-loop transfer function, LD (s). Thus, the

OVSS design consists of the following optimization problem:

min
ρ

m∑
i=1

∥ Li (ρ)−LD ∥2 . (6.6)

Note that in (6.6), m is the number of open-loop transfer functions that form the family L . In

this chapter, only two models are assumed, and therefore, m = 2. However, in the following, to

keep the generality of the discussions, the number of assumed open-loop models is kept at m.

The primary goal of the OVSS is showing satisfactory dynamic performance and zero steady-

state error. Therefore, a reasonable desired open-loop transfer function is as follows:

LD (s) = ωc

s
. (6.7)

Manipulating ωc in (6.7), one can achieve the required dynamic performance, e.g., the system

bandwidth. Moreover, to guarantee the robustness of the system, one can shape the closed-

loop sensitivity function of each model, i.e, Si = (1+Li )−1, using the following constraints:

W1( jω)Si ( jω) < 1 ∀ω ∈R and i = 1, ...,m, (6.8)

in which W1( jω) is a weighting filter. This is an H∞ performance condition that guarantees the

robustness of the system [73]. The set of constraints given in (6.8) is non-convex. Reference [63]
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approximates the set of constraints of (6.8) by the following linear and convex set as follows:

|W1( jω)[1+LD ( jω,ρ)]|−Re{[1+LD (− jω)][1+Li ( jω,ρ)]} < 0

∀ω ∈R and i = 1, ...,m. (6.9)

Note that the adopted weighting filter is W1( jω) = 0.5. This value guarantees a gain margin

of at least 2 and a phase margin of greater than 29 degrees [72]. Considering the constraints

for the desired performance, as shown in (6.9), the controller design is summarized into the

following optimization problem:

min
ρ

m∑
i=1

∥ Li (ρ)−LD ∥2,

subject to

|W1( jω)[1+LD ( jω,ρ)]|−Re{[1+LD (− jω)][1+Li ( jω,ρ)]} < 0 (6.10)

∀ω ∈R and i = 1, ...,m.

The optimization problem of (6.10) is referred to as SIP problem, since it has infinite number

of constraints and finite number of variables. To solve such problems, one can neglect the

frequency points beyond a threshold, ωmax , e.g., the Nyquist frequency for discrete systems,

and utilize the gridded frequency interval [0ωmax ]. Therefore, the number of the constraints is

also finite, which results in a SDP problem. Such problems are solved by standard SDP-solvers,

e.g., SeDuMi [74].

Choosing N linearly spaced frequencies in the interval [0 ωmax ] ∈R, the quadratic objective

function is approximated by

m∑
i=1

∥ Li (ρ)−LD ∥2 ≈
m∑

i=1

∑
ω

∥ Li ( jω,ρ)−LD ( jω) ∥F (6.11)

where ∥.∥F is the Frobenius norm. Therefore, the OVSS design is summarized into the following

convex optimization problem:

min
ρ

m∑
i=1

N∑
k=1

∥ L( jωk ,ρ)−LD ( jωk ) ∥F ,
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subject to

|W1( jωk )[1+LD ( jωk )]|−Re[1+LD (− jωk )][1+Li ( jωk ,ρ)] < 0

for k = 1, . . . , N and i = 1, ...,m. (6.12)

6.4 Performance Evaluation

In this section, the performance of the OVSS is evaluated by using (i) two simulated test

systems in MATLAB/PLECS environment and (ii) a scaled-down experimental setup. For the

simulation part, the system of Figure 6.1 and a multi-locomotive system are simulated in

MATLAB/PLECS environment. For the experimental part, a scaled-down system according to

that of Figure 6.1 is implemented, which has only one substation, i.e., the switch S is open.

6.4.1 Simulation Results

In the simulation part, to design the OVSS, the two extreme points in the network, whose

associated bode diagrams are depicted in Figure 6.3, are assumed. Taking the procedure

detailed in the previous sections, a 5th-order controller for the catenary voltage support is

designed. Assuming a desired open-loop transfer function LD (s) = 30
s , the designed controller

is as follows:

K5th = K0 +K1z−1 +K2z−2 +K3z−3 +K4z−4 +K5z−5

1− z−1 , (6.13)

where, K0 = −0.99036e6, K1 = 2.49542e6, K2 = −1.71387e6, K3 = 0.01908e6, K4 = 0.07289e6,

and K5 = 0.11683e6.

To evaluate the performance of the OVSS, two test scenarios are defined. The first scenario

adopts the test system of Figure 6.1 and evaluates the performance of the proposed controller

in a single-locomotive network. Moreover, utilizing a multi-locomotive traction network,

as shown in Figure 6.6, and equipping all locomotives with the proposed controller, the

effectiveness of the method in more sophisticated networks is validated. The parameters of

both systems are set according to Table 6.1. It must be noted that due to the limitations of the

simulation software, the locomotive speeds in the conducted simulation tests are not realistic

and are up to ten times more than maximum speed of normal locomotives. However, such

unrealistic speeds do not affect the validity of the analysis and just impose harsher conditions

to the controller in terms of variations in the network parameters.

6.4.1.1 Single-locomotive System

In the system of Figure 6.1, the locomotive is initially at rest absorbing no real and reactive

power and is situated close to Substation1, while the switch S is closed. At time instant
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Figure 6.5: The simulation results of the single-locomotive system of Figure 6.1 in which
the locomotive travels from the SS1 to the SS2 and the OVSS is in service: (a) the filtered
amplitude of the locomotive voltage, (b) the inductance of the line seen by the locomotive,
and (c) the d q-components of the locomotive current

t = 0.25 s, the locomotive starts traveling along the line toward Substation2. Note that during

the locomotive travel time span, it periodically absorbs the d-component of the current, which

results in the absorption of real power. Furthermore, the switch S is periodically opened and

re-closed during the locomotive travel to mimic Substation2 tripping out and reconnection.

That is, when the switch S is closed, the network is a two-substation network, and when the

switch S is open, the system of Figure 6.1 is a single-substation network. Moreover, during

the locomotive travel, the OVSS is in service and injects the required reactive power for the

voltage support.

Figure 6.5 (a) depicts the filtered PC voltage amplitude that is regulated at the rated value, i.e.,

544.5 V, during the locomotive travel time span by the 5th-order compensator. However, note

that subsequent to each change in it ,d ,r e f , a negligible transient period is experienced in the

PC voltage amplitude, which corresponds to the controller response time. Figure 6.5 (b) shows

the catenary line inductance seen by the locomotive from the PC, which varies according to

the position of the locomotive and the status of the switch S. Figure 6.5 (c) shows the d q-

components of the locomotive current. The d-component periodically increases/decreases

to resemble locomotive acceleration/deceleration. Upon each reference change in the d-

axis, the q-axis is manipulated by the OVSS to compensate for the voltage drop/over-voltage.
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Figure 6.6: The schematic diagram of a multi-locomotive traction network

The zoomed versions of several intervals during the locomotive movement are also shown.

The zoomed versions show that the 5th-order OVSS has various response times in various

locations, and the controller response time is inversely proportional to the inductance seen by

the locomotive. However, the controller is able to stabilize the system for all scenarios, which

confirms that there is no need for any online tuning, identification, etc. Note that thanks to

the decoupled d q-currents controller, the transients of the d-component (q-component) of

the ALC current have no impacts on its q-component (d-component).

6.4.1.2 Multi-locomotive System - A More Realistic Scenario

In this section, the performance of the OVSS in a multi-locomotive traction network, as shown

in Figure 6.6, is evaluated. In order to mimic the limitations of a practical scenario, the current

limitations of the ALC is taken into account. It is assumed that the apparent power of each ALC

is limited to Smax = 1.25 MVA, as depicted in Figure 6.7. Moreover, in the control strategy of the

ALC, the priority is always given to the active power. That is, the maximum injectable reactive

power at any instant is determined according to the real power consumption at that instant.

Therefore, at any instant the maximum injectable reactive power is Qmax (t ) =
√

S2
max −P (t )2.

As shown in Figure 6.8, locomotives are allowed to operate with full power capacity in a range

of the PC voltage. Therefore, it is more beneficial to regulate the PC voltage in a given interval

around the rated value, e.g., Vpc = [15kV −ε1 15kV +ε2]. In such a case, less reactive power

is needed to keep the PC voltage in the assumed interval. In the multi-locomotive scenario,

while vpc < 15kV −ε1 (vpc > 15kV +ε2,), the OVSS is active and its reference value is 15kV −ε1

(15kV +ε2). Moreover, while the PC voltage is within the interval, the OVSS is inactive and is

in anti-windup mode. Furthermore, while the anti-windup mode is active, the output of the

OVSS is gradually forced to zero, in order not to inject unnecessary reactive power.
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Figure 6.7: The ALC power capacity

It must be noted that other limitations also exist in the control strategy of commercial locomo-

tives and can be taken into account in order to limit the maximum injectable reactive power.

However, each supplier of traction converters has its own design approach and consequently

its own current limitations, and therefore, discussing other limitations are out of scope of this

chapter.

In the multi-locomotive system of Figure 6.6, initially, Locomotive 1 and Locomotive 2 are in

Town D, and Locomotive 1 is in Town B. At time instant t = 1 s, Locomotive 1 and Locomotive

2 start traveling toward Town F and Town E, respectively, and Locomotive 3 starts traveling

toward Town C. During their travel time span, the locomotives periodically absorb and re-

generate real power, to mimic acceleration and braking. Moreover, their 5th-order OVSSs are

active, and inject proper amount of reactive power to maintain the voltages at the connection

points of the locomotives to the network within vpc = [15kV −300V 15kV +300V ]. Moreover,

Substation2 is connected and disconnected during the travel time span of the locomotives, as

shown in Figure 6.9.
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Figure 6.8: The ALC power limits versus the catenary voltage

Figures 6.9 (a), (c), and (e) depict the catenary filtered voltages at the connection points of

Locomotive 1, 2, and 3, respectively, which are all well maintained within the assumed interval.

Moreover, Figures 6.9 (b), (d), and (f) show the d q-components of the currents of Locomotive

1, Locomotive 2, and Locomotive 3, respectively. Note that since Locomotive 3 is traveling

in the electrical proximity of two substations, its voltage is less affected by its real power

absorption/regeneration. Therefore, as shown in Figures 6.9 (e) and (f), at the connection

point of Locomotive 3, the catenary is maintained within the pre-specified limits with no

reactive power injection. However, Locomotive 1 and 2 must inject reactive power to maintain

their voltage within the interval. Moreover, note that the current limitation of Locomotive

1 is reached after t = 11 s and therefore, the set-point of the q-component of the current is

saturated at -2500 A for 0.7 s. The same happens for Locomotive 2 after time instant t = 10.9 s

for 0.8 s.

To show the improvement achieved by the OVSS, a similar test for the multi-locomotive

network of Figure 6.6 is conducted in which no OVSSs are in service. Figures 6.10 (a), (b), and

(c) depict the catenary voltages at the connection point of Locomotive 1, 2, and 3, respectively,

to the network, which are not within the assumed interval during the travel time spans of the

locomotives.

6.4.2 Experimental Results

To experimentally evaluate the performance of the OVSS, a scaled-down version of the test

system is implemented. The test system of Figure 6.11 is adopted, and it is assumed that the
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Figure 6.9: The simulation results of the multi-locomotive system of Figure 6.6 while the
OVSSs of all locomotives are in service: (a) the filtered catenary voltage at the connection
point of Locomotive 1, (b) the d q-components of the Locomotive 1 current, (c) the filtered
catenary voltage at the connection point of Locomotive 2, (d) the d q-components of the
Locomotive 2 current, (e) the filtered catenary voltage at the connection point of Locomotive
3, (f) the d q-components of the Locomotive 3 current

system consists of only one substation, i.e., the switch S is always open. The parameters of

the implemented test system are selected according to Table 6.2. To design the OVSS for the

experimental test system, two extreme points are identified, i.e., the operating point very close

to the substation and the operating point at the end of the line. Then, assuming LD (s) = 30
s ,

the optimization problem of (6.12) is solved, and the coefficients of the 5th-order controller

are determined as K0 = −7.95930e3, K1 = 19.78095e3, K2 = −13.11031e3, K3 = 0.00000e3,

K4 =−0.00000e3, and K5 = 1.28865e3. Figure 6.11 depicts a photo of the experimental setup.
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Figure 6.10: The simulation results of the multi-locomotive system of Figure 6.6 while the
OVSSs are not in service: (a) the filtered amplitude of the Locomotive 1 PC voltage, (b)
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Note that to implement the substation, a PWM converter connected to an LC filter is adopted

that utilizes a PR-controller [92] to regulate its output voltage at the rated value. However, the

details of the adopted voltage control strategy of the substation are out of the scope of this

chapter and are not further discussed.

To implement the control strategies and signal processing algorithms of the locomotive, an

FPGA-based controller, which provides a C programming environment, is used. The adopted

FPGA is XC4010PC84 FPGA manufactured by XILINX. The control and signal processing

algorithms are first discretized using the bilinear method and then developed into C codes.

It should be noted that in order to achieve perfect isolation between the power and control

circuits, optic-based gate drivers are adopted for driving IGBTs

For the experimental performance evaluation, two test scenarios are assumed: (i) the d-

component of the current gradually increases/decreases to mimic the locomotive accelera-

tion/deceleration and (ii) the substation voltage is changed suddenly to mimic sudden drop

in the network voltage. These tests are conducted for two extreme points in the network, i.e.,

(i) close to the substation and (ii) at the end of the line.

6.4.2.1 Locomotive Acceleration/Deceleration

In this test, the performance of the OVSS during and subsequent to changes in the reference

value of the d-component of the locomotive current is evaluated. The reference value of
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Table 6.2: The parameters of the scaled-down experimental setup of Figure 6.11

Quantity Value P.U. Comment

Sbase 150 VA 1 pu Base Value of Locomotive Power
vpc 30 V (peak) 1 pu Locomotive Nominal Voltage
vdc 100 V DC Bus Voltage
Lt 27 mH 0.9 pu Inductance of Locomotive Filter
Rt 1Ω 0.33 pu Resistance of Locomotive Filter
nt 3 Transformer Ratio
fsw 10 kHz PWM Carrier Frequency
fs 10 kHz Sampling Frequency

vSS 90 V (rms) 1 pu Substation Nominal Voltage
Rs 0.6Ω 0.023 pu Substation Internal Resistance
Ls 8 mH 0.029 pu Substation Internal Inductance
ωn 2π×16.67 rad/s System Nominal Frequency
Rl 0.08Ω 0.00296 pu Line Resistance/km
Ll 1.2 mH 0.00456 pu Line Inductance/km
d 60 km Line Length

Controller 

ALC

ALC Filter

Catenary

Substation

Figure 6.11: The experimental setup

the d-component of the current is initially zero, and at time instant t = 0.2 s, it ,d ,r e f starts

decreasing with a slope of 16 A
s , and is saturated at it ,d ,r e f =−8 A. 0.5 s after the saturation,

it ,d ,r e f increases with the same slope and reaches zero. During the d-axis reference current

change, the OVSS is active and injects proper amount of reactive power to maintain the voltage

at its rated value.

Locomotive Close to the Substation The locomotive is close to the substation and the

inductance between the PC and the substation is 8 mH, which corresponds to the internal

inductance of the substation. it ,d ,r e f changes according to the aforementioned scenario, and
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Figure 6.12: The experimental results of the system of Figure 6.11 during and subsequent
to changes in the reference value of it ,d while the locomotive is close to the substation and
the OVSS is in service: (a) the amplitude of the PC voltage and (b) the d q-components of
the current

the OVSS injects the required reactive power. Figure 6.12 (a) shows the amplitude of the PC

voltage, which is maintained at the rated value. Figure 6.12 (b) depicts the d q-currents of the

locomotive.

Locomotive at the End of the Line The locomotive is situated at the end of the catenary line,

and the same test is conducted. The inductance between the PC and the substation is 80 mH.

Figure 6.13 (a) shows the amplitude of the PC voltage that is regulated at its rated value. The

d q-components of the locomotive current are also shown in Figure 6.13 (b). Note that the

OVSS response time in this test is less than that of the previous test.

Figure 6.12 and Figure 6.13 show that the OVSS is able to regulate the PC voltage at the rated

value for various locations of the locomotive. However, the response time of the controller for
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Figure 6.13: The experimental results of the system of Figure 6.11 during and subsequent
to changes in the reference value of it ,d while the locomotive is far from the substation and
the OVSS is in service: (a) the amplitude of the PC voltage and (b) the d q-components of
the current

various locations, i.e., various line inductance amounts, differs.

6.4.2.2 Substation Voltage Drop

In this test, the performance of the OVSS in terms of maintaining the voltage subsequent to

sudden drop in the substation voltage is evaluated. The test is conducted for two locomotive

positions in the network: (i) close to the substation and (ii) at the end of the line. Note that

for both tests, the amount of the voltage drop is selected such that the required amount of

reactive power for compensation is -120 var.
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Figure 6.14: The experimental results of the system of Figure 6.11 during and subsequent
to drop in the substation voltage while the locomotive is close to the substation and the
OVSS is in service: (a) the amplitude of the PC voltage and (b) the d q-components of the
current

Locomotive Close to the Substation The locomotive is initially close to the substation and

absorbs -3 A of it ,d . The line inductance, which represents the internal inductance of the

substation, is 8 mH. The substation voltage drops to 29.2 V at t = 200 ms. The controller injects

-120 var of reactive power to maintain the PC voltage at its rated value, i.e., 30 V, in almost

300 ms. Figure 6.14 (a) shows the amplitude of the PC voltage. The d q-components of the

locomotive current are shown in Figure 6.14 (b). The d-component is fixed at -3 A, while the

q-component changes to compensate for the substation voltage drop.

Locomotive at the End of the Line In this test, the locomotive is at the end of the line, i.e.,

the inductance between the PC and the substation is 80 mH. The locomotive initially absorbs

-3 A of it ,d . At time instant t = 200 ms, the substation voltage drops to 25.6 V. The OVSS changes
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Figure 6.15: The experimental results of the system of Figure 6.11 during and subsequent
to drop in the substation voltage while the locomotive is far from the substation, and the
OVSS is in service: (a) the amplitude of the PC voltage and (b) the d q-components of the
current

the reference value of it ,q to compensate for the voltage drop. The voltage is regulated at its

rated value in almost 100 ms. Figure 6.15 (a) shows the amplitude of the PC voltage that is

regulated at its rated value subsequent to the drop in the substation voltage. Figure 6.15 (b)

depicts the d q-components of the locomotive current. The d-component is fixed, however,

the q-component varies to compensate for the voltage drop.

Figures 6.14 and 6.15 depict that subsequent to the drop in the substation voltage, the OVSS

can maintain the PC voltage provided the capacity of the ALC permits.
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6.5 Conclusions

Adopting the active line-side converter of modern locomotives, a high-order catenary voltage

support scheme is proposed. The compensation scheme is able to compensate for the voltage

drop along the catenary line caused by locomotives real power absorption and/or substations

voltage drop. Moreover, it can counteract the over-voltage caused by the active power regen-

eration of the locomotives during breaking. It injects reactive power to regulate the voltage

at the connection point of the locomotive to the catenary. The injection of reactive power is

performed through manipulation of the q-component of the locomotive current.

The taken design procedure is an optimization-based approach that relies on the nonpara-

metric models of the system. The nonparametric models are achieved for several operating

points in the network, and a controller is designed such that it stabilizes the system for all

operating points while exhibits acceptable performance for each of them. The performance of

the proposed compensation scheme is evaluated in MATLAB/PLECS environment. Moreover,

the performance is experimentally evaluated, and it is concluded that the proposed voltage

support scheme:

• is able to compensate for voltage drop and over-voltage along the catenary line provided

the capacity of the line-side converter permits,

• stabilizes the system for various operating scenarios and exhibits acceptable perfor-

mance for each of them,

• does not need any online tuning and is very simple to implement.
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7.1 Summary and Conclusions

This thesis develops several control strategies for voltage source converters utilized in the

context of microgrids and traction networks. For microgrids, a decoupled d q-currents control

strategy is proposed, and its applicability is extended to single-phase systems. Then, assuming

an islanded microgrid, three voltage control schemes are proposed: two single-stage con-

trollers and a cascade controller. In the cascade control scheme the decoupled d q-currents

control scheme is utilized to realize the inner loop. Moreover, for traction networks, inspir-

ing from the cascade voltage control strategy, several voltage support schemes for traction

networks, which are normally supplied by weak grids, are proposed. One of the proposed

approaches for catenary voltage support requires the inductance of the catenary line at the

connection point of the locomotive to the line to schedule its parameters. In this thesis, an

identification scheme is also developed, which relies on the injection of harmonic current

through the ALC of locomotives to identify the inductance.

7.1.1 Current Control of Grid-tied VSCs

A vector current control scheme for the three-phase grid-tied VSCs is introduced, which relies

on an optimization-based loop shaping approach. To design the proposed controller, the

second norm of the error between the nonparametric transfer function matrix of the system

and a desired one is minimized. To ensure the stability and performance of the closed-loop

system, the minimization problem is subject to constraints. Since the design procedure relies

on nonparametric models, in contrast with the existing methods, it is immune to modeling

mismatch and/or parametric errors. The performance of the proposed vector control scheme

under various scenarios is evaluated. The studies conclude that the proposed method: (i)

results in zero steady-state error, (ii) similar to its competitors, has fast dynamic response, and

(iii) contrary to its competitors, fully decouples the d q-axes.

129



CONCLUSIONS

In order to benefit from the proposed decoupled vector control scheme in single-phase

grid-tied VSCs, a countermeasure for obviating the need for a quarter of a cycle delay in

conventional approaches is proposed. To create the d q-axes in single-phase system, imaginary

components of the voltage and current orthogonal to the real ones are needed. In existing

methods, a SOGI-based PLL is used for the generation of the orthogonal voltage, and the

orthogonal current is created by phase-shifting the real current for a quarter of a fundamental

period. However, the phase-shifting results in oscillatory dynamics and strongly coupled

d q-axes. The proposed countermeasure generates the required orthogonal component of the

current concurrently with the real one through a Fictive Axis Emulator (FAE). The feasibility of

the proposed method in single-phase systems is verified through various simulation-based

studies and experiments. The conducted studies show that the FAE-based approach (i) is

much faster than conventional approaches, (ii) provides zero steady-state error, and (iii) results

in fully decoupled d q-axes.

7.1.2 Voltage Control of Islanded Microgrids

Utilizing the generalized version of the optimization-based loop shaping approach, three

control schemes for the voltage regulation of single-DG-unit microgrids and their dedicated

loads are proposed. The adopted design procedure is based on minimizing the summation

of the errors between the open-loop system transfer function matrices for several operating

points of interest and a desired transfer function matrix. The minimization is subject to several

constraints to ensure the stability and desired performance. The designed controllers are: (i) a

Single-stage Multivariable-PI Controller (SMPC) (ii) a Single-stage Multivariable-PI-Resonant

Controller (SMPRC), and (iii) a Cascade Multivariable-PI Controller (CMPC). According to the

conducted time-domain simulations and experiments, it is concluded that:

• the proposed controllers show satisfactory dynamic performance in terms of load volt-

ages regulation and robustness, upon various step changes in linear loads,

• compared to the SMPC, the SMPRC and the CMPC provide superior performance in

the presence of nonlinear loads as they eliminate/minimize the adverse impacts of the

low-order harmonics on the load voltages and system operation.

7.1.3 Catenary Parameters Identification

To estimate the catenary line parameters at the connection point of the locomotive to the line,

a catenary line parameters identifier (CLPI), based on recursive least squares algorithms, is de-

veloped. The CLPI relies on the injection of harmonic current through the ALC of locomotives

and monitoring its impact on the PC voltage. Using a simulation-based test bench, several

test scenarios are conducted, and it is concluded that:

• the injected current can be of any frequency, provided the frequency is within the viable
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range of the ALC,

• several factors, e.g., the choice of the identification sampling time and the forgetting

factor, determine the quality of the estimated inductance. Such factors can be selected

according to the system specifications, e.g., the number of locomotives in the system,

their speeds, the distance between substations, etc.,

• to adopt the CLPI in multi-locomotive networks, the frequency of the adopted harmonic

current for each locomotive must be unique and must be outside of the frequency range

used for signaling systems.

7.1.4 Catenary Voltage Support

To support the catenary voltage, benefiting from the unused power capacity of ALCs, several

secondary control schemes are proposed. The proposed schemes dictate the set-point of the

reactive power through manipulating the set point of the q-component of the locomotive

current. Three PI-based solutions are proposed: (i) a Proportional-based Voltage Support

Scheme (PVSS), (ii) a Proportional-Integral-based Voltage Support Scheme (PIVSS), and (iii) a

Gain-scheduled Voltage Support Scheme (GVSS). The gain-scheduling is performed through

the developed catenary parameters identification scheme based on harmonic current injec-

tion. The performance of the proposed voltage support schemes are evaluated based on

several simulation case studies. The studies conclude that:

• the PVSS is subject to steady-state error,

• the PIVSS can not provide satisfactory dynamic performance for all operating scenarios,

• among the proposed approaches, the GVSS shows the best performance.

Despite the acceptable performance of the GVSS, due to its deficiencies, e.g., the pollution of

the network with harmonic currents, its susceptibility to erroneous catenary parameters iden-

tification, and implementation difficulties, an Optimization-based Voltage Support Scheme

(OVSS) is also proposed. The OVSS relies on high-order controllers to realize the secondary

control loop. Adopting the optimization-based loop-shaping approach for SISO systems, a

high-order controller is designed that guarantees the excellent performance of the closed-loop

system for various operating points of interest. The performance of the OVSS is evaluated

in MATLAB/PLECS environment and also based on experiments. It is concluded that the

proposed voltage support scheme:

• is able to compensate for voltage drop and/or over-voltage along the catenary line

provided the capacity of the line-side converter permits,

• is able to support the catenary voltage in both single and multi-locomotive systems,
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Table 7.1: Summary of the Results

Controller Applications Advantages Disadvantages

G
en

er
al

P
u

rp
o

se
C

o
n

tr
o

ll
er

s

OMCC
Various Types of Grid-tied VSCs, Decoupled d q-Axes,

e.g., Active Filters, STATCOMs, Very Fast Dynamics, and Complex Design

Drive Systems, etc. Zero Steady-State Error

FAE
Vector Control of Single-phase VSCs Very Fast Dynamics,

in Active Filters, STATCOMs, Zero Steady-Sstate Error, —

Drive Systems, etc. and Decoupled d q-Axes

SMPC
Voltage Regulation of Islanded Large Robustness Margin Imperfect for Multi-DG Systems,

Systems, e.g., Islanded Microgrids, and Zero Steady-State Error Inability to Reject Harmonic

UPS, etc. Distortions, and Complex Design

SMPRC
Voltage Regulation of Islanded Large Robustness Margin,

Systems, e.g., Islanded Microgrids, Zero Steady-State Error, and Imperfect for Multi-DG Systems

UPS, etc. Harmonic Distortion Rejection and Complex Design

CMPC
Voltage Regulation of Islanded Large Robustness Margin, Imperfect for Multi-DG Systems,

Systems, e.g., Islanded Microgrids, Zero Steady-State Error, and Needs Extra Current Sensors,

UPS, etc. Harmonic Distortion Rejection and Complex Design

Tr
ac

ti
o

n
-R

el
at

ed
C

o
n

tr
o

ll
er

s

CLPI
Identification of the Information for Designing

Inductance of the Catenary Controllers Providing Network Pollution and

in Traction Networks Ancillary Services Extra Signal Processing

PVSS Catenary Voltage Support Simple to Design and Implement Steady-State Error

in Traction Networks

PIVSS Catenary Voltage Support Simple to Design and Implement, Slow Dynamics

in Traction Networks and Zero Steady-State Error

GVSS Catenary Voltage Support Acceptable Dynamics and Requires Identification and

in Traction Networks Zero Steady-State Error Susceptible to Identification Errors

OVSS Catenary Voltage Support Acceptable Dynamics and Complex Design

in Traction Networks Zero Steady-State Error

• stabilizes the system for various operating points and exhibits acceptable performance

for each of them,

• does not need any online tuning and is very simple to implement.

Table 7.1 summarizes the applications, advantages, and disadvantages of the proposed con-

trollers of this thesis.

7.2 Contributions

The main contributions of this thesis are as follows:

• A vector control strategy for the current control of three-phase grid-tied voltage source

converters is proposed. Contrary to existing methods, the proposed approach fully

decouples the d- and q-components of the current.
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• Using a Fictive Axis Emulator, the applicability of the proposed decoupled d q-currents

control method is extended to single-phase systems. Contrary to existing methods,

in order to generate the d q-components, the proposed control strategy generates the

required imaginary orthogonal component of the current concurrent with the real one.

This countermeasure obviates the need for a quarter of a cycle delay that is the source

of oscillatory dynamic response of the existing methods.

• Three voltage control strategies for single-DG-unit microgrids are proposed, which have

large robustness margins. The main advantage of the proposed controllers over the

existing ones is their capability to guarantee given robustness margins. Moreover, one

of the controllers is specifically designed to cancel the effects of the low-order harmonic

currents and voltages generated by nonlinear loads.

• An identification scheme is proposed for catenary parameters identification in traction

networks.

• A gain-scheduled voltage support scheme for traction networks is proposed, which is

able to compensate for catenary voltage variations. The gain scheduling is performed

through the developed catenary parameters identification scheme.

• A high-order controller that does not need any online modification and/or adaptation

is introduced, which is able to compensate for voltage fluctuations in various operating

points in traction networks.

7.3 Industrial Implementation

The proposed control strategies of this thesis may be utilized in various industrial applications.

In the following, some of their possible application fields are presented:

• Current regulation schemes are extensively utilized in industry. Since the proposed

current control scheme of this thesis provides superior performance compared with the

existing ones, its chance to be exploited in various applications is high. For example,

ABB, one of the worldwide leaders in power engineering, has shown interest in the

proposed current regulation method.

• Due to the increasing concerns regarding energy and also greenhouse gases, renewable

energy resources will be more and more utilized in the future. The islanded opera-

tion of microgrids operating based on renewable energy resources will also gain more

attention. The proposed approaches of this thesis can be excellent solutions for design-

ing controllers with given robustness margins for maintaining the voltage of islanded

microgrids.

• The proposed voltage support schemes for traction networks, and specially the high-

order voltage support scheme, have been already pretty much appreciated by SBB, the
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Swiss Federal Railways company. It is very likely that in the near future, SBB will ask its

locomotive suppliers to equip the future and also the existing locomotives with such

voltage support strategies.

7.4 Future Works

In the continuation of this work, the following topics are suggested for future possible research:

• The performance of the high-order secondary control scheme for supporting the cate-

nary voltage can be evaluated in a real traction network. To do so, adopting a modern

locomotive equipped with an ALC, e.g., a FLIRT, one can inject a PRBS for identifying the

network nonparametric model for various operating scenarios, i.e., for various traction

network architectures and locomotive positions. Adopting the identified nonparamet-

ric models and the proposed control design procedure of this thesis, one can design

high-order controllers as the secondary controller. Then, equipping the ALC with the

designed controller, one can experimentally evaluate the performance of the proposed

method in a real case.

• The proposed voltage control schemes for the islanded single-DG-unit microgrids can

be extended to multi-DG-unit microgrids. Adopting a master/slave philosophy, one can

validate the effectiveness of the proposed voltage regulation approaches in multi-DG-

unit microgrids.

• The proposed vector control strategy for grid-tied VSCs, the OMCC, can be tested for

some other conditions in which the switching frequency of the VSC is very low, e.g., in

very high power applications. Moreover, by choosing other higher-order controllers

instead of the PI-controllers of the OMCC, its performance in terms of axis-decoupling

in the presence of uncertainties in the filter resistance may be evaluated.

• In this thesis, two-level VSCs are adopted to design and evaluate the performance of

the proposed controllers. As a future research topic, the applicability of the proposed

control strategies, i.e., the decoupled current control scheme for grid-tied three phase

and single-phase VSCs, and the voltage regulation approaches for the islanded operation

of microgrids, can be extended to other converter topologies.

• In this thesis, the H∞ control design method [62, 63] has been utilized to design con-

trollers for the discussed applications. One can use other control design approaches

to design the controllers and compare their dynamic performance with the proposed

ones.
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