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thesis describes a linear and direct method of analysing the interaction of waveform distortion 
around an HV dc convertor. 

Existing analysis techniques are reviewed, and their strengths and weaknesses outlined. Both 
time domain simulation and iterative harmonic domain solutions are potentially very accurate. 
However, the lack of insight they provide into the important mechanisms of waveform distortion 
interaction, coupled with the computational expense (time domain), or limitation to steady state 
integer harmonics (harmonic domain). are considerable shortcomings. The frequency domain 
transfer function approach is chosen, and extended to cover the most important mechanisms of 
frequency transfer. 

The developed approach is used first to consider the convertor in isolation, secondly to consider 
the convertor coupled with either the ac system or the dc system impedance, and finally the 
convertor embedded within both an ac and dc system. In this way the importance of the different 
mechanisms of distortion transfer through a convertor are established, the frequency dependent 
impedance of a convertor is developed, and a description of waveform distortion dynamics around 
a convertor with realistic ac and dc conditions is achieved. A new indicator, the Saturation Stability 
Factor, is used to describe the dynamics of transformer core saturation instability. 

The linearised frequency domain convertor model is demonstrated to have useful accuracy, and 
with its ease and speed of use should prove a useful complement to existing analysis techniques. 

Finally, a new control system structure for back -to-back HV dc links is proposed, fully utilising 
the proximity of the rectifier and inverter. The proposed control system lends itself to a number 
of strategies, and two new criteria are developed for their evaluation. 
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Chapter 1 

INTRO N 

The success of HV dc technology applied to the interconnection of ac systems has been confinned 
by the rapid growth in its utilisation. There are at present some 50 dc links around the world, with 
a transmission capacity of about 36000 MW. [Elahl et at., 1993]. Although most of these involve 
transmission by overhead line and/or cable, a significant number are single point back-to-back 
links. A high level of reliability, coupled with the advantages of very fast controllability, low 
transmission losses, suitability for cable transmission, and asynchronous connection, all combine 
to ensure the future of HVdc in modem power systems. 

ac'·ac interactions 

As convertor ratings have increased, their effect on overall power system dynamics has grown. 
These HVdc-ac interactions can be divided into three broad categories, related to frequency, 
voltage, and distortion regulation, briefly summarised below. 

AC system frequency is tied to generator rotor speeds, which is in tum related to the balance 
of generated and absorbed real power in the ac system. The fast controllability of HV dc power 
allows ac system frequency to be quickly stabilised following a transient. Most modem HVdc 
installations have some form of power modulation related to ac system frequency, and this is one 
of the most common ways in which ac system operation is enhanced by HV dc control. 

AC system fundamental frequency voltage levels are related to the absorption and generation 
of reactive power in the network. Reactive power is also quickly controllable at HV dc convertor 
terminals, although usually at some extra cost. While a rectifier generally enhances the ac system 
voltage regulation, this is not the case at an inverter, where controllable reactive compensation or 
novel convertor control schemes may be required. The best approach to this sort of interaction is 
different from installation to installation, and constitutes a continuing challenge to HV dc research 
and design engineers. 

The interaction of current and voltage distortion around an HV dc convertor is related to 
system and convertor non-linearites and frequency dependent impedances, and is the least well 
understood of HVdc-ac interactions. Although these interactions can be quite accurately modelled 
by numerical methods, often problems involving waveform distortion are solved during HVdc 
commissioning and testing. 

Development of HV dc applications is dependent on a good understanding of the interactions 
described above, and good tools for the testing and analysis of proposed systems. HV dc simulators 
have been used since the early days of HVdc technology, and still have an important role in 
assessing the dynamics of proposed installations. However, the advances made in simulation and 



2 CHAPTERl INTRODUCTION 

modelling teclmiques, coupled with the growing accessibility of digital computing power, has led 
to numerical analyses of HYdc systems playing a pivotal role in their design and assessment. 

1.3 Principal objectives 

Most of the research effort described by this thesis was motivated by the desire to improve 
understanding of the interactions between HYdc convertors and ac and dc systems. The most 
complex of these interactions are .those involving waveform distortion, and a primary goal was to 
model these as simply and accurately as possible. 

Waveform distortion around a convertor is usually studied using numerical teclmiques with 
fast digital computers, or analogue hardware simulators. Insights can only be gained by making 
many analyses with different system parameters, and observing the effects of each change. A 
linearised non-numerical convertor model has the advantage of offering a direct insight into the 
important mechanisms of convertor operation, and to develop such a model was the first objective. 
One of the reasons to develop such a model was to clarify the importance or otherwise of different 
mechanisms in the HYdc conversion process, which in tum may allow optimisation of HYdc 
convertor control from the point of view of waveform distortion. 

The response of a piece of equipment to a frequency, at that frequency, is important for 
the overall system dynamics, and at present is only obtainable for the HYdc convertor via time 
consuming numerical teclmiques. Once the validity of the linear model was established, the next 
goal was to use it to directly determine the convertor frequency domain equivalent impedance. 

The final aim was to apply the model to two common situations in HYdc convertor operation 
that involve wavefonn distortion, and develop criteria to measure waveform stability. The first 
situation was a simple transient recovery, and the second, transient recovery involving convertor 
transfonner core saturation. 

An early objective that led to this work was the development and evaluation of a unified control 
system for a back to back HYdc link:. This work is also reported. 

Thesis outline 

Chapter 2 introduces the subject of non-characteristic frequency interactions between convertors 
and dc and ac systems, with a brief literature review and a survey of analysis teclmiques. 

A linearised frequency domain convertor model is developed in chapter 3. Three levels of 
complexity are presented, being for the ideal convertor, the non-ideal convertor with a steady 
commutation period, and the non-ideal convertor with a varying commutation period. 

The model is used to predict harmonic transfers across a convertor in chapter 4, and the low 
order predictions are checked by dynamic simulation. The relative importance of some features 
of the convertor model are discussed. 

In chapter 5 the concept of a convertor frequency domain equivalent is introduced. By 
simplifying the convertor model and including either the ac or dc system equivalent impedances, 
tenns are developed to describe the harmonic impedance of an HVdc convertor from both the dc 
and ac sides. 

In chapter 6, both the ac and dc system frequency dependent impedances are combined with 
the simplified convertor model. The resulting system descdption is used to predict an overall 
resonant frequency, called a composite resonance, and its damping following a transient. The 
predictions are checked by dynamic simulation. 



1.4 THESIS OUTLINE 3 

Continuing with this theme, chapter 7 introduces the effect of convertor transformer core 
saturation to the overall system. The damping of this form of distortion is predicted, and checked 
by dynamic simulation. The Saturation Stability Factor is developed, providing a measure of this 
sort of system interaction. 

With a slightly different emphasis, chapter 8 presents the development and evaluation of a 
unified control for a back-to-back HVdc link control system. 

Finally, chapter 9 summarises the work presented in this thesis, and discusses possibilities for 
further research. 





RACTERI 
INTERACTION 

Introduction 

Non-fundamental frequencies are of major importance around an HVdc link. They can be 
considered as a fonn of power system pollution, where not only can they interfere with con
sumer equipment, but can also interfere with the HVdc commutation process [Kristmundsson 
and Carroll, 1990], affect protection relay operation, cause overheating of filters or machines, 
increase dielectric stresses and interfere with communication circuits [Arrillaga et al., 1985]. 
Non-fundamental frequencies include the characteristic convertor harmonics, non-characteristic 
harmonics, and non-integer multiples of fundamental frequency, and can occur both in the steady 
state and transiently. 

The characteristic harmonics associated with a dc convertor are well known [Arrillaga 
et al., 1985], and usually effectively controlled by suitable filtering orincreasing the pulse number 
of the convertor. These harmonics are always present, and are in general a steady state problem. 
Control of characteristic harmonics is not addressed here. 

Steady state non-characteristic harmonics arise from a number of causes, typically a system 
imbalance, fundamental frequency pick-up on the dc line, or non-linearities in the ac system. 
These most commonly occur at integer harmonics. 

Transient non-characteristic frequencies exist as a result of any system deviation from the 
steady state, and are not confined to integer harmonics. Observation of many transient waveforms 
reveals that one or more lightly damped non-characteristic frequencies often dominate a system 
transient response. This type of wavefonn distortion is related to the ac system, the convertor, 
and the dc system characteristics. For an understanding the full dynamic interrelationships must 
be defined. 

There are two distinct problems to be considered. Firstly, the steady state frequency spectrum 
must be defined, and secondly the damping of any transiently occurring distortion should be 
examined. In either case the interactions between the non-characteristic frequencies around the 
HVdc convertor need to analysed. 

The remainder of this chapter gives an historical review of the analysis of non-characteristic 
harmonic interactions with HVdc convertors. The techniques themselves are briefty summarised, 
and a need for a non-numerical frequency domain approach to be extended is identified. 

2.2 

Problems with non-characteristic harmonics were reported by a number of authors [Last et al., 1966J, 
[Robinson, 1966], [Holmbom and Martensson, 1966], and [Huddart and Brewer, 1966]. The 
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first analysis of non-characteristic harmonic interactions with an HVdc convertor came when 
[Ainsworth, 1967] identified a mechanism of harmonic instability related to individual firing an
gle control. Using an analytical approach based on harmonic symmetrical component theory, 
but assuming no commutation period and steady dc, he showed how the convertor could return 
harmonic currents in such a way as to amplify that harmonic. He proposed the phase locked 
oscillator control system as a solution [Ainsworth, 1968], which has since been widely adopted. 

The phenomenon was subsequently examined numeIically [Reeve and Krishnayya, 1968], 
[Reeve et al., 1969], and algebraically [Phadke and Harlow, 1968], all of whom assumed no 
harmonic current on the dc side of the convertor. 

[persson, 1970] proposed a set of conversion factors for distortion around a grid controlled 
convertor. He approximated the effect of the commutation period and allowed for harmonics 

to present on the dc current. The control systems could be accounted for, both the rectifier and 
the inverter with their ac systems were modelled, and ultimately a Nyquist plot was generated to 
analyse system stability. The calculations, however, were sufficiently laborious to require the use 
of a digital computer. This paper, although ahead of its time in modelling so many interactions, 
did not clearly establish the relative importance or modelling accuracy of each. Unjustifiably it 
has been largely ignored in the academic press. 

[Reeve and Baron, 1970] took an iterative approach to consider the harmonic voltage developed 
on the dc side of the convertor. They generalised the approach [Reeve and Baron, 1971] to allow 
for the ac side current and voltage interaction, but without considering the dc line currents that 
may result. This, however, was an early step in establishing the likely importance of dc side 
harmonics. 

[Sucena Paiva and FreIis, 1974] viewed the HVdc convertor as a modulator, and generated 
sinusoidal carrier functions to model the transfer of waveform distortion through the convertor. 
Like Persson, they considered a complete dc link connecting weak ac systems, included the 
effect of the control systems, and took the describing function approach of considering only the 
disturbing frequency. They also utilised the functions to Nyquist plots, and although 
their approach was simpler than Perssons, useful accuracy was maintained. It was also shown that 
self-sustained oscillations need not be synchronised with the ac system frequency. 

[Mathur and Sharaf, 1977] took a frequency domain approach to the generation of dc side 
voltage and current harmonics as a result of ac side voltage distortion, or control/ac system 
imbalances. The commutation process was considered, but the consequential effects of dc side 
harmonic current was not considered. The analysis used numerical frequency domain techniques 
to obtain the harmonic interrelationships. 

[Ainsworth, 1977] reported on an instability related to convertor transformer core saturation 
in the Kingsnorth scheme, where a firing angle modulation scheme was provided as a solution. 
This was the first example of control of harmonic problems by active modulation of the convertor 
firing angle. 

[Yacamini and de Oliveira, 1980b] demonstrated that the form of harmonic instability provoked 
by convertor transformer core saturation can only be shown if finite ac and dc side impedances 
are used. They performed an analysis based on an iterative technique reported in an earlier 
paper [Yacamini and de Oliveira.. 1980a], and proposed that an instability was indicated when 
the iterative procedure failed to converge. Based on ac/dc side interaction, they suggested the 
possibility of an instability is independent of the control system and transformer saturation. 
The importance of dc side harmonic currents was established beyond doubt. 

The need for a better understanding of dc system resonances was addressed by [Bahrman 
et al., 1986]. They discussed the relevance of the ac side impedance to the de side harmonics, and 
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attempted to quantify its effect. They also noted the significance of the convertor current control, 
and described an apparent resistance in the convertor dc side impedance due to commutation 
period variation. 

[Yacamini and de Oliveira, 1986] offered a comprehen..'live iterative approach to finding har
monics in large convertor systems, considering the commutation process, controls, and ac and dc 
side harmonic currents. 

[Stemmler, 1987] used steady state convertor transfer functions in an algebraic analysis of a 
convertor core saturation instability on the Blackwater back to back intertie. Neglecting com
mutation and firing angle control, but considering the relevant ac and dc side harmonic currents, 
he proposed a simple instability criteria, and reported on a form of firing angle modulation that 
damped the instability. This paper demonstr.ated the value of applying a simplified theoretical 
analysis, and the viability of firing angle control to damp the phenomena. 

In the same year, [Ferreira et al., 1987] applied a describing function analysis to HVdc 
system harmonic stability. Modelling the convertor in a similar way to that of [Yacamini and 
de Oliveira, 1980b], they iteratively derived the convertor describing functions, and predicted the 
possibility of harmonic limit cycles for an unbalanced ac system voltage or small second harmonic 
positive sequence distortion. 

[Shore et al., 1989] proposed a new model for the analysis of dc side harmonics in HVdc 
systems, called the three pulse model. Developed to include the effect of stray capacitances in the 
convertor station, it correctly predicts dc side triplen harmonics, and revises the magnitude of the 
ground mode characteristic harmonics. This analysis has particular relevance to dc filter design 
and telephone intetference problems. 

The practicality of controlling harmonic instabilities by special firing angle control was demon
strated in [Bodger et al., 1990], and again in [Kaul and Mathur, 1990]. [Farret and Freris, 1990] 
reported on an analysis describing the effect of modulating a convertor firing angle, and proposed 
the possibility of cancelling steady state harmonics by this method. 

Convertor transfer functions were used again [Rashid and Maswood, 1988] to analyse harmonic 
generation in a convertor due to unbalanced ac voltages, which was improVed on by [Sakui and 
Fujita, 1992]. Both these analyses neglected the effect of any firing angle variation. 

A transfer function derived from the Fourier transform of the ac current waveform was used 
by [Hatziadoniu and Galanos, 1988]. Combined with the ac system characteristics, they predicted 
the uncontrolled response of an inverter/ac system to a step change in dc current. The model used 
was quite simple, and didn't allow for convertor control or dc system characteristics, but gave 
good agreement with the simulated results. This was a promising demonstration of the use of the 
frequency domain to determine transient response characteristics. 

[Larson et al., 1989] used numerical methods.to determine linear relationships between har
monics on either side of a convertor. Using a matrix formulation, and considering ac side harmonic 
impedance, dc side harmonic. impedance, and the convertor control system, they arrived at terms 
for the overall harmonic impedance at both the convertor ac and dc terminals. This describing 
function style of analysis accounted for the harmonic interactions with minimal computation, 
once the linear relationships had been obtained. The paper used the harmonic impedance of a 
convertor as a tool to predict lightly or even negatively damped harmonics. As in Stemmler's and 
Hatziadoniu's papers, a steady stale analysis was used to predict system dynamics. 

In the accompanying discussion, Anderson reported using a similar matrix formulation based 
on the transfer functions developed by Persson in 1970. 

[Sakui et al., 1989] used transfer functions to calculate the harmonic currents of an uncontrolled 
three phase rectifier, including the effect of commutation overlap. and Yacamini, 1992] 



CHAPTER 2 NON-CHARACTERISTIC FREQUENCIES IN HVDC-AC INTERACTIONS 

improved on the commutation modelling, and extended the analysis to a 12 pulse convertor and to 
include the effects of harmonic transfer from the remote end convertor. In their analysis however, 
the effect of the firing angle variation was neglected. 

[Reeve and Subba Rao, 1973] were the first to use time domain simulation as a hannonic 
analysis tool. Since then, as the development of time domain analysis tools has advanced, a 
number of authors have used the time domain in harmonic analyses [Kitchin, 1981] [Bodger 
et al., 1990],[Kaul and Mathur, 1990]. These let a test case be simulated to a good level of 
accuracy, allowing dynamic variation of waveform distortion levels to be observed. 

Analysis techniques 

Although the sophistication of harmonic analysis techniques applicable to HVdc convertors has 
grown, the methods of analysis can still be split into three broad categories. 

Firstly there is the direct frequency domain approach. Linear relationships are assumed be
tween non-characteristic frequencies around the convertor, allowing a relatively fast solution of 
the convertor in.teractions with its surrounding network. These relationships can be obtained 
to varying levels of accuracy by algebraically derived transfer functions, or numerical Fourier 
transforms of observed time domain waveforms. [persson, 1970] developed an algebraic de
scription of the relationships, as did [Sucena Paiva and Freris, 1974] to a certain extent, while 
[Larson et al., 1989] and [Ferreira et al., 1987] derived them by numerical methods. A num
ber of authors have either used or presented partial descriptions of harmonic interactions, by 
direct [Ainsworth, 1967], [phadke and Harlow, 1968], [Stemmler, 1987], [Rashid and Mas
wood, 1988], [Sakui et al., 1989], [Farret and Freris, 1990], [Sakui and Fujita, 1992],and [Hu 
and Yacamini, 1992], or numerical [Hatziadoniu and Galanos, 1988] techniques. To date, how
ever, these techniques do not seem to have become very popular. A special case is the three 
pulse convertor model [Shore et ai" 1989], which directly and simply models some otherwise 
inexplicable dc side harmonics. 

Secondly, there is the iterative frequency domain approach, which models the convertor 
operation more accurately using the convertor equations, and may allow for any number of 
interconnected items of ecluipment. A harmonic instability might or might not be indicated by 
failure of the iterative technique to converge. In general these techniques work in the frequency 
domain for the ac and dc systems, and in the time domain for the convertor itself. The numerical 
Fast Fourier Transform and its inverse are used to interface between the two domains, 

This approach has been developed and used to an increasing level of complexity by [Reeve and 
Krishnayya, 1968], [Reeve et al., 1969], [Reeve and Baron, 1970], [Reeve and Baron, 1971], [Mathur 
and Sharaf, 1977], [Yacamioi and de Oliveira, 1980a], [Yacamini and de Oliveira, 1980b], [Ya
camini and de Oliveira, 1986], [ArriUaga et al., 1987] and [Arrillaga and Callaghan, 1991]. 
Ultimately the approach provides a steady state solution only, and little information is revealed 
about lightly damped harmonics which may delay recovery from transients. 

Finally there is the numerical time domain approach, which provides a detailed simulation of 
the total system operation, are generally based on the solution of the state variable equations 
of the total system, or by nodal analysis, similar to the well known EMTP formulation. Time 
domain simulation has gained favour as an accurate and useful system representation, although a 
true representation of frequency dependence can be difficult, and it has the disadvantage of being 
computationally intensive. For harmonic studies the programs must be run until a steady state is 
reached, and numerical Fourier transforms performed before conclusions can drawn. 



2.3 ANALYSIS TECHNIQUES 

Due to the complexity of the interactions and the ready availability of digital computers, 
numerical approaches to harmonic analysis have been rather more popular. However, the direct 
frequency domain approach, particularly one based on direct descriptions of harmonic interrela
tionships, is the most likely to provide insights into the mechanism of harmonic interactions, and 
thus into methods of controlling them. 

Frequency and time domain numerical methods describe the harmonic interactions for a given 
example, and as such provide a suitable means for testing different convertor control strategies or 
circuit configurations. However, the direct relationships that a non-numerical frequency domain 
approach may provide, offer the' best chance of understanding the harmonic interactions around a 
convertor, and should lead to the most well informed choice of filters or control strategies. 

To this end most of the following chapters are devoted to developing a non-numerical linear 
frequency domain convertor model, determining its accuracy by digital time domain simulation, 
and finally using the analysis to describe some aspects of ac/dc system interactions. 





Chapter 3 

THE CO V RTOR TRAN FER FUNCTION 

Introduction 

fu this chapter direct algebraic relationships between distortion on the ac side, the dc side, and in 
the control of an HVDe convertor are developed. Although the convertor is a non-linear device, 
it can be described as a modulator that has approximately linear characteristics in the frequency 
domain. The analysis is based on a frequency domain description of the conduction and non
conduction periods of the convertor thyristors, which can then be used to describe the interactions 
around the convertor. In many cases the relationships are non-linear, but limiting distortion to low 
levels allows linear approximations. This limitation also ensures that the sequence of thyristor 
conduction periods remains unaffected. The initial analysis is made for a six pulse convertor, and 
equidistant firing is assumed as the convertor control basis. 

Section 3.2 outlines the principle behind the frequency domain based convertor transfer 
function, and states the functions for an ideal convertor with no commutation period. Section 3.3 
introduces the effect of a constant duration commutation period. Section 3.4 describes the variation 
of the commutation period duration, and incorporates its effect. 

The transfer function is gradually built up by summing the described effects. The final function 
forms the basis of the analyses in chapters 4,5, 6 and 7. 

3.2 The ideal convertor transfer function 

The transfer function for a convertor describes the conduction and non-conduction periods of the 
thyristors, referred through the transformer connections. The simplest transfer function assumes 
ideal convertor transformers which leads to no thyristor conduction overlap, and this is the 
function used in this analysis. The ideal transfer function has been applied to harmonic studies 
by [Stemmler, 1987] for a convertor with a steady firing angle. How to consider the thyristor 
conduction overlap, or commutation period, is discussed in section 3.3. 

Before the analysis can proceed, the type of distortion being transferred needs to be examined. 
As the analysis is undertaken in the frequency domain, the distortion is specified accordingly. Any 
steady state distortion can be described as the sum of a set of frequencies with appropriate phase 
and magnitude. Each frequency source is considered singly, the final result being the superposition 
of the individual results. 

Firstly, the three phase ac voltage is described, with a single superimposed frequency. For a 
positive sequence frequency 

(3.1 ) 
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while for a negative sequence frequency 

(3.2) 

and for a zero sequence frequency 

(3.3) 

where k is the harmonic order and ~) is 0, 120, and 240 degrees respectively. 
The dc cunent and conveltor firing angle can be written as follows 

(3.4 ) 

and 
(3.5) 

In this way all the fmTIls of distortion are described with a phase reference to the rising zero 
crossing of the fundamental component of the phase a commutating bus voltage. 

The 6 pulse ideal convertor transfer function for a star-star connected transformer with a stead y 
convertor firing angle, related to each phase of the described voltage waveform and written as a 
Fourier series is 

2V3 1 
Y", = - I)±)-cos[m(wot - ao -1/J)] 

1[' m 
(3.6) 

m 

where 
(±) = sin( ~1[') (3.7) 

for m = 1,5,7, 11, etc. 
This series has values of 1, 0 or -1, and describes the interconnection between the ac and dc 

sides of the convertor. 1 signifies a connection of the dc side positive bus to the phase in question, 
-1 signifies a connection of the dc side negative bus to the phase in question, and 0 indicates no 
connection. 

A similar transfer function can be written for the ideal star-delta connected 6 pulse convertor. 

2V3 1 
Y", = - L:(=f)-cos[m(wot - ao -1/J)] 

1[' m m 
(3.8) 

where 

(=f) = ~sin(~1[') (3.9) 

for m = 1,5,7, 11, etc. 
The transfer functions are drawn for a steady firing angle a = 0 in figure 3.1(a) and (b). 
In a 12 pulse arrangement, the two 6 pulse convertors are connected in parallel on the ac side 

and in series on the dc side. H the transfer function is restricted to transfenal of ac voltage to dc 
voltage, and dc current to ac current, the two functions can be summed to give the ideal 12 pulse 
transfer function. 

4V3 1 
Y", = - L:(±)-cos[m(wot - ao -1/J)] 

1[' m m 
(3.10) 

for m == 1, 11, 13,23, etc. 
Y1jJ describes the conduction pattern of the thyristors in the 12 pulse convertor, and is illustrated 

for a steady firing angle a = 0, and one phase only in figure 3.2. 
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Figure 3.2 Transfer functions for ideal 12 pulse convertor, phase a 

The convertor dc side voltage comprises the sum of the contributions of all three phases 

(3.11) 

and the convertor ac side current has three values 

i.p = NY.pid (3.12) 

where N is the convertor transformer ratio, secondary/primary . 
. , 

3.2.1 Firing angle modulation 

In a controlled convertor, each step in the transfer function is delayed by the firing angle a as 
described by equation 3.5. The variability of the firing angle has to be incorporated into the 
transfer functions if they are to be of practical use. 

The best way to consider firing angle modulation (Jam) is to add a further transfer function 
which represents the change from the unmodulated transfer function. This is shown in figure 3.3 
for a six pulse star-star connected convertor. 
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Figure 3.3 Transfer function for firing angle modulation. 

The dashed line of figure 3.3(a) represents the ideal transfer function, and the solid line the 
same function modified by a firing angle modulation of L).a. The difference between these two 
functions is represented by 3.3(b), called the Jam transfer function. The Jam transfer function 
can be described as the sum of four pulse trains, one each for the leading and trailing edges of the 
positive and negative going parts of the ideal transfer function. Adding these pulse trains to the 
unmodulated transfer function result in the modulated transfer function. The pulses in each train 
occur once every fundamental cycle, and each pulse starts at the same relative angle and is of a 
duration proportional to the firing angle deviation from its average value at the instant of firing. 
A pulse duration modulation analysis based on the spectrum developed by [Schwarz et al., 1966] 

is made in appendix B for a six pulse star connected convertor. The resulting spectrum is 

V3 ~ Jo(mb) - 1 
Y.p(t) = - L./±) cos[m(wot - ao - 'IjJ)] 

1l' m m 

2V3 00 I n ( mb) 1l' 
+ - L L(±) cos[(m + nk)wot - mao + n(ok - -2) - m'IjJ] 

1l' m n=l m 

2V3 00 I n ( mb) 1l' + - L L(±) cos[(m - nk)wot - mao - n(ok + -) - m'IjJ] (3.13) 
1l' m n=l m 2 

for m = 1,5,7, etc., for a firing angle modulation as specified in equation 3.5, and where J is a 
Bessel function of the first kind. 

Adding this to the unmodulated spectrum, results in the overall spectrum 

V3 Jo(mb) + 1 
Y.p(t) = - L(±) cos[m(wot - ao - 'IjJ)] 

1l' m m 

2V3 00 I n ( mb) 1l' 
+ - L L(±) cos[(m + nk)wot - mao + n(ok - -2) - m'IjJ] 

1l' m n=l m 

+ 2V3 L I)±) In(mb) cos[(m - nk)wot - mao - n(ok + ~) - m'IjJ] (3.14) 
1l' m n=l m 2 
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for m 1, 5,7, etc. 

Extending this to a 12 pulse convertor is simply a matter of doubling the magnitude of the 
expression and taking only the terms for m = 1, 11, 13, etc. 

Table 3.1 gives an indication of the relative amplitudes of some of the terms in the expression, 
for a firing angle modulation of b = 3 degrees. 

m 

1 .9993 .0262 .0003 .0000 .0000 

11 .0835 .0251 .0037 .0004 .0000 

13 .0683 .0247 .0043 .0005 .0000 

23 .0291 .0217 .0070 .0014 .0002 

25 .0246 .0210 .0074 .0017 .0003 

Table 3.1 Firing angle modulation transfer function multipliers (b=3 degrees or 0.0524 radians) 

From table 3.1 it is apparent that the most significant terms of the series are those associated 
with the Jo~b) and Jl ~b) multipliers. In particular, Jl~b) only decreases very slowly with 

increasing m. Therefore the terms of frequency (m ± k )wo and mwo are of the most significance. 
Both these terms are non-linear with modulation amplitude, slowly decreasing as the modulation 
amplitude increases. 

A feature of this spectrum is the proliferation of frequencies, many of which will be of 
significant magnitude. This implies that firing angle control, while possibly able to control the 
levels of a single steady state unwanted frequency, may not be very effective at reducing overall 
distortion levels. 

3.3 The non-ideal ... nl'1tll'l/J'II"'t .... r 11'."6]>11"'1,"'11'",,11'" function, steady C01IDIl[)U1tatllon 
period 

The first improvement to be made to the ideal transfer function is to include the effect of a steady 
commutation period. This requires the transfer function to be separated into two distinct functions, 
one for the transfer of ac voltage to the de side, and one for the transfer of de current to the ac 
side. Transfer of ac voltage to the de side is exactly modelled by averaging the two commutating 
voltages during the commutation period. and the current transfer from one phase to the next during 
the commutation period is linearly approximated. Firstly the commutation period is defined, and 
then it is incorporated into the transfer functions. 

3.3.1 commutation period 

The steady state commutation period is easily calculated from the convertor steady state equations. 
[Arrillaga, 1983], its example of a commutation analysis, develops the equation 

Id = ~Yc (cosao - cos(ao + JLo)] 
v 2Xc 

(3.15) 

for a steady dc current and where Yc is the phase to phase rms ac voltage at the convertor 
transformer primary. This is easily revised to 

0:0 (3.16) 
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where Vl is the peak single pha..<;e ac voltage at the convertor transformer primary and Xc is the 

convertor transformer leakage reactance referred to the convertor transformer secondary. 
The steady state commutation period affects the convertor transfer functions differently, de

pending on whether the transfer is to dc voltage distortion or ac current distortion. Both these 
cases are dealt with separately in the following subsections. 

3.3.2 Convertor transfer ." .. ""''ll1'OR to voltage 

The models used by [Hu and Yacamini, 1992], [Sakui and Fujita, 1992], and [Sakui et al., 1989] 
for a 6 pulse convertor with a steady firing angle, provide a good basis for considering convertor 
voltages. Based on the standard commutation process analysis, [Arrillaga, 1983], they modelled 
the transfer of vol tage from the ac side to the de side of the convertor during the commutation period 
by averaging the two commutating phase voltages. This changes the shape of the unmodulated 
transfer function for a 6 pulse convertor as depicted in figure 3.4. 

Ya 

(a) 

-1 

0.5 

(b) 

-0.5 

Figure 3.4 Non-ideal transfer function wavefonn, to dc voltage 

The dashed line in figure 3.4(a) represents the unmodulated ideal transfer function, and the 
solid line the function revised to include the commutation process. Figure 3.4(b) represents the 
difference between these, and is called the commutation function. When firing angle modulation is 
applied, the pulses of the commutation function are position modulated accordingly. The analysis 
of the spectrum of the commutation function, based on Schwarz's Pulse Position Modulation (PPM) 
spectrum [Schwarz et al., 1966] is undertaken in appendix A. Remembering that the position of 
each rectangular pulse is directly affected by the convertor firing angle, the commutation function 
is considered as the sum of four position modulated rectangular pulse trains. The spectrum of the 
commutation function, with firing angle modulation as described by equation is 

Y1/J(t) 
2v'3 '\:""'" . mJl.O Jo( mb ) Jl.O 11" 

11" L-t(±)sm(-2-) m cos[mwot - m(ao + 2") - 2 

+v'3 
11" 

v'3 + 

m 

11" m 
00 (±) In(mb) cos[(m _ nk)wot _ m(ao + po) - n(lik 

n=l m 

m"p] 

~) 
2 

11" 
kpo + 2 m"p] 
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f(±) In(mb) cos[(m 
11" m n=l m 

nk)wot mao (3.17) 

for m = 1,5,7, 11 etc. Adding this to the similarly modulated ideal transfer function spectrum 
(from equation 3.14) yields 

Y,p(t) 
2J3 '" Jo( mb) + 1 + 2Jo( mb )sin( 
-L,;(±) 

11" m 2m 
cos[m(wot - ao - 'l,b)] 

+ V3 L fC±) JnCmb) cos[(m + nk)wot - m(ao + flO) + n(lik - kf.LO - ~) - m'l,b] 
11" m n=l m 2 

+ V3 '" ~(±)J,IlJmb)cos[(m (11" 11" ~ ~ m nk)wat m(ao + flo) - n 15k - kf.LO + 2") m'l,b] 

+ V; ~ E(±) JnC:
b
) cos[(m + nk)wot - maO + n(t5k - ~) - m'l,b] 

+ V; ~E(±)Jn;:b)cos[(m nk)wot mao - n( t5k + i) m'l,b] (3.18) 

This is the complete firing angle modulated non-ideal convertor transfer function to dc voltage 
with a steady commutation period. 

If there is no firing angle modulation, the multiplier for the characteristic frequency terms 
collapses to (±)! cos( mr) / ~. 

3.3.3 Convertor transfer to AC current 

The model of [Hu and Yacamini, 1992] and [Salmi and Fujita, 1992] also provides a reasonable 
basis for considering convertor currents. They modelled the transfer of current from one phase to 
the next during the commutation period as a linear process, and applied it to a 6 pulse convertor with 
a steady firing angle. It is possible to express the commutation period current changeover more 
accurately, but the variable shape of the current transfer makes the model much more complex. 
This approximation is considered acceptable at this stage. 

The dashed line in figure 3.5(a) represents the unmodulated ideal transfer function, and the 
solid line the function revised to include the commutation process. The triangular pulses of 
figure 3.5(b) represent the difference between these, and is called the commutation function. 
When firing angle modulation is applied, the pulses of the commutation function are position 
modulated accordingly. The duration of the triangular pulses could be approximated by the 
steady state commutation period, but this means that the conduction-time area of the modelled 
commutation period is different to the actual commutation period conduction-time area. While the 
characteristic spectrum of the commutation function is most closely related to the actual duration 
of each commutation pulse /-Lo. the non-characteristic spectrum of the commutation function 
is based on this area, and a hypothetical commutation period is calculated and used to yield the 
same conduction-time area for the simplified shape. 

[Arrillaga, 1983], in its commutation period analysis, derives the rise of convertor side com-
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Figure 3.5 Non-ideal transfer function waveform, to ac current. 

mutation current as follows 

ic(t) = ~Vc [cos(ao) - cos(wot)] 
v 2Xc 

(3.19) 

where Vc is the phase to phase rms ac system side voltage. This leads to a transfer function 
correction pulse of the shape 

V3NlIt F(t) = 1 - [cos(ao) - cos(wot)] 
2Xc1d 

(3.20) 

between ao and ao + /Lo, and where lit is the single phase peak ac system side voltage. This is 
the function that describes the shape of the commutation function pulses of figure 3.5. 

Integrating this between ao and ao + /Lo and equating it to the area of the equivalent triangular 
pulse of duration /L I, results in the following term 

/LI = 2/Lo - 1~; [/Locos( ao) + sin( ao) - sin( ao + /Lo)] (3.21) 

Thus /L I, an effective commutation period for the transfer function to ac current has been 
derived. 

The analysis of the spectrum of the commutation function can now be undertaken in a sim
ilar way to that of the commutation function to dc voltage, again using Schwarz's PPM spec
trum [Schwarz et al., 1966], described in appendix A. Remembering that the position of each 
triangular pulse is directly affected by the convertor firing angle, the commutation function is 
considered as the sum of four position modulated triangular pulse trains. The spectrum of the 
commutation function, with filing angle modulation as defined in equation 3.5 is 

2V3 '" Jo(mb) Y",(t) = -- L...,.(±) cos[mwot - mao - m"p] 
1(" m m 

2V3 00 In(mb) 1(" 

- - L L(±) cos[(m + nk)wot - mao + n(ok - -2) - m"p] 
1(" m n=l m 

2V3 00 In(mb) 1(" 

- - L L(±) cos[(m - nk)wot - mao - n(ok + -) - m"p] 
1(" m n=l m. 2 
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2V3 ~ Jo(mb) 2sin[mIlO] ILo + -- L..,,(±) 2 cos[mwot - m(ao + -) - m1/J] 
1(" m m mILo 2 

{2
. M3 = J( b)2' [(m+nk)JlI] + _v_.J L L(±) n In sm 2 • 

1(" In n=1 m (m+nk)ILI 

ILl 1(" kILl } cos[(m + nk)wot - m(ao + 2"") + n(Ok - "2 - 2) - m'ljJ] 

{
2 '3 = J ( b) 2 . [(m-nk)lllj + _V_ .J L L (±) n m sm 2 . 

1(" m n=1 m (m - nk)ILl 

cos[(m - nk)wot - m(ao + ILl) - n(Ok + ~ _ kILl) - m1/J]} 
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(3.22) 

for m = 1,5,7, 11 etc. Adding this to the similarly modulated ideal transfer function (from 
equation 3.14) yields 

2V3 ~ (1- Jo(mb) Jo(mb) 2 mILo -mILO) 
Y",(t) = - L..,,(±) 2 + sin(-)/-2- cos[m(wot - ao - 1/J)] 

1(" m m m mJLo 2 

{ 
2V3 = J (mb) 2sin[(m+nk)Jllj 

+ -LL(±) n 2 
1(" m n=l m (m + nk)ILl . 

cos[(m + nk)wot - m(ao + ~l) + n(Ok - i - k~l) - m7jJ]} 

{ 
2 · M3 = J ( b) 2 . [(m-nk)Jllj + _v_ .J L L( ±) n m sm 2 • 

1(" m n=l m (m-nk)ILl 

ILl 1(" kILl } cos[(m - nk)wot - m(ao + 2"") - n(Ok +"2 - 2) - m7jJ] (3.23) 

TIlls is the non-ideal 6 pulse convertor transfer function to ac current for a steady commutation 
period. 

If there is no firing angle modulation, the multiplier for the characteristic frequency term 
collapses to (±)~ m~sin(mr)/~. 

3.4 The non-ideal convertor transfer function, variable commutation 
period 

The next step in improving the transfer function model is to consider the effect of ac side distortion, 
dc side distortion, and firing angle variation on the commutation period length, and to incorporate 
this into the modeL. While the beginning of each commutation period is affected only by the firing 
angle, the end of each commutation period is affected by both the firing angle and the commutation 
period duration. As the position of these two points may be of equal importance to the convertor 
transfer functions, what modulates the duration of each commutation period must be investigated. 
In this section the effect of waveform distortion on the commutation period is examined, and the 
effect of a variable commutation period on the convertor transfer function frequency spectra is 
determined. The examples of chapter 4 are used to determine the relative importance of these 
effects. 
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period variability 

A good example of thyristor commutation analysis can be found in [Arrillaga, 1983], and is not 
repeated here. However, traditional analysis doesn't allow for the presence of non-characteristic 
harmonics. The following analyses specifically examine the of current distortion on the 
dc side, voltage distortion on the ac side, and firing angle variation on the commutation period. 
Although commutation period variability affects the position of the end of the commutation period, 

the terms being derived are to be sampled at the instant of firing. 
Figure 3.6 shows the circuit for a commutation analysis with distorted dc current or ac voltage. 

All the variables in the figure are referred to the convertor side of the convertor transformer. 

Figure 3.6 The commutation circuit 

From figure 3.6, two equations can be written 

Vcom (3.24) 

and 
(3.25) 

Combining these two equations yields 

di2 did 
vcom = 2Lcdj - LCdt (3~6) 

MUltiplying through by Wo and integrating from the time of firing woti to wot, gives 

lwot 1i2(WOt) jid(Wot) 
vcomdwot = 2Xc di2 - Xc did 

wot, 0 id(Woti) 
(3.27) 

This equation forms the basis of the commutation analysis. 

3.4.1.1 current 

The commutation period is directly dependent on the dc side current. If the dc current has some 
harmonic distortion, the commutation periods will not all be of equal length, which direct! y affects 
the transfer functions of the convertor. The undistorted commutation voltage is 

(3.28) 

allowing the equation 3.27 to be solved 
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The final conditions of wot = 0:0 + 11 and i2(Wot) = id(wot; + 11) are substituted in to yield 

(3.30) 

This can be rewdtten as 

(3.31 ) 

where the effective dc current is 

(3.32) 

If id is constant, equation 3.31 becomes identical to equation 3.16 dedved from a traditional 
commutation analysis. 

To relate vadations in the commutation period to vadations in dc current, equation 3.31 can 
be differentiated to yield 

(3.33) 

To determine the full relationship it is easiest to first limit the dc side current distortion to a 
single frequency, as defined in equation 3.4. At any instant 

(3.34) 

where 
(3.35) 

The effective current over the commutation period 11 is the average of the current at the 
beginning and at the end of the commutation period. 

I - I I coS(kwoti + 15k) + coS(kwoti + kl1 + 15k) 
dell - d + k 2 (3.36) 

where ti is the time at the beginning of the commutation period. This can be rewritten 

(3.37) 

This small pertubation analysis assumes that to consider the current distortion over the un
modified commutation period is sufficiently accurate, ie. that d1d(wot;) tends to O. Thus in 
equation 3.37 the true commutation period duration 11 is replaced by its average duration /10. This 
is reasonable for small levels of current distortion. 

Thus the effective distortion dldel I is approximately equal to the actual distortion of the 

dc current at the time of firing multiplied by cos( k~O), and phase advanced by k/1O/2 radians. 
Substituting this into equation 3.33 results in 

dl1 (3.38) 
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This equation specifies a non-linear relationship between dJ1 and d1d( woti). If the dc current 
distortion is assumed to be small compared to the dc current itself, it can be rewritten in a small 
signallinearised fOim 

2X cCos( k~o ) / / 
kJ10 2 

V3NV1 VI - (COSQlO - Yf;j~)2 
(3.39) 

This is the linearised relationship between dc current distortion measured at the instant of 
firing, and the resulting commutation period variation. The effect of additional frequencies can 
be similarly calculated and the principle of superposition applied to give the commutation period 
change resulting from any dc current distortion. The equation is derived directly from the convertor 
steady state equations, and it is suitable for use for the transfer from ac voltage to dc voltage, 
where the true commutation period variation is appropriate to the model. 

However, for transfer to ac current, the shape of the conduction transfer from one thyristor 
to the next is not so simple. The most important feature of the transfer function during the 
commutation period is its current-time area rather than the actual moment of completion of the 
commutation. An effective commutation period J11 is derived in section 3.3.3, which when applied 
to a triangular commutation shape yields the correct current - time area. The same philosophy is 
used to get an effective commutation period modulation. 

There are three steps in the derivation of a suitable dJ11/ d1d( woti) factor. Firstly the overall 
shape of the ac current waveform is determined during the true commutation period, and integrated 
over that period to gain the current-time area of the ac current during the commutation period. 
However, the transfer function with an unvarying commutation period has been derived already, 
and is multiplied by the dc current to get the ac current. Thus some of the commutation period 
current-time area is already incorporated in the existing convertor model. The second step is to 
determine the commutation period current-time area of this contribution. Thirdly, the difference 
between these two areas is established, and converted to an effective variation of J11 with d1d( Wo ti ). 

The shape of the current waveform during the commutation period can be derived from 

equations 3.25 and 3.29 between wOti and wOti + J1 

(3.40) 

The current-time area can be determined by integrating this from the beginning to the end of the 
commutation period. 

(3.41) 

Similarly, the current waveform generated by the steady commutation period part of the 
established transfer function can be written. It comprises the triangular commutation pulse 
multiplied by the dc current, as follows 

(3.42) 

Integrating this from wOti to wOti + J11 yields the commutation period current-time area 

1 [2 . kJ11] J11 A2 = -k -k sm(-)/kJ11/2 - 1 / - 7r /2 d1d(Woti) + -2 Id 
Wo J11 2 Wo 

(3.43) 
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Finally, if A2 is subtracted from AI, the resulting current-time area is equated to the linearised 
commutation model current-time area i~od, and IL is approximated by ILo, the following term can 
be written 

dILl ILo [ 2. kILo ] 2 [2 . kILl ] 
dId(woti) = Id 1 + kILo sm(T)/k/LO/2 + kId kILl sm(T)/kILt/2 - 1 /1r/2 (3.44) 

This is the relationship between dc current distortion measured at the instant of firing and the 
effective commutation period length for transfer to ac cun-ent. The cun-ent-time area related to 
this term is measured at the convertor side of the convertor transformer. 

3.4.1.2 Effect of distorted ac voltage 

It is clear that a non-sinusoidal set of commutating voltages will also result in a varying commu
tation period. 

Initially, the ac side voltage distortion is assumed to consist of only one frequency, in this case 
a positive sequence frequency as described below 

v-.p = VlCOS(Wot - 'I/J) + dV-.p(wot) (3.45) 

where 
(3.46) 

The analysis is easily extended to negative sequence frequencies if desired. 
At each thyristor switching the commutating voltage is comprised of a different combination of 

the three phases on the ac side. The commutation process should be examined for all commutations 
in a cycle of the fundamental. 

Considering a star-star connected six pulse convertor with thyristor numbering as shown in 
figure 3.7, the distortion of each commutation voltage over one fundamental cycle is as shown 
in table 3.2, given that the three phase voltages are as defined in equations 3.1 and 3.2. Zero 
sequence voltage distortion has no effect on the commutation voltage. 

1 3 5 

a _____ -\ 

c----------~------_r----~ 

4 6 2 

Figure 3.7 6 pulse convertor thyristor numbering 

Observation of table 3.2 reveals that the contribution of a positive sequence distortion to the 
commutation voltage at the beginning of the commutation process can be written in a single line 

(3.47) 

A similar term can be written for a negative sequence distortion 

(3.48) 
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Start of Commu- Instantaneous distOition Instantaneous distortion 

Commutation tating of commutation voltage at of commutation voltage at 

thyristors start of commutation period start of commutation period 

(Positive seq. distortion) (Negative seq. distortion) 

wot1 = 0:0 6 to 2 V3Vksin[kwot1 + 15k] -V3Vksin[kwot1 + 15k] 

wotz = f + 0:0 1 to 3 V3Vksin[kwot2 + 15k - f] -V3Vksin[kwotz + 15k + f] 
wot3 = 2; + 0:0 2 to 4 V3Vksin[kwot3 + 15k - 231r ] -V3Vksin[kwot3 + 15k + 2;1 

wot4 = 11" + 0:0 3 to 5 V3Vksin[kwot4 + 15k - 11"] -V3Vksin[kwot4 + 15k + 11"] 

wots ::::: 4311' + 0:0 4 to 6 V3Vksin[kwot5 + 15k 411'] 
3 -V3Vksin[kwots + 15k + ~1r] 

wot6 = ¥ + 0:0 5 to 1 V3Vksin[kwot6 + 15k ¥] -V3Vksin[kwot6 + 15k + 5311"] 

Table 3.2 Distortion of commutation voltages. 

The frequency of the voltage that interferes with the commutation process is less than the 
positive sequence frequency on the three phase ac voltage, by the fundamental frequency. This 
is because at each thyristor switching, the commutating voltage is changed to a waveform 60 
degrees earlier in phase. Happening 6 times, there is overall a 360 degree loss per fundamental 
cycle, and the frequency is consequently reduced. This is the same mechanism that reduces the 
positive sequence fundamental frequency to dc. Similarly, the effective frequency from a negative 
sequence voltage will be one harmonic higher, due to the phase advancing at each switching. 

Given that the commutation period is very likely to be a significant portion of one period of 
the distortion, the relationship should take into account the variation of the ac voltage distortion 
during the commutation period. 

The effective commutation voltage distortion is the average distortion over the commuta
tion period. Taking, for example, the positive sequence commutation voltage distortion for the 
commutation from thyristor 1 to 3 in table 3.2, the average commutation voltage distortion is 

11" 
3' )]dwot (3.49) 

for a positive sequence distortion, and where tz is the time at the beginning of the commutation 
from thyristor 1 to thyristor 3. Integrating this yields 

(3.50) 

Repeating this for all the commutations results in the general term 

(3.51 ) 

Assuming small distortion levels, this is the effective commutation distortion from a single positive 
sequence frequency on the ac side of the convertor, defined at the start of each commutation period. 
If the frequency transformation is regarded as implicit in the equation, commutation 
voltage distortion can be described by a vector multiplication of the original distorting voltage 
dV.p. can be written as follows 

(3.52) 
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A similar process can be followed for a negative sequence voltage distortion resulting in the 
following describing function 

(3.53) 

Now that the average value of the commutation voltage distortion over the commutation period 
has been established, the next step is to calculate its effect on the commutation period. This effect 
is non-linear, and an approximation has to made to linearise the relationship. easiest way 
to do this is to determine the change in fundamental frequency commutating voltage that has an 
approximately equivalent effect. 

The average undistorted commutation voltage over the commutation period is 

V3VI 
Vav = [cos(ao) - cos(ao + JL)] 

JL 
(3.54) 

Considering that the revised average fundamental commutation voltage over the commutation 
period is Vav + dVav , an equivalent dVt that incorporates the distortion can be specified such that 

V3 
Vav + dVav == -(Vt + dVt)[cos(ao) - cos(ao + JL)] 

JL 
(3.55) 

or, written more explicitly 

dVavJL 
dVt ==-=~--------------

cos( ao + JL)] 
(3.56) 

This can be reduced to 

(3.57) 

It is easy to differentiate equation 3.16 with respect to VI to yield 

(3.58) 

Substituting in dVt from equation 3.57 results in 

dJL -JL 

dVav - V3Vtv'I- [cos(ao) - ?J;f~]2 
(3.59) 

Further substitution of dVav from equation 3.52 yields, with a fundamental frequency decrease, 
and allowing JL to be approximated by JLo, the following 

(3.60) 

This is the function describing the commutation period variation due to a positive sequence 
harmonic voltage distortion on the convertor ac terminals. A similar term can be written for the 
case of negative sequence hannonic voltage distortion as follows 

(3.61) 
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These two functions are useful when considering the convertor transfer from ac voltage to dc 
voltage. 

However, for the transfer to ac current, the actual commutation period is replaced by a 
hypothetical commutation period directly related to the conduction-time area of the convertor 
transfer function. Differentiating equation 1 with respect to VI yields 

dill V3N [ . ( ). () ()] dVI = XcI d 8m ao + J.L -.sm ao - IlCO.s ao (3.62) 

Substituting dVI and dVav in a similar manner yields 

dill 3NVtJ.Lo, " 2 , kJ.Lo 
dV' ) = 2X I )z[sm{ao+J.Lo) .sm(ao) Ilocos(ao)]-k sm(-)/ao+ kJ.Lo/2-1r/2 

1j'{ wOti (- c d J.Lo 2 
(3.63) 

related expression for a negative sequence voltage distortion is derived in a similar way, to 
give 

dill 3 NVIJ.LO ' , 2 , kilo 
dV,p(Woti) = 2(Xc1d)2 [sm( aO+J.Lo)-sm( ao)-J.LOcos( ao)] kJ.Lo sm( 2' )/ - ao + kJ.Lo/2 - 1r /2 

(3.64) 
These two equations relate the variation in the effective commutation period for transfer to 

ac current, to ac voltage distortion sampled at the firing instant. A frequency transformation is 
implicit in the described relationships. 

firing angle variation 

From equation 3.16 it is clear that variation in the firing angle a will cause a variation in the 
commutation period length. Differentiating equation 3.16 with respect to the firing angle at the 
start of the commutation period, yields the following 

1 (3.65) 

This equation describes how, at the rectifier, an increase in the firing angle causes a decrease in 
the commutation period, whereas at the inverter an increase in the firing angle causes an increase 
in the commutation period. Thus at the inverter the effect of firing angle modulation tends to be 
increased, while at the rectifier the effect tends to be decreased. The equation is derived directly 
from the convertor steady state equations. It is suitable for use for the transfer from ac voltage to 
dc voltage, where the true commutation period variation is appropriate to the model. 

However, for transfer to ac current, the equivalent commutation period III is related directly to 
the conduction-time area, and a slightly different equivalent variation is obtained. Differentiating 
equation 3.21 with respect to the firing angle yields 

dill V3NVt 
d ( ) = X 1 [cos(ao + J.L) cos(ao) + Ilsin(ao)] (3.66) 

a wOti c d 

which. letting 11 approximated by J.Lo, reduces to 

dJ.LI V3NVI '() _ 2 -----,- = Jloszn ao 
da(woti) Xc1d 

(3.67) 

This is the equation that describes the sensitivity of the commutation period used for transfer to 
ac current, to variations in firing angle. As for the other terms, this is derived for the convertor 
side of the convertor transformer. 
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Commutation period modulation 

Three aspects of the commutation process related to waveform distortion have been described, 
namely 

1). The effect of dc side current distortion on the commutation period duration. 

2). The effect of ac side voltage distortion on the commutation period duration. 

3). The effect of firing angle modulation on the commutation period duration. 

The analysis of section 3.4.2 requires the end of commutation period modulation to be defined 
for the transfer to dc voltage. For the transfer to ac current, the modulation of the effective 
commutation period duration is needed. Two terms can be written to fulfill these requirements. 
The first describes the true end of each commutation period, based on the convertor equations, and 
is suitable while considering the transfer of ac voltage to dc voltage. It can be written as follows. 

(3.68) 

where 

(3.69) 

This term is a function of time, and at the beginning of a commutation period it predicts the 
position of the end of the commutation period. 

The second terms describes the hypothetical commutation period duration modulation. As
suming linear transfer of current from one phase to the next during the commutation process, it is 
suitable while considering the transfer of dc current to ac current. The total effect of distortion on 
the hypothetical commutation period duration can be written as follows. 

(3.70) 

where 

(3.71) 

This term is also a function of time, and at the beginning of a commutation period it predicts the 
modulation of the duration of the commutation period for considering transfer to ac current. These 
equations are only valid for small distortion levels, ie. that do:, dV.p, and dId all tend to O. 

Although these aspects have been described, their relative importance is not established. The 
next step is to incorporate the effect of commutation period variation into the existing convertor 
modeL 

3.4.2 

The commutation period can be considered as similar to the set of pulse trains that are described 
in section 3.3.2, except that in this case the beginning of each pulse is modulated only by the firing 
angle modulation, and the end of each pulse by the firing angle modulation plus the commutation 
period modulation (delayed by the commutation period duration), 

Firstly the effect of commutation period variation on the transfer function to dc voltage is 
considered. To analyse this, two Pulse Duration Modulated (PDM) waveforms are generated, one 
with the modulated edge of the pulse defining the beginning of the commutation period, and one 
with the modulated edge of the pulse defining the end of the commutation period. Subtracting 
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a characteristic harmonic spectrum from one of the PDM spectra can render the PDM pulses 
starting at the same point, and then subtracting the first spectrum from the last gives the required 
waveform. Given that the natural modulation of the commutation period will be small, it is safe to 
assume that the characteristic harmonics of the transfer function are not significantly affected. As 
a consequence only the non-characteristic spectra are considered. The non-characteristic spectrum 
of the PDM waveform whose modulated edge defines the beginning of the commutation period is 

V3 L Loo 
( In(mb) 11" J Y1/,(t) = - ±) cos[(m + nk)wot - mao + n(ok - -) - m'l/J 

11" . m 2 
m n=1 

V3 " 00 In(mb) 11" + - L.J L(±) cos[(m - nk)wot - mao - n(ok + -2) - m'l/JJ (3.72) 
11" m n=1 m 

for m = 1,5,7, etc., and that which defines the end of the commutation period is 

Y",(t) = V3 L I)±) In(mbe) cos[(m + nk)wot - m(ao + ILO) + n(Oke - kILO - ~) - m'l/JJ 
11" m n=1 m 2 

V3 " ~ I n ( mbe ) 11" + - L.J L.J(±) cos[(m - nk)wot - m(ao + 110) - n(Oke - kILO + -2) - m'l/JJ 
11" m n=1 m 

(3.73) 

for m = 1,5,7, etc. The modulation of the beginning of the commutation pulse, is exactly 
that defined by the control sourced firing angle modulation, described in equation 3.5, and the 
modulation of the end of the commutation period is as defined by equation 3.68. Doing the 
subtraction, and adding to the ideal modulation spectrum of equation 3.14, yields 

V3 ,,~ In(mbe) (( 11" J Y",(t) = - L.J L.J(±) cos[(m + nk)wot - m ao + ILO) + n Oke - kILO - -2) - m'l/J 
11" m n=1 m 

V3" ~ In(mb) 11" + - L.J L.J(±) cos[(m + nk)wot - mao + n(Ok - -2) - m'l/JJ 
11" m n=1 m 

V3" ~ In(mb) 11" + - L.J L.J(±) cos[(m - nk)wot - mao - n(Ok + -2) - m'l/JJ 
11" m n=1 m 

(3.74) 

This is the overall non-characteristic spectrum for the transfer function to dc voltage for a convertor 
with firing angle modulation and natural commutation period modulation. This is an interesting 
result, as the spectrum is defined by two sets of terms, one based around the switching at the 
beginning of the commutation period, and one based around the switching at the end of the 
commutation period. To define the frequency spectrum of this convertor function, defining these 
two switching points is sufficient. 

3,4.3 1lransfer to ac current 

The effect of natural commutation period modulation on the transfer function to ac current is more 
difficult to analyse. Unlike the case of transfer to dc voltage, the commutation period isn't a 
simple non-varying state bounded by two thyristor switchings, but rather a continuously varying 
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function bounded by the two thyristor switchings. Equation 3.23 describes the spectrum of the 
position, but not duration modulated commutation function for transfer to ac current. 

An approximate method is used to model the additional effect of a variable commutation 
period. Figure 3.8 shows the transfer function wavefonn for a single commutation period, and 
shows the approximated effect of a change in commutation period length. 

:-. 
" 

(a) 

(b) 

(c) 

" " " " " " " " "-
" " " " " " 

FigUJn! 3.8 Commutation period variation transfer function, to ac current 

The solid line of curve (a) shows the approximation to the average commutation period wave
fonn, with the dashed line representing the modification due to some wavefonn distortion. Curve 
(b) represents the wavefonn that could be added to the average commutation period wavefonn to 
yield the modified commutation period wavefonn, and curve (c) the actual wavefonn that is added 
in this analysis. This is only an approximation to the distribution of change in conduction-time 
area of the commutation period. The effect of all types of distortion are generalised to one shape, 
and gains may be made by modelling the effect of each distortion type more specifically. Ap
proximating the shape and position of the additional pulse in this way, and assuming low values 
of firing angle modulation and natural commutation period modulation, results in the following 
spectrum. 

Y",(t) m1j;] 

(3.75) 

for m == 1, 5, 7, 11 etc. and where x, approximating the average angular position of the correction 
pulse, is 1 for an inverter and 2 for a rectifier. 

For a more complete spectrum the reader is referred to the derivation in appendix A. Only 
the most important terms from the analysis are included here, and they are related to the varying 
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amplitude of the additional pulse. Terms related to the varying pulse position are at a much lower 
level, and are disregarded. 

This spectrum should be added to the non-ideal firing angle modulation spectrum of equa
tion 3.23 to yield the following non-characteristic spectrum. 

{2 h 00 J ( b)2 . [(m+nk)lLl] 
Y,,(t) = _V ___ 11 L L(±) n m sm 2 . 

V 7r m n=l m (m + nk)JLl 

JLl 7r kJLl } cos[(m + nk)wot - m(cyo + 2:) + n(bk - 2 - 2) - m"p] 

+ {2V3 Lf(±)Jn(mb)2sin[(m-~k)ILI]. 
7r m n=l m (m - nk)JLl 

JLl 7r kJLl } cos[(m - nk)wot - m(cyo + 2:) - n(bk + 2 - 2) - m"p] 

V3 bd '" {Sin[mtl]}2 JLl kJLl 7r + -;;:-2 ~(±) f cos[(m + kJ)wot - m(cyo + y'x) + bkd - y'x - 2 - m'lj)] 

V3 bd L {sin[f]}2 JLl kJLl 7r + -- (±) cos[(m - kI)wot - m(ao + -) - bkd + - - - - m"p] 
7r 2 m mr y'x y'x 2 

(3.76) 

for m = 1,5,7, etc., and where b and b k define the firing angle modulation as per equation 3.5, 
and bd and bkd define the commutation period duration modulation as per equation 3.70. This is an 
approximation to the non-characteristic spectrum of the convertor transfer function to ac current 
with modulation of commutation period duration. 

3.5 Control Transfer functions 

No description of a convertor can be complete without taking into account the associated controls. 
Two simple and representative examples are discussed here, while other transfer functions relating 
to special purpose controls are left to the design engineer. 

3.5.1 Constant current control 

A constant current controller is usually based on a proportional/integral (PI) type of control. The 
transfer function for dc current to firing angle is easily written. 

1 
Gl(k) = P+ 'k T 

J Wo 
(3.77) 

where P is the proportional gain and T is the integral time constant, such that Gl (k) is in radians 
per kilo ampere. The transfer function of the current transducer will be significant at the higher 
frequencies, and should be included in this block. 

3.5.2 Minimum gamma control 

The minimum gamma control technique is usually different from installation to installation, and 
its frequency domain transfer function must be defined. Unfortunately, it is usually non-linear. A 
brief discussion of a linearised minimum gamma control transfer function is given here. 
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The measured gamma is directly related to firing angle, dc current, and ac voltage distortion, 
and is then passed through a control process to yield the resulting firing angle. For simplicity a 
non-predictive scheme is considered. At this stage, a describing function approach is taken, and 
only the output of the block at the same frequency as the input is considered. 

The harmonic variation in the control firing angle needs to be linearly related to distortion in 
ac voltage, dc current, and firing angle. The measured gamma is the angular distance between the 
instant of the end of the commutation period and the commutation voltage zero crossing instant. 
In a simple gamma controller, this signal is passed through a circuit that selects the minimum 

gamma from the previous period, and then through a control block to give the firing angle order. 
The minimum gamma control block described is shown in figure 3.9 

asured Me 
Gamm a Minimum over 

last cycle " 
Proportional 

, Integral 
control 

Figure 3.9 Minimum gamma control block diagram 

Firing 
angle 
ord~r 

v 

Firstly the measured gamma must be defined. The modulation of the instant of the end of the 
commutation period has already been defined as mode in equation 3.68. To define the instant of the 
commutation voltage zero crossing, the commutation voltage alone must be considered. Allowing 
the same voltage distortion as defined in equations 3.1 and 3.2, analysing the commutation voltage 
distortion in a similar way to that in section 3.4.1.2, and letting the commutation voltage zero 

crossings be 11' + 0 radians beyond the equidistant firing ao = 0 reference, for a positive sequence 
voltage distortion the zero crossing is such that 

(3.78) 

and for a negative sequence voltage distortion 

(3.79) 

Both these terms need to be solved for 0, the angular variation of the commutation voltage zero 

crossing instant. 
Approximating that both 0 and Vk are small, allows 

() = ~ sin[(k - 1 )wot + 11' + Ok] 

for the positive sequence distortion, and 

() = Vk sin[(k + l)wot + 11' + Ok] 
VI 

for a negative sequence distortion. 

(3.80) 

(3.81) 

is a continuously varying function, but in reality there are only 6 (or 12) of these zero 
crossings per cycle. expression specifies what the angular deviation of the zero crossing will 
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be when the expression is sampled at the undistorted zero crossing instant. Both the firing angle 
modulation and commutation period modulation, although also discretely sampled functions, are 
described by continuous functions sampled at the thyristor firing instant. Relating these two 
together, the measured gamma can now be related to voltage, current, and firing angle distortion 
as follows 

'Y = 11" + e 0:0 - J..Lo + mode/o:o (3.82) 

based at the undistorted commutation voltage zero crossing instant. 
The next step is to determine the function of the 'minimum over previous period' 

control block. For variation in the measured at frequencies higher than the fundamental, 
only a steady offset appears on the control block output, as a gamma minimum occurs more than 
once in each period. For variations at frequencies less than the fundamental frequency, the control 
input and output are depicted in figure 3.10. 

-------------- Input to 'minimum gamma over last cycle' control block 

--- Output from 'minimum gamma over last cycle' control block 

(a) Continuously defined input and output 
for a single distortion frequency 

(b) Discretely sampled input and output 
for a single distortion frequency 

Fundamental 

3.10 Waveform transfer for 'minimum over previous period' gamma control block 

The dashed line of figure 3.1O(a) represents the continuously defined measured gamma input 
to the control block, and the solid line the output from the block. Figure 3.1O(b) shows the same 
process for the true discretely measured gamma. The main effect of the gamma measured 
discretely is to delay the waveform by aproximately one twenty-fourth of a cycle (for a 12 pulse 
convertor), or by k1l" /12 radians. 

Observation of the geometry of the waveforms, and taking a Fourier transform of the output 
waveform reveals that the output of the block at the same frequency as its input is both re<luC(X1 
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and delayed by the following factor. 

G2(k) = [Sin~klT) + (l 12 (3.83) 

The other frequencies present in the control block output can be derived similarly, and are not 
reproduced here. Finally the proportional/integral control block remains, whose transfer function 
G t ( k) has already been detennined in equation 3.77. generally has a low pass characteristic 
which justifies the single frequency describing function approach taken. These relationships can 
be combined together to yield the final relationship between the distortion levels and the resulting 

variation 

Jam = [e + mode/ao]G2{k)G 1(k) 

can be rearranged to yield 

G1Gz ( I 2 d/10 )v: 
Jam = 1 (d/.lQ + 1)/ G G -Vi /IT/ + y:-/ao acp - Jam aO 1 Z 1 acp 

GIGZ ( 1 d/10 ) + d -11T12 + -lao Vacn 
1 - (7!!in + 1)laoGIG2 Vl-- Vacn -

+ GIG2 dJ-lO I I --,--------- ao dch 
1 - + l)laoGlGZ Idch-

Similar tenns can be generated for the other frequencies generated. 

(3.84) 

(3.85) 

Most minimum gamma control systems are not this simple, and some sort of predictive control 
is often employed. The other frequencies generated in the spectrum should be considered, and it 
needs to be established that the principle of superposition can be applied for other frequencies. 
This section merely represents a possible approach to the frequency domain analysis of this sort 
of controller. 

Conclusions 

This chapter has established a purely algebraic and linear description of the relationships between 
non-characteristic and non-integer harmonics, and the non-ideal 6 pulse convertor transfer func
tions. The description is based on a frequency domain analysis of the thyristor conduction periods, 
and includes the effect of ac side voltage, de side current and firing angle distortion, with the com
mutation period and its natural variation. The description was built up from the ideal convertor 
with firing angle modulation, to a non-ideal convertor with a steady commutation period and firing 
angle modulation, and finally to a non-ideal convertor with a variable commutation period and 
firing angle modulation. Effects related to firing angle and commutation period variation were 
found to be non-linear in the frequency domain, but by restriction to small signal analysis it is 
possible to linearise them. 

The main approximations involved linearising the effect of ac voltage and dc current distortion 
on the commutation period, and in the modelling of the effect of commutation period modulation on 
the ac side current. Equidistant thyristor firing is taken as the control system basis, and balanced 
commutation reactances are assumed. Unbalance in either could be described by generating 
another similar transfer function to add to the existing model. 

What is already clear from this analysis is that even only a single distortion source causes a 
proliferation of frequencies in the convertor transfer function. These frequencies don't necessaril y 
decrease with increasing order, and they will inevitably be transmitted into the ac and dc systems. 
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Although a number of interactions have been described, the relative importance of each has 
not been determined in the context of interactions around the convertor. The next step is 
to apply the functions to some simple test cases to validate the analysis and observe the relative 
importance of the described mechanisms. 



The transfer functions developed in chapter 3 can only be verified by applying them to an example 
of transfer of voltage and current around an HV dc convertor, and comparing the results with similar 
results obtained by another method. To this end, the relationships between distortion on the ac 
and dc sides for a twelve pulse convertor are developed from the transfer functions. A dynamic 
simulation of a 12 pulse convertor connected to infinite ac and dc busbars is established using 
the electromagnetic transient program EMTDC, and transfer of waveform distortion is examined. 
Infinite busbars are used to minimise the number of interactions involved in each test, and only 
the first order frequency terms are measured. 

A single distortion source is used in each example, being either firing angle distortion, dc 
current distortion, or ac voltage distortion, and the effect on dc side voltage and ac side current are 
considered.· For simplicity, the distorting sources are confined to a single frequency at any given 
time. The principle of superposition is assumed to allow extension to multiple distorting sources 
and frequencies. 

The importance or otherwise of modelling the commutation period and its variability are dis
cussed, along with some of the implications of attempting harmonic control through the convertor 
firing angle. 

4.2 Model verification 

A problem encountered in assessing modelling techniques or control systems is the lack of com
monality between the test systems used in different studies [Zavahir, 1992]. To alleviate this 
problem, CIGRE 14-02, the worlcing group on 'Control in HVdc systems~, has developed and 
published a benchmark model suitable for assessing both HVdc control strategies and alternative 
system modelling techniques [Szechtman et al., 1991]. The system was designed to opera-·· 
tionally difficult. by the choice of a weak inverter ac system, a de side resonance near fundamental, 
and ac resonances near the second harmonic. Its operation was simulated using a number of tech
niques, with good agreement being demonstrated. The benchmark model is gaining international 
acceptance [Szechtman, 1993], and it is used as a basis for the assessment of the modelling and 
control proposals in this thesis. The parameters and characteristics of the benchmark model are 
presented in appendix 

Interactions around an HVdc convertor involving waveform distortion are complex. Thus the 
"'"'T ................. benchmark model inverter and rectifier are used with infinite busbars on each side in this 
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chapter, with infinite busbars on only one side in chapter 5, and finally the full system is used in 
chapters 6 and 7. 

At present, both dc simulators and digital computer programs are widely used to study the be
haviourof ac/dc systems, often in a complementary manner [Martens son et al., 1986]. The digital 
computer based transient simulation approach was chosen for its low cost, flexibility and accuracy. 
By far the most widely used digital transient simulation technique is the electromagnetic transient 
program, proposed by [Dommel, 1969], and realised most popularly in the EMTP, NETOMAC, 
andEMTDC software [Zavahir, 1992]. The EMTDC program, described in [Woodford, 1985] and 
specifically designed for HV dc system studies, was used. Single non-characteristic frequencies 
were injected consecutively in time, and the Fast Fourier Transform applied to convert the results 
into the frequency domain for direct comparison with the frequency domain model predictions. 

Such a comparison does not finally prove the accuracy of either method. However the EMTDC 
program results have been validated against other techniques [Woodford et al., 1985], [Wood
ford, 1985], [Szechtman et al., 1991]. Further to this, agreement between such radically different 
approaches as the time domain EMTDC and the proposed frequency domain model justifies some 
confidence in both. 

Numerical noise from the dynamic simulation required around 5 % distortion to be injected to 
enable the result to be satisfactorily extracted by the Fast Fourier Transform (FFf) technique. The 
sampling nature of the FFf introduces some phase error at higher frequencies, and low levels were 
assumed for the frequency domain model. Both of these points could generate some deviation in 
agreement. A settling period of 100 ms. was allowed before the Fourier transforms were applied. 

A number of non-characteristic frequencies can be generated by an HV dc convertor, and to 
verify both the phase and magnitude of each is a considerable task. Only the first order terms 
are fully verified, as they are the terms utilised in subsequent chapters. More complete spectra 
have already been verified for similar but less sophisticated transfer functions for transfer from ac 
voltage to dc voltage, and dc current to ac current [Sakui et al., 1989], [Hu and Yacamini, 1992]. 
To augment their results, a more complete spectra for firing angle modulation to both ac current 
and dc voltage is included in appendix C. 

4.3 Transfer of waveform distortion 

The transfer functions of section 3.3 and 3.4 are applied for a 12 pulse convertor, merely by 
doubling the magnitude and defining the series for m=12, 24 etc. A number of discrete distorting 
frequencies are injected, limited to frequencies below the first characteristic harmonic. Only the 
first order predictions are verified. Figure 4.1 defines the conventions for current and voltage 
measurements around each convertor. 

4.3.1 Firing angle distortion 

4.3.1.1 To de voltage 

Taking the fundamental frequency component of the ac voltage and the modulated portion of the 
convertor transfer function gives the following expression for the dc voltage of a twelve pulse 
convertor. 

Vd = N I:: Vicos(wot -1/J). 
1/J 
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Figure 4.1 Voltage and current conventions around the 12 pulse convertor 

n1r 
cos[(m + nk)wot - maO - - m'IjJ] 

2~ m E(±) (In;:b) / n81; + In(;;:be) / - n8ke - (m - nk)JLo) 

cos[(m 
n1f 

nk)wot - mao - 2 

for m == 1, 11, 13,23 etc. 

37 

(4.1) 

band 81; are as directly defined by the firing angle modulation, but be and 8ke, specifying 
the modulation of the end of the pulse, need to be This modulation is easily defined by 
the sum of the angle modulation from the beginning of the commutation period and the 
commutation period modulation itself. If the commutation period is modulated solely as a result 
of the firing angle variation, they can be written 

b _ sin(ao) 

e - J1 - (cosao - :Ji;}~)2 
(4.2) 

and 
(4.3) 

Expanding equation 4. 1 out over 'IjJ,andmaking the reasonable approximation that In[t;i1)b] 

Jrt;b) = J,,[!:+~1)b], yields, for m = 12,24, etc., 

Vd= {NVi6~ n:l [In(b)cos(ao+ n;)/n8k + In(be)cos(ao+JLo + n211")/n8ke -nkJLo] 

cos( nkwot) } 

+ {NVi 6V3 00 [In(mb) sin(ao)/n8k + In(mbe) sin(ao + JLo)/n8ke _ (m + nk)JLo] 
11" m n=l m -- m 

sin[( m + nk )WOt mao n1l" } 
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I n ( mbe ) . ( )/ ( )] - nOk + m sm ao + flo - nthe - m - nk flo 

sin[(m - nk)wot maO nrr } 

The most important tenns are those for n 1, and this simplifies the final spectrum to 
the modulated frequency, and the de side characteristic hannonics plus or minus the modulated 
frequency. The commutation period has a very strong effect on the resulting de frequencies, both 
in magnitude and phase. 

By the multiplier Jjf.:b) it can be seen that the relationship between the de voltage distortion 
levels and the firing angle modulation is non-linear. As can be seen in table 3.1, for small 
modulation amplitude J

j ~b) can be closely approximated by ~, linearising the relationship. 
The most significant harmonics that appear, up to the n = 12 tenn, are listed in table 4.1. 

DC voltage distortion from firing angle ao + bcos( kWo t + Ok) 

- NV~v3 bsin( ao)cos( kwot + Ok) 

-NV~v.'3besin(ao + J..to)cos(kwot + Oke kJ-Lo) 

_NV~V3bsin(ao)cos[(12 + k)wot - 12ao + Ok] 

- NV~V3 besin( ao + J..to)cos[(12 + k)wot 12( ao + J..to) + Oke - kJ..to] 

_NV~V3bsin(ao)cos[(12 - k)wot - 12ao Ok] 

-NV~V3besin(ao + J..to)cos[(12 - k)wot 12(0:0 + flO) Oke + kJ..to] 

Table 4.1 Transfer from firing angle modulation to de voltage distortion 

Figure 4.2 and 4.3 show the predicted and measured de voltage distortion resulting from a 3 
degree peak to peak firing angle modulation. Only the component at the modulating frequency is 
shown. 
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4.2 ClORE rectifier harmonic transfer, firing angle modulation to de voltage. 
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Figure 4.3 CIGRE inverter hannonie transfer, firing angle modulation to de voltage. 

In each of figures 4.2 and 4.3, curve (a) is the harmonic transfer measured from dynamic sim
ulation, curve (b) is the predicted transfer, not allowing for natural commutation period variation, 
and curve (c) is the prediction allowing for natural commutation period variation. Not only are the 
phase and magnitude predictions close to those obtained by dynamic simulation, but it is clear that 
the natural variation of commutation period length has a significant effect on the overall transfer 
of distortion. In this example no approximations are made, and the predictions for transfer to 
DC voltage agree strikingly well with the simulated results. This is evidence of the accuracy of 
the EMTP technique as well as a vindication of this part of the convertor model. The gain and 
phase variation with frequency of curves (b) is due entirely to the commutation period position 
modulation. Both this effect and that of the commutation period variation have a strong impact 
on the resulting dc side distortion. 

Some deviation in agreement is clear for the fourth and sixth harmonics. When the firing angle 
is modulated at the sixth harmonic, the resulting dc side sixth harmonic has two terms contributing 
to it, one being at kwot and one at (12 - k)wot. term reflected around the 12'thharmonic 
has a phase related to the negative of the originating modulation phase, and is not included in the 
predicted value. The fourth harmonic discrepancy was due to a small unexplained generation of 
this frequency by the convertor simulation. 

Table 4.1 shows that as the modulation frequency kwo is raised, the resulting (12 k)wo 
frequency increases in amplitude. This limits the usefulness of firing angle modulation as a tool 
to reduce steady state harmonics, as this secondary frequency significantly contributes to the 
waveform distortion. 

As the order of the generated harmonic increases, the magnitude decreases relatively slowly, 
due to the slow decrease of the J n ( mb ) / m term. This is demonstrated in the spectra of appendix 
Overall dc voltage distortion levels are significantly increased by firing angle modulation of the 
convertor. 
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4.3.1.2 To ac current 

Taking the dc component of the dc current and the modulated part of the convertor transfer function 
gives 

for m =1, II, 13,23, etc. b and 6k define the firing angle modulation as per equation 3.5, while 
bd and Okd specify the modulation of the duration of the commutation period as per equation 3.70. 

If the commutation period is modulated solely as a result of the firing angle variation, bd and 6 kd 

can be written 

(4.6) 

and 
(4.7) 

The most important terms are those for n = I, and this simplifies the spectrum to the modu
lating frequency plus the fundamental in positive sequence, and less the fundamental frequency in 

negative sequence. Higher orner f!ju)cies are at the characteristic harmonics plus or minus the 
modulating frequency. Allowing JI::6 to be approximated by £as in section 4.3.1.1, the most 
important terms, up to m = 13, are listed in table 4.2. 

Figures 4.4, 4.5, 4.6 and 4.7 show the predicted harmonic current level versus those obtained 
by a dynamic simulation. Only the components below the first characteristic harmonic are shown. 

Curve (a) is the measured value of the first order distortion term, while (b) is the predicted 
value without natural commutation period variation, and (c) is the predicted value including the 
effect of commutation period variation. The variation with frequency of curves (b) is entirely due 
to the pulse position modulation of the commutation function. The figures clearly show that both 
the steady commutation period and its variation are of striking importance for the transfer frorp. 
firing angle modulation to ac current distortion. 

There is some loss of agreement between the time domain and frequency domain models 
as the modulation frequency increases. The simulation results indicate that the correction term 
from the natural commutation period modulation may reduce slowly with frequency, the effect 
being stronger at the test rectifier than at the test inverter. The pulse position modulation terms 
for the variation of commutation period current-time area have been neglected (see A for the 
full spectrum). At higher frequencies of firing angle modulation, these terms are more likely to 
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AC current distortion from firing angle 0: == 0:0 + bcos( kwot + t5k) ! 

N2v'3bld2sin[~lcos[(k + l)l.tnt - (rrn + eI.) + t5 _ kill - 11" - .1,] 
11" (k+l III -v......, 2 k --z l" 'I' 

Nv'3~d[d{ S'11} 2cos[(k + l)"-'Jt - 0:0 -7x + t5kd -7; -! -1/JJ 

2 • [(U-Al)P1l 
N 2v'3b1d nA t cos[(l1 - k)l.tnt - 11(0: + &) - 6 + ~ + 1r + .1,] 

1r (ll-k III -v 0 2 k --z I 'I' 

N -~dI4 { "i~l } 
2 

cos[(l1 - k )"-'Jt - 11 (0:0 + ~) - t5kd + * -i + 1/J] 

. [(IHAI)Pl] 
N 2v'3b1d 2nn f cos[(13 + k)"-'J t - 13(0: + 1!l.) + t5 _ kill _ 1r - .1,] 

1r (tHk III 0 2 k --z I 'I' 

N.ft~dld { si'ijrl} 
2 

cos[(13 + k)"-'Jt - 13(0:0 + 7x) + bkd - * -I -1/J] 

. [(13-Al)l"11 
N2v'3b1d 2am f cos[(13 - k)Wot - 13(0:0 + 1!l.) - 6k + ~ - 1r - 1/J] 

1r (13 Xi III 2 2"2 

.ft {. (~]}2 N~ sm¥ cos[(13 - k)"-'Jt - 13(0:0 +~) - 6kd + 7: - i -1/J] 

Table 4.2 Transfer from firing angle modulation to ac current distortion 

become significant However, firing angle modulation is in general low pass filtered, and the 
approximation used is in most cases acceptable. 

In each plot two dynamic simulation derived values deviate significantly from the predicted 
values, at k=5 and 6 for the (k + 1)"-'J positive sequence currents, and at k=6 and 7 for the 
(k - 1)"-'J negative sequence currents. This is because one of the higher order terms (11 - k)"-'J 
or (13 - k)"-'J reflects back onto the same frequency. This can be accounted for by including 
these terms in the predictive calculations, although as phase information is required, prediction is 
more difficult ana not included here. The FFf applied was not equipped to distinguish between' 
positive and negative sequence distortion, allowing this sort of discrepancy to consistently occur 
throughout the verification process. 

As the order of the generated hannonic increases, the magnitude decreases relatively slowly, 
due to the slow decrease of the I n ( mb) / m term. This is demonstrated in the spectra of appendix C. 
Overall ac current distortion levels are significantly increased by firing angle modulation of the 
convertor. 
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Figure 4.4 CrGRE rectifier harmonic transfer, firing angle modulation to positive sequence ac current 
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Figure 4.5 CrGRE inverter harmonic transfer, firing angle modulation to positive sequence ac current 

4.3.2 AC voltage distortion 

4.3.2.1 10 de voltage 

Taking the distortion in the ac voltage with the unmodulated part of the convertor transfer function, 
and the natural commutation period modulation term with the undistorted ac voltage, gives the 
following expressions for dc voltage. For a positive sequence frequency, 
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Figure 4.6 CIGRE rectifier harmonic transfer, firing angle modulation to negative sequence ac current 
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Figure 4.7 CIGRE inverter harmonic transfer, firing angle modulation to negative sequence ac current 

cos[(m + nk)wot - m(Go + 110) + n(8ke - kIlO - ;) m1J;]} 

+ N { ~ l'Icos(WOt _ .p)2~ ~ ~(±) In(,:b,) 

cos[(m - nk)wot - m(Go + 110) - n(8ke - kIlO + i) -m1J;]} 

and for a negative sequence frequency 
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cos[( m + nk )Wot m( ao + /-Lo) + n( 8ke k/-LO - i) -m'l,b]} 

f(±) In(mbe ) 

m n=1 m 
+ N { VICOS(WOt 

,p 

cos[( m nk )wot m( ao + /-LO) n( 8ke - kfLO + i) -m'l,b]} (4.9) 

for m::; 1, 11, 
the magnitude 
section 3.4 

frequency has no effect on the dc side. be defines 

and 

modulation of end of the commutation period. From 

[
-fLO 

be:::::: -V,
1
----r

1
======= 

[cos(ao) -
] 

2 . (k/-Lo) -Sl,n 
k/-LO 

'If 

2 

(4.10) 

(4.11) 

for a positive sequence voltage, and 

kfLO 'If 
Ih-ao+-+-

2 2 
(4.12) 

for a negative sequence voltage. 
The clearest way to expand equations 4.8 and 4.9 is to take the harmonic transfer and the 

commutation period modulation teffils separately. Taking the direct transfer portion, and expanding 
out over 'I,b, for m:: 12,24,36 etc. gives, for a positive sequence ac voltage 

{ 
6 V3 fLO fLO } 

Vd = N Vk---;-COS( 2: )cos[(k - 1)wot + ao + 2: + 8k] 

{
6V3 cos«m-l)/-IQ) fLO 

- N ---;-~ Vk m _\ cos[(m + k -1)wot - (m - 1)(ao + 2 

{ 
6V3 cos( (m+l)/-IQ) r 

+ N - E Vk 2 cos[(m - k + 1)wot - (m + 1)(ao + fL0
2 

) - 8k] 4.13) 
7r m m+1 

and for a negative sequence ac voltage 

{
Vk6V3 fLO 

Vd = N 'If cos( 2: )cos[(k + 1)wot 

Making the approximation that I n [(m-l)bel = In(mb e) = In[(m+l)bel the commutation period 
m-l m m+l' 

modulation contribution can be calculated for a positive sequence distortion 

6V3 00 n'lf 
Vd = NVi- In(be)cos(ao + /-Lo + -)cos[n(k - l)wot + n(8ke - (k -1)fLO)] 

'If n=l 2 
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sin[(m + n(k - 1))wot - m(ao + JlO) + n( Oke - (k - 1 )110 - i)]} 
{NVi 6V3 '" ~ I n ( mbe ) . ( ) + 1-- L.t L.t sm ao + 110 

1r m n=1 m 

sin[(m - n(k - l))wot - m(ao + JlO) - n(Oke - (k - 1)11 + i)]} 
(4.15) 

and for a negative sequence distortion 

6V3 ~ n1r 
Vd = NVl-;;:- L.t In(be)cos(ao + JlO + T )cos[n(k + 1)wot + n(Oke - (k + 1)110)] 

n=l 

+ {NVi 6V3 '" ~ I n ( mbe ) . ( ) 
1-- L.t L.t sm ao + JlO 

1r m n=l m 

sin[(m + n(k + 1))wot - m(ao + JlO) + n(Oke - (k + 1 )110 - i)]} 
+ {NVi 6~ ~ E JnC;;:b e

) sin(ao + JlO) 

sin[(m - n(k + 1))wot - m(ao + JlO) - n(Oke - (k + 1)JlO + i-)]} 
(4.16) 

for m = 12,24, etc. 
Observing both these contributions to the dc side voltage distortion, and noting that the direct 

term is the most important, followed by the n = 1 term of the modulation series, reveals that a 
positive sequence frequency on the ac side is transformed to that frequency minus the fundamental 
on the dc side, and a negative sequence frequency on the ac side is transformed to that frequency 
plus the fundamental on the dc side. At the higher orders, terms appear at the characteristic 
harmonics plus or minus the first order frequency on the dc side. Zero sequence· frequencies on 
the ac side do not affect the dc side. The main harmonics that appear, up to the m = 12 term, and 
approximating Jl (:be

) by ~, are listed in table 4.3. 
Figures 4.8, 4.9, 4.10 and 4.11 show the predicted magnitude and phase of transfer of ac 

voltage distortion to de voltage distortion, for the first order terms only, compared with the results 
obtained by dynamic simulation of the CIGRE model convertors. Curve (a) is the measured value' 
of the first order distortion term, while (b) is the predicted value without natural commutation 
period variation, and (c) is the predicted value including the effect of commutation period variation. 
The steady commutation period in this instance has little effect on the magnitude of harmonic 
transfer, and affects the phase angle by half the commutation period. The commutation period 
variation, however, affects both the magnitude and phase of the transfer significantly. 

The major discrepancy is at the dc side sixth harmonic, due to the contribution of both the first 
and second order terms. The magnitude of this harmonic is dependent not only on the magnitUde 
of the distortion, but the phase also, and is not predicted. 
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AC voltage distortion DC voltage distortion 

NVkCOS(kwot + tik - 'IjJ) NVk fi.;'-3 cos( iO )cos[( k - I )wot + ao + iO + tik] 

( +ve sequence) -NV13'fbesin(ao + /10). 

cos[(k - 1 )wot + tike - (k - 1 )/10] 

-NVk ~i!cos(6/10)cos[(1l + k)wot - ll(ao + ¥) + tik] 

-NV13'fbesin(ao + /10). 

cos[(ll + k)wot - ll(ao + /10) + tike - (k - 1)/10] 

NVk~¥Jcos(6/10)cos[(13 - k)wot - 13(ao + 7) - tik] 

-NVi 3'fbesin(ao + /10). 

cos[(13 - k)wot - 13(ao + /10) - tike + (k - I)J1O] 

NVkCOS(kwot + tik + 'IjJ) NVk¥COS(¥)cos[(k + l)wot - (ao + ¥) + tik] 
( -ve sequence) -NV13'fbesin(ao + J1O). 

cos[(k + 1 )wot + tike - (k + 1 )J1O] 

-NVk ~i!cos(6J1O)cos[(1l - k)wot - ll(ao + ¥) - tik] 

- NVI 3'f besin( ao + J1O). 

cos[(ll- k)wot -ll(ao + J1O) - tike + (k + I)J1O] 

NVk ~¥Jcos(6J1O)cos[(13 + k )wot - 13( ao + ¥) + tik] 

- NV13'fbesin(ao + J1O). 

cos[(13 + k))wot - 13(ao + J1O) + tike - (k + 1)J1O] 

Table 4.3 Transfer of ac voltage distortion to de voltage distortion 

4.3.2.2 To ac current 

Given a steady dc current, the only effect ac voltage distortion has on the ac current is through the 
commutation period modulation. The effect of commutation period modulation on the ac current 
spectrum is as follows 

for m ::: 1, 11, 13, 23, etc. If the commutation period is modulated solely by the ac voltage 
distortion, then 
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Figure 4.8 CIGRB rectifier harmonic transfer, positive sequence ac voltage to dc voltage. 
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Figure 4.9 CIGRE inverter harmonic transfer, positive sequence ac voltage to dc voltage. 

and for a positive sequence distortion 

and for a negative sequence distortion 

47 

to 

to 

(4.19) 

(4.20) 

Figures 4.12 to 4.19, show the phases and magnitudes of the ac harmonic currents relative to 
the ac harmonic voltage distortion at the test rectifier and inverter. 

Curve (a) is the measured value of the first order distortion while (b) is the predicted 
value. The figures demonstrate that ac voltage distortion does indeed have an effect on ac 
side current distortion generated by an HVDe convertor, independently of ac and dc system side 
harmonic impedances. The correlation between measured and predicted values indicates that the 
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Figure 4.10 CIGRE rectifier hannonie transfer. negative sequence ac voltage to de voltage. 
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Figure 4.11 CIGRE inverter hannonic transfer, negative sequence ae voltage to de voltage. 

mechanism is described reasonably well. The slope of the predicted phase curve is related to the 
choice of wot Woti ILl/Vi as the central point of the coIDIDutationperiod current-time area 
approximation. The values of x = 1 or x == 2 are chosen empirically on the basis of whether the 
convertor is operating as a rectifier or an inverter, and small errors are to be expected. 

Once again is a striking disagreement between simulated and predicted results for two 
harmonics in each case. In each case the (11 - k )wo or the (13 - k )wo frequency terms reflect back 
onto the in question, affecting the measured values. Again the inability of the numerical 
data processing to distinguish between positive and negative sequence distortion contributed to 
this discrepancy. 



4.3 TRANSFER OF WAVEFORM DISroRTION 49 

x10...3 2.5r----,----,.----.----,-----,-----, 0.2,-----.----..----.----,-----.----, 

-<l.2 ., 
~-<l4 
1-
~-o.6 
.<: 

'" j -<l.a 

"-
·1 ---(a) 

---(a) 

0.5 '1.2 - - - - - _. (b) 
- - - - - _. (b) 

·1.4 

12 
.1.6

0 ~~-~~-~----70----~9---~,~0--~ 
AC voltago haJmonic 

6 8 
AC voHago haJmonic 

10 

Magnitude Phase 

Figure 4.12 CIGRE rectifier harmonic transfer, positive sequence ac voltage to positive sequence ac current 
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Figure 4.13 CIGRE rectifier harmonic transfer, positive sequence ac voltage to negative sequence ac current 

4.3.3 DC curren.t distortion. 

4.3.3.1 10 ac current 

12 

12 

Taking the harmonic part of the de current and the unmodulated part of the convertor transfer func-" 
tion, but allowing for natural modulation of the commutation period by the de current harmonic, 
gives 

. 4V3 '" 1 2 . mJLo JLo 
t'IjJ = NlkCOS(kwot + 'h)- L.J(±)--sm(-)cos[m(wot - ao - - - ¢)] 

1r m mmJLo 2 2 

V3blld", {Sin[~]}2 J.Ll kJ.Ll 1r + N 1r ~(±) f cos[(m + k)wot - m(ao + y'x) + Okd - y'x - '2 - m¢] 
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Figure 4.14 CIGRE rectifier harmonic transfer, negative sequence ac voltage to positive sequence ac current. 
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Figure 4.105 CIGRE rectifier harmonic transfer, negative sequence ac voltage to negative sequence ac current 

for m::::: 1, 11, 13, 
such that 

{---:;~..;;..r cos[(m 
2 

m1fJ] 

(4.21) 

if the commutation period is modulated solely by the de current, 

bdcos(kwot + Okd) = {'Z [1 + k~ Sin(k~O)/kJlO/2] 

2 [~Sin(kJLI)/kJLI/2-1]/1r/2}IkCOS(kwot+6k) (4.22) 
kid kJLI 2 --
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4.17 ClORE inverter harmonic Iransfer, positive sequence ac voltage to negative sequence ac current. 

Multiplying equation 4.21 out yields 

Iac~ = N {2:: 
m 

+ N{2:: 
m 

4 2 . m~ ~ 
--SW(-2-)cos[(m - k)wot - m(ao + 

mm~ 

{ 
sin[mrl ] }2 ILl ¥- cos[(m + k)wat - m(ao + vx) + likd + 

m 

+ {}
2 ~ 

--"'~--'- cos[(m - k)wot - m(ao + J?i) 

1(' 

- - m"'] 
2 

1(' 

- - m"'] 2 

(4.23) 



52 CHAPTER 4 NON CHARACfERlSTIC FREQUENCY lRANSFER 

II) 

"" 04 
r; 
~ - ---------
~3 
.Q 
:,z 

----tal 

- - - - - - - - - (b) 

---

%~~--7--~3~~4--75--~6~~--+--~ 
AC voltago harmonic 

Magnitude 

-0.5 ----tal 

- - - - - - - - - (b) 

·2.5 

-G.50~~---+--~-~4:----!-5 ---6~---!:----!---o 

AC vonage harmonic 

Phase 

Figure 4.18 CIGRE inverter harmonic transfer. negative sequence ac voltage to positive sequence ac current. 
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Figure 4.19 CIGRE inverter harmonic transfer, negative sequence ac voltage to negative sequence ac current. 

for m::: 1, 11, 13,23, etc. 
The most significant frequencies in the ac current are the terms for m = 1, and comprise the dc 

harmonic less the fundamental in negative sequence, and the dc harmonic plus the fundamental in 
positive sequence. Higher order harmonics comprise the 11, 23 etc. plus or minus the dc harmonic 
in negative sequence and 13,25 etc. plus or minus the dc harmonic in positive sequence. Allowing 
the approximation that J\(:bd

) = ~,the significant harmonics that appear, up to the m::::: 13 term, 
are listed in table 4.4. 

Figures 4.20, 4.21, 4.22 and 4.23, show the phases and magnitudes of the ac harmonic currents 
relative to the dc harmonic current at the test rectifier and inverter. 

Curve (a) is the measured value of the first order distortion term, while (b) is the value predicted 
using a steady commutation period, and (c) is that using a variable commutation period. The steady 
commutation period has only a small effect on the magnitude of the harmonic transfer, and the 
phase is delayed by half the commutation period. The effect of variation of the commutation 
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AC current distortion from dc current id = Id + IkCOS(kwot + 15k) 

N¥h;osin(~)cos[(k -l)wot + ao + ~ + 15k + 1/J] 

NV3:d1d { sin*7-]} 2cos[(k - l)wot + ao + 7x + 15kd - /x + i + 1/JJ 

N-2P{t dtLo sin( ~)cos[(l1 - k)wat - l1(ao + ~) - 15k + 1/J] 

N -V3bd1d { 8in[~1}2 cos[(l1 _ k)wot _ l1(ao + Itt ) _ 15kd + kltt _ 2!: + ./,] 
11" ~ 7x Vx 2 'f/ 

4 

N 2ff\ ltLosin(~)cos[(13 - k)wot -13(ao +~) - 15k -1/J] 

N¥{ Si,¥lf cos[(13 - k)wot -13(ao +~) - 15kd + * -i -1/J] 

Table 4.4 Transfer from dc current distortion to ac current distortion. 

period duration is rather stronger, affecting both magnitude and phase. Agreement between the 
measured and predicted transfer is reasonably good, indicating the validity of the modelled effects. 
Once again there were minor discrepancies at two harmonics, for the reasons discussed in earlier 
sections. 

4.3.3.2 Th de voltage 

There are two ways that dc current distortion affects the convertor dc side voltage. Firstly and 
most simply the commutation period modulation directly reflects a distortion onto the dc voltage. 

Secondly, the dc current distortion that is directly transferred through the convertor passes 
through the conv~rtor transformer leakage reactance. This in tum generates a voltage distortion 
at the thyristor J;rminals, which is transferred back onto the dc side by the convertor transfer"" 
function. It must be noted that ac side current distortion resulting from firing angle or commutation 
period modulation effects should not be included in this calculation. These effects are calculated 
incorporating the convertor transformers, and the currents and voltages are calculated for the ac 
system side of the convertor transformers. 

The contribution from the modulated component of the convertor transfer function gives the 
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Figure 4.20 CIGRE rectifier harmonic transfer, dc current to positive sequence ac current. 
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Figure 4.:2,1 CIGRE inverter harmonic transfer, dc current to positive sequence ac current. 

following expression for the de voltage of the twelve pulse convertor. 

Vd N Vicos(wot 1fJ). 
.p 

{2~ m E(±) JnC:
be

) cos[(m + nk)wot - m(ao + JLo) + nUhe - kJ.lO i) -m1fJ] 

+--1r-~ E(±) JnC:
be

) cos[( m nk )wot - m( ao + J.lO) - n( Oke kJ.lO + i) m1fJ]} 

(4.24) 

for m = 1, 11, 13,23 etc. 

If the commutation period is modulated solely as a of the dc current distortion, be and 
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Figure 4.23 ClORE inverter harmonic transfer, de current to negative sequence ac current 

Oke can be written 

10 

be = 2Xccos( l!!f ) 
V3NVx )1 - (cosao - ?JlN~)2 

(4.25) 

and 

Oke = kJ.lO/2 (4.26) 

. The second contribution is related to the ac side current and the COltVelrtortraJlSl()mJlers leakage 
reactance. ac side current transferred by the unmodulated traltlStl;;[ I1JIU:tlOn 

lac.p == N{2~ 
m 

+N{2~ 
m 

lie 2 . mJ.lO J.lO} -stn( -2 )cos[(m + k)wot - m(ao + --2 ) + Ok - m~] 
mmJ.lO 

h 2 . mJ.lO J.lO} stn(-)cos[(m - k)wot m(ao + --2) tik m~] 
mmf..lo 2 
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(4.27) 

for m = 1,11, 13,23, etc. 
When considering uncharacteristic frequencies the equivalent ac impedance of the convertor 

transformers is w..!c for a six pulse convertor, and for a twelve pulse convertor is 2~;' as the 
current is shared between the two convertors and convertor transformers. Thus the ac voltage 
distortion developed by these currents at the convertor-transformer interface, assuming a strong 
ac system, is 

v: _ {2V3 
act/' - 11' 

II;; 2 . mILo /Lo 11' } -'---:::-::~---sm(-)cos[(m + k)wot - m(ao + -) + Ih - - - m'I/J] 
mm/LO 2 2 2 

+{2~ 
m 

/LO 11' } )cos[(m - k)wot - m(ao + -) - bk - - - m'I/JJ 
2 2 

(4.28) 

for m "'" 1, 11, 13,23, etc. This can be rewritten for 24, etc. 

{
2V3 (1 + k)Xe 2 . /Lo /LO 11'} 

Vae", = -;- 2N lk /LO sm( T )cos[(1 + k)wot (ao + 2 + Ok - 2 - 'I/J] 

{
2V3 (k -I)Xe 2 . /LO /LO 11'} + -;- 2N lk /LO sm( T )cos[(k I)wot + (ao + 2 + bk "2 + 'I/J] 

+ {2V3 L (m + k + I)Xe lk 2 sin((m + I)/LO) 
11' m 2N m+ 1 (m+ I)/LO 2 

cos[(m + k + I)wot - (m + 1)(ao + /LO) + Ok - 11' 'l/Jl} 
2 2 

+ { 2V3 I:(m+l-k)Xc lk 2 sin((m+l)/Lo) 
11' m 2N m + 1 (m + 1 )/Lo 2 

cos[(m+l-k)wot-(m+I)(ao+-';)-Ok-; -1/Jl} 

{
2V3",(m+k-l)Xe lk 2 . ((m-I)/LO) + - L.t sm -"----;::--"-'--

11' m 2N m-I(m-l)/LO 2 

cos[( m + k - 1 )WOt - (m - 1)( ao + ';) + Ok - i + 1/J]} 

{
2V3 ,,(m - k -I)Xc h 2 . ((m - 1)/LO) + - L.t s~n -'-----'--'-

11' m 2N m - 1 (m - 1)/LO 2 

/LO 11'} cos[(m - k - l)wot - (m - 1)(ao + -) - Ok - - + 'I/J] 
2 2 

(4.29) 

resulting voltage is transferred to the dc side by the convertor transfer function. Direct 
substitution of equation 4.29 into equations 4.13 and 4.14 gives the related dc voltage spectrum 

{
2V3 (1 + k)Xe 2 . /LO 6V3 /LO 11' } 

2 lk-sm(-)-cos(-)cos[kwot + bk - -2] 
IT /LO 2 11' 2 

{ 
2V3 (k l)Xe 2 . /LO 6V3 /Lo 11' } + -;- 2 lk /Lo sm( T )-;-cos( T )cos[kwot - ao + Ok + ao - 2"] 
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_ {2V3 (1 + k)Xc hl:.-sin( «(m1-1)1'<l) cos 2 

'If 2 J.Lo 2 ml -1 

cos[(ml + k)wot - ml(aO + i,0) + Ih 

+ {2,!: ~sin( J.Lo 6V3 
II J.Lo 2 'If 

ml 

cos( (ml il )JlO) 

ml + 1 

. J.Lo 'If } cos[(ml + k)wot - ml(ao + 2) + 0", "2J 

{
2V3 (m+k+l)Xc Ik 2 . «m+l)J.Lo)6V3 (J.Lo) + 8m -cos-

11" m 2 m + 1 (m + I)J.Lo 2 'If 2 

cos[(m + k)wot + lik - m(ao + -) - -] J.Lo 11"} 
. 2 2 

{
2V3 + k - 1 Ik 2 . «m - I)J.Lo)6V3 (J.Lo) + 8m -cos-

11" m -1 (m -1)J.Lo 2 11" 2 

cos[(ml - k)wot - ml(ao + i) - 8", + il} 
_ {2V3 (k - I)Xc Ik~sin(J.Lo) 6V3 "" _::-:::r~....::...) 

'If 2 J.Lo 2 11" L-
mt 

cos[(ml - k)WOt 

J.Lo 11"} cos[(m - k)wot 8k - m(ao + 2) - 2'] 

{
2V3 "" k Ik 2 . «m I)J.Lo)6V3 (J.Lo) + -L- sm -cos-

11" m m-l (m-l)J.Lo 2 11" 2 

cos[( m - k )WOt - 8k 

+ {
2V3 ~ Ik 2 . «m I)J.Lo 6V3 '" C08«(

m111
)1'<l} 

L- ""-------'-----...,....--.,..--sln --- L-
'If m m - 1 (m -l)J.Lo 2 'If ml ml + 1 

cos[(ml + m + k)wot (ml + 1)(0'0 + i) + 8k (m 1)(ao + i) - i]} 
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{
2V3 ""' (m + k + l)Xc h 2 . ((m + 1)pO)6V3 ""' cos((ml~l)1l0) + -w stn-w 

1r m 2 m + 1 (m + l)po 2 1r ml ml + 1 

cos[(ml - m - k)wot - (ml + l)(ao + po) - 15k + (m + l)(ao + po) + ~]} 
222 

_ {2V3 I: (m + k -l)Xc ~ 2 sin((m -1)pO)6V3 I: cos((ml;l)1l0) 
1r m 2 m - ] (m - 1) po 2 1r ml m 1 - 1 

cos[(ml - m - k)wot ~ (ml -l)(ao + ~O) - 15k + (m -l)(ao + i) + I]} 
_ {2V3 I: (m+ 1- k)Xc h 2 sin((m+ 1)pO)6V3 I: cOS((mI2l)1l0) 

1r m 2 m + 1 (m + l)po 2 1r ml ml - 1 

cos[(ml + m - k)wot - (ml -l)(ao + ~O) - 15k - (m + l)(ao + i) - i]} 

{ 
2V3 ""' (m - k - 1 )Xc h 2 . (( m - l)po) 6V3 ""' cos( (mI1l

)1l0) + --w -- stn --w 
1r m 2 m-1(m-1)po 2 1r ml ml+1 

cos[(ml + m - k)wot - (ml + 1)(ao + i) - 15k - (m -l)(ao + i) - il} 

{ 
2V3 ""' (m + 1 - k )Xc h 2 . (( m + l)po) 6V3 ""' cos( (mI1l

)1l0) + --w Stn --w 
1r m 2 m + 1 (m + 1),uu 2 1r ml ml + 1 

cos[(ml - m + k)wot - (ml + l)(ao + i) + 15k + (m + l)(ao + i) + i]} 
_ {2V3I:(m-k-1)Xc h 2 sin((m-1)po)6V32::cos((ml;l)llo) 

1r m 2 m - 1 (m - l)po 2 1r ml ml - 1 

(4.30) 

This equation has far too many terms, but fortunately most are relatively smal1. The most 
significant harmonic that appears is listed in table 4.5. 

DC voltage distortion from dc current id = Id + hcos(kwot + 15k) 

¥ (l+k)Xc h..1...sin(a)IMcos(l!:9.)cos(kwot + 15k _ 2!:) 
7r 2 III 2 7r 2 2 

Table 41.5 Transfer from de current distortion to de voltage distortion 

Figure 4.24 and 4.25 shows the predicted and measured dc voltage distortion resulting from a 
dc current distortion. Only the component at the modulating frequency is shown. 

In each of figures 4.24 and 4.25, curve (a) is the harmonic transfer measured from dynamic 
simulation, curve (b) is the prediction derived from the effect of ac side current and the convertor 
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Figure 4.25 CIGRE inverter harmonic transfer, de current to de voltage. 

transformer impedances, and curve (c) is the full prediction including the effect of natural com
mutation period variation. The phase and magnitude predictions are close to those obtained by 
dynamic simulation. The most important effect is that of the convertor transformer leakage reac
tance combined with the simple convertor transfer functions. and only at the low order harmonics 
does natural commutation period variation have a significant 

i:"re:au~u(ms of distortion transfer around a 12 pulse HV dc convertor are developed from the transfer 
functions in chapter 3. They are compared with distortion transfer results from a time 
domain dynamic simulation model of a twelve pulse convertor. Bothmethods similar reSUlts. 
in phase. and general trends for all measured distortion transfers. 
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The results demonstrate that both the existence of a steady commutation period and the 
variation of its duration have an important effect on non-characteristic frequency relationships 
around a conveltor. For the case of firing angle modulation to both ac current and dc voltage, 
the commutation period duration variation was at least as important as its absolute duration, and 
for transfer of distortion between the ac and dc sides of the convertor, the commutation period 
duration variation was more important than its absolute value. It is apparent that for any model to 
accurately describe harmonic interactions around a convertor, it must closely address the dynamics 
of the commutation process. 

The transfer functions developed model the dynamics of the commutation process in an 
approximate way. The higher the frequency under consideration, the more important it is that the 
distortion levels are low. Because of this the verification is limited to low level frequencies below 
the first characteristic harmonic. Higher frequencies are likely to be less accurately represented. 

Although the effect of unbalance in the three phase supply is not discussed, the analysis is 
still directly applicable. Any three phase unbalance can be divided into fundamental frequency 
positive, negative and zero sequence components. The zero sequence components have no effect, 
and the negative sequence component can be treated as the distorting harmonic, with the consequent 
second harmonic on the dc side, third harmonic on the ac side, etc . 

. The analysis is also not restricted to integer harmonics, and can be used to study the convertor 
response to both steady state and dynamically varying distortion spectra, which may contain any 
frequency in any phase sequence. 

The next step in developing the model is to allow non-infinite ac and dc systems around the 
convertor. This is taken on in chapters 5 and 6, where firstly the individual effects of ac and dc 
system impedances are described, and then the combined effect is analysed. 



Chapter 5 

THE CONV RTOR FREQUEN NT 
UIVAL 

5.1 Introduction 

An HVdc convertor can be usefully described by the frequency dependent equivalent circuit 
it presents to both the ac and dc systems. This chapter introduces the concept of a convertor 
frequency dependent equivalent, and shows how through the relationships developed in chapter 3 
the convertor equivalent can be constructed. 

The most significant relationships of chapter 3 are written as linear functions, taking the 
frequency transformations as implicit. From these equations, and simplifying to consider only the 
response of the convertor at the applied frequency, terms are derived for the harmonic impedance 
of an HV dc convertor viewed from both the ac and dc sides. The predictions are checked by 
dynamic simulation, the most important mechanisms are identified, and the predictive accuracy is 
reviewed. 

Only the convertor equivalent admittance/impedance is specified. To predict steady state 
distortion levels the equivalent source needs to be specified, to which a number of terms from 
other distorting frequencies may contribute. However, this incomplete specification is sufficient to 
analyse the dynamics of waveform distortion around the convertor, which are of primary interest 
in this thesis. 

5.2 The convertor equivalent 

In general the ac system associated with a convertor comprises a complex network of transformers, 
overhead lines, filters, generators etc. The dc system associated with the convertor can also be 
complex, especially when the effect of the remote end convertor and its associated ac system 
is considered. In most studies of high voltage electrical networks, the simplification offered by 
reducing complex subsystems to electrical equivalents is useful, and in many cases essential. 
Work has been done on the simplification of ac systems to equivalent networks [Watson, 1987], 
and on the simplification of dc systems to equivalent networks [Bahnnan et al., 1986]. In each 
case, however, the lack of a suitable harmonic equivalent for a convertor that may be embedded 
in the system can be a limiting factor. For the purpose of this chapter, the ac and dc systems 
around the convertor are reduced to their equivalents, with the ac system modelled by a frequency 
dependent Thevenin source, and the dc system modelled by a frequency dependent Norton source. 
Cross-coupling between phases is not accounted for. The equivalents are illustrated in figure 5.1. 

A primary goal of this section is to reduce the convertor and its associated ac system, or the 
convertor and its associated dc system to a Thevenin or Norton equivalent. With the accompanying 
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system equivalents, the hannonic interactions around the convertor can be simply defined. This 
is illustrated in figure 5.2. 
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S.2 System equivalents with conveI1Dr equivalents 

The equivalents developed, due to the non-linear nature of the convertor, will have cross
coupling between frequencies, and can be written in matrix notation. 

The hannonic relationships for the convertor, ac and de systems shown are written in the 
following form 

Vde = [A].Vae + [B].73 (5.1) 

lac = [CJ.lde + [DJ.73 (5.2) 

Vac = [Zael·I ae + Vaeo (5.3) 

Ide [Yde].V de + Ideo (5.4) 

where 
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V de is the vector of dc side harmonic voltages, 

I de is the vector of dc side harmonic currents, 

Vae is the vector of ac side positive. negative and zero sequence harmonic voltages, 

I ae is the vector of ac side positive, negative and zero sequence harmonic currents, 

I dco is the vector of harmonic current sources on the dc side, 

Vaco is the vector of harmonic voltage sources on the ac side, 

7J is the vector of firing angle harmonics, 

Yde is the diagonal matrix of dc side harmonic impedances, and 

Zae is the diagonal matrix of ac side harmonic impedances. 
Matrices A,B,C, and D represent the convertor functions from ac voltage to dc voltage, 

firing angle to dc voltage, dc current to ac current, and firing angle to ac current respectively. As 
the frequency and phase sequence transformations are implicit in the structure of the matrices, 
each element need only describe an amplitude change and a phase shift, and can be written as a 
complex number. For some terms the phase angle of the harmonic is reversed as well as pha..<;e 
shifted, and the element will include a complex conjugation operator. 

If the firing angle modulation can be related by a linear or linearised function to the dc voltage 
or current, equations 5.1 to 5.4 can be manipUlated into the form 

(5.5) 

and 
(5.6) 

The convertor from the de side can be viewed as an impedance with a voltage source, and 
from the ac side can be viewed as an admittance with a current source. If the harmonic sources on 
the de side are zero, then from the ac side the convertor will appear as an admittance matrix, and 
if the harmonic sources on the ac side are zero, from the de side the convertor will appear as an 
impedance matrix. This needs to be interpreted very carefully. Given only one external harmonic 
source, many harmonics will be generated. However, all these harmonics are approximately 
linearly related to the originating harmonic, and the response of the convertor to the original 
harmonic, at the original harmonic, remains approximately linear. This is very important when 
the dynamic response to a harmonic excitation is considered. 

The elements of these matrices can be derived by numerical methods, as [Larson et al., 1989] 
did, or by transfer functions as mentioned by Anderson in the accompanying discussion, and 
developed by [Persson, 1970], or by the relationships developed in chapters 3 and 4. 

impedance 

It is clear from chapter 3 that even a single non-characteristic frequency, when applied to a convertor 
in the steady state, results in the generation of a multitude of non-characteristic frequencies. For 
a complete analysis, many frequencies need to be defined and many interactions considered. 

However, many waveform distortion problems are not steady state. Often non-characteristic 
frequencies may occur a..<; part of the spectrum of a system disturbance. the system response to 
those frequencies is well damped, a quick recovery is likely. If not, recovery may slow or even 
impossible. 

A useful measure in this context is the frequency dependent impedance of convertor. The 
response of the convertor to a voltage or current distortion can measured by the returned current 
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or voltage distortion at that same frequency. The response can be expressed as an admittance or 

an impedance. This impedance may have positive or negative real and imaginary values, which 
when taken in conjunction with the connected harmonic impedances may indicate light or even 
negative damping at some frequencies. This is basically a describing function technique. 

The impedance discussed is the impedance of the convertor Thevenin equivalent, or the 
admittance of the convertor Norton equivalent, at the frequency of interest. Also to be defined 
is the voltage or current harmonic source that may exist behind the convertor. To define this, 
all other externally generated harmonics need to be considered, along with their interactions, to 
see if an independent source exists at the frequency of interest. However, this source's very 
independence means that it does not affect the damping of the frequency in question, only the 
final steady state value. This chapter investigates in particular the impedance associated with 
the convertor Thevenin or Norton equivalent, with a view towards analysing the dynamics of 
wavefonn distortion around an HV dc convertor. 

Without writing out the full matrices from the tran."lfer functions of chapter 3, it is possible to 
take only the most significant tenns and write them as a set of simultaneous equations. As in the 

matrices, implicit in these equations is that the positive sequence Vacp and Iacp are at one harmonic 
higher than Vdch and Idch, which are in turn one harmonic higher than the negative sequence Vacn 
and Iacn. This enables the relationships to be written as vector multiplications. 

Vdch == alN(Vacp - asZxpN Idch) + a2N(Vacn - asZxnN Idch) + a3Jam + a4Jame 

Iacp == asN Idch + a6N Jam + a7N Jamd 

Iacn == asN Idch + lLr)N Jam + alON Jamd 

Jame == all NVacp + a12NVacn + a13Idch + a14Jam 

Jamd == a15N Vacp + al6NVacn + a17Idch + alsJam 

Jam == a19NVacp + azoNVacn + aztldch 

Vacp == - IacpZacp + Vacpo 

Vacn == -IacnZacn + Vacno 

Idch == Vdch/Zdch + Idcho 

(5.7) 

(5.8) 

(5.9) 

(5.10) 

(5.11) 

(5.12) 

(5.13) 

(5.14) 

(5.15) 

Letting k be the frequency on the dc side of a 12 pulse convertor, the tenns al to al8 have the 
following values 

6V3 JLo 
-;-cos( 2: )/0:0 + JLo/2 (5.16) 

(5.17) 6V3 JLo 
a2 == -cos(-)/ - 0:0 - JLo/2 

1r 2 

NVi3V3 . 
a3 == - sm(o:o) 

1r 
(5.18) 

NVi3V3 . 
---sm(o:o + JLo)/- kJLo 

1r 
(5.19) 

l:....sin(JLo)/- 0:0 - JLo/2 
1r Po 2 

(5.20) 

2V32sin(Hi)111) 
1r (k + 1) P 1 ~/_-_0:---,-0_---,-p---,-1:....../2_--=-,-,--_-,--kpI/2 1r/2 (5.21) 
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aU = [ -/-Lo J 
NVtVl - [cos(ao) - ~]2 . 

v3N~ 

2 . (k+l)/-lQ 
(k+l)/-LOsm( 2 )/ao+(k+l)/-Lo/2-7r/2 

65 

(S.22) 

(S.23) 

(S.24) 

(S.2S) 

(S.26) 

(S.27) 

(S.28) 

(S.29) 

(S.30) 

(S.31) 

(S.32) 

(S.33) 

a19, a20 and a2l depend on the convertor firing angle controller, and must be user specified. 
They are specified here for the two types of control described in section 3.S For the constant 
current control 

a19 = 0 

a20 = 0 

a2l = Gl 

(S.34) 

(S.3S) 

(5.36) 
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and for the minimum gamma control 

GICh (~/1r 12 + dJlo lao) 
+ 1)/aoGIG2 V1-- Vacp -

(5.37) 

azo = __ ,-_G_T_l ____ ( 1 + _d_Jl_o lao) 
1 + 1)/aoGICh VI V,cn-

(5.38) 

(5.39) 

These equations describe the interaction as shown in figure 5.3. This is similar to the three port 
network model proposed by [Larson et al., 1989], Linear superposition of the different effects 
is assumed, which means for example that commutation period modulation due to ac voltage 
does not affect the commutation period enough to significantly modify the effect of dc current 
modulation of the commutation period. This assumption is reasonable for small distortion levels. 
Interactions at higher order frequencies also exist, but at insignificant levels when their reflections 
back onto the original frequency are considered. 

AC 
equi v alents Converter 

Harmonic 
k+l 

Harmonic 
k-l 

Harmonic 
k 

DC 
equivalent 

.-.'""___ Firing angle 
modulation 

End of commutation 
period modulation 

Duration of commutation 
period modulation 

Figure 5.3 First order non-characteristic frequency interactions around a convertor 

The frequencies depicted in figure 5.3 are of primary importance. In a similar way to the 
conlmutation period variation, firing angle modulation will be mainly confined to the frequency 
one harmonic less than the positive sequence ac side distortion, one harmonic more than the ac 
side negative sequence distortion, and the same frequency as the dc side distortion, 

impedance viewed from the dc side. 

Applying a harmonic current to the convertor dc terminals results in a harmonic dc voltage at those 
terminals. Equation set 5.~ shows that voltage to be comprised of four parts, related to the relevant 
ac side positive sequence and negative sequence harmonics, to the modulation of the beginning 



5.3 HARMONIC IMPEDANCE 67 

of the commutation period and the modulation of the end of the commutation period. Assuming 
no harmonic sources on the ac side. each of these can be related to the dc side current harmonic, 
and thus each contributes an impedance term. Firstly, for simplicity. the impedance terms without 
control sourced firing angle modulation are considered. Secondly. control firing angle modulation 
is accounted for. 

5.3.1.1 Without firing 

Assuming a steady convertor firing with no natural or control sourced firing angle modula-
tion, the equations of section 5.3 can be solved to give the convertor de side impedance 

6 2 po 2 . ~o 
ZcomJdc = (-) cos(-)-sm( 

11' 2 ~o 2 
(5.40) 

The impedance is simply the scaled sum of the ac system harmonic impedance and the con
vertor transformer impedance, at both the relevant ac side frequencies. It is almost completely 
independent of the convertor steady state firing angle. 

A solution of the equations including commutation period variation effects is given in ap
pendix D, and the results are included here. 

Figures 5.4 and 5.5 show the measured and predicted impedances for the CIGRE rectifier and 
inverter, with their respective ac systems. 
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5.4 ClORE inverter dc side harmonic impedance, without firing angle control. 

Curve (a) of the figures represents the convertor dc side impedance measured from a dy
namic simulation, curve (b) represents the simplified impedance prediction, and curve (c) the full 
impedance prediction. The two impedance peaks on the dc side at the first and third harmonics 
relate to the second harmonic impedance peak on the ac side. The simplified prediction provides 
an easy and reasonably accurate prediction of convertor dc side impedance, and the prediction 
taking all the modelled mechanisms offers only a slight improvement. 

The most important effect of firing angle modulation in this case is to increase the returned dc 
hrumonic voltage, and if the firing angle modulation can be linearly related to the dc current or ac 
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Figure 5.5 CIGRE rectifier de side harmonic impedance, without firing angle control 

voltage, an additional impedance term is generated. This additional impedance can have positive 
or negative real or reactive parts. 

The derivation of and expression for the full dc side impedance are given in appendix D. 
In figures 5.6 and 5.7 the measured and predicted impedances are shown for the CIGRE model 

rectifier and inverter. The rectifier is operating in constant current control, and the inverter is in 
minimum gamma control. 
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Figure 5.6 CIGRE inverter dc side harmonic impedance, with firing angle control. 

In each figure curve (a) represents the convertor impedance derived from a dynamic sim
ulation, curve (b) the impedance prediction without firing angle modulation, and curve (c) the 
full impedance prediction. Agreement is good for the current controlled rectifier, and marginally 
improved for the minimum gamma controlled inverter. Numerical noise in the simulated results 
gives the jagged appearance of the plotted curve. 
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IFigmoc S.7 CIGRE rectifier dc side harmonic impedance, with firing angle control 

5.3.2 Convertor impedance viewed from the ac side. 

A similar approach is taken for the convertor ac side impedance, except that the harmonic source 
is confined to the ac side. Applying a harmonic voltage to the convertor ac terminals results in two 
harmonic currents flowing at those terminals. These are described by equations 5..[) and 5.~{), which 
show a contribution to these currents from the dc side harmonic current and from the modulation 
of the end of the commutation period. These two contributions are considered separately. 

5.3.2.1 Withou.t firing angle modulation 

Assuming no firing angle or commutation period modulation of any sort, the convertor ac side 
impedance for a positive sequence harmonic is 

~dch () 
~convacp=N2(6)2 (J.lo)2' (J.lo)+~xp+ ~acn+~xn 

:;r cos "2 J.lostn "2 
(5.41) 

The impedance is the scaled dc side harmonic impedance, plus the convertor transformer pair 
positive sequence frequency impedance, plus the ac side and convertor transformers impedance at 
the other significant ac side harmonic. Again the impedance is largely independent of the steady 
state firing angle. 

The negative sequence harmonic impedance can be written similarly 

ry ~dch ry + ( ry + ry ) 
LJconvacn = N2( 6)2 (l:!:!l) 2 . (,",,0) + LJxn LJacp LJxp 

:;r cos 2 J.lo s'tn"2 
(5.42) 

A full solution of the equations, including commutation period variation effects is given in 
appendix D, and the results are included here. 

Figures 5.8 and 5.9 show the measured and predicted positive sequence harmonic impedances 
for the CIGRE rectifier and inverter, including their respective ac systems. 

Curve (a) of the figures represents the convertor ac side impedance measured from a dy
namic simulation, curve (b) represents the simplified impedance prediction, and curve (c) the 
full impedance prediction. In this case the simplified prediction doesn't offer a very accurate 
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Figure 5.8 CrGRE inverter ac side harmonic impedance, without firing angle control. 
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Figure 5.9 CIGRE rectifier ac side harmonic impedance, without firing angle control 

prediction of the convertor ac side impedance. Most of the error is due to the commutation period 
modulation resulting directly from the ac voltage distortion. The extra current generated appears 
as an extra impedance in parallel with the urunodulated convertor impedance. Although the extra 
impedance is quite large, the urunodulated convertor impedance is also large, and the resulting 
effect is significant. The impedance prediction taking all the modelled effects into account offers 
good agreement with the dynamic simulation results. The main exception is at the sixth harmonic, 
because the contribution of the second order term at (12 - 6)wo has not been taken into account. 

5.3.2.2 With firing angle modulatimll 

The most important effect of firing angle modulation in this case is to increase the returned ac 
harmonic current, and if the firing angle modulation can be related to the dc current or ac voltage, an 
additional admittance term is generated. This additional admittance can have positive or negative 



5.3 HARMONIC IMPEDANCE 71 

real or reactive parts. 
In figures 5.10 and 5.11 the measured and predicted impedances are shown for the CIGRE 

model rectifier and inverter. The rectifier is operating in constant current control, and the invelter 
is in minimum gamma control. 
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Figure S.10 CIGRE inverter ac side harmonic impedance, with firing angle control. 
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Figure 5.11 ClORE rectifier ac side harmonic impedance, with firing angle control. 

In the figures curve (a) represents the convertor impedance derived from a dynamic simu
lation, curve (b) the simple impedance prediction with no firing or commutation period 
variation, and curve (c) the fun predicted impedance. Agreement is reasonable, and the convertor 
commutation period and control interactions are shown to be significant. 



72 CHAPTER 5 THE CONVERTOR FREQUENCY DEPENDENT EQUIVALENT 

5.4 Conclusions 

A generalised framework for presenting the relationships described in chapter 4 is presented. Using 
a simplified form of this framework, and solving algebraically, allowed terms for the harmonic 
impedance of the HV dc convertor viewed from both the ac and dc sides to be developed. 

The dc side convertor impedance proved relatively insensitive to commutation period variation, 
but quite sensitive to the firing angle control system. 

The ac side convertor impedance was shown to be similarly sensitive to the firing angle control 
system, but much more sensitive to commutation period variation than the dc side impedance. 

Comparison with results derived from dynamic simulations for test examples lends support 
to the impedance predictions. Knowledge of the convertor harmonic impedances is essential for 
any harmonic studies, and the expressions developed here offer a direct and reasonably accurate 
method of their calculation. 

Although a number of approximations have been made, agreement remains good between 
the algebraic predictions and the time domain simulation derived results. If the accuracy of 
the algebraic harmonic relationships can be regarded as acceptable, which the experimentally 
obtained results seem to indicate, then written in this form they provide a powerful tool for 
examining the HV dc convertor in the frequency domain. The convertor frequency dependent 
impedance is meaningless if taken in isolation from the rest of the system to which it is connected, 
and chapters 6 and 7 utilise the relationships developed to investigate the convertor behaviour in 
the context of the overall ac/dc system. 



AND 

6.1 Introduction 

Chapter 5 presented the convertor in conjunction with either the ac system impedance or the dc 
system impedance. This chapter considers the convertor in conjunction with both the ac and dc 
system impedances. This approach of embedding the convertor within the ac and dc systems. 
provides a means of examining the dynamics of the interconnected system. 

There are two possible ways of looking at waveform distortion dynamics. One is to consider 
the overall system impedance viewed at a particular point in the system. An obvious point to 
choose is the convertor dc terminals, where the convertor dc side impedance can be taken in 
combination with the dc system impedance. If a circuit resonance is indicated, and the impedance 
at resonance has a negative real value, an instability is indicated. This circuit approach was 
proposed by [Larson et al., 1989], and confirmed by example. 

Another way is to take a control systems approach, and consider the open loop frequency 
response of the overall ac-convertor-dc system. This takes exactly the same information, and 
presents it in a slightly different way. This presentation has the advantage of allowing access to a 
wide variety of control system analysis techniques. In principle this is dose to the approach taken 
by [Sucena Paiva and Freris, 1974] and [Ferreira et al., 1987], although quite different in detail. 

Firstly the circuit and control theory based approaches are presented, using the test 
system [Szechtman et al., 1991] current controlled rectifier as an example. The limitations of 
manipulation of convertor dc side equivalent impedance by firing angle control is discussed, and 
the predicted results are tested by dynamic simulation. 

A circuit approacb fi composite resonance 

The term resonance is most often used in reference to isolated parts of an overall system, usually 
being either the ac or the dc system. This sort of electrical resonance is well defined, being the 
frequency at which the capacitive and inductive reactances of the circuit impedance are equal. 
At the resonant frequency, a parallel resonance has a high impedance and a series resonance has 
a low impedance. This approach has led to the concept of a complementary resonance; a high 
impedance parallel resonance on the ac side coupled with a low impedance series resonance at an 
associated frequency on the dc side. 

A resonant circuit has another feature related to the circuit energy loss per period of the 
resonant frequency. In general terms, a quality factor Q can be defined as the total energy stored 
in the circuit divided by the total energy lost per period, multiplied by 21r. The quality factor gives 
a measure of damping at the resonrult frequency. 
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When the dc and ac systems are interconnected by an HVdc convertor, the system impedances 
interact via the convertor characteristics to create entirely different resonant frequencies. The term 
'composite resonance' is used to describe this sort of resonance, emphasising its dependence on 
all the components of the system. A special case of composite resonance, involving a convertor 
transformer core saturation contribution is discussed in chapter 7. 

A composite resonance will also have a composite quality factor, although in this situation the 
heavy damping implied by a ~mall positive quality factor is a desirable feature. 

It is generally accepted that harmonic instabilities involve the ac system, the dc system, the 
convertor and control system interactions. They occur at the composite resonance frequencies, 
and in fact are generated by a composite resonance with a negative quality factor. This type of 
instability could be called composite instability. 

The composite resonant frequencies are relati vel y easy to determine. A point near the convertor 
is selected (in this instance the de terminals of the convertor), and the equivalent admittances 
looking each way (ie. looking into the de system, and looking into the convertor) are added. The 
resulting admittance indicates a composite resonance when it is purely resistive. Although it is 
not so straightforward to determine the quality factor of the resonance, it is possible to generalise 
that a large admittance at resonance indicates good damping, a small admittance poor damping, 
and a negative admittance an instability. Equally, the two impedances could be added, indicating 
a composite resonance in the same way, and indicating damping such that a large resistance at 
resonance means good damping, a small resistance poor damping, and a negative resistance an 
instability. An example of this approach is given in the case study in section 6.5. 

A composite resonance may be excited by a relatively small harmonic source in the system, or 
by an imbalance in the convertor components or control. The amplification of a small source by 
the resonant characteristics of the system can present problems, and should be taken into account 
if steady state harmonic sources are expected. 

The concept of composite resonance has been introduced to give an electrical circuit theory 
based interpretation of ac/dc/convertor interactions. However, control theory provides a more 
generalised approach to analyse the same interactions, and in the next section a simple open loop 
gain Bode plot analysis is applied to an example. 

A control approacb - open loop gain 

Crucial to the frequency response analysis of the ac/convertor/dc system is the open loop gain of 
the signal path. To this end, firstly the loop itself must be specified. 

In a traditional control analysis a system is drawn as a control network, with the ordered 
variable as the input and the actual value of that variable as the output. The variable is measured 
and compared with its required value, and the control system operates with the difference between 
these. The response of the overall system is defined by the input and the output, which is closely 
related to its open loop gain. While this selection of input and output can and should be applied 
to the convertor control system, a slightly different arrangement is perhaps more usefuL 

without firing angle control, there are closed loops in the system, and the convertor has 
a response to a peltubation in the ac or dc side quantities. For example, the dc voltage at the 
convertor terminals may suddenly fall, due to either a dc line fault or ac system faults in either 
the rectifier or inverter ac systems, and the response of the dc current to this is very important 
in defining the overall power system dynamic characteristics. Thus the disturbance source is 
considered as the control system input, and the de voltage or current as its output. The convertor 
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has the capability to offer considerable assistance during transient fault recovery, the characteristic 
of which is defined by the open loop gain of the system just described. 

Figure 6.1 (a) shows the equivalent electrical circuit of the convertor and dc system, with 
a temporary pertubation represented as Eh. The relationships of the variables in the circuit are 
reorganised into a control system layout, as shown in figure 6.1 (b). The analysis is made with the 
recovery from a harmonic excitation in mind, ie. when the source Eh drops to zero, how quickly 
will the system harmonics drop to zero as well. 

Converter 
equivalent 

system 
equivalent 

Z 
convdc 

(a) Electrical equivalent (b) Control equivalent 

6.1 Convertor and dc system electrical and control equivalents 

The open loop gain of the control loop is 

olgain 
Zconvdc 

Zdch 

~ch 

(6.1 ) 

While there may little control over the dc system impedance Zdch, there is a degree of 
control over the convertor impedance Zconvdc. By exercising control over this impedance, it may 
be possible to manipulate the open loop gain to improve the overall system transient response. 

With no control input, as demonstrated in chapter 5, the impedances are extremely unlike! y to 
have negative real values. This is why although resonances are possible, instabilities are almost 
certainly related to control system parameters. 

The open loop related to the control system gain and phase, allows access to a variety of 
frequency domain control system design techniques, including Nyquist analysis, root-locus 
analysis, and Bode plots. These all allow not only the prediction of possible instabilities, but offer 
a means of control system response. 

To demonstrate the potential of specifying the open loop gain in this way, section 6.5 presents a 
bode plot analysis of the model HV dc link for three control system gains, and transient 
response is shown for each. 

analysis could equally have been applied to the ac system impedance and convertor 
ac side where similar results would be expected. 
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The closed loop gain of the desclibed system can be wlitten from the open loop gain as follows 

I
. olgain 

ega 2 n = --..,..----:--
1 + olgain 

(6.2) 

The closed loop gain is useful because it indicates the sensitivity of the system to a distortion 
source. An instability may not be indicated, but the closed loop gain of the loop may be such that 
only a small distortion source disrupts the convertor operation significantly. This approach yields 
similar information to the composite resonance analysis, and is illustrated in the case study. 

6.4 The effect of firing angle control on convertor impedance 

Both the approaches outlined above require a convertor equivalent impedance to be defined, in 
this case being the convertor impedance viewed from its dc terminals. This section quantifies 
how the control response affects the convertor dc side impedance, for the example of constant 
current control. This highlights one of the limitations of attempting to manipulate the convertor 
equivalent impedance by filing angle control. 

The expression for the convertor dc side impedance, from equation D.6 in appendix D, can 
be rewritten, extracting the terms associated with the type of control. For example, for a constant 
current controller, only the control term a21 has to be defined, and the dc side impedance of the 
convertor can be written 

AD 
Zconvdc = -( 1 _ C + B) + f z.a21 (6.3) 

where 

(6.4) 

Using this relationship, any dc side convertor impedance and open loop gain can be specified, 
within controller limitations. 

The limitation that a controller cannot see into the future, coupled with the phase delay inherent 
in the added impedance function f z, limits the range of achievable impedances. In figure 6.2, the 
frequency dependent transfer function of f z is plotted for the CIGRE test system rectifier, which 
shows clearly how significant phase delays are introduced. 

6.S Case study 

The example used is the CIGRE model HVdc link rectifier, with rectifier and inverter ac systems 
as specified in appendix E. Three constant current control gains are used, selected by the open 
loop gain to demonstrate a resonance, an instability, and stability. Dynamic simulations are run 
for each case, involving a three phase fault on the inverter ac busbar for 100 ms. The control gains 
for all three cases are given in table 6.1. 

The open loop transfer functions, drawn as magnitude and phase, are shown in figure 6.3 for 
two constant current control gains. A dominant frequency is indicated when the phase angle equals 
-1[" radians, and the gain is one or less. If the gain is greater than one, an instability is indicated 
at that frequency. Example 1 has a gain close to 1 at the composite resonance, and example 2 an 
instability at the same frequency. 
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6.3 Open loop gain for current control gains, examples 1 and 2. 

The same composite resonance is indicated by the gain peak of the closed loop gain plotted in 
figures 6.4. and by the resonance indicated by the characteristic phase angle of the series impedance 
shown in figure 6.5. 

The results of dynamic simulation runs are shown in figure 6.6. 1 demonstrates 
clearly the 70 composite resonance predicted by the open loop traJ1Sb~rfunction, and example 
2 shows the 70 instability also predicted by the open loop function. It should be 
noted that the composite resonant frequency is neither at the ac nor the dc system resonant 
frequencies. The combination must be taken to properly predict system characteristics. 

The results of the dynamic simulation also indicate that the predicted instability lises only to 



78 CHAPTER 6 SYSTEM HARMONIC INSTABILITIES AND RESONANCES 

IO'r---~--'---r---r---r---'---'---'---'--. 

~ 
.c: 
0.. 6 
u 
ffi 
(!) 

2 4 
E 
:il' 
::;: " 

Magnitude 

o~j0--~---------------------------:I 
" , , 

Phase 
" 

-~~--~--~~~~-~-4~'---5~--6~~7~--~--~~'O 
Harmonic mu~iple 

(a) Example 1. 

IO'r---,---.---.---r---,---,---,---,---'---

-2'0~---7---7---7~~4---75---76---77---7---7--~,O 
Harmonic multipla 

(b) Example 2. 

Figure 6.4 Closed loop gain for two current control gains, examples 1 and 2. 
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Figure 6.S Series impedance of convertor and dc system, examples 1 and 2. 

10 

a certain level and then stabilises. This is due to the non-linearity of the effect of firing angle 
modulation on the convertor. As the firing angle modulation amplitude rises, its effect does not 
rise proportionally. This was noted in section 3.2. 
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Figure 6.6 Rectifier dc cUIrent, start-up and response to inverter ac system fault for examples 1 and 2. 

Example. Proportional Integral Approx. gain 

No. gain T at composite 

Rad/kA kA-s/rad resonance 

1 0.99 0.0101 1.1 

1.10 0.0091 1.5 

0.83 0.0164 

Table 6.1 Current control gains for test case examples. 

6.5.1 A simple optimisation 

The design of an HVdc convertor firing angle control system has to satisfy a wide range of cri
teria, which invimabl y forces compromises to be made. Some of the criteria are limitation of 
overcurrents, limitation of overvoltages, accuracy of control, minimisation of reactive power con
sumption, avoidance of commutation failure, ac system voltage and stability, avoidance 
of harmonic instabilities, and of course, minimisation of cost. 

The frequency dependent open loop gain developed in this can used to design a 
control system to avoid instabilities and minimise resonances. 

The example used is a constant current controlled rectifier. Very important requirements 
for this sort of control are fast operation, to limit potentially damaging overcurrents, and accuracy., 
These two requirements lead to widely accepted proportional/integral controller. Harmonic 
stability limits the allowable of the PI controller, and it is proposed technique described 
here can be used to quickly the acceptability or othenvise of proportional and 



80 CHAPTER 6 SYSTEM HARMONIC INSTABILmES AND RESONANCES 

integral gains. 
Given that control speed of response is perhaps the most important role of current control, 

in this example proportional control was maximised first, to a point that implied only a weak 
resonance at the the first troublesome frequency. Then the integral control gain was increased 

from zero until it began to significantly worsen the resonance, and finally a dynamic simulation 
run was made with the specified gains to check overcurrent, accuracy, and harmonic performance. 
The control gains are given in table 6.1. 
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Figure 6.7 Open loop gain for optimised current control, example 3. 

Figure 6.7 shows the resulting open loop gain plot, and figure 6.8 the results of the dynamic 
simulation run, with an inverter bus fault applied at 1 second. 
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Figure 6.8 Rectifier dc current, start-up and response to inverter ac system fault for optimised control gain, 
example 3. 

The results show a reasonable control response, with the dominant 70 Hz frequency being well 
damped, and the control speed and accuracy being acceptable. Better control speed and accuracy 
can be won only as a trade-off against the damping of the 70 Hz resonance. 

In the example shown, the problem frequency is very close to the required range of the PI 
current controller, which doesn't allow an alternative control strategy to be easily introduced. 
However, there is the possibility that a special purpose control block may be introduced to 
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control the problem frequency, affecting the PI control function minimally. This was proposed 
and demonstrated for higher frequencies by [Bodger et al., 1990], and repeated by [Kaul and 
Mathur, 1990]. The technique proposed here offers a fast and direct means of optimising this type 
of solution. 

6.6 Conclusions 

In HVdc applications to weak ac systems, a limitation on convertor control systems is related to 
system harmonic impedances. The concept of composite resonance is introduced, involving the 
convertor, convertor control, and ac and dc side harmonic impedances as an integrated whole. 
The system is represented as both an electrical network, and as a closed loop control system. The 
open loop gain is determined for the control system, and a Bode plot analysis applied to predict 
the distortion dynamics. 

The analysis indicated that the convertor control system is a critical factor in determining 
system waveform stability, and that the dominant frequency is not limited to integer multiples of 
the fundamental frequency. 

As an example, the analysis was applied to a current controlled HV dc rectifier station for several 
choices of control gain. Results obtained by dynamic simulation agreed with the predictions, 
lending support to the frequency domain approach. 

Although the simple example of selecting constant current control parameters was used. the 
set of equations used can be manipulated in a similar way to analyse the effect of any control 
strategy. Further to this, the design of special control blocks to manage composite resonances at 
higher frequencies may be easily undertaken. 

The technique developed here should prove a useful tool in optimising convertor control 
systems, with particular regard to recovery from system transients and avoidance of harmonic 
instabilities. A large body of theory has been developed for controlled systems. and this chapter 
demonstrates that the linear frequency domain convertor model is sufficiently accurate to allow 
useful access to control theory techniques. 





Chapter 7 

CONV RTOR TRAN FORMER CORE 
RATIO I STABI ITI AND RESONANC 

7.1 Introduction 

Core saturation instability is a special case ofhannonic instability or resonance involving the HV dc 
convertor. It is a composite resonance similar to that described in the previous chapter, except that 
the overall system includes an additional contribution from convertor transformer core saturation. 
It was first reported by [Ainsworth, 1977], and in spite of a number of publications about the 
problem [Yacamini and de Oliveira, 1980a], [Yacamini and de Oliveira, 1980b], [Hammad, 1992], 
only [Stemmler, 1987] attempted a formal mathematical description. The transfer functions 
developed in chapter 3 are ideally suited to an analysis of this problem, and using them in 
conjunction with ac and dc system impedances, the nature of the instability is described. 

The mechanism of the phenomenon can be easily explained. If a small level of positive 
sequence second hannonic exists on the ac side of a convertor, a fundamental frequency voltage 
distortion will appear on the dc side. Through the dc side impedance, a fundamental frequency 
current will flow, resulting in a second hannonic positive sequence current and a dc current flowing 
on the ac side. The dc current flowing on the ac side will begin to saturate the convertor transformer, 
resulting in many hannonic currents being generated, but particularly a second hannonic positive 
sequence current. Associated with this current will be a second hannonic positive sequence 
voltage and in this way the feedback loop is completed. Stability is determined by the phase and 
magnitude response of the feedback loop, and this is the analysis that is attempted in this section. 

Firstly the second hannonic positive sequence response of the convertor transformer to a 
dc current is examined. Using the ac and dc system hannonic impedances, and firstly the 
simplified and then the complete convertor transfer functions, the remainder of the feedback loop 
is determined and the nature of the instability is established. Finally, the criteria is used to evaluate 
a range of current control responses for a test example, and some dynamic simulation test cases 
run for verification. 

7.2 Convertor transformer core saturation harmonic contribution 

It has been shown that the low order hannonic contribution of dc-saturated convertor transformers 
is approximately linear [Yacamini and de Oliveira, 1978]. For the purposes of this analysis a 
simplified relationship is deduced, based on that in [Stemmler, 1987]. 

To determine the convertor transformer core saturation hannonic contribution, firstly the 
effect of a dc current on the transformer excitation current is examined. Conceptually it is easiest 
to consider the dc current on the transformer secondary, and the magnetisation current on the 
transfOlmer primary. A single phase transformer is considered to strut with. 
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The effect of a dc current component impressed on the convertor side of the convertor trans
former is to modify the magnetisation current waveform. The dc current puts a bias on the 
transformer flux, and even a very small dc current will force an assymmetrical magnetisation 
current. The single phase magnetising current, referred to the secondary side, is shown as i mag in 
figure 7.1. 

i mag 

(a) Without secondary dc current 

\nag 

(b) With secondary dc current 

Figure 7.1 Convertor transfonner primary magnetising current, with dc offset. 

A secondary dc current of 10, by establishing a constant flux in the transformer, moves the 
magnetisation characteristic from that shown in figure 7.1(a) to that shown in figure 7.1(b). If it 
is assumed that the transformer is usually magnetised close to the limit of the unsaturated region, 
even a small dc component will cause transformer saturation to occur in one half of the cycle. In the 
steady state no dc will appear in the primary side magnetisation current, so the area of the positive 
part of the magnetisation current 1mag must equal the area of the negative part. The time integral 
of the current pulse during saturation is equal and opposite to the time integral of the equivalent 
dc offset from the secondary side. The magnetisation is such that the slope of the 1mag I flux 
characteristic is orders of magnitude greater in the saturated region than the unsaturated region, 
which lets the saturation current pulse be of sufficiently short duration to allow a Fourier series to 
be simply derived for the three phase primary magnetisation current. 

Only the second harmonic term of the Fourier series is taken into account, and other terms that 
may feed back through the convertor - dc system - convertor - ac system loop to become second 
harmonic are neglected. Considering the three phases, the second harmonic current absorbed by 
the transformer for a dc current entering it, or conversely the second harmonic current generated 
for a dc current leaving it, is 

lz = - 21ocos(2wt + 7jJ) (7.1 ) 
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Observation of the telms developed in chapter 4 reveals that if dc current is generated on the 
convertor ac side as a result of low order harmonics, it appears in the following form: 

fo = X.cos(Y + 'ljJ) (7.2) 

where X and Y are constant in time. When this current is applied to the convertor transformer, the 
resulting second harmonic current generated is, from equation 7.1 

h = -X. [cos(2wot + Y - 'ljJ) + cos(2wot - Y)] (7.3) 

of which only the positive sequence part needs to be taken into account 

h+ = -X.cos(2wot + Y - 'ljJ). (7.4) 

Thus if the frequency and phase sequence are taken as implicit in the h+ and fo terms, then 
vectorially the relationship can be written as 

(7.5) 

For the remainder of the analysis, this relationship is applied to convertor transformer primary 
side quantities. 

7.3 Harmonic instability analysis, with no firing angle or 
commutation period modulation 

The magnetisation current of the saturated transfOlmer can be considered a harmonic current 
source, which feeds into the combined impedance of the ac system and the convertor. Figure 7.2 
shows the equivalent circuit for the analysis, and the interrelationships around the convertor are 
described by equation set 7.6. Lm is the convertor transformer magnetisation inductance, and 
L/ is the convertor transformer leakage inductance, scaled to the primary side. Zacpx is the sum 
of the second harmonic impedance of the ac system Zacp and the convertor transformer second 
harmonic combined leakage impedance. The transformer leakage and magnetisation inductances 
are divided by two for a twelve pulse convertor analysis. 

Assuming that the dc current in the transformer secondary doesn't pass into the ac system, the 
circuit equations combined with the simplified convertor equations (from section 5.3) are 

Vdch = alNVacp - alasN
2 

Zxpfdch + alN h+Zxp + a2 NVacO 

h+ = -fo 

facp = as N fdch 

fo = agN fdch 

Vacp = - facpZacpx + h+Zacpx 

dfo 
VacO = -Lm dt 

Vdch = fdchZdch (7.6) 

The analysis depends on the existence of an extremely small initiating harmonic in the first 
instance, and an instability is indicated when the harmonic level will grow by itself. Simultaneous 
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Figure 7.2 Mechanism of convertor transformer core saturation instability 

solution of equation set 7.6 leads to, for no firing angle modulation or natural commutation period 
modulation, 

[ 
2 as 2 d 

Zdch+ al a5N (1+-)(Zacpx)+a2 asN L m -
d 

]Iacp=O 
a5 t 

(7.7) 

This is a first order differential equation, and if the 2nd harmonic current Iacp is considered as a 
vector, the dynamics of that vector will take the form of a change in magnitude, and a rotation of 
that vector. The instability can be most simpl y described by a multiplication of the harmonic vector 
by the term e(a+jb)t, where eat describes the vector increase or decrease, and e jbt describes the 

vector rotation. If a is negative, the second harmonic will die away over time, and if a is positive, 
it will grow, and an instability problem is indicated. The vector lz+ is written as e(a+jb)t I, where 

I is the initial harmonic current vector. Thus !tlz+ = (a + jb )lz+, and equation 7.7 can be solved 
for a and b 

1 [ 1r 2 I Zdch I I I ( ) a = - - (-) 2 Jlo 2 . Jlo COS( (Jdch) + Zacpx cos (Jacpx 
Lm 6 N cos( T ) Jlo sm( T ) 

+ I Zacpx I cos((Jacpx + 2(ao + ~))] (7.8) 

1 [( 1r )2 I Zdch I . ( ) I I' ( ) b = -- - 2. S2n ()dch + Zacpx stn ()acpx 
Lm 6 N2cos(¥)J.lOsm(¥) 

+ I ZacpxIsin((Jacpx + 2(ao + ~))] (7.9) 

If a is negative, harmonic stability is indicated. The result of the analysis indicates that both 
the second harmonic and the dc term are slowly varying in time, either increasing towards an 
instability or decreasing towards stability. 

Observing the term for harmonic increase or decrease a, it is clear that the ac side second 
harmonic resistance Zacpxcos( ()acpx) and the dc side first harmonic resistance ZdchCOS( ()dch) both 
contribute to the system harmonic stability, and only the term Zacpxcos( f)acp + 2( ao + jO)) can 
be negative and contribute to an instability. Thus for a rectifier we can say that for this type of 
instability to occur, the ac system second harmonic impedance must be predominantly inductive, 
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and in general a reduction in the firing angle will render the system more stable. Similarly, for an 
inverter, the ac system must be predominantly capacitive, and an increase in the firing angle will 
render the system more stable. 

In both cases, the ac and dc side resistances must be small. Given no firing angle or commu
tation period modulation, stability is not dependent on the dc current setting. If an instability is 
dc current dependent, either natural commutation period modulation or the control system firing 
angle modulation must be suspected. 

The dynamics of this type of instability involve not only a slow growth or decay of the 
magnitude of the second harmonic and dc terms, but also a rotation of the vectors that describe 
them. This variation of the zero frequency (or dc) term in time causes a variation in transformer 
flux, which in tum passes some of that variation on to the ac system side of the transformer. In 
this way, depending on the rate of variation of the 'dc' term, and the ac system and transformer 
characteristics, the current is divided between the ac network and the transformer magnetisation. 
The transformer saturation is reduced, and the likelihood of an instability is reduced. Thus the 
terms developed in this first step may be mildly pessimistic. It is straightfOIward to revise the 
analysis to include this effect, but there seems little advantage in doing so. 

This criteria represents a simplified view of this form of instability, as both natural and 
control based modulation of the beginning and the end of the commutation period have not been 
accounted for. Further to this, the convertor transformer has been assumed to be on the verge of 
saturation when the waveforms are undistorted, and any margin here will reduce the likelihood 
of an instability. However, observation of the criteria indicates that this type of instability may 
be critically dependent not only on ac and dc side harmonic impedance magnitudes, but on their 
characteristic phases. The frequency at which this sort of instability occurs is within the bandwidth 
of most firing angle control systems, and the next stage is to include the effect of firing angle 
control and natural commutation period modulation. 

7 A Harmonic instability analysis, with firing angle and "'''''l!JUllUUIIUlOAn'''''.Dl'UI 

period modulation 

The saturation characteristic of the convertor transformers is independent of the convertor transfer 
function, and the analysis of section 7.2 stands. 

However, the interaction of harmonics around the convertor itself can be changed significantly. 
Remembering that the ac side current injections resulting from firing angle or commutation period 
variations are calculated at the transformer ac side terminals, a complete set of equations can be 
written for the configuration in figure 7.2. The equation set includes the reduced equation set of 
appendix D, and the following equations 

lz+ = -10 

Vacp = -lacpZacpx + lz+Zacpx 

VacO = Lm ~o 
Vdch 1dchZdch (7.10) 

In the second equation the term lz+ Zacpx could be written as lz+ Zacp. if the magnetisation current 
distortion was assumed to be confined to the ac system side of the transformer. Which is chosen 
is not critical to the result. 
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This set of equations can be solved to yield similar criteria. Using the reduced equation set D.l 
of appendix D, and the following assignments 

A = -hLm 

B = -dZacp 

C = -gZacp 
c 

D = -eLm 

E = -gZacpx 
c 

(7.1 1) 

the differential equation can be written 

(AB (-1 + + B(l - E) + FC)/acp (7.12) 

resulting in 
1 + a = Re( ---,----'-:----:-,...::--- (7.13) 

1+ E + B(l - E) + FC) 
b = ! m( AB A _ CD (7.14) 

If a is positive, an instability is indicated. 
In the test case used this term turns out to be significantly less than those developed in the 

previous section. The test case has a high second harmonic ac side impedance and a low first 
harmonic dc side impedance. Both ac voltage and dc current distortion affect the commutation 
period duration, the effect of which, for the test example, is to significantly reduce the stability 
margin. Although decreasing the firing angle was expected to improve the stability margin, the 
consequentially increased commutation period has the opposite effect. 

The equations developed here demonstrate that the interactions around the convertor and 
convertor transformer are complex, and at this stage no general statement can be made about what 
a wise choice of control solution may be. 

As mentioned in the previous section, no general statement can be made about the choice of 
a control solution to minimise transformer core saturation. Further to this, there are many 
requirements placed on convertor control systems, and robustness against this sort of instability 
is only one of them. A compromise would typically have to be reached that gives adequate 
performance in all areas. 

To this end the Saturation Stability Factor (SSF) is specified as -a, where a is as specified in 
equation 7.13. saturation stability criteria is sufficiently simple that a wide of control 
possibilities can checked and analysed using only a few seconds of computer time. values 
generated can checked to define regions of suitable control response and regions to avoided. 
This is done for an example in section 7.6. 
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,-,,,' ... s,,-,-, HVdc convertor benchmark model, modelled in the transient program EMTDC, was 
chosen again as an example to test the validity of the stability criteria. The convertor transformers 
were set to saturate at 1.1 per unit voltage. A three phase fault was applied at the rectifier bus, 
and released an odd number of half cycles later, to provide a difficult case of transient transformer 
saturation. 

7.3 shows the Saturation Stability for a of control responses, where the 
control is specified to be dependent only on the dc current. Values below zero and above 

are truncated, so as to clearly show the region of stability. 

6 
Control phase lag (radians) 

1.25 

Control gain 
(rad/kA) 

Figure 7.3 CIGRE benchmark rectifier Saturation Stability Factor for current control magnitude and phase response. 

While an ideal response might seem to be at a control gain of around 1.2 and a phase delay of 
around 4 radians, this is quite a sensitive area on the surface and a lower gain would be a more 
sensible choice. Considering just a simple proportional/integral controller, typical to a rectifier 
installation, the SUrface clearly indicates that too much proportional gain without enough integral 
gain will cause an instability. A low or negative value of the criteria indicates undesirably poor 

damping of transients involving transformer saturation. 
Three different proportional/integral control gains are chosen, stability factors calculated, 

and the transient recovery waveforms shown for the test example. Table 7.1 shows proportional 
and integral gains of the rectifier current control block and the calculated saturation stability factor. 
The example used a very strong parallel resonance at the second harmonic on the ac side and 
a series resonance at the first harmonic on the dc side. As noted in section 7.3, the dynamics 
of the distortion growth or decay involves a rotation of the vectors both the second 
harmonic and the 'dc' terms. Although in this instance it amounts to only around one quarter of a 
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hertz, this frequency shift changes the impedance characteristics sufficiently to cause a significant 
change in the SSP. A revised stability factor is calculated, where the frequency shift indicated 
by the tenn b is approximately allowed for in the impedance characteristics used in the stability 
calculations. The revised values are the closest match to the nearest one twentieth of a hertz. 

Proportional Integral Saturation Revised Revised b Time for 

No. gain T stability dc side distortion to 

Rad/kA kA-s/rad factor frequency drop to 10% 

1 0.275 0.0182 5.2 49.75 -1.9 1.2 sec. 

2 0.55 0.0182 3.9 49.8 1.8 -1.3 1.3 sec. 

3 0.825 0.012 2.8 49.8 0.52 -0.93 5 sec. 

Table 7.1 Saturation stability faetur for test case examples. 

These three examples check only a relatively small region of the predicted control re
sponse/stability factor surface. Other requirements on the controller, such as accuracy and har
monic stability, limit the verification of the full range while simple proportional/integral control is 
maintained. The revised SSF values allowing for the slight frequency shift due to the rotation part 
of the saturation dynamics are considerably different, due to the unusually extreme resonances in 
the ac and dc systems. If a resonance exists near the critical frequencies, care needs to be taken to 
allow for the slight frequency change due to the vector rotation described by the tenn b. 

Utilisation of a controller that selects only the critical frequency, and applies the appropriate 
gain and phase, might be a useful tool to control this type of instability. Using modem computing 
techniques, it would be feasible to real-time Fourier Transfonn the dc current waveform, extract the 
de side fundamental frequency component, and synthesise a modulation waveform to be applied 
to the convertor firing angle. This sort of control would leave the traditional proportional/integral 
current control to be optimised for accuracy and frequency response, although the implications of 
the inevitable band spread of any specific frequency measurement need to be carefully considered. 

Figures 7.4 to 7.6 show the dc side current and magnetic saturation current absorbed by the 
transformers during the recovery period, as these demonstrate most clearly the dynamics of the 
situation. 

In each of figures 7.4, 7.5, and 7.6, the slowly decaying fundamental frequency on the dc 
side current can be clearly seen. The three phase traces representing the combined transformer 
saturation currents show the dynamic nature of the distortion levels produced by the convertor 
transformers as a result of the dc impressed by the convertor. It is apparent that the representation 
of the transformer dc current as a slowly rotating and decaying negative sequence vector set is 
reasonable. In these three examples the rotation of the vector set is predicted to be at an angular 
frequency of between -0.93 and -1.9 rad/sec., which translates to an oscillation period of between 
3.5 and 7 seconds. It is not so easy to accurately assess the variation from the simulation 
but it is consistent with both the order of magnitude and the direction of the prediction. 

The damping factors of Table 7.1 agree quite closely with the experimental results. Somewhat 
surprisingly, the experimentally derived saturation dynamics are damped a little more lightly than 
predicted. strong second harmonic resonance in the rectifier ac system makes the impedance 
phase and magnitude extremely sensitive to small changes in frequency. The approximation of 
frequency to the nearest one twentieth of a hertz is in this case a significant source of error. Even 
given this, the between predicted and measured dynamics is sufficient to useful in a 
control design process. 
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Figure 7.4 CIGRE benchmark rectifier transformer saturation transient response, example 1. 
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7..5 ClORE benchmark rectifier transformer saturation transient response, example 2. 
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7.6 CIGRE benchmark rectifier transfonner saturation transient response, example 3. 
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It must be remembered that a number of approximations have been made to get to this 
point. As well as the approximations regarding the effect of current and voltage distortion on the 
commutation period duration discussed in chapter 3, these predictions assume that the transformer 
saturation reactance is very close to zero, and that all the near-dc current generated by the convertor 
goes into magnetising the transformer, and none transfers through into the ac system. However, 
as the results show, for at least three points, the predictions give a good relative indication of the 
damping of this type of waveform distortion. 

Conclusions 

This chapter has examined in some detail the mechanism of conveltor transformer core saturation 
stability. The analysis has shown that convertor transformer core saturation phenomena are 
critically dependent on convertor firing angle, ac and dc system impedance phases and magnitudes, 
and the convertor control system. A term, called the Saturation Stability Factor, has been developed 
to give a measure of the damping of this phenomena, thus providing a measure of the quality of a 
control system in controlling this type of distortion. This has introduced the notion that not only 
should a possible instability be controlled, but damping should be as strong as possible. 

The analysis also showed that the nature of the core saturation-convertor interaction is such 
that it will occur at a frequency slightly offset from the expected frequencies of fundamental on 
the de side and second harmonic on the ac side. If these frequencies are close to resonances on 
the ac or dc sides, impedances revised to the changed frequencies must be used. In the examples 
used, a change of only 0.25 hertz had a significant effect. 

There are many requirements on a convertor control system, and control of an instability of 
this type is only one of them. The final choice of controller is likely to be a compromise, and to 
this end a surface can be generated, giving the saturation stability factor for a full range of control 
possibilities. In this way, one control choice can be easily rated against another. This should be a 
useful tool for the control designer, leading to a faster and more informed choice of the convertor 
firing angle control system. 
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BACK TO NTROL 

Introduction 

The back to back link is an important application of HV dc interconnections, due to its fast 
controllability, and its ability to decouple ac system phase and frequency at the convertor bus bars. 
By these virtues back to back installations don't increase short circuit levels in either of the 
connected ac systems, and can be easily controlled to enhance frequency stability on one or both 
sides. The frequency transforming nature of a convertor means that power flow imposes few 
constraints on ac system phase or frequency. 

In most cases back to back links have inherited the same control structure as the more 
common long distance transmission schemes. Each convertor is controlled independently, with 
coordination being maintained via the current order from a power controller. Due to the proximity 
of the rectifier and inverter, coordination is possible at a much lower level, down to the firing 
impulses themselves, but this is not often taken advantage of. 

This chapter presents a control system for a back to back HVdc link that coordinates between 
the rectifier and inverter at the level of the firing angle order. The traditional control arrangement 
is presented briefly in section 8.2, and the philosophy of the unified control system is expanded 
on in section 8.3. Section 8.4 outlines the structure of the new controller, and a variety of control 
strategies that lend themselves to this system are discussed in section 8.S. 

The choice of suitable control strategies is detennined mainly by the ac system dynamics. 
Section 8.6 examines the features of convertor/ac system interactions that govern this choice, and 
proposes two new measures to aid the decision process. Finally, a case study is presented to 
demonstrate the use of the new control proposal and the new measures. 

8.2 The approach 

Most HV dc links adopt a similar control approach. A minimum extinction angle at the inverter is 
typically set between and 20 degrees, chosen to balance between commutation failure control 
and reactive power consumption, with the inverter controlled to maintain this angle, called gamma. 
Current control is maintained at the rectifier, with a steady state angle typically between 10 
and 15 degrees. control angle margin at the rectifier is such that ordered current can be 
maintained by rectifier action for a range of disturbances. On rare and short-lived occasions 
that the rectifier loses current control, the inverter abandons gamma control and takes 
over current control at a reduced current order. 

Change-over between rectifier and inverter current control is coordinated by a third control 
block. This control arrangement is commonly depicted the vd-id diagram, where both the 
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rectifier and inverter vd-id characteristics are plotted. The operating point is defined by the 
intersection of the two characteristics. A typical vd-id diagram is shown in figure 8.1. 

Lnangeover _ 
between rectifier 

and inverter 
current control 

Inverter 
characteristic 

Figure S.l Vd/Id diagram of typical HVdc link control 

The transmitted power of the link: is controlled by a coordinated current order at both the 
rectifier and inverter, and through this some ac system frequency control is possible. 

While reactive compensation requirements, valve ratings, and overvoltage levels are min
imised at the inverter, something more than the minimum are required at the rectifier. However, 
given that most HVdc convertors are required to operate as both inverters and rectifiers during 
their life, to operate the rectifier at a firing angle near what its inverter mode minimum extinction 
angle would be, offers little or no increase in capital cost. 

Requirements for voltage and harmonic regulation may be difficult to meet with weak ac 
systems. Minimum gamma control at the inverter has a negative resistance characteristic, which 
tends to amplify fundamental frequency voltage variations at the inverter terminals. Typically, this 
exacerbation of voltage stability has been dealt with by dynamic reactive compensation techniques, 
either by a synchronous condensor, self saturated ac reactors, the thyristor controlled reactor or 
thyristor switched capacitors [Arrillaga, 1983]. The last three static options, while cheaper than 
the synchronous condensor, tend to have limited voltage support capability, and lower ac system 
harmonic resonant frequencies. Only for relatively large drops in system voltage does the the 
HV dc convertor take some appropriate action. This is commonly called 'voltage dependent current 
order limit'. or VDCOL, which drastically reduces the dc current order when the dc voltage falls 
below a preset threshhold. The consequent reduction in reactive current consumption at both ends 
of the link helps support the ac system voltage. A typical VDCOL characteristic is shown in 
figure 8.1. Voltage regulation is usually backed up by transformer tap change control. 

As HV dc technology is being applied to weaker and weaker ac systems, the possibility 
of operating the convertor at an extinction angle some away the minimum re-
quired by commutation failure requirements has been considered. was first suggested 

[Nishimura et al., 1976], and later investigated by a number of authors, of which [Szechtman 
et al., 1984], et al., 1985], [Grund et al., 1982], [Hammad and 1986], [Salgado 
et al., 1986], [Gavrilovic et at., 1987], [Erche et al., 1987] and [Franken and Andersson, 1990] 
are a few. extinction or firing angle margin allows for some voltage regUlation and support 
by firing angle control, in a similar way to that provided by static compensation. approach 
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has been implemented in some recent installations. Some examples are reported in [Krishnayya 
et at., 1986], [Hammad et at., 1991]and [Klenk et at., 1990], 

Overvoltage control can be exercised to a certain extent by temporarily operating the invelter 
or rectifier away from the firing angle or extinction angle limits. This imposes no limitations on 
the steady state operating conditions and thus costs can be kept at a minimum. An example of this 
strategy was employed at the McNeill back to back station [Burgess et al., 1990]. 

The control structure for a single convertor in a traditional scheme is shown in figure 8.2 

Firing Firing 
angle pulse 

Current order 
to other end 

select generator 

Tap change 
and 

compensation 

Converter 

Note: selected variable x 
can be AC voltage, reactive 

current, etc. 

Figure 8.2 Block diagram of typical HV dc convertor controller. 

8e3 The unified control approach 

8.3.1 Coordination of firing angles 

The concept of coordination of firing angle control between the two ends of an HVdc link is 
not new. As HV dc links are applied to interconnect weaker and weaker ac systems, problems 
such as transient stability, dynamic voltage control, and low order harmonic resonances become 
more critical. As a result, more complex control strategies are evolving, and the need for better 
coordination between ends is becoming more apparent. 

Every HVdc link has indirect coordination of firing angles via the centralised power control 
and resultant current order, and this is often used to enhance the ac system transient stability. Back 
to back links, having no telecommunication delay, lend themselves particularly well to a more 
coordinated control strategy. 

In some schemes the firing angles are coordinated directly. For example, at the Miles city 
station the convertor firing angles are directly adjusted to limit ac voltage variation when a capacitor 
bank is switched [Krishnayya et al., 1986], and the Blackwater tie has second harmonic damping 
based on simultaneous control at both ends [Stemmler, 1987]. 

In a back to back HVdc link, the basic control functions such as constant current or minimum 
extinction angle can be coordinated at the firing angle level as well, and this forms the basis of the 
proposed unified control system. 
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8.3.2 Choice of controlled variables 

A back to back link has two firing angles for simultaneous control. Each of these angles is 
constrained by minimum and maximum limits. This permits the control of two variables inde
pendently, except when a firing angle limit is reached, in which case only one variable can be 
controlled. 

The requirements of HV dc link control are such that functions such as commutation failure 
and current controls need to be very fast and form the core of the control system, while functions 
such as power flow, related to transient stability, can afford to be slower. 

The proposed unified control is fairly traditional in its choice of variables for high speed 
control. Current control is the first priority, and minimum extinction angle control is applied as a 
firing angle limit. If the minimum extinction angle or minimum firing angle limits are not reached, 
any variable or combination of variables may be selected to achieve what is called operating 
point control. The selection would typically be related to the voltage dynamics of one or both ac 
systems. 

8.3.3 Advantages of unified control 

Unified control of a back to back link as described has several advantages over the traditional 
control approach. They are described in the following paragraphs. 

A rectifier single or three phase undervoltage can cause current control to move to the inverter, 
and cause a reduction of direct current by the current margin. The unified control doesn't 
experience this change in direct current, and thus the effect of the transient is reduced. 

The traditional system requirement for a current margin demands an additional control for the 
occasion when current is between the inverter ordered current and the rectifier ordered current. The 
extra control, generally included as part of the extinction angle control, increases the complexity 
of the control system, and can affect the response of the gamma control loop. Unified control 
completely avoids this problem. 

Traditional control requires that the steady state firing angle at the rectifier be some margin 
away from its minimum, to minimise the likelihood of current control transferring to the inverter. 
Unified control doesn't impose this requirement, and the rectifier firing angle can be reduced 
towards its minimum value. This offers savings in equipment costs, and a reduction in rectifier 
side overvoltage levels. If the link is required to be reversed, economics could justify switching 
of reactive compensation from one side of the link to the other. 

Traditional control requires fast tap changers on the convertor transformers to maintain the 
rectifier firing angle margin. This margin isn't required by the unified control, thus tap changers 
can be slower, and even dispensed with on one or both sides if some operating range reduction is 
acceptable. 

A single or three phase undervoltage in the inverter ac system is one of the most difficult 
conditions for an HYdc link to respond to effectively. Minimum gamma control and current 
control are almost completely independent in the described unified controller, and as a result any 
current increase is solely due to the undervoltage and is not worsened by the minimum gamma 
control action. As a consequence power and ac voltage are less affected, and the likelihood of 
commutation failures is reduced. 

A better dynamic response can be expected. The current control works at both ends of the 
link whenever possible; thus there can be up to 24 pulses per cycle available for current control 
action rather than just 12. The use of the inverter firing angle by the current control, particularly 



8.4 THE CONTROL SYSTEM STRUCTIJRE 

during transients, means that the extinction angle is often greater than its minimum and the risk of 
commutation failure is reduced. 

Finally, when a control block in a traditional controller responds to an input, its output has 
to traverse from that block's limit to the existing firing angle before it can have an The 
structure of the unified control is such that, within firing angle limits, every control response is 
immediate. 

Only the convertor firing angle controls are described. The slower reactive compensation and 
transformer tap change control schemes, used to keep firing angles within predefined limits, are 
already well established in practise and are not repeated here. 

The proposed scheme lends itself to digital implementation, and no attempt has been made to 
implement an analogue equivalent. A block diagram is shown in figure 8.3, and an explanation 
follows. 
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Figure 8.3 Block diagram of unified controller 

loops 

The firing integral loops provide the gathering points for all the control functions. Subject 
to the firing angle limits, current control is achieved by increasing angle at one end and 
decreasing the angle at the other, and operating point control is achieved by simultaneously 
increasing or the firing angle at both ends. All the control inputs are summed and only 
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then are the limits applied. In this way all the control blocks have direct access to the firing angles 
at all times. 

8.4.2 Current control 

This control block determines the change made to the convertor firing angles by a proportional 
integral (PI) controller, as a result of the measured current error. This is merely the differential of a 
normal PI control block. The algorithm used assumes trapewidal integration, and determines the 
difference between the firing angle order of the previous computational time step and the present 
time step. The following equation expresses this difference. 

t 
d(t) = Gp(et - et-I) + Gi(et + et-.)"Z (8.1) 

et-I 

Output of control block 

Proportional gain 

Integral gain 

Current error at present time step 

Current error at previous time step 

8.4.3 Overall gain correction 

While the inverter and rectifier firing angles are away from their limits, both are acted on by the 
current and operating point controls. When a limit is applied, the gain correction block takes the 
current control lost at one end and adds it to the other, such that all the current control is confined 
to one end and the effect of the operating point control is lost. 

The correction is made by determining how far past the limit the current control needs to set 
the firing angle. This amount is added to the firing angle at the other end. When a variable limit 
is applied, such as the case of minimum extinction angle control, the same algorithm corrects for 
the current perturbation that would have resulted from the change in the applied limit. 

8.4.4 Operating point control 

The current control has no natural tendency to settle at minimum gamma at the inverter end, and 
will select any combination of firing angles at the rectifier and inverter that gives the ordered 
current. A separate control is therefore needed to bring the firing angles to their steady state 
operating values. 

The firing angles can be driven directly towards their steady state values using a predefined 
function, which can be designed for any recovery characteristic desired. A linear function, driving 
towards minimum rectifier firing angle and maximum inverter firing angle is the simplest example. 

Alternatively, some other physical quantity can be used to indirectly drive the firing angles 
toward their steady state values. The choice of variable is discussed in section 8.5.2. 

The firing angles at each end are driven towards their steady state values at the same rate, so 
that the current remains unaffected. 

8.4.5 Minimum extinction angle control, and firing angle limits 

A simple non-predictive minimum extinction angle controller is used, and applied as a limit to the 
inverter firing angle. 
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The limits are applied within the firing angle integral loops. In this way, when a limit is applied 
every control block is effectively reset to that limit, and there is no delay in the application of an 
alternative control. 

8.5 Control system strategies 

8.5.1 Steady state operating point selection 

As discussed above, unified control removes the constraint to have one firing angle operating 
away from its limit. The most economical operating strategy is to maintain both minimum 
alpha at the rectifier and minimum gamma at the inverter during steady state. In the test system 
used in section 8.7, reducing the rectifier firing angle from 15 to 5 degrees would reduce reactive 

compensation requirements from 0.6272pu to 0.5431 pu, and have no effect at the inverter. Filtering 
requirements would be reduced, as would load rejection overvoltage levels. 

In practise this is not quite attainable, as small system variations will keep both firing angles 
on average slightly away from their limits. 

The steady state operating point of a dc link also provides the starting point for its transient 
response. The transient response should be considered before the steady state operating point is 
decided on. 

8.5.2 Dynamic operating point control 

The dynamic control of the dc link operating point directly affects the link's transient response. For 
example, a convertor offers a great deal of flexibility in its response to an ac system overvoltage, 
as this type of transient can be ameliorated by increasing the rectifier firing angle or inverter 
extinction angle at the disturbed end. 

The control response is less flexible in the event of a transient undervoltage. The only 

possibility for improving the link response in this case is by providing fast reactive power control 
at the convertor terminals, or decreasing the rectifier firing angle or the inverter extinction angle 
at the disturbed end. Although economic requirements dictate that firing and extinction angles 
be near their minimum at steady state, the marginal cost of operating away from a minimum can 
be less than that of additional controllable compensation equipment [Salgado et ai., 1986], and 
in fact a number of control strategies have been discussed and implemented in traditional control 
systems [Szechtman et al., 1984], [Hammad et al., 1985]. 

The choice of the variable to define the system operating point depends on the characteristics 
of the intercolUlected ac systems. It may be suitable to choose a variable specific to one end only, a 
shared variable, or an optimally weighted combination of variables from each end. In general, the 
inverter end is by far the most difficult, and inverter based variables are chosen. A representative 
sample of possibilities might be inverter extinction angle, inverter firing angle, inverter reactive 
current, inverter reactive power, inverter ac voltage, and dc voltage. 1bese may be chosen to drive 
the inverter to operate at the minimum extinction angle limit, or to a point near that limit. 

8.6 Control system strategy evaluation 

The selection of the most suitable control strategy for a given application is a difficult task. The 
perfonnance of any control strategy is related to a number of factors, and a thorough investigation 
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of the dynamics of convertor-ac system interactions is required, section briefly examines 
control requirements and discusses some of the relevant interactions. 

choice of control .,v~'It"'Brn 

A very important consideration in any control design is its effect on the capital cost of the 
installation. Although the control system itself is a relatively cheap part of an HVdc link, its 
effect on transient overcurrents and overvoltages, equipment ratings and reactive compensation 
requirements has a direct effect on the equipment cost. 

most obvious capital cost saving is made by the selection of minimum steady state firing or 
extinction angles at the convertors. This minimises overvoltage levels, thyristor and transformer 
ratings, and reactive compensation requirements. Costs can also be saved by minimising the re
quirement for additional equipment such as controllable synchronous or static VAR compensators. 

A second cost is related to the operation of the installation. The link must perform well under 
a range of system transients, and if priority is given to commutation failure minimisation and 
frequency, voltage and harmonic regulation, performance can be optimised. The smaller the range 
of acceptable system transients, the greater the operational cost. 

A compromise between capital cost and system performance must be found. This requires 
a close examination of system transient characteristics, and an understanding of ac/dc system 
interactions. 

System disturbances 

What constitutes a remote system disturbance depends on the operating conditions of a given 
system. Utilities usually specify a disturbance for which the power should be maintained at 
the rated value in terms of the ac terminal voltage reduction without specifying any associated 
change of the ac system impedance, i.e. as if the terminal voltage was reduced only by ac system 
e.m.f. reduction [CIGRE and 1992]. This specification has two shortcomings. Firstly, 
most system disturbances result from some change in system parameters, ranging from a load or 
generation change to a fault event. Rarely will the system impedance remains constant, and only 
if the transient event is distant from the convertor busbar will it be a reasonable approximation. 
The second is that no account is taken of the possibility of fast voltage support at the convertor 
busbar. Given that convertor busbar fast voltage support will be designed to match the ac system, 
to define a disturbance in terms of convertor busbar voltage variation is to define a disturbance 
that is dependent on the voltage support strategy. 

However, if the ac system impedance can be estimated, then from the voltage variation 
experienced at the ac busbar, an equivalent remote source variation can be determined. This is the 
most practical way of specifying remote system disturbances. 

Small ac system disturbances commonly experienced at the convertor ac busbar are transformer 
tap changes, and the switching of filters or capacitive compensation. Given that these affect 
both the ac system equivalent impedance and source in a known way, these cases should be 
treated separately. The case of a commutation failure at the inverter is also worthy of separate 
consideration. 

Specification of a large system disturbance is much easier. Worst case conditions must always 
be considered, and these are ac busbar faults at both the rectifier and inverter, and dc line faults. 



8.6 CON1ROL SYSTEM SlRATEGY EVALUATION 103 

8.6.1.2 AC system features 

The difficulty of managing ac system disturbances as specified in section 8.6.1.1 is very dependent 
on the characteristics of the ac system. The three features of ac systems that may impose 
special requirements on the HVdc system are the fundamental frequency electrical equivalent, 
which affects voltage regulation and overvoltage levels, the mechanical inertia, which relates 
to frequency regulation and transient stability, and the harmonic impedances, which relate to 
harmonic regulation and may contribute to peak overvoltage levels. This discussion is confined 
to the issue of voltage regulation and overvoltage levels. 

Perhaps the simplest and most widely used measure of the difficulty of an ac system for an 
HV dc installation is the 'short circuit ratio', or SCR. This is defined as follows 

SCR = MVAsc 
Pd 

(8.2) 

where MV Asc is the short circuit MVA of the ac system, and Pd is the rated power of the dc link. 
This has led to the categorisation of ac systems into three groups. 
1). A high SCR system has an SCR approximately greater than 3. In general no special control 

or equipment is required for to maintain voltage regulation. 

2). A low SCR system has an SCR roughly between 2 and 3. Typically, some additional 
control or equipment will be required for voltage regulation, and temporary overvoltages and the 
possibility of low order harmonic resonances should be considered. 

3). A very low SCR system has an SCR of less than 2. Voltage stability at the inverter demands 
either special control (other than constant extinction angle), or very fast ac voltage control. Both 
ac overvoltages and harmonic resonances are likely to pose problems that may require special 
solutions. 

The SCR does not take into account the effect of uncontrolled capacitive compensation 
(including filters) at the convertor busbar terminals. If the ac system voltage decreases, the 
reactive current generation of the static compensation reduces also, further reducing voltage 
support. This effect is taken into account by the effective short circuit ratio, or ESCR, which is 
defined as follows 

ESCR = MVAsc - Qcomp 
Pdc 

where Q comp is the capacitive compensation MVAR at the convertor busbar. 

(8.3) 

For a specified inverter, the critical SCR and ESCR can be derived from the SCR and ESCR. 
When operating in constant extinction angle mode, these represent a minimum SCR or ESCR for 
voltage stability. 

These measures describe the ac system characteristics, in terms of the rated power of the 
dc link. While they are very useful as guides to the sort of problems one may expect, they 
take no account of alternative control strategies at the convertor, nor of any controlled reactive 
compensation at the convertor busbar. The interactions between the HYdc convertor, reactive 
power control, and the ac system needs to be established. 

8.6.2 AC/DC system interaction analysis 

The same three issues of waveform distortion, fundamental frequency voltage, and frequency 
regulation are of interest when considering the HV dc-ac interactions. Again this discussion is 

mainly limited to the subject of voltage regulation. 
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broad levels of complexity of analysis exist relating to convertor busbar voltage regu
lation. The first and simplest level assumes certain controlled variables to be held constant, thus 
limiting their useful predictive range to within a certain time window. Figure 8.4 [CIGRE and 

1992] shows the approximate time constants of some typical convertor controls. 
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Figure 8.4 Hierarchical levels of HVdc controls with typical time constants (from [CLORE and IEEE, 1992]) 

For example, if constant current is assumed, the predictions might be valid until constant 
power control comes into operation, or if constant power is assumed, the prediction will only be 
valid after the constant power control has taken effect. This is the level that can provide simple 
measures of overall system performance, and as a consequence enjoys some popUlarity. Small 
system perturbations are normally assumed. 

The next level of analysis takes into account the time constants of the system. Both the rectifier 
and inverter ends need to be taken into account, although usually relatively simply modelled, and 
control system theory is used. This is too complex to provide a simple measure of system 
performance, but provides a useful tool to more deeply understand the ac/dc system interactions. 
Small system perturbations are assumed for this level as well. 

Finally, there is a selection of digital computer programs that can provide an analysis of the 
ac/dc system interaction. These include transient stability programs, and the increasingly popular 
digital time domain simulation programs such as EMTP or EMTDC. The latter are being developed 
to a level of sophistication such that actual control hardware can be tested against a simulation 
program in real time, and are an indispensible tool in the latter stages of system design. 

A dominant theme in the literature regarding convertor/ ac system voltage interactions is that 
of voltage stability at an inverter ac busbar. Voltage instability can occur when an inverter is 
ordered to transfer power at beyond the maximum power limit for the ac system and the given 
control strategy. Typically, under minimum extinction angle control, an increase of dc current 
increases reactive consumption which depresses the busbar ac voltage. to a certain limit, 
increasing dc current will increase power, and constant power control can maintained. Beyond 
this limit however, an increase in dc current will depress the busbar ac voltage such that the 
transferred power will decrease. The power control will further increase the current order to 
compensate, precipitating a voltage collapse. This sort of collapse can precipitated by other 
control strategies, although the ac system strength at which it occurs will different. 

[Yoshida, 1974] and [Yacamini and Taalab, 1985] both showed that while decreasing ac system 
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strength at the invelter tends to destabilise the link, decreasing the ac system strength at the rectifier 
has the opposite effect. Voltage regulation problems are discussed almost exclusively for the HVdc 
inverter. 

8.6.2.1 The voltage stability factor 

A method of defining voltage stability, developed by [Hammad et al., 1984], has been widely 
accepted as a useful measure. Called the voltage stability factor, or VSF, it is defined as the incre
mental change in convertor busbar ac voltage, for an incremental change in reactive compensation 
at that busbar, for a constant convertor power. Defined mathematically, 

VSF = dVael 
dQ Pd 

(8.4 ) 

where Vae is the convertor busbar ac voltage, Q is reactive compensation MVA at the convertor 
busbar, and Pd is the transmitted power of the dc link. This small signal measure has the advantage 
of being measurable at a convertor bus bar, and it takes into account all the forms of voltage control 
that may be present at or near the convertor busbar. It gives a quantitative measure of the effect of 
switching reactive compensation at the convertor busbar, and a qUalitative indication of voltage 
stability and/or regulation that might be expected for other transients. 

The assumption of constant dc power confines the predictive value of the VSF to time periods 
at least as long as the time constant of the constant power controller that may be in service. 

Figure 8.5 shows the VSF for the CIGRE benchmark inverter with a varying power order, and 
operating under minimum extinction angle control. The point at which the VSF becomes infinite 
indicates the Maximum Available Power (MAP), the critical dc current (Ierit), and the Critical 
Effective Short Circuit Ratio (CESCR). 
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Figure 8.5 Voltage Stability Factor (VSF) for CIGRE benchmark inverter 

[Franken and Andersson, 1990] used the VSF, and took a similar approach to generate a term 
dVde/ dT, where T is the convertor transformer tap ratio. The sign of dVde/ dT is negative during 
stable operation, and it was shown that when the ac system became sufficiently weak, the sign 
would change and indicate a transformer tap changer instability. The regions of instability were 
quite different for different control strategies. 
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8.6.2.2 power curve 

Another indicator of the stability of the system that has been used is dP / d1dc, often referred 
to as the power curve. As long as dP / dldc is positive, constant power control will be stable. 
At a certain level, further increases in current depress the inverter terminal voltage sufficiently 
that transmitted power actually decreases. The point at which this starts to occur also defines 
the Maximum Available Power (MAP), the critical dc current (Icrit), and the Critical Effective 
Short Circuit Ratio (CESCR). These concepts are clearly discussed in several publications, for 
example [Gavrilovic et al., 1987]. and and IEEE, 1992]. 

Figure 8.6 shows the transmitted power vs. the dc current for the CIGRE benchmark constant 
extinction angle controlled inverter. The slope of the curve is dP / d1dc, and the maximum available 
power and critical dc current are shown. It is not often pointed out that while this is a maximum 
power for a given circuit configuration, changing the control strategy and including extra reactive 
compensation increases the MAP. 
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Figure 8.6 Power curve for CrGRE benchmark inverter 

8.6.3 Two alternative ac/dc interaction indicators 

The measures of section 8.6.2, have a general form, being a resultant perturbation divided by an 
applied perturbation, both of which are small and confined to the convertor ac busbar. The effect 
of any perturbation is of particular interest at the convertor busbar, and the perturbation may be at 
the convertor busbar, or it may be remote in the ac system. The conditions of the ac system are 
very important to the operation of the HVdc connection, and the relationship between a remote 
ac system disturbance and the convertor busbar operating conditions should be considered. This 
relationship forms the basis of the proposed measures. 

The definition of a remote ac system disturbance is discussed in section 8.6.1.1, and the 
representation of a system disturbance as an e.m.f. change behind a constant ac system impedance 
is retained here. A statistical analysis of the ac system voltage at the proposed convertor terminals 
would lead to a reasonable representation of the remote source voltage variation. 

Two measures are proposed which relate the change in convertor terminal voltage and power 

to achange in the remote ac system emf. Two controlled variables are assumed to be constant, and 
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in this way selected control systems can be accounted for. If the fast voltage response is required, 
one of the variables will be dc current, and if the slower response is of interest, constant power 
can be assumed. The measures are called Voltage Sensitivity and Power Sensitivity. 

While it is imperative that the constant power controller is prevented from precipitating a 
voltage instability, the much faster pole controls operate first. If the fast controls minimise the 
effect of a disturbance, then in tum the power control response is minimised. Whether or not 
constant power is assumed depends on the time scale of interest. Both possibilities are allowed for 
in the analysis, although the second measure of Power Sensitivity can be discarded when constant 
power is assumed. 

These two measures are not proposed as an alternative to the measures discussed in sec
tion 8.6.2, but as a supplement. To define the effect of a remote voltage disturbance on the 
convertor busbar voltage indicates whether a disturbance will be magnified or reduced, and by 
how much. Relating the variation in transmitted power to the inertia constant of the ac system 
gives an idea of what sort of frequency variation might be expected. 

Appendix F presents the steady state derivation of the two measures for constant dc current 
with each of the variables listed as possibilities for fast control in section 8.5.2. The result provides 
a direct relationship between a remote ac system emf variation and all the variables at the convertor 
ac busbar. The variables of most interest are the convertor terminal ac voltage, the link. transmitted 
power, and the inverter extinction angle. These variables are plotted against the remote AC system 
voltage for each control strategy in figures 8.7, 8.8, and 8.9. 
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Figure 8.7 Convertor terminal voltage vs. remote ac voltage; steady state analysis 

All the controls, other than minimum extinction angle, are arranged for a steady state extinction 
angle of 20 degrees, so that the response to small undervoltages is allowed. The minimum 
extinction angle is set at 15 degrees. The AC system is that of the CIGRE benchmark model 
inverter [Szechtman et al., 1991], having an SCR of2.5 and an ESCR of about 1.9. 

The important feature of figures 8.7 and 8.8 is the slope of the line in the controlled region. 
These slopes, called the voltage sensitivity and power sensitivity of the system, are summarised in 
table 8.1 as the per unit change of voltage or power divided by the per unit change in the remote 
ac voltage. 

For this example the use of constant firing angle and extinction angle controls result in 
amplification of the voltage disturbance of 1.45 to 1.69 times at the convertor tenninals, the 
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Figure S.8 Convertor power vs. remote ac voltage; steady state analysis 
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Figure 8.9 Inverter extinction angle vs. remote ac voltage; steady state analysis 

per unit power being similarly affected. For the constant firing angle control, protection against 
commutation failure during a decrease in system voltage is quite good, a reasonable decrease being 
tolerated before the minimum extinction angle has been reached. However, during a period of 
overvoltage, the extinction angle remains fairly small rendering the system perhaps wmecessarily 

Control Type Voltage Sensitivity Power Sensitivity Voltage Sensitivity 

(Constant Current) (Constant Current) (Constant Power) 

Constant Angle 1.69 1.87 5.21 

Constant Firing Angle 1.45 1.3 2.02 

Constant Reactive Current 1.12 0.61 1.17 

Constant Reactive Power 1.08 0.52 1.11 

Constant d.c. Voltage 0.83 0.0 0.83 

Constant a.c. Voltage 0.0 -1.76 0.0 

Table 8.1 Voltage Sensitivity and Power Sensitivity for different control types, steady state analysis 
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susceptible to commutation failures due to waveform distortion. 
The use of reactive cUlTent, reactive power, and dc voltage controls result in amplification 

of the voltage disturbance of 0.83 to 1.12 times at the convertor terminals. Under constant d.c. 
voltage control the transmitted power remains unaffected by small a.c. voltage changes, and 
constant reactive power or CUlTent control makes the transmitted power 2 to 3 time less sensitive 
to small disturbances than the firing angle based controls. Protection against commutation failure 
during a voltage decrease is not so good, but during an increase is improved. These controls are 
likely to be suitable for a weak system. 

Constant ac voltage control, while holding the convertor terminal ac voltage reasonably 
constant, has to vary the balance of real and reactive power accordingly. If the remote emf drops, 
active power increases at the rate of 1. 76 pu per 1 pu of remote voltage change, until the minimum 
extinction angle limit is reached. Commutation failure is poorly protected against during voltage 
decreases, but a large margin is maintained during voltage increases. This control is likely to be 
useful for an electrically weak connection to a large ac system. 

The controls that stabilise ac voltage more, also approach the minimum extinction angle 
limit more quickly during a system undervoltage. If undervoltages are to be supported more 
than minimum extinction angle control can, the steady state operating point needs to be set at 
a non-minimum extinction angle, its value being directly related to the level of voltage support 
required. 

Figure 8.10 illustrates the relative voltage stability when constant power control is assumed. 
The voltage collapses from that defined by constant power control (for a remote ac voltage greater 
than 0.95 p.u.), to that defined by an arbitrarily defined 1.3 pu current limit (for a remote ac voltage 
less than 0.9 p.u.). Voltage sensitivity figures based on the constant power assumption are included 
in table 8.1. 
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Figure S.10 Convertor terminal voltage vs remote a.c. voltage; steady state analysis for constant power control 

It is also possible to draw the Vd-Id diagram for the unified control with the alternative 
control strategies. Although there is no intersection of the inverter and rectifier characteristics 
to determine the operating point, this representation has the advantage of being closer to that 
normally experienced by HVdc engineers. The Vd-Id digram for the ClGRE benchmark model is 
shown in figure 8.11. The limits of minimum firing angle at the rectifier and minimum extinction 
angle at the inverter are shown. 
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Figure 8.11 Vd-Id diagram for unified controller 

8.7 Case study 

8.7.1 Traditional versus unified control 

1.5 

To test the predictions made about the proposed controller, a selies ofEMTDC dynamic simulations 
were run using the back-to-back test system described in appendixE. for both traditional and unified 
control scheme. Each have equivalent charactelistics, ie. the same gain, the same linearisation, 
and the same minimum extinction angle controller. 

The same three system disturbances were used, being a reduction of the inverter a.c. voltage 
source by 5%, the rectifier a.c. voltage source by 10%, and a three phase inverter ac bus bar fault, 
all for 200 ms. 

As the purpose of the simulations is to compare the relative performance of unified and 
traditional controls, equivalent steady state operating points were established on the faulted side. 
Thus a rectifier steady state firing angle of 15 degrees was maintained, and at the inverter a steady 
state extinction angle of 15 degrees was set. 

It is acknowledged that modem HVdc control systems are more sophisticated than that pre
sented here. However the results are presented for identical control strategies and gains for both 
the unified and traditional control approaches, and as such provide a reasonable indication of the 
relative characteristics of the two approaches. 

A comparison between figures 8.12 and 8.13 reveals how unified control performs better 
than traditional control during an inverter transient undervoltage. Due to the independence of 
current and minimum extinction angle controls, current is less affected by the transient and as 
a consequence the voltages are similarly less affected. Thus the risk of commutation failure is 
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Figure 8.12 Small inverter disturbance, traditional control 
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Figure 8.13 Small inverter disturbance, nnified control of de current and inverter extinction angle. 

reduced. 
Figures 8.14 and 8.15 demonstrate how unified control fares against traditional control during 

a rectifier undervoltage. The primary difference is that the current remains at the ordered level 
during most of the transient. Voltages are held lower during the transient. and for the same reason 
overvoltages are limited on fault recovery. 

Figures 8.16 and 8.17 show very similar responses, except that the unified control steadies the 
current a Uttle faster, which results in a steadier voltage recovery also. 

All the figures show the unified control to have a slightly faster and more steady recovery from 
a disturbance. This is partly as a result of the reasons discussed in section 8.3, and partly related 
to fact that control gain is distributed between the rectifier and the inverter. As demonstrated 
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Figure 8.14 Small rectifier disturbance, traditional control 
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Figure 8.15 Small rectifier disturbance, unified control of dc current and inverter extinction angle. 

in chapter 6, for the specified ac systems, decreasing the rectifier current control gain increases 
the damping of the dominant resonant frequency. Sharing the current control function between 
rectifier and inverter has the same effect. 

These comparisons are made for the rectifier and inverter operating at the same steady state 
firing angles and therefore the same reactive compensation requirements as the traditionally 
controlled example. Operation with the rectifier firing angle closer to the minimum limit would 
be quite acceptable, which would of course give slightly different transient results. 



dl 
l:>J) 

~ 
0 
;:. 

~. 

~ 
(,) 

8.7 CASE STUDY 113 

a d.c. current o d.c. voltage o lnverter a.c. voltage o rectlfia- a.c. voltage 
2,00 1.20 

1.50 

1,00 

0,50 

I~ 
~ 

~, 
~ 

,~ 
0,94 

0,68 

0.42 

0,00 
1 

~ 
·0,50 

V 

0,16 

-0,10 
0,90 0,96 1.02 1,06 1.14 1.20 1.26 1.32 1,38 1.44 1.50 0,90 0,96 1,02 1.08 1.14 1.20 1.26 1,32 1.30 1.44 1,50 

time (sec) time (sec) 

(a) DC current and voltage (b) Rectifier and inverter a.c. voltages 

Figure 8.16 Inverter short circuit, traditional control 
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Figure 8.17 Inverter short circuit, unified control of dc current and inverter extinction angle. 

Alternative control stratE~2i4es 

back: to back: link: with control is also used to investigate the validity of the steady 
state derived voltage and power sensitivity factors. With rectifier firing angle set at degrees, 
the inverter ac source voltage is increased by 5%. corresponding change in inverter terminal 
voltage and transmitted power is obselved for five of the control strategies. No simulations are 
performed to demonstrate the performance of traditional control under these as the 
relative performance of traditional and unified control has already been discussed. 

choice of a back to link: with the unified control gives the best controllability of the 
defined variables. A long distance HVdc scheme some variables less easy to control, but 
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the principles remain the same. 
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Figm'e 8.19 Dynamic terminal power analysis of control strategies for a transient 5% increase in remote a.c. voltage 

Figures 8.18 and 8.19 show that all the controls behave similarly for the first lO to 15 ms of the 
transient. Within 50 ms the responses are nearing those predicted, and by 100 ms the steady state 
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analyses are validated. Even though the control blocks have not been optimised, the response is 
sufficiently fast to show that the choice of control type is crucial to the link operation. 

Control Type Voltage Sensitivity Power Sensitivity 

(Constant Culrent) (Constant Power) 

Constant Ext. Angle 1.7 1.8 

Constant Firing Angle 1.4 1.2 

Constant Reactive Current 1.1 0.6 

Constant d.c. Voltage 0.8 0.0 

Constant a.c. Voltage 0.0 -1.8 

Table 8.2 Voltage Sensitivity and Power Sensitivity for different control types, from dynamiC simulation 

Conclusions 

A unified control system for back to back links has been developed, with dc current as its first 
priority, and a number of options, called operating point control, as the second priority. In this 
way, the two quickly controllable inputs to a back-to-back link, namely the rectifier and inverter 
firing angles, can be defined to optimise the control of selected variables. 

The unified control, tested by dynamic simulation for a range of fault conditions, has been 
found to offer a consistently improved performance. The need for a current margin is eliminated, 
and as a result not only is the control system simplified, but the steady state firing angle at the 
rectifier can be substantially reduced, decreasing reactive consumption, harmonic generation, and 
overvoltage levels. Further to this, during a transient the unified control maintains the ordered 
current more quickly and smoothly than traditional control with identical control constants. This 
in tum reduces the impact of the transient, and the likelihood of commutation failures. 

With the increasingly common use of digitally based HVdc controllers, it is felt that the 
unified control system offers an attractive alternative to the traditional control systems currently 
in widespread use. 

Traditional control uses the current margin to drive the link to its steady state operating point. 
Unified control has no such margin, forcing the selection of a control strategy to do thisjob. A large 
number of strategies are available, and five are offered for consideration. To aid in their selection, 
two new measures are proposed, called the voltage and power sensitivity factors. These measures 
rate the sensitivity of convertor ac busbar voltage and power to remote ac system disturbances. 
The characteristics of each proposed control strategy are pointed out, and the validity of the 
measures demonstrated by dynamic simulation. These measures are also valid for traditional 
control schemes, and are intended to augment the already well known Voltage Stability Factor. 





Chapter 9 

CON WORK 

9.1 Conclusions 

As HVdc technOlogy is applied to more and more difficult ac systems, the need for a greater 
understanding of HV dc-ac interactions has grown. Although the accuracy of the tools available 
to analyse these interactions has increased at a remarkable rate, so has their complexity, and in 
many cases the mechanisms of HV dc-ac interactions have remained unclear. 

This is particularly so in the case of waveform distortion, and usually numerical simulation 
techniques are applied to ensure that system operation will be satisfactory. An improved under
standing of such interactions may lead to techniques that allow convertor operation to be enhanced 
by control system or filter refinements. With this goal, a small signal linear frequency domain 
model of a firing angle controlled HVdc convertor has been developed. Linearisation of the 
relationships, while accurate only for small distortion levels, was necessary to keep the model 
simple. 

The convertor model incorporates the effect of firing angle variation, the commutation period, 
and commutation period variation. It has been demonstrated that for a typical rectifier and inverter, 
all the modelled effects can be important, and that modelling of these effects yields aresult close 
to that obtained by a generally accepted time domain simulation technique. Agreement between 
such radically different approaches is taken as a validation of the model. 

A large number of frequencies can be generated by the convertor, and it has been shown 
that frequencies generated by firing angle modulation and commutation period variation decrease 
relatively slowly with increasing order. Both these mechanisms also generate ac side frequencies in 
pairs, indicating that while a single steady state harmonic may be managed by firing angle control 
at the convertor, there will be consequential increases in the generation of other harmonics. 

The extensive frequency spectra described by the convertor model are reduced to a set of three 
frequencies that relate directly to each other, two on the ac side and one on the dc side. This is 
similar to the three port network described by [Larson et al., 1989]. Using the reduced model, in 
conjunction with system impedances, algebraic terms have been developed for the impedance of 
the HVdc convertor to non-characteristic frequencies. The directly predicted impedances correlate 
closely with results obtained by a rather laborious set of dynamic simulations. 

Considering the complete ac-convertor-dc system, the dynamics of waveform distortion around 
the convertor has been analysed algebraically. The concept of' composite resonance' is introduced 
to emphasise the close interrelationship between ac and dc systems when considering waveform 
distortion. A new measure, the Saturation Stability Factor, has been developed to predict the 
damping of the convertor transformer core saturation phenomenon. 

analyses have demonstrated the importance of system harmonic impedances and phase 
angles to waveform distortion dynamics, and have described how convertor angle control 
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can damp or excite these interactions. 
An important application of HVdc technology, the back to back link, was considered from a 

slightly different perspective. A control system that considers the HV dc link as a single controllable 
component, rather than two separate and independently controlled convertors was proposed and 
tested. A number of control strategies for use within this stmcture were considered, and two 
measures were proposed that offer some insight into ac/dc system interactions. 

9.2 Future work 

Work remains to be done in many areas. Chapter 5 presented a general form of the convertor model 
including all frequencies, but only progressed using the simplified three frequency model. If low 
level harmonics can be assumed, it is possible to build up a matrix of harmonic cross-couplings 
and a vector of harmonic sources that describe the convertor completely. This approach was 
taken by [Larson et al., 1989], who obtained the cross-coupling matrix by numerical methods. 
The convertor model holds all the information needed to build up the cross-coupling matrices 
and vectors directly. Although the convertor model itself is not limited to integer multiples of 
fundamental frequency, this sort of representation is limited to a discrete number of frequencies. 
Combination of this matrix with linear frequency domain representations of the ac and dc systems 
could lead to a direct one step solution for steady state system harmonics. Transformer saturation 
effects could be included by techniques such as that used by the HDA program [Medina, 1992], 
although an iterative approach may need to be taken. The accuracy of the model remains to be 
confirmed for higher order harmonics, and perhaps could be integrated with the three pulse model 
developed by [Shore et al., 1989]. This form of the model paves the way for an investigation of 
the practicality of limiting steady state harmonic distortion by convertor firing angle control. This 
is most likely to be possible in systems with strong resonances. 

The three frequency, or three port model was demonstrated to be a powerful tool to examine 
some aspects of high speed ac-convertor-dc interactions in chapters 6 and 7. A very simple control 
system technique, the Bode plot, was applied to an example. The opportunity exists to pursue more 
sophisticated frequency domain based control system theory and apply it to the ac-convertor-dc 
system. Often non-characteristic frequency instabilities are the limiting factor for speed of control, 
and this approach offers potential for further improving control system response times. 

Assuming that a more formalised approach to the frequency domain tuning of the convertor 
control system can be developed, the possibility of implementing an adaptive frequency dependent 
control may be worth considering. The configuration of the ac system at the convertor busbar is 
not fixed, as loads change, circuit breakers open and close, and reactive compensation and filters 
are switched. It is realistic to expect that the characteristic impedances of the system will change, 
and the control system parameters could be adapted accordingly. 

The problem of growing distortion due in part to convertor transformer core saturation has been 
solved in the past using an adaptive control, for example [Ainsworth, 1977] and [Stemmler, 1987]. 
When the slowly growing instability is detected, a special control circuit is introduced to damp 
the oscillation. With a more complete description of the effect of the control system on the 
phenomenon, faster damping should be achievable. Even if an instability is not indicated, such a 
system could be applied to stabilise a system more quickly after a disturbance. 

As an alternative to taking control action, system harmonic filters may be designed to have 
characteristics that modify system impedances to improve the overall performance. This was 
suggested by [Kristmundsson and Carroll, 1990] in reference to commutation failures, and the 
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same principle applies. The analysis approach developed here is able to give a direct indication 
of what desirable system impedances may be and thus be a directing factor in filter design. 

All of these possibilies centre around the fine-tuning of convertor control systems and their 
electrical environment. The future of HV dc installations depends heavily on how well they can be 
adapted to suit local system conditions, and there is much progress to be made in understanding 
and controlling HV dc-ac system interactions. 
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Appendix A 

ULSE POSITI 
P D 

In 1966 Schwarz [Schwarz et al., 1966] published an analysis of the frequency spectrum of a 
Pulse Position Modulated (pPM) waveform. related the spectrum directly to the parameters in 
a purpose built PPM modulator. In the first subsection of this appendix, his spectrum is rewritten 
in a form suitable for use in HVdc convertor control analysis. After this, it is applied directly to 
the non-ideal convertor transfer functions for firing angle modulation to both ac current and dc 
voltage. 

A"l 

In Schwarz's analysis the waveform is generated by adding the modulating signal to a 
steady sawtooth sweep voltage. When this sweep is rising, and crosses a preset threshold, a pulse 
is generated. The unmodulated sweep waveform, threshold, and resulting pulses are shown in 
figure A.t. 

Figure A.I PPM generation wavefonns. 

Letting the sweep be as shown in figure A.l, and the modulating Qcos(qt), and 
allowing each pulse to a delta function Ii ( t) of area 1, calculates the resulting frequency 
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spectrum 

p qQ ~ ~ mp + nq m7rQ n7r 
E(t) = - - -sin(qt) + L. L. In(--)cos[(mp + nq)t + -] (A.1) 

27r 2P m=l n=-oo m7r P 2 

where p is the angular sweep frequency. 
Redefining the PPM in terms of the pulse angular position, in radians, as bcos(kwot + Ok), 

results in the substitution 

and 

-Pb 
Q=-

7r 

q = kwo 

Letting p be the fundamental frequency wo, the frequency spectrum becomes 

wo bkwo. 
E(t) = - + --sm(kwot + Ok) + 

27r 27r 

~ 2:00 

(m + nk)wo In(mb) [( k) s; n7r] L. """'------....:....------'--cos m + n wot + nUk - -
7r m 2 

m=l n=-oo 

(A.2) 

(A.3) 

(A.4) 

This statement of the PPM spectrum forms the basis of the analysis of the non-ideal convertor 
transfer function spectra. 

A.2 Spectrum of commutation portion of convertor transfer functions 
tbat result in dc voltage 

The waveform of the transfer function that, when added to the ideal 6 pulse convertor transfer 
function, results in the non-ideal transfer function is shown in figure A.2. It can be defined as the 
sum of four different waveforms, each of which has one pulse per fundamental cycle. 

Ya 
1 

(a) 

-1 

0.5 

(b) 

-0.5 

Figure A.2 Commutation function waveform for transfer to dc voltage. 

Each of the four waveforms is exactly a PPM wavefmm as described by Schwarz, but with 
the shape of each pulse being rectangular rather than a delta function. Schwarz's PPM spectrum 
is summed for the four waveforms, and then the Fourier transform of the rectangular pulse is 
calculated and applied as a frequency response function to the solution. 
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If the four waveforms are called Fi, where i = 1,2, 3,4, then each has a different pulse 
height, and each a different time reference. The relevant values are hI = + 1, h2 = + 1, 
h3 = -1, h4 = -1, and TI = G + ao)/wo, T2 = e3

1r + ao)/wo, T3 = (-i1r + ao)/wo, and 
T4 = (-,t + ao)/wo. These can be incorporated into Schwarz's spectrum as follows 

wo bkwo. 
Fi(t) = hi- + hi--sm(kwot + bk) 

27r 27r 

~ ~ (m + nk)wo In(mb) n7r 
+hi ~ ~ cos[m(wot - Ti) + nkwot + nbk - -](A.5) 

7r m 2 
m=l n=-CXJ 

Summing over i results in the following spectrum 

F(t) = 2V3 L: f (±)(m + nk)wo In(mb). 
7r m 

for m = 1,5,7, 11 etc. 

m n=-CXJ 

n7r 7r 
cos[(m + nk)wot - mao + nbk - 2 - 2l (A.6) 

The next step is to calculate the Fourier transform of the rectangular pulse. The Fourier 
transform of a rectangular pulse of duration T and height A. centred around time t = T /2. is 

G(f) = AT sin; ;~T) / - 7r iT (A.7) 

Applying this for a commutation period of 110 radians at fundamental frequency woo with a pulse 
height of 0.5 allows the transform to be rewritten 

sin( /.LOW) 
G(w) = 2wO /-Ilow 

w 2wo 
(A.8) 

Applying this to the calculated spectrum, and extending to three phases, yields 

110 kilo 11" 11" 
cos[(m + nk)wot - m(ao + "2) + n(bk - 2: - 2) - 2 - m'l/ll (A.9) 

for m = 1, 5, 7, 11 etc. If desired, this can be expanded out to 

V3 '" ~ I n ( mb) 11" F,p(t) = - ~ ~ (±) cos[(m + nk)wot - m(ao + 110) + n(bk - k/-LO - -2) - m'l/ll 
11" m 

m n=-CXJ 

V3 '" ~ I n ( mb) 11" - - ~ ~ (±) cos[(m + nk)wot - mao + n(bk - -) -m'l/ll 
11" m 2 

m n=-CXJ 

(A. 10) 

which can be further expanded to 

2V3 '" . milo Jo(mb) 110 11" 
F,p(t) = -;- ~(±)sm( 2) m cos[mwot - m(ao + "2) - 2 - m'l/ll 

m 

V3 CXJ I n ( mb) 11" 
+ - L: L:(±) cos[(m + nk)wot - m(ao + /-Lo) + n(bk - kilo - -2) - m'l/ll 

11" m n=l m 



APPENDIX A PULSE POSITION MODULATION ANALYSIS APPUED TO THE CONVERTOR TRANSFER FUNCTION 

(A.Il) 

This is the contribution of the commutation period to conveltor transfer function frequency 
spectrum. 

Spectrum of commutation transfer functions 
that result in ac current 

The wavefonn of the transfer function that, when added to the ideal transfer function, results in 
the non-ideal transfer function is shown in figure A3. It can also be defined as the sum of four 
different wavefonns, each of which has one pulse per fundamental cycle. 

(a) 

(b) 

1 

-1 

1 

1 

Va 

A.3 Commutation function wavefonn for transfer to ac current 

Each of the four wavefonns is exactly a PPM wavefonn as described by Schwan, but with 
the shape of each pulse being triangular rather than a delta function. Schwan's PPM spectrum is 
summed for the four wavefonns, and then the Fourier transfonn of the actual pulse is calculated 
and applied as a frequency response function to the solution. 

The sum of the four spectra, approximating each pulse with a delta function, is described in 
equation A6. 

The Fourier transfonn for the triangular pulse of duration T and height is 

G(w) = fT A(l - ~ )e-iwtdt (A.12) 
10 T 

which is, in polar notation, 

A 11" 2. wT 11" 
G(w) = -[1/ - - + -8m(-)/--

w __ 2_ wT 2 
(A.13) 
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Applying this for a commutation period of PI radians at fundamental frequeny Wo with a pulse 
height of 1 allows the transform to be rewritten 

G(w) = ~ [II _ ~ + 2wo sin(PIw)/~ _ PIW] 
w __ 2 PIW 2wo 2 2wo 

(A.14) 

Applying this to equation A.6 and extending to three phases yields the spectrum of the commutation 
function. 

2V3 CXJ I n ( mb) 7r 
F,p(t) = --L L (±) cos[(m + nk)wot - mao + n(tik - -) - m1jJ] 

7r m 2 
'111 n==-oo 

M CXJ J( b)2' [(m+nk)JLl] 
+~LL( nm sm 2 

7r mn=-CXJ±) m (m+nk)PI' 

PI 7r kPI 
cos[(m + nk)wot - m(ao + 2) + n(tik - "2 - 2) - m1jJ] (A. is) 

for m = 1, S, 7, 11 etc. If desired, this can be expanded out to 

2V3 '" Jo(mb) F,p(t) = -- L,;(±) cos[mwot - mao - m1jJ] 
7r m 

m 

2V3 CXJ I n ( mb) 7r 
- - L L(±) cos[(m + nk)wot - mao + n(tik - -) - m1jJj 

7r m n=l m 2 

2V3 CXJ I n ( mb) 7r 
- - L L(±) cos[(m - nk)wot - mao - n(tik + -) - m1jJ] 

7r m n=1 m 2 

2V3 "'(±) Jo( mb) 2sin[y] [ (PI) .1,] + -- L,; cos mwot - m aO + - - mop 
7r m m mpi 2 

+2V3 CXJ ± I n(mb)2sin[(m+ik)JLl] 
7r ~E( ) m (m+nk)PI' 

PI 7r kPI 
cos[(m + nk)wot - m(ao + 2) + n(tik - "2 - 2) - m1jJ] 

+ 2V3 L f(±) In(mb) 2sin[(m-i
k

)JLl]. 
7r mn=1 m (m-nk)PI 

PI 7r kPI 
cos[(m - nk)wot - m(ao + '"2) - n(tik + "2 - 2) - m1jJ] (A.16) 

This is the contribution of the commutation period to the convertor transfer function frequency 
spectrum. 

A.4 Spectrum of commutation period variation portion of convertor 
transfer functions that result in ac current 

The waveform of the transfer function that, when added to the non-ideal steady commutation 
period transfer function, results in the non-ideal variable commutation period transfer function is 
shown in figure A.4, for one commutation period only. It can also be defined as the sum of four 
different waveforms, each of which has one pulse per fundamental cycle. 
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~ 

" 

(a) 

(b) 

(c) 

" " " " " " " " " " " " " " " 
) 

~(---1!1 ----)~ 

Figure A.4 Commutation period variation function, for transfer to ac current. 

The waveform to be added to the non-ideal steady commutation period transfer function has 
three properties, namely area, position, and shape. The geometry of the waveform yields a time 
area of 

111-"1 
Area = --

2wQ 
(A.17) 

Its centralised angular position depends on how the waveform area is distributed. For the rectifier, 
it will be somewhat before the end of the effective commutation period. Although the true 
commutation period ends earlier than the effective commutation period, the area change tends to 
be concentrated near the end. On this basis, the centralised angular position of the correction pulse 
is taken to be the same as that indicated by the linear transfer model. This is 

() = (lIQ + 11(l1 + (A.18) 

The position of the pulse is dependent strongly on the firing angle variation 11(l1, and only weakly on 
the variation in commutation period duration 111-"1. H 111-"1 is assumed to be small, equation A.18 
can be reduced to 

1-"1 
() = (lIQ + 11(l1 + -12 (A.19) 

At the inverter, the true commutation period ends somewhat later than the effective commuta
tion period. The centralised angular position of the correction pulse will be before the end of the 
true commutation period, and as an approximation the end of the effective commutation period is 
chosen. The relevant equation can be written 

() = (lIQ + 11 (lI + 1-"1 (A.20) 

A variable x is set, such that x = 1 at the inverter, and x = 2 at the rectifier. 
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The duration of the waveform is fairly close to one commutation period. It is modelled initially 
as a dirac delta function, which is later converted to a symmetrical triangular pulse of duration ILl. 

From equations Al7 and A.IS, it can be seen that the area of the pulse is dependent only on 
the modulation of the end of the commutation period relative to the beginning of the commutation 
period. 

If D.ILI is held constant such that the area of the associated pulse is 1, and firing angle 
modulation such that D.a = bcos(kwot + 15k ) is applied. the resulting impulse train has the PPM 
spectrum, derived from equation A.6 as follows 

ILl kILl 1r 1r 
cos[(m + nk)wot - m(ao + -) + n(l5k - - - -) - - - m'I/JJ (A21) 

-IX -IX 2 2 

for m = 1,5,7, 11 etc. The impulses can be converted to symmetrical triangular pulses of duration 
2T and area AT2 by applying the fourier transform. 

(A.22) 

Choosing the appropriate dimensions for a triangular pulse of duration ILl yields the Fourier 
transform 

G(w) = ~~l (Sin~))2 
o 4wo 

(A.23) 

This model gives the waveform shown in figure 3.S. which is acceptably close to the expected 
waveform. 

Applying the fourier transform of equation A.23 to convert to a symmetrical triangular pulse 
yields 

F (t) = _v_.)--.!!!"" "" (±)(m + nk) sm 4 n m . 2 "'3D. 00 { • [(m+nk)IL\]}2 J ( b) 
'if; 1r 2 W W (m+nk)IL\ m 

m n=-oo 4 

ILl kILl 1r 1r 
cos[(m+nk)wot-m(ao+ -IX)+n(l5k- -IX -"2)-"2- m'I/J] (A24) 

If D.ILI is now allowed to vary as per D.ILI = bl cos( kWot + 15k! - ~ ), which is the commutation 
period modulation referred to the centre of the correction pulse. this can be substituted directly 
into equation A.24 to yield r 

I3b 00 { • [(m+nk)IL\]}2 J ( b) 
F (t) = _v.J.J."" "" (±)(m+nk) sm 4 . n m . 

'if; 1r 2 W W (m+nk)IL\ m 
m n=-oo 4 

{
ILl kILl 1r kILl 1r cos[(m + nk + kI)wot - m(ao + -) + n(l5k - - - -) + I5kl - - - - - m'I/J] 
-IX -IX 2 -IX 2 

ILl kILl 1r kILl 1r } + cos[(m + nk - kI)wot - m(ao + -) + n(l5k - - - -) -15k! + - - - - m'I/J] 
-IX -IX 2 -IX 2 

(A25) 

for m = 1, 5, 7, 11 etc. 
The largest terms of this series are those for n = O. and they are expanded out here 
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for m = 1,5,7, 11 etc. These frequencies are dependent strongly on the amplitude modulation of 
the correction function, and only relatively weakly on its position modulation. 

The remaining terms expand out to the following 

F (t)= v'3~ "~(±)(m+nk){Sin[(m+4k)l.it]}2Jn(mb). 
1jJ 7r 2 L.-! L.-! (m+nk)/tJ m 

m n=1 4 

{ 
J.lI kJ.lI 7r kJ.lI 7r cos[(m + nk + kr)wot - m(ao + -) + n(8k - - - -) + 8k I - - - - - m7jJ] 
y'x y'x 2 y'x 2 

J.lI kJ.lI 7r kJ.lI 7r } + cos[(m + nk - kr)wot - m(ao + -) + n(8k - - - -) - 8kI + - - - - m7jJ] 
y'x y'x 2 y'x 2 

+ V3 ~ "~(±)(m _ nk){ Sin[(m-;k)/tl]}2 In(mb). 
7r 2 L.-! L.-! (m-nk)/tl m 

m n=1 4 

{ 
J.lI kJ.lI 7r kJ.lI 7r 

cos[(m - nk + kr)wot - m(ao + -) - n(8k - - + -) + 8kI - - - - - m7jJ] 
y'x y'x 2 y'x 2 

J.lI kJ.lI 7r kJ.lI 7r } + cos[(m - nk - kr)wot - m(ao + -) - n(8k - - + -) - 8kI + - - - - m7jJ] 
y'x .;x 2 y'x 2 

(A.27) 

for m = 1, 5, 7, 11 etc. The most significant terms of this series relate to n = 1 and are at the 
frequencies (m + k + ki )wo, (m + k - ki )wo. (m - k + ki )wo. and (m - k - ki )wo. These 
frequencies are at low levels. 

Only the terms listed in equation A.26 are cruried on in the main text. 



LATION ANAL YSI 
R TRAN ER 

In 1966 Schwarz (Schwan et al., 1966], after analysing the frequency spectrum of aPulse Position 
Modulated (PPM) wavefonn, applied a similar analysis to a Pulse Duration Modulated (PDM) 
wavefonn. His spectrum is rewritten in a fonn suitable for use in HV dc convertor control analysis, 
and in the ensuing sections it is applied to the ideal convertor transfer functions for firing angle 
modulation to both ac current and dc voltage, and to natural modulation of the commutation 
period. 

Bel The PDM spectru.m 

In Schwan's analysis the PDM wavefonn is generated by adding the modulating signal to a 
steady sawtooth sweep voltage. The pulse is initiated at the beginning of each voltage sweep, 
and is tenninated when the sweep crosses a preset threshold. The unmodulated sweep wavefonn, 
threshold, and resulting pulses are shown in figure 

Threshold 

-E----T )I 
rT+T/2 

h 

Figure III PDM generation waveforms. 

Letting the sweep be as shown in figure B.1, the modulating signal be Qcos( qt), and the pulse 
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height h, Schwarz calculates the resulting frequency spectrum 

E(t) h hQ () h {Xl [()1n (Tn1TQ)jSin(mPt) - - -cos qt + - -1 - Jo --
2 2P tr m=1 P m 

h (Xl 00 I n(m1rQ) ntr 
tr 1-:1 E : sin[(mp + nq)t + 2 

h 00 00 I n(m1rQ) ntr - L --p-- sin[(mp - nq)t + T] 
tr m=l n=l m 

(B.l) 

where p is the angular sweep frequency, which will now be known as woo 

Redefining the teffilS of the pulse angular position (radians) as bcos( kwot + (jk), results 
in the substitution 

and 

-Pb 
Q= 

tr 

q kwo 

The frequency spectrum becomes 

E(t) 
h hb h (Xl m sin(mwot) 
2 +-cos(kwot+{jk)+ tr m=l[C-l) -Jo(mb)] m 

h 00 00 In(mb) . ntr 
- sm[(m + nk)wot + nOk - -] 

tr m 2 m=l n=l 

h 00 00 In(mb) . 
-- sm[(m - nk)wot 

tr m=l n=l Tn 

ntr 
n{jk - -] 

2 

(B.2) 

(B.3) 

(B.4) 

In the following applications, only the change in spectrum that results from an existing wave 
being modulated needs to be considered. The spectrum of the Wlffiodulated pulse train should 

subtracted from that of the modulated pulse train to define the haffilonic contribution of the 
modulation. 

The Wlffiodulated pulse train has the spectrum 

E(t) 

Thus the contribution of modulation to the haffilonic spectrum is 

hb h 00 

E(t) = -2 cos(kwot + (jk) + - L [1 
tr tr m=l 

Jo( mb)] sin(mwot) 
m 

h 00 00 In(mb) . [) ntr] 
- sm (m + nk wot + nOk - -
tr m 2 m=l n=l 

h 00 (Xl I n ( mb) . [( 
-- S1,n m 

tr m=l n=l m 

ntr 
nk )wot - n{jk - -] 

2 

(B.5) 

(B.6) 

This statement of the PDM spectrum fOffils the basis of the analysis of firing angle modulation 
applied to the ideal model, and of natural modulation to the commutation period. 



8.2 SPECfRUM OF FIRING ANGLE MODULATION APPLIED TO THE IDEAL CONVERTOR TRANSFER FUNCTION 

Spectrum 
convertor 1rlr~lilnH!;111"l!:I,r 

The waveform of the transfer function that, when added to the ideal transfer function, results in 
the firing angle modulated transfer function is shown in figure B.2. It can be defined as the sum 

of four different waveforms, each of which has one pulse per fundamental cycle. 

(a) 

(b) 

1 

-1 

1 

-1 

Va 

Va 

-

I 
I 
I 
I 

Au e 

~ .l..-___ --I.....l 

-

Au 

Figure D.2 Transfer function for firing angle modulation. 

Each of the four waveforms is exactly the waveform described by equation B.6, with different 
pulse heights and different time references. 

four waveforms are called Fi. where i == 1, 3,4, then each has a different pulse height, 
each a different time reference, and each a different The relevant values are hi == +1, 

hz +1, h3 = 1, h4 = -I, and TI = (I +ao)/wo, Tz e; +ao)/wo, T3 == (-;1f +ao)/wo. 
and T4 + ao)/wo. These can be incorporated into equation B.6 as follows 

Fi(t) hib (k f:) hi 00 [1 r ( b)]sin(mwo(t - Ti)) -cos wot + Uk + - - "0 m 
211" 11" m=l m 

hi ~ ~ J n ( mb ) . [ ( T ) k $: L.t L.t --'---~sm mwo t i + n wot + 1Wk 
11" m=1 n=l m 

hi 00 ~ In(mb) . [ ( ) 
-- L.t sm mwo t - Ti nkwot nlik 

11" m=l n=l m 

mT] 
2 

n1l" ] 

2 

Summing over i and extending to three phases results in the following spectrum 

FlfJ(t) V3 '" Jo(mb) - I L.-t(±) cos[m(wot - ao)] 
11" m m 

2V3 ~ ) In(mb) 
L.t(± cos[(m + nk)wot - mao + n(lik 

m n=l m 

(B.7) 

m'IjJ] (B.8) 
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for m = 1,5,7 .... 
This is the spectrum of frequencies in the 6 pulse convertor transfer function that result from 

applying firing angle modulation of a = ao + bcos( kwot + th). 



LATION HARMONI 

Firing angle modulation generates a harmonic spectrum on both the dc and ac sides of an HVdc 
convertor in such a way that the tenns reflected around the characteristic harmonics do not decrease 
very quickly with increasing characteristic harmonic order. In this way it is dissimilar to other 
distortion sources such as dc current or ac voltage, whose contribution the higher order harmonics 
generally decreases quite rapidly. 

To demonstrate this effect and to verify the predictions against a dynamic simulation, the 
harmonic spectra are shown for the dc side voltage and the ac side current for the test rectifier. 
Results are obtained in a similar way to those in chapter 4. The harmonic spectra are shown up to 
the SO'th harmonic, for a modulating signal of frequency 4.S times the fundamental with a peak 
magnitude of 3 degrees in figures C.l, C.2, C.3, and C.4. The characteristic frequency components 
are marked. 

15 
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• 5 
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36 

D I m n ~ I.e mi. 1 ml I 
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Harmonic order 

Figure C.I DC voltage harmonic spectrum, algebraically derived 

Modulation frequency::: 4.Swo 

48 

50 

Reasonable agreement is reached between the dynamic simulation and the algebraic predic-
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Figure C.2 DC voltage hannonic spectrum, simulation derived 

Modulation frequency:::: 4.5wo 
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C.3 AC current hannonic spectrum, algebraically derived 

Modulation frequency:::: 4.5wo 
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Figure C.4 AC current harmonic spectrum, simulation derived 

Modulation frequency == 4.SWo 
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50 

tions, and the considerable number of frequencies generated with only slowly decreasing levels 
is shown. Agreement for the higher order current ac current harmonics reduces, due to the 
commutation period approximations made. 

Similar spectra are not repeated for the other distortion transfers. These need not 
be verified for the purposes of this thesis, and reasonable verification of the simplified transfer 
function (with a steady commutation period) has already been achieved in other publications [Sakui 
et al., 1989], [Hu and Yacamini, 1992]. To repeat their verification is beyond the scope of this 
thesis. 





DANCE 

Equations 5.8 to 5.13 represent the harmonic interactions through the HVdc convertor, and equa
tions 5.14 to 5.15 the harmonic interactions with the convertor ac and dc systems. To establish 
terms for the harmonic impedance of a convertor, the convertor based equations can be solved 
with two of the three system based equations. 

Firstly the convertor related equations are reduced to what is termed the reduced equation set, 
written as follows 

[ ~::; 1 = [~ 
Iaen 9 

bel [Vacp 1 e f Vacn 
h i Idch 

where the following assignments are made 

a = alN + a3a19N + a4aUN + a4a14a19N 

b = azN + a3azoN + a4a12N + a4a14a2oN 

c = -alasN2Z xp - a2asN2Zxn + a3azl + a4a 13 + a4a 13a21 

d = ~a19N2 + a7alsN2 + a7alsa19NZ 

e = ~a2oN2 + a7a16N2 + a7alsazoNZ 

f = asN + a6a21N + a7a 17 N + a7a lsa21 N 

9 = ~a19N2 + alOalsN2 + alOalsa19N2 

h = ~a2oN2 + alOa16N2 + alOalSazoNZ 

i = agN + ~a21N + alOa17N + alOalsaZlN 

Equation set D.I forms the basis of the convertor impedance calculations. 

dc side impedance 

no ac side harmonic sources are allowed, equations 5.14 and 5.15 can be rewritten 

(D.I) 

(0.2) 

(D.3) 

(D.4) 
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The solution of these combined with the equation set D.l is straightforward, and if the following 
assignments are made 

A - -aZ bgZacnZacp 
- acp + 1 + hZ 

acn 

B = c _ biZacn 
1 + hZacn 

C = egZacnZacp 
(1 + dZacp )(1 + dZacn ) 

f D=----
1 + dZacp 

eiZacn (D.5) 
(1 + dZacp )(1 + hZacn ) 

then the impedance of the dc side of the convertor can be written 

Vdch = _( AD + B) 
-Idch 1 - C 

(D.6) 

D.2 Convertor ac side positive sequence impedance 

If no dc side harmonic source and no ac side negative sequence harmonic source is allowed, 
equations 5.15 and 5.15 can be rewritten 

(D.7) 

and 

Vacn = - Iacn Zacn (D.8) 

The solution of these equations combined with equation set D.1 is again straightforward, and if 
the following assignments are made 

bgZacn A=a-----
1 + hZacn 

B = c _ biZacn 
1 + hZacn 

C = d _ egZacn 
1 + hZacn 

D = f _ eiZacn 
1 + hZacn 

then the positive sequence admittance of the ac side of the convertor can be written 

Iacp = C + DA 
Vacp Zdch - B 

The convertor impedance can be obtained merely by inverting this. 

D.3 Convertor ac side negative sequence impedance 

(D.9) 

(D.lO) 

If no dc side harmonic source and no ac side positive sequence harmonic source is allowed, 
equations 5.14 and 5.15 can be rewritten 

(D.ll ) 
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and 
(D.12) 

The solution of these equations combined with equation set D.I is again straightforward, and 
if the following assignments are made 

A = b _ aeZacp 
1 + dZacp 

B = c- ajZacp 
1+ dZacp 

C = h _ geZacp 
1 + dZacp 

D = i _ gjZacp 
1 + dZacp 

then the negative sequence admittance of the ac side of the convertor can be written 

Iacn = C + DA 
Vacn Zdch - B 

The convertor impedance can be obtained merely by inverting this. 

(D.l3) 

(D.14) 





Appendix E 

HVDC TE 

The test systems used in this thesis are the CIGRE developed "First benchmark model for HVdc 
control studies" [Szechtman et al., 1991], and a back to back link loosely based on the same. This 
appendix briefly outlines the characteristics of both systems. 

E.I The CIGRE model 

Working Group 14-02 of CIGRE study committee 14 have established a benchmark ac/dc system 
for the primary purpose of testing and evaluating different control techniques, and for the sec
ondary purpose of testing and comparing simulators and digital simulation programs [Szechtman 
et al., 1991]. The arrangement of the system is shown in figure E.1. 

1.088 0.151 3.737 0.0365 0.7406 0.0365 0.935 
0.7406 

0.5968 25 2.5 0.5968 

2160.6 
24.81 

0.1364 29.76 74.28 167.2 13.23 0.0606 

rc~ 
15.04 0.0061 116.38 

t:r 
83.32 37.03 

Figure E.l Single line diagram of CIGRE benchmark HV dc test system 

The values of reactive compensation capacitance and transformer ratios are as defined in 
table E.1 for firing and extinction angles of 15 degrees. 

The features of the system are clarified when the frequency dependent impedance of the ac 
and dc systems, plotted in figures E.2 to E.4, are considered. 

Figures E.2 to E.4 show clearly a second harmonic high impedance resonance in both ac 
systems, and a first harmonic low impedance resonance in the dc system. This feature, coupled 
with the weak inverter ac system, make the overall system operationally difficult, and thus likely 
to highlight any shortcomings in either control or modelling techniques. The growing acceptance 
of this benchmark model [Szechtman, 1993] encouraged its selection for use in this study. 
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Figure E.2 CIGRE inverter ac system frequency dependent impedance 

600,---------,-----.---_,_--.-------.----, 

5{)0 

400 0.5 

U) 
c 

'" 'is 0 

'" a: 

200 -0.5 

-I 

6 8 10 12 
-1.5

0 6 8 10 12 
Harmonic multiple Harmonic multiple 

(a) Impedance magnitude (b) Impedance phase 

Figure E.3 CIGRE rectifier ac system frequency dependent impedance 

E.2 The back to back model 

The back-to-back test model used in chapter 8 is based very closely on the CIGRE benchmark 
model. The only changes are to the dc system, where the capacitor representing the dc cable is 
removed, and the smoothing inductances are decreased. The parameters of the ac systems and 
convertors remain the same. The system single line diagram is shown in figure E.5. 

The parameters in figure E.5 are modified according to the steady state operating conditions 
according to table E.I. 

The control system gains are given in table E.2. 
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Figure E.S Single line diagram of back to back HYdc test system 

Cr Tr 

Reet firing angle: 5 deg. O.OIlF 345 kV : 203.83 kV 

Reet firing angie: 15 deg. 1.61lF 345 kV: 211.4 kV 

Ci n 
Inv ext angle: 15 deg. 9.235 1lF 230kV: 211.4kV 

Inv ext angie: 20 deg. 13.436 IlF 230 kV: 217.94 kV 

Table E.! Reactive compensation and Transformer ratios for different steady state operating points 
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Proportional gain Integral time const. 

Rectifier current control 1.0989 rad/A(pu) 0.00910 A(pu)-s/rad 

Inverter current control 0.630 rad/ A(pu) 0.01270 A(pu)-s/rad 

Inverter gamma control 0.75060 rad/rad 0.04530 rad-s/rad 

Unified current control 1.0989 rad/A(pu) 0.00910 A(pu)-s/rad 

DC voltage control 0.5446 rad/V(pu) 0.0182 V(pu)-s/rad 

Non-linear, half the gain when error < 0.05 

AC voltage control 0.5446 rad/V(pu) 0.0182 V(pu)-s/rad 

Non-linear, half the gain when error < 0.05 

Reactive current control 0.3663 rad/ A(pu) 0.0273 A(pu)-s/rad 

Table E.2 Rectifier and inverter control gains 
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DERIVATIO VOLTAG AND POWER 
ITI I 

The following notation is used in this appendix 

E = convertor AC system emf (Thevenin equivalent) 

Ie = convertor terminal a.c. current 

leap = convertor filter and capacitor bank reactive current 

ld = d.c. current 

lq = convertor, filters and capacitor bank total reactive current 

Vbde = d.c. voltage base 

Vbae = a.c. voltage base, AC system side of transformers 

Vbee = a.c. voltage base, convertor side of transformers 

Ve = convertor a.c. voltage, AC system side of transformers 

Vce = convertor a.c. voltage, convertor side of transformers 

Vd = d.c. voltage 

X e = convertor transformer impedance 

Xeap = convertor filter and capacitor bank impedance 

Z = convertor AC system impedance (Thevenin equivalent) 

a = convertor firing angle 

I = convertor extinction angle 

(3 = 11"- convertor extinction angle 

() = convertor terminal a.c. current angle 

</> = convertor a.c. system impedance angle 
By writing the steady state convertor and ac system equations, and assuming that the controlled 

variables are constant during a small transient, a solution can be gained that indicates the sensitivity 
of convertor busbar voltage and power to a remote ac system disturbance. 

The ac system is modelled as a Thevenin voltage source E with an impedance Z. The convertor 
steady state equations are solved with the ac equations using the Newton Raphson iterative 
technique to derive the operating variables for different values of E. The approach considers only 
the fundamental frequency, assumes that there are no commutation failures, and ignores voltage 
phase changes. No reactive compensation switching or transformer tap changes are involved. 

With reference to figure F.I the following AC side equations can be written (in per unit 
notation): 

(F.I) 
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Figure F.l System and vectors for steady state analysis of sensitivity factors. 

lie 
leap =-X 

eap 
(F.2) 

Let the convertorteITIlinal voltage angle be the reference, </> the AC system characteristic impedance 
angle, and 0 the angle of the convertor current Ie, equations F.1 and F.2 can be combined to give 

E = lie + IeZcos(O + </» + jleZsin(O + </» 

+ IeapZcoS(~ + </» + jleapZsin(~ + </» 

or, substituting xVc for leap, 
cap 

[1 + ~ _ 2.Z.sin(</»] 
X;ap Xeap 

Zsin(O) 2 2 2 + Ve2IeZ[cos(O + </» + ] + [Ie Z - E ] = 0 
Xeap 

(p.3) 

(p.4) 

The two unknowns in equation F.4 are 0 the convertor current power factor angle, and lie 
the convertor teITIlinal ac voltage. If one of these variables is defined in teITIlS of the other, the 
equation can be solved by the Newton Raphson technique. The required relationship is found 
through the following convertor steady state equations and the control strategy. 

Id = ~e (cos(a) - cos(,B)) 
V 2Xe 

0= cos-1(os(a) + cos(,B)) 
2 

(F.5) 

(F.6) 

(F.7) 

The following control strategies are considered, using the same power base on both the ac and dc 
sides: 
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1. Constant dc current and inverter extinction angle control. Combining equations F,5 and F,6, 

and converting to per unit, yields: 

(F.S) 

2. Constant dc current and inverter firing angle control. Combining equations F,5 and F,6, and 
converting to per unit, yields: 

(F.9) 

3. Constant dc current and dc voltage control. Combining equations F.6 and F. 7, and converting 
to per unit, yields: 

(F.lO) 

41. Constant dc current and inverter reactive current control. Combining the relationships: 

(F.ll ) 

(F.12) 

and converting to per unit, yields: 

(F.13) 

5. Constant dc current and inverter ac voltage control In this case, as Vc is maintained constant 
by the control, equation F.4 can be now solved for 0, which will yield the full operating 
conditions. 

Similar expressions can be derived assuming constant power instead of constant dc current. 
Calculation of the derivatives for the Newton Raphson solution of equation F.4 is straightforward. 
The solution is arrived at in only a few iterations. 
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Unified control strategy for back-to-back HVDe 
convertor stations 

A.A. Wood, BE 
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Indexing rerms: Conrrol sysrems, HVDC, Back-ro-back 

Abstract: Control of HVDC back-to-back links is 
normally maintained with separate controllers at 
each end. This paper proposes a single unified 
controller for both ends, and assesses its per
formance. Two new measures of the difficulty of 
connecting a DC link to a weak AC system are 
developed, which take into account the link 
control strategy. Simulation results are used to 
investigate the performance of the unified control
ler, and the validity of the proposed measures. 

List of symbols 

d(t) = output of current control block 
E = convertor AC system EMF (Thevenin equivalent) 
el = current error at present time step 
el _ 1 = current error at last time step 
Gi = current control block integral gain 
G p = current control block proportional gain 
1, = convertor terminal AC current 
1 <lIp = convertor filter and capacitor bank reactive 

current 
1 d = DC current 
1" = convertor, filters and capacitor bank total reactive 

current 
VIHIc = DC voltage base 
VII« = AC voltage base, AC system side of transformers 
Vila: = AC voltage base, convertor side of transformers 
~ = convertor AC voltage, AC system side of trans

formers 
V" = convertor AC voltage, convertor side of trans-

formers 
v.. = DC voltage 
X, = convertor transformer impedance 
X,"p = convertor filter and capacitor bank impedance 
Z = convertor AC system impedance (Thevenin 

equivalent) 
IX = convertor firing angle 
)I = convertor extinction angle 
{J = n-convertor extinction angle 
() = convertor terminal AC current angle 
t/J = convertor AC system impedance angle 
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1 Introduction 

Conventional HVDC back-to-back link control is based 
on the philosophy developed for long distance HVDC 
transmission. As only limited and relatively slow 
communication is possible between the remote ends of a 
HVDC link, it is necessary to provide each end with a 
self-contained high speed control. This is invariably 
based on constant current control, with various addi
tional protective and system dependent functions. Low 
speed control, for example of power, can be co-ordinated 
from a central controller. The current setting at the 
inverter is set lower than at the rectifier; this keeps one 
end at a firing angle limit (controlling voltage) and the 
other end in current control. Normally the tap changer 
settings are such that the rectifier end maintains current 
control. 

A back-to-back link is not limited by slow commun
ication between either end. and co-ordination can be 
extended to the high speed control functions. Such capa
bility is investigated in this paper, which describes a con
troller developed to co-ordinate the convertor firing 
angles directly. 

The proposed controller eliminates the need for a 
current margin, offers more flexibility in the choice of 
steady-state operating conditions, and can improve the 
transient response. Within limits two variables can be 
controlled via the convertor firing angles; DC current is 
chosen for the first, and a number of possibilities are con
sidered for the second. The performance is predicted by 
two new steady-state based measures, which are valid
ated by dynamic simulation. 

2 Unified link control 

2.1 Co-ordination of firing angles 
The concept of co-ordination of firing angle control 
between the two ends of a DC link is not new. As DC 
links are applied to interconnect weaker and weaker AC 
systems, problems such as transient stability, dynamic 
voltage control, and low order harmonic resonances 
become more critical. As a result, more complex control 
strategies are evolving., and the need for better co
ordination between the ends becomes more apparent. 

Every DC link has indirect co-ordination of firing 
angles via the centralised power control and resultant 

Financial support for this project was provided by 
Transpower NZ Ltd. Assistance with the transient 
simulation was provided by Dr. N.R. Watson and 
M. Zavahir. 
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current order, and this is often used to enhance the AC 
system transient stability. Back-to-back links, having no 
telecommunication delay, lend themselves particularly 
well to a more co-ordinated control strategy. 

In some schemes the firing angles are co-ordinated 
directly. For example, at the Miles city station the con
vertor firing angles are directly adjusted to limit AC 
voltage variation when a capacitor bank is switched, and 
the Blackwater tie has 2nd-harmonic damping based on 
simultaneous control at both ends [1, 2]. 

These links have control systems based on individual 
current, minimum gamma, and reactive powerl AC 
voltage controls at each end. Control co-ordination 
between the two ends is achieved via the power or 
current order, as shown in Fig. 1. 

current order 
to other end 

Fig. 1 Block diagram of typical back-to-back link controller 

Selected variable x can be AC voltage. reactive curren!, etc 

In a back-to-back DC link, the use of a unified con
troller gives direct co-ordination between the firing 
angles at the rectifier and inverter ends. 

22 Choice of controlled variables 
A back-to-back link has two firing angles for simultan
eous control. Each of these angles is constrained by 
minimum and maximum limits. At best this permits the 
control of two variables independently, except when a 
firing angle limit is reached, in which case only one vari
able can be controlled. 

Any DC link control system has a number of pri
orities, many of which are conflicting. First and foremost 
the installation must be protected from electrical damage, 
by overcurrent or overvoltage. Commutation failures 
should be minimised, as they impact heavily on both the 
AC and DC system operation. Technical priorities 
include AC voltage stability, transient stability, and pro
tection against harmonic resonances. Economic consider
ations dictate that reactive compensation, filter and 
equipment rating requirements be kept to a minimum. 
The balance of these requirements under different cir
cumstances has led to considerable diversity in the design 
of DC link controls. 

In all cases, functions such as commutation failure and 
current controls need to be very fast and form the core of 
the control system, while other functions such as power 
flow, related to transient stability, can afford to be slower. 

The proposed unified control is fairly traditional in its 
choice of variables for high speed control. Current 
control is the first priority, and minimum extinction 
angle control is applied as a firing angle limit. If the 
minimum extinction angle or minimum firing angle limits 
are not reached, another variable is used to achieve what 
is called operating point control. The variable will be 
related to the voltage dynamics of one or both AC 
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systems. The two variables are capable of independen 
control, although complete control independence leads tl 
unjustifiable complexity. 

2.3 Advantages of unified control 
By eliminating the need for a current margin, the unifie 
control has several advantages: 

(i) A rectifier single- or three-phase undervoltage ca 
cause current control to move to the inverter, and cau! 
a reduction of DC current by the current margin. n 
unified control does not experience this change in D 
current. 

(ii) The traditional systems' requirement for a currel 
margin demands an additional control for the occasi(] 
when current is between the inverter-ordered current at 
the rectifier-ordered current. The extra control, general 
included as part of the extinction angle control, increasl 
the complexity of the control system, and can reduce s1. 
bility in the gamma control loop. Unified control COil 

pletely avoids this problem. 
(iii) Traditional control requires that the steady-sta 

firing angle at the rectifier be some margin away from i 
minimum, to minimise the likelihood of current contr' 
transferring to the inverter. Unified control does nl 
impose this requirement, and the rectifier firing angle c~ 
be reduced towards its minimum value. This offe 
savings in equipment costs, and a reduction in the rec1 
fier side overvoltage levels. If the link needs to I 
reversed, economics could justify switching the reacti
compensation from one side of the link to the other. 

(iv) Traditional control requires fast tap changers ( 
the convertor transformers to maintain the rectifier firit 
angle margin. This margin is not required by the unific 
control; thus tap changers can be slower, and even di 
pensed with on one or both sides if some operating ran: 
reduction is acceptable. 

(v) A single- or three-phase undervoltage in tl 
inverter AC system is one of the most difficult conditio] 
for a DC link to respond to effectively. Minimum gamn 
control and current control are almost completely ind 
pendent in the described unified controller, and as 
result any current increase is solely due to the unde 
voltage and is not worsened by the minimum gamn 
control action. As a consequence power and AC voltal 
are less affected, and the likelihood of commutation fal 
ures is reduced. 

(vi) A better dynamic response can be expected. TI 
current control works at both ends of the link whenev, 
possible; thus there can be up to 24 pulses per cyc 
available for current control action rather than just 1 
The use of the inverter firing angle by the current contr< 
particularly during transients, means that the extinctic 
angle is often greater than its minimum and the risk ' 
commutation failure is reduced. 

(vii) Finally, when a control block in a traditional COl 

troller responds to an input, its output has to traver 
from that block's limit to the existing firing angle befo 
it can have an effect. The structure of the unified contr 
is such that, within firing angle limits, every contr 
response is immediate. 

3 Description of controller 

Only the convertor firing angle controls are describe 
The slower reactive compensation and transformer tl 
change controls, used to keep firing angles within pred 
fined limits, are already well established in practice al 
are not repeated here. 
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The proposed scheme lends itself to digital implemen
tation, and no attempt has been made to implement an 
analogue equivalent. A block diagram is shown in Fig. 2. 

Fig. 2 Block diQgram a/unified cOlltrolier 

3.1 Firing angfe integral loops 
The firing angle integral loops provide the gathering 
points for all the control functions. Subject to the firing 
angle limits, current control is achieved by increasing the 
firing angle at one end and decreasing the firing angle at 
the other, and operating point control is achieved by 
simultaneously increasing or decreasing the firing angle 
at both ends. All the control inputs are summed and only 
then are the limits applied. Thus all the control blocks 
have direct access to the firing angles at all times. 

32 Current control 
This control block determines the change made to the 
convertor firing angles by a proportional integral (PI) 
controller, as a result of the measured current error. This 
is merely the differential of a normal PI control block. 
The algorithm used assumes trapezoidal integration. and 
determines the difference between the firing angle order 
of the previous computational time step and the present 
time step. The following equation expresses this differ
ence: 

d(t) = G ,l..e, - e,_ 1) + G A,e, + e,_1)(t/2) 

where 

d(t) = output of control block 
G" = proportional gain 
G, = integral gain 
e, = current error at present time step 

e'- l = current error at previous time step 

3.3 Overall gain correction 

(1) 

While the inverter and rectifier firing angles are away 
from their limits, both are acted on by the current and 
operating point controls. When a limit is applied, the 
gain correction block takes the current control lost at 
one end and adds it to the other, such that all the current 
control is confined to one end and the effect of the oper
ating point control is lost. 

The correction is made by determining how far past 
the limit the current control needs to set the firing angle. 
This amount is added to the firing angle at the other end. 
When a variable limit is applied, such as the minimum 
extinction angle control, the same algorithm corrects for 
the current pertubation that would have resulted from 
the change in the applied limit. 
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3.4 Operating point control 
The current control has no natural tendency to settle at 
minimum gamma at the inverter end, and will select any 
combination of firing angles at the rectifier and inverter 
that gives the ordered current. A separate control is 
therefore needed to bring the firing angles to their steady
state operating values. 

The firing angles can be driven directly towards their 
steady state values using a predefined function, which can 
be designed for any recovery characteristic. A linear func
tion, driving towards a minimum rectifier firing angle and 
a maximum inverter firing angle, is the simplest example. 

Alternatively, some other physical quantity can be 
used to indirectly drive the firing angles toward their 
steady-state values. The choice of variable is discussed in 
Section 4. The firing angles at each end are driven 
towards their steady-state values at the same rate, so that 
the current remains unaffected. 

3.5 Minimum extinction angle control and firing 
angle limits 

A simple nonpredictive minimum extinction angle con
troller is used, and applied as a limit to the inverter firing 
angle. The limits are applied within the firing angle integ
ral loops. Thus, when a limit is applied every control 
block is effectively reset to that limit, Ilnd there is no 
delay in the application of an alternative control. 

4 Operating point control characteristics 

4.1 Steady state operating point selection 
As discussed in the preceding Section, unified control 
removes the constraint to have one firing angle operating 
away from its limit. The most economical operating strat
egy is to maintain both minimum alpha at the rectifier 
and minimum gamma at the inverter during steady state. 
In the test system described below, reducing the rectifier 
firing angle from 15° to 5° would reduce reactive com
pensation requirements from 0.6272 p.u; to 0.5431 p.u. 
and have no effect at the inverter. Filtering requirements 
are also reduced, as are load rejection overvoltage levels. 
In practice this is not quite attainable, as small system 
variations will keep both firing angles on average slightly 
away from their limits. 

The steady-state operating point of a DC link also 
provides the starting point for its transient response. The 
transient response should be considered before the 
steady-state operating point is chosen. 

42 Dynamic operating point control 
The dynamic control of the DC link operating point 
directly affects the link's transient response. A convertor 
offers a great deal of ftexibility in its response to an AC 
system overvoltage, as this type of transient can be 
ameliorated by increasing the rectifier firing angle or 
inverter extinction angle at the disturbed end. 

The control response is less ftexible in the event of a 
transient undervoltage. The only possibility for improv
ing the link response in this case is by decreasing the rec
tifier firing angle or the inverter extinction angle at the 
disturbed end. Although economic requirements dictate 
that these be near their minimum at steady state, the 
marginal cost of operating away from a minimum can be 
less than that of additional controllable compensation 
equipment [3]. A number of control strategies have been 
discussed and implemented in traditional control systems 
[4,5]. 
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42.1 Choice of variables 
The choice of the variable to define the system operating 
point, and therefore provide the input to the operating 
point control block, depends on the characteristics of the 
interconnected AC systems. It may be suitable to choose 
a variable specific to one end only, a shared variable, or a 
combination of variables from each end. 

The following variables have been chosen as a repre-
sentative sample of possibilities: 

Inverter extinction angle 
Inverter firing angle 
Inverter reactive current 
Inverter reactive power 
Inverter AC voltage 
DC midpoint voltage 

Only the performance at the inverter is considered, 
although the relative impact of each control strategy at 
the rectifier is noted. 

422 Dependence of variables 
As both firing angles are independently controllable, 
within limits it is possible to control the two variables 
independently. However, some degree of dependence is 
allowed for the sake of simplicity. The controller charac
teristics are such that: direct current and the firing! 
extinction angles are largely independent; direct current 
and DC/AC voltages are dependent through the AC 
system dynamics; and direct current and reactive current/ 
power are closely related. 

4.3 Performance of operating point controls 
Given the number of variables available as an input to 
the steady-state operating point control block, a com
parative measure of control performance is required. The 
traditional measures of short circuit ratio (SCR) and 
effective short circuit ratio (ESCR) only take into account 
the magnitude of the AC system equivalent impedance, 
and so are too simple for this analysis. 

Yoshida [6] has offered a method of calculation of AC 
voltage stability, which can be modified to analyse differ
ent control strategies. The analysis includes the control 
and AC/DC system dynamic performance, and is there
fore too complex for an initial assessment of control stra· 
tegies. 

Ainsworth [7] has demonstrated how DC links can 
become unstable when in the constant power mode, and 
has proposed a formula to calculate the critical ESCR 
below which instability will occur. He also noted that the 
use of a simple current control provides a cure. 

Hammad [8] has proposed the voltage stability factor, 
a measure that also assumes constant power control. The 
measure predicted stability of the type Ainsworth 
described, while taking into account some alternative 
control strategies. 

Yacamini [9] has investigated the effect of AC system 
impedance on convertor terminal voltage regulation. His 
analysis did not cater for the effect of convertor control 
action on stability, but did link voltage regulation to the 
stability margin of HVDC systems. 

Two new measures are proposed which relate the 
change in convertor terminal voltage and power to a 
change in the remote AC system EMF. The measures 
assume only the two controlled variables to be constant, 
and in this way the earliest response of a control system 
is accounted for. Slower responses, such as from constant 
power control, can be considered if necessary, and 
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voltage stability can be predicted. The measures are 
cali.:d voltage sensitivity and power sensitivity. 

4.3.1 Steady-state analysis 
By assuming that the controlled variables are constant 
during a small transient, a solution of the steady·state 
equations can give an indication of the control per
formance. 

The AC system is modelled as a Thevenin voltage 
source E with an impedance Z. The convertor steady· 
state equations are solved with the AC equations using 
the Newton-Raphson iterative technique to derive the 
operating variables for different values of E. The 
approach considers only the fundamental frequency, 
assumes that there are no commutation failures, and 
ignores voltage phase changes; the validity of these 
assumptions will be checked by dynamic simulation. No 
reactive compensation switching or transformer tap 
changes are involved. The analysis is outlined in Appen· 
dix 8.2. 

For each control type, the following variables are of 
interest: 

(i) Convertor terminal AC voltage; to give an idea of 
how much a small disturbance will affect the voltage 
regulation of the system. 

(ii) Real power; to assess how much a small dis· 
turbance will affect the transmitted power and therefore 
the system transient stability. As constant current is 
assumed, the real power directly mirrors the DC voltage. 
This indicates how much the remote end of the DC link 
will be disturbed. 

(iii) Inverter extinction angle; to provide an indication 
of the likelihood of commutation failures. 

These variables are plotted against the remote AC system 
voltage for each control strategy in Figs. 3--5. 
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Fig. 3 COnl!ef'tOF terminal POltage agoJIISt remote AC POltage: steady
state analysis 

o COlISlant cxlinction angle 
+ constant firing angle 
• CODstant reactivc current 

'V CODlIlant reactivc pmrcr 
l!. COD.lant DC voltage 
o CODstant AC voltage 

All the controls, other than minimum extinction angle, 
are set for a steady·state extinction angle of 20°, so that 
the response to small undervoltages can be observed. The 
minimum extinction angle is set at 15°. The AC system is 
the CIGRE benchmark model [10], which has a SCR of 
2.5 and an ESCR of ~ 1.9. 

The important feature of Figs. 3 and 4 is the slope of 
the line in the controlled region. These slopes, called the 
voltage sensitivity and power sensitivity of the system, 
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are summarised in Table 1 as the per-unit change of 
voltage or power divided by the per-unit change in the 
remote AC voltage. 
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+ conslaDt firin& angk 
• constant reactive cum:rlt 

'i1 conslaDl reactive power 
t; conslaDl DC voltagl: 
o conllaDl AC voltqe 

The use of constant firing angle and extinction angle 
controls result in amplification of the voltage disturbance 
of 1.45 to 1.69 times at the convertor terminals, the per
unit power being similarly affected. Therefore these con
trols are not suited to weak AC systems. For the constant 
firing angle control, protection against commutation 
failure during a decrease in system voltage is quite good, 
a reasonable decrease being tolerated before the 
minimum extinction angle has been reached. However, 
during a period of overvoltage, the extinction angle 
remains fairly small, rendering the system perhaps 
unnecessarily susceptible to commutation failures due to 
waveform distortions. 
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Fig. 5 Invertor exriftCrion lJItgle agairul remore AC oolrlJ(Je .. steady
Slale IllIlJl ysis 

o constant eztiJK:tioD up 
+ conslaDt firin& angk 
• constant reactil'C cum:rlt 

'i1 CODstaDI reactive power 
t; constant DC voltqe 
o constant AC voll.a~ 

The use of reactive current, reactive power, and DC 
voltage controls results in amplification of the voltage 
disturbance of 0.83 to 1.12 times at the convertor termin
als. Under constant DC voltage control the transmitted 
power remains unaffected by small AC voltage changes, 
and constant reactive power or current control makes the 
transmitted power two to three times less sensitive to 
small disturbances than the firing angle based controls. 
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Prot .. ction against commutation failure during a voltage 
decrease is not so good, but during an increase it 
improves. These controls are likely to be suitable for a 
weak system. 

Constant AC voltage control, while holding the con
vertor tenninal AC voltage reasonably constant, has to 
vary the balance of real and reactive power accordingly. 
If the remote EMF drops, active power increases at the 
rate of l.76 p.u. per 1 p.u. of remote voltage change, until 
the minimum extinction angle limit is reached. Com
mutation failure is poorly protected against during 
voltage decreases, but a large margin is maintained 
during voltage increases. This control is likely to be 
useful for an electrically weak connection to a large AC 
system. 

The controls that provide greater stability for the AC 
voltage also approach the minimum extinction angle 
limit more quickly during a system undervoltage. If the 
undervoltages are to receive more support than the 
minimum extinction angle control can supply, the steady
state operating point needs to be set at a non minimum 
extinction angle, its value being directly related to the 
level of voltage support required. The same argument can 
be applied at the rectifier, with minimum firing angle sub
stituted for minimum extinction angle. 
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Fig. 6 illustrates the phenomenon of voltage instability 
when constant power control is applied. It clearly shows 
the point at which the voltage stability limit is reached, 
and the voltage collapses from that defined by constant 
power control (on the right-hand side of the graph), to 
that defined by the 1.3 p.u. unit current limit (on the left
hand-side of the graph). Voltage sensitivity figures based 
on the steady-state operating point are included in Table 
1. It should be noted that the point of voltage instability 

Table 1 : Voltage lMHISitivity and power lMHISitivity for differ
ent control types; Steady .tate analysill 

Control type 

Constant extinction angle 
Constant firing angle 
Constant reactive current 
Constant reactive power 
Constant DC voltage 
Constant AC voltage 

Vohage 
sensitivity 
(constant 
current) 

1.69 
1.45 
1.12 
1.08 
0.83 
0.0 

Po_ Voltage 
sensitivity sensitivity 
(constant (constant 
current) po-l 

1.87 5.21 
1.3 2.02 
0.61 1.17 
0.52 1.11 
0.0 0.83 

-1.76 0.0 
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is not dependent on the particular control strategy, but 
on the amount of controllable reactive compensation 
available at the inverter terminals. 

4.3.2 Dynamic analysis 
The validity of the steady-state analysis is checked by 
dynamic simulation, using the Manitoba HVDC Centre 
EMTDC package. The CIGRE benchmark model, modi
fied to be a back-to-back link is used (see Appendix 8.l). 
With the rectifier firing angle set so that its minimum is 
not reached, the inverter AC source voltage is increased 
by 5%. The corresponding change in inverter terminal 
voltage, DC midpoint voltage, and inverter extinction 
angle is observed for five of the control strategies in Figs. 
7 and 8. 
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Fig. 7 ConllD'tor terminal voltage IID'SUS lime. Dynamic analysis for a 
transierrl 5% illCrease in remote AC voltage 

o CODstan t extinclion angle 
o constant firing angle 
t:. constant reactive CUrIalt 

'\l constant DC voUage 
)( constant AC voltage 

All the controls behave similarly for the first 10-15 ms 
of the transient. Within 50 ms the responses are nearing 
those predicted, and by 100 ms the steady-state analysis 
is validated. The measured voltage and power sensiti
vities are given in Table 2. Even though the control 
blocks have not been optimised, the response is sufficient· 
ly fast to show that the choice of control type is crucial to 
the link operation. 

5 Performance of unified cQntrolier 

To test the predictions made about the proposed control
ler, a series of EMTDC dynamic simulations were run 
using the test system described in Appendix 8.1. The pro
posed controllers are compared with traditional control 
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of equivalent characteristics, i.e. with the same gain. the 
same linearisation, and the same minimum extinction 
angle controller. 

Table 2: Voltage sensitivity and power sensitivity for differ
ent control types. from dynamic simulation 

Control type Voltage sensitivity 
(constant current) 

Power sensitivity 
(constant current) 

Constant extinction angle 1.7 
Constant firing angle 1.4 
Constant reactive current 1.1 
Constant reactive power 
Constant DC voltage 0.8 
Constant AC voltage 0.0 

1.8 
1.2 
0.6 

0.0 
-1.8 

The response to small disturbances was compared for 
three different cases: 

(i) Traditional control. 
(ii) Unified control with DC current and inverter 

minimum extinction angle as the controlled variables. 
(iii) Unified control with DC current and DC voltage 

as the controlled variables. 

The disturbance consisted of a reduction of either the rec
tifier AC voltage source to 0.9 or the inverter AC voltage 
source to 0.95 for 200 ms. 

As the purpose of the simulations is to compare the 
relative performance of unified and traditional controls, 
equivalent steady-state operating points were established 
on the faulted side. An exception is the DC voltage based 
operating point control, which requires, for voltage 
support, a steady-state extinction angle somewhat greater 
than the minimum. 

A rectifier steady-state firing angle of 15° was main
tained. At the inverter a steady-state extinction angle of 
15° was set, except for the DC voltage control, when 20° 
was used. The results are shown in Figs. 9-13. 
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Fig. 9 Inverter disturbance with traditional control 
a DC current and voltage b rectifier and inverter AC voltages 

o OCcurrent o inverter AC voltage 
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A comparison between Figs. 9 and 10 reveals how 
unified control performs better than traditional control 
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during an inverter transient undervoltage. Owing to the 
independence of current and minimum extinction angle 
controls, current is less affected by the transient and as a 
consequence the voltages are similarly less affected. Thus 
the risk of commutation failure is reduced. 
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Fig. 12 Rectifier dWlITbance with trculitional conlrol 

1.40 

Ii OC current aDd volt. " rec;tificr and invemr AC voltages 
o OCcurrent o inverter AC voltap 
o OCvoltaF o rectifier AC voltage 

Fig. II reveals the transient absorbing ability of DC 
voltage-based operating point control. In this case the 
voltage decrease was sufficient for the minimum extinc
tion angle limit to be reached and DC voltage control to 
be lost. Even so, a clear voltage regulation advantage is 
evident. 

Fig. 12 and 13 demonstrate how unified control fares 
against traditional control during a rectifier under
voltage. The primary difference is that the current 
remains at the ordered level during most of the transient. 
Voltages are held lower during the transient, and for the 
same reason overvoltages are limited on fault recovery. 

All the Figures show the unified control to have a 
slightly faster and more steady recovery from a dis
turbance. This is probably as a result of the reasons dis
cussed in Section 2.3. 

Figs. 14 and 15 demonstrate control performance 
during a solid fault at the inverter terminals. The 
unified control again steadies the current a little faster, 
which also results in a steadier voltage recovery. The 
response shown is for a minimum extinction angle based 
operating point controL Other operating point control 
strategies result in slightly different recovery character
istics, until the minimum extinction angle limit is reached. 

6 Conclusions 

A unified control system for back-to-back links has been 
developed, with DC current as its first priority, and a 
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number of options, called operating point control, as the 
second priority. The unified control, tested by dynamic 
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simulation for a range of fault conditions, has been found 
to offer a consistently improved performance. The need 
for a current margin is eliminated, and, as a result, not 
only is the control system simplified, but the steady-state 
firing angle at the rectifier can be substantially reduced, 
decreasing reactive consumption, harmonic generation 
and over voltage levels. Furthermore, during a transient 
the unified control maintains the ordered current more 
quickly and smoothly than traditional control with ident
ical control constants. This, in turn, reduces the impact of 
the transient, and the likelihood of commutation failures. 
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inverter extinction tIII41le 
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o OCcurrent o inverter AC voltage 
o OCvoltage o nctilier AC voltage 

Two new measures, called voltage sensitivity and 
power sensitivity, have been derived from the steady-state 
equations to evaluate a number of operating point 
control options. The predictions are confirmed by 
dynamic simulation. Although they cannot give an absol
ute indication of system stability, they can predict low 
frequency voltage instability under constant power 
control, and do provide a useful insight into the inter
action between DC links and their AC systems. 

With the increasingly common use of digitally based 
HVDC controllers, it is felt that the unified control 
system offers an attractive alternative to the traditional 
control systems currently in widespread use. The pro
posed measures of control performance are a useful tool 
for tailoring the control system to suit individual sites. 
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Appendixes 

1 Back-ta-back HVDe test system 
19. 16 shows the parameters in Table 3 set according to 
,e steady-state operating conditions. 

Ibl.3: Reec:tive compenutlon and transformer ratioe for 
fferent trt.ady-atat. operating points 

C, 
!lCtangular firing angle 5° 0.0 IJF 

15" 1.61JF 

T, 
345 kV: 203.83 kV 
345 kV: 211.4 kV 

C/ T/ 
rverted extinction angle 15° 9.2351JF 230 kV: 211.4 kV 

20" 13.4361JF 230kV:217.94kV 

2 Steady state analysis 
Vith reference to Fig. 17 the following AC side equations 
an be written (in per unit notation): 

E = ~ + (Ie + I ... ,)Z (2) 

1088 

e 
0.151 3737 

~ 
~h 

0.1364 29.76 7418 6.685 

·~T 
261.87 0.136 6.685 

~t::r 
83.32 

0.1 

Ti 

Flg.18 Single line diagram oflHu:k-to-back HVDC test system 
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(3) 

0.02 

Let the convertor terminal voltage angle be the reference. 
fjJ the AC system characteristic impedance angle, and 8 
the angle of the convertor current Ie. eqns. 1 and 2 can 
be combined into eqn. 3: 

E = v,: + Ie Z cos (8 + fjJ) + jlc Z sin (8 + fjJ) 

+ I ellP Z cos (~ + fjJ) + jleap Z sin (~ + fjJ) (4) 

or, substituting ~/XellP for lea, 

[ 
Z2 2Z sin (A.)] 

V2 1 + -- - 'I' + V 21 Z 
e X2 X e e 

cal' cap 

X [cos (lJ + fjJ) + Z sin (lJ)] + [1; Z2 _ E2] = 0 (5) 
Xcap 

The two unknowns in this equation are lJ the convertor 
current power factor angie, and v,: the convertor terminal 
AC voltage. If one of these variables is defined in terms of 

[cZ 

Fig. 17 System for stead)'-state turalysis 

the other, the equation is solved by the Newton-Raphson 
technique. The required relationship is found through the 
following convertor steady-state equations and the 
control strategy. 

Vee 
111 = J(2)Xe (cos ex - cos fJ) (6) 

lJ = cos-1(cos ex ~ cos P) (1) 

v., = 3J (2) V cos () 
1t cc 

(8) 

0.7i.06 0.0365 0.7406 0.0365 0.935 

Cr 24.81 

~II 
15.04 167.2 13.23 00606 

T=::=t 
15.04 0.0061 116.38 

3703 
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The following control strategies are considered. using the 
same power base on both the AC and DC sides: 

(i) Constant DC current and extinction angle control. 
Combining eqns. 5 and 6, and converting to per unit, 
yields 

() = cos - 1 (/11 X < + cos p) 
2y" 

(9) 

(ii) Constant DC current and firing angle control. 
Combining eqns. 5 and 6, and converting to per unit, 
yields 

1( IIlX<) () = cos- cos ex - 2y" (10) 

(iii) Constant DC current and DC voltage control. 
Combining eqns. 6 and 7, and converting to per unit, 
yields 

. -1( 1tv" Vw.- ) (} = cos 
3J(2)y" V/N;< 

(11) 
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(iv) Constant DC current and reactive current control. 
Combining the relationships 

I 1 '0 y..< 
q = c SID + J(3)X cop 

(12) 

J(6) V/N;c 
/ =-/-

< 1t II V""" 
(13) 

and converting to per unit, yields 

0= sin- '( (/q - ::J 3J~~: V/N;c) (14) 

(v) Constant DC current and AC voltage control in 
this case, as v.. is maintained constant by the control, 
eqn. 4 can be now solved for 0, which will yield the full 
operating conditions. 

Calculation of the derivatives for the Newton-Raphson 
solution of eqn. 4 is straightforward, and so is not 
covered here. 
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