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Abstract 

Recent advances of high power, self-commutated devices have given rise to a new generation 
of power electronics controllers, opening many future applications in power flow control and 
power quality enhancement in electrical power systems. One of these applications is related to 

voltage source converters based on pulse width modulation control, a technology that enables a 
fast, smooth and versatile response of the converters over a wide range of operating character- 
istics. These power electronics controllers are being used at the transmission and distribution 

voltage levels in the form of static synchronous compensators, dynamic voltage restorers, uni- 
fied power flow controllers, and HVDC stations based on voltage source converters. It may 
be argued that once the technology develops further and self-commutated devices with lower 

conduction losses become available, the deployment of such power systems controllers will 
take place in earnest. Nevertheless, from the system viewpoint, there are still several ques- 
tions in the operation, modelling and analysis of these controllers which need to be addressed, 
since harmonic instabilities and resonance problems within the system may a rise as a result of 
unexpected interactions. 

The research work presented in this thesis is concerned with the modelling of this new gen- 
eration of power electronics controllers with a view to conduct comprehensive power systems 
harmonic analyses. An issue of paramount importance in this research is the representation of 
the self-commutated valves used by the controllers addressed in this work. Such a representa- 
tion is based on switching functions that enable the realization of flexible and comprehensive 
harmonic models. Modularity is another key issue of great importance in this research, and the 
model of the voltage source converter is used as the basic building block with which to assem- 
ble harmonic models of actual power systems controllers. In this research the complex Fourier 
series in the form of operational matrices was used to derive the harmonic models. 

Also, a novel methodology is presented in this thesis for conducting transient analysis of 
electric networks containing non-linearities and power electronic components. The method- 
ology is termed the extended harmonic domain. This method is based on the use of time- 
dependent Fourier series, operational matrices, state-space representation and averaging meth- 
ods. With this method, state-space equations for linear circuit, non-linear circuits, and power 
electronics controllers models are obtained. The state variables are the harmonic coefficients of 
x(t) instead of x(t) itself. The solution of the state-space equations gives the dynamic response 
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of the harmonic coefficients of x(t). 
Moreover, a new harmonic power flow methodology, based on the instantaneous power 

flow balance concept, the harmonic domain, and Newton-Raphson method, is developed and 
explained in the thesis. This method is based on the instantaneous power balance as opposed to 
the active and reactive power balance, followed by traditional harmonic power flow methods. 
The power system and the power electronics controllers are modelled entirely in the harmonic 
domain. 
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1. Introduction 

1.1. Foreword 

Deregulation of electricity markets [1], open access transmission between countries [2], cus- 
tomers' demands for improved power quality services [3], and increasing environmental de- 

mands to use cleaner technology and renewable energy [4], have brought about news challenges 
on the design, planning and operation of transmission and distribution systems. One of the chal- 
lenges is to enhance the capability, controllability and reliability of electric systems, where great 
progress in this direction may be obtained by using flexible AC transmission systems (FACTS), 
Custom Power controllers and high voltage direct current (HVDC) transmission systems [5]. 

FACTS [6] is the term used to denote a whole family of concepts and controllers for im- 

proved operation and a more flexible use of power systems. Some of these controllers have 

today reached maturity in both concept and application. FACTS controllers utilise power elec- 
tronic technology based on advanced switching devices, to enable a fast and smooth operation 
of the power controller. 

The gate turn off thyristors (GTOs) and insulated gate bipolar transistors (IGBTs) are good 
examples of advanced switching devices which can handle high power, operate at high switch- 
ing frequencies and have gate "turn-off' capabilities. Devices with such characteristics together 
with advances in pulse width modulation (PWM) control, have enabled the construction of volt- 
age source converters (VSC) and their use in electricity distribution and transmission networks. 
This has provided the motivation for conducting research and development of power electronic 
controllers suitable for network-wide studies. 

The applications of VSCs on distribution systems can be found under the titles of Custom 
Power [7] and HVDC transmission systems based on VSC technology [5] so called HVDC- 
VSC stations. Although HVDC-VSC stations may not form part of Custom Power, they share 
with it the use of PWM voltage source converter technology. 

One of the current challenges facing power engineers and research groups is the study and 
characterisation of FACTS, Custom Power, and HVDC-VSC stations and their interaction with 
transmission and distribution networks. Some of the power research areas directly involved 
with these technologies are: Power flow, optimal power flow, transient stability, power quality, 
renewable energy, and harmonic analysis. Power flow and optimal power flow have received 
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considerable research attention [8][9]. Also, many papers related to transient stability can be 
found in the open literature. As far as power quality and renewable energy issues are concerned, 
Custom Power and HVDC-VSC stations have been studied from the technology application 
viewpoint. Despite the fact that these new technologies inevitably generate harmonic frequen- 

cies, very little work has been conducted on harmonic analysis. One possible reason is that low 

order harmonic frequencies are not generated by PWM converters, and it may be argued that the 
high harmonic frequencies, generated by them, should not cause major problems in the distri- 
bution and transmission system if a fixed high-frequency harmonic filter is used [10]. However, 

a more careful analysis of the operation of fixed harmonic filters and these electronics-based 
controllers indicate that they might interact with elements of the transmission and distribution 

system such as power generators, transformers, capacitor banks and other switching stations. 
Clearly, such interactions are undesirable since they may cause stability problems, overvoltages, 
frequency oscillations, harmonic instabilities and, in general, abnormal device operation [11]. 

1.2. Modelling and Analysis 

The study and design of a physical system can be carried out using empirical methods, but 

when the system becomes too complicated or too expensive to be experimented with, analytical 
methods become indispensable. The analytical study of physical systems may seem to consist 
of four parts: modelling considerations, development of the mathematical description, analysis, 
and design. In order to develop a suitable model of a physical system, a thorough understanding 
of the physical system and its operational range is essential. 

Once a model is found for a physical system, the next step is to develop a mathematical de- 
scription, by applying various physical laws and mathematical methods to describe the system. 
For example, applying Kirchhoff's voltage and current laws, Fourier analysis.. The equations 
that describe systems may assume many forms; they may be linear equations, non-linear equa- 
tions, time-varying equations, difference equations, diffential equations, or others. Depending 

on the purpose of the model, one form of equation may be preferable over another to describe 
the same system. For example, the following equation YTCR = (Cr - sin ß)/itwoL is used to 
represent a specific power electronic controller in power flow studies, and the matrix equation 
YTCR = LD-1(jhwo)S may be used to represent the same controller but for harmonic studies. 
Hence, a system may have many different mathematical descriptions, just as a physical system 
may have many different models. 

Once the model of the system is obtained, the next step in the study involves quantitative 
and/or qualitative analysis. In the quantitative analysis, we are interested in exact responses of 
systems due to the applications of certain input signals. In the qualitative analysis, we are inter- 
ested in the general properties of the system, such as stability, controllability, and observability. 

An important aspect of this thesis concerns the modelling and quantitative analysis of volt- 
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1. Introduction 

age source converters using GTOs or IGBTs switches, for harmonic power systems studies. 
Since the intention is to study the system level response of these converters, there is a well 

established engineering justification to simplify the GTOs and IGBTs representations as much 

as practicable and, hence, their turn-on and turn-off electric capabilities, are represented in this 

research by ideal electric switches. The rationale behind this simplification is that GTOs and 
IGBTs turn-on and turn-off times are in the order of 1- 5 Its, which is a very short time pe- 

riod compared to 200 ps the period of the 100th harmonic, which is one of the higher harmonic 

frequencies of interest for harmonic power systems analysis. 

1.3. Power Electronics Controllers and Harmonic Analysis 

An outline of the most important power electronics controllers from the harmonic analysis 
viewpoint is presented below. 

SVC: The static VAR compensator (SVC) is a controller based on high power thyristor tech- 

nology. It is a static shunt reactive power compensator. In the first half of the 1970s the SVC 

became a well-established compensator in high power networks. Since then, there has been a 

great increase in its number of applications. A SVC system typically comprises a transformer, 
linear reactors and/or capacitors controlled by antiparallel thyristor valves [12]. The harmonics 

generated by the SVC are well known [13] but interaction with other non-linearities such as 
transformers undergoing saturation or other power electronics controllers requires more thor- 

ough studies. 

TCSC: The thyristor-controlled series compensator (TCSC) is used as a series compen- 
sator for active power flow control, damping of power oscillations and mitigations of sub- 
synchronous resonance. A TCSC comprises a series capacitor in parallel with a thyristor- 

controlled reactor (TCR) and a metal-oxide varistor for over-voltage protection. 
The TCSC provides active power flow control with very little delay, leading to much im- 

proved system damping and stability margins for the compensated transmission circuit [14][15]. 
In steady-state operation the harmonic currents generated by the TCR are trapped inside the 
TCSC due to the low impedance of the capacitor compared to the network equivalent impedance, 

producing considerable voltage distortion in the TCSC capacitor [16] but very few harmonic 

currents flow into the electric systems. In the 500 kV Slatt TCSC system [17] for capacitive 
operation mode, the total harmonic distortion (THD) of the line current had a maximum value 
of 1.4%. Similarly for the 230 kV Kayenta TCSC system [18], in the capacitive operation, the 
maximum THD voltage in the system was less than 1.5%. Owing to the principle of operation 
of the TCSC and its series connection with the transmission system, TCSCs are critically ex- 
posed to harmonic voltage magnifications resulting from resonant impedance conditions. It was 
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reported [17] that due to small offsets in the line current, the quarter-wave-symmetry of the ca- 

pacitor voltage was lost, causing the thyristor to conduct uneven currents at each half cycle. In 

this case, research in small-signal stability [19] has shown that the TCSC can present resonance 

conditions under different operating scenarios. Most of these problems, relating to non-ideal 

operation of the TCSC have been conducted using time domain simulations, but it should be 

remarked that time domain simulations do not yield the level of detail necessary to study the 

TCSCs frequency conversion effect since they only provide the aggregated final response. A 

more complete model for harmonic analysis is proposed in [13] where not only the resonance 

point at fundamental frequency is obtained, but also at different harmonic frequencies. 

STATCOM: The static synchronous compensator (STATCOM) was the first FACTS controller 

to use VSC technology. The STATCOM includes a DC capacitor and a coupling transformer. 

The converter uses GTOs or IGBTs switches, which are turned on and off by PWM control tech- 

niques. The STATCOM is used to exchange reactive and active power with the AC system [20]. 

Over the last few years, an increasing amount of research work addressing the STATCOM has 

been published in the open literature mainly in the design, operation and control of the STAT- 

COM. Fundamentally, all these analysis techniques involve time domain simulations. Since the 
PWM technology does not generate low order harmonic frequencies, its harmonic contribution 
is commonly neglected in harmonic analysis. However, the harmonic spectrum generated by the 

PWM appears at high frequencies which can produce resonance problems between the trans- 

mission system and the capacitor connected in the DC side of the STATCOM. Some STATCOM 

models for harmonic analysis have been proposed. In [21], a STATCOM-based PWM converter 
is represented as a harmonic voltage source, with no explicit representation of the capacitor 

effect. In [22][23], a set of simplified analytical expressions were put forward with which the 
STATCOM currents can be calculated at both the fundamental and harmonic frequencies. A 

more complete model for harmonic analysis is proposed in [13] where the DC capacitor is 

explicitly represented. 

A particular configuration of the STATCOM is the dynamic voltage restorer (DVR). The 
DVR is a controller used for dynamic voltage restoration purposes. The DVR makes use of 
a VSC controlled by PWM and a DC voltage storage unit; the DVR is connected, through 

a coupling transformer in series with the transmission system in order to eliminate voltage 
sags. Since the DVR operation takes place under transient conditions, no research for harmonic 

analysis in steady-state has been reported. However, during typical DVR operation of around 10 

cycles from an initial disturbance, the DVR may be considered as operating in a quasi-steady- 
state periodic condition, therefore the steady-state harmonic interaction with the transmission 
system becomes only an issue of research interest. Since the DVR is a part of the UPFC, its 
model is explicit represented in the UPFC model. 
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UPFC: The unified power flow controller (UPFC) was proposed in [24]. It is composed of a 
STATCOM and a DVR sharing a common DC link. The UPFC is able to control the transmis- 

sion line impedance, nodal voltage magnitude and active and reactive power flow in the line. 

The UPFC may also provide independently controllable shunt reactive power compensation. 
For this controller, much of the work reported has been in the general operation [25], control 
[26][27], stability [28], power flows and optimal power flows [29][30]. Most of the UPFC 

models found in the open literature are very simple and only suitable to study the fundamental 

frequency response, and no work on harmonic analysis has been reported. Even though the 
UPFC uses PWM techniques, not all harmonics generated by the UPFC are fully eliminated. 

HVDC-VSC stations: Conventional HVDC transmission systems use line commutated cur- 

rent source converters (CSC). In these converters each valve consists of a number of thyristors 

connected in series. The turn-on of the thyristor is controlled by the gate signal while the turn- 

off occurs at the zero crossing of the AC current which is determined by the AC network voltage 
(i. e. line commutation), where both the sending end and the receiving end of the HVDC system 
absorb reactive power from the AC systems. Hence, the HVDC system requires an AC sys- 
tem at least at one end to have an AC voltage to commuttate. This reactive power requirement 
is a constraint for HVDC stations connecting a weak AC system or small island AC network 
[31][32]. 

An interesting alternative for HVDC applications is the use of VSCs, which eliminates the 

reactive power compensation requirements. With this characteristic, the HVDC stations based 

on VSC technology opens a wide range of applications [10][33][34][35][5] with the following 

major advantages: 

" Capable to control reactive power independently of active power. 

9 No risk of commutation failures. 

" Capacity to feed a weak AC network or a network without internal generation. 

" Faster response due to the use of PWM switching frequency. 

HVDC Light or HVDC Plus stations are the names given by ABB and Siemens company, 
respectively, to HVDC systems based on VSCs. Since its introduction to the market in 1997, 
some of the most interesting applications and possibilities are: 

" City centre infeed. 

" Multi-terminal DC grid. 

9 Connection of wind power parks to the main grid. 

" Utilising existing rights-of-way. 
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It is expected that the HVDC-VSC technology will improve many of the problems faced by 

current transmission and distribution systems, such as renewable power interconnection with the 

main grid and opposition to build new transmission and distribution networks on enviromental 
grounds. 

Other application of the HVDC-VSC stations is the back-to-back tie station, where no DC 
line or cable exist. The HVDC-VSC back-to-back station comprises two VSCs sharing a DC 

capacitor in the DC link. Besides controlling the through power flow, it can supply reactive 
power and provide independent dynamic voltage control at its two terminals. Only a limited 

amount of research is found relating to this type of station, but some important applications are 
already in place, e. g. the HVDC-VSC back-to-back installation at the Eagle Pass substation 
which connect the 138 kV transmission systems of USA and Mexico [35]. Hence, for this new 
HVDC-VSC technology most of the research work has been directed to applications. 

1.4. Techniques for Harmonic Analysis 

Time Domain: Harmonic analysis using time domain simulations has been used for many 
years in power systems, where voltage and current waveform distortion are analysed with the 
help of fast Fourier transform (FFT) techniques. One difficult task with this approach is the 
gathering of suitable initial condition which would enable the system to reach the steady-state 
condition on which the harmonic analysis would be carried out [36]. Good initial conditions are 
required to overcome the long period of integration time required to reach the steady-state when 
the system includes magnetic non-linearities and power electronics controllers. Most of the 
research in this area of power systems harmonics has been denoted to reinforce the initialisation 
facilities of software packages such as EMTP [38] and PSCAD/EMTDC [39]. 

Frequency Domain: The frequency domain has been used extensively in the modelling and 
analysis of power systems operating under harmonic distortion. Probably, the most successful 
frequency domain technique, for its flexibility in both modelling and analysis, has been the har- 
monic domain (HD) technique based on the complex Fourier series. The HD has been applied 
to the modelling and analysis of transmission lines, synchronous generators, transformers, and 
electric arcs [40][41][42][43], and using the Hartley transform similar models were obtained in 
[44]. Using the HD applied to switching functions, models for the TCR have been presented 
[45][46]. The same technique can be applied to obtain a model for the TCSC for stability and 
steady-state analysis. A more formal representation of the HD, using operational matrices and 
different transforms is given in [47]. The HD has been applied to conventional power elements 
and power electronics controllers based on thyristors for steady-state analysis, as explained in 
detail in [13]. In the present thesis, the HD is used to obtain models for power electronics con- 
trollers which use IGBTs or GTOs. Also, a significant development is that the HD is extended 
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to carry out dynamic harmonic analysis. 

Dynamic Frequency Domain: A number of power quality studies are carried out by analysing 
the system harmonics as recorded from disturbance events. The analyses require time sampling 
techniques, following by windowing fast Fourier transform (WFFT) over the actual waveform 
recorded [48][49]. Even for digital simulation, time domain and discrete Fourier transform 
techniques are used for the analysis of the harmonics during transient events [39]. Therefore, 
frequency techniques are not reported in the open literature to be used for transient harmonic 

analysis in AC electric circuits. In this thesis, a transient harmonic technique termed extended 
harmonic domain (EHD) is presented. The EHD is used for harmonic modelling and analy- 
sis of linear and non-linear circuits, and power electronics controllers. The EHD is based on 
generalized averaging methods [51], time-dependent Fourier series, harmonic state-space for 
time-varying systems [52] and the HD. The EHD is a formulation based on orthogonal basis 

and operational matrices. In the simulation environment afforded by EHD, the coefficients of 
the Fourier series are the state variables. The solution process allows the computation of the time 
evolution of the harmonic coefficients. A similar technique termed dynamic phasors [53] [54] 

was applied to obtain phasor-based models for AC power elements and FACTS controllers used 
for fault and stability studies. 

1.5. Methods for Harmonic Propagation Studies in Electrical 

Networks 

Injection method: This is the simplest and most widely used method for harmonic propaga- 
tion studies in distribution and industrial networks. The simplicity of the method lies on the 
linear approach adopted to represent the non-linear elements, which produce harmonics. This 
method allows the representation of non-linear elements by a current or voltage source at differ- 

ent harmonic frequencies. This simplification reduces the harmonic propagation problem to the 
solution of a set of linear equations solved at each harmonic frequency of interest [55][13]. For 
high harmonic voltage distortion (>5%), this method is inaccurate since the harmonic sources 
are calculated assuming that the bus voltages are sinusoidal. 

Harmonic power flow: The work on harmonic power flow analysis was pioneered by D. Xia 
and G. T. Heydt [56][57] where the conventional Newton-Raphson power flow method was re- 
formulated to include the harmonic current flows and solved simultaneously using Newton's 
method. In [58], the previous method was extended to unbalanced systems and in [59] a con- 
verter model was included in the algorithm. A difficult task associated with this method is that 
the equations which represent each non-linear load type must be included in the formulation of 
the Jacobian. 
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In [60], a harmonic power flow method consisting of two basic parts was presented; the first 

part is the construction of a decoupled harmonic Norton equivalent via FFTs, and the second 
part performs the network solutions at the fundamental and one harmonic frequency at a time. 
This method requires the use of time domain simulations and the use of FFTs. 

The method in [61] solves the harmonic propagation problem using 'a sequential method 

where linearisation is used to obtain the equivalent admittance of the non-linear elements. A 

modular approach for three-phase harmonic power flow is given in [62]. In this solution ap- 

proach, three iterative process are required: The first one for the fundamental positive sequence 

power flow, the second one for the fundamental three-phase power flow solution, and then for 

the full harmonic solution. 
A hybrid methodology is described in [63] for the harmonic propagation problem using the 

frequency domain to represent linear components and the time domain to represent non-linear 
and time-varying components. The method uses Poincar6 acceleration to reach the steady-state 
solution. 

A general characteristic of these methods is that linear loads are represented by linear equiv- 
alent impedances at harmonic frequencies. Also, the effect of harmonics in the power calcula- 
tions are not taken into account. In this thesis a different harmonic power flow formulation is 

presented, this approach is based on the instantaneous power flow principle. 

Instantaneous power flow: The instantaneous power balance concept, the HD, and the Newton- 
Raphson method as applied to power networks are suitably combined to develop the instanta- 

neous power flow (IPF) method in this thesis. The IPF lends itself to a modular approach where 
all the power electronic controllers are included in the methodology. Moreover, all the con- 
ventional elements already developed in HD are incorporated with ease in this methodology. 
This method follows the principle of conservation of energy as applied to electrical circuits, 
where the instantaneous power and the active power are the only powers which possess the con- 
servation property under harmonic distortion. The IPF is a new harmonic power flow method 

proposed in this thesis. 

1.6. Motivation of the Research Project 

Modern electrical power systems are being upgraded with a new breed of power electronics 
technology based on high switching frequency devices such as GTOs and IGBTs, and PWM 
control. This new technology is creating new and exciting challenges and opportunities at the 
transmission and distribution levels [101. The current applications can be found in controllers 
such as the STATCOM, DVR, UPFC and HVDC-VSC stations which share the same technology 
base, i. e. VSCs [70][71][72][34]. Even though harmonic generation is an intrinsic characteristic 
of VSCs, so far no harmonic models for these controllers exist. However, it is well known 
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that harmonics, even at high frequencies, can produce undesirable effects at transmission and 
distribution networks, effects which can be predicted only with the use of suitable models. In 

order to provide for this timely necessity, advanced harmonic models for controllers based on 
VSC technology are proposed for the first time in this thesis. 

Several of the restrictions that thyristor-based controllers face are eliminated with the use 
of VSC technology. For example, turn-on and turn-off capabilities, high switching frequency, 

and faster responses are key attributes of power controllers based on VSC. These and other 
advantages of VSC technology should provide the motivation for their widespread use in future 

power systems applications. Hence, new mathematical models, solution methods and analysis 
techniques are required to be able to study future power networks where the use of VSC-based 

controllers may become widespread. The research work presented in this thesis advances this 
timely area of electrical engineering by applying time-varying system theory and averaging 
methods in the modelling and harmonic analysis of VSC technology. Besides the modelling of 
novel power electronic controllers, the advance lies on the fact that the harmonic domain [13] 
has been extended to carry out dynamic analysis, opening a new avenue of research in control 
and design of power electronics controllers. 

The incorporation of FACTS and Custom Power controllers in power systems, calls for 

an upgrade of the analysis tools used by power engineers in the planning and operation of 
their networks. Some of these tools are power flow, optimal power flow, stability and harmonic 
power flow analysis. Moreover, new analysis techniques and software may need to be developed 
afresh to study new aspects of power system phenomena which may not be properly studied with 
existing or even upgraded analysis tools, such is the case of harmonic power flow. In this thesis, 
a new methodology to solve the harmonic power flow problem is presented. This new method 
is termed instantaneous power flow since it is based on the instantaneous power balance of the 
electrical network. 

1.7. Objectives of the Research Project 

The main objective of the research project is to formulate suitable frames-of-reference for VSC- 
based power electronics controllers, which can be modelled and analysed using harmonic do- 
main techniques for steady-state and dynamic analysis. 

In order to achieve this objective, the thesis covers three main themes: 1) Modelling of 
power electronics controllers based on VSCs and PWM techniques for harmonic steady-state 
analysis, 2) Development of a frame-of-reference where power electronics controllers based on 
VSC and PWM techniques can be represented for harmonic dynamic analysis, and 3) Develop- 
ment of the instantaneous power flow method. 

The research work is based on three basic premises: 1) The power electronics controllers 
use GTOs or IGBTs switches which have turn-on and turn-off capabilities, 2) The power elec- 
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tronics controllers may be analysed as linear, time-varying systems due to their turn-on and 

turn-off capabilities, and 3) The use of Fourier series and time-dependent Fourier series applied 

to linear, time-varying systems yields the exact steady-state and dynamic harmonic solution of 

the system. With these key points, the following objectives are achieved: 

" The realization of a new and comprehensive VSC harmonic model. This model is used 

as the basic building block with which other power electronics controller models are as- 

sembled, namely: STATCOM, HVDC-VSC stations and the UPFC. The models obtained 

are for steady-state harmonic analysis of balanced and unbalanced three-phase power 

systems. 

" The development of a new state-space based on time-dependent Fourier series. In this 

new state-space, the state variables are the harmonics of x(t) instead of x(t) itself. Models 

of the STATCOM and HVDC-VSC stations are obtained in this state-space for dynamic 

harmonic analysis of balanced and unbalanced three-phase power systems. 

" The development of a harmonic power flow method based on the instantaneous power 
balance principle and the Newton-Raphson method. The new method is based on the 
harmonic domain frame-of-reference where transmission lines, generators, transformers, 
and power electronics controllers are well represented. 

1.8. Publications 

The following publications were generated during the course of the present research work. 

Book: 

1. E. Acha, M. Madrigal, Power Systems Harmonics: Computer Modelling and Analysis, 

John Wiley & Sons, Chichester, April 2001. Hardcover (382 pages), ISBN 0-471-52175- 
2. 

Transactions papers: 

1. J. J. Rico, E. Acha, M. Madrigal, "The Study of Inrush Current Phenomenon Using Op- 

erational Matrices", IEEE Transactions on Power Delivery, Vol. 16, No. 2, April 2001, 

pp. 231-237. 

2. M. Madrigal, E. Acha, "Equivalent Harmonic Impedances of Thyristor Controlled Series 
Compensators", Submitted to IEEE Transactions on Power Delivery, June 1999. 

3. J. J. Rico, M. Madrigal, E. Acha, "Dynamic Harmonic Evolution Using the Extended 
Harmonic Domain", Submitted to IEEE Transactions on Power Delivery, August 2000. 
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4. M. Madrigal, E. Acha, "UPFC Model for Harmonic Analysis", Submitted to IEEE 

Transactions on Power Delivery, December 2001. 

5. A. Asensi, J. G. Mayordomo, A. Hernandez, M. Madrigal, 0. Anaya, E. Acha, "Mod- 

elling of Single-Phase PWM Converter Array for Three-Phase Voltage Regulation and 
Balancing in Large-Scale Power Networks", Submitted to IEE Proceedings Generation, 

Transmission and Distribution, December 2001. 

Engineering letters: 

1. K. H. Chan, E. Acha, M. Madrigal, J. A. Parle, "The Use of Direct Time-phase Do- 

main Synchronous Generator Model in Standard EMTP-type Industrial Packages", IEEE 

Power Engineering Review, Vol. 21, No. 6, June 2001, pp. 63-65. 

2. J. A. Parle, M. Madrigal, E. Acha, "Phase Domain Transmission Line Modelling for 

Harmonic Analysis", IEEE Power Engineering Review, Vol. 21, No. 10, October 2001, 

pp. 46-48. 

Conference papers: 

1. M. Madrigal, E. Acha, "Modelling of Custom Power Equipment using Harmonic Do- 

main Techniques", Invited paper in Proceedings of the 9th International Conference on 
Harmonics and Quality of Power, Orlando Fl., October 1-4 2000, Vol. I, pp. 264-269. 

2. M. Madrigal, 0. Anaya, E. Acha, J. G. Mayordomo, R. Asensi, "Single-Phase PWM 
Converters for Three-Phase Reactive Power Compensation. Part I: Time Domain Stud- 
ies", Proceedings of the 9th International Conference on Harmonics and Quality of 
Power, Orlando Fl., October 1-4 2000, Vol. II, pp. 541-547. 

3. M. Madrigal, E. Acha, J. G. Mayordomo, R. Asensi, A. Hernandez, "Single-Phase PWM 

Converters for Three-Phase Reactive Power Compensation. Part II: Frequency Domain 

Studies", Proceedings of the 9th International Conference on Harmonics and Quality of 
Power, Orlando Fl., October 1-4 2000, Vol. II, pp. 645-651. 

4. E. Acha, 0. Anaya, J. Parle, M. Madrigal, "Real-Time Simulation for Power Quality 
Disturbance Application", Proceedings of the 9th International Conference on Harmon- 
ics and Quality of Power, Orlando Fl., October 1-4 2000, Vol. III, pp. 763-768. 

5. K. H. Chan, M. Madrigal, "Phase Domain Dynamic Analysis of Conventional and Ad- 

vanced Static Var Compensator in Voltage Sag due to Motor Start-up", Proceedings of 
the 6th LASTED International Conference on Power and Energy Systems, Rhodes Greece, 
July 3-6 2001, pp. 394-400. 
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6. M. Madrigal, E. Acha, "Harmonic Modelling of Voltage Source Converters for HVDC 
Stations", Proceedings of the 7th International Conference on AC and DC Power Trans- 

mission, London, November 28-30 2001, pp. 125-131. 

7. N. Garcia, M. Madrigal, E. Achä, "Interaction of the STATCOM and its Associated 
Transformer Non-linearity: Time Domain Modelling and Analysis", Proceedings of the 
7th International Conference on AC and DC Power Transmission, London, November 

28-30 2001, pp. 355-360. 

8. N. Garcia, M. Madrigal, E. Acha, "Time Domain Modelling and Analysis of a Coupled 

DVR-STATCOM (UPFC) System", Accepted for the 14th Power Systems Computation 
Conference, PSCC-2002, to be held on Sevilla, Spain, June 24-28 2002. 

1.9. Contributions 

The main contributions of the research work presented in this thesis may be summarised as 
follows: 

"A flexible and comprehensive model of the VSC based on PWM techniques was devel- 

oped. The VSC model makes explicit representation of the capacitor and the voltage 
ripple on the DC side. The steady-state condition is taken into account by using an itera- 

tive process in order to maintain zero DC current through the capacitor. The VSC model 
was obtained in the harmonic domain by using switching functions. The model is repre- 
sented by a three-phase equivalent circuit, which caters for both balanced and unbalanced 
system conditions. 

" Using the VSC model as the basic building block, models for the STATCOM, HVDC- 
VSC stations and the UPFC were obtained, where the DVR was modelled as a part of the 
UPFC. 

" For the STATCOM model, a simple equation which represents the driving point equiva- 
lent impedance was obtained and used for resonance prediction analysis. The STATCOM 
model was compared with the results obtained by a STATCOM model implemented in 
PSCAD/EMTDC. 

. Two HVDC-VSC configurations were obtained; the back-to-back tie and the DC cable 
link configurations. An explicit representation of the DC cable is used since the model is 
in the frequency domain. For these configurations, one VSC plays the role of the master 
DC voltage regulator and the other VSC plays the role of a power dispatcher. Results 
were compared with models implemented in PSCAD/EMTDC. 
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"A model for the UPFC was obtained. The UPFC model was used to determine its power 
control regions. Moreover, the model was also used to assess the UPFC's harmonic dis- 

tortion response and resonance effects on transmission lines. 

"A new state-space for dynamic harmonic analysis was developed. This new state-space 
is based on time-dependent Fourier series and averaging methods. The state variables 
are the harmonic coefficients of x(t) instead of x(t) itself. The solution of the state-space 

equations gives the dynamic response of the harmonic coefficients of x(t). These har- 

monics are used to obtain dynamic quantities such as THD, PF, RMS values and powers. 
For three-phase circuits, the dynamic harmonics are used to obtain the dynamic perfor- 
mance of zero, positive and negative sequence quantities. This new state-space is named 
extended harmonic domain to indicate the fact that the harmonic domain is a particular 
case of this state-space. 

" State-space equations for the STATCOM and HVDC stations models were obtained. The 

steady-state models of the STATCOM and HVDC stations give the exact initial conditions 
for dynamic analysis. The results show that the dynamic responses of the harmonics are 
very sensitive to disturbances, even for sharp impulses which are difficult to detect with 
time response methods. 

" An instantaneous power flow method is developed. This method is based on the instan- 
taneous power balance as opposed to the active and reactive power balance, followed by 
traditional harmonic power flow methods. The power system and the power electron- 
ics controllers are modelled entirely in the harmonic domain. This new method uses the 
Newton-Raphson method to solve the non-linear equations resulting from the electric 
power system constrains. The results obtained show excellent convergence characteris- 
tics. 

1.10. Thesis Outline 

The thesis is divided into 9 chapters as described below. 
Chapter 2 explains the steady-state operation of voltage source converters. The chapter 

presents a general model of the VSC for harmonic analysis using harmonic domain techniques. 
Chapter 3 presents a STATCOM model based on VSC using the modelling and analysis car- 
ried out for the STATCOM. Chapter 4 presents models for the HVDC-VSC back-to-back and 
HVDC-VSC transmission system. Following the same modelling philosophy, a model for the 
UPFC is presented in Chapter 5. With the use of averaging methods, a new space-state for dy- 
namic harmonic analysis is presented in Chapter 6. This state-space is refereed to as EHD and 
used to solve electric circuits and to define dynamic electric indices. In Chapter 7, the EHD is 
used to obtain the space-state equations of the STATCOM and HVDC-VSC stations. Chapter 
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8 presents a new method for harmonic power flow analysis, the method is based on the instan- 

taneous power balance, harmonic domain and Newton-Raphson method. Chapter 9 gives the 

general conclusions of this thesis and outlines future research work. 
This manuscript was prepared using LyX(version 1.1.5) document processor for ISTEX, us- 

ing pslatex font size 12. ' The figures were drawn using Xfig (version 3.2) both running under 
Red Hat Linux (version 6.2). The simulations were carried out using Matlab (version 5.3) for 
Windows. 
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2. Voltage Source Converters 

2.1: Introduction 

VSCs using PWM control are the mainstay of modern power electronics controllers, such as 

STATCOM, DVR and HVDC-VSC stations [7][5]. One of the many advantages of VSCs using 

PWM control is that they can produce quasi-sinusoidal voltage waveforms, having almost any 

desired phase relationship with an existing AC system waveform, thus dictating the direction 

and magnitude of the active and reactive power exchanged with the AC system. In practice, 

the high harmonic frequencies generated by the VSC could be filtered out by high-frequency 

harmonic filter [101, but in practice the operation of such filters will not be perfect or they 

may not even be operating. Moreover, harmonic interactions between the VSC and the electric 

network will always take place. This interaction may produce harmonic resonances which can 

only be predicted with realistic models of the VSC and the electric network. 

Comprehensive models for power converters have been reported in the open literature. In 

power systems harmonic studies, switching functions have found widespread acceptance in the 

modelling of converters based on thyristor [64][65][66], where the commutation period of the 
thyristors has been included in the switching functions. As an extension, switching functions 

have also been used in the modelling of converters based on GTOs or IGBTs, showing even 

greater adequacy than in the former application [67][68][69]. 

In this chapter, switching functions in the form of harmonic transfer matrices are used to 

model three-phase PWM VSCs for steady-state harmonic analysis. The models are given in the 
form of harmonic equivalent impedances. In these models, the capacitor and its effects on the 
AC and DC sides are taken explicitly into account. The model is derived with a view to be used 
as the main building block with which other power electronics controllers can be assembled, 
and consequently a modular approach is adopted in its development. 

2.2. Principles of Operation 

Power converters may be classified into two categories [8][731: Current source converters (CSC) 
and voltage source converters (VSC). 
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1. In the CSC the DC current has only one polarity, and the power reversal takes place 

through reversal of the DC voltage polarity. This converter uses the conventional thyristor 

device which has only the turn-on control, and its turn-off depends on the current coming 

to zero as per circuit and system conditions. 

2. In the VSC the DC voltage has only one polarity, and the power reversal takes place 

through reversal of the DC current polarity. This type of converter uses devices with 

turn-on and turn-off capabilities such as GTOs and IGBTs. 
L 

Basically, a VSC generates AC voltage from a DC voltage which is supported by a capacitor. In 

a VSC, the magnitude, the phase angle and the frequency of the output voltage can be controlled 
by resorting to switching control. The VSC is distinguished by the following features: 

" The capacitor is across the DC side. 

" The valves (GTOs or IGBTs) have gate turn-off capability. Each valve has an antiparallel 
fast recovery diode across it to allow current flow in either direction. 

" It is assumed that the DC voltage is always present and that it is sufficiently high with 

respect to the AC line voltage so that the antiparallel diodes are normally reversed biased. 

9 The valves are triggered "on" and "off' by logic signals to their gates from the PWM 

control block. 

In order to explain the basic principles of VSC operation, Figure 2.1 shows a single-phase full- 

wave VSC. The VSC consists of four valves, and a DC capacitor previously charged to provide 

constant DC voltage. The designated valve numbers represent their sequence of turn-on and 
turn-off. The DC voltage, vd, is converted to AC line voltage, Vab, with the appropriate turn-on 

and turn-off sequence of the valves. With devices 3 and 4 turned off, and devices 1 and 2 turned 

on, voltage v,, b becomes +vd for one half cycle, and with devices 3 and 4 turned on and devices 

1 and 2 turned off, voltage Vab becomes -vd for the other half cycle. The waveform of Vab 
(frequency, magnitude and angle) depends on the switching functions that govern the devices 

regardless of the AC current iab. The current iab results from the interaction of the AC voltage 
generated by the VSC, the AC voltage and impedance of the system. For example, assume that 
the current iab has the waveform shown in Figure 2.1: 

" From tl to t2, vab is positive and iab is negative. The current flows through device 1 into 

the phase a, and the output of the phase b through device 2, with power flow from DC to 
AC side (inverter action). 

. From t2 to t3, the current reverses, and flow through diodes 1' and 2' with power flow 
from AC to DC side (rectifier operation). 
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" From t3 to t4, devices 1 and 2 are turned off and devices 3 and 4 are turned on, thereby 

Vab becomes negative while iab is still positive. The current now flows through devices 3 

and 4 with power from DC to AC side (inverter action). 

. From t4 to t5, with devices 3 and 4 still on, and 1 and 2 off, and Vab negative, current iab 

reverses and flows through diodes 3' and 4' with power flow from AC to DC side (rectifier 

action). 

" In t5, the cycle starts again. Also, Figure 2.1 shows current id in the DC side with the 

positive part flowing from the AC to DC side (rectifier action), and the negative part 

flowing from DC to AC side (inverter action). 

" Clearly the current id contains harmonics and a negative dc-term. 

. During transient VSC operation, the dc-term of id is due to the charge or discharge of the 

capacitor (in this figure it corresponds to the discharge). 

" During steady-state VSC operation, the dc-term of id cannot flow through the capacitor 

and must come from the DC system, i. e. given by Ids. 

2.3. Steady-state Operation of the VSC 

Figure 2.2 represents a three-phase VSC. It includes a star-delta connected transformer with the 

impedance Z reffered to the primary side. The transformation ratio is considered 1: 1 for the 

analysis. 
The voltage in the DC side of the VSC is given by the voltage in the capacitor, 

1r 
Vcap(t) 

C JO lcap (t) dt + Vcap (0+) (2.1) 

where the voltage vcap(0+) is the voltage evaluated at t= 0+ due to charging from an earlier 

period, 

1 0+ 
Vcap(O+) =CJ icap(t) dt (2.2) 

For steady-state analysis the voltage vcap(0+) may be assumed to be constant, meaning that the 

capacitor is not charging or discharging anymore. In this situation the dc-term of icap(t) is zero 
(the capacitor is an open circuit to the DC current in steady-state). Since the dc-term of inap(t) 

is considered to be zero, it is not possible to exchange active power, in steady-state, with the 
AC system. 

To maintain the DC capacitor voltage, the active power supplied by the DC system has to be 

equal to the active power absorbed by the AC system plus the losses of the VSC, which includes 

17 



2. Voltage Source Converters 

AC system 

'd Idc 

1f 
Vd DC system 

29 - 

äb :: 
1 and 2 on 1 and 2 on 

: 

3and4on 3and4on 

1' 2 tab 
, 3,4 3,4\ 

1,2 1,2 
3'4' 

1'12' 3'4' 1', 2' 3'4' td 

1,2 3,4 
L1.2 

3,4 

t1 t2 t3 t4 15 t6 

Figure 2.1.: Single-phase, full-wave VSC 

the switching losses and capacitor leakage losses in the converter. If the active power is greater 
than the AC system demand plus the converter losses, the surplus portion will be absorbed by 

the VSC and, thus, cause the DC capacitor voltage to increase. If this active power is less than 
the AC system demand plus the converter losses, the DC capacitor voltage will decrease. In 

order to maintain a constant DC voltage, a PI controller may be employed to regulate the DC 

capacitor voltage. The basic idea of this controller is to use the error between a voltage reference 
and the actual DC voltage as a feedback signal. This signal is fed to a PI regulator to produce 
a phase angle shift, S, of the VSC output voltage to control the active power exchanged by the 
converter and the AC system. Hence, it is possible to talk about a constant voltage, vcap(O+), in 

steady-state. 
In Figure 2.2, the line voltage on the AC side and on the DC side are related to each other 

by the following expressions, 

Vab(t) = Sab(t)Vcap(t) (2.3) 

Vbc(t) = Sbc(t)Vcap(t) (2.4) 

vca(t) = Sca(t)vcap(t) (2.5) 
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Figure 2.2.: Three-phase voltage source converter 
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where Sab(t), sbc(t) and sca(t) are the switching functions that govern the switches 1-6,3-2 and 
5-4, respectively. Assuming lossless switches, the instantaneous power on the AC and DC side 

of the VSC would match with each other, i. e. 

Vab (t)tab (t) '+' Vbc (t)ibc (t) '+' V ca 
(t)ica (t) = Vcap (t) icap (t) (2.6) 

Substitution of (2.3)-(2.5) in (2.6) leads to an expression that relates the AC side and DC side 

currents as a function of the switching functions given by 

icap(t) = Sab(t)iab (t) + Sbc (t) ibc (t) + Sca (t) ica (t) (2.7) 
It can be seen from Figure 2.2 that the phase voltages va(t), vb(t) and v, (t) on the primary side of 

the transformer, are proportional to the line voltages vab(t), vbc(t) and va(t) on the secondary 

side. Also, the line currents ia(t), ib(t) and ic(t) on the primary side of the transformer, are 

proportional to the phase currents iab (t), ibc(t) and ica(t), respectively. The AC line currents of 
the converter are given by: iconva (t) = iab (t) - ica (t) 9 iCOnvb (t) = ibc (t) - iab (t) and icon, (t) _ 
ica(t) - ibc(t)" 

Using a three-phase representation, and voltages and currents in the primary side of the 
transformer, equations (2.3)-(2.5) may be represented by 

Vabc(t) - Ps (t) vcap(t) (2.8) 

and equation (2.7) by 

icap(t) = qs(t)iabc(t) (2.9) 

where the voltage and current vectors are 

Va (t) 
Vabc(t) = Vb(t) (2.10) 

vc(t) 
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and 

ia(t) 
labc(t) = 

[ibt) 

(2.11) 

ic(t) 
The transformation vectors are given by 

Sab (t) 

Ps(t) = Sbc(t) (2.12) 
sca(t) 

] 
(2.1 3) Qs(r) Sab(t) Sbc(t) Sca(t) 

The switching functions can be treated as general periodical functions where their harmonic 

coefficients depend on the PWM technique used in the operation of the VSC configuration. 

2.4. PWM VSC Switching Functions 

Pulse width modulation (PWM) is a technique which enables effective control of the harmonic 

content and harmonic magnitude generated by VSCs, by controlling the turn-on and turn-off of 
the power electronic switching devices. Although many PWM techniques exist, only two will 
be described in this chapter. 

2.4.1. Unipolar voltage switching technique 

A PWM with unipolar voltage switching is represented in Figure 2.3. In this figure v, is the 
carrier signal with frequency f,, vsa = -vsb is the modulation signal with frequency fs, e. g. 50 
Hz, and m is a modulation factor, which corresponds to the maximum value of vsa. The functions 

sa(t) and sb(t) are obtained by comparing Vsa and vsb with v,. Both switched waveforms take a 
value of one when Vsa > 1V, I and Vsb > lvrl, respectively, and zero otherwise. If the conduction 
of GTO number 1, in Figure 2.2, is governed by the pulses of Sa(t), and the GTO number 6 by 
Sb(t), then the output voltage Vab(t) is proportional to the PWM switching function Sab(t) i. e. 
Vab(t) = Sab(t)Vcap(t). The voltages for the other phases are obtained in the same way. In this 
PWM technique the magnitude of the fundamental frequency of Sab(t) is the modulation factor 
m, and the phase angle is the modulation shift angle 4m of the modulation signal vas, and the 
harmonics of Sab(t) are controlled by the frequency of the carrier signal fr. 

Figure 2.4 shows the harmonic magnitudes of a switching function. This switching function 
was generated by a unipolar voltage switching technique with fr = 250 Hz. It can be seen that 
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m 

Figure 2.3.: PWM converter with unipolar voltage switching 

the magnitude of the harmonics depends on the modulation factor m rather than in the phase 

angle of the modulation signal 0,,,. Also, these magnitudes do not present a linear response to the 

modulation factor. The analytical expression for this switching function is given in Appendix 

A. 
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Figure 2.4.: Harmonic generated by the unipolar voltage switching technique 

2.4.2. Selective harmonic elimination technique 

The general switching function of Figure 2.5 is used to explain the selective harmonic elimina- 
tion technique [971. This switching function has the harmonic content given by the following 
Fourier series, 

h 
s(t) _ SneJnwpt 

n=-h 

where 
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M 
Sn I (-1)k+l cosnßk (2.14) 

n7t k=1 

for n=1,3,5,7,. - .. 

A harmonic elimination technique is used in order to calculate the M angles, 0,,. The re- 

quired M non-linear equations can be obtained by fixing the magnitude of M harmonics to zero, 

i. e. SfI = 0, Sn2 = 0, 
... , 

SnM = 0, 

M 
Snt =_ 

2J (_l)k+l cosnjPk =O (2.15) 
nI k=1 

for i=1,2,..., M, where n 1, n2,.... nm are the harmonics to be eliminated. 

Solving (2.15) for the M angles, using Newton's method, the following equation is obtained, 

0ßk =- 
asnt 

Sni 
aßk 

l 

where 

(2.16) 

aSn; 
_ 

2j (_l)k+i sinn; ßk (2.17) 
Ok 7t 

and ORk = ß(kk+1) - Rk(k) where "k" is an iteration counter. For k=1,2, ... ,M the following 

equation is obtained and solved by iteration, 

0(31 sinnlßl -sinnlß2 """ (-1)M+lsinniIM 1 Sn, 
I A02 

_ 
lt sinn2I 1- sinn2ß2 """ 

(-1)M+1 sinn MPM S�2 
(2.18) 

L0ßM sinnMR1 -sinnMR2 ... (-1)M+1sinnMRM SfM 

The calculated angles must satisfy the following condition: ßl < 02 <"""< ßy 
. 

For example, to eliminate the 3rd harmonic, the calculated angle is ßl = 30°. To elim- 
inate harmonics 5th, 7th, 11th, 13th and 17th, the calculated angles are ßl = 11.350,02 = 
17.27°, 03 = 23.81°, 04 = 34.88° and 05 = 37.27°. 

In three-phase PWM converter applications, the switching functions for the other two phases 

are calculated by shifting the switching function by 120° and -120°, respectively. 

A multi-pulse configuration, such as that shown in Appendix A, can be used in order to 
reduce the harmonic content of the switching functions. 
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Figure 2.5.: Switching function for selective elimination 

2.5. Steady-state Harmonic Model of the VSC 

The steady-state model of the VSC for harmonic analysis is derived by using the HD technique 

explained in Appendix B. 

Equation (2.1) may be expressed in HD by 

Vcap = 
CD-1(jhwp)Icap + Vp (2.19) 

where Vcap is assembled with the harmonic content of vcap(t). Likewise, vector Icap includes 

the harmonic content of icap(t), and Vo contains only a constant dc-term, i. e. 

O 

0 
VO = Vcap(O+) (2.20) 

0 

0 

Equation (2.19) can be written as 

Vcap = Zcaplcap + VO (2.21) 

where Zap = -ID-1 (jhwo) represents the equivalent impedance of the capacitor on the DC side 

of the converter. 
From (2.8), the voltage on the DC side and its relationship to the AC phase voltages may be 

expressed in HD as 

V abc = PsVcap (2.22) 

Similarly, the relationship between the line currents and the DC current is given by 

23 



2. Voltage Source Converters 

Icap = Qslabc (2.23) 

where the transformation matrices Ps and Qs are given by 

Sab 

PS = Sbc (2.24) 

Sca 

and 

Qs =[ Sab Sbc Sca ] (2.25) 

Sab, Sbc and Sca are Toeplitz matrices of the form of equation (B. 16). 

Finally, the voltage and current vectors are given by 

Va 
Vabc = Vb (2.26) 

Vc 

and 

IQ 

Iab = lb (2.27) 

Ic 

For the purpose of HD modelling the VSC of Figure 2.2 may be represented as in Figure 2.6 

which includes an injected current in the DC side. This additional current gives the option to 

exchange active power between the DC and AC systems in steady-state operation. 

Pcc 

IbcVa Ze Vabcl 

IVs IL's IV ILöi 

AC system VSC 

I1 dc: -. 

IcapVdc 

DC system 

Figure 2.6.: General voltage source converter equivalent 

The output voltage of the VSC (in the primary side of the transformer) is given by 
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Vabci = PsVdc (2.28) 

The voltage in the AC system side is 

Vabc = Zelabc+Vabci (2.29) 

where Ze = ReUI+LeD(jhwo), Re and Le are the equivalent resistance and inductance of the 

coupling transformer. U1 is the identity matrix. 
The current in the DC side of the VSC is given by 

I1 = QsIabc 

and the DC side voltage, 

Vdc = Zcaplcap + VO 

with the current in the capacitor given by 

Icap = I1 '+' Idc 

Solving for Vabc and Vdc the following equation is obtained, 

Vabc Ze + PsZcapQs PsZcap Iabc 
+ 

PsV0 

Vdc ZcapQs Zcap Idc V0 

or in a more compact form, 

L 
VabcT 1 Al B1 Iabc 
Vdcr Cl D1 LId]c 

where 

Vabcr = Vabc - PsVO 

VdcT = Vdc-VO 

and 

Al = Ze + PsZcapQs 

B1 = PsZcap 

Cl = ZcapQs 

(2.30) 

(2.31) 

(2.32) 

(2.33) 

(2.34) 

(2.35) 

(2.36) 

(2.37) 

(2.38) 

(2.39) 
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Di= Zcap (2.40) 

Equation (2.34) gives a two ports representation of the VSC. This VSC model is used throughout 

the thesis as the main block for building more complex power electronics controllers models. 

2.5.1. Active and reactive power transfer 

With reference to Figure 2.6, the exchange of active power between the AC and the DC system 

can be controlled by adjusting the phase angle difference of the converter output voltage and the 

voltage at the point of common coupling (PCC), i. e. SS; = SS - S;. The reactive power exchanged 
between the AC system and the VSC is controlled by adjusting the voltage magnitude difference 

across the coupling transformer, i. e. JV) - IVil. 

The active and reactive power injected by the AC system are given by 

sinös, (2.41) P 
Xe 

sliv iysi2 I 
NX Xe 

il COS8, i (2.42) 
Xe Xe 

where Xe is the equivalent reactance of the coupling transformer. 
The VSC of Figure 2.6 is used to illustrate the response of the VSC for active and reactive 

power exchange with the AC system. Equation (2.34) is used to obtain such a response. The 

following considerations and parameters are used in this analysis: The switching functions have 
been selected to represent a six-level VSC (as shown in Figure A. 3(c) of Appendix A) with a 
switching frequency of 150 Hz. The PWM control uses a variable modulation factor, m, to 

control the output voltage magnitude. A capacitor of 500µF with a precharged voltage of 1.5 

p. u. was considered. A three-phase AC balanced voltage source of 1 p. u. with 8= 0° and 
equivalent impedance of Ze = 0.0133 +jO. 6283 S at 50 Hz were used. The analysis was carried 
out with 15 harmonics. 

Cases of active and reactive power exchanges are given below. 

Active power exchange: The active power exchange was obtained by using different values 
of DC current injection in the range -0.5 < Ido < 0.5 p. u. A constant modulation factor of 
m=0.8 was used in this case. 

Figure 2.7 shows results for phase a. Figure 2.7(a) shows the voltage and current response 
of the VSC for three different DC current values, i. e. -0.5,0.0 and 0.5 p. u. It can be seen 
that the voltage vdc (t) maintains the same polarity, and the current i1(t) changes direction. The 

power balance between the AC and DC sides is achieved by adjusting the phase angle of the 
PWM modulation signal (equivalent to Si) used by the VSC which produces an output voltage 
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Val (t). Owing to the PWM technique used in the VSC, the ripple in vdc(t), and the waveform 

of vag (t) are almost the same for the three DC current conditions. 
Figure 2.7(b) shows the behaviour of electric parameters as a function of Ido. It can be 

seen that the active power is controlled by the DC current, where the maximum and minimum 

active power exchange is 3P =3x (±0.25) = ±0.75 p. u. and corresponds to the DC power 

given by VdcoIdco = 1.5 x (±0.5) = ±0.75 p. u. The reactive power presents the same direction 

(absorbed by the AC system) with an almost constant value since it has more dependence on 

the voltage magnitude 1V; 1 (regulated by m) rather than on the phase angle S;. Owing to the 

presence of harmonics, a distorted power D also appears. The total harmonic distortion (THD) 

and the RMS value of vat (t) are almost constant, meaning that the harmonics generated by the 

VSC do not have a strong dependence on the voltage angle. Since the RMS of va, (t) is kept 

constant, the minimum apparent power corresponds to the minimum RMS value of the current 

ia(t), leading to a maximum THD current and minimum apparent power exchange. 
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Figure 2.7.: Active power exchange between the AC and DC systems 

Reactive power exchange: The reactive power exchange was obtained by selecting different 

values of the modulation factor in the range 0.5 <m<1, and zero active power exchange, i. e. 
Ids = 0. 

Figure 2.8 shows the results for phase a. In Figure 2.8(a) the current il (t) does not have a 
dc-term since no active power is exchanged between the two systems. The zero active power 
balance between the systems is achieved by adjusting the phase angle of the PWM modulation 
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signal (equivalent to S; ) resulting in a VSC output voltage vat (t) which is in phase with va(t). 
This condition gives a 90° phase shift angle of ia(t) with respect to the voltage. The vd,, (t) 

ripple shows little change, but the output voltage vat (t) presents different waveforms as a result 
of different value of modulation factor. 

Figure 2.8(b) shows some electric indices as a function of the modulation factor m. The 

reactive power exchange equals zero when 1V4 = JVJ, a condition that occurs at m . ̂: 0.665 
(IV; I = 0.665 x 1.5 = 0.998 p. u. ). It should be noted that zero reactive power exchange, cor- 
responding to minimum apparent power, results in maximum THD current. The RMS voltage 
presents a markedly linear response but not the THD, which indicates that the harmonics gen- 
erated by the VSC are a function of the modulation factor rather than the phase angle of the 

modulation signal as shown in Section 2.4. 
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Figure 2.8.: Reactive power exchange between the AC system and the VSC 

2.6. Conclusions 

A flexible and comprehensive model for the periodic, steady-state operation of voltage source 
converters was presented in this chapter. Switching functions based on complex Fourier series 
are used very effectively to represent the operation of the VSC. The modelling approach applies 
to a wide range of VSC configurations, e. g. single-phase, multi-phase, two-level, multi-level, 
single-converter and multi-converter. 
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The model was used to show that the VSC performs very well as an effective active and 
reactive power controller exchanging power between an AC and a DC system. The results 
presented in this chapter show that the THD in the voltage output remains almost constant for 

active and reactive power control. This characteristic is due to the unipolar voltage switching 
technique used by the PWM converter, where the magnitudes of the generated harmonics have 

more dependence on the modulation factor than on the phase of the modulation signal. 
This VSC model is used as the main building block for the models of STATCOM, HVDC- 

VSC stations and UPFC presented in the following chapters. 
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3.1. Introduction 

The static synchronous compensator or STATCOM is a shunt connected power electronics con- 

troller which it exchanges reactive power with the AC system. The STATCOM comprises a VSC 

and a coupling transformer. In this chapter, a comprehensive harmonic model based on the VSC 

model is presented. The model takes proper account of the DC capacitor effect and comes in 

the form of a three-phase Thevenin equivalent expressed in HD. The harmonic impedance ma- 

trix of the Thevenin equivalent shows cross-couplings between phases and between harmonics, 

harmonic effects which are strongly influenced by the size of STATCOM capacitor. Results are 

presented which show that the STATCOM observes quite different harmonic voltage responses 

when it is made to operate as a reactive power generator and when it is made to operate as a 

reactive power absorber. 

Over the last few years, an increasing amount of research work addressing the STATCOM 

has been published in the open literature mainly on design, operation, and control techniques 

of system level PWM-VSC configurations [21][71][75][76][77][78]. The study of the STAT- 

COM has focused mainly on stability analysis [79][80][81] [82][20] and to a lesser extent on 
harmonic analysis. Most of the work related to harmonic analysis has been approached from 

the angle of VSC harmonics generation rather than the harmonic interaction with the electri- 

cal network. As a matter of fact, very little analytical work has been carried out on harmonic 

interaction with the network or resonance phenomena. In [83][84], analytical expressions for 

the STATCOM were obtained and used to explore the interaction with the network. From the 

modelling viewpoint, a harmonic voltage source may be used to represent the STATCOM at 
harmonic frequencies but this will include no explicit representation of the capacitor [21]. In 

[22][23], a set of simplified analytical expressions were put forward with which the STATCOM 

currents can be calculated at harmonics and the fundamental frequency. However, the capacitor 
plays a key role in STATCOM operation and a great deal of modelling flexibility is gained by 
having explicit access to the capacitor parameters, such as capacitor size, and DC voltage and 
current. 
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3.2. STATCOM Model 

In the STATCOM, active power exchange is only possible during the charge and/or discharge of 
the capacitor. During normal operation the DC capacitor charges and discharges to a greater or 
lesser degree during the course of each cycle. However, for the purpose of steady-state operation 
the capacitor voltage may be assumed to take an average constant value [22], hence no active 
power exchange take place. 

Using equation (2.33), with Ids =0 and following the conventions stated in Figure 2.6, 

yields the following STATCOM equations, 

Vabc = (Ze + PsZcapQs) Iabc + PsVo (3.1) 

which may also be represented by 

Vabc = (Ze +Z) Iabc + ETh (3.2) 

where the equivalent impedance 7m� i. e. Thevenin impedance, is the impedance seen from the 
AC side of the VSC 

ZTh = PsZcapQs (3.3) 

The Thevenin equivalent voltage is given by 

ETh = PsVo (3.4) 

The Thevenin equivalent voltage is a constant three-phase harmonic voltage source, which rep- 
resents the effect of the switching functions over the DC voltage vcap(0+), see equation (2.20). 
It should be noted that a simpler model, which corresponds to what has been reported in the 
open literature, arises if the capacitor effect is not explicitly represented, i. e. Z=0. Figure 
3.1 incorporates the STATCOM equivalent circuit representation. 

RX Vabc Vabc 

Ze 
-º 

Z Th 
pCC I 

abc 
I yr lLO0 1s IVs Iý. SS IV Iz8i 

Figure 3.1.: STATCOM equivalent circuit 

-"Lr ) ETh 
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Since in steady-state operation, the STATCOM can only exchange reactive power, the con- 
trol of the STATCOM must maintain the DC voltage, vcap(O+), at a constant value. A DC 

constant voltage in the capacitor gives a dc-term of the current I1 equal to zero, i. e. Il0 = 0. 
It is important to remark that the STATCOM equivalent circuit incorporates the switching 

functions sab(t), sbc(t) and sca(t) according to equations (2.24) and (2.25). These switching 
functions may be obtained by using PWM techniques. In fact, any PWM techniques may be 

used in this model as long as the switching functions are amenable to a harmonic vector repre- 
sentation. 

3.2.1. Time domain comparison results 

The response of the STATCOM model is compared with that of a model implemented in 
PSCAD/EMTDC [39]. The following parameters were used for the test system: 

Source: 115 kV line-to-line, internal RL parallel equivalent impedance with Rg = 10052 

and Lg = 0.01 H. 

Transformer: Ze = Re + j(O0Le Q, Re = 0.1 S2 and L, = 0.05 H. 

VSC: Six-pulse, two-level converter with IGBTs switched by a PWM technique. A car- 
rier frequency of 150 Hz was used. 

Capacitor: 300µF charged at 115 kV. 

Simulation: 100 harmonics were used in the simulation. The result was obtained in two itera- 
tions using the iterative process described in Appendix C. For the PSCAD/EMTDC, 
a simulation time of 1.7 s with a time step of 20µs was used to ensure a smooth 
steady-state condition. The diagram of the PSCAD/EMTDC implementation is 
shown in Appendix E. 

Table 3.1 shows the most significant harmonic currents (in the converter side) produced by the 
STATCOM. The table presents a comparison between the results generated by the STATCOM 
model in the HD and the model in PSCAD/EMTDC. The results can be seen to match with each 
other, with some differences at high harmonic frequencies. These differences are the result of 
the simulation time, time step and FFT routine used by the PSCAD/EMTDC in order to obtain 
the harmonic content of the current. 

Figure 3.2 shows the comparison using time domain representation. Both results match well 
with each other. 

Figure 3.3 shows the line voltages in the PCC and in the VSC side. The results show that 
voltages obtained with both models are in good agreement. The effect of the capacitor is evident 
in the rounded sections on top and bottom of the VSC line voltage. It should be remarked that 
a larger capacitor will produce a flatter voltage. 
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harmonic HD: IIconva I HD: L0° PSCAD: VIconva I PSCAD: L0° 

1 2.9399 150.4989 2.9086 150.5459 
5 0.4503 29.6973 0.4543 33.3165 
7 0.0430 -33.1086 0.0468 -25.3038 
11 0.0282 -153.0447 0.0262 -141.4797 
13 0.0735 148.7240 0.0720 15 8.6975 
17 0.0132 -146.5965 0.0114 -142.1273 
19 0.0022 172.4591 0.0039 154.9566 
23 0.0202 -153.8191 0.0217 -135.7802 
25 0.0007 68.7134 0.0011 -175.2769 
29 0.0068 21.8991 0.0058 45.1193 
31 0.0140 -35.9797 0.0137 -13.6335 

PSCAD/EMTDC 

2 

U 
_2 

0 

Table 3.1.: Harmonic currents comparison 

Harmonic Domain 

0.005 0.01 0.015 0.02 0.025 

Time [s] 

Figure 3.2.: Line current icon, (t) 

3.2.2. Case study: Reactive power transfer 

0.03 0.035 0.04 

In this section the three-phase circuit of Figure 3.1 is used to assess different reactive power 
conditions, with the constraint of Sjs = S; - Ss = 0, since no active power exchange exists. The 

solution uses the iterative process explained in Appendix C. 

The system data is as follows: jVrj =1p. u., R=0.003312, X=0.1571 S2, Re = 0.01 Q and 
Xe = 0.4712 Q at 50 Hz. 

Two cases are considered below, corresponding to two different operating conditions. They 

represent cases when the STATCOM absorbs and supplies reactive power, respectively. To 

achieve such operating conditions, the following precharge DC capacitor voltage values are 
used: Vcap(0+) = 0.7 p. u. and 1.2 p. u., respectively. In this case the PWM control was set to 
eliminate only the third harmonic giving a conduction period of 120°. 

Absorbing reactive power: In this test case, a value of vcap(O+) equal to 0.7 p. u. enables the 
STATCOM to absorb reactive power equal to 0.2836 p. u. Table 3.2 shows the harmonic mag- 
nitude of voltages of v3(t), vi(t), and current i, s(t) for two STATCOM representations, namely 
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Figure 3.3.: Line voltages in the PCC and in the VSC 

Thevenin equivalent and voltage source. For both cases only the results for phase a are pre- 
sented since balanced conditions were assumed to exist in this example. In the latter case, the 

effect of the capacitor is not explicitly represented, a fact that introduces modelling constraints 
and approximations. The numeric values of vs(t), v; (t), and current is(t), given in Table 3.2 for 
both STATCOM representations, give a clear indication of the errors incurred when the sim- 
pler model is used. This calls for the STATCOM Thevenin impedance model to be adopted in 
harmonic studies. A sufficiently large number of harmonics are included, i. e. 49th, and THD 

values are also given. The voltage and current waveforms corresponding to this example are 
shown in Figure 3.4. 

Supplying reactive power: Increasing the value of vcap(0+) to 1.2 p. u. enables the STAT- 
COM to supply reactive power equal to 0.7048 p. u. Table 3.3 shows similar information to that 
presented when the STATCOM absorbs reactive power but now for the case when the STAT- 
COM supplies reactive power to the system. The corresponding voltage and current waveforms 
are shown in Figure 3.5. 

By comparing Tables 3.2 and 3.3, it can seen that the STATCOM operating mode affects 
very significantly the harmonic magnitudes of voltage v3(t). When the capacitor effect is ne- 
glected the harmonic pattern is rather predictable but this is clearly not the case when the capac- 
itor effect is explicitly taken into account. It is shown in Figure 3.4(a) that when the STATCOM 
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Table 3.2.: Harmonic content for the case when the STATCOM absorbs reactive power 
list I VsI IVil 1Isl I VsI IVil 

h with with with without without without 
ZT,, Zm Zm Zm Zm ern 

1 100 100 100 100 100 100 
5 8.1105 2.4970 12.2514 13.5361 4.0927 20.0000 
7 10.9782 4.7317 23.2162 6.9062 2.9234 14.2857 
11 2.9648 2.0081 9.8527 2.7967 1.8603 9.0909 

13 2.7366 2.1905 10.7477 2.0024 1.5741 7.6923 
17 1.3121 1.3734 6.7385 1.1709 1.2037 5.8824 
19 1.2299 1.4388 7.0597 0.9374 1.0770 5.2632 
23 0.7329 1.0378 5.0922 0.6397 0.8897 4.3478 
25 0.6965 1.0722 5.2607 0.5414 0.8185 4.0000 
29 0.4662 0.8325 4.0845 0.4024 0.7056 3.4483 
31 0.4475 0.8541 4.1907 0.3521 0.6601 3.2258 
35 0.3217 0.6932 3.4013 0.2762 0.5847 2.8571 
37 0.3111 0.7087 3.4771 0.2472 0.5531 2.7027 
41 0.2336 0.5897 2.8935 0.2013 0.4991 2.4390 
43 0.2275 0.6025 2.9560 0.1830 0.4759 2.3256 
47 0.1673 0.4841 2.3754 0.1532 0.4354 2.1277 
49 0.1656 0.4997 2.4516 0.1409 0.4176 2.0408 

THD 14.4089 6.8730 33.7224 15.6922 6.1422 30.0153 

absorbs reactive power, the voltage waveforms at the terminals of the converter are formed 

of rounded sections, with the cusps pointing upside down, whereas when it generates reactive 

power, the cusps are more prominent and pointing upwards as shown in Figure 3.5(a). The volt- 

age at the point of common coupling looks more sinusoidal but it still contains a large amount 

of harmonic distortion. The converter current is non-sinusoidal. In contrast, if the DC capacitor 
is not explicitly taken into account, and a DC voltage source is used instead, i. e. Z rh = 0, the 

voltage at the terminals of the converter is given by a train of square pulses and the voltage at 
the point of common coupling will be largely sinusoidal, as shown in Figures 3.4(b) and 3.5(b). 

3.3. STATCOM Impedance Analysis 

The Th6venin equivalent of the STATCOM given by equation (3.3) may be re-written as 

SabD-' (jhwo)Sab SabD-1(jhwp)Sbc SabD-i (jhwo)Sca 
PsZcapQs =- SbcD-' (jhwo)Sab SbcD-' (jhwo)Sbc SbcD-'(jhwo)Sca 

ScaD-1 ah(Oo)Sab ScaD-'(jhw0)Sbc ScaD-' uh(oo)Sca 
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Figure 3.4.: Waveform results for the case when the STATCOM absorbs reactive power 

Zaa Zab Zac 

Zba Zbb Zbc 

Zca Zcb Zcc 

(3.5) 

Since the structure of the transformation matrices and the differentiation matrix are known, 

with the help of some algebra it can be shown that the generic structure of any one of the nine 
submatrices, say Z'S, for h=3 is 

Z-3, 
-3 

Z-3, 
-2 

Z-31-1 Z-3,0 Z-3,1 Z-3,2 Z-3,3 

Z-2, 
-3 

Z-2, 
-2 

Z-2, 
-1 

Z-2,0 Z-2,1 Z-2,2 Z-2,3 

Z-1, 
-3 

Z-1,0 Z-1, 
-1 

Z-1,0 Z-1,1 Z-1,2 Z-1,3 

Z's = Z0, 
-3 

7U, 
-2 

Z0, 
-1 

Z0,0 ZO, 1 ZO, 2 Z0,3 

Z1, 
-3 

Zl, 
-2 

Z1, 
-1 

Z1,0 Z1,1 Z1,2 Z1,3 

Z2, 
-3 

Z2, 
-2 

Z2, 
-1 

Z2,0 Z2,1 Z2,2 Z2,3 

Z3, 
-3 

Z3, 
-2 

Z3, 
-1 

Z3,0 Z3,1 Z3,2 Z3,3 

In turn, each element is given by 

h1 
Zx, V I ýnwoCSn-xsn-ye-ý(n-y)s (3.6) 

n=-h 
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Table 3.3.: Harmonic content for the case when the STATCOM supplies reactive power 

IIsI IVsl IviI l1sl IV3 Ivil 
h with with with without without without 

7m.. 7M 71rº. 7rm Zm Zm 

1 100 100 100 100 100 100 
5 24.3781 9.3490 30.3995 16.3802 6.1214 20.000 
7 1.3824 0.7422 2.4134 8.3573 4.3724 14.2857 
11 3.0817 2.6000 2.6000 3.3844 2.7824 9.0909 

13 1.0068 1.0038 3.2641 2.4231 2.3544 7.6923 
17 1.1440 1.4916 4.8502 1.4170 1.8004 5.8824 
19 0.5557 0.8098 2.6331 1.1344 1.6109 5.2632 
23 0.5902 1.0412 3.3857 0.7741 1.3307 4.3478 
25 0.3456 0.6627 2.1549 0.6552 1.2243 4.0000 
29 0.3596 0.7998 2.6006 0.4869 1.0554 3.4483 
31 0.2351 0.5590 1.8175 0.4261 0.9873 3.2258 
35 0.2428 0.6519 2.1198 0.3343 0.8745 2.8571 
37 0.1710 0.4852 1.5776 0.2991 0.8272 2.7027 
41 0.1776 0.5585 1.8159 0.2436 0.7465 2.4390 
43 0.1322 0.4361 1.4182 0.2215 0.7118 2.3256 
47 0.1500 0.5409 1.7587 0.1854 0.6512 2.1277 
49 0.1197 0.4498 1.4626 0.1706 0.6246 2.0408 

THD 24.6811 10.1359 32.9581 18.9893 9.1867 30.0153 

for x, y= -h,..., h, and 

8=0 for matrices Zaa , Zbb and Zcc 
8= 27t/3 formatrices Zab and Zbc 

8= -27t/3 for matrix Zac 

Si are the harmonics of the switching function Sab(t). Since Z is a Skew Hermitian matrix, 

the rest of the submatrices are obtained by: 

Zba = -Zab 
Zcb = -Zbc 

Z ca 
s 

= -Zac 

3.3.1. Impedance structure of ZTh 

The structure of ZT, depends on the switching function which represent the VSC. For example, 
Figure 3.6 shows the structure of ZT, for the case when the switching functions have a con- 
duction period of 120°. The matrix structure shows that the STATCOM impedance has a very 
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Figure 3.5.: Waveform results for the case when the STATCOM supplies reactive power 

strong inter-coupling between phases and between harmonics. 
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Figure 3.6.: Magnitude of ZTh, for h= 15, C= 1000 µF and conduction period of 120° 

A very desirable condition of STATCOM operation is when the VSC does not generate 

significant harmonics, which may be achieved by using a very high PWM switching frequency. 

Assuming that this is the case and analysing equation (3.6), it may be said that the element ZX, y 
is made up mainly of the fundamental frequency of the switching functions, i. e. S�-x, Sn_y = 
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S±1. Hence, taking into account only the fundamental frequency coefficients of the switching 
functions, relations between y, x and n can be obtained from equation (3.6): 

forn-x= andn-y= n= n= :1 

1 1 x+l y+l = y=x 
i -1 = x+1 y-1 = y=x+2 

-1 1 = x-1 y+1 = y=x-2 

-1 -1 = x-1 y-1 = y=x 

The elements different from zero according to the table are: ZX, x and Zx ±2 for x= -h, ... , h. 
Using such relations, the general equation (3.6) is well covered by three simpler equations: 

Zx, x = -j 
X cap IS, l2 e ,s -j 

X cap IS_i I2 ei8, x= -h,..., h (3.7) 

where Xcap =1 /cwoC. In this equation, for x=1 only the first term on the rhs applies, and for 

x= -1 only the second term. 

Zx, x+2 = -J (x+ 
1)SiS-leis, x= -h,..., h (3.8) 

Forx= -1, Z_1,1 is neglected since no contribution from Sfl exists. 

ZX, x-2 = -j ýx 
`ai)S*_1Sle js x= -h,..., h (3.9) 

Forx= 1, Zl, _1 
is neglected since no contribution from S±1 exists. 

The remaining elements are all zero resulting in a matrix Z,, s with the following banded 
structure, 

Z-3, -3 0 Z-3, -1 0 0 0 0 
0 Z-2, _2 0 Z-2,0 0 0 0 

Z-1, -3 0 Z-1, 
-1 

0 0 0 0 
Zºs = 0 -74), -2 0 Zo, O 0 ZO, 2 0 

0 0 0 0 Zl, l 0 Z1,3 
0 0 0 Z2, o 0 Z2,2 0 
0 0 0 0 Z3,1 0 Z3,3 

Figure 3.7 shows the structure of ZT, when using a high switching frequency for the PWM. 
The structure shows that the dominant impedances are given by the harmonic impedances Zx, X 
and Zzx±2 as previously demonstrated by analysis. 

The impedance structure of the STATCOM shows that even under very high PWM switch- 
ing frequency operation, resonance problems may still occur due to the coupling between har- 
monics. For example, the fundamental frequency has a coupling to the 3rd harmonic, the 5th 
harmonic has a coupling to the 3rd and the 7th harmonics and so on. This effect is similar to 
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Figure 3.7.: Magnitude of ZTh with C= 300µF and f, = 1650 Hz 

the frequency conversion effect observed in the three-phase synchronous generator [43][13]. 

Comparison example: The STATCOM model (simplified) with ZTh calculated from (3.7)- 

(3.9) was compared with the the model (complete) from (3.3). The system data is as follows: 

IV, j=1p. u., R=0.003352, X=0.1571ST, Re=0.01 S2 and Xe=0.4712Qat50Hz. C=500µF 

charged at 0.8316 p. u. A six-level VSC (as shown in Figure A. 3), 250 Hz switching frequency, 

and modulation factor of 0.85 were used. The results are obtained for 50 harmonics. 

Table 3.4 shows the harmonic content of the switching function used in the VSC. It can 
be seen that the dominant magnitude corresponds to the fundamental frequency component. 
The same table shows the harmonic content of the current ia(t) obtained with both STATCOM 

models. The results show a very good agreement even at high harmonic frequencies. Figure 3.8 

shows the waveform representation of these currents. It should be remarked that the accuracy 

of the simplified model depends on the fundamental frequency magnitude dominant over the 

other harmonics of the switching function. 

3.3.2. Driving point impedance of the VSC 

An equivalent impedance of the VSC can be used to assess its response to a harmonic current 
injection coming from the AC network. To this end a driving point impedance (DPI) analysis 
of the VSC may be carried out as follows. 

We have that the voltage response of the VSC is given by 

Va Zaa Zab Zac la 

Vb = Zba Zbb Zbc lb 

vc Zea Zcb Zcc Ic 
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Table 3.4.: Harmonic contents 

harmonic ISabI L0° complete 
ýIal 

complete 
L0° 

simplified 
ýIal 

simplified 
Le° 

1 0.8500 -89.6438 0.4669 -179.6445 0.4656 -179.3178 
3 0.0047 68.3672 0.0022 161.1300 0.0020 159.4594 
5 0.0013 -164.7784 0.0015 -123.5294 0.0004 -74.4280 
7 0.0073 -41.7583 0.0023 46.8875 0.0016 48.4089 
9 0.0081 -32.5393 0.0012 55.1164 0.0012 57.5956 
11 0.0132 131.9859 0.0012 -137.9061 0.0017 -137.8892 
13 0.0049 125.7716 0.0008 -144.0297 0.0005 -144.1399 
15 0.0065 170.8931 0.0006 -97.5704 0.0006 -99.0260 
17 0.0112 -163.3272 0.0009 -73.9662 0.0009 -73.2504 
19 0.0097 18.8567 0.0007 108.0491 0.0007 108.9179 
21 0.0319 -123.9918 0.0020 -33.2781 0.0020 -33.9340 
23 0.0614 -110.3304 0.0030 -20.7931 0.0036 -20.2749 
25 0.0356 -105.3745 0.0024 -15.6424 0.0019 -15.3277 
27 0.0642 67.6230 0.0031 157.9000 0.0031 157.6679 
29 0.0462 -113.7978 0.0022 -22.6716 0.0021 -23.7543 
31 0.0531 73.9026 0.0023 163.7992 0.0023 163.9406 
33 0.0600 -111.3287 0.0024 -21.5271 0.0024 -21.2919 
35 0.0337 61.9847 0.0010 150.7672 0.0013 152.0205 
37 0.0739 70.6262 0.0029 160.6986 0.0027 160.6582 
39 0.0237 51.6316 0.0008 140.2493 0.0008 141.6627 
41 0.0125 66.9041 0.0004 157.9213 0.0004 15 6.9345 
43 0.0026 56.0855 0.0001 151.4458 0.0001 146.1131 
45 0.0310 47.0059 0.0009 137.8344 0.0009 137.0328 
47 0.0231 36.4124 0.0006 126.6746 0.0007 126.4388 
49 0.0123 -97.3687 0.0003 -4.2574 0.0003 -7.3444 

Assuming the VSC to be a balanced system, then the study may be reduced to the analysis of 

phase a, i. e. 

Va = Zaala + Zablb + Zaclc 

If a1p. u. balanced h; harmonic current source is injected into the VSC, i. e. 

'a_ =1 'b_ =1 ejh; 2f/3 I=1e jh; 2a/3 
hi 2 hi ý-ý't 

(3.10) 
jah, = 12 j6hi _'e-jhj2n/3 

jCh, 
_'ejhi21r/3 

then the ±m harmonic voltage produced by this current is given by 
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Figure 3.8.: Waveform results for the current ia(t) 

Va-., = Zaa-m. 
hi 

Ia-hi + Zaa-m, 
hi'ahi 

+ Zab-m, 
-hi 

Ib-hi + Zab-m, 
hi 

Ibhi 

+Zac_m, 
-hi 

Ic-hi + Zac_m, 
hi 

Ichs 

Va, 
� 

= Zaam, 
-hi 

Ia_hi + Zaam, 
hi 

lahi + Zab,, 
hi Ib_hi + Zabm, hi Ibhi 

+Zacm, 
-hi 

IC-hi + Zacm 
hi 

Ichs 

Since VQ_m = V* , it is enough to calculate Vam. 

From (3.6) we have that 

ZWJm; 
h; 

h 
I1 

CSn-msn+ht w 0 ýn 
n=-h 

Zaam, 
hi 

h1 

C'Sn-m'Sn-h; ý W f O n=-h 

Zahm, 
-h; - 

h1 

'Sn-m'Sn+h; e-J(n+hi)21t/3 
GJ C p n=-h jn 

Zabm, 
h; 

h1 

C`Sn-m'Sn-h; e ýýn-h; )2ý/3 = 
w ýn p n=-h 

Zacm, 
-hi 

h1 
Sn*-msn+h; ej(n+hi)2n/3 y 

jri(A p n=-h 

Zacm, 
hi 

h1 
_ sn*-m'Sn-hiejýn-h; )2zs/3 

n=-h. ln(ýu0C 

(3.11) 

(3.12) 
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and using (3.10) in (3.12), Va, 
� 

becomes 

h 

Vam = ,1 'Sn-m (Sn+h, +Sn-h1) (1/2+cos2nm/3) (3.13) 
wýC 

n_- 
n 

The impedance which produces the m-th harmonic voltage due to the h; -th harmonic current is 

given by Zm, hi = Vam/Iati. = 2Vam. Hence, 

h 

Zm h" =1I1 Sn-m (Sn+h; '+" Sn_h1) (1 +2 cos 2nit/3) (3.14) 
WpCn_hn 

Equation (3.14) gives the DPI of the VSC, which corresponds to a given harmonic current 
injected into the VSC. 

For a high switching frequency, equation (3.14) can be reduced to the impedances Zhi±2, h, 
and Zh;, h;. Impedance Zh;, h; is given by 

Zh;, h, = 2IS112 
2 

Chi 
- h; cos 2h; ic/3 + sin 2hi7t/3) , h; >1 (3.15) 

j(h! -1)woC 

where Zh;, h, is zero for hi = 3,6,9,.... 

Moreover, equation (3.15) can be used to represent the STATCOM for resonance prediction 
analysis as follows 

ZSTATCOM(hi) = jhjXe + 2Zh1, h1 (3.16) 

where Xe is the impedance of the coupling transformer. 

3.3.3. Case study: Resonance analysis 

The analysis of resonances in the STATCOM is carried out with a STATCOM connected to 

a balance three-phase voltage source of I p. u. The coupling transformer is represented by an 
impedance Xe =j1.0 p. u. The VSC is selected to produce an almost sinusoidal voltage at the 

output by using a multi-module PWM converter (Appendix A), with 5 converters per phase. 
The switching frequency is 450 Hz, and the modulation factor is 0.9. 

The simulations were carried out with 25 harmonics and different values of the capacitance, 
1- 150µF at steps of 1 µF, and maintaining the DC voltage at 1 p. u. The results and analysis 
are shown below. 

Figure 3.9 shows the THD in the STATCOM for different values of the capacitor. The results 
show resonance points for the following capacitor values: 7µF, 12µF, 27µF and 110µF. Figure 
3.10 shows that these resonant points are related to given harmonics which are summarised as 
follows: 

7 µF: 23th, 25th 
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12µF: 17th, 19th 

27µF: l Ith, 13th and 

110µF: 5th, 7th. 

600 

500 
r-, 

400 

300 - 

200 

100 

0 
0 25 50 75 100 125 150 

Capacitance [ µF] 

eoc 
500 

400- 

300- 

200 

100 

0 0 25 50 75 100 125 15( 

Capacitance [ pF] 

Figure 3.9.: THD at the point of coupling between the transformer and the VSC 
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Figure 3.11 shows the phase a of the STATCOM impedance and STATCOM admittance matrix 
structures (contours) for two values of the capacitor, 12µF and 50µF. The impedance structures 
look quite similar for both values of capacitors, but the admittance structures do not. Analysing 
the admittance structure for 12µF, it can be seen that harmonic cross-couplings of the funda- 

mental frequency with the 17th and 19th harmonic do exist. This suggests that resonant peaks 
at the 17th and 19th harmonic may be excited by the voltage source at fundamental frequency. 
This resonance prediction confirms the previous results. 
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Figure 3.11.: Top view of the impedances and admittances of the STATCOM's phase a 

Equation (3.16) may be used to predict the resonance frequencies for different values of the 
capacitor. This prediction is shown in Figure 3.12, where only odd harmonics are show. In 
this figure there are four points where 2Zh,, hi presents the same impedance that h; Xe meaning a 
series resonance. Particularly, these points are: 1) resonance with the 23th and 25th harmonic 
for C= 7µF, 2) resonance with the 17th and 19th harmonic for C= 12µF, 3) resonance with 
the 11th and 13th harmonic for C= 27µF, 4) resonance with the 5th and 7th harmonic for 
C= 110µF. These resonance points correspond to the previous values obtained from simulation 
results. 

3.4. Conclusions 

In this chapter a steady-state model for the STATCOM in HD was developed by resorting to 
the VSC model presented in Chapter 2. The response of the STATCOM model is in very good 
agreement with the results obtained from the PSCAD/EMTDC time domain-based software. 
The results shown that for harmonic analysis, an implicit representation of the capacitor in the 
STATCOM model should be used instead of the more contrived harmonic voltage source model 
proposed elsewhere. 

It has been shown that the equivalent impedance of the STATCOM presents high harmonic 
cross-couplings. Also, analytical equations have been developed to show that the harmonic 
cross-coupling in the STATCOM impedance obey an intrinsic frequency conversion effects 
present in the VSC even for cases of very high PWM switching frequencies. 
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A simple and comprehensive equation which represent the DPI of the VSC was also ob- 
tained, this equation may be used to predict series resonances between the VSC and the rest of 
the system. 

46 



4. HVDC-VSC Stations 

4.1. Introduction 

In this chapter, new harmonic domain models for HVDC stations based on voltage source con- 

verter (VSC) technology are presented. The models are derived in the harmonic domain, and 

represented by an equivalent harmonic impedance. The HVDC-VSC station models are for the 

HVDC-VSC back-to-back and the HVDC-VSC transmission system. The modelling philoso- 

phy follows a modular approach, which is based on the connection of two VSCs sharing a com- 

mon DC link. The harmonic models are comprehensive and include cross-coupling between 

harmonics, capacitor effect, DC voltage ripple, exact cable model, and unbalanced conditions 
in both the converters and the AC system. These models are suitable for harmonic propagation, 

resonance analysis, and analysis at fundamental frequency. The HVDC-VSC harmonic models 

presented in this chapter are based on the very practical assumption that one VSC operates as a 
"master DC voltage regulator" and the other VSC operates as a "power dispatcher". 

Results obtained with the proposed models show a very good agreament with those obtained 

using PSCAD/EMTDC simulations. Also, a resonance analysis in the HVDC-VSC transmis- 

sion system is presented in this chapter. 

4.2. HVDC-VSC Technology 

Rapid development in the field of power electronics devices with turn off capability such as 
GTO and IGBT, makes VSCs more and more attractive for HVDC transmission systems. This 
innovative technology provides substantial technical and economical advantages for different 

applications compared to conventional HVDC transmission systems based on thyristor technol- 

ogy [31][32]. 

The HVDC stations based on VSC can be found under the names of HVDC Light (ABB 

product) or HVDC Plus (Power link universal systems, Siemens product). In this thesis it is 

named HVDC-VSC. The HVDC-VSC has a power rating in the range 7-600 MW and DC 

voltage in the range 10-141 kV. In contrast, conventional HVDC systems are available in the 
power range 100-3000 MW and DC voltages up to 600 kV. 
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HVDC-VSC is a very recent HVDC technology [88][89]. The HVDC-VSC stations use 
IGBTs and operate with a high PWM switching frequency in order to have fast control of 
both active and reactive power. It is reported that on 10th March 1997 power was transmitted 

on the world's first HVDC-VSC transmission system between Hellsjön and Grängerg in central 
Sweden. The Gotland HVDC-VSC, rated at 50 MW, links a wind power park on the southern tip 

of the Swedish island of Gotland to the city of Visby some 70 km away. The station transmits at 
±80 kV using underground cables and it runs in parallel with an existing AC line. An HVDC- 

VSC transmission system rated at 180 MVA, ±80 kV and 65 km underground cables, was 

commissioned to connect the Queensland and New South Wales grids between Terranora and 
Mullumbimby in Australia. Also, an HVDC-VSC back-to-back tie was installed at the Eagle 

Pass substation in Texas, and features a 36 MW HVDC back-to-back converter connected to an 

existing 138 kV AC overhead line between the USA and Piedras Negras, Mexico [35]. 

The vendors of this technology argue that HVDC-VSC stations make it economically feasi- 

ble to connect small-scale, renewable power generation plants to the main AC grid. Similarly, 

remote locations such as islands, mining districts, and drilling platforms can be supplied with 

power from the main grid via a HVDC-VSC station, thereby eliminating the need for inefficient, 

polluting, local generation such as diesel units. The voltage, frequency, and active and reactive 
power can be controlled precisely and independently from each other. 

Thus far, most of the available literature on HVDC-VSC stations relates to the all-important 
issues of operation, construction and commissioning. Theoretical studies of PWM control 

schemes and bridge topology have also received attention [90][91][92]. The following applica- 
tions of HVDC-VSC stations are discussed in [35]: 

" Systems interconnection using an HVDC-VSC back-to-back tie. 

9 Grid-connection of offshore wind farms. 

" Grid-connection of otherwise autonomous systems such as islands and oil platforms. 

" City centre infeed. 

Two HVDC-VSC configurations are researched in this thesis from the mathematical modelling 
viewpoint. These configurations are the HVDC-VSC back-to-back tie and HVDC-VSC trans- 
mission system. 

4.3. HVDC-VSC Back-to-back Model 

In its most basic form, the HVDC-VSC back-to-back comprises two equal VSCs which share 
a common capacitor on the DC side. From the modelling viewpoint, the HVDC-VSC back-to- 
back can be represented as shown in Figure 4.1. 

48 



4. HVDC-VSC Stations 

I1 Idc Idc 12 

äbc Vabc Ze Vabc1 0I0 VABC, Z,, VABC IABc 
CI cap , 

Vdc cap2 C 

vsC t VSC 2 

Figure 4.1.: HVDC-VSC back-to-back 

The model of the HVDC-VSC back-to-back, using the result in equation (2.34), may be 

obtained as follows: 
For VSC 1: 

Vabcr A1B1 Iabc 

VdcT Cl D1 'dc 

and for VSC 2: 

(4.1) 

VABCT 
_ 

[A2 B2 Iasc 
(4.2) 

Vdcr C2 D2 -Idc 
Combining equations (4.1) and (4.2), the following equivalent for the HVDC-VSC back-to-back 

station is obtained, 

Vabcr 
_A 

12 B 12 Iabc 
(4.3) 

VABCT C12 D12 IABc 

where 9 

Vabc,. = Vabc - PsI V0 (4.4) 
VABCT = VABC - Ps2V0 (4.5) 

and 

A12 = Al-B1(D1 +D2)-1 Ct 

= Ze +1 Psi ZcapQsl (4.6) 
B12 = B1 (D1 +D2)-1 C2 

=I Psi ZcapQs2 (4.7) 

C12 = B2 (Di +D2)-1 Cl 
= 2Ps2ZcapQsl (4.8) 
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D12 = A2 - B2 (Di +D2)-1 C2 
1 

= Ze +2 Pst ZcapQs2 (4.9) 

If only one capacitor is used, then the model for the HVDC-VSC back-to-back station is arrived 

at and represented as shown in Figure 4.2, 

Vabcr I=[ Ze + Psi ZcapQsi Psi ZcapQS2 11 Iabc 
(4.10) 

VABCT P52ZcapQs1 Ze + Ps2ZcapQs2 IABC 

Equation (4.10) can be interpreted as the equation of two STATCOM equivalents with a cou- 

pling between them given by the impedances Psi ZcapQs2 and Ps2ZcapQsl " Hence, the ability of 
the DC link to operate as two individual STATCOMs depends very much on the characteristics 
of the mutual-impedances. 

äbc Vabc Ze Vabc 
1I cap ft + VABCI Ze VABC IABC 

-- c 

T 
Vdc 

vsc 1 VSC 2 

Figure 4.2.: HVDC-VSC back-to-back station 

4.3.1. Control considerations 

Since the HVDC-VSC back-to-back is built with two VSCs, reactive power may be exchanged 
with both AC systems in a similar fashion as with the STATCOM, with the only major difference 
that active power can also be exchanged between the two systems. The active power flow during 

steady-state operation is achieved when no DC current flows in the capacitor. In order to achieve 
such an operation, one VSC is selected to act as a "power dispatcher" and the second VSC as a 
"master DC voltage regulator" [33]. 

Power dispatcher: The function of the power dispatcher is to supply a pre-specified active 
power PS, which may take either positive or negative values and it is supplied by the power 
dispatcher in a rectifier or inverter mode. In this case, VSC 2 is selected to be the power 
dispatcher and the active power, Pvsc2, is measured and compared against the reference value 
PSS. The error, 

E= Pspd - Pvsc2 

is used as a negative feedback signal to increase or decrease the output voltage angle 6VSC2 of 
the converter by means of the PWM control until the error is minimised. 

I1 12 

ibc Ze Vabc I cap f+ VABC1 Ze VA1 

c Vdc i 1--d 

. 

0.10 
vsc 1 VSC 2 

Figure 4.2.: HVDC-VSC back-to-back station 
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Master DC voltage regulator: The function of the mister DC voltage regulator is to maintain 

the DC voltage at a pre-selected constant value. Since VSC 2 was selected as power dispatcher 

then VSC 1 is the master DC voltage regulator. 
The dc-term of Vdc, i. e. Vdco, is measured and compared against the voltage reference Vfef. 

The voltage error, 

E= Vref - Vdco 

is used as a command in a negative feedback loop to adjust the voltage angle S�sc, by means of 

a PWM control to minimise the error. A constant DC link voltage in steady-state is obtained 

when the sum of dc-terms of the currents iI(t) and i2(t) become equal to zero, i. e. zero dc-term 

current in the capacitor, 

Ilo+I2=0 

This means that is adjusted until the power from the AC system satisfies the power de- 

manded by the power dispatcher. 

4.3.2. Time domain comparison results 

The HVDC-VSC back-to-back model was compared with the steady-state response of a model 
implemented in PSCAD/EMTDC [39]. The following system parameters were used for the case 
study: 

Source: 115 kV line to line, internal RL parallel equivalent impedance with Rg =100 a and 
Lg = 0.01 H. 

Transformer: An equivalent series impedance: Re = 0.1 S2 and Lý = 0.05 H. 

VSCs: Six-pulse converter with IGBTs switched by the PWM technique described in Ap- 

pendix A. The carrier frequency is 1650 Hz. 

Capacitor: 300µR 

VSC 1: Selected as the master DC voltage regulator to charge the capacitor at 115 kV. 

VSC 2: Selected as the power dispatcher to supply 300 MW. 

Simulation: 50 harmonics were used, obtaining the solution in two iterations using the iterative 
process described in Appendix C. The phase angle for the power dispatcher was 
fixed at S�SC2 = 39.970, which is an angle previously obtained using PSCAD/EMTDC 
simulations. For the PSCADIEMTDC result, a simulation time of 4s with a time 
step of 20 ps are used in order to obtain a suitable steady-state condition. The 

51 



4. HVDC-VSC Stations 

PSCAD/EMTDC model uses two controls, one for the master DC voltage reg- 

ulator and the other for the power dispatcher. The diagram of the HVDC-VSC 

back-to-back station is shown in Appendix E. 

Figure 4.3 shows the line currents for the phase a in the converter side. The results show that 

both models produce very similar results. 
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Figure 4.3.: Current responses for the HVDC-VSC back-to-back 

4.3.3. Active power transfer 

Figure 4.4 shows the response of the HVDC-VSC back-to-back under different values of phase 

angle 5vsc2 and AC equivalent impedance. As previously stated, VSC 1 is the master DC voltage 

regulator. The active power shown in this figure corresponds to the input power at the terminal 

of the power dispatcher. The simulations were carried out for the following range of angles 

-900 < 8vSC2 < 90°, and equal AC voltage sources with constant magnitude and zero phase 

angle. 
The following key points are observed from these results: 

" On the right of the figures, the curves are limited by the maximum angle value Svsc, that 

can maintain constant DC voltage (loss of convergence in the method). 

" Active power transfer observes a similar pattern as that observed by the voltage angle 
control in AC generation stations. 
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Figure 4.4.: HVDC-VSC back-to-back responses 

" Active power reversal is achieved by changing the voltage angle from negative to a posi- 
tive value. 

For the "lossless" case (re = 0.00010) and different values of xe, the following is noticed: 

" As xe increases, the AC transmission capability weakens, with the maximum power trans- 
fer defined by the extreme points in the curves. 

" The active power follows a symmetrical response from positive to negative voltage angles. 

9 The relationship between the angles Svsc2 and Svsc, is linear. 

For the case when xe = 0.0848L2 and the value of re is varied, the following key points are 

observed: 

" As re increases, the AC transmission losses increase, and the maximum power transfer is 
defined by the extreme points in the curves or by the point where the curve reaches its 

maximum value. 

" The active power follows a non-symmetrical response due to the losses, from negative to 
positive voltage angles. 

" The relationship between the angles 6VSC2 and S�Sci is non-linear due to the losses. 
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4.4. HVDC-VSC Transmission System Model 

In order to extend the HVDC-VSC back-to-back model to become the HVDC-VSC full trans- 

mission model, it is necessary to add the DC cable between the two VSCs. Figure 4.5 shows 
the connection of one end of the cable to one of the converters. 

I Idc 

äbc Vabc Ze Vabcl + 
c Vdc 

vsc i 

Idc 
CABLE 

Idc 
t 

Vdc 

Figure 4.5.: VSC with a cable in the DC side 

The equations that describe the system of Figure 4.5 are given below. The VSC 1 is repre- 
sented by 

Vbcr A1BI Iabc 
Vdcr C1 D1 Idc 

where Vd,. = Vdc - Vol, Va,. = Vabc - Ps, V0, 
. 

The exact model, in steady-state, for the cable is 

V dc Ac 
Idc c 

with 

Bc Vdcl 
Dc Idc1 

Aý = cosh(yl/2) 
Bc = Zc sinh(yl/2) 

Cc = sinh(yl/2) 
c 

Dc = cosh(yl/2) 

(4.11) 

(4.12) 

(4.13) 

(4.14) 

(4.15) 

(4.16) 

where y and Z,, are the wave propagation and characteristic impedance of the cable, respectively, 
and I is the total length of the cable in km. At harmonic frequencies, the wave propagation is 

given by 

Y= (R' +jwohL') (G' +. l wohC') (4.17) 

and the characteristic impedance by 
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Zý _ (Rý + j(oohL`) / (C' + j(oohC') (4.18) 

where R' in 12/km, L' in H/km, G' in S/km and C' in F/km are the distributed series resistance, 

series inductance, shunt conductance and shunt capacitance of the cable, respectively. It should 

be mentioned that the frequency domain representation permits the use of an exact model of the 

cable; something which is achieved with difficulty when time domain representations are used. 

For instance, it is quite common to represent the cable by using one it-section per km [111]. 

Combining equations (4.11) and (4.12) leads to the following equation, 

Vabcr 
_ 

[Aic Bic Iabc 
(4.19) 

Vdci Cic Dlc Idcl 

where 

Al,, = 
(Ai_B1Dr'ci)+Bior'Ac(Dr'Ac+cc)'Dr'cl (4.20) 

Bic = 
(B1Dr'Ac) 

`D1'Ac+Cc) 
i(Dc+D, 1Bc) -BiDI-1Bc (4.21) 

Clc = 
(Dr'A+c)'Dr'ci (4.22) 

I 
Dlc = 

(Dr1Ac+Cc) (o+Dr'B) (4.23) 

The HVDC-VSC transmission system now can be obtained by using two similar equivalents 

circuits, as shown in Figure 4.6. The equation for the second converter is 

CABLE 
Idc 

t 
Idc 

CABLE 

Vatic Z, Vabc + VAact Z, Veec 
Vý 

T-- ZI I4- bQ 
ABC 

vsc 1 vsc 2 

Figure 4.6.: HVDC-VSC transmission system 

VABCT 
_ 

A2c B2c Iaec 
(4.24) 

Vdcl C2c D2c -Idcj 

From (4.19) and (4.24) the equivalent for the HVDC-VSC transmission system may be ob- 
tained: 

Vabcr 1_ AI 
C2 

VABCT Clc2 

B lc2 Iabc 

D1 
c2 IABC (4.25) 

where 
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Vabcr =V abc - pst Vol (4.26) 

VABCT = VABC - P52 VO2 (4.27) 

A1c2 = Alc-Blc(Dlc+D2c)-1Clc 

= Ze+ 
1Ps1Ac (YcapAc+Cc)-1 Qs1 

-I-2PsI Bc (Dc+YcapBc) -1 Qs1 (4.28) 

Blc2 = Bic (Dlc +D2c)-I C2c 

= 
2PsiAc (YcapAc+Cc)-I Qs2 

- Psi Bc (Dc +YcapBc) ' Qs2 (4.29) 

Clc2 = B2c (DIc+D2c)-1 CIc 

_ Ps2Ac (YcapAc+Cc)-I Qs1 

-2P32Bc 
(Dc+YcapBc)-1 Qsj (4.30) 

D1c2 = A2c -B2c (DIc+D2c)-I C2c 

= Ze +I Ps2Ac (YcapAc + Cc) Qs2 

+ZPs2Bc (Dc+YcapBc) Qs2 (4.31) 

where Ycap = Zca,. 

Figure 4.7 shows the final HVDC-VSC transmission system model. 

CABLE I2 

äbc Vabc Ze Vabc ++ VAeCt Ze VABC IABC 
Vdc Vdc 

2 ý-- 

vsC i VSC 2 

Figure 4.7.: HVDC-VSC transmission system 

4.4.1. Control consideration 

The VSCs of the HVDC-VSC transmission system may be assumed to have the same control 

rules as the VSCs for the HVDC-VSC back-to-back, i. e. VSC I is the master DC voltage regu- 
lator and VSC 2 is the power dispatcher. The only difference between these two configurations 
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is that in the HVDC-VSC transmission system, the dc-term voltage in the capacitor of VSC 2 

is given by Vd, 2,,, = Vd, lo - Rcabtelio" Also, the power losses in the cable can be obtained from 

Rcable l ö" 

4.4.2. Time domain comparison results 

The HVDC-VSC model response is compared against the steady-state response of a model 
implemented in PSCAD/EMTDC [39]. The system has the following parameters: 

Sources: 115 kV line to line, RL parallel equivalent impedance with Rg = 10091 and Lg = 
0.01 H. 

VSC 1: An equivalent series impedance for the AC system including the transformer: Rey = 
0.1 SZ and Leq = 0.05 H, and a DC capacitor of 150 µF. VSC 1 is selected to be the 

master DC voltage regulator to charge the capacitor at 115 kV. 

VSC 2: An equivalent series impedance for the AC system including the transformer: Req = 
0.25 and L=0.1 H, and a DC capacitor of 150µF VSC 2 is selected to be the 

power dispatcher to supply 200 MW. 

Cable: A 100 km cable with R'= 0.0679 DJkm, L' = 2.4217 mH/km and C' = 0.4764 µF/km 
was used. These distributed parameters correspond to the cable shown in Appendix 
E and used in the PSCAD/EMTDC simulation. 

Simulation: 50 harmonics were used in this study and convergence is achieved in 6 itera- 
tions using the iterative scheme described in Appendix C. The phase angle for 
the power dispatcher is fixed at SVSC2 = 47.08°, which is the angle obtained from 
the PSCAD/EMTDC simulation. For the PSCAD/EMTDC simulation a time of 
3 s, with a time step of 20µs is used to obtain a suitable steady-state result. The 
PSCAD/EMTDC model uses two controls, one for the master DC voltage regulator 
and the other for the power dispatcher. The diagram of the HVDC-VSC transmis- 
sion system is shown in Appendix E. The final results are: S�sc, = -21.15° and 
-23.56° for the PSCAD/EMTDC and HD models, respectively. The dc-term of 
the DC voltage V02 are: 129.8 kV and 125.1 kV for the PSCAD/EMTDC and 
HD results, respectively. And power dispatched of 198 MW and 186 MW for the 
PSCAD/EMTDC and HD, respectivey. Although both cables have the same dis- 
tributed parameters, these differences are due mainly to the cable model used by 
the PSCAD/EMTDC. 

Figure 4.8 shows the line currents in the converter side obtained with both models. These results 
compare very well with each other. 
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Figure 4.8.: Currents response of the HVDC-VSC transmission system 

4.4.3. Case study : Resonance analysis 

An HVDC-VSC transmission system with the following parameters is used: 

AC voltage sources: 115 kV line to line, RL parallel equivalent impedance with Rg = 112 and 
Lg = 0.03 H. 

Transformers: Equivalent series impedance R. = 0.30 Q and 4=0.15 H. 

VSCs: Two-level VSC with a switching frequency of 250 Hz and modulation factor of 

0.85. VSC 1 is selected to be the master DC voltage regulator to maintain the DC 

link at 115 kV. VSC 2 is selected to be the power dispatcher with the phase angle 
fixed at -45°. Capacitors: 50µF. 

Cable: R' = 0.068 a/km, L' = 2.422 mH/km, C= 0.476 AF/km and G' = 0.030 zS/km. 
Different lengths of the cable are used. 15 harmonics are used in the study. 

Figure 4.9 shows the impedance response as seen from the sending-end of the arrangement 

capacitor-cable-capacitor. Figure 4.9(a) uses a logarithmic scale in the impedance magnitude in 

order to identified resonance points. It is clear to see, in this figure, the resonance pattern that 

the arrangment presents at different frequencies for different cable lengths. In order to identify 

these resonance points, Figure 4.9(b) shows a contour view of Figure 4.9(a). This figure shows 
that, for example, resonances at the 6th harmonic exist for cable lengths of 5 km and 54 km. 
Also, for cable lengths of 27 km, 52 km and 76 km resonances will appear at the 12th harmonic. 
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Figures 4.10 and 4.11 show the response of the system for different lengths of cable. Figure 

4.10 shows the injected power by each AC voltage source. It can be seen that the active power 
flows from the AC source ABC to the AC source abc. The total loss in the system is given by 

Piosses = Pa + PA. These results show that resonance points occur at cable lengths of 5,27,54 

and 76 km. 

The results in Figure 4.11 show that the current I1 (DC side) contains the 6th and 12th 

harmonics, which interact with the DC system producing resonances for 5 km and 54 km long 

cables. It should be remarked that these resonances were previously predicted by inspecting 

the DC side impedance responses in Figure 4.9. Resonances in the DC side interact with the 
AC side currents producing resonance at other harmonic frequencies, as can be seen in the 

harmonic content of current Iü. Resonances at other frequencies also exist and are due to the 

cross-coupling between harmonics in the equivalent impedance of the converters. 
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Figure 4.9.: DC side impedance response 

4.5. Conclusions 

Flexible and comprehensive models for the periodic, steady-state operation and harmonic re- 
sponse of HVDC-VSC stations were presented in this chapter for the first time. The VSC model 
obtained in previous chapter was used as a building block to assemble harmonic domain models 
for the HVDC-VSC back-to-back tie and for the HVDC-VSC transmission system. The results 
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Figure 4.10.: Powers in the AC sides of the HVDC-VSC transmission system 
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Figure 4.11.: Currents in the DC and AC sides of the HVDC-VSC transmission system 

obtained with these models were compared against PSCADIEMTDC simulations, and they are 

shown to be in good agreement. 
The model of the HVDC-VSC transmission system goes on well with an accurate model of 

the cable since both models are expressed in the frequency domain. The models may be used for 

harmonic propagation and harmonic resonance analysis with no need to resort to time domain 

simulations. Also, the models enable very realistic representation of AC system imbalances and 
firing imbalances since they are three-phase models. 

The HVDC-VSC models have an impedance representation which may be used in the anal- 

ysis of harmonic interaction with other switching devices, non-linear loads, transmission lines, 

or transmission networks. Although not show in this chapter, by using h=1 gives a simplified 
HVDC-VSC models for fundamental frequency analysis. 
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5. Unified Power Flow Controller 

5.1. Introduction 

A novel harmonic model for the unified power flow controller (UPFC) is presented in this 

chapter. The proposed model incorporates all the basic operating characteristics that existing 
fundamental frequency UPFC models offer, such as the active and reactive power control re- 

gions. However, the harmonic model offers additional information such as harmonic distortion 

regions. The UPFC model is given in a form of an equivalent impedance which is connected to 

the AC system to perform harmonic propagation and resonance prediction analysis. By building 

on the modular approach adopted in this thesis, the UPFC model is obtained as a particular con- 

nection of the HVDC-VSC back-to-back with the AC transmission system. The UPFC model is 

used to study the harmonic interaction with transmission lines. It is also shown that a simplified 
UPFC harmonic model does not give such harmonic interaction with transmission lines. 

5.2. UPFC Concept 

The unified power flow`controller (UPFC), one of the most advanced power systems controllers 

ever built, was proposed by Laszlo Gyugyi in 1991 [112]. The UPFC was devised to provide 

very stringent control and dynamic compensation requirements in AC transmission systems. 
Within the framework of traditional power transmission concepts, the UPFC is able to control, 

simultaneously or selectively, all the parameters affecting power flow in the transmission line, 

such as voltage magnitude and phase angle and line impedance. This unique capability is signi- 
fied by the adjective "unified" in its name. Alternatively, the UPFC can independently control 
both active and reactive power flow in the line. 

The UPFC comprises two VSCs coupled to a DC link capacitor, one VSC is connected in 

parallel with the AC system and the other is connected in series with the AC system. The UPFC 

active and reactive power characteristic is governed by the coordinated response of the voltages 
generated by the parallel and series VSCs. The first UPFC installation in the world, with a 
total rating of ±320 MVA, was commissioned in 1998 at the Inez Substation of the American 
Electric Power (AEP) in Kentucky, for voltage support and power flow control [71]. 
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5. Unified Power Flow Controller 

The basic principles of UPFC operation are well known [8][9], with most of the research 
work having been focused on dynamic analysis [ 113] [114] [115][116][117][1181[1191, power 
flow [120][121][122][123][124][125] and optimal power flow analysis [126][127]. In [128] the 

authors show how the use of multi-converter modules based on GTOs or IGBTs and sinusoidal 
PWM strategy may be used to build a UPFC with high power ratings. In [ 129] a control strategy 
is used to show that the UPFC can be used as a harmonic insulator from non-linear loads. 
Research work addressing the voltage waveforms generated by the UPFC is minimum and 

mainly based on time domain simulation. An exhaustive search indicates that so far no work 
related to UPFC harmonic modelling and analysis has been reported in the open literature. In 

this chapter a UPFC model for harmonic analysis in presented. 

5.3. UPFC Model 

The UPFC has a similar configuration to the HVDC-VSC back-to-back station, with the only 
major difference that one of the VSCs is connected in series with the AC system, as shown in 
Figure 5.1. The VSC 2 provides the main function of the UPFC by injecting a voltage vpq(t) 
in series with the line (which is connected at node R) via a series coupling transformer. This 
injected voltage acts, essentially, as an AC voltage series source with a magnitude Vpy and 
phase angle p. The basic function of VSC 1 is to supply or absorb the active power demanded 

or injected by VSC 2 by controlling the common DC link voltage. 
VS IS 

Vpq +I 
VR 

Jl ýl A1 Tý 

liabc 

Z, Vabc1 

Iabc 

vsc 1 

Figure 5.1.: Unified power flow controller scheme 

Ii 12 

I cap " VABCI Z 11 

C Vd, 

IABC 

VSC 2 

0 

The equations that represent the UPFC of Figure 5.1 are derived from the back-to-back 
arrangement shown in Figure 4.2. Hence, the derivation is started from equation (4.3): 

Vabc 
_ 

A12 B12 Iabc 
+ 

PSI 
vo 

C12 D12 IABC pst 0 

The following boundary constraints exist from the UPFC scheme, 

(5.1) 

Iabc = IS + IR 
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'ABC = IR 

and, equation (5.1) becomes, 

1 Vabc A12 (A12+B12) Is 
+ 

Psº 
VO 

VABC C12 (C12+D12) IR pst 

Also, from the scheme, 

Vabc = VS 

VABC = VR - VS 

and equation (5.2) becomes, 

VS 
_ 

A12 (A12+B12) IS 

VR (A12+C12) (A12+B12)+(C12+D12) IR 

+ 
PS` 

Vo 
PSI + Pst 

Developing (5.3), the final UPFC model is arrived at, 

VST Ze'+PstZcapQst 

VRT Ze + (Pst +P52) ZcapQsj 

X 
Is 

IR 

where 

Ze + Ps, Zcap (Qst + Qs2) 
2Ze + Psi + Psi) Zcap (Qs1 + Qs2) 

VST = VS - PS1 V0 

VRT = VR - (P5l+ Pst) Vo 

(5.2) 

(5.3) 

(5.4) 

(5.5) 

(5.6) 

It should be noticed from the UPFC scheme that the currents in the DC side are related to the 
AC currents as follow 

11 = Qsi (Is+IR) 

12 = QS2IR 
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5. Unified Power Flow Controller 

5.4. Response of the UPFC Model 

The capability of the UPFC to control active and reactive power flow in the transmission line 

is given by a family of P-Q control circular regions defined by the transmission angle 8 (0° <- 
8< 90°), the magnitude of Vpq and its phase angle p (0° <p< 360°). These P-Q regions are 

well explained in [8]. In this section, the P-Q regions are reproduced using the proposed UPFC 

model. It should be noted that this model is more general in the sense that it produces harmonic 

information. 
The system of Figure 5.2 was used to show the response of the UPFC. The following data 

is used in the analysis: 

Sources: Ideal voltages sources, VS =1 LO° p. u., VR =1L-8p. u. 

Transmission system: Reactance X=1Q. 

Transformers: Equivalent series reactance: Xe = 0.0191. 

VSCs: Multi-module PWM converter (Appendix A), with 3 converters connected in cas- 
cade, and a carrier frequency of 250 Hz. Modulation factor of 0.95. 

Capacitor: 3µF charged at 0.5263 p. u. in order to have Vpq = 0.5Lp p. u. in the VSC 2 output. 

Simulation: 15 harmonics were used, and the angles were varied in the range, 0° <8< 90° and 
0° <p< 360°. The results are shown only for phase a. It should be noted that the 
angle p corresponds to the output voltage angle of VSC 2, where the steady-state 
condition of the UPFC corresponds to the steady-state condition in the capacitor, 
determined by using the iterative scheme shown in Appendix C. 

..................... IR VS ISº- VP9 
+ JX VR 

ý-- 

P. Q ljx, 

ixe 

VSC I VSC 2 

Figure 5.2.: Transmission system with an UPFC 

Figure 5.3 shows the UPFC power control regions at fundamental frequency. This result 
illustrates very clearly the capability of the UPFC to control active and reactive power. This 
point is well described in [8] and the results presented are in good agreement with the response 
of the proposed model. 

Figure 5.4 show the harmonic distortion at the sending-end of the UPFC. It can be seen that 
the THD voltage is higher when p= 180°. This effect is due to the fact that the sending-end 
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Figure 5.3.: Control region at the receiving-end of the reactance X 

voltage vs(t) + vpq(t) at fundamental frequency is minimum when Vpq is shifted by p= 180° 

with respect to V. The maximum THD voltage may be expressed in a maximum THD voltage 

region as shown in Figure 5.5. In contrast, the THD current in Figure 5.4(b) shows its maximum 
THD at the co-ordinate (S = 30°, p= 110°) which corresponds to the operating point when 

transferred apparent power is minimum (P 0, Q 0), also shown in Figure 5.5. 
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Figure 5.4.: THD at the sending-end of the reactance X 

Figure 5.6 shows the RMS values, where the minimum values correspond to the maximum 
THD values. 

To assess the UPFC under more realistic conditions, the transmission reactance is substituted 
by a 10 km transmission line with the following parameters: R' - 0.04 Wkm, L' = 1.20 mH/km, 
C' = 8.40 µF/km and G' = 0.03 pS/km. 

Figure 5.7 shows the harmonic response at the sending-end of the transmission line. The 

results show the impact that the transmission line has over the UPFC's harmonic behaviour, 

exemplified here by the voltage and current THDs. These results are not as smooth as those 
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Figure 5.6.: RMS values at the sending-end of the reactance X 

obtained using an idealised UPFC. The results corresponding to the idealised UPFC are shown 
in Figure 5.8. The idealised UPFC uses only one VSC, i. e. VSC 2 represented by a DC voltage 

source and an ideal coupling transformer as shown in Figure 5.9. Comparing these results, it 

can be seen that the effect of VSC 1 and the DC capacitor, which interact with the transmission 

line, increase the THD in both voltage and current. 

5.4.1. Case study: Resonance analysis 

As discussed, the interaction between the UPFC and the transmission line may produce voltage 

and current resonances. In order to gain further insight into resonance build up in UPFC- 

transmission line systems, the following study was conducted. 
Figure 5.10 shows the contours of the resonance points of the transmission line as a function 

of line length and harmonic frequencies. For a 17 km long transmission line, resonance points 
appears at the 18th, 23th, 29th, 35th and 41th harmonic frequencies. 
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Figure 5.7.: THD at the sending-end of the transmission line 
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Figure 5.8.: THD at the sending-end of the transmission line with an idealised UPFC 
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Figure 5.9.: Idealised UPFC scheme 

Figure 5.11(a) shows the power region at the receiving-end of the transmission system using 
8= 0°. 50 harmonics were used in the study and a 17 km transmission line. The response is the 

expected one. 

Figure 5.11(b) and (c) show the RMS and THD values for the voltage and current at the 

receiving-end of the transmission line. The RMS voltage gives the expected results, but the 
THD is very high due to a resonance effect. In the RMS and THD current is clear that a 
resonance condition exist in the system. 

Figure 5.12 shows a fuller analysis of the results. Figure 5.12(a) shows the harmonic gen- 
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Figure 5.11.: Power region at the receiving-end, and voltage and current at the sending-end of 
the transmission line 

erated by the UPFC before being connected to the transmission system. It is clear that the low 

harmonic frequencies are negligibly small since the VSC configuration employed generates har- 

monics of around the 30th harmonic. At first sight this result suggests that for a 17 km long 

transmission line, the resonant points at the 23th, 29th and 41 th impedance harmonics may be 

excited by the UPFC harmonics. And Figure 5.12(b) reveals that resonance problems occur at 

the 23th and 29th harmonic frequencies. These results show that a complete harmonic analysis 

of the UPFC and transmission line is very important in order to predict resonance problems. 

5.5. Conclusions 

The UPFC model for harmonic analysis was presented in this chapter. The UPFC model was 
derived as a particular connection of an HVDC-VSC back-to-back with the transmission system. 
It has been shown that the high harmonic frequencies generated by the VSCs can excite the 

resonance impedances of the transmission line connected at the terminals of the UPFC. Also, it 

was shown that a simplified UPFC model, given by a constant AC harmonic source connected in 

series with the transmission system, is not appropriate for harmonic interaction studies between 
the transmission system and the UPFC, since the capacitor in the DC link interacts with the 
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6. Dynamic Harmonic Domain 

6.1. Introduction 

A novel methodology is presented in this chapter for conducting transient analysis of elec- 
tric networks containing non-linearities and switching plant components. The methodology is 

termed the extended harmonic domain (EHD) as it may be seen as an extension of the harmonic 

domain (HD) method used for steady-state analysis in the previous chapters of this thesis. It is 

shown in the chapter that the EHD is a natural approach for conducting dynamic and steady- 

state studies of the evolution of harmonics in power circuits containing non-linear and time- 

varying components. It is also shown that the EHD provides a suitable basis for extending the 

well-known steady-state power quality indices to the transient range. 
The EHD is a formulation based on orthogonal bases and operational matrices. The new 

approach leads to an alternative state-space. In this simulation environment the coefficients of 
the orthogonal basis are the state variables. The solution process allows for the, computation of 
the time evolution of the harmonic coefficients, in a manner that is akin to a window of incre- 

mental length sliding over the actual waveform. One salient characteristic of the EHD method 
is that linear time periodic (LTP) systems are easily reduced to linear time invariant (LTI) sys- 
tems, opening the door for the use of a wide range of tools and methods readily available for 

the solution of LTP systems. 

6.2. Approximation of Operators 

The main idea behind the approximation of operators is that a function x(ti), can be approxi- 
mated in the interval [t, t+ To], to an arbitrary accuracy, by the time-dependent Fourier series 
[51][52], 

X(T) _ Xn(1)ejn`x'oL 

n=-oo 
(6.1) 

where wo = 2n/To, ti E [t, t+ To], and To is the period of time under consideration. The coef- 
ficients in X�(t) are a function of time since the period To under consideration slides over the 
actual waveform. Each coefficient Xn(t), is calculated by 
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1 t+Tp 
x� (t) _ ý, o 

f 
x(, r)e ý"uý°zdti (6.2) 

Equation (6.2) computes the time-evolution of the harmonics as the window of length To slides 

over the actual waveform x(r). 

6.2.1. Averaging methods 

The averaging theory has shown to be an efficient method to obtain averaged models used for the 

analysis and control design of PWM switching DC/DC power converters [50]. A more general 

method called the generalized averaging method [51], has been put forward to cover some 
limitations that traditional state-space averaging methods present. The generalized averaging 
method is based on the time-dependent Fourier series expressed by equations (6.1) and (6.2). 
The assumption in this method is that a Fourier series expansion of a finite length segment of a 

circuit waveform x(ti) should be dominated by its dc-term. This means that the averaged model 

of the ripple is given by the dc-term of (6.1), i. e. 

1 t+To 
x(ti)dti (6.3) Xo(t) = To 

it 

where To is the converter switching period. As a continuation of the work reported in [51], 

a multi-frequency averaging method [109] uses the dc-term and first-term of the series (6.1) 
increasing the accuracy of the averaging method. Most of the applications of the averaging 
methods can be found on DC converter applications [94]. A technique called dynamic phasors, 
based on the generalized averaging method, has been applied to obtain AC power elements and 
FACTS controllers models used for stability and fault analysis [53][54]. 

In this chapter, the harmonic domain (explained in Appendix B) is extended to incorporate 

the time-dependent Fourier series expressed by equations (6.1) and (6.2) and the state-space 
representation of linear, time periodic systems [52]. The new harmonic domain is termed EHD. 
A general characteristic of the the EHD is that it embraces the averaging methods described 

above, but extended to provide a dynamic, harmonic frame-of-reference where all the power 
electronics controller models described in this thesis can be represented, as well as the HD 

models described in the open literature [13]. 

6.3. Extended Harmonic Domain 

Following a similar analysis as that described in Appendix B, if the vector of base functions 
G(ti) is used then the function in (6.1) can be approximated as 

X(T) = GT(ti)X(t) (6.4) 
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where 

e jha)ot 

e°° 

G(ti) =1 (6.5) 

e j`0z 

ejhwoT 

and 

X h(t) 

X -1(t) X(t) = Xo(t) (6.6) 

Xi (t) 

Xh(t) 

The derivative of x(ti) with respect to time is given by 

I(T) = OT(ti)X(t) + GT(r)X(t) 

where the derivative of G(t) with respect to time is given by 

GT(ti) = GT(t)DGh(oo) 

The operational matrix of differentiation D(jhwo) has been defined in (B. 11). 

The product of two functions is given as 

a(ti)x(ti) = GT(ti)AX(t) (6.7) 

where matrix A has a Toeplitz structure, and it is build up with the harmonic content of a(t), 
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Ao A_1 ... A-h 

Al 

Ao A_1 . 
A= Ah . Al Ao A-i " A-h 

Al Ao 

A-1 
Ah ... Al Ao 

This matrix has the same structure as (B. 16). 

6.3.1. State-space model 

In principle, the time periodic excitation and response associated with physical circuits can be 

expressed by the sum of a number of sinusoid terms of different harmonic frequencies. This is 

a property that facilitates the understanding and calculation of such circuits operating under a 

wide range of operating conditions. From an engineering viewpoint, it makes sense to develop 

numerical procedures that exploit this property. 
In power electronic devices a periodic driving force causes the switching sequences to 

also be periodic at each operating point. This opens the possibility of switching devices be- 

ing thought of as being linear between two consecutive switching times and piece-wise linear 

within a period, giving rise to a system that is indeed linear and time periodic. 
For simplicity, consider a first-order state-space model, 

z(t) = a(t)x(t) +b(t)u(t) 

(6.8) 

y(t) = c(t)x(t) +d(t)u(t) 

where a(t), b(t), c(t) and d(t) have a period To, e. g. a(t) = a(t +TO). 
The period will be assumed to be To throughout. Therefore, equation (6.8) may be referred 

to as a LTP system. 
Using the terminology described in Section 6.2, equation (6.8) is amenable to an alternative 

representation, which is more useful for assessing system properties, 

GT(t)D(jh(oo)X(t)+GT(t)X(t) = GT(t)AX(t)+GT(t)BU 

(6.9) 
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GT(t)Y(t) = GT(t)CX(t) + GT(t)DU 

Dropping the GT(t) coefficients yields a more compact state-space equation, 

X(t) = {A-D(jhcwo)}X(r)+BU 

Y(t) = CX(t) +DU 

(6.10) 

These equations are the core equations of the EHD methodology whose solution gives full 
information of the harmonic dynamic behaviour of variables x(t) and y(t). 

Equation (6.10) is solved using a standard integration method where initial and final simu- 
lation times, to and tf, integration time step At and initial conditions for the state variable X(t) 

are required. Matrices A, B, C, D and vector U are constant within a time step At, as long as the 
functions a(t), b(t), c(t), d(t) and u(t) do not change in magnitude and frequency in the time 

step. These matrices take complex entries, and the solution vectors X(t) and Y(t) are complex 
vectors which evolve with time, changing at every time step At. 

6.3.2. Harmonic domain 

A particular case of (6.10) is the set of equations which govern the system's steady-state solu- 
tion, i. e. when X(t) =0 (see Appendix B), 

X= {D(jhwo) - A}-1 BU 

Y= CX+DU 

(6.11) 

(6.12) 

In steady-state applications, the matrices A, B, C, D and vector U are constant, and the solution 
of X and Y is carried out directly using equation (6.11). Moreover, a very useful characteristic of 
equation (6.11) is that it is amenable to a very powerful method for EHD initialisation. Equation 
(6.11) was also derived in [37] to obtain the steady-state solution of switching loads. 

This is a very useful, inherent characteristic in EHD since initialisation methods are not 
straightforward to implement in time domain methodologies. For example, it has been reported 
[36] that no full initialisation method has yet been implemented in any of the EMTP-type pro- 
grams for solving systems with switching devices and non-linear components. Instead, simple 
constrained solutions are used. For instance one option is to perform an approximate steady- 
state solution with non-linear branches disconnected or represented by linearised models. Al- 
ternatively, some EMTPs have either a "snapshot" or a "start again" feature. Using a standard 
EMTP solution, a snapshot is taken and saved once the system reaches the steady-state, subse- 
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quent runs are started using this information. 

6.4. Dynamic Harmonic Evolution using EHD 

The three-phase balanced circuit of Figure 6.1 is used to show how harmonics evolve with 
time. The voltage source has the following representation: va(t) = sint+ 1/3sin3t V, vb(t) = 
sin(t -120°) + 1/3 sin 3t V, v, (t) = sin(t + 120°) + 1/3 sin 3t V, with period To = 2rt; parameters 
R =1 92 and L=1H; and initial currents 1, -2 and 0A in the inductors, respectively. 

In this section, a tuned filter in series with the neutral is used to separate the DC component 
from the 3rd harmonic when time domain simulations are carried out using PSCAD/EMTDC. 

; (t) i(o)=t V. (t) 
a -º i dc (t) 

R 

i(0)=-2 (t) 

e[b(t'cb(t) 

i(0)ß 

RL 3er har monic filter 

Figure 6.1.: Circuit implemented in PSCAD/EMTDC 

The state-space equation that describes the circuit of Figure 6.1, with no filter, is given by, 

=a(t) L00 ia(t) va(t) 

ib(t) =-0L0 iy(t) +L vb(t) (6.13) 
Ic(t) 00L ic(t) Lv (t) 

where the variable of interest is the ground current i�(t) = ia(t) +ib(t) +Ic(t). 
Equation (6.13) is expressed in EHD by 

Ia(t) iUt+D(jhwo) 00 Ia(t) 
lb(t) 0 lUj+D(jh(oo) 0 lb(t) 
Ic(t) 00 RUI+D(jhwo) Ic(t) 

1 
Va 

+LVb (6.14) 
vc 

where U1 is the identity matrix. Also in this case the variable of interest is I,, (t) = Ia(t) +Ib(t) + 
Is(t). 

From (6.14), the vectors Va, Vb, and Vc have values different from zero for the fundamental 
and third harmonic, e. g. for vector Va these values are ±j 1 /2 and ±j 1/6, respectively. The 
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initial conditions given to the DC currents in phase a, b and c, i. e. 1, -2 and 0, become entries 
in the dc-term of the vectors Ia(t), Ib(t) and Ic(t), respectively, i. e. 

0 

Va j 

0 
1/6 
0 

1/2 

0 

-1/2 
0 

-1/6 
0 

0 

1" (0) = 

0 

0 
0 
0 
0 
i 
0 
0 
0 
0 

0 

lb (O) _ 

0 

0 
0 
0 
0 

-2 
0 
0 
0 
0 

0 

; I'(o) = 

0 

0 
0 
0 
0 
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A total simulation time of 25 s with At = 10.5 ms and fifty harmonics were used. Figure 

6.2(a) shows the harmonic dynamic behaviour of the magnitude of I�(t), where only the dc- 

term and third harmonic appear. Figure 6.2(b) shows the angles of these harmonics and Figure 

6.2(c) shows the time representation. 
Figure 6.3 shows simulation results obtained with PSCAD/EMTDC. It should be noted that 

the time representation of the harmonics obtained with the EHD matches the currents flowing 

through the tuned filter. 

6.4.1. EHD and WFFT comparison 

The use of special filters is not the normal way to derive harmonic information from transient 

waveforms. Instead, windowed FF1's are used [39]. Hence, results from the EHD and a win- 
dowed FFT (WFFT) techniques are compared. A windowed technique is illustrated in Figure 
6.4(a) where a sliding window of 27t/3 s was used. Figure 6.4(b) shows the magnitude of the 
harmonics using WFFT and EHD, where the use of the WFFT technique gives rise to a dc-term, 
3rd, 6th, 9th and 12th harmonic during the transient, these harmonics are a natural result of the 
WFFT. Whereas the result provided by the EHD technique only gives rise the dc-term and the 
3rd harmonic. Figure 6.4(c) shows the phase angle of the third harmonic. 

A different test case corresponds to a disturbance occurring after the neutral current reaches 
the steady-state. Zero initial conditions and R= 100 SZ were selected for this example. A solid 
phase-to-ground short-circuit occurs in phase a at 15 s of simulation time. Figure 6.5(a) shows 
the dynamic behaviour of the current i�(t). For the WFFT technique a sliding window of 2rt 
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I me j5J 

(a) Magnitude of the 3rd harmonic and dc-term 

I 

nm. Lei 

(b) Angle of the 3rd harmonic and dc-term 

9 

(c) Time representation 

Figure 6.2.: Currents in the neutral using the EHD 

s was used. The sliding window in Figure 6.5(a) is shifted to the right at each time step. The 

magnitude of the harmonics using the EHD and those calculated using the WFFT are shown 

in Figure 6.5(b). Also, Figure 6.5(c) shows the angle of the fundamental frequency and third 

harmonic. 
It should be noted that before the disturbance takes place, i. e. steady-state, the harmonics 

calculated with the EHD and WFFT techniques are in agreement in both magnitude and phase 

angle. It should also be noted that in this case only the third harmonic exists in the current i,, (t). 

After the disturbance takes place, using the EHD only the fundamental and third harmonic 

appear. It is only after the sliding window does not include the instant of time at which the 

transient takes place, that the results given by the two methods again match with each other. 
Judging by the shape of the waveform in Figure 6.5(a) it is clear that the waveform only contains 
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Figure 6.3.: Currents in the neutral using PSCAD/EMTDC 
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(c) Angle comparison 

Figure 6.4.: Comparison of the harmonics using WFFT and the EHD 

the fundamental and another harmonic, which resembles the third. The EHD confirms this 

observation but this is not the information conveyed by the WFFT. It is likely that additional 

refinements in the use of the WFFT method may lead to more accurate results than the ones 

presented in Figure 6.5(b), but the great difficulties of doing so are well documented [481. 
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(b) Magnitude comparison (c) Angle comparison 

Figure 6.5.: Comparison of harmonics currents using WFFT and the EHD 

Figure 6.5(c) shows the angles of the fundamental and 3rd harmonic currents obtained with 
the EHD and WFFT methods. Key observations can be derived from these results: 1) The use 

of the WFFT transform gives rise to a misleading harmonic spectrum, spectrum which was 

expected since it is an intrinsic characteristic of the windowing, 2) The fundamental and 3rd 

harmonic currents derived with both techniques show quite a different dynamic evolution, 3) 

The angle of the fundamental and 3rd harmonic current using WFFT, shows a very substantial 

mismatch when compared to the result obtained using the EHD method. 
The EHD and the FFT methods take quite a different approach to solving the dynamic 

evolution of harmonics. The fundamental difference lies on the fact that the EHD is a direct 

method to solve dynamic systems and the FFT is not. 

6.5. Evolution of Harmonics in Non-linear Circuits 

As described in this chapter, the EHD may be used for dynamic harmonic analysis of linear, 

non-linear and time-varying systems. In this section, the EHD state-space is used to solve a 
non-linear system. 
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6. Dynamic Harmonic Domain 

Figure 6.6 shows an unloaded single-phase transformer. The transformer includes the linear 

equivalent, and the magnetising branch. The current response of the non-linear inductance of 
the magnetising branch is represented by the following polynomial equation: 

i, # (t) = a1V(t) +bij? (t) (6.15) 

In this type of circuits, the attenuation of the inrush current i�u (t) may take several seconds. Such 

a long period of time to reach the state-state, maybe considered to be a waste of simulation time 

when the purpose is to conduct a harmonic study. Moreover, it is reported that to obtain steady- 
state initial conditions for transient analysis of these kind of circuit is not straightforward. 

rl 
1 

1: b 

vS(t) mag ; 

------------ 

Figure 6.6.: Unloaded single-phase transformer 

The state-space equation below describes the circuit: 

linr(t) 

= 
- 

(r 
0 iinr(t) lý rl 

Vs (t) 

W(t) rmag 0 W(t) 
+ 

0 -rmag i cw(t) 
(6.16) 

Equation (6.16) in the EHD is given by 

X(t) = (A - Dd(jhwo)) X(t) + BU(t) (6.17) 

where 

X(t) 
Iinr(t) 

- 
(r 

UI 0 

IP(t) 

1[ 

rmagUl 0 

_ 
[DOhwo) 0 17UI 

-7 Ui 
; U(t) _ 

vs Ddýhwý) 
0 D(jhwo) 'B0 

-rmagUi IW(t) 

and 

IW(t) =a'Y(t)+b`! (t) 
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U1 is the identity matrix. 
Equation (6.17) is solved using a standard integration method where initial and final simu- 

lation times, to and t f, integration time step At and initial conditions for the state variable X(t) 

are specified. The harmonic vector IV(t) is evaluated at every time step fit. 

6.5.1. Steady-state initial condition 

It has been shown that HD is a very powerful technique to determine the steady-state response 

of non-linear systems by iteration [13]. 
In this case, linearising (6.15) around an operating point yre(t), leads to the following state 

equation, 

linrýt) - 
(r1 

lr, 
neg) 00 

ýýt) rmag 0+0 

+Tf! 
&iL vs(t) 

O -rmag tN(t) 

where 

-- lt -&ýWe (t) I)[ 
lin(t) 

-rmagiW. (t) 1v(t) 

aiie(t)+b (r) 

we (t) = a+nb -t(t) 

1N(t) =i (t) 
- i, (t)We(t) 

Representing equation (6.18) in EHD results in 

X(t) =(A+ Alin-DdÜhwo))X(t)+BU 

where 

u= 
js ; Alin= 0 

N 

and 

r, �e I, 0 
- !, We 

a= a 
-rmagIWe 0 

IWe = a`I'e + b`P 

(6.1 S) 

(6.19) 

81 



6. Dynamic Harmonic Domain 

Iwo =a+ nb` r' 

IN = IWC - I1ýWe 

It should be noted that Iwo in Ali,, has a matrix representation. 

The steady-state solution of (6.19) around the operating point i Je (t) is obtained when X(t) _ 
0, so X is given by 

X= -(A +Alin - DdÜh(oo))-' BU (6.20) 

Solving equation (6.20) in an iterative process where Ali� and U are updated, results in the 

exact state-state solution for X, this result may be used as initial condition for the state equation 
(6.17). 

6.5.2. Case study 

A dynamic harmonic analysis is carried out for the circuit of Figure 6.6, where the following 

parameters are used: ri = 0.192 9, rmag = 612.8692 and ll = 0.9 mH; and for the non-linear 
characteristic: a=0.7576, b=1.03 x 107 and n= 19. The circuit is excited with a voltage 
source: vs(t) = 130cos(wot - 42.97°) V, and the operating frequency is fo = 50 Hz. 

The case consists in the study of the circuit harmonic responses when an increase of the 
voltage source is applied. The disturbance is a sustained voltage vs(t) = 135 cos((Opt - 42.97°) 
V applied at 0.04 s after the steady-state has been reached. 

In this particular circuit, it takes a very long time to reach the steady-state if a conventional 
integration method and not suitable initial condition are used. However, in EHD the initial 
condition is straightforward to obtain by using HD. Solving (6.20) by iteration, the result was 
obtained in 6 iterations with an error of 4.31 x 10-13 for h=9. The steady-state response is 
given by 
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Using this solution as initial condition for (6.17), the inrush current shown in Figure 6.7 was 

obtained using to =0s, tf = 0.2 s, and an integration time step At = 0.2 ms. It is should be 

mentioned that the current waveform was built from the dynamic harmonics obtained from the 

solution of (6.17). 

Analysing the current waveform, it can be seen that the initial condition was exact since no 

transient at the beginning of the simulation was identified. 

Figure 6.8 shows a comparison between the harmonics obtained by using EHD and those 

obtained with WFFT over the current waveform. It is very interesting to see that during the 

steady-state the harmonic magnitudes and phase angles match with each other. However, during 

the disturbance, which is applied at 0.04 s, the harmonics obtained with EHD respond instantly 

to the event, and those obtained with WFFT take 0.005 s to do so. This delay is due to the fact 

that the waveform of the inrush current from 0.04 s to 0.045 s looks like a steady-state. From 

the results shown in Figure 6.8, it is clear that after the disturbance the harmonics obtained 

with EHD present a very clear transient state, meanwhile the harmonics obtained from WFFT 

present an almost steady-state condition in both magnitude and phase angle. A fact of perhaps 
great significance is the very different results given by the two techniques concerning the time 
evolution of harmonics. 
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Figure 6.8.: Harmonic content of the inrush current 

6.6. Dynamic Electrical Indices 

Several electrical parameters are used to enable accurate power quality assessments of electrical 
installations and equipment. The most popular are given below. These parameters are normally 

expressed in terms of complex Fourier coefficients: 
RMS voltage: 
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h 1/2 

Vans = Vnv 
n 

n=-h 

RMS current: 

h 1/2 

Irras =y Inl-n 

n=-h 

Apparent power: 

S= Vrmslrms 

Active power: 

h 
p= Vn1-n 

n=-h 

Reactive power at fundamental frequency: 

Q1=y21sinO 

Distortion power: 

1 1)1/2 D= (S2_Fa_Q2 

Power factor: 

PF=S 

Total harmonic distortion: 

Iýnl2 
THDy -- IN x 100% 

In principle, the Fourier transform only applies to voltage and current waveforms that exhibit a 

periodic behaviour. In practice, windowing FFTs have been used for quite some time to derive 

harmonic information under transient conditions. So far, no electrical parameters for power 
quality assessment under dynamic conditions have been put forward. One possible explanation 
is that the use of simple windowing FFT techniques do not always yield accurate harmonic 
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information and, hence, meaningful electric parameters could not be obtained. In this chapter, 

the accurate assessment of the dynamic evolution of harmonics allows for the extension of 

such definitions to be applied under transient conditions, at every time step. Accordingly, it 

is possible to talk about dynamic power quantities such as powers S(t), P(t), Q(t) and D(t); 

RMS values Vr s(t) and Ir; , (t) as well as power factor PF(t). For completeness the distortion 

factors: THDv(t) and THD1(t) can also be derived. These transient harmonic indices may find 

applications in the design of more robust protection and control schemes than those based on 

positive sequence, fundamental frequency parameters. 
Also, the dynamic currents in the sequence domain can be obtained. The zero, positive and 

negative currents are derived from the phase domain quantities as follows 

, (0)� (t) 1111 11 Iah(t) 

L I(+)h (t) I=31 a2 a Ibh (t) 

I(_)h(t) IL1a a2 L Ich(t) 

where a =1 L 120°. 

The inverse relationship also exist. Voltage quantities also obey the same transformation 

matrix. 

6.7. Conclusions 

The extended harmonic domain methodology has been presented in this chapter for the first 

time. It is based on the use of dynamic harmonics, orthogonal series expansions and their 

operational properties. The method is suitable for steady-state analysis as well as large signal 
dynamic analysis of electric networks with embedded power electronics controllers and non- 
linear loads. The EHD method is an extension of the well known HD method used in power 

systems harmonic analysis. This has the advantage that a wide range of models developed for 

the HD can be used for transient analysis with few or no modifications. Moreover, HD can also 
be used for EHD initialisation. This method yields accurate information of the time evolution 

of harmonic coefficients, and allows for an extension of power quality indices to the dynamic 

range. The EHD is an alternative linear, time-invariant, state-space equation for which all the 

powerful tools developed in linear control design can be applied. 
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7. Dynamic Harmonic Response of Power 

Electronics Controllers 

7.1. Introduction 

In the previous chapter the EHD was presented. It was shown that this domain gives the dy- 

namic and periodic steady-state responses of linear and non-linear systems. In this chapter, 

the EHD is applied to the solution of time-varying systems. An important characteristic of 

time-varying systems is that when represented in EHD these systems are transformed into lin- 

ear time-invariant systems. This is an important transformation since the full theory of linear 

time-invariant system can then be applied. 
In the first chapters of this thesis it was shown that power electronics controllers can be 

represented by time-varying systems, and transformed into equivalent impedances using HD. 

In this chapter, space-state models for power electronics controllers such as the STATCOM 

and HVDC-VSC stations are obtained and transformed into linear time-invariant system using 
EHD. 

It should be mentioned that the dynamic phasors technique, which is base in generalized 

averaging method, has been used to derive phasor-based models for AC power elements and 

FACTS controllers used for fault and stability studies [53][54]. In [110] a harmonic transfer 

function model based on complex Fourier series was used for control analysis of an inverter. 

Nevertheless, the EHD is a more complete approach used for harmonic modelling, suitable for 

harmonic propagation, resonance analysis and also for stability and control design. 

7.2. Static Synchronous Compensator 

Figure 7.1 represents a STATCOM connected to an AC system. The equations that describe the 

STATCOM are 

Vabc1 (t) = Ps(t)Vdc(t) 

and the current il (t), is given by 

(7.1) 
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iI(t) = 9s(t)iabc(t) (7.2) 

Also, the voltage in the capacitor is given by 

dvd(t) 
= 

lit(t) 
(7.3) 

The voltage drop across the three-phase impedance of the STATCOM circuit in Figure 7.1 is 

Vabc(t) - vatic, (t) = Reiabc(t) +4 
diaý(t) 

(7.4) 

A suitable combination of equations (7.1)-(7.4) yields a time state-space equation that describes 

the dynamics of the STATCOM, 

labc(t) --LI. -Ps(t) iabc\t) 
+1 

Vabc(t) 
(7.5) 

vdc(t) Cgs(t) 0 Vdc(t) I-e 0 

Va Re Le Va 
i la 

vdc 

Figure 7.1.: STATCOM equivalent 

Moreover, this equation can be transformed into a LTI system using the EHD method, given 
by 

Iabc(t) -4u1 DGhwo) -4Pa 
1 [ Iabc(t) 1 Vabc 

Vdc(t) - 
CQs -D(jhwo) 

[Vdc(t) + 
I-e 0 

(7.6) 

Where ps(t), qs(t), P. and QS are as defined in Chapter 2. 

7.2.1. Case study: Power quality disturbances 

Power quality (PQ) is an umbrella term that embraces all aspects associated with amplitude, 
phase and frequency of voltage and current waveforms existing in a power circuit. A large 
number of PQ disturbances have been reported in the open literature, with some of them be- 
ing transient in nature and other being related to periodic, steady-state operation. So far PQ 
has gained worldwide interest in both industry and academic level due to the problems which 
produce mainly in sensitive loads[3][36][49][55][104][105]. 
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In this section two of the most important PQ disturbances are used to show the response 

of the STATCOM under such conditions, these PQ disturbances are a voltage impulse and a 

voltage sag. This case study involves a three-phase, PWM-controlled STATCOM where the 

PWM strategy has been selected to eliminate the 5th, 7th, 11th, 13th and 17th harmonics with 

a phase shift angle S=Y. This value is used in order to set the conditions for active and 

reactive power exchange with the system. The parameters of the network are R. = 0.051 Q, 

4=0.27 mH, C= 4950 pF. The system voltage source is unbalanced, with the following values 

va(t) = sinwot V, vb(t) = 0.9sin(coot -118°) V and vc(t) = 1.02 sin (wot + 121°) V. The system 
frequency is 50 Hz. 

Accurate initial conditions for Is(t) and Vdc(t) were obtained by solving (7.6) with tabc(t) 

and Vdc(t) set to zero; i. e. steady-state solution. 
Two disturbance are applied to this system in order to analyse the dynamic harmonic re- 

sponse of the STATCOM. The disturbances correspond to a voltage impulse and to a voltage 

sag. 

Voltage Impulse: In this study it is assumed a very sharp voltage impulse take place. The 

impulse is of three times the magnitude of the phase a with a duration of 0.1 ms. It occurs after 
25 ms of simulation time, as shown in Figure 7.2. This disturbance is represented in EHD by 

using 3Va during 0.1 ms. 
3.0 

a 

2.0 

a 

1.5 

0.5 

0 

-0.5 

_1. e 

Figure 7.2.: Impulse imposed on the voltage source 

Figure 7.3(a) shows the EHD solution, where the voltage va, (t), current ia(t) and voltage 
in the DC side vdc(t) are shown. Fifty harmonic terms were used in the simulation. The time 
representation of these variables is given in Figure 7.3(b). The results show that the impulse 
is quite difficult to appreciate in the voltage and current waveforms. However, the dynamic 

response of the harmonics is very sensitive to this very sharp voltage impulse, as shown in 
Figure 7.3(a). Such a sensitive characteristic of harmonics during disturbances could be used to 
good effect to explain several power quality disturbances. 

Figure 7.4 shows the electrical parameters associated with this disturbance. These param- 
eters were calculated as explained in Section 6.6. The results show that as expected, these pa- 
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Figure 7.3.: STATCOM voltages and currents using EHD 

rameters are constant for periodic, steady-state operation but register significant changes during 

transient conditions due to the dynamic behaviour of the harmonics. 
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Figure 7.4.: Electric quantities at the terminals of the STATCOM for a voltage impulse 

Voltage sag: This study also makes use of the system used in the previous case study. But, 
it is now assumed that the disturbance is a voltage sag lasting 0.115 s and taking place after a 
simulation time of 0.035 s. During the disturbance the voltage va(t) reduces to half its pre-fault 
value, as shown in Figure 7.5. This disturbance is represented in EHD by using IV,, during 
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0.115 s. 

3 
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Figure 7.5.: Voltage sag disturbance 

Figure 7.6(a) shows the EHD solution, where the voltage vaI (t), current ia(t) and voltage 
in the DC side vd,, (t) are shown. Fifty harmonic terms were used in the simulation. The time 

representation of these variables is given in Figure 7.6(b). This result shows that harmonics give 
very accurate information of the instant when the disturbance starts and when it finishes. Also, 
during the sag the harmonics reach a steady-state. 
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Figure 7.6.: STATCOM voltages and currents using EHD 

Figure 7.7 shows the dynamic behaviour of the main electrical parameters at the terminals of 
the STATCOM. These results show that as expected, these parameters are constant, for periodic, 
steady-state operation but register significant changes during transient conditions due to the 
dynamic behaviour of the harmonics. Figure 7.8 shows the THD for the voltage and current in 
the three phases. 
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Figure 7.8.: THD voltage and current 

7.2.2. Averaging results 

To assess the number of harmonic terms required in a typical EHD solution Figure 7.9 compares 

results given by a standard numeric integration method to solve equation (7.5) and the EHD 

solution, expressed in the time domain. Both results compare very well with each other when 

50 harmonics are used. The accuracy of the EHD solution decreases when the number of 

harmonic coefficients reduces, e. g. 5 harmonics. Figure 7.9 shows this comparison. It should 
be noted that using a reduced number of harmonics lead in an averaging result. 

It is important to remark that if only the fundamental and the dc-term were to be used in the 

EHD method, it would yield, with suitable similarity transformations, a model that is compatible 

with those used in small signal stability analysis 1941. 

7.3. HVDC-VSC Back-to-back 

The state-space model for the HVDC-VSC back-to-back configuration may be derived from the 
differential equations that describe the equivalent circuit of Figure 4.2. 
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Time domain simulation 
2 ------ EHD with h=50 

----- EHDwith h=5 
ý. s . 

0.5 

0 

-0. S 

-1.5 phase a phase b 

_Z 
phase c 

Time Fsl 

Figure 7.9.: Comparison of time domain simulations and EHD 

The voltages at the output of the VSCs are given by the equations 

Vabcl (t) = Pst (t)vdc(t) 

VABCI(t) = Ps2(t)vdc(t) 

The current in the DC side of the VSCs are given by 

i1(t) = gs, (t)labc(t) 

i2(t) = 9s2(t)iaac(t) 

Also, the voltage in the capacitor is 

(7.7) 

(7.8) 

(7.9) 

(7.10) 

dv(t) 
_1 d 

(il(t)+i2(t)) (7.11) 

The voltage drops across the three-phase impedance of the HVDC-VSC back-to-back tie are 

Vabc(t)-Vabcl(t) = Relabc(t). }-4di bc(t) (7.12) 

VABC(t) -VABCI(t) = ReiABC(t) +4d1AB 
(t) 

(7.13) 

Suitable combination of equations (7.11)-(7.13) yields a time state-space equation that de- 
scribes the dynamics of the HVDC-VSC back-to-back station, 
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iabc(t) -40 
iABC (t) =04 

Lvdc(t) C9s, (t) Cgs2(t) 

vabc(t) 

VABC(t) 

0 

4 Ps, (t) iabc (t ) 

-4Ps2(t) IABC(t) 

0 Vdc(t) 

Moreover, this equation can be transformed into a LTI system using the EHD method, 

(7.14) 

je(t) [ - 
RIUI - DOhwo) 0- PSI Iabc(t) 

! ABCt) = 0-4 UI - DUh(oo) - PSZ IABC(t) 

Vdc(t) - 
ýQs2 

-DUh(op) Vdc(t) 

Vatic 

+ VABC (7.15) 

0 

7.3.1. Case study 

This study corresponds to an HVDC-VSC back-to-back with the following parameters: R. = 

0.0510, Le = 0.27 mH and C= 49501F. The sources at both ends of the HVDC-VSC back- 

to-back station are three-phase and balanced, with value of 1 p. u. The VSCs use a harmonic 

cancellation elimination technique set to cancel out the 5th, 7th, 11th, 13th and 17th harmonics. 

Also, the HVDC-VSC back-to-back station uses a control system (see Appendix C) to maintain 

the DC side voltage at 1 p. u. Two cases were used for this system to analyse the dynamic 

response of the harmonics generated by the HVDC-VSC back-to-back station. 

Case 1: An unbalanced disturbance was applied at 0.03 s of simulation. Phase a in the voltage 

source was reduced by half during a quarter of a cycle. 
Figure 7.10 shows the harmonic magnitudes of currents ia(t), ib(t) and ic(t). The results 

show the harmonic response of the system to the voltage unbalance. 
Using sequence quantities, as explained in Section 6.6, it can be seen from Figure 7.10 that 

during the transient period the zero sequence current contains a fundamental frequency term. 

This term is due to the unbalanced nature of the disturbance; the third harmonic term appears 

even during steady-state since it behaves like a zero sequence component [13]. For the positive 

and negative sequences a similar analysis can be carried out. 
Figure 7.11 shows the DC side voltage and the injected powers into the HVDC. VSC back. 

to-back station. The harmonic content of the DC voltage during the disturbance reveals its 
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unbalanced nature since non-characteristic harmonics appear in the spectrum, i. e. 2nd and 4th 

harmonic. For completeness this figure also shows the powers response. 
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Figure 7.10.: Harmonic current response for the Case I 
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Figure 7.11.: DC side voltage and power flowing into the HVDC-VSC back-to-back for the 
Case 1 

Case 2: A balanced disturbance is now applied at 0.03 s of simulation. The phase angle of the 

power dispatcher was changed to enable an increased power transfer through the HVDC-VSC 
back-to-back station. 

95 

0 0.01 0.0 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 
Time (s] 



7. Dynamic Harmonic Response of Power Electronics Controllers 

Figure 7.12 shows the current response of the HVDC-VSC back-to-back station. It can be 

seen that the zero sequence current does not contain fundamental frequency term, since the 
disturbance is a balanced one. For the positive sequence only the fundamental frequency and 
the 7th harmonic appear during the transient and steady-state periods. For the negative sequence 
only the 5th harmonic appears. These results show that even under transient conditions, as long 

as the disturbance is balanced, the harmonics maintain their sequence natural behaviour. 
Figure 7.13 shows the voltage in the DC side and the injected powers into the HVDC- 

VSC back-to-back station. In this case only the characteristic harmonics are present in the DC 

voltage. It should be noted that the power transfer changes from the initial operating state into 

new a one but maintaining the DC voltage at 1 p. u. 
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Figure 7.12.: Harmonic current response for Case 2 

The results obtained from the dynamic response of the harmonic currents in the sequences 
(O, + and -) give additional information which may be used to identify and characterise network 
imbalances. 

7.4. HVDC-VSC Transmission System 

The differential equations that describe the HVDC-VSC transmission system of Figure 4.7 are 
obtained as follows. 

The voltages at the output of the VSCs are given by 

Vabci (t) = Psl ýtýVdci ýt 

VABCI (t) = PS2 (t) VdC2 (t) 
(7.16) 

(7.17) 
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Figure 7.13.: DC side voltage and powers flowing into the HVDC-VSC back-to-back for Case 
2 

and the current in the DC side of the VSCs are 

il(t) = 9s, (t)iabc(t) (7.18) 

i2(t) = 9s2(t)iABc(t) (7.19) 

Also, the voltage in the capacitors are given by 

dvd1(t) 
=I (iI(t) -ii(t)) (7.20) 

dvd2(t) 
=C (i2(t) - iiv(t)) (7.21) 

where ii (t) and iN (t) are the input and output currents of the cable. Since the cable model must 

cater for transient and steady-state analyses, a circuit representation similar to the one shown in 

Figure 7.14 should be used to represent the HVDC-VSC transmission system. 

+IC) 

Rc Lc VC(t) 
v1c(1) RC Lc 

VC 
C 

vN -1(j) 
RC Lc jy 

......... ........ + 

vdc (t) GC 
t2(t) jjc(t) 

C 
t1+1(ý) IN-1(0 

GC vdc (t) 
cccccc2 

Figure 7.14.: Distributed parameter equivalent circuit of the N-section discretised cable 
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Using differential equations, the voltage drops across the three-phase impedance of the 

HVDC-VSC transmission system are, 

t= Reiabc(t) -F'I-edlabc(t) (7.22) vabcýtý -Výctýý dt 

t= ReiABC(t)+4d1ABC(t) (7.23) VABCýtý - VABCI CJ 
dt 

For the cable shown in Figure 7.14, the differential equations which represent the cable are 

[106]: 

t di'l( 

- 
c ýi (t) +1 

(vdcl (t) - v2(t)) (7.24) 
e 

d Wi(t) 
_ ývi(t)+ 1 (ýi(t)-ii(t)) (7.25) - C 

digi(t) 
- _ - 

L` 
i (t) +L j(t) j+(t )) (7.26) 

LC c 
dvc +1(t Gcvc 

t (ici () - j+I W) (7.27) 
dt cc 

diN-1(t) 
_ -Rciiv-i(t)+ 

1 (viv-I (t)-vdc2ýt)) (7.28) 
dt Lc LC 

iN (t) = iN- l (t) - Gcvdc2 (t) - CC 
dyd (t) 

(7.29) 

where N is the number of sections of the cable. Rc = R'Al, Lc = L'Al, Cc = CAI and Gc = G'Ol. 

Al =1/N and 1 the cable length in km. R', L', C' and G' are the characteristic parameters of the 

cable in c2/km, H/km, F/km and S/km, respectively. 

From equations (7.21) and (7.29) the following equation is obtained, 

dVdý2(t) 
__ 

Gc 
Vdc2(t) +1 (i2(t) - icN-1(t)) (7.30) 

dt C+Cc C+Cc 

Suitable combinations of the previous equations yields a time state-space equation that describes 

the dynamics of the HVDC-VSC transmission system given by 

X(r) = A(t)x(t) + u(t) (7.31) 

where 
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X(t) = 

A(r) = 

i(t) 

iABC(t) 
Vdcl (t) 

Vdc2 (t) 

i1(t) 

v (t) 
i2 (t) 

VN-1(t) 

L 1N-1(t) 

U(r) = 

Vabc(t) 

VABC(t) 

0 
0 
0 
0 
0 

0 
0 

_Re 0 - psi (t) 0 0 0 0 0 0 0 

0 4 0 ps2 (r) 0 0 0 0 0 0 

gl(t) 0 0 0 -ý 0 0 0 0 0 

0 qS2 0 - c+c 0 0 0 0 0 C+CC 

0 0 LIC 0 - LV - I; 0 0 0 0 

0 0 0 0 
ý -ý -' 0 0 0 

0 0 0 0 0 l; Zc '". 0 0 

0 0 0 0 0 0 . '. - 0 

0 0 0 0 0 0 0 G 
-I 

0 0 0 - 0 0 0 0 

Moreover, this equation can be transformed into a LTI system using the EHD method, resulting 

in the general form of 

X(t) =(A -DdOh(oo))X(t)+U (7.32) 

The state-space equation (7.32) is similar in form to (7.15) but it is larger due to the increased 

number of sections considered to represent the cable. 

7.5. Conclusions 

The EHD has been applied to obtain space-state models for the STATCOM, HVDC-VSC back- 

to-back tie and HVDC-VSC transmission system. This new state-space gives the dynamic 

response of the harmonics produced by these power electronics controllers. It was shown that 
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the harmonics have a very sensitive response to power quality disturbances, even for very sharp 
impulses. Such a sensitive characteristic may be used for control purposes, where observators 
may be used to reproduce the dynamic harmonic response of real systems. 

These harmonics can be analysed from the sequences viewpoint giving additional informa- 

tion with which to analyse balanced and unbalanced conditions under transient and steady-state 
conditions. Moreover, the initial conditions for the STATCOM and HVDC-VSC configurations 
may be obtained from the HD steady-state models since the HD is a particular case of the EHD. 
State-space models for the UPFC and DVR may also be obtained. The state-space models may 
be used for stability analysis and control design. 
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8. Instantaneous Power Flow 

8.1. Introduction 

An instantaneous power flow (IPF) solution method for analysing the harmonic power flow 

problem is proposed in this chapter. The IPF uses the instantaneous power balance concept 

to formulate the problem. The methodology uses both the HD as a frame-of-reference and 

the Newton-Raphson method as numerical technique. The method is formulated exclusively 

in the frequency domain and applicable to systems which may also contain non-linear ele- 

ments and power electronics controllers. The method offers a flexible and modular formula- 

tion which shows very strong convergence properties. The IPF is formulated, implemented in 

a computer program and tested for cases of linear and non-linear concentrated loads and the 

thyristor-controlled reactor (TCR) as an example of a power electronic controller. 
The work on harmonic power flow analysis solution techniques was pioneered by D. Xia and 

G. T. Heydt [56][57] where the conventional Newton-Raphson power flow method was reformu- 
lated to include the harmonic current flows and to solve fundamental frequency parameters and 
harmonics simultaneously using Newton's method. In [58], the previous method was extended 

to include unbalanced systems and in [59] a converter model was included in the algorithm. A 

difficult task associated with this method is that each non-linear load type must be represented 

by its analytical expressions and included in the Jacobian. Also, it is reported that this method 

takes around 20 iterations to reach convergence in the presence of non-linear loads [55]. 

In [60] a different harmonic power flow approach is proposed. The method consists of 

two main parts; the first part is the construction of a harmonic Norton equivalent for the non- 
linearities using FFTs, and the second part performs the network solutions at the fundamental 

and one harmonic frequency at a time. The method requires the use of time domain solutions 

which interact with frequency domain solution through the use of FFTs. 

In [61] a sequential method to solve the harmonic propagation problem is proposed, the em- 

phasis of which is on the modelling of non-linear elements using the harmonic domain. A power 
flow solution is carried out at the fundamental frequency and then combined with a harmonic 

propagation solution. A modular approach for three-phase harmonic power flows is given in 

[62]. This modular concept consists in solving the system at fundamental frequency and the 

solution being used to initialise the full harmonic solution. This approach facilitates the devel- 
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opment of new non-linear models by including them only in the harmonic solution. The overall 

solution requires three iterative processes: The first is for the fundamental positive sequence 

power flow solution, the second is for the fundamental three-phase power flow solution, and 
the last one for the full harmonic solution. A hybrid methodology is described in [63] to solve 
the harmonic propagation problem. This method uses the frequency domain to represent linear 

components and the time domain for non-linear and time-varying components. The steady-state 

operating point is achieved using Poincare's acceleration. 

Several techniques have been put forward to solve the harmonic power flow problem. In 

all these methods the linear concentrated loads -for which their active and reactive powers are 

assumed to be known- are represented by an equivalent admittance at harmonic frequencies. 

The disadvantage of this representation is that many types of equivalent circuits exist, with 
their very different responses at high harmonic frequencies [107][43][13]. For the case of an 

unknown non-linear load an injected current or harmonic voltage source is normally used. A 

further characteristic of most of these methods is that the addition of a new electronic-based 

controller requires its analytical representation, and an ensuing non-straightforward reformula- 
tion of the Jacobian. 

In this chapter, the most popular power electronic-based controllers are included in the nodal 
admittance matrix of the electric network by means of an equivalent harmonic admittance. The 

control equations such as active and reactive power, and variables such as harmonic voltages 
and firing angles are included in the Jacobian. The concentrated linear and non-linear loads are 
represented by their power and no admittance representation elsewhere is required. 

The instantaneous power balance and the Newton-Raphson method are used to formulate 
the IPF method proposed in this chapter. This method follows the principle of conservation of 
energy as applied to electric circuits, where the instantaneous power and the average (active) 
power are the only powers which possess the conservation property under harmonic distortion. 
In the proposed methodology the HD is used as the frame-of-reference, where the fundamental 
frequency, harmonics and cross-coupling between harmonic frequencies are all involved in the 
solution at the same time. 

In order to keep the explanation of the method simple, a single-phase system, linear and 
non-linear concentrated loads, and a TCR used for reactive power control are considered in this 
chapter. However, the methodology is general and it could be extended to encompass three- 
phase unbalanced networks and other non-linearities. 

8.2. Power System Modelling in the Harmonic Domain 

If all the network elements are represented by a harmonic admittance matrix, the nodal equa. 
tions of the entire network is obtained with ease, i. e. 
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Il Y1'l 

I2 Y2,1 

IN YN, 1 

yl, 2 ... yiN Vi 
y2,2 ... y2, N V2 

yN, 2 
... yN, N VN 

(8.1) 

where N is the number of nodes of the network, and the element Yid is a (2h + 1) x (2h + 1) 

equivalent harmonic admittance matrix between nodes i and j, which has the form 

y'ýh, 
-h ... Yili ... -Yili h, h 

Y` = yo, 
-h 

yo; o .. yo; h 

yi hh ... y, 0 ... yh, h 

Equation (8.1) can be written in a more compact form as 

Inodal = ynodalVnodal (8.2) 

where Y°O" includes all the transmission elements such as transmission lines, transformers, 

capacitor banks, magnetic non-linearities and power electronics controllers. 
The power flow problem consists in solving (8.2) for the nodal voltages V°OtI corresponding 

to an operating point of the electrical network. Since the known variables are the demanded 

powers and not the nodal current I°0th1, then equations for the nodal currents based on the yet 
unknown nodal voltages and specified powers are required; this is the fundamental constraint 
of the power flow method. 

8.3. Instantaneous Power Calculation 

In conventional power flow methods, the balance of active and reactive power at the fundamental 
frequency is used to solve the classic power flow problem. In existing harmonic power flow 

methods, the balance of harmonic currents is also included in the formulation. Alternatively, in 

the IPF method proposed in this chapter, only the instantaneous power balance is used. 
From equation (8.1) an arbitrary injection current, Ir, is given by 

N 

y+, 1V! (8.3) 
i=1 

and the calculated instantaneous power injected into node i is given by the convolution between 
the voltage and current, i. e. 
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1 calc = V` ®I` (8.4) 

The vector Pcalc represents the harmonics of the instantaneous power injected into node i. 
An arbitrary harmonic element of I`, say J,, from (8.3) is given by 

Nh 

j=1 n=-h 

An arbitrary harmonic element of the instantaneous power, e. g. Pc,, Icx, is obtained from (8.4) as 

h 
Palcx = Vx-nln (8.6) 

n=-h 

Using (8.5) in (8.6), 

hNh 
Yc 

alcx = Vz-n E Yn; mvi (8.7) 

n=-h j=1 m=-h 

Equation (8.7) gives the x-th harmonic of the instantaneous power injected into node i. The 
instantaneous powers injected in all the nodes of the network are given by i=1,..., N with 
x= -h,..., h. 

From the power flow problem viewpoint, the calculated instantaneous power, equation (8.7), 
must satisfy the instantaneous power demanded by the load. Hence, an instantaneous power 
representation of concentrated loads is required. 

8.3.1. Concentrated linear load 

Assuming that the specified (spd) active and reactive power loads at the fundamental frequency 
at node iarePf and Qf, respectively; where the load voltage is v(t) =V sin((, uot - 0ö) and the 
current response is i(t) =1ýak sin((0ot - Of +0'). The angle 00 f is the shift angle with respect to 
the reference node (slack node) and is the load angle. It follows that the instantaneous power, 
p(t) = v(t)i(t), is given by 

p(t) =V AI sin((oot - %) sin(wot - eö + o') (8.8) 
Expanding (8.8) using Euler's identities, the following expression is obtained, 

P(r) = Pspä_2eJ29°ei2WOt + psi +P-j2%ej20)ot (8.9) 

where 

PSP_2 =2 ýPf 
-jQf) 
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Psi _ Pf (8.10) 

PsPd2 =20 -{-j Qf) 

From the HD viewpoint, equation (8.9) is represented by the scheduled (scd) harmonic instan- 

taneous power vector, 

ej29opipd-2 
0 

Pscd Pspdo 

0 

e_j2e0 PsPdz 

which gives the representation of concentrated linear loads. 

8.3.2. Concentrated non-linear loads 

(8.11) 

Equation (8.11) represents the scheduled instantaneous power for linear concentrated loads un- 
der sinusoidal conditions. The general representation of (8.11) may be given by 

ejheöpýpd_h 

ejeöP` spa-i 
P`scd Pspd0 (8.12) 

e-i%%Pipd1 

e-Th0 P 
s*pdh 

which would encompass both linear and non-linear concentrated loads. The complex values, 
PPPd, are obtained for (8.10) if the load is linear, and from the convolution between the harmonic 

voltages and harmonic currents measured at the load point if it is non-linear. The angle 010 is 

an unknown variable which is the shift angle between the voltage zero-crossing in node i with 
respect to the system reference voltage zero-crossing (slack node). 

8.4. Newton-Raphson Method Applied to Instantaneous 
Power Balance 

Using the scheduled instantaneous power given by (8.12) and the calculated instantaneous 
power (8.7), the set of mismatch equations is 

105 



8. Instantaneous Power Flow 

tt Pscd Pcalc 0 

Apt = p`sca - Pca1c =0 (8.13) 

"N 1d Pcalc 0 

or in compact form, 

(8.14) AP = Pscd - Pcaic 7---"0 

which form a set of Nx (2h + 1) equations. The variables are the harmonics of V' and the 

voltage zero-crossing angle 60 ' per node, giving a set of Nx (2h + 1) +N unknown variables. 
The other N equations are obtained from the voltage zero-crossing at all the nodes, e. g. for node 
i the voltage zero-crossing (VZC) is given by 

h 

VZC' =2 vnejn9o =0 (8.15) 
n=-h 

With (8.14) and (8.15) for i=1,..., N the complete set of mismatch equations is 

1OP 
_0 Vzc p 

(8.16) 

Since (8.16) is a set of non-linear equations, they may be solved with the Newton-Raphson 

method using the following iterative equation, 

aer DAP 
ev F v- 
°8o avzc avzc 

av aeo 
where: 

AV = V(k+1) - V(k) 
oeo =A eok+l) - e0 
and ̀ k' an iteration counter. 

OP 1(k) 

Lvzcj 

It should be noted that the elements of the Jacobian (per node) are given by 

(8.17) 
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ash aeP h aep ti aepýF 

aeý aeý aeý 
V f 

aeý 

h 
aep aal. va aep 

-h. 

avzc 
0 

avzc avzd avzcl 
a ... ... - Vh' ao 

fori, k=1,..., N. 

8.4.1. Analytical form of the Jacobian 

In the first instance, in order to obtain the analytical expression for the Jacobian, the partial 
derivative of (8.14) with respect to the nodal voltages is 

aAP 
_ 

a(Pscd - Pcalc) 
_ 

aPcalc 
(8.18) 

av av av 
The partial derivative of the element Pcalcx of Pcaic, with respect to an arbitrary element of the 

nodal voltage Vy of Vk, using (8.7) for i=k and i; k, are 

apk hNh 
calcx Vk 

n, 
Vk, k + Yx, j Vj 

avk ,Yy, m m 
y n=-h, &x-y j=1,9&km=-h 

h 

+ Yx-y, mVm + 2Vy 'x=y, y (8.19) 
m=-h, #y 

h aP 
aVkx 

vx-n ý'ny + VY ý'x-kY, 
Y (8.20) 

y n=-h, *x-y 

fori, k= 1,..., Nandx, y=-h,..., h. 

Now the partial derivative of (8.14) with respect to the nodal voltages zero-crossing angles 
00 is, 

aar a(Pscd - Pcalc) aPscd 

aeo - aeo - aeo (8.21) 

and the partial derivative of the element Psca, with respect to an arbitrary nodal voltage zero- 
crossing angle 6ö, using (8.12) for i=k and i k, are 
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aP ̀k 
X= -jxe 

4 Ps`pdX (8.22) 
ae0 

a 
scdx 

aeo =0 (8.23) 

for i, k = 1,..., N andx = -h,..., h. 

The partial derivative of equation (8.15) with respect to the harmonic voltage Vy , for i=k 

and i k, are 

aVZCk 
= ejy'ko (8.24) 

aVy 

aVZC` 
=0 (8.25) 

äVy 

fori, k= 1,..., Nandy= -h,..., h. 

Finally, the partial derivative with respect to the voltage zero-crossing angle O k, for i=k 

andi0k, are 

aVZCk 

ao k= 
1 jnVn ein6ý (8.26) 

0 n=-h 

avzci 
_0 eý (8.27) a 

for i, k = 1,..., N. 

With the use of equations (8.19), (8.20) and (8.22)-(8.27) the Jacobian matrix is calculated. 
Additional mismatch equations can be included in the main system represented by (8.17). 

8.5. Active and Reactive Power Control using FACTS 

Controllers 

FACTS controllers are used on transmission systems mainly to control active and reactive power 
at the fundamental frequency, where the active and reactive equations of these controllers are 
used as part of the Jacobian. 
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8.5.1. Reactive power control via TCR 

For the case of a TCR connected at the node i, the fundamental frequency reactive power ab- 

sorbed by the TCR is given by 

Qj 2(it-a)-sin2(n-a)Iv12 e fL 

Where a is the firing angle of the thyristors, XL the rated reactance of the reactor and Vf the 

RMS voltage at the terminals of the TCR [12]. 

In the harmonic domain, it is easy to show that if JVfI2 = 2V! 1Vý, then the reactive power 

absorbed by the TCR is given by 

Qf- 
2(lr-a)-sin2( 

L 
lr-a)2V`_1Vj (8.28) 

where the control variable is the thyristor's firing angle a. 

The mismatch equation is then given by 

AQ f= QLd - Of (8.29) 

where Qd is the scheduled reactive power to be absorbed by the TCR at the fundamental 

frequency. Including this new mismatch equation into (8.17) results in additional elements 

appearing in the Jacobian, i. e. 

am aAp -1 
av aoo ° 

(k) 

avzc avzc 
av öö ao o 

o vzc (8.30) 
Da OQe 

aAQf aeQf 
aVvl 0 as 

where the new non-zero expressions in the Jacobian are 

aAf* 
= 

2(it - a) - sin2(7t - a) 2v, (8.31) avi 1- ItXL 1 
Jt Qf = 

2(it - a) n2(it - oc) 
1L 

2vj 1 (8.32) 

ötQf 
- _-2+2cos2(7t-a)2Vj VI -ti (8.33) as L 

On the other hand, the effect of the TCR is included in the nodal admittance matrix Y"°' as 
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follows 

yn°dal'"j = Ynodall'' + YTCR (8.34) 

where the harmonic equivalent admittance of the TCR is given by 

YTCR = LD 
' 
1. Iho0)S 

where Lis the inductance of the reactor, D(jhci o) is a diagonal matrix with entries jhwo and S is 

a Toeplitz matrix which represents the operations of the thyristors, governed by the firing angle 
a and the current zero-crossing in the reactor, see Appendix D. 

8.5.2. Reactive power control via TCSC 

The thyristor-controlled series compensator (TCSC) may be used in the control of the funda- 

mental reactive power flow between nodes i and j. This power is calculated by the expression 

Qf 
IVII 

sc2a X Cslc a) 
cos 

(60 
- 60) 

where XTCSC(cc) is the equivalent impedance of the TCSC at the fundamental frequency as a 
function of the thyristors firing angle a, given by [18]: 

xTCSC(a) = -xc+(xc+xLc)2(n-°C)+sin2(n-a) n 
4xýcos2(E - a) ktank(IC - a) - tan (7t - a) (8.35) XL n 

XCXL where k= ýý, Xý =X, and XL and XX are the rated impedance of the reactor and the XC- 
capacitor, respectively. 

The power expression may be re-written to enable a more appropriate expression for the 
IPF, 

t, - 
2V, iv1 

2 (V 
iVIV iVii) 

1/2 
Qf 

XTCSC(a) XTCSC(a) cos ©0 - ©0) (8.36) 

where the mismatch equation to be included in the base system is 

ýQf = Qscd - Qf (8.37) 

and the unknown variable is the firing angle a. 
The new elements in the Jacobian are 
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1/2 
a_Qf 

__ 
2V1 

+ 

(v! 
1vv1v/) 

(v'v! 
1v/) 

cos (8.38) 
aV'1 

(eF 
-ej 

) 

XTCSC(a) XTCSC(a) oo 

1/2 

aA Qf 
__ _ 

2V`ß 
(v! 

1vIv1v/) 
(v! 

1v! 1v/) I 
XTCSC(a) + XTCSC(a) cos 

(oi 
0- 60) (8.39) 

1/2 
a/Qf 

(v! 
1vfvL1v? 

) 
\y` 1yly1 / (8.40) cos (o-o) i 0) avL1 XTCSC(a) 

12(v! 
1vv! 1) Qf 

- 

(vL1vv. 
1v? 

) 
a0 

cos 
(%-o) 

0 (8.4 1) 
avl - XTCSC(a) 

aOQf 

_2 

(v! 
1vvi1v/) 11/2 

sin 
(01-04) 

0 (8.42) 
XTCSC(a) 5001 

1/2 
aAQ`i 2 

\y! 1ylyj1y / f- sin 
(Ob 

- Aoi) (8.43) 
aAö XTCSC(a) 

aAQf vi 
lvl 

aXTCSC(a) 

as X. csc(a) 
as 

1/2 
2 

(v! 
1viv! 1v) 

(v! 
1vv1) öX 

2 
Tcsc(a) cos 

(00 
- ©o) (8.44) XTCSC(a) as 

where 

DXTcsc((X) 
= -A2-A5-2A3cos2(lt-a) as 

-2A4 cos(Tt - (X) sinn -cc) tan k(7t - a) 
+kA4cos2 (lt- a) sectk(Tt- a) 

+2A5 cos(Tt - a) sinn - a) tan(7t - a) (8.45) 

and 

Al = Xc 

A2 = 
2(Xc+Xw) 

7t 
A3 = 

Xc` 

7C 
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= 
4kX1c 

A4L 

_ 
4Xý 

ASL 

Once the new mismatch equation is included, the admittance of the TCSC, YTCSC, is added to 

Y"O" affecting the entries (i, i), (i, j), (j, i) and (j, j). The admittance YTCSC is obtained as 

shown in Appendix D. 

8.5.3. Reactive power control via STATCOM 

The STATCOM may be used to provide voltage support at node i by controlling the injection 

of reactive power at the fundamental frequency. The reactive power governing the operation of 
the STATCOM is given by 

Qf _Iß'12 _ Xe 
Iv'llv`I 

cos (oi-0! 
ö e) X 

Xe is the equivalent reactance of the coupling transformer; j is the secondary node side of the 

coupling transformer where the inverter is connected to; IVJI =mEd, A- where m is the modulation 
factor; and the angle O is the shift angle 0m of the modulation signal used in the firing control 
for the IGBTs of the converter. Edgy is the DC voltage of the converter. This expression may be 

re-written to make it more amenable to IPF, 

m2E 2 mEdC (V' 
1V; 

)1/2 
Qf - cos (Om-e 

e XC 0) (8.46) 

where the mismatch equation to be included in the base system is 

OQf = Qscd - Qf (8.47) 

and the unknown variables are the modulation factor m and the modulation shift angle 4, n. 
The new elements in the Jacobian are: 

aAQf 2mEdc (V! 
iyi) 

1/2 Vi 

DO 1= Xe Cos (dm - 6ö) (8.48) 

a, &Qf 
= 

2mEdc(V`-IVi) 1/2vß 

aVi Xe Cos ($m - ©0) (8.49) 

ÜOQ! 
- 

mEdc (Vi 
i 
Vi )1 /2 

\ 
Ö6ö - Xe sin (ým - e0) (8.50) 

ä, &Qf mEd + 
Edc (V `l Vl) 1 /2 

COS (OM 
Xe Xe - 60 (8. $1) 

e 
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aAQf 
- 

mEdc (V! 
l V1)1/2 

Sin (ým 
- 0' (8.52) 

a4m Xe 

At node ja harmonic voltage source ET, (similar to equation (3.4)) is connected to, which is 

treated like a PV node where the voltage magnitude is fixed, and phase angle governed by 4m. 

8.5.4. Active power control via TCSC 

The TCSC may be used to control fundamental active power flow between nodes i and j. The 

power flow through this branch is calculated by the expression 

Pii = sin 
(oi0-000l 

%XTCSC(a) 

which may be re-written to make it more amenable to IPF analysis 

12 
2\y`lyltj yl/ 

= sin 
C60 

- 8ö) (8.53) XTCSC(a) 

where the mismatch equation to be included in the base system is, 

f 
j=Pia- 

fj (8.54) 

and the unknown variable is the firing angle a. 
The elements in the Jacobian are: 

aOPfj 
= 

1/2 

-( 

(V; 

lV, 1V1 I 
sin 

(%O) 85 ( 5) aV! 
1 XTCSC(a) . 

ii (y` 
1yy1y? 

) 1/2 (V! 
1V! 1VJ) 

sin 
(%_o) (8 56) av XTCSC(a) . 

a_ 
(v! 

1vivL1v() 
1/2 (v! 

1v/v/) 
sin (B0 

- Bö) (8 57) aV' 1 XTCSC(a) . 

aj_ 
1/2 (v1vv1v/) (v! 

1vv1) r 
si 

(o o aVl n _ 
) 

XTCSC(a) (8.58) 

aOPfj 2 (V 1/2 
IV; 1y1 

) 

aeö XTCSC(a) cos (o-o) (8.59) 

aýPfi 
2 

2 (vL1vv'1v)' 

COS 
(B 

-B 
) 

300 0 XTCSC((X) 0 (8.60) 

113 



S. Instantaneous Power Flow 

12 
öi' 

=2 

(v! 
1viv! 1v/) aXTCSC(a) º i\ 

2 sin (eo - eo J (8.61) as XTCSC(a) as 

8.5.5. Active power control via STATCOM 

The STATCOM may not have the capability to supply active power for long periods of time. 
Instead, the injection of active power at the fundamental frequency may be used for the control 

of voltage support. This STATCOM function may be well described by 

Pfi 
Xý yý 

sin 
(6ö 

- 6p) 
e 

or by an alternative expression which is more appropiate to IPF analysis, 

mEdc (V! wi) l/2 

= Xe sin (gym - A0) (8.62) 1111 

where the mismatch equation to be included in the base system is 

=' cd - Pfi (8.63) 

and the unknown variables are the modulation factor m and the modulation shift angle 0,,,. 

The elements in the Jacobian are: 

aApf 
- 

2mEdc (V' 
1 Vi )1/2 V, 

t 
DO 1-- Xe sin ($m - eo) (8.64) 

äOPf 
- 

2mEdc (V' 
I Vi) 1/2 V' 

1 
äV - sin (0m 

- ©ö) (8.65) Xe e 
öOPf 

- 
MEdO IV111/2 

Doi - XC cos ýým - eo) (8.66) 

aApi 
_ 

Eac vi)'/2 
am -- Xe sin ($m - e0) (8.67) 

DAP; ' 
_ 

MEdc (Vi Vj) 1/2 

aým - ý, 
e 

pos (ým - eÖ) (8.68) 

8.6. Algorithm Implementation 

The generic form of the IPF algorithm is shown in Figure 8.1, and its more salient points are 
summarised below. 

1) Select suitable initial values for the nodal voltages, e. g. 1LO° at the fundamental 
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frequency and 0 for harmonics, and for FACTS controllers to provide initial values 
for V, 00 and a. 

2) Build up the system harmonic admittance matrix ylinear for the various linear el- 
ements such as transmission lines, capacitor banks, transformers, and and include 

them in the network admittance matrix Y°0dal. 

3) Use the initial conditions given in 1) to obtain the models of non-linear elements 
and FACTS controllers, such as the TCR, and include them in the harmonic admit- 
tance matrix Y°°" . 

4) Use initial conditions to calculate the mismatch equations for the network AP and 
VZC and for FACTS controllers tQf and/or tPf. 

5) Calculate the Jacobian matrix. 

6) Solve for AV, AGo and Aa and update the variables V, 60, and a. Go to point 7) 
if error < E, else to point 3) and use the newly updated variables in all the relevant 
calculations. 

7) Once the nodal harmonic voltages have been obtained, the following information 
can be obtained: harmonic content, RMS values, power factors, active power, ap- 
parent power, reactive and distortion powers, THD values, and voltage and current 
waveforms. 

Some remarks: 

9 The voltage in the slack node is fixed. However, harmonic voltages different from zero 
may be specified in this node. 

" In a voltage controlled node, the magnitude of the voltage at the fundamental frequency 
is specified in the same way as in the conventional rectangular power flow methodology. 

" Good initial conditions are mandatory in any iterative process, where 1 p. u. voltage mag- 
nitude and zero voltage angle at fundamental frequency provide suitable initial conditions 
in this case. For harmonic voltages a magnitude of 0.01 p. u. has been recommended in 
[57], but in the proposed method a harmonic voltage magnitude of zero was the best initial 
condition for the lowest THD voltages. The initial condition for the TCR's firing angles 
can be used as those obtained from a conventional power flow study. 

" The calculated instantaneous power given in (8.7) may be obtained with ease from the 
convolution Pcaic = V"Odal ® Inoue, where Inodal is obtained from (8.2). 
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" Point 3) may be seen as a subroutine inside the main loop, a fact which helps the method 
to be treated in modular fashion from the modelling viewpoint. Convergence is not 

greatly affected since the equivalent harmonic admittance of the non-linear element and 

power electronics controllers, enhance the convergence characteristics of the overall sys- 
tem [108]. 

" The method is modular since non-linear and electronics-based controllers can be mod- 
elled separately and included independently in the formulation. 

" The size of the overall system of equations to be solved is very large when many harmon- 

ics are considered in the solution, but the Jacobian is very sparse and factorisation can be 

used. The admittance matrix YiOdal has dimensions of N(2h + 1) x N(2h + 1) but it re- 
mains very sparse even though the equivalent admittance matrices of non-linear elements 
and electronic controllers may have very wide band diagonals. 

" The voltage and current in electrical systems will not normally contain even harmonics, 

but the instantaneous power will only contain the dc-term and even harmonics. This 
fact introduces complications in the IPF and further research work is required in order to 

reduce the requirement for storage, calculation and simulation time. 

8.6.1. Case Study: System with linear and non-linear loads 

System with concentrated linear loads: The three-node linear network [55] of Figure 8.2 

was used to test the IPF method. The linear load is represented by equation (8.11), with h=2. 
The data given for the electrical system is re-written in a way that is suitable for the IPF method. 
Nodal voltages: 

o0 
1.05/2 1.0/2 

V1=VL 0 
sV2(o)=V3(o)_ 0 

1.05/2 1.0/2 
00 

Voltages zero-crossings: 

0ö =0 rad and 80(°) =9 
O) 

=0rad 

Scheduled instantaneous powers: 
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Admittance matrix 
for linear elements 

y linear 

initial conditions 
V, 00, a 

y nodal_ y linear+ y non-linear 

Form mismatch 
equations 

AP, VZC, OQ f 

Form Jacobian 
6AP a0P ö0P 
öv mau 

bvzc avzc 6vzc 
av boo 
aAQf öoQf MQf 

av o00 a« 

Solve for 

or < no 

end 

Admittance matrix 
for non-linear and 
electronics-based 
elements 

Y non-linear 

Power electronics- 
based controllers: 

TCR 
TCSC 
STATCOM 
HVDC-VSC 
Converters 

Conventional 
equipment: 

Magnetic 

non-linearities 

update 
V, 0, a 

Figure 8.1.: Instantaneous power flow algorithm 

2(0.96 
- j2.07)eieö 1(3.15 + j2.85)ej©ö 

00 
P2 3 

cd = 0.96 ' Pscd = 3.15 
00 

2(0.96+j2.07)e ýeö 2(3.15 
- j2.85)e_iO 
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Impedance of lines, e. g. line 1-2: 

0.01 
-0.02 

0.01 
-jo. oi 

Zl'2 = 0.01 
0.01 

+j0.01 

0.01 
+0.02 

The IPF method converged to the solution in 5 iterations with an error of 1x 10-12, and the 

results are shown in Table 8.1. The error was calculated as the 2-norm of the variables, i. e. 

C= 
II[' 09o Da]TII. It should be mentioned that with a conventional power flow using the 

Newton-Raphson method, also required 5 iterations to converge to the same error. 

1.05L0° p. u. 
j0.05 p. u. 

0.01 + j0.01 p. u. j0.01 P"u. 

0 

O2o Pf=3.15p. u. 
P1 = 0.96 p. u. Q= 2.85 p. u. 
Q 

f= -2.07 p. u. 

Figure 8.2.: Electrical network 

Table 8.1.: Power flow solution using IPF, linear load 

I node node Vm 00 PS 
1 1.05 0° 4.2 4.3293 
2 1.0204 -1.6847° -0.96 2.2818 
3 1.0012 -2.8624° -3.15 4.2479 

a b Pab Pba Sab Sba 

1 2 3.15 -3.06 3.5 3.0613 
2 3 2.10 -2.10 2.8862 2.8320 
3 1 -1.05 1.05 1.4160 1.4849 

System with concentrated non-linear load: The load connected at node 2 in the system 
of Figure 8.2 is changed from linear to a concentrated non-linear, specified by the harmonics 
Pspd4 = -0.07 +jO. 605, Pspd2 = 0.42 +j1.570, PSS = 0.90, and their complex conjugate for 
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the negative sequence harmonics. Using the IPF and 5 harmonics, the results shown in Table 
8.2 were obtained. The solution was reached in 5 iterations to an error of 1x 10-12. 

An important observation is that in the linear load (node 3) a harmonic voltage and current 
distortion appear, meaning that all the harmonics contribute to the active power of 3.15 p. u. 
and not only the fundamental frequency. Also the voltage zero-crossing angle Oo does not 
necessarily correspond to the phase angle of the voltage at the fundamental frequency. The 
losses (active power) in line 2-3 and line 3-1 are zero since the resistance in those lines is 

neglected. It is also interesting to see that the minimum distorted current is flowing in line 2-3. 

Table 8.2.: Power flow solution using IPF, non-linear load 

node Vms 90 P S THDv THDI 
1 1.05 00 4.1493 4.5056 0 29.8571 
2 1.0202 -1.1542° -0.90 2.5437 3.2362 51.7590 
3 0.9999 -2.6180° -3.15 4.3439 2.9209 2.3049 
a b Pab Pba Sab Sba THD1 
1 2 3.1211 -3.0218 3.3081 3.2142 34.9433 
2 3 2.1218 -2.1218 2.9810 2.9216 4.9301 
3 1 -1.0282 1.0282 1.4378 1.5099 13.5943 

8.6.2. Case study: System with TCR 

A TCR is included in the test system as shown in Figure 8.3. The TCR is used to absorb 0.5 

p. u. of reactive power at the fundamental frequency at node 2. Two cases are analysed below. 

1.05L0° P. U. 
jO. 05 p. u. ý 

0.01 + j0.01 P. U. j0.01 p. u. 

U' Pf = 3.15 p. u. 

Pf = 0.96 p. u. 
Qf-2.85 p. u. 

Qf = -2.07 p. u. 
j0.30 p. u. 

Figure 8.3.: Electrical network with TCR 

At fundamental frequency: This case corresponds to a fundamental frequency study, i. e. h= 
2. The solution required 4 iterations with an error of 1x 10.6. The results are shown in Table 
8.3, where the initial firing angle was selected as a= 140° and the solution was a= 138.48°. 
The same results were obtained using a conventional power flow where a reactive load of 0.5 
p. u. was used instead of the TCR. 
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Table 8.3.: Power flow result using IPF, TCR with h=2 

node node Vans 00 P S 

1 1.05 00 4.2052 4.4847 
2 1.0157 -1.4971° -0.96 1.8402 
3 0.9972 -2.7175° -3.15 4.2479 

a b Pab Pba Sab Sba 

1 2 3.2124 -3.1171 3.2405 3.1346 
2 3 2.1571 -2.1571 2.8751 2.8228 
3 1 -0.9929 0.9929 1.4302 1.5059 

At harmonic frequencies: Corresponds to the same circuit as case 1, but the study now in- 

cludes h= 15 harmonics. The solution required 7 iterations to converge to the same error. The 

results are shown in Table 8.4. The final firing angle was a= 138.55°. More iterations were 

required in comparison to case 1 since more harmonics were used. 

Table 8.4.: Power flow result using IPF, TCR with h= 15 

node V, n, s 00 P S THDV THD, 
1 1.05 00 4.2038 4.4222 0 12.1122 
2 1.0182 -0.2892° -0.96 1.9372 1.4806 17.2986 
3 1.0013 0.34900 -3.15 4.1352 2.7180 9.5374 
a b Pab Pba Sab Sba THD1 
1 2 3.1814 -3.0877 3.2149 3.1175 12.9196 
2 3 2.1276 -2.1276 2.7783 2.7323 10.0655 
3 1 -1.0224 1.0224 1.4067 1.4751 9.1298 

The results show that the voltages, at the fundamental frequency, were affected by the har- 

monics generated by the TCR. For this case the voltages at the fundamental frequency are 
V2 = 1.0181 L -1.5924° and V3 = 1.001 L-2.7879°, which when compared with those from 
Table 8.3, have a significant difference. On the other hand, comparing the voltage zero-crossing 
of Tables 8.4 and 8.3 it can be seen that they are very different due to the voltage distortion. The 

comparison of voltage waveforms for both cases are given in Figure 8.4. 

From Table 8.3 the losses in line 1-2 are 0.0953 p. u., and from Table 8.4 the losses are 
0.0937 p. u. This reduction in the losses is due to the difference in voltage profile, since at the 
fundamental frequency the voltage profile was better in case 2. Considering only the fundamen- 
tal voltages, for case 2, the calculated losses in line 1-2 are 0.0922 p. u. meaning that the losses 
due to the harmonics are 0.0015 p. u. 
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Figure 8.4.: Voltage waveforms 

8.7. Concentrated Load Equivalent Admittance Matrix 

In IPF we have that the solution is reached when the power mismatches are equal to zero, 

giving the harmonic voltages in the whole electrical network. Using the nodal admittance of 

the network and the nodal harmonic voltages, it is possible to obtain an equivalent admittance 

matrix of the concentrated loads. 

From the network viewpoint, the instantaneous power injected into the network is given by 

Pnodal = Vnoaal ® 
{Yfbvfbd1a1} 

(8.69) 

where at a particular node k, the instantaneous power is given by 

N 
pk = Vk ® yk, jVi (8.70) 

j=t 

After some matrix manipulation, it is not difficult to show that equation (8.70) may be repre- 

sented by 

= V® ® YkiV1VT Vk (8.71) 
(2121+ 

1 j_1 

where (-T) means the transpose of the vector inverse element by element, i. e. 

V-T_ 11111 
VhVt v& , ... y h 

Assuming that the concentrated load is connected at node k, and given by the admittance matrix 
' load, then the instantaneous power injected by the load into the network is given by 

pk _ -Vk ® 
{(8.72) 
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Comparing (8.71) with (8.72) the load for that particular nodal voltage condition can be obtained 

and is given by the admittance matrix 

1N 
yk, ýVJVk'T (8.73) Y' 

ad j 2h+ 1 -2 

It is interesting to notice that the admittance Yi may have cross-coupling between harmon- 

ics if the nodal voltage contains harmonics. Special attention should be given to the way the 

matrices VjVk-T are obtained, where operations only need to be cared out for harmonics of Vk 

different from zero, giving 

0 -h h 

VJVk-T = 
Vj VJ 

... 
VJ 

... 4 
-h 0 h 

VJ vj VJ 

h 0 h 

This matrix can be interpreted as a sensitivity voltage matrix. 

8.8. Conclusions 

The new IPF methodology involves the fundamental frequency, harmonic frequencies and cross- 

coupling between harmonics in the same frame-of-reference, making the IPF a closed-form 

method. The IPF uses the Newton-Raphson method to solve the mismatch equations. The in- 

clusion of non-linearities into the system, by means of an equivalent harmonic admittance ma- 

trix or by an instantaneous power load, is straightforward and does not affect the convergence of 

the method. The examples considered in this chapter require only 4-7 iterations to reach conver- 

gence. This strong convergence characteristic is not exhibited by previous harmonic power flow 

methodologies which take around 20 iterations to converge when non-linearities are included. 

The use of the harmonic domain makes the IPF a modular methodology. Additional FACTS 

or other power electronics controllers can be included with little difficulty in both parts of the 
formulation. In the first part a mismatch equation similar to that of the TCR is added and in 

the second part an equivalent harmonic admittance YFACrs is added into the equivalent system 
yno&l. Further work is required in order to optimise the storage and calculation requirements 

of the method. 
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9.1. Summary of the Research Work 

Simple harmonic models for most of the conventional power system equipment have been avail- 

able in the open literature for quite some time. However, many of these models are linear in 

nature and cannot be used to study harmonic interactions between harmonic generating equip- 

ment, nor can they be used to study harmonic instabilities or harmonic propagation in weak 

systems. 
Contemporary research on power systems harmonic modelling and analysis is firmly on the 

area of FACTS and Custom Power, with emphasis on the harmonic interaction of such power 

electronics controllers with the rest of the network. At present, the practice of conducting 

such studies using time domain simulations is widespread, but the information generated by 

them will only yield the aggregated response. More fundamental analysis concerning harmonic 

behaviour, resonance and stability characteristics of each equipment may not be assessed with 

time domain simulations. 
It is shown in the open literature that the harmonic domain (HD) has characteristics and 

properties which may be used to carry out harmonic interactions and harmonic stability studies. 
However, most of the models presented in this domain are for conventional non-linear power 

plant components such as transmission lines, power transformers, synchronous generator and 

electric arc furnaces. Models also exist for FACTS devices such as the TCR and the TCSC, 

which are based on thyristor technology. In this thesis, the emphasis has been on the harmonic 

modelling of the new generation of power electronics controllers which use either GTOs or 
IGBTs and PWM control, i. e. VSC-based equipment. 

The HD has its basis on operational matrices, a mathematical tool which offers a more 
general and systematic approach for the solution of linear, non-linear and time-varying systems, 
compared with conventional frequency and time domain methods. The concept of operational 

matrices refers to the manipulation of the series coefficients that describe the function x(t) rather 
than working with x(t) itself. Operational matrix methods take the approach of transforming the 
differential equations that describe the system into algebraic equations. This method is applied 
in this research for the first time to the modelling of VSC equipment based on PWM control 
which from the mathematical viewpoint, behave like a time-varying system due to the self- 
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commutation capabilities of the GTOs or IGBTs. The models obtained were for the STATCOM, 

UPFC, HVDC-VSC back-to-back tie, and HVDC-VSC transmission system. 
These models may find useful applications on harmonic prediction and resonance analysis. 

They are in the form of electric equivalent circuits which may be made to interconnect easily 
with the models of conventional power plant equipment such as transmission lines, transform- 

ers, generators and other FACTS controllers. Hence, harmonic propagation studies in power 
networks and harmonic interactions between power components can be carried out in a unified 
frame-of-reference. 

A research issue of great importance in this thesis, is that the operational matrix method 
based on complex Fourier series, the state-space representation and the averaging method were 

suitably combined to obtain a new state-space for dynamic harmonic modelling and analysis 
of linear, non-linear and time-varying systems. The new state-space has been termed extended 
harmonic domain (EHD) to reflect the fact that the HD is a particular case of the EHD. In the 
frame-of-reference afforded by EHD, it becomes quite a natural process to obtain the dynamic 

and steady-state responses of the harmonics in a single study. Moreover, the circuits may con- 
tain linear, non-linear and time-varying components. 

This is a significant fact since the dynamic evolutions of the harmonics can be obtained 
with no need to resort to time domain simulations followed by WFFT analysis. Since exact 
harmonic variables are obtained in EHD, then it becomes plausible to derive exact dynamic 

electric indices. Some of these indices are the dynamic powers S(t), P(t), Q(t) and D(t); the 
RMS values Vims(t) and Irms(t); the power factor PF(t); the distortion factors THDV(t) and 
THDI(t); and the dynamic sequences 1(0) (t), I(+) (t) and 1(_) (t). 

The EHD was used to study the response of linear and non-linear circuit under dynamic 
conditions. The results show a very interesting dynamic behaviour of the harmonics, which 
show to be very sensitive to disturbances, even for very fast and sharp disturbances. Also, the 
HD was used to obtain the exact steady-state initial condition of circuits which contain very 
large time constants, such as inrush currents present during transformer energisations. 

The EHD was used to obtain dynamic models for the STATCOM, HVDC-VSC back-to- 
back tie, and HVDC-VSC transmission system. The models are given in the form of state-space 
equations. A key property of EHD is the fact that time-varying systems are transformed into 
time-invariant systems when represented into this frame-of-reference. The models obtained 
were used to analyse the dynamic harmonic response of these power electronics controllers 
when subjected to power quality disturbances and system imbalances. 

The other key contribution emanating from this research work is a harmonic power flow 
method which is based on the instantaneous power balance concept. This method is termed 
instantaneous power flow (IPF). The IPF supports all the power plant models which are already 
represented in HD. The instantaneous power flow problem is solved using the Newton-Raphson 
method, with its very strong convergence characteristics. It offers a new and more general 
alternative to solve harmonic power flow problem. 
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9.2. Future Research Work 

HD models for the STATCOM, UPFC and HVDC-VSC stations should be used more exten- 
sively in harmonic propagation analysis, resonance analysis, harmonic stability studies and sen- 
sitivity analysis to gain further experience with the network-wide use of these controllers. Also, 
driving point impedance expressions for the UPFC and HVDC-VSC stations should be obtained 
following a similar procedure to that used to obtain the driving point impedance of the STAT- 
COM. These types of equivalents should aid planning and operation engineers to gain a better 

understanding of critical operating points in large electric power networks. 
The IPF method should be implemented in a way that is suitable for the harmonic solution of 

large-scale power systems, where sparsity techniques and object oriented programming should 
be used in order to achieve realistic computing times and storage requirements, together with 
code maintainability. The implementation should consider the fact that even harmonics are 
present in instantaneous powers, and that odd harmonics are present in voltages and currents. 
In this thesis, it was shown that the IPF has strong convergence properties, however, much more 
work should be done in this direction to test the IPF more fully, including larger systems, a large 

number of power electronics controllers and their interaction with other non-linearities in the 
system. 

In control systems design, qualitative analysis such as stability, controllability, and observ- 
ability may benefit from the state-space equation of the form X(t) = {A - Daho) )} X(t) + BU 
being represented in EHD. This may be, in fact, an open area of research where power elec- 
tronics controllers can be analysed from the system harmonic viewpoint. Of special interest 
should be the eigenanalysis results obtained for these kinds of systems, where the modes might 
be associated with physical properties of the system. Harmonic stability studies and design 
of control systems for the mitigation of harmonics could be another challenging area of study 
where EHD might find application. 

An issue of great importance is the application of operational matrices to the study of power 
quality disturbances such as flicker, sags, impulses and electric noise, with possible extensions 
to chaotic signals. Preliminary research indicates that operational methods have a key role to 
play in such studies, but there are yet many issues to be resolved. Also, the use of alternative 
domains such as real Fourier, Hartley, Walsh, and Wavelets should be thoroughly evaluated with 
a view to select the most suitable transform according to the application at hand. 
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A. PWM Converters 

A. 1. PWM Converter used in the PSCAD/EMTDC STATCOM 

Model 

A STATCOM based on a six-pulse VSC configuration and IGBTs was implemented in PSCAD/ 

EMTDC, as shown in Figure E. 1. This model uses the PWM scheme shown Figure A. 1 to 

control the operation of the IGBTs. In this figure v,, is the carrier signal with frequency f, 

and vs is the modulation signal with frequency fs, e. g. 50 Hz. The functions gl to 96 are the 

conduction stages of IGBTs 1 to 6 respectively. Where gl =1 when v, 3 > yr and zero otherwise; 

93 and gs are 120° and -120° phase shifted with respect to g1, respectively. Similarly, $2 =0 

when vs > Vr and 1 otherwise; 86 and 92 are 120° and -120° phase shifted with respect to $2, 

respectively. By examining the operation of the VSC it is not difficult to see that the switching 
functions per phase are given by s,, b = g1g6 - 94939 sbc = 8382 - g6g5 and spa = g5g4 - 8281 
The switching functions sab, Sbc and spa are used in the harmonic domain models to represent 
the operation of the VSC. 
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Figure A. 1.: PWM technique used in the PSCAD/EMTDC model 
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A. PWM Converters 

A. 2. Harmonics Generated by the Unipolar Voltage 

Switching 

Assuming that the modulation signal is given by vsa(t) = mcos((ost) and the carrier signal by 

ve(t) =f (w, t). The switching function Sab(t) is giving by the following series [74]: 

say(t) = mcos(cwst) 

-(4/7t) 
I cos(pit){Jl[m(2p-1)n/2]/(2p-1)} 
p=1 

x cos[(2p -1)cwrt] 
p=°°q_-ý 

cos[(p+q)it]{J2q[m(2p-1)i/2]I I)n/2]/ 
p=1 q=1 

x cos[(2p -1)Wrt ±2gwst] 
p=°° q=- 

-(4/it) cos[(p + q)7c] [J2q-1(mpit) /2p] 
p=1 q=1 

x cos[2p0)rt ± (2q -1)WSt] (A. 1) 

where J is the Bessel function, i. e. J2q_i (mp7t) is the Bessel function of the first kind of order 

2q -1 and argument mplt. 
The wanted component in this series is mcos(wst), which has a peak amplitude value of 1, 

and is controllable by varying m, the modulation factor. The second term (summations) of the 

expression comprises the carrier frequency and its harmonics. It is note that as m is increased 

from 0 to 1, the amplitudes of these components decrease. 

It is clear that if (Or is not an integer multiple of cos, then some components will have lower 

frequency than the wanted output frequency, commonly refer to subharmonics. If co, = Ws and 

k integer, the resulting angular frequencies are [(2p - 1)k ± 2q]ws and [2pk ± (2q -1)]ws. The 

second of these is an odd multiple of ws regardless of whether k is even or odd. The first is 

an even multiple if k is even, and odd if k is odd. Even order harmonics are very undesirable 
in the voltage, since the half-wave symmetry of the waveform is lost. Also, there will be a 

value of q for every p that yields a DC component in the voltage, which is even worst when this 

component interact with power transformers. Thus, it can be reduced that wr should always be 

an odd multiple of uws, and (os = wo the angular frequency of the electric system as is the case 

of Figure 2.3. 

Note that the degeneracy of the spectrum makes it difficult to calculate the amplitudes of 
individual components when w, /Ws is an integer, these amplitudes are the sums of a number of 

contributions, each having a Bessel coefficient. There seem to be no closed-form solutions for 

such summations. 
The benefits of PWM, apart from its giving the ability to control the fundamental frequency 
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A. PWM Converters 

component magnitude, are two: First, if k is large, then the amplitudes of the low order har- 

monics (sidebands) are very low, so that the higher distortion content is offset by the upward 
shifting in frequency of the high-amplitude components of the spectrum, making them easier to 
filter. 

A practical insight, is that the amplitude of the fundamental frequency component varies 
linearly with m in the range of m<1, to increase further the amplitude of the fundamental 

frequency component, m is increased beyond 1, resulting in what is called overmodulation. 
Overmodulation causes to contain more harmonics in the sidebands as compared with the lin- 

ear range (m < 1). The harmonics with dominant amplitudes in the linear range may not be 
dominant during overmodulation. More significantly, with overmodulation, the amplitude of 
the fundamental frequency component does not vary linearly with the modulation factor [73]. 

A. 3. Multi-module PWM Converter 

Figure A. 2 shows a multi-pulse configuration, which enables harmonic elimination at the elec- 
tromagnetic interface level, without resorting to increased switching frequencies in the PWM 

control scheme. Here the object is to reduce the harmonic content of the output voltage by cas- 
cading the n; PWM VSCs using a suitable magnetic circuit arrangement. In general, harmonic 

cancellation is achieved by phase shifting the harmonic components to be cancelled in such a 
way that when the output voltages of individual units are added together, the targeted harmonic 

components are cancelled out. This can be achieved by using phase shifting transformers. One 

simple way to represent this effect in harmonic domain calculations is to use a phase-shifted 
carrier signals, a technique which is explained below [85][99][103]. 

The single-phase PWM converter unit, n;, uses unipolar voltage switching, as shown in 
Figure 2.3. The number of pulses per half-cycle of the switching function s,,; (t) is given by the 
frequency modulation ratio m f, 

ý 
m! 

(Or 
=w (A. 2) 

s 

where the harmonics generated by the voltage converter i are given by 

h=2jmffk j, k= 1,2,3,... (A. 3) 

which are the harmonics of sn, (t). 

Harmonics cancellation at the AC side is possible by shifting the carrier signal of each 
individual PWM control scheme, say converter i, by Sr; rad, and using equal modulation signals, 
v3, for all the PWM converters. The shifted angles for the ni carrier signals are given by 

8,1 = 27t (i -1) /nj 
, (A. 4) 
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Figure A. 2.: Multi-pulse VSC with n; PWM converters 

Using ni PWM converters in parallel, the harmonics generated by the multi-pulse converter are 

given by the following sequence, 

h=2jn; mf±k j, k= 1,2,3,... (A. 5) 

and the magnitude of the harmonics are given by 

Snb, + Sn2h +-+ Smh 
(A. 6) Svsc, = ni 

Using this technique, the magnitude of the fundamental frequency component is equal to the 

modulation factor m. 
In general, by using the three switching functions (one per line-to-line voltage), different 

switching functions can be obtained, as shown in Figure A. 3. It should be remarked that only the 
two-level switching functions in Figure A. 3(a) and (b) correspond to the VSC topology shown 
in Figure 2.2. The switching function in Figure A. 3(c) corresponds to a six-level topology. 

A. 4. Neutral-point-clamped PWM Converter 

The neutral-point-clamped PWM converter [98] shown in Figure A. 4 is a converter which pro- 
duces an AC line-to-line voltage with five levels. This converter uses unipolar voltage switch- 
ing or selective harmonic elimination. This configuration can also be represented by means of 
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Figure A. 4.: Neutral-point-clamped PWM converter 
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B. Steady-state Harmonic Domain 

Steady-state harmonic domain has been used to model power systems elements such as mag- 
netic non-linearities, electric arc, synchronous generators, transmission lines, power transform- 
ers, and some FACTS and Custom Power controllers [43][13]. In this appendix a review of the 
harmonic domain is given. 

B. 1. Harmonic Domain 

The HD analysis may be based on the use of the complex Fourier series, where a periodical 
function x(t) with period of To is given by the series 

x(t) = Xnejnc, 0t 

n=-ý 
(B. 1) 

where u, 0 = 2ic/To is the angular frequency in rad/s and X,, is the n-th harmonic coefficient of 
the series, and given by 

Xn =1 
TO 

TU 
Jo x(t)e_in'Otdt 

where X_� = Xn . 
A matrix representation of the series (B. 1) may be expressed by 

x(t) = GT(t)X 

where using only h harmonics 

e-jh%' X-h 

e-jü)ot X-1 
G(t) =1; X= Xo 

XI 

L ejhwot Xh 

(B. 2) 

(B. 3) 

(B. 4) 
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B. Steady-state Harmonic Domain 

The vector G(t) is the orthogonal base of the Fourier series and Xa complex vector given by 

the coefficients of the series. 

B. 1.1. Multiplication of a periodical function by a constant 

This operation is given by 

y(t) = Kx(t) (B. 5) 

where K is a constant value, and y(t) and x(t) are periodical functions. The matrix representa- 
tion of (B. 5) is given by 

GT(t)Y = KGT(t)X (B. 6) 

Since equation (B. 6) has the term GT(t) in both sides, it follows that, 

Y=KX (B. 7) 

Equation (B. 7) represents the relationship between the harmonics of y(t) and x(t) in equation 
(B. 5). 

B. 1.2. Dynamic periodical functions 

The dynamic operation is given by the expression 

y(t) 
dx(t) 

where the derivative of the series (B. 3) yields, 

(B. 8) 

dx(t) dGT(t) 
X+GT(t) dX 

dt _ dt 

= GT(t)D(hcoo)X (B. 9) 

where =0 since X is not a function of time. So equation (B. 8) in HD representation is given 
by 

Y= DGhwo)X (B. 10) 
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B. Steady-state Harmonic Domain 

where D(jhw0) is the operational matrix of differentiation given by 

-jh(oo 

-j coo 
D(jhwo) =0 

jwo 

and the inverse of D(jhwo) represents the operation of integration. 

jhwo 

(8.11) 

B. 1.3. Multiplication of periodical functions 

The multiplication of two periodical functions, z(t) and x(t), yields a periodical response y(t) 

given by 

y(t) = z(t)x(t) 

In matrix form is 

GT(t)Y = GT(t)ZGT(t)X 

and after some algebra it can be shown that 

GT(t)Y = GT(t)ZX 

which can be represented by the following equation in HD, 

Y=ZX 

where the matrix Z is a banded diagonal Toeplitz matrix, 

ZO Z-1 ... Z-h 

Zl "". . 

" ZO Z-1 
Z= Zh Z1 Zp Z-1 

" 
Z-h 

" Zl Zo 

" Z-1 
Zh ... Z1 ZO 

(B. 12) 

(B. 13) 

(B. 14) 

(B. 15) 

(B. 16) 

144 



B. Steady-state Harmonic Domain 

where the entries are the harmonic coefficients of z(t). Matrices whose entries are constant 
along each diagonal are called Toeplitz matrices. 

Also, equation (B. 12) is given by the discrete convolution of Z with X, i. e. 

Y=Z®X (B. 17) 

The HD presented in this appendix, is extended in Chapter 6 for the case when the coefficients 
of the series (B.! ) have a dynamic behaviour, i. e. X�(t). This dynamic consideration yields a 
new and more general harmonic domain which compress the time evolution of the harmonics 
from the transient to the steady-state response. 

B. 2. Electric Circuit Representation 

The electric circuit representation of electric elements in HD, is similar to the phasor represen. 
tation of passive elements under sinusoidal steady-state conditions. For non-sinusoidal steady- 
state conditions the HD can be applied to linear, non-linear and switching elements. For the 
most common elements, their representation in the HD are given below. 

The response of a resistance is given by the expression 

v(t) = Ri(t) =V= RI (B. 18) 

The response of an inductor is given by the dynamic expression 

v(t) = Ld t) 
=V= LD(jhwo)I (B; 19) 

and the response of a capacitor is given by 

v(t) =C i(t)dt V= CD-1(jhwo)I 
(B. 20) 

The voltage in a switching device such as a GTO or IGBT is given by 

v(r) = s(r)vs(r) =V= SVS (B. 21) 

where s(t) represents the turn-on and turn-off of the device and vs(t) is the voltage source. S is 
a Toeplitz matrix. 
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C. Phase Angle Control for the VSC 

The following controls considerations were used to obtain the steady-state and transient condi- 
tions of the various power electronics controllers addressed in this thesis: 

Steady-state STATCOM model: In steady-state the STATCOM does not supply active power, 
and this characteristic leads to a constant vcap(0+), and a dc-term in the current I1 equal to zero, 
i. e. Ilo = 0. So, the control must be capable to give such a current condition by controlling the 

phase angle of the VSC voltage output. 

Steady-state HVDC-VSC back-to-back model: The steady-state operation of the HVDC- 
VSC back-to-back involves the transfer of active power between VSCs, but with no active 
power supplied by the DC capacitor. Under these conditions, the dc-term of the current in the 
capacitor must be zero, i. e. Ii +I20 = 0, resulting in a dc-term current flowing from one VSC 
to the other. So, the control must be able to give the correct current condition by controlling the 
phase angle of the VSC voltage output selected to be the master DC voltage regulator. 

Steady-state HVDC-VSC transmission system model: The steady-state operation of the 
HVDC-VSC transmission system also involves the transfer of active power between the VSCs 
through the DC cable, but with no active power supplied by the DC capacitors. Under these 
conditions the dc-term of the current in the capacitors must be zero, i. e. the dc-term current I,, 
must be the same as the dc-term current Ido, and equal to 120 at the other end of the HVDC- 
VSC transmission system, giving the same conditions as in the HVDC-VSC back-to-back, i. e. 
Ii +I20 = 0. So, the control must be capable of giving the current condition by controlling the 
phase angle of the VSC voltage output selected to be the master DC voltage regulator. 

Steady-state UPFC model: The control considerations required for the steady-state operation 
of the UPFC are similar to those of the HVDC-VSC back-to-back tie. The only major difference 
is that in this case the power dispatcher (VSC 2) is used to supply a controllable series voltage 
(magnitude and angle at fundamental frequency) with the transmission line. 
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C. Phase Angle Control for the VSC 

Iterative process: With reference to the characteristic of Figure C. 1, an iterative process is 

used to determine the current condition required by the previous three models. The iterative 

process is based on the capacitor's current-output voltage angle characteristic of the VSC, which 
is represented by the solid line. The iterative process is as follows: 

1) The dashed line is an approximation given by the two initial points (So, 1o)-(Si, Ii) 

and represented by the equation 

S=M(DI-DIl)+S1 

where Ali - A1o 
M= 61-80 

and for AI =0 the new angle 8 must be close to the solution. 

2) Then Spew ýy M1 + 81 and the harmonic coefficients of the switching function 

are shifted as follows 
Sabh = Sabhe-jh ' 

3) The VSC model is updated with the new switching functions, and the electric sys- 
tem is solved to obtain a new dc-term current flowing in the capacitor Olnew" 

4) Make Mo = M1, Ali = Mnew, So = Si and Si = Snew and go to step 2). The process 
is repeated until Alnew <_ E. 

The initial condition for So may be taken as So = Svsc" Where 8vsc is the phase angle of the 
VSC which is used as a power dispatcher in the HVDC-VSC stations, or the voltage system 

angle at the PCC for the STATCOM application. Experience indicates that since the angle So 

is close to the solution, S1= So + 0.1 may be used. Using this iterative process, solutions have 
been arrived at within three iterations. 

Transient analysis for the VSC: In all transient analysis of VSC applications, a control sys- 
tem must be used to maintain the DC voltage in the capacitor at a constant value. This is done 
by controlling the output phase voltage angle of the VSC in the STATCOM or the output phase 
voltage angle in the master DC voltage regulator in the HVDC-VSC stations. 

Block control: The PI control system shown in Figure C. 2 may be used for such a purpose. 
Vdc, 

tif 
is the reference dc-term voltage obtained from a steady-state solution given by Sl0i. The 

state-space equation for the control is given by 
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AI 

AI 

A) 

Figure C. 1.: Current-phase voltage angle characteristic 

dtt 
= -TOS1+ Tr- 

E= VdcRf - Vdcmeasure 

81 = A81 +$(, 0) 

where Vd,,,,, is the dc-term of VdC. The state-space equation is used since time domain 

simulations are carried out in the dynamic harmonic domain used in this thesis. 
Good results have been obtained in this thesis by using a gain K= 10 and a time constant 

T=0.01s. 

81 

+EK 08, ++ 
Sý 

Vd` 
of 1+TS 

vdc 
measure 

Figure C. 2.: Control block diagram 
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D. TCR and TCSC Models 

The TCSC comprises a TCR in parallel with a capacitor, as shown in Figure D. 1. The TCSC has 

three basic modes of operation: blocked thyristors (zero conduction), bypassed thyristors (full 

conduction) and vernier mode operation (partial conduction). In vernier mode, and depending 

on the firing angle value, the fundamental frequency operating point lies on either the capacitive 
or the inductive regions. 

The TCSC steady-state response may be calculated by using both time domain and fre- 

quency domain solution techniques. The latter approach, however, is only accurate if the solu- 
tion incorporates the fundamental and harmonic phasors of the various quantities involved. In 
this appendix the TCSC and the TCR are analysed from the harmonic viewpoint and explained 
below. 

ý' vTesc (t) - 

-r I\ 

{ 
cap 

(r) Capacitor 

=TCSC (t)L 
+R /ý 

1 
TCR 

(t) J Reactor 
Thyristors 

Figure D. 1.: Thyristor-controlled series compensator scheme 

D. 1. Thyristors Turn-on and Turn-off 

Since the thyristor does not have a turn-off capability unlike the GTO or IGBT, then it should 
be treated as a non-linear device in order to obtain the switching function that represents its 
operation. The method used to obtain the switching function is explained below. 

Figure D. 2 illustrates the basic operation of the TCR, which is governed by the thyristors 
turn-on and turn-off actions. The capacitor voltage zero-crossing is taken as the reference for 
issuing the firing signal a. If the first thyristor fires at a time °at, the thyristor turns-on and 
conducts for a period al. It turns-off with the thyristor current zero-crossing, at a time Obl. An 
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equidistant firing scheme is assumed, i. e. eat - Oal = it. s(O) is the switching function. 

The analysis is started at the capacitor voltage zero-crossing 90; a zero voltage condition 

which may be expressed in terms of complex Fourier harmonic coefficients, 

Go 
1'TCR = VneinO = O, for 0= e0 (D. 1) 

n=-0O 

It should be noted that the capacitor voltage in the TCSC and the TCR voltage have the same 

value. 
The end of the conduction period, given by the zero-crossing of the thyristors current, occurs 

when the areas A1 and A2 are both zero, i. e. 

bbl °° 

e 
i71ea1) 

=0 Al =f VTCRdO =n 
(ei'0b1 

_e 

ar � ýJ 
J 

962 0° 

A2 =I VTCRdO =- 
(e02 

_ ejn0a2) =0 eat n=-- 
.I 

where 

8a1 = Oo - (n - a) 

eat - Oa 1+ 7L 

(D. 2) 

(D. 3) 

Solving (D. 1) and (D. 2) for Oo , Obl and ON using Newton-Raphson's method, the following 

equation is solved by iteration, 

(k+1) (k) -1 (k) 
e0 e0 J11 J12 J13 VTCR 

ebl = ebl - J21 J22 J23 Al (D. 4) 

°b2 °b2 J31 J32 J33 A2 

"k" is an iteration counter and the Jacobian elements are: 

ºVTCR jnpp J11= jnVne a8p 
n=-� 

J12 = aeCR =0 bl 

J13 = 
aVTCR 

_0 aob2 
aal 00 

J21 =_ d' Vneln(e0-(n-a)) 
aep 

n_-Q0 
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J22 = 
Al 

_ Vnejn96l 
DOM 

n=-- 
aA. 

J23 10 = ae62 

aA2 
, 31=aA0 =- 

ýýý = 
DA2 

=0 

00 
Vnein(eo+(x) 

n=-ý 

dUbt 

_ 
aA2 

= 
F. Vne]n962 J33 

aeb2 
n=-- 

ýTCR 

Al 
I+ 

The initial conditions required for the solution of (D. 4) may be taken to correspond to a 

sinusoidal waveform, which is given by the zero-crossing of the fundamental component of 

VTCR(O). The initial value for 00 is given by, 

hoc) -2- arctan 
{ Vi} 

(D. 5) 
(}) 

and the initial conditions for Obi and 0b2 can be taken by assuming quarter-wave symmetry, 

e6°ß = 0(0) + (o» - o)) 
e(0) = e(0) b2 bl + 

(D. 6) 

After achieving convergence for 80, Obland Ob2, the centre of the switching function s(O) is 

taken to be at 

ex=Aal+ 2 (D. 7) 

where the conduction angles are given as 
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al = ebI - °al 

62 = ON - eat 

Then 6x , al and Q2 are used to calculate the harmonic content of the switching function, 

So Qi + a2 (D. 8) 
21r 

S� _ 
(sinl22 

cos n7c + sin 
n21) 

e jreX (D. 9) 

It should be noted that the formulation is general. It caters for the case when the conduction 

periods of thyristors 1 and 2 differ, due to a voltage waveform with loss of quarter-wave sym- 

metry. 

D. 2. TCR Model 

The voltage across the reactor can be described by the following equations, 

VR(t) = s(t)v-rcR(t) (D. 10) 

VR(t) = LdiTCR(t) (D. 11) 

where the TCR conduction period is governed by the switching function s(t). L is the inductance 

of the linear reactor and iTCR(t) is the current flowing through the reactor. Equations (D. 10) and 
(D. 11) in the harmonic domain are given as 

VR: -- SVTCR (D. 12) 

VR = LD(jhwv)ITCR (D. 13) 

By combining (D. 12) and (D. 13), 

ITCR = LD-1(Jh OO)SVTCR = YTCRVTCR (D. 14) 

where 

YTCR = LD-1 (jh(oo)S (D. 15) 
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D. TCR and TCSC Models 

The admittance matrix (D. 15) includes all the harmonics and cross-coupling between harmon- 
ics, giving a complete representation of the TCR in steady-state. 

D. 3. TCSC Model 

The TCSC is well described by the parallel combination of the TCR and capacitor admittance, 

YTCSC = YC + YTCR (D. 16) 

where YC = CD(jhwo) is the admittance matrix of the series capacitor and C is its capacitance. 
The transfer admittance matrix YTCSC represents a complete model for the TCSC in steady- 

state, where all the harmonics and cross-coupling between harmonics are explicitly represented. 
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In order to compare the results generated with the harmonic domain models emanating from this 

research and those given by PSCAD/EMTDC the following important points should be noted: 

1. The switching functions must be the same. In this case the switching functions presented 
in Appendix A for PSCAD/EMTDC models are used. 

2. All the parameters in the HD models are refered to the star side of the transformer ac- 
cording to Figure 2.2. 

3. All the parameters in the PSCAD/EMTDC models are refered to the delta side of the 
transformer, i. e. converter side, as shown in the diagrams in this appendix. 

4. To represent the same system in both, the harmonic domain and PSCAD/EMTDC, the 
results must be interpreted as follows: 1) Phase voltage in the HD is the same as the 
line to line voltage in PSCAD/EMTDC. 2) DC voltage in the HD is the same as in 
the PSCAD/EMTDC. 3) Currents obtained in the HD are line currents, and those of 
PSCAD/EMTDC are phase currents, i. e. ia(t) and iconva(t), according to Figure 2.2. 
The following considerations should also be taken into account: 4) Impedance parame- 
ters must be affected by the star-delta connection, so, the impedance in the HD models 
is three times the impedance in PSCAD/EMTDC, i. e. ZHD = 3Zpsc, e, D, 5) The capacitor 
parameters is the same in both HD and PSCAD/EMTDC models. 
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Figure E. I.: STATCOM diagram model implemented in PSCAD/EMTDC 
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Figure E. 2.: HVDC-VSC back-to-back model implemented in PSCAD/EMTDC 
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Figure E. 3.: HVDC-VSC transmission system model implemented in PSCAD/EMTDC 
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Cable Model General Data 

Name of Cable: Cablel 

Steady State Frequency IHZJ: 0.0 

Length of Cable (KMI: 100.0 

I (a) 

Frequency Dependent (Phase) Model Options) 
Travel Tim. Int. rpolationi On 

Curve Pitting Starting Prpu. ncyi O. S (HS) 

Curve Fitting Ld rrpueneyI 1.066 (H=J 

Maximau Order of Pitting for YSurgus 20 

Hsiaua Order of Pitting for Prop. Punc., 20 

Maximus Fitting Irror for YSurgas 2 (t1 

Maximo Pitting trror for Prop. Punc. s 2 (\) 

Ground Rui. tivitV 100.0 (ohm*ml 

Rslotivu around P. cwability-1.0 

Earth Return torsu1a D. ri-S. a1yun 

Cable "1 

conductor 

insulator 11 

0.0195441 fal .. 

. 0315441 (al 
IH 

Cable "2 

Conductor 

Insulator 1 
11 

1 

0.0195441 let 

. 0315441 In) IE.. 
ý» 

0.40 (. ) ý3 

Figure E. 4.: DC cable used in the HVDC-VSC transmission system 
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